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ABSTRACT

The C-to-U editing of apolipoprotein-B (apo-B) mRNA is catalyzed by an enzyme complex that recognizes an 11-nt
mooring sequence downstream of the editing site. A minimal holoenzyme that edits apo-B mRNA in vitro has been
defined. This complex contains apobec-1, the catalytic subunit, and apobec-1 complementation factor (ACF), the
RNA-binding subunit that binds to the mooring sequence. Here, we show that ACF binds with high affinity to single-
stranded but not double-stranded apo-B mRNA. ACF contains three nonidentical RNA recognition motifs (RRM) and
a unique C-terminal auxiliary domain. In many multi-RRM proteins, the RRMs mediate RNA binding and an auxiliary
domain functions in protein–protein interactions. Here we show that ACF does not fit this simple model. Based on
deletion mutagenesis, the RRMs in ACF are necessary but not sufficient for binding to apo-B mRNA. Amino acids in
the pre-RRM region are required for complementing activity and RNA binding, but not for interaction with apobec-1.
The C-terminal 196 amino acids are not absolutely essential for function. However, further deletion of an RG-rich
region from the auxiliary domain abolished complementing activity, RNA binding, and apobec-1 interaction. The
auxiliary domain alone did not bind apobec-1. Although all three RRMs are required for complementing activity and
apobec-1 interaction, the individual motifs contribute differently to RNA binding. Point mutations in RRM1 or RRM2
decreased the Kd for apo-B mRNA by two orders of magnitude whereas mutations in RRM3 reduced binding affinity
13-fold. The pairwise expression of RRM1 with RRM2 or RRM3 resulted in moderate affinity binding.
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INTRODUCTION

RNA–protein interactions play a critical role in regulat-
ing eukaryotic gene expression at the posttranscrip-
tional level+RNA-binding proteins mediate the processes
of mRNA splicing, polyadenylation, transport to the cyto-
plasm, translation, and turnover+ In mRNA editing, the
sequence of the mRNA is changed after transcription
by the insertion, deletion, or modification of nucleotides
(Smith et al+, 1997; Gott & Emeson, 2000)+ By altering
the coding capacity of the transcript, editing generates
alternative forms of the protein that have different bio-
logical functions+ In mammals, the characterized exam-
ples of mRNA editing involve single nucleotide changes
that are generated by site-specific deamination reac-
tions that convert A r I or C r U (Smith & Sowden,

1996)+ Several mammalian mRNAs, including the glu-
tamate and serotonin 5-HT2c receptors, and hepatitis
delta virus, undergo A r I editing events (Bass, 1997;
Gott & Emeson, 2000)+ These conversions are cata-
lyzed by a family of adenosine deaminases that act on
double-stranded RNA (ADAR)+ The ADAR enzymes
function as a single polypeptide that can bind to the
substrate RNA and deaminate the target adenosines in
the absence of other factors (Smith & Sowden, 1996;
Bass, 1997; Gott & Emeson, 2000)+

To date, there is only one example of C r U editing
for which the editing machinery has been defined+ The
enzyme complex that edits mammalian apolipoprotein-B
(apo-B) mRNA deaminates a genomically encoded cyt-
idine at nt 6666 (Chan et al+, 1997)+ This modification
converts the codon CAA encoding glutamine in the full-
length protein (apo-B100) to a premature stop codon,
UAA (Chen et al+, 1987; Powell et al+, 1987)+ The edited
mRNA codes for a truncated apo-B protein (apo-B48)+
In several species, including humans, editing of apo-B
mRNA is restricted to the intestine whereas the liver
synthesizes only the full-length protein (Greeve et al+,
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1993)+ The two forms of apo-B perform distinct roles in
the synthesis, metabolism, and transport of plasma li-
poproteins and in susceptibility to atherosclerosis (Chan,
1992; Innerarity et al+, 1996)+

The editing of apo-B mRNA requires sequences on
apo-B mRNA that are recognized by the editing en-
zyme complex+ An 11-nt mooring sequence (nt 6671–
6681) located downstream of C6666 is critical for editing,
and mutations in this sequence abolish or down regu-
late editing in vitro (Shah et al+, 1991; Backus & Smith,
1991, 1992; Driscoll et al+, 1993)+ The native editing
holoenzyme has not been purified, but a minimal com-
plex that edits apo-B mRNA in vitro has been defined+
The catalytic subunit of the enzyme, apobec-1, is a
cytidine deaminase that alone is not competent to edit
(Teng et al+, 1993; Navaratnam et al+, 1993)+ We re-
cently reported the purification and cloning of a novel
RNA-binding protein, Apobec-1 complementation fac-
tor (ACF), that functionally complements apobec-1 to
edit apo-B mRNA in vitro (Mehta & Driscoll, 1998;Mehta
et al+, 2000)+ Similar results were obtained by Greeve
and colleagues, who isolated Apobec-1 stimulating pro-
tein (ASP), which is identical to ACF except for the
presence of an eight amino acid insertion (Lellek et al+,
2000)+ Both isoforms of ACF edit apo-B mRNA in vitro
(Lellek et al+, 2000; Mehta et al+, 2000) and the two
proteins appear to be generated by alternative splicing
(A+ Mehta & D+M+ Driscoll, unpubl+ observations)+ Our
in vitro and in vivo experiments demonstrated that ACF
specifically binds to the mooring sequence in apo-B
mRNA and interacts with apobec-1 (Mehta et al+, 2000)+
Based on these data, we proposed a model of the
holoenzyme in which ACF functions as the RNA-binding
subunit that docks apobec-1 to deaminate the up-
stream cytidine+ Thus, in contrast to the ADARs, the
catalytic and RNA-binding functions of the apo-B mRNA
editing enzyme are encoded by two polypeptides+

