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APOBEC3G (A3G) and related deoxycytidine deaminases are potent
intrinsic antiretroviral factors. A3G is expressed either as an enzy-
matically active low-molecular-mass (LMM) form or as an enzy-
matically inactive high-molecular-mass (HMM) ribonucleoprotein
complex. Resting CD4 T cells exclusively express LMM A3G, where
it functions as a powerful postentry restriction factor for HIV-1.
Activation of CD4 T cells promotes the recruitment of LMM A3G
into 5- to 15-MDa HMM complexes whose function is unknown.
Using tandem affinity purification techniques coupled with MS, we
identified Staufen-containing RNA-transporting granules and Ro
ribonucleoprotein complexes as specific components of HMM A3G
complexes. Analysis of RNAs in these complexes revealed Alu and
small Y RNAs, two of the most prominent nonautonomous mobile
genetic elements in human cells. These retroelement RNAs are
recruited into Staufen-containing RNA-transporting granules in
the presence of A3G. Retrotransposition of Alu and hY RNAs
depends on the reverse transcriptase machinery provided by long
interspersed nucleotide elements 1 (L1). We now show that A3G
greatly inhibits L1-dependent retrotransposition of marked Alu
retroelements not by inhibiting L1 function but by sequestering
Alu RNAs in cytoplasmic HMM A3G complexes away from the
nuclear L1 enzymatic machinery. These findings identify nonauto-
nomous Alu and hY retroelements as natural cellular targets of
A3G and highlight how different forms of A3G uniquely protect
cells from the threats posed by exogenous retroviruses (LMM A3G)
and endogenous retroelements (HMM A3G).

RNA granules | Ro ribonucleoproteins | prespliceosomes

he intrinsic antiretroviral factor APOBEC3G (A3G) is highly
active against HI'V-1 and other retroviruses (1). Incorporation
of A3G into budding HI'V-1 virions promotes extensive mutation of
nascent HIV-1 DNA formed by reverse transcription in the next
round of infection (2-5). However, HIV-1 counters these effects of
A3G with virion infectivity factor (Vif), which accelerates protea-
some-mediated degradation of A3G (6-11) and partially impairs de
novo synthesis of A3G (6, 12). These two actions in virus-producing
cells effectively deplete intracellular A3G, making the enzyme
unavailable for virion encapsidation. Resting CD4 T cells and
monocytes, which are refractory to HIV-1 infection, express only
the low-molecular-mass (LMM) form of A3G (13). siRNA-
mediated knockdown of LMM A3G expression in resting CD4 T
cells renders these cells permissive for HIV-1 infection, indicating
that LMM A3G functions as a potent postentry restriction factor for
HIV-1 (13). Conversely, resting CD4 T cells in lymphoid tissues are
permissive for HIV-1 infection, and A3G is predominantly in
high-molecular-mass (HMM) complexes in these cells (14) because
of the lymphoid microenvironment. Locally produced cytokines,
including IL-2 and IL-15, and cell-cell interactions in lymphoid
tissues stimulate assembly of the HMM A3G complexes (14) and
confer permissiveness for HI'V-1 infection.
The genes encoding A3G and other APOBEC3 (A3) family
members are clustered on human chromosome 22 (15). During
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Fig. 1. Characterization of HMM A3G complexes. (A) NTAP-A3G expressed

in 293T cells principally resides in HMM complexes that are converted to LMM
forms after RNase A treatment. FPLC analysis was performed as described (13).
The upper band of the doublet recognized by anti-A3G corresponds to the
tagged A3G, and the bottom band corresponds to nontagged A3G derived
from a cleavage reaction occurring between the tags and A3G. (B) TAP of
HMM NTAP-A3G complexes. Purified proteins were visualized by Coomassie
staining (Left) and anti-A3G blotting (Right). Control cell lysates containing
unlinked NTAP and HA-A3G were identically processed (lane 1). (C) NTAP-
APO1 (lane 1) and NTAP-A3G (lane 3) bind different sets of proteins based on
silver staining. ¢, NTAP-tagged proteins.

mammalian evolution, this locus expanded from a single gene in
mice to eight genes (A3A-H) in primates (15, 16). These genes
apparently have been modulated by repeated episodes of strong

Author contributions: Y.-L.C. designed research; Y.-L.C. performed research; Y.-L.C., H.E.W.,
S.C.H., M.S., V.B.S., C.E., and T.H. contributed new reagents/analytic tools; Y.-L.C., H.E.W.,
and S.C.H. analyzed data; and Y.-L.C. and W.C.G. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS direct submission.
Freely available online through the PNAS open access option.

