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The degradation of some proto-oncogene and lymphokine mRNAs is controlled in part by an AU-rich
element (ARE) in the 3’ untranslated region. It was shown previously (G. Brewer, Mol. Cell. Biol.
11:2460-2466, 1991) that two polypeptides (37 and 40 kDa) copurified with fractions of a 130,000 x g
postribosomal supernatant (S130) from K562 cells that selectively accelerated degradation of c-myc mRNA in
a cell-free decay system. These polypeptides bound specifically to the c-myc and granulocyte-macrophage
colony-stimulating factor 3’ UTRs, suggesting they are in part responsible for selective nRNA degradation. In
the present work, we have purified the RNA-binding component of this nRNA degradation activity, which we
refer to as AUF1. Using antisera specific for these polypeptides, we demonstrate that the 37- and 40-kDa
polypeptides are immunologically cross-reactive and that both polypeptides are phosphorylated and can be
found in a complex(s) with other polypeptides. Immunologically related polypeptides are found in both the
nucleus and the cytoplasm. The antibodies were also used to clone a cDNA for the 37-kDa polypeptide. This
cDNA contains an open reading frame predicted to produce a protein with several features, including two RNA
recognition motifs and domains that potentially mediate protein-protein interactions. These results provide

further support for a role of this protein in mediating ARE-directed mRNA degradation.

The c-myc gene is important for the control of cellular
growth, differentiation, and transformation (reviewed in
references 17 and 41). It belongs to the class of immediate-
early genes whose expression is required to drive cells from
Gy to G, following stimulation of quiescent cells by growth
factors. However, the c-myc gene is not unique in terms of
having an essential role in cellular growth processes. It has
been known for decades that specific and timely changes in
the expression of multiple genes are required for proper
embryonic development and cell maturation (20). Expres-
sion of genes such as c-myc seems to be regulated not only
at the levels of transcription, attenuation, nuclear process-
ing, and translation but also at the level of mRNA turnover
(reviewed in reference 41). Indeed, direct half-life measure-
ments indicated that c-myc mRNA has a half-life of 15 to 40
min (19). These and other studies (41) demonstrated that the
control of c-myc mRNA turnover might be an important
means of regulating both the level and the timing of c-myc
expression.

Many proto-oncogene mRNAs are very unstable. The
rapid turnover of c-myc mRNA is controlled by sequences in
the 3’ untranslated region (3'UTR) or by coding region
sequences (reviewed in references 33 and 60). A common
feature of many labile mRNAs, such as those for c-myc,
c-fos, and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), is the presence of an AU-rich element (ARE)
in the 3'UTR which is one cis-acting element responsible for
their rapid degradation (reviewed in reference 3, 48, and 60).
It is also noteworthy that the AREs of proto-oncogene
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mRNAs, such as c-myc and c-fos mRNAs, tend to have one
or more AUUUA motifs within a U-rich context, while
cytokine mRNAs tend to have multiple tandem repeats of
AUUUA (70). This might be important because under some
circumstances, such as T-cell activation, in which lympho-
kine mRNAs are transiently stabilized, c-myc and c-fos
mRNAs are not stabilized (1, 37, 62).

Functionally, the ARE appears to mediate the sequential
deadenylation and cleavage of the body of the mRNA (11,
64, 72). However, single U-to-A mutations in the AUUUA
motifs of the c-fos ARE indicate that rapid deadenylation
does not require intact AUUUA pentanucleotides within this
ARE; however, degradation of the body of the mRNA
proceeds about fivefold more slowly (64). The motifs respon-
sible for mediating rapid deadenylation are not known.
Several groups have identified ARE-binding proteins that
might mediate the degradation of these mRNAs (7-10, 24,
40, 46, 69, 74). However, the mechanism(s) by which these
proteins influence ARE-directed mRNA turnover is pres-
ently unclear.