ACF contains three nonidentical copies of the RNA
recognition motif (RRM), a well-characterized RNA-
binding motif present in a large number of proteins that
are involved in RNA processing and metabolism (Burd
& Dreyfuss, 1994)+ Each RRM domain spans 80–90
amino acids and is characterized by the presence of a
less conserved RNP2 hexamer motif and a highly con-
served RNP1 octamer motif, with several conserved
amino acids interspersed across the domain (Burd &
Dreyfuss, 1994; Nagai et al+, 1995)+ RRM proteins have
a modular structure, containing one to four RRM do-
mains and additional regions referred to as auxiliary
domains+ Single RRM proteins often require flanking
sequences for high affinity binding to their target RNAs+
For proteins that contain multiple RRM domains, the
RRM domains alone are generally sufficient for RNA-
binding activity, with the auxiliary domain often func-
tioning in protein–protein interactions (Burd & Dreyfuss,
1994)+ Furthermore, the function of the individual do-
main can vary such that each RRM may bind a differ-

ent sequence or a subset of RRMs may be required for
high affinity binding (Burd et al+, 1991; Ginisty et al+,
2001)+

In this study, we show that ACF binds with high af-
finity to apo-B mRNA in vitro and that this interaction
can be detected in extracts from cells that lack apobec-1
and editing activity+ To identify functionally important
domains in ACF,we performed deletion and site-directed
mutagenesis experiments+ We found that the RRMs
alone did not bind apo-B mRNA and that the C-terminal
auxiliary domain did not interact with apobec-1+ Addi-
tional amino acids in the pre-RRM region and in the
C-terminal auxiliary domain of ACF are required for
complementing activity and high affinity binding to apo-B
mRNA+ Although all three RRMs are required for com-
plementing activity and apobec-1 interaction, the indi-
vidual motifs contribute differently to the RNA-binding
activity of ACF+

RESULTS

Editing activity of ACF and apobec-1

We previously showed that ACF and apobec-1 are suf-
ficient to edit apo-B mRNA in vitro, but a kinetic analy-
sis was not performed in this study (Mehta et al+, 2000)+
Figure 1 shows the editing activity of purified bacterially

FIGURE 1. In vitro editing activity of ACF and apobec-1+ Substrate
dependence of the editing activity of purified recombinant Strep-
tagged ACF and (His)6-apobec-1+ Editing assays were performed for
1 h at 37 8C with 5 fmol ACF, 10 fmol apobec-1, and increasing
concentrations of synthetic apo-B RNA+ The reactions were stopped
and analyzed by a poisoned primer extension assay (Mehta et al+,
2000)+ The femtomoles of edited RNA were quantified by Phosphor-
Imager analysis+ Regression analysis of 1/s versus 1/v was per-
formed according to Lineweaver–Burk+
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expressed Strep-tagged ACF and (His)6-apobec-1+
The reaction followed Michaelis–Menten kinetics and
reached substrate saturation at ;2+5 nmol/L-h+ The
preincubation of two of the three components of the
reaction prior to the addition of the third did not change
the kinetics of the reaction+ The apparent Km for Strep-
tagged ACF and (His)6-apobec-1 was 4+2 6 1+7 nM+

RNA-binding activity of ACF

ACF binds apo-B mRNA in a mooring sequence-specific
manner in both UV crosslinking and EMSA assays
(Mehta et al+, 2000; Blanc et al+, 2000)+ To determine
the affinity of ACF for apo-B mRNA, we performed filter
binding experiments using 1 ng (11 fmol) of a 280-nt
32P-labeled apo-B100 RNA and increasing amounts of
purified Strep-tagged ACF+ The dissociation constant,
Kd,was calculated as the protein concentration at which
50% of the RNA bound at saturation was retained on
the filter+ As shown in Figure 2A, ACF binds single-
stranded apo-B RNA with relatively high affinity, with an
apparent Kd of 8+0 6 3+2 nM+ No gel shift was detected
when antisense apo-B RNA was used as a probe+ Strep-
tagged ACF did not bind to double-stranded apo-B RNA
in a filter binding assay (Kd . 1 mM; Fig+ 2A), or in an
EMSA assay (data not shown)+

Association of ACF with apo-B mRNA
in HepG2 cells

Based on our previous coimmunoprecipitation (co-IP)
experiments, ACF is associated with apo-B mRNA in
McArdle 7777 cells, a rat hepatoma cell line that edits
endogenous apo-B mRNA (Mehta et al+, 2000)+ ACF
and apo-B mRNA are also expressed in HepG2 cells,
a human hepatoma cell line that lacks apobec-1 and
editing activity (Giannoni et al+, 1994)+ We prepared
extracts from HepG2 cells and performed co-IP exper-
iments using an anti-ACF antibody directed against
amino acids 4–18 of human ACF (Mehta et al+, 2000)+
RNAs were extracted from the immune complexes and
analyzed by reverse transcriptase-PCR using gene-
specific primers+ As shown in Figure 2B, the anti-ACF
antibody, but not the preimmune serum, coimmuno-
precipitated apo-B mRNA+ No PCR products were ob-
tained when reverse transcriptase was omitted from
the reaction+ In contrast, there was no detectable co-IP
of the abundant GAPDH mRNA by the anti-ACF anti-
body+ These results suggest that ACF is associated
with apo-B mRNA in vivo even in cells that are not
competent to edit+

Deletion mutagenesis of ACF

Unlike apobec-1,which is only ;70% conserved across
species, ACF is highly conserved, with .95% amino
acid identity between the human (Lellek et al+, 2000;

Mehta et al+, 2000; Blanc et al+, 2001b), baboon (Mehta
et al+, 2000), chicken (Blanc et al+, 2001b), and mouse
(data not shown) proteins+ Figure 3A shows a sche-
matic of ACF, which is predicted to contain three non-
identical RRM domains in the N-terminal half of the
protein and a unique C-terminal auxiliary domain+ As
shown in Figure 3B, the RRM domains of ACF share
significant homology with the three RRM domains of
GRY-RBP, an RNA-binding protein that has been im-
plicated in the regulation of apo-B mRNA editing in vivo
(Blanc et al+, 2001b)+ The auxiliary domain of ACF is
characterized by the presence of six RG dipeptides,
four of which are clustered in an RG-rich region be-
tween amino acids 380 and 402, and a weak double-
stranded RNA-binding motif between amino acids 446
and 523 (Fig+ 3A)+ To identify functionally important
domains in ACF, we performed deletion mutagenesis
of the human ACF cDNA+ The N- and C-terminal dele-
tion mutants are termed DMx-y, where x-y refers to the
positions of the amino acids being expressed+ All mu-
tants were tested in at least three independent exper-
iments+ Results from representative experiments are
shown in the figures, and the quantitative data for key
mutants are summarized in Figure 6+