Abbreviations: HMM, high-molecular-mass; LMM, low-molecular-mass; RNP, ribonucleo-
protein; A3G, APOBEC3G; L1, long interspersed nucleotide elements 1; TAP, tandem
affinity purification; IP, immunoprecipitation; co-IP, coimmunoprecipitation; scAlu, small
cytoplasmic Alu; PB, processing body.

7To whom correspondence should be addressed. E-mail: wgreene@gladstone.ucsf.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0604524103



Lo L

P

1\

BN AS DN AS P

Fig. 2.  Verifying the tandem MS- Components of Components of
identified protein cofactors. (A) Puri- Staufen-containing RNA-transporting Granules Ro RNPs Components of Prespliceosomes
fied complexes (NTAP-A3G) or con- © © 1T} © ©
trol purifications (unlinked NTAP plus s < ,_§ s 2 ,_ﬁ s E -ég 5 < ._§ 5 < ;.ﬁ
HA-A3G) were immunoblotted with Tap £ 2 iE £ Z3E £ g &F g2 35& 2 Z3E
antibodies specific for the indicated Purification: © Z + © = + 60-KDa Ro °c =+ © =z + © = +
proteins. To test RNase A sensitivity of NTAP-ASG ~ p==v=my PABP [ . W - hnRNP U s U1snRNP70
cofactor binding, lysates were pre- Staufent . CBP80 e 50-kDala s hnRNP M pa— SF2/ASE . e
treated with 50 pg/ml RNase A

. RNA aEL in hnRNP o
(+Prior RNase) for 2 h at 4°C before HelicaseA ™% CBP20.® Nucteolin - ci/c2 SRp75
purification. Shown are 42 represen- NFAR —— EFl-c] e » hnRNP H SRp55
tative components of Staufen-con- TraNSC"IIPtth"ﬂ' - —
taining RNA-transporting granules, NF45 - Upf1 [ - egulators hnRNP I 5 == SRp40 RN
Ro RNPs, transcriptional regulators, p68 ) Ribosomal p— Q .
and prespliceosorr?es Some cgofactors Helicase - S6 Protein 3 3 ‘6§ AANP @ i SApstal o

. s o o=z

(e.g., Hsp70, Pumilio 1, TAP mRNA DDX1 == DbpA s § E&~" SmB/B’ &Sl SRp20
transporter, and importin-g) were DDX3 [ DbpB === hCycT1 s Importin B ==«  SFRS14
detected after RNase treatment, sug- . -
gesting RNA-independent interac- DDX15 s Pumilio1” " -y CDK9 e
tions with A3G. Several multifunc- HSP70. e {gﬁs'ggr{‘e‘r\ —— TIFAB e
tional proteins, including nucleolin,
DbpB, RNA helicase A, NFAR, and B o °
E1B-Apb5, participate in more than - - L o &
one RNP. (B) Endogenous A3Gin HO T g o o 2 = %5 9 c 2 g 2 S €3 . «
cells assembles into the same RNPs. IP HoTCells 2 2 3 Z = E g, E E :>). 2 2 :é_ £ 9z X g T
analyses were performed with anti- P: 2 2 £ E EZ 62 w 2 & S a0 £838aocF na
bodies reacting with select compo- B'°:;"G9 e -_ e p—— £y ‘ e BN ~
nents of the various RNPs identified in -—

HMM A3G complexes followed by

rabbit (Left) or mouse (Right) anti-A3G blotting. IP with protein G-agarose or antibodies reacting with Hsp90, an abundant protein not copurifying with
NTAP-A3G, were included as negative controls. Fig. 8 provides data on the IP efficiency of each antibody.

positive evolutionary pressure predating the emergence of the
primate lentiviruses (17, 18). The striking coincidence between the
expansion of the APOBEC3 gene cluster (15, 16) and the abrupt
decline in retrotransposon activity in primates (19) raises the
possibility that these genes may have expanded to prevent genomic
instability caused by endogenous retroelements (17).