We and others have used in vitro mRNA decay systems to
identify candidate factors that regulate or contribute to the
degradation of specific mRNAs. The validity of this ap-
proach is highlighted by the fact that in vitro mRNA decay
systems reconstitute cellular mRNA decay parameters in
four aspects (reviewed in reference 53): (i) the rank order of
mRNA decay rates is the same in vitro and in vivo, (ii)
mRNA degradation pathways are similar in vitro and in vivo,
(iii) in vitro systems reconstitute mRNA turnover regulated
by translational inhibitors, and (iv) in vitro systems recon-
stitute the destabilization of cellular mRNAs induced by
infection with herpes simplex virus type 1. Together, these
observations suggest that in vitro mRNA decay systems
should be useful for identifying factors that contribute to
mRNA turnover.
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Using an mRNA decay system developed from extracts of
K562 cells, we have identified cellular fractions containing
activities involved in c-myc mRNA degradation (10-12).
Rapid degradation of c-myc mRNA in vitro required that the
mRNA be associated with polysomes (11). Degradation of
polysome-associated c-myc mRNA could be accelerated by
an activity present in a 130,000 x g postribosomal superna-
tant (S130 [12]). The destabilizing activity in the S130 was
present in an approximately 25S complex in low-salt buffers
and could be dissociated at high salt (0.5 M) to yield an
active 7S complex. Two polypeptides of 37 and 40 kDa
copurified with the 7S fraction of S130 that accelerated
degradation of c-myc mRNA in vitro (10). These polypep-
tides bound the 3'UTRs of c-myc and GM-CSF mRNAs and
to poly(U). We refer to this activity as AUF1. While the
mRNA degradation activity of the 7S fraction was very
labile, its RNA-binding activity was stable. In this study, we
have purified the polypeptides involved in the RNA-binding
activity of AUF1, raised an antibody used to characterize
the intracellular properties of these polypeptides, and mo-
lecularly cloned a cDNA that encodes the 37 kDa polypep-
tide.

MATERIALS AND METHODS

Purification of AUF1. S130 was prepared from human
erythroleukemia K562 cells (21, 39) by lysis in buffer A {10
mM Tris-HCl [pH 7.6], 1.5 mM magnesium acetate
[Mg(OAc),], 1 mM potassium acetate [KOAc], 2 mM dithio-
threitol, 1 pg each of leupeptin and pepstatin A per ml, 0.1
mM phenylmethylsulfonyl fluoride) as described previously
(13). Eight grams of S130 protein from 60 liters of K562 cells
(approximately 2.5 x 10 cells in total) was shaken for 5 h at
4°C with 300 ml of heparin-agarose beads (Sigma) which had
been equilibrated with buffer A-0.1 M KOAc. Heparin-
agarose was washed with 2.5 column volumes of buffer
A-0.25 M KOAc. Bound proteins were eluted with 200 ml of
buffer A-1M KOAc.

A 1-ml column of poly(U)-agarose (type 6; Pharmacia) was
equilibrated with 30 column volumes of buffer A~-1 M KOAc.
The heparin-agarose eluate was adjusted to 50 pg of poly(C)
per ml and loaded onto the poly(U)-agarose column at a flow
rate of 30 ml/h at 4°C. The column was washed with 30
column volumes of buffer A-1 M KOAc. Proteins were
eluted from the poly(U)-agarose with a step gradient of
increasing KOAc concentration (1 to 4.5 M in 0.5 M incre-
ments with 3 ml per increment and 1-ml fractions). ARE-
binding activity of AUF1 was measured by mobility shift
assay as follows. The 3?P-labeled ARE-containing probe was
196 nucleotides (nt) of c-myc RNA sequence from the 3'UTR
(positions 5616 to 5812 [5]) containing the 140-nt c-myc ARE
(25); it was synthesized by in vitro transcription of Sspl-
digested pMycSD3, using SP6 RNA polymerase (10). RNA-
binding mixtures contained the RNA substrate and 2 pl of
each 1-ml fraction. Free probe and protein-probe complexes
were separated on a native 6% polyacrylamide gel and
exposed to film. The complexes were scanned by soft-laser
densitometry and plotted as percentage of maximum ARE-
binding activity. Activity eluted primarily in fractions 15 to
20, corresponding to 3 to 3.5 M KOAc. These fractions were
pooled, dialyzed against buffer A-0.1 M KOAc, and concen-
trated to 200 pl by using a Centricon 30 (Amicon). Typically,
270 pg of AUF1 was obtained from 2.5 x 10™° cells. The
amount of AUF1 was determined by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and silver
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staining, using various concentrations of bovine serum albu-
min (BSA) as standards.