N-terminal sequences in ACF are required
for complementing activity and RNA binding

In addition to the homology in the RRM domains, amino
acids 17–46 in the pre-RRM region of ACF share 63%
identity (80% similarity) with the pre-RRM region of
GRY-RBP (Fig+ 3B), which suggests that these resi-
dues may be functionally important+ We generated a
series of N-terminal deletion mutants of ACF that were
expressed by in vitro translation in the presence of
35S-methionine (Fig+ 4A)+ Equal amounts of translation
products were assayed for their ability to functionally
complement apobec-1 to edit a 280-nt synthetic apo-B
RNA in vitro+Under the conditions that were used,;50%
of the RNA was edited by apobec-1 and wild-type ACF,
which is referred to as 100% complementing activity
(Fig+ 4B)+ The removal of the N-terminal 13 amino acids
in ACF (DM14-586) reduced complementing activity to
;33% of wild-type levels, whereas activity was abol-
ished by the deletion of two additional amino acids
(DM16-586) or further truncations (Figs+ 4B and 6)+

The mutants were also analyzed for their ability to
interact with apobec-1 in vitro using a co-IP assay
(Mehta et al+ 2000)+ Wild-type and mutant ACF trans-
lation products were incubated in the presence or ab-
sence of in vitro translated apobec-1 that was tagged
with an HA peptide+ As shown in Figure 4C, an anti-HA
monoclonal antibody could coimmunoprecipitate HA-
tagged apobec-1 and wild-type ACF when the two
proteins were posttranslationally mixed+Although DM16-
586, DM36-586, and DM52-586 lacked complementing
activity, these proteins were still able to bind HA-tagged
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apobec-1 in vitro+ Further deletion of 129 amino acids
from the N-terminus (DM130-586) abolished inter-
action with apobec-1 (Figs+ 4C and 6A)+ Interestingly, a
mutant expressing the C-terminal half of ACF (DM296-
586) did not interact with HA-tagged apobec-1 (Fig+ 4C)+
Thus, sequences in the auxiliary domain of ACF are
necessary but not sufficient for binding to apobec-1+

Because of high background from the RRL, we could
not detect RNA–protein complexes with in vitro trans-
lated ACF+ For RNA-binding studies, the mutants were
expressed in bacteria as Strep-tagged proteins and pu-
rified on Streptactin-affinity resin under native condi-
tions (Fig+ 4D)+ All of the bacterially expressed mutants
gave the same results as the in vitro translated mutant

FIGURE 2. RNA-binding activity of ACF in vitro and in vivo+ A: Filter-binding assays were performed with increasing
concentrations of purified Strep-tagged wild-type ACF and 1 ng 32P-labeled synthetic apo-B RNA+ Double-stranded RNA
was prepared by annealing 32P-labeled sense and antisense strands of the 280-nt apo-B RNA+ The amount of bound RNA
was determined by binding to nitrocellulose filters+ The apparent dissociation constant, Kd, was calculated as the concen-
tration of protein at which 50% of the RNA bound at saturation is retained on the filter+ B: Extracts from HepG2 cells were
incubated with either preimmune serum or anti-ACF antibody, and the immune complexes were isolated using Protein
A-agarose+ The coimmunoprecipitated RNAs were extracted from the beads and used as templates for reverse transcriptase-
PCR using primers for apo-B or GAPDH as indicated+ The PCR products were resolved by 2% agarose gel electrophoresis+
The first panel shows the products obtained from the total starting extract+ The positions of the GAPDH and apo-B products
are indicated on the left+
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proteins when assayed for complementing activity (data
not shown)+ When tested in an EMSA assay, DM14-
586 formed a complex with 32P-labeled apo-B RNA,
although the signal was reduced compared to the wild-
type protein+However, no RNA–protein complexes were
detected with DM16-586 or with further N-terminal de-
letions (Fig+ 6)+ Based on filter-binding assays, the mu-
tant DM14-586 exhibited a Kd for apo-B mRNA of
;23 nM, which is a threefold lower affinity than wild-
type ACF (Figs+ 4E and 6)+The removal of the N-terminal
15 (DM16-586) or 35 amino acids (DM36-586) drasti-
cally reduced the binding affinity to ;230 nM and
.1 mM, respectively (Figs+ 4E and 6), which is consis-
tent with the EMSA data+ These results suggest that
the amino acids in the pre-RRM region of ACF contrib-
ute to high affinity binding to apo-B mRNA+ DM296-
586, which contains the C-terminal auxiliary region

alone, did not bind to apo-B RNA in a filter-binding
assay (Kd . 1 mM; Fig+ 4E+)+

Amino acids 378–391 in ACF are essential
for complementing activity, RNA binding
and apobec-1 interaction

Figure 5A shows the SDS-PAGE analysis of in vitro-
translated proteins that were obtained from a series of
C-terminal deletions of ACF+ As shown in Figures 5B
and 6, the removal of the C-terminal 66 amino acids of
ACF (DM1-520) reduced complementing activity to
;60% compared to wild-type ACF+ Further deletion from
the C-terminus reduced complementing activity to ;20%
in DM1-451 and 13% in DM1-391+ These last two de-
letions lack the putative double-stranded RNA-binding
domain, which suggests that this motif may be impor-

FIGURE 3. Domain structure of ACF+ A: Schematic of human ACF showing the three RRM domains and the C-terminal
auxiliary domain+ The hatched box indicates the .60% RG-rich region (amino acids 381–402), and the stippled box
indicates the position of a putative double-stranded RNA-binding motif (amino acids 446–523)+ B: Sequence alignment of
human ACF and GRY-RBP with the conserved residues shown in the middle+ The positions of the three RRM domains are
shown and the six RG dipeptides are indicated by the asterisks+
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tant for full complementing activity but that it is not
absolutely essential+ This domain is not required for
specificity, as a mutant apo-B RNA with three muta-
tions in the mooring sequence was not edited in an
in vitro assay containing DM1-451 or DM1-391 and
apobec-1 (data not shown)+ DM1-377 and further
C-terminal deletions were inactive in the in vitro editing
assay (Fig+ 5B)+ As shown in Figure 5C, amino acids
378–391 are also required for binding to HA-tagged
apobec-1 in vitro, as the anti-HA antibody did not im-
munoprecipitate DM1-377 and DM1-331 above back-
ground levels+