The major classes of endogenous retroelements in mammals
include autonomous long interspersed nucleotide elements
(LINESs), nonautonomous short interspersed nucleotide elements,
and elements with long terminal repeats, such as endogenous
retroviruses. These retroelements are mobile through retrotrans-
position, an intracellular process involving reverse transcription.
They occur in high copy number in ancestral genomes and likely
played an important role in genome evolution (20).

Recent studies revealed that human A3 proteins can impair the
activity of mouse endogenous retroviruses (21-24) and yeast Tyl
retrotransposons (25, 26); A3A, A3B, A3C, and A3F can inhibit
human long interspersed nucleotide elements 1 (L1) (24, 27-29).
A3A and A3B can also inhibit L1-mediated Alu retrotransposition
(24). Because retrotransposition of L1 is not affected by A3G (21,
24, 27-30), it is unknown whether A3G helps defend human cells
from the “threat within” posed by endogenous mobile genetic
elements.

Results

Tandem Affinity Purification (TAP) of HMM A3G Complexes. To
characterize the protein and RNA cofactors in HMM A3G assem-
bly, we used a TAP strategy. Sequences encoding streptavidin-
binding and calmodulin-binding peptides were fused to the N
terminus of A3G (NTAP-A3G) and transfected into 293T cells
lacking A3G. NTAP-A3G assembled into HMM complexes (Fig.
14) and was sensitive to Vif-mediated degradation (not shown).
Molecular sieving studies using CL-2B and CL-6B matrices suggest
that the HMM A3G complexes are 5-15 MDa (not shown). RNase
treatment of the HMM complexes generated a LMM form of
NTAP-A3G (Fig. 1A4). Thus, NTAP-A3G assembles into HMM
ribonucleoprotein (RNP) complexes containing putative cellular
RNAs and protein cofactors. The NTAP-A3G-containing complex
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was isolated under native conditions from cytoplasmic extract (see
Figs. 6-15, Table 1, and Supporting Text, which are published as
supporting information on the PNAS web site) as described in
Methods. Proteins associated with the purified HMM NTAP-A3G
complexes were separated by SDS/PAGE and visualized by Coo-
massie staining (Fig. 1B). This complex pattern of proteins copu-
rifying with NTAP-A3G proved highly reproducible (data not
shown).

To assess whether this large ensemble of proteins reflected
specific versus nonspecific interaction with NTAP-A3G, parallel
purifications were performed with NTAP-tagged APOBECI1
(APO1), a well known APOBEC family member (15). APO1
functions as the catalytic subunit of an editosome complex that
mediates aqpoB mRNA editing. The pattern of proteins copurifying
with NTAP-APO1 was quite distinct from that obtained with
NTAP-A3G (Fig. 1C), arguing that the proteins copurifying with
NTAP-A3G are not the result of promiscuous nonspecific binding.

Identifying HMM A3G Protein Cofactors by Tandem MS. To identify
candidate cofactors, the NTAP-A3G gel (Fig. 1B, lane 2) was
sectioned into 40 slices. After in-gel trypsin digestion, peptides in
each of the 40 slices were analyzed by tandem MS. This analysis
identified ~95 unique proteins (Table 1). Strikingly, these proteins
comprise three distinct multisubunit RNPs, including Staufen-
containing RNA-transporting granules (=10 MDa in size) (31-33),
Ro RNPs (34-36), and prespliceosomes (37-39). These findings
raised the possibility that HMM A3G might correspond to more
than a single type of RNP in human cells.