Construction of plasmids and in vitro transcription. Plas-
mid pGEMmyc(AT1) was derived from plasmid pMycSD3
(10) by introducing a Smal site at the first polyadenylation
site by polymerase chain reaction. The SacI-Smal fragment,
containing the ARE, was cloned into Sacl-Smal-digested
plasmid pGEM-7Zf(+) (Promega) such that transcription
with SP6 RNA polymerase yields sense RNA. Plasmid
pGEMmycARE(mut) was derived from pGEMmyc(AT1) by
site-directed mutagenesis. Specifically, the two ATTTA mo-
tifs (indicated by the underlines below) were disrupted by
single T-to-A mutations (indicated by the boldface letters
below), resulting in the sequence 5'-CATCTTTTITTITTIT
CTTTAACAGATTTGTATATAAGAA TTGTTTTTAAAAA
ATTTTAAGATATACAC-3'. Plasmid pSP64GMAAU(NcoRI)
was derived from pSP64GMAAU + ATG (30) by digestion
with Ncol and HindIlI and ligation of the large fragment to
produce a plasmid with the human GM-CSF 3'UTR, lacking
the 83-nt ARE, in the sense orientation for SP6 transcription.
Plasmids pal9RB, pal9RB+ARE, and pal9RB+ARE3 were
derived from plasmids pBBB, pBBB+ARE, and pBBB+
ARE3 (64), respectively, by cloning the EcoRI-Kpnl frag-
ment containing the rabbit B-globin 3’ end (and c-fos ARE
sequences) into the EcoRI-Kpnl site of plasmid pT7/T3al19
(Bethesda Research Laboratories). In vitro transcription
reactions were performed with linearized templates and
either SP6, T7, or T3 RNA polymerase (11). [a->?PJUTP was
included for synthesis of radiolabeled RNAs.

UV cross-linking analysis. Mixtures contained purified
AUF1 protein and 200,000 cpm of probe in a final volume of
10 pl containing 10 mM Tris-HCI (pH 7.5), 2 mM dithiothre-
itol, 100 mM KOAc, 5 mM Mg(OAc),, 0.1 mM spermine,
and 1 mg of poly(C) per ml. For competition experiments,
unlabeled competitor RNAs were added simultaneously with
32p._labeled probe in 5-, 25-, or 250-fold molar excess over
labeled probe. Reaction mixes were incubated on ice for 10
min and treated with 254-nm UV light (energy of 0.25 J) for
3 min at a distance of 15 cm in a Stratalinker apparatus
(Stratagene). Reaction mixtures were treated with 10 pg of
RNase A (Sigma) at 37°C for 30 min to digest free RNA.
Proteins were separated by SDS-PAGE (10% gel) under
reducing conditions and visualized by autoradiography.

Preparation of anti-AUF1 antibodies. Approximately 50 pg
of poly(U)-agarose eluate was injected at each of three
2-week intervals (150 pg in total) into a New Zealand White
rabbit. For affinity purification of antibody to p40, a prepar-
ative SDS-polyacrylamide gel was run with AUF1 protein
[poly(U)-agarose eluate] and transferred to a nitrocellulose
sheet. The sheet was stained with India ink to localize p40,
which was cut from the membrane with a scalpel. The strip
was cut into small pieces and incubated with 1 ml of whole
immune serum at room temperature for 2 h. The strip was
washed extensively with phosphate-buffered saline (PBS);
antibody was eluted with 1 ml of 100 mM glycine (pH 2) and
immediately neutralized with 0.1 ml of 1 M Tris. For control
experiments, preimmune serum was subjected to the same
affinity purification procedure as the immune serum. Both
affinity-purified anti-p40 (a-p40) antibody and mock-purified
preimmune serum were used at a 1:50 dilution in Western
blot (immunoblot) assays; whole sera were used at a 1:10,000
dilution.

Metabolic labeling and immunoprecipitation of AUF1. For
metabolic labeling with [>*S]methionine, 8 x 10° K562 cells
in log phase were harvested, washed, and incubated in 0.8 ml
of methionine-free RPMI 1640 with Tran3>S-label (ICN)
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(final concentration, 150 pnCi/ml) for 3 h at 37°C. For meta-
bolic labeling with 32P, cells were washed and labeled in
phosphate-free medium containing >?P-phosphoric acid
(ICN) (final concentration, 250 pn.Ci/ml) for 3 h at 37°C. The
labeled cells were harvested and washed with PBS. The
labeled cell pellets were lysed in Nonidet P-40 (NP-40) lysis
buffer (150 mM NacCl, 50 mM Tris-HCI [pH 7.5], 1% NP-40)
on ice for 30 min. The lysate was sheared through a
22.5-gauge syringe needle 10 times and spun at 10,000 x g
for 10 min to remove debris.