The C-terminal deletion mutants were also expressed
in bacteria as Strep-tagged proteins (Fig+ 5D)+We found
that DM1-451 and DM1-391 bound to 32P-labeled apo-B
RNA in an EMSA assay, but that no RNA–protein com-
plexes were detected with DM1-377,DM1-331, or DM1-

293 (see schematic in Fig+ 6)+ Similar results were
obtained when the mutant proteins were assayed for
RNA-binding activity by UV crosslinking or when EMSA
assays were performed using crude bacterial extracts
instead of purified recombinant proteins (data not
shown)+ Therefore, the loss of RNA-binding activity in
the mutant proteins is not due to inactivation during
purification+ Filter-binding studies showed that the
C-terminal amino acids 521–586 are dispensable for
high affinity binding, as DM1-520 binds to apo-B RNA
with an apparent Kd of ;15 nM, which is only twofold
higher than the wild-type protein (Figs+ 5E and 6)+
The mutants DM1-451 and DM1-391 bind with Kds of
;30 nM and 70 nM, respectively+ In contrast, DM1-377,
which lacks an additional 14 amino acids, and DM1-
293, which expresses only the RRM domains, exhib-
ited Kds $ 1 mM (Figs+ 5E and 6)+ Thus, sequences

FIGURE 4. Expression and functional analysis of N-terminal deletion mutants+ A: Wild-type ACF and the N-terminal dele-
tion mutants were in vitro translated and the translation products were resolved by SDS-PAGE+ The mutants are identified
by the amino acids that are expressed+ The faint bands below the major translation products may represent internal
initiation, premature termination or degradation+ B: Wild-type and mutant ACF translation products (5 fmol) were assayed
for complementing activity in an editing assay containing in vitro-translated apobec-1 (10 fmol) and a 280-nt synthetic apo-B
RNA+ Minus refers to reactions performed in the absence of ACF to determine the background of the assay (typically
0+1–0+3%), which was subtracted out+ The reactions were analyzed by a poisoned primer extension assay (Mehta et al+,
2000)+ The positions of the products from the unedited (CAA) and edited (UAA) RNAs are indicated+ C:Wild-type and mutant
ACF translation products were incubated in the presence or absence of in vitro-translated HA-tagged apobec-1 as indicated+
The reactions also contained an anti-HA monoclonal antibody and Protein A-Sepharose+ After extensive washing, the
immunoprecipitated complexes were analyzed by SDS-PAGE and autoradiography+ D: Purified recombinant Strep-tagged
proteins were resolved by SDS-PAGE and analyzed by western blotting stained with an anti-Strep tag antibody+ E: Filter-
binding assays were performed with increasing concentrations of purified Strep-tagged wild-type or mutant ACF as de-
scribed in the legend to Figure 2A+ The results are normalized to the percent RNA bound at saturation+ The calculated Kd
values are shown in Figure 6+
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outside the RRM domains are required for high affinity
binding to apo-B RNA+ However, the C-terminal auxil-
iary region alone does not appear to contain an inde-
pendent RNA-binding domain, as DM296-586 had a
very low affinity for apo-B RNA (Figs+ 4E and 6)+

To define a minimal functional protein, we generated
ACF mutants that lacked the first 13 amino acids but
differed in the number of C-terminal amino acids+ The
mutants were assayed for their ability to functionally
complement apobec-1 in an in vitro editing assay+ The
smallest functional protein that we identified was DM14-
391, which expresses 378 amino acids+ Both DM14-
391 and DM14-451 had low levels of activity (,15% of
wild type), suggesting that these deletions severely com-
promise ACF function+ The only deletion mutant that
had robust complementing activity (60% of wild type)
was DM14-520, which expresses 506 amino acids or
86% of the full-length protein+

Role of the RRM domains

To assess the relative contributions of the individual
RRM domains in ACF,we made point mutations in each

of the three RRM domains by converting either the
second amino acid (F or Y) in the RNP2 motif or the
conserved F residue in the RNP1 motif to alanine
(Fig+ 7A)+Mutation of these conserved residues in other
RRM proteins has been shown to eliminate RNA-binding
activity (Nagai et al+, 1995)+ None of the ACF point
mutants were able to complement apobec-1 in an in
vitro editing assay or interact with HA-tagged apobec-1
in the co-IP assay+ As shown in Figure 7A, point mu-
tations in RRM1 (F59A and F100A) and RRM2 (F139A
and F183A) drastically reduced the affinity for apo-B
mRNA by two orders of magnitude (Kds . 800 nM)+ In
contrast, both RRM3 mutants (Y234A and F270A)
showed only a ;13-fold reduction in affinity, binding
with Kds of ; 105 6 6+2 and 110 6 4+7 nM, respectively+

As shown in Figure 6, DM130-586, which contains
RRMs 2 and 3, had a very low affinity for apo-B mRNA+
We also generated two internal deletion mutants that
lack either RRM2 (IDMDRRM2) or RRM3 (IDMDRRM3)
as shown in Figure 7B+ Both deletions abolished com-
plementing activity, interaction with HA-tagged apobec-1,
and RNA-binding activity in an EMSA assay (data not
shown)+We measured a Kd of ;55 nM for IDMDRRM3,