To confirm the participation of these proteins in HMM A3G
complexes, we analyzed experimental and control purified com-
plexes by immunoblotting with specific antibodies. Major compo-
nents of Staufen-containing RNA-transporting granules, Ro RNPs,
and prespliceosomes were readily detected by immunoblotting of
the HMM A3G complex (Fig. 24). When comparable amounts of
NTAP-A3G complexes were treated with RNase A, most of these
protein cofactors were no longer detected, although a subset of
proteins remained bound. Thus, RNA in the HMM A3G complex
likely plays an important role in cofactor recruitment. These
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Fig. 3. HMM A3G complexes correspond to at least three RNP complexes. (A)
NTAP-tagged Staufen1 (Stau), a 55-kDa splicing variant of Staufen1 (Stau55), and
60-kDa Ro were subjected to TAP after expression in the absence or presence of
HA-A3G coexpression. As controls, cell lysates containing unlinked NTAP and
HA-A3G were identically processed (lanes 1 and 7). Arrow, HA-A3G copurified
with NTAP-Ro; arrowheads, nucleolin and 50-kDa La. (B) Purified proteins were
immunoblotted with antibodies reacting with the indicated proteins. Association
of HA-A3G with NTAP-Stau (Stau55) and NTAP-Ro RNPs was detected by anti-HA
(topsets of panels). (C) Endogenous A3G associates with the same RNP complexes.
Lysates from A3G-expressing H9 T cells were subjected to IP with antibodies
reacting with p68 helicase, a major component of RNA-transporting granules,
and 60-kDa Ro, a major component of Ro RNPs, followed by immunoblotting. IP
with protein G-agarose was included as a negative control.

identified cofactors also cofractionated with the endogenous HMM
A3G complexes in H9 T cells and exogenously expressed HMM
HA-A3G complexes formed in 293T cells (Fig. 7). The participa-
tion of the identified cofactors in HMM A3G complexes was
confirmed by coimmunoprecipitation (co-IP) of endogenous A3G
with these cofactors expressed in H9 T cells (Figs. 2B and 8) and
co-IP of these cofactors with HMM HA-A3G expressed in 293T
cells (Fig. 9). Prior RNase A treatment again disrupted the co-IP
of most of these cofactors.

Specific Assembly of A3G with Select RNP Complexes. We next
determined whether HMM A3G corresponds to at least three
different types of cellular RNP complexes, including Staufen-
containing RNA-transporting granules, Ro RNPs, and reservoirs of
transcriptional regulators and components of prespliceosomes.
Sequences encoding full-length Staufenl (Stau), a 55-kDa splicing
variant of Staufenl (Stau55), and 60-kDa Ro were tagged with
NTAP, expressed in 293T cells, and subjected to TAP with or
without coexpressed HA-A3G. Purified NTAP-Stau (Stau55)

15590 | www.pnas.org/cgi/doi/10.1073/pnas.0604524103

complexes contained many but not all of the protein bands detected
with NTAP-A3G (Fig. 34 Left). NTAP-Ro complexes contained
a different and less complex set of proteins. Nucleolin and 50-kDa
La were the two major proteins copurifying with NTAP-Ro (Fig.
34, arrowheads). When HA-A3G was coexpressed, HA-A3G
copurified with NTAP-Stau (Stau55) and NTAP-Ro (Fig. 3 4,
arrow, and B, top panels). Previously identified components of
RNA-transporting granules were copurified with NTAP-Stau
(Stau55) and NTAP-A3G, but not with NTAP-Ro. Components
of Ro RNPs were copurified with NTAP-A3G and NTAP-Ro but
not NTAP-Stau (Stau55). Nucleolin, a protein participating in both
RNA granules and Ro RNPs, was commonly detected with NTAP—
A3G, NTAP-Stau (Stau55), and NTAP-Ro fusion proteins. Tran-
scriptional regulators and components of prespliceosomes were
copurified with NTAP-A3G but not with NTAP-Stau (Stau55) or
NTAP-Ro (Fig. 3B). Endogenous A3G in human H9 T cells also
assembled with the same type of RNP complexes as NTAP-A3G
expressed in 293T cells (Fig. 3C). These findings highlight the
specificity of the NTAPs and strongly support the conclusion that
exogenous NTAP-A3G and endogenous A3G specifically enrich in
at least three distinct HMM RNP complexes.