For each immunoprecipitation, 10° cell equivalents of
lysate was used. Lysates were precleared as follows. One
hundred microliters of lysate was incubated with 5 pl of
rabbit preimmune serum on ice for 1 h. Fifty microliters of
protein A cell suspension (Sigma) was washed with 0.5 ml of
PBS, incubated in 0.5 ml BLOTTO (5% nonfat dry milk) for
30 min, washed twice with 0.5 ml of PBS, and then washed
once with 0.5 ml of NET-gel buffer (50 mM Tris-HCI [pH
7.5], 150 mM NaCl, 0.1% NP-40, 1 mM EDTA, 0.25%
gelatin, 0.02% sodium azide). The lysate-preimmune serum
mixture was added to the blocked protein A cell pellets,
mixed and incubated on a turning wheel for 30 min at 4°C,
and centrifuged at 12,000 X g for 5 min; the supernatant was
used for immunoprecipitation as follows. Either mock affin-
ity-purified preimmune serum or affinity-purified a-p40 anti-
body was added to the lysates. NET-gel buffer was added to
a final volume of 0.5 ml; the mixture was incubated on ice for
1 h and then incubated with protein A cells for another hour.
The complexes were washed with radioimmunoprecipitation
assay (RIPA) buffer (58) three times and with 10 mM
Tris-HCl (pH 7.5)-0.1% NP-40 one time. The protein A
pellet was suspended in 30 pl of SDS-PAGE loading buffer,
boiled for 5 min, and spun, and the supernatant was frac-
tionated by SDS-PAGE (10% gel). Proteins were visualized
by autoradiography.

Subcellular fractionation. A 1-liter culture of K562 cells (6
x 108 cells in total) was harvested and washed in RPMI 1640
without serum. All subsequent procedures were performed
at 4°C. Cells were lysed in 7.5 ml of buffer A (see above),
using a loose-fitting Dounce homogenizer. By phase-contrast
microscopy, nuclei were free of cytoplasmic blebs. Nuclei
were washed once in buffer A, resuspended in 3 ml of buffer
A-0.1 M KOAc, and treated with a sonicator (Ultrasonics,
Inc.) at a power setting of 7 for three 15-s bursts on ice. The
sonicated extract was centrifuged at 16,000 x g for 15 min to
pellet debris. The supernatant was saved as the nuclear
fraction. The postnuclear supernatant described above was
centrifuged at 20,000 x g for 15 min. The pellet was washed
once in buffer A, resuspended in 3 ml of buffer A, and saved
as the mitochondrial fraction. The postmitochondrial super-
natant was layered on top of a cushion of 30% sucrose in
buffer A and centrifuged at 130,000 x g for 2.5 h in an
SW50.1 rotor. The supernatant above the pad was saved as
the cytosol (S130) fraction. The pellet was washed twice
with buffer A and resuspended in 0.3 ml of buffer A by using
a glass homogenizer and saved as the polysome fraction. All
subcellular fractions were stored as small aliquots at —80°C.

Immunofluorescence microscopy. K562 cells in growth
medium were deposited on microscope slides by using a
Cytospin (Shandon Southern Products). FS-4 cells were
grown on coverslips (10* cells per coverslip). Cells were
fixed in 3.7% formaldehyde in ethanol for 1 min and washed
with PBS. K562 cells were permeabilized with 0.1% saponin
in PBS for 30 min, and FS-4 cells were permeabilized with
0.2% Triton X-100 in PBS for 30 min. This was followed by
incubation with primary antibody in PBS-3% BSA for 2 h at
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room temperature. The a-p40 and mock-purified preimmune
antibodies were used at 1:10. Anti-B-actin (Boehringer
Mannheim) was used at 10 pg/ml. Anti-heterogeneous nu-
clear ribonucleoprotein C (anti-hnRNP C) was used as an
undiluted hybridoma supernatant (provided by Jeff Wilusz)
(73). After a wash in PBS, fluorescein isothiocyanate-con-
jugated goat anti-mouse immunoglobulin G (Sigma) and
trimethyl rhodamine isothiocyanate-conjugated goat anti-
rabbit immunoglobulin G (Sigma) were added at 1:10 in
PBS-3% BSA and incubated at room temperature for 30
min. Slides were washed in PBS and mounted. Fluorescence
was observed with a Dialux 30 EB microscope at a magni-
fication of x60 with oil immersion.