FIGURE 5. Expression and functional analysis of C-terminal deletion mutants+ A: The in vitro translation products from the
wild-type ACF and the C-terminal deletion mutants were resolved by SDS-PAGE+ The mutants are identified by the amino
acids that are expressed+ B: Translation products were assayed for complementing activity as described in the legend to
Figure 4B+ The positions of the products from the unedited (CAA) and edited (UAA) RNAs are indicated+ C: In vitro-translated
wild-type ACF and C-terminal deletion mutants were assayed for their ability to interact with HA-tagged apobec-1 as
described in the legend to Figure 4C+ D: Purified recombinant Strep-tagged proteins were analyzed by western blotting as
described in the legend to Figure 4D+ E: Filter-binding assays were performed with purified Strep-tagged wild-type ACF or
the C-terminal deletion mutants as described in the legend to Figure 4E+
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which is 7-fold lower than wild-type ACF (Fig+ 7B)+ Sur-
prisingly, although point mutations in RRM2 were se-
verely deleterious, deletion of RRM2 caused only a
14-fold reduction in binding affinity+ Taken together, our
results suggest that all three RRMs in ACF are required
for high affinity binding to apo-B mRNA+

DISCUSSION

In this study, we undertook an investigation of the struc-
ture and function of ACF to begin to understand how
this protein recognizes its target RNA+ We found that
the affinity of ACF for apo-B mRNA is relatively high+
The recombinant protein binds its substrate in vitro with
apparent Kd of ;8 nM, which is well within the range
reported for other known sequence- or structure-specific
RNA-binding proteins (Burd & Dreyfuss, 1994)+ Re-
cently it was suggested that secondary structure in the
region of the editing site may be important for apo-B

mRNA editing (Richardson et al+, 1998;Hersberger et al+,
1999)+ Although different low-energy structures were
proposed in two studies, in both cases the edited C
was predicted to be in a single-stranded loop with the
mooring sequence base paired to either a 59 proximal
element (Richardson et al+, 1998) or a 39 distal se-
quence (Hersberger et al+, 1999)+ We showed that the
affinity of ACF for double-stranded apo-B mRNA is over
two orders of magnitude lower than for single-stranded
RNA+We also found that deletion of a putative double-
stranded RNA-binding domain from ACF did not com-
pletely abolish complementing activity or binding to
apo-B mRNA, nor did it alter the specificity of the ed-
iting reaction+ However, this deletion did reduce com-
plementing activity and RNA-binding affinity by four- to
fivefold, which suggests that amino acids 451–520 are
important for function+ However, it is important to note
that our Kd values are only in vitro estimates and that
the binding affinity may be different in vivo in the con-

FIGURE 6. Summary of the data from N- and C-terminal deletion mutants of ACF+ The structure of wild-type ACF is shown
at the top+ The three RRM domains are indicated as RRM1, RRM2, and RRM3+ The hatched and stippled bars represent
the RG-rich region and the putative double-stranded RNA-binding domain, respectively+A diagram of key N- and C-terminal
deletion mutants is shown on the left+ All mutants were tested in at least three independent experiments, and the results
were quantified by PhosphorImager analysis+ The results for complementing activity are expressed relative to the activity of
the full-length ACF (average % 6 SD)+ The Kds for apo-B mRNA were obtained from filter-binding experiments and were
calculated as the protein concentration at which 50% of the RNA was bound (average nM 6 SD)+ The results from the EMSA
assays and apobec-1 binding assays are expressed qualitatively (1 or 2)+ ND: not determined+
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text of the holoenzyme+ In contrast to ACF, apobec-1
has a weak nonspecific RNA-binding activity (Anant
et al+, 1995; Navaratnam et al+, 1995) with a Kd for
apo-B mRNA of ;450 nM (Anant & Davidson, 2000)+
We found that the addition of recombinant apobec-1
did not change the affinity of ACF for apo-B mRNA (S+
Murata & D+M+ Driscoll, unpubl+ observations), which
suggests that the recognition of apo-B mRNA by the
holoenzyme is mediated solely by ACF+ This result
should be interpreted cautiously, because all of the re-
combinant proteins may not assemble into an active
enzyme complex+

In addition to our in vitro studies, we present evi-
dence that suggests that ACF is associated with apo-B

mRNA in vivo in HepG2 cells, a human hepatoma cell
line that does not express apobec-1+ In terms of phys-
iological relevance, apo-B mRNA and ACF are both
expressed in the livers of primates and rabbits, even
though these tissues lack apobec-1 and are not com-
petent to edit (Greeve et al+, 1993; Giannoni et al+,
1994; Hadjiagapiou et al+, 1994)+ Our results raise the
possibility that ACF has an additional function in the
processing of apo-B mRNA that is independent of edit-
ing+ In fact,ACF may play a more general role in mRNA
metabolism, as ACF is widely expressed in other tis-
sues that do not express apo-B mRNA (Mehta et al+,
2000)+ This question is of particular interest because it
was recently suggested that apobec-1 is involved in

FIGURE 7. Mutagenesis of the RRM domains in ACF+ A: Point mutations in the conserved RNP2 and RNP1 motifs were
made in the three RRMs of human ACF as indicated+ The mutants were expressed in bacteria as Strep-tagged proteins and
analyzed for their ability to bind to 32P-labeled apo-B RNA in a filter-binding assay as described in Figure 2A+ The calculated
Kd values are discussed in the text+ B: RRM deletion mutants were analyzed in a filter-binding assay and the Kds for apo-B
mRNA were calculated as described in the legend to Figure 6+
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the stabilization of mRNAs that undergo rapid degra-
dation, including c-myc mRNA (Anant & Davidson,
2000)+ Experiments are currently in progress to identify
other mRNA targets that are bound to ACF in vivo+

In many multi-RRM proteins, the RRM domains me-
diate RNA recognition whereas the auxiliary domain is
involved in protein–protein interactions (Burd & Dreyfuss,
1994)+ This type of modular structure is reminiscent of
transcription factors that contain distinct DNA-binding
and transactivation domains+ Our results suggest that
ACF does not fit this simple model+ The N-terminal half
of ACF, which contains all three RRM domains, does
not bind with high affinity to apo-B mRNA and the
C-terminal auxiliary domain alone does not interact with
apobec-1 in vitro+ The two halves of ACF also did not
function in trans to complement apobec-1 when they
were added to the same in vitro editing reaction (data
not shown)+ Both N- and C-terminal amino acids flank-
ing the RRM domains are essential for optimal RNA-
binding activity+ These residues are also required for
ACF to complement apobec-1 in an in vitro editing assay+