Of note, almost all of the protein factors that participate in the
formation of these three distinct cellular RNPs (described in
Supporting Discussion in Supporting Text) were detected in the
purified HMM A3G complexes but not in NTAP-APO1 complexes
(Fig. 10). The lysis procedure used for TAP and FPLC analysis
selectively solubilizes cytoplasmic proteins (Fig. 6). Thus, the iden-
tification of some factors in HMM A3G complexes that are
predominantly nuclear likely reflects their nucleocytoplasmic shut-
tling properties rather than their recruitment after cellular lysis. We
conclude that the identified factors reflect a specific association of
A3G with distinct RNP complexes containing these factors.

Identification of Human Alu and Small hY Retroelement RNAs in HMM
A3G Complexes. To identify the RNA species participating in the
HMM A3G complexes, we treated purified NTAP-A3G complexes
with DNase and extracted RNA. Purified RNAs were reverse-
transcribed by using oligo(dT),o or random hexamers as primers,
and the resultant cDNAs were cloned and sequenced. Intriguingly,
various Alu RNA sequences, including the Sx, Sp, Ya5, Ya8, and
Yb8 subfamily members (40-43), were identified in two indepen-
dent experiments (data not shown). DNA sequencing revealed both
primary Alu (300—450 nt) and processed small cytoplasmic Alu
(scAlu) RNAs in the HMM A3G complexes after Alu-specific
RT-PCR (Fig. 44). Consistent with the identification of SRP14 in
purified HMM A3G complexes (Table 1), this protein binds to both
primary Alu and scAlu RNAs (44).

Recently, hY RNA family members (hY1, hY3, hY4, and hY5)
were identified as a novel type of L1-dependent, nonautonomous
retroelement (45). All four hY RNAs were detected in the HMM
A3G complexes by RT-PCR (Fig. 4B). The detection of both Ro
and La proteins in the HMM A3G complexes (Table 1 and Figs. 2
and 3) also supports the presence of hY RNAs in the HMM A3G
complexes because Ro forms RNP complexes with La and hY
RNAs (34-36). The participation of Alu and hY RNAs in the
HMM A3G complexes was further confirmed by co-IP of these
retroelements when HA-A3G was expressed in 293T cells and
FPLC-derived HMM fractions were subjected to anti-HA immu-
noprecipitation (IP) (Fig. 4C).

Our studies also identified mRNA sequences associated with the
HMM A3G complexes including A3G mRNA (Fig. 4D, lane 2).
These complexes also contained both endogenous A3F protein
(Table 1) and A3F mRNA (Fig. 4D, lane 2), arguing against
artifactual detection of A3G mRNA related to forced NTAP-A3G
expression. These findings suggest that A3G and A3F commonly
and perhaps coordinately participate in HMM complex assembly.

Based on semiquantitative RT-PCR, Alu and hY RNAs and
A3G and A3F mRNAs were estimated to be enriched 20- to

Chiu et al.
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by FPLC. Protein G-agarose in the absence of anti-HA served as a control. (D) A3G-dependent recruitment of Alu and hY RNAs into the Staufen-containing RNA
granules. A3G and endogenous A3F mRNAs are also present in purified NTAP-A3G and NTAP-Stau (Stau55) complexes. Of note, 293T cells expressed extremely
low levels of A3F. Alu RNA was not present in the RNA granules unless A3G was coexpressed. (E) PHA-IL-2-induced expression of Alu and hY RNAs in primary
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(—RT) served as negative controls in each panel. RNA structures in A and B were adapted in part from refs. 45 and 46.