Screening of a HeLa expression library and analysis of
fusion proteins. A HeLLa A ZAP II expression library was
obtained from Barbara Yoza. Recombinant plaques (600,000
in total) were plated at a density of 30,000 PFU/150-mm plate
of Escherichia coli BB4. After incubation for 4 h at 42°C,
plates were overlaid with nitrocellulose filters soaked in 10
mM isopropyl-B-D-thiogalactoside (IPTG) and incubated for
4 h at 37°C. Replica filters soaked in IPTG were overlaid on
the plates and incubated for another 6 h at 37°C. Filters were
blocked in BLOTTO (5% nonfat dry milk) and then incu-
bated for 2 h at room temperature with affinity-purified a-p40
antibody (described above) diluted 1:50 in BLOTTO. Filters
were washed in PBS and developed with 1%°I-labeled protein
A (ICN). Plaques yielding duplicate positive signals were
purified by several rounds of dilution and antibody screening
until 100% of the plaques yielded positive signals.

Clones were subcloned into pBluescript by phage rescue.
Cell lysates were prepared as described by Zapp and Green
(76). Protein was analyzed by SDS-PAGE and Western
blotting with a-p40 antibody, by UV cross-linking, and by
immunoprecipitation of cross-linked protein.

In vitro translation of AUF1 ¢cDNA. The Xbal-Xhol frag-
ment of the AUF1 cDNA clone pBS8 was cloned into a
derivative of plasmid pGEM-7Zf(+) in which the Sphl site in
the polylinker was destroyed [to remove an ATG present in
the multiple cloning site of plasmid pGEM-7Zf(+)]. AUF1
mRNA was prepared by transcription of the Xhol-digested
plasmid by using T7 RNA polymerase. RNA was translated
in rabbit reticulocyte lysate (Promega) supplemented with 1
mCi of Tran*>S-label (ICN) per ml according to the manu-
facturer’s protocol except that compensation buffer [final
concentration, 42 mM KOAc-0.75 mM Mg(OAc),-15 mM
triethanolamine] was added. Translation products were frac-
tionated by SDS-PAGE (10% gel) and visualized by autora-
diography.

DNA sequence analysis. Overlapping restriction fragments
deduced from the restriction map were subcloned into
pGEM-7Zf(+) or pGEM 3Z (Promega). To facilitate se-
quencing of the 3'UTR, the 2.5-kb AUF1 cDNA insert was
subcloned into the Xbal-Xhol sites of pPGEM-7Zf(+). Nested
deletions of cDNA inserts were prepared by digestion of
linearized plasmids with exonuclease III and nuclease S1
(Promega) and intramolecular ligation of the modified plas-
mids. Sequence across restriction sites used for subcloning
and regions inaccessible by universal primer sequencing was
obtained by using synthetic oligonucleotides (Operon) and
the original p374YF! cDNA isolate in Bluescript SK+ (Strat-
agene). Dideoxy sequencing was performed by using Seque-
nase (U.S. Biochemical). Sequences were merged and ana-
lyzed for functional motifs by using the University of
Wisconsin Genetics Computer Group software.
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Nucleotide sequence accession number. The sequence of
p37AUF! has been assigned GenBank accession number
U02019.

RESULTS

Isolation and RNA-binding specificity of AUF1. We showed
previously that a 7S complex isolated from S130 selectively
accelerated degradation of c-myc mRNA in an in vitro decay
system (10). In the 7S sucrose gradient fractions, ARE-
binding activity was associated with two polypeptides of 37
and 40 kDa. We designed a large-scale purification scheme
based on the poly(U)-binding activity of these polypeptides.
S130 was fractionated by column chromatography using
heparin-agarose followed by poly(U)-agarose (see Materials
and Methods). For the poly(U)-agarose step, a gradient of
increasing KOAc concentration was used to elute bound
polypeptides. RNA-binding activity was assayed by gel
mobility shift using a 3?P-labeled region of the human c-myc
3'UTR containing the ARE (10). Maximal ARE-binding
activity eluted from the affinity matrix at 3.0 to 3.5 M KOAc
in fractions 15 to 20, which were pooled, dialyzed, and
concentrated for use in all experiments.