ACF is not the only example of a multi-RRM protein
that requires sequences flanking the RRM domains for
function+Recently, Brewer and colleagues analyzed the
structural determinants that are essential for the RNA-
binding activity of AUF1, a protein that binds to AU-rich
elements in the 39 untranslated regions of unstable
mRNAs (DeMaria et al+, 1997)+ In addition to the two
tandem RRM domains, the high affinity binding of AUF1
requires an alanine-rich region from the N-terminus and
a short glutamine-rich region that is C-terminal to RRM2+
Although the function of the glutamine-rich sequence is
not known, deletion of the alanine-rich sequence abol-
ished homodimerization, which suggests that protein–
protein interactions are important for the RNA-binding
activity of AUF1 (DeMaria et al+, 1997)+ We wondered
whether the N- or C-terminal regions of ACF are re-
quired for homodimerization, which might explain why
these residues are important for function+ However, we
have not been able to detect self-association of recom-
binant wild-type ACF using in vitro pull-down assays
that were performed in the absence or presence of
synthetic apo-B RNA (data not shown)+ Furthermore,
as judged by gel filtration, native ACF exists as a mo-
nomeric protein (Mehta & Driscoll, 1998)+

Based on structural studies of a number of RRM
proteins, the RRMs are globular domains that fold into
a characteristic babbab secondary structure, and this
structure is identical whether the RRM is bound to RNA
or free in solution (Burd & Dreyfuss, 1994; Nagai et al+,
1995)+ The conserved RNP2 and RNP1 motifs, which
lie on the two central b-strands, are thought to provide
a general surface for binding to RNA+ The specificity of
the RNA-binding activity may come from less con-
served amino acids in the loops and termini of the
RRM domains (Burd & Dreyfuss, 1994; Nagai et al+,
1995)+ The RNP2 and RNP1 motifs in the three RRM

domains of ACF share substantial homology with the
corresponding motifs in GRY-RBP+ This high degree of
conservation suggests that the two proteins may be
ancestrally related and this hypothesis is supported by
phylogenetic analyses (Blanc et al+, 2001b)+ The ho-
mology between ACF and GRY-RBP extends into the
pre-RRM region,;40 amino acids preceding the RNP2
motif of RRM1+ Our mutagenesis data suggest that this
sequence is functionally important+ Deletion of the pre-
RRM region from ACF abolished complementing activity
and binding to apo-B mRNA+ The loss of complement-
ing activity in these mutants is not likely due to a folding
problem, as the proteins were expressed in RRL at low
concentrations+ Furthermore, the mutant proteins are
still capable of interacting with apobec-1 in an in vitro
binding assay+ The amino acids in the pre-RRM region
of ACF may be involved in directly contacting the RNA,
either as a separate structural domain or more likely, as
part of an extended RRM1 domain+

We also found that amino acids 378–391 in the
C-terminus of ACF are critical for complementing ac-
tivity, RNA-binding, and apobec-1 interaction+ This re-
gion is .60% RG-rich and contains three of the six
RG dipeptides that are found in ACF+ These residues
may be involved in modulating both RNA–protein and
protein–protein interactions, or they may be required
for proper folding of the protein+ Experiments are cur-
rently in progress to distinguish between these two pos-
sibilities+ Regardless of the explanation, our results
clearly show that the minimal functional protein is quite
large, which is of interest for future structural studies+

In addition to functioning in RNA recognition, RRMs
can overlap with domains required for protein–protein
interaction or nuclear localization+ Although we did not
identify a discrete domain in ACF that is responsible for
binding to apobec-1, our mutagenesis studies suggest
that the auxiliary domain and all three RRM domains
are required for apobec-1 interaction+ Importantly, we
were able to identify mutations in the pre-RRM region
that abolished RNA binding but not interaction with
apobec-1+ These results suggest that the RNA-binding
and apobec-1 interaction domains are overlapping but
distinct+ This finding is consistent with our previous stud-
ies that showed that ACF and apobec-1 can physically
interact in vitro in the absence of apo-B mRNA (Mehta
et al+, 2000)+

Binding of multi-RRM proteins to a specific RNA se-
quence or structure may require all of the RRMs or only
a subset of the domains+ A recent study shed light on
how RRM domains may cooperate to determine the
RNA-binding activity of a multi-RRM protein (Park et al+,
2000)+HuD, a human neuron-specific RNA-binding pro-
tein, contains three RRM domains, but only RRM1 and
an additional RRM are essential for binding with nano-
molar affinity+ When the kinetics of complex formation
were analyzed, it was found that the RRMs cooperate
not only to increase the affinity of the RNA–protein
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interaction but also to stabilize the formed complex (Park
et al+, 2000)+ In this study, we showed that all three
RRMs in ACF are required for complementing activity
and high affinity binding to apo-B RNA+ However, the
relative contributions of the individual RRM domains to
the RNA-binding activity of ACF are different+ Point mu-
tations in RRM1 and RRM2 reduced binding affinity to
;1 mM, whereas mutations in RRM3 are much less
deleterious to function+ Interestingly, the pairwise ex-
pression of RRM1 with either RRM2 or RRM3 is suffi-
cient to confer moderate RNA-binding affinity+ Because
there is no significant homology between RRM2 and
RRM3 to suggest that the domains may be functionally
equivalent, a more likely explanation for our results is
that spatial positioning of the RRMs is important for
function+ In the case of the RRM2 deletion mutant, the
RRM1 and RRM3 domains are adjacent, whereas they
are separated by over 100 amino acids in the RRM2
point mutant+ The cocrystal structures of poly(A)-binding
protein with poly(A) RNA, or Sex-lethal protein with
polypyrimidine tract of transformer mRNA have re-
cently been determined (Deo et al+, 1999; Handa et al+,
1999)+ In both of these proteins that bind unstructured
RNA, a single functional RNA-binding unit is created
from two tandem RRMs that together form an RNA-
binding cleft+ ACF, which also binds single-stranded
RNA, may have a similar structure+We also found that
a deletion mutant that expresses only RRM2 and RRM3
has a very low affinity for apo-B RNA+ Experiments are
currently in progress to determine whether RRM1 is
the major RNA-binding determinant in ACF and whether
the pre-RRM region is part of an extended RRM1 do-
main or a distinct RNA-binding domain+