100-fold in the HMM A3G complexes (Fig. 11 A and B). Con-
versely, mRNAs encoding a-tubulin, B-actin, Hsp70, 60-kDa Ro,
and Staufen were not detectable in the HMM A3G complexes.
Trace amounts of tRNA-Lys were present (Fig. 11C).

Intriguingly, detection of Alu RNAs and a small subset of hY
RNAs in Staufen-containing RNA-transporting granules strictly
depended on A3G coexpression (Fig. 4D, compare lane 4 with lane
6). Furthermore, mitogen activation of CD4 T cells induced Alu
and hY RNA expression (Fig. 4F) but did not alter the expression
of most of the protein cofactors in HMM A3G complexes (Fig. 12).
The cofractionation of these nonautonomous retroelement RNAs
in mitogen-induced HMM A3G complexes formed in primary CD4
T cells (Fig. 4F) suggests that the Alu and hY RNAs may help
nucleate HMM A3G complex assembly.

A3G Restricts L1-Dependent Alu Retrotransposition. Delineation of
the RNA components present in HMM A3G complexes suggests a
potential physiological function for these complexes. Specifically,
endogenous nonautonomous retroelements might serve as natural
cellular targets of A3G. In general, autonomous L1 elements
encode their own reverse transcriptase and endonuclease to cata-

Chiu et al.

lyze their retrotransposition. Nonautonomous elements encode no
gene products, depending instead on the L1 machinery for retro-
transposition (20, 41, 46). To test whether A3G controls the
retrotransposition of Alu RNAs, cell-based L1-dependent Alu
retrotransposition assays (46) (Fig. 54) were performed in the
absence or presence of graded amounts of HA vector or HA-A3G
DNA (Fig. 5). The number of G418-resistant colonies generated
provides a direct measure of successful retrotransposition events
(Fig. 5B). To ensure measurement of L1-dependent Alu retrotrans-
position, additional negative controls were incorporated, including
an Alu element lacking its polyA tail or right monomer sequences,
vectors encoding truncated, nonfunctional L1 mutants, or the
irrelevant B-gal gene. As described (46), the polyA tail and dimeric
sequences of Alu and the ORF2, but not ORF1, of L1 are required
for Alu retrotransposition (Fig. 5C Top). A3G both assembled into
HMM complexes in HelLa cells (Fig. 134 Lower) and greatly
restricted L1-mediated retrotransposition of Alu RNAs in a dose-
dependent manner (Fig. 5 C and D). Importantly, this inhibitory
effect was Alu-sequence-specific because A3G had no effect on
retrotransposition of L1 itself (measured by neo-marked L1; data
not shown) (21, 24, 27-30). Catalytically inactive (E259A and

PNAS | October 17,2006 | vol. 103 | no.42 | 15591

MICROBIOLOGY



SINPAS

A B e D
neo™t-marked Alu: neo Inactive Marked Alu +-L1 160
. i 7 wo
of HelLa Cells o~ N
NEnh| || [T ntron BN AAARGMUTTTT O <
@ £ ™) 5
Transcription = T
Self-splicingl §_ 100 T T
Cell 7]
W/V\/\/V\NAAANUUU Amplification 4 | Week £ 801
S 60
. ® T
Reverse Transcription LINE Machinery oc 404
Integration T
Neomycin 204 T
Pr Selection _— -— -
W.ﬁi -Wmm o = _
Transfection: 9 T T § I 05 10 15 20 05 10 15 20 20 20 20 20 ()
Retrotransposed Alu: neo Active ; P a ol L HA-A3G T2 TZ
G418R Clones g3 < Alu+L1 E B
3 < Alu+ L1 Alu + L1
AORF1 AORF2
AluApA  AAlu E
Transfection: — Alu + L1 +L1 + L1 Alu + B-Gal 120
100 4
T
z
= 801
S
Alu + L1 Alu + L1 K 0
Transfection: Alu + L1 AORF1 AORF2 @
HA Control (ug): 0.5 1.0 1.5 2.0 2.0 2.0 £
. 8 40 s .
Q
o
N ! I I I I
HA-A3G (Lg): 05 1.0 15 2.0 2.0 2.0 Transfection: & ® T 20 0.5 10 15 05 10 15 0.5 10 15 0.5 10 15 (ag)
' 2 :H E67A E259A _ E67A, 259A
+ Z HA-A3G
3
< Alu + L1