Fractionation of S130 by heparin-agarose and poly(U)-
agarose resulted in the isolation of a 40 kDa polypeptide and
a 36/37-kDa doublet as well as 29-kDa, 75-kDa, and addi-
tional minor polypeptides (Fig. 1A, lane 2). Only the 40- and
36/37-kDa polypeptides reproducibly copurified during poly
(U)-agarose chromatography, gel filtration using Sephacryl
S300 chromatography, and C8 reverse-phase high-pressure
liquid chromatography (data not shown). Several observa-
tions indicate that these polypeptides are common to both
the 7S sucrose gradient fractions and the poly(U)-agarose
eluate. (i) Inmunoblotting of the poly(U)-agarose eluate with
antibody prepared against the 7S sucrose gradient fractions
detected only the 37- and 40-kDa polypeptides (data not
shown). (ii) The native molecular size of the ARE-binding
activity in the poly(U)-agarose eluate is 150 to 200 kDa by gel
filtration, consistent with the 7S sedimentation of the su-
crose gradient-purified ARE-binding activity (10). (iii) The
40- and 36/37-kDa polypeptides isolated by poly(U)-agarose
demonstrated the same RNA-binding specificity as the su-
crose gradient-purified activity (Fig. 1) (10).

To examine RNA-binding specificity, the yoly(U)-agarose
eluate (Fig. 1A, lane 2) was mixed with 3’P-labeled RNA
substrates. Partial sequences of selected target RNAs are
shown in Fig. 2. Following incubation to permit binding, the
mixture was irradiated with 254-nm light and then treated
with RNase A. Cross-linked proteins were separated by
SDS-PAGE and visualized by autoradiography (Fig. 1A).
The 40- and 36/37-kDa species cross-linked efficiently to
AUUUAUUUAUUUAUUUA [(AUUUA),; Fig. 1A, lanes
3 and 4], while the 29- and 75-kDa polypeptides did not
efficiently cross-link (compare the silver-stained polypeptide
profile in lane 2 with lanes 3 and 4). None of these polypep-
tides bound RNA with random sequence (lanes 5 and 6) or
the rabbit B-globin 3'UTR (lanes 15 and 16), indicating
specific binding to (AUUUA),. The 75-, 40-, and 36/37-kDa
species also efficiently cross-linked to both the wild-type
c-myc ARE and a mutant in which both AUUUA pentanu-
cleotides were disrupted by single U-to-A point mutations
(lanes 7 and 8 and lanes 9 and 10, respectively). Likewise,
the 75-, 40-, and 36/37-kDa species efficiently cross-linked to
the wild-type c-fos ARE and a mutant in which all three
AUUUA pentanucleotides were disrupted by single U-to-A
point mutations (lanes 17 and 18 and lane 19 and 20,
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respectively). Binding of the 29-kDa species to the c-myc
and cfos RNAs was negligible. The 75-, 40-, and 36/37-kDa
species also efficiently cross-linked to the wild-type GM-
CSF ARE (lanes 11 and 12). In contrast, cross-linking of the
40- and 36/37-kDa species to a mutant lacking 83 nt encom-
passing the GM-CSF ARE was 15% of that observed with
wild-type ARE (compare lane 13 with lane 11) (30). How-
ever, the 75-kDa species cross-linked to the GM-CSF dele-
tion mutant with the same efficiency as to the wild-type
sequence (compare lane 13 with lane 11). This finding
suggests that binding of the 75-kDa polypeptide is not
specific for the ARE; it was not further investigated in this
study. Likewise, because of the inefficient cross-linking of
the 29-kDa species to the ARE, this protein was not inves-
tigated further. On the basis of the previous cosedimentation
data (10) and the chromatographic and UV cross-linking data
(shown here), we refer to the 40- and 36/37-kDa species
collectively as AUF1.

To confirm the specificity of binding by AUF1, various
unlabeled competitor RNAs were added to UV cross-linking
assays containing >?P-labeled (AUUUA), as the substrate. A
250-fold molar excess of ARE RNAs (wild type and mutant)
reduced binding by AUF1 to 1 to 12% of maximum binding
(Fig. 1B, lanes 2 to 16 and 20 to 26; Fig. 1C and D), while
B-globin reduced binding by only 50% (Fig. 1B, lanes 17 to
19; Fig. 1C and D). Collectively, the UV cross-linking
experiments indicate that (i) AUF1 binds to RNA containing
AUUUAUUUAUUUAUUUA and to ARE of c-myc, c-fos,
and GM-CSF; and (ii) in the context of the c-myc or c-fos
ARE, intact AUUUA pentanucleotides are not required for
binding. In this regard, it is noteworthy that for the c-fos
ARE, intact AUUUA pentanucleotides are not required for
rapid deadenylation (60). To our knowledge, the role of
AUUUA pentanucleotides in deadenylation of c-myc and
GM-CSF mRNAs is not yet known. Nonetheless, the corre-
lations between binding by AUF1 to wild-type AREs and
rapid degradation of the mRNAs in vivo strongly suggest
that AUF1 participates in ARE-directed mRNA degradation
(see Discussion).