While this work was under review, Blanc et al+ re-
ported that the RNA-binding activity of ACF requires
amino acids 150–380, which do not encompass RRM1
(Blanc et al+, 2001a)+ However, it is important to note
that these authors showed that RNA-binding and com-
plementing activity were abolished by deletion of the
84 N-terminal amino acids that contain the pre-RRM
region and part of RRM1, which is consistent with our
conclusion that these residues are functionally impor-
tant+ Interestingly, an RRM1 deletion mutant exhibited
significantly reduced levels of complementing activity
and RNA binding as determined by UV cross linking
(Blanc et al+, 2001a), which is in contrast to our RRM1
point mutants that are completely inactive+ These ap-
parently discrepant results could be explained by spa-
tial positioning+ The RRM1 deletion mutant expresses
the pre-RRM region positioned adjacent to RRMs 2
and 3, which may allow the protein to bind to apo-B
mRNA with moderate affinity in the absence of RRM1+

In conclusion, our results suggest that both N- and
C-terminal sequences are required for ACF function
and that all three RRM domains may cooperate to me-
diate binding to apo-B mRNA+ A deeper understanding
of how ACF recognizes its target RNA will require struc-

tural analysis of RNA–protein complexes that are formed
with ACF alone or with the holoenzyme+ Finally the
presence of three nonidentical RRMs that are not func-
tionally equivalent may allow ACF to interact with sev-
eral different mRNA sequences+

MATERIALS AND METHODS

Mutagenesis

All N- and C-terminal deletions were made by the poly-
merase chain reaction (PCR) using primers that flanked
the required regions+ All of the 59 primers added an initiator
methionine to the N-terminus (Table 1)+ The amplified frag-
ments were cloned by TA-expression cloning in pCR 3+1
(Invitrogen)+ Internal deletion mutants were made by a com-
bination of PCR amplification and restriction digestion clon-
ing+ The construct IDMDRRM2, which expresses amino acids
1–125 and 218–586, was generated using the primer pairs
IDM-Sense-59 and IDM(1–125)-39+ After digestion with KasI,
the PCR products were cloned into the KasI site of a
PCR fragment amplified with primers IDM(218–586)-59 and
Antisense-C-39, which amplify RRM3 and the C-terminal aux-
iliary domain of ACF+ For generating the construct IDMDRRM3,
which expresses amino acids 1–224 and 283–586, the ACF
cDNA was amplified by PCR using primer pairs IDM-Sense-59
and IDM(1–224)-39 and the products were digested with Hin-
dIII+ The fragment was ligated to the HindIII-digested DNA
that was amplified with the primers IDM(283–586)-59 and
Antisense-C-39, which amplify the C-terminal auxiliary do-
main of ACF+ Point mutations in the RRM domains were con-
structed using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene) according to manufacturer’s instructions+ The
sequences of all mutant constructs were confirmed by auto-
mated DNA sequencing+

In vitro translation

Plasmid DNAs were added directly to coupled T7 transcription/
translation lysates (Quick-TNT; Promega) in the presence of
35S-methionine (Amersham)+ Translation products were re-
solved by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) and quantified by PhosphorImager
analysis (Molecular Dynamics)+ The amount of protein was
determined by quantitation of known amounts of 35S-
methionine spotted on a 3 MM filter paper and calculated
based on an endogenous concentration of 5 mM cold methi-
onine in the lysate as specified by the manufacturer+ The
values were adjusted for the different number of methionines
in the wild-type ACF and mutant proteins+

Expression of Strep-tagged proteins

Wild-type and mutant ACF cDNAs were subcloned into the
BamHI and XhoI sites of pASK-IBA7 (Strep-tag II; Genosys),
which allows proteins to be expressed in bacteria with a Strep-
tag at the N-terminus+ The DNAs were transformed into Esch-
erichia coli strain BL21 (Promega)+ Bacteria were grown in
LB medium to OD600 density of 0+5–0+7 and induced with
anhydrotetracycline (0+2 mg/mL) for 3 h at 37 8C+ The cells
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were pelleted and sonicated in Buffer W (100 mM Tris-HCl,
pH 8+0, 1 mM EDTA) with protease inhibitors (Complete;
Roche)+ The lysate was spun at 10,000 3 g for 20 min at 4 8C+
The supernatant was applied directly to a 0+5 3 10 cm col-
umn containing Streptactin-POROS equilibrated in Buffer W
containing 25 mM KCl, and the bound protein was eluted with
2+5 mM desthiobiotin (Sigma) in Buffer W+ Proteins were quan-
tified using the Protein Assay Reagent (BioRad) and ana-
lyzed by western blotting using a streptavidin AP-conjugate
(APBiotech) according to the manufacturer’s instructions+ To
block endogenous biotin-containing proteins,membranes were
incubated with 2 mg/mL avidin for 10 min+ The blots were
developed using western blue stabilized substrate for alka-
line phosphatase (Promega)+

Complementing activity assays

Complementing activity was assayed as previously described
(Mehta et al+, 2000)+ Briefly, equal amounts of wild-type or
mutant ACF proteins (5 fmol) were added to in vitro editing
assays containing 11 fmol of a 280-nt synthetic RNA corre-
sponding to nt 6504–6784 of baboon apo-B100 mRNA, 10
fmol apobec-1, and 250 mg tRNA+ The reactions were incu-

bated at 37 8C for 1+5 h, which is within the linear range of the
assay+ The edited products were detected by poisoned primer
extension analysis (Mehta et al+, 2000)+ Reactions performed
in the absence of protein were used to calculate the back-
ground of the assay, which is typically between 0+1 and 0+3%+
The results for the mutant proteins were normalized to the
complementing activity of wild-type ACF, which comple-
ments apobec-1 to edit ;40 to 50% of the RNA under these
conditions+