Fig.5. A3Grestricts L1-dependent Alu retrotransposition. (A) Summary of marked Alu retrotransposition assay. An Alu element (gray boxes) was marked with
the neo™! gene (dark box) driven by SV40 promoter (Pr) and placed in reverse orientation (Top). The neo™t gene is rendered inactive by an autocatalytic
tetrahymena (Tet) intron inserted in the forward direction. This intron is removed by autosplicing when RNA is produced (Middle), allowing detection of
retrotransposition after L1-dependent reverse transcription and integration. The expected structure of the resulting de novo Alu insertion is shown (Bottom).
(B) Experimental procedure for detecting the effects of A3G on L1-dependent Alu retrotransposition. A and B were adapted from ref. 46. (C) A3G inhibits Alu
retrotransposition. Hela cells were transfected with Alu neo™t, L1 expression plasmids, and graded amounts of HA-A3G or HA vector DNA. Retrotransposition
events were detected by staining G418-resistant (G418R) foci. Additional negative controls included an Alu element deficient in polyA tail (AluApA neo™t) or
in right monomer sequences (AAlu neo™t), vectors encoding truncated, nonfunctional L1 mutants (AORF2), and the irrelevant g-gal gene. (D) Number of G418R
clones. Data were normalized to the positive control (Alu neo™t + L1). Values represent the means =+ SD from three independent experiments. (£) Inhibition of
Alu retrotransposition by mutants of A3G (E259A and E67A/E259A) lacking deoxycytidine deaminase activity. Wild-type and E67A A3G retaining enzymatic

activity were included for comparison. Values represent the means * SD from three independent experiments.

E67A/E259A) mutants of A3G, which assemble into HMM com-
plexes, effectively inhibited Alu retrotransposition, suggesting a
deaminase-independent mechanism of A3G inhibition (Fig. 5E).
By using primers bracketing the intron of the neo indicator that were
unable to amplify the antisense SV-neo transcript, the recruitment
of marked Alu neo™!-derived transcripts into HMM A3G com-
plexes in HeLa cells was detected (Fig. 134) as was A3G-dependent
recruitment of Aluneo™ transcripts into Staufen-containing RNA-
transporting granules (Fig. 13 B and C). These studies reveal that
A3G inhibits the retrotransposition of nonautonomous Alu retro-
elements in a nonenzymatic and L1-independent manner involving
recruitment of these RNAs into cytoplasmic HMM complexes.

Discussion

Our studies demonstrate that Alu, the most prominent nonauto-
nomous retroelement, and likely h'Y RNAs, serve as natural targets
of A3G’s restricting activity. The requirement of the L1 machinery
for Alu and hY retrotransposition and the identification of these
endogenous nonautonomous retroelement RNAs in HMM A3G
complexes in the absence of detectable L1 proteins suggest a
nonenzymatic mechanism for A3G inhibition of retrotransposition.
Specifically through its RNA binding properties (13, 15, 47), A3G
sequesters Alu and Y RNAs in cytoplasmic HMM complexes away
from the nuclear L1 machinery, thereby interdicting the retrotrans-
position cycle. This mechanism is quite distinct from the actions of
A3A and A3B, which also inhibit Alu retrotransposition. These
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proteins enter the nucleus and directly interfere with L1 activity (24,
27). The A3G-dependent recruitment of both endogenous Alu
RNAs and engineered Alu transcripts to the Staufen-containing
RNA-transporting granules further supports this inhibitory mech-
anism. The lack of inhibitory effect of A3G on autonomous L1 may
reflect efficient assembly of retrotransposing L1 RNA with its
catalytic machinery encoded by the same RNA (cis preference)
(48), which minimizes the chance for A3G to act.

Different classes of RNA granules have been described (49).
Germ cell granules and neuronal granules (RNA-transporting
granules) harbor highly specific mRNA cargoes, whereas stress
granules and processing bodies (PB) are less discriminating. In
addition to differing in their mRNA selectivity, RNA-transporting
granules contain both the 60S and 40S ribosomal subunits, whereas
stress granules contain only small ribosomal subunits, and PBs lack
both (49). Although Staufen proteins occur in more than one type
of granule, the RNA granules that associate with HMM A3G
contain both the 60S and 40S ribosomal subunits and thus are
reminiscent of RNA-transporting granules rather than PB pro-
posed to interact with A3G (50). Furthermore, characteristic PB
components including endogenous Ago2 and Rck/p54 (DDX6)
were not detected in the purified NTAP-A3G complexes (Fig.
14A4), and the majority of the Ago2 and Rck/p54-containing
complexes are in fractions of lower molecular mass than HMM
A3G complexes (Fig. 14B). Nevertheless, whether the Alu RNAs
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are ultimately degraded by the Staufen-mediated degradation (51)
or by transfer to PB (50) merits future study.

RNA-transporting granules control the localization, stability, and
translation of resident RNA cargoes (32, 33, 49, 52). The presence
of A3G mRNA and translation initiation and elongation factors in
the HMM A3G complexes (Table 1 and Fig. 4D) provides an
attractive mechanism for how destruction of the HMM complex by
Vif (13) might impair de novo synthesis of A3G (6). Interestingly,
although Staufen and Ro proteins are in HMM A3G complexes,
their mRNAs are not (Fig. 11), consistent with the notion that
RNA-transporting granules harbor highly specific mRNA cargoes
(49). Future studies are needed to more broadly survey the range
of RNA species present in the HMM A3G-containing RNA
granules by using microarrays.

In summary, our studies reveal dual physiological functions of
A3G in human cells (Fig. 15). In resting CD4 T cells, LMM A3G
functions as a potent postentry restricting factor blocking the
replication of exogenous HIV-1 retroviruses (13). This restriction
may well extend to other exogenous retroviruses. Activation of CD4
T cells induces expression of nonautonomous retroelement RNAs.
A3G defends cells from this “threat within” by sequestering these
nonautonomous retroelements away from the L1 machinery re-
quired for retrotransposition. This action interrupts the retrotrans-
position cycle of these endogenous retroelements. Unfortunately,
the assembly of HMM A3G complexes containing these retroele-
ment RNAs removes the postentry restriction block provided by
LMM A3G, rendering the activated CD4 T cells highly permissive
for HIV infection. Of note, expression of Alu and hY RNAs is
increased in the absence of corresponding changes in most of the
various protein cofactors during the activation of CD4 T cells. Thus,
these retroelement RNAs may function as a driving force nucleat-
ing the assembly of HMM A3G complexes. The use of siRNA to
knock down expression of these retroelement RNAs or small
molecules that partially impair A3G binding to retroelement RNAs
could provide a strategy to preserve both the postentry restricting
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activity provided by LMM A3G and the protective activity of HMM
A3G complexes.

Methods

For TAP, 293T cells plated in T175 flasks were transfected with
the indicated plasmids (8 ug for NTAP-A3G; 20 pg for NTAP-
Stau and NTAP-Ro) with calcium phosphate and cultured for
48 h. Cells were lysed in buffer containing 50 mM Hepes (pH
7.4), 125-400 mM NacCl, 0.2% Nonidet P-40, 1 mM PMSF, and
EDTA-free protease inhibitor mixture (Calbiochem). NTAP-
tagged proteins and their associated cofactors in cytoplasmic
extracts were isolated by using an InterPlay TAP mammalian
purification kit (Stratagene).

Additional methods are presented in Supporting Methods in
Supporting Text, including detailed procedures for TAP, tandem
MS, IP, RNA extraction and identification, RT-PCR detection of
Alu and hY RNAs, L1-mediated marked Alu retrotransposition
assay, and sources of antibodies.
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