Electrophoretic mobility shift assays (EMSA)
32P-labeled apo-B RNA was synthesized as previously de-
scribed (Mehta & Driscoll, 1998)+ Purified recombinant pro-
tein was incubated with 1 ng 32P-labeled RNA in Dignam
buffer D (20 mM HEPES, pH 7+9, 2+5 mM MgCl2, 100 mM
KCl, 20% glycerol, 0+5 mM DTT) containing 250 mg tRNA+
After incubation for 1 h at 30 8C, the reactions were treated
with 0+5 U of RNase T1 at 30 8C for 10 min+ The complexes
were resolved on 4% native polyacrylamide gels in 1 3 TGE
(20 mM Tris, pH 7+4, 150 mM glycine, 20 mM EDTA)+ The
gels were dried and analyzed using a PhosphorImager (Mo-
lecular Dynamics)+

TABLE 1 + List of oligonucleotides+

Primer name Sequencea

C-terminal deletions
Sense N-59 ATTCAGGATCCATGGAATCAAATCACAAATC
DM1-520-39 GCATCTCGAGTCATCCATCAGTGGGGATGCCCAGGGT
DM1-451-39 GCATCTCGAGTCAGTTATTTTTCTGACAAATCTCTTCTA
DM1-391-39 GCATCTCGAGTCAACGGCCGCCCAGTCCTCTCACT
DM1-377-39 GCATCTCGAGTCAAGGGGCTCGGATAATGGCTCTGTTGC
DM1-360-39 GCATCTCGAGTCAATGAAGACTGGGAATTGCTGCATAGGTCTG
DM1-347-39 GCATCTCGAGTCAGAAGACAGGAGCTCCAAGGTA
DM1-331-39 GCATCTCGAGTCACAAAGAGTAGGTATACTCTCCTTG
DM1-293-39 GCATCTCGAGTCAACCATCCAGCACCTTGCCATT

N-terminal deletions
Antisense C-39 GCATCTCGAGTCATCAGAAGGTGCCATATCCATCC
DM14-586-39 ATTCAGGATCCATGACTCAGAAGGAAGCAGCCCTCCGCGCA
DM16-586-39 ATTCAGGATCCATGACTCAGAAGGAAGCAGCCCTCCGCGCA
DM36-586-39 ATTCAGGATCCATGGGACAAAGAAAATATGGTGGCCCTCCACCT
DM52-586-39 ATTCAGGATCCATGCCTGAAAGGGGCTGGA
DM130-586-39 ATTCAGGATCCATGTGTGCCAGTGTGGACAATGC
DM228-586-39 ATTCAGGATCCATGTCTTCAGTGAAAATCCTA
DM296-586-39 ATTCAGGATCCATGATTGAAGTCACCCTAGCA

Internal deletions
IDM-Sense-59 ATTCAGGATCCATGGAATCAAATCACAAAT
IDM(1–125)-39 TAAGAGGCGCCCATTTCTAATTTCATAATTATT
IDM(218–586)-59 ATTAGAAATGGGCGCCCAGAAGTAGAAGTTGATGAAGAT
IDM(1–224)-39 ATATTTAAAGCTTTTTCATCAACTTCTACTTCTGGCTC
IDM(283–586)-59 GCAGTTGAGGCTATGAAAGCTTTAAATGGCA

Point mutations
F59A GGCTGTGAAATTGCAATTGGAAAACTTCCC
F100A GCAACAATAGAGGATATGCAGCTGTAACATTTTCAAATAAAGTGG
F139A GACAACTGCCGATTAGCAGTTGGGGGCATC
F183A CCAAAAACCGAGGCTTTGCCGCAGTGGAGTATG
Y234A TCAGTGAAAATCCTAGCAGTAAGAAATCTTATGCTGTC
F270A CGAGACTATGCTGCAGTGCACTTCAGTAAC

aNucleotides that vary from the wild-type sequence are shown in italics+
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Determination of Kd values

Filter-binding assays were performed using purified bacteri-
ally expressed proteins+ Increasing concentrations of protein
were added to reactions containing 1 ng 32P-labeled apo-B
RNA and 250 mg tRNA in 100 mL Dignam buffer D+ After
incubation at 30 8C for 20 min, the reactions were filtered
through nitrocellulose (Millipore) and washed with 5 mL of
Dignam buffer D+ The filters were dried and counted in a
liquid scintillation counter+ Reactions set up in the absence of
recombinant protein served as negative controls to calculate
the background, which was less than 5% of the input counts
in any independent experiment+ After the background was
deducted, the results were normalized to the percent RNA
bound+ The linear portion of each curve was subjected to
regression analysis, and the apparent Kd was calculated as
the concentration of protein at which 50% of the RNA bound
at saturation is retained on the filter+

Association of ACF and apo-B mRNA
in HepG2 cells

S100 extracts (2 mg) were prepared from HepG2 cells as
previously described (Mehta et al+, 2000)+ Extracts were in-
cubated with preimmune serum or with the anti-ACF(4–18)
antibody, which is an antipeptide antibody directed against
amino acids 4–18 in human ACF (Mehta et al+, 2000)+ The
immune complexes were trapped on protein A-agarose
(Roche), and washed in NET buffer (10 mM Tris, pH 7+5,
150 mM NaCl, 0+5% NP-40)+ RNA was extracted from the
beads with Trizol (Invitrogen) according to the manufacturer’s
instructions+ The RNAs were suspended in water and used
for first-strand synthesis and PCR amplification using gene-
specific primers as described earlier (Mehta et al+, 2000)+ The
PCR products were resolved by electrophoresis on 2% aga-
rose gels+ The primers for baboon apo-B and GAPDH gen-
erate products of 280 and 210 bp, respectively+

Apobec-1 interaction assay

The cDNA clone encoding rat apobec-1 tagged with a hem-
agglutinin (HA) peptide was provided by Dr+ Shai Patel+Wild-
type or mutant ACF translation products (5 fmol) were
incubated with 5 ng anti-HA monoclonal antibody and 10 mL
of protein A-agarose (Roche), in the presence or absence of
10 fmol of in vitro-translated HA-tagged apobec-1 (Mehta
et al+, 2000)+ The tubes were rocked at 4 8C for 1 h and
washed five times with 0+5 mL of interaction buffer (20 mM
HEPES, pH 7+9, 100 mM KCl, 0+5% NP40, 5% glycerol)+ The
protein A-agarose beads were boiled in 13 SDS sample buffer,
and the supernatants were analyzed by SDS-PAGE and
autoradiography+
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