Immunological characterization of AUF1. AUF1 was used
to immunize a rabbit for production of polyclonal antiserum.
A monospecific a-p40 antibody was prepared by affinity
purification as described in Materials and Methods. Preim-
mune serum was mock affinity purified by a procedure
identical to that for preparation of a-p40. Sera were tested in
a Western blot assay with nitrocellulose strips containing
electrophoretically separated total cell protein from K562
cells. Neither preimmune nor mock affinity-purified preim-
mune serum reacted with any polypeptides (Fig. 3A, lanes 1
and 3). Both whole immune serum and affinity-purified a-p40
antibody detected three polypeptides of 37, 40, and 45 kDa
(lanes 2 and 4, respectively). This result suggests that the
three polypeptides are immunologically related. The 36-kDa
species is not detected in this assay. (We also note that
neither the whole sera nor the a-p40 antibody reacted with
the 75-kDa polypeptide which cross-linked to some RNA
substrates [Fig. 1A and B].) Because the 45-kDa band (p45)
was unexpected, Western blots of total cell protein and
purified AUF1 were compared by using a-p40. No p45 was
detected in purified AUF1 preparations under conditions in
which it was readily detected in total protein (Fig. 3B, lanes
1 and 2). To confirm that p45 was immunologically related to
p37/p40, a-p40 antibody was preincubated with various
amounts of purified AUF1 and then reacted with nitrocellu-
lose strips of total protein. Incubation with purified AUF1
resulted in a loss of reactivity of a-p40 with p45 and p40; p37
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FIG. 1. Analysis of RNA binding by AUF1. (A) UV cross-linking of AUF1 to RNA substrates. AUF1 protein from the poly(U)-agarose
column was silver stained (lane 2) or UV cross-linked to equal counts per minute of the 3?P-labeled RNA substrates indicated above each pair
of lanes (lanes 3 to 20). Mixtures contained either 1x or 3x amounts of protein to ensure probe excess. Following incubation, mixtures were
irradiated with 254-nm UV light and treated with RNase A as described in Materials and Methods. Protein cross-linked to 3?P-labeled RNA
was identified by SDS-PAGE and autoradiography. Plasmid templates were as follows. Plasmid pal9d2 (40) digested with EcoRI and
transcribed with T7 RNA polymerase produces 76-nt (AUUUA), RNA containing the sequence AUUUAUUUAUUUAUUUA. Plasmid
pT7/T3al9 digested with EcoRI and transcribed with T7 RNA polymerase produces 59-nt nonspecific (nonspec.) RNA. Plasmid
pGEMmyc(AT1) digested with SspI and transcribed with SP6 RNA polymerase produces 227-nt myc ARE RNA. Plasmid pGEMmycARE-
(mut) digested with Sspl and transcribed with SP6 RNA polymerase produces 227-nt mutant (mut) c-myc RNA. Plasmid pSP64GM(NcoRI)
digested with EcoRI and transcribed with SP6 RNA polymerase produces a 230-nt GMAU RNA (10). Plasmid pSP64GMAAU(NcoRI)
digested with EcoRI and transcribed with SP6 RNA polymerase produces 147-nt GMAAU mutant GM-CSF RNA. Plasmid pal9Rp digested
with BglII and transcribed with T3 RNA polymerase produces 70-nt globin 3'UTR RNA. Plasmid pal9RB+ARE digested with Bg/II and
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transcribed with T3 RNA polymerase produces 145-nt globin/fos ARE RNA. Plasmid pal9RB+ARE3 digested with Bg/II and transcribed
with T3 RNA polymerase produces 145-nt globin/fos ARE3 mutant c-fos RNA. M, molecular size markers. (B) Competition experiments with
32p.1abeled (AUUUA),. AUF1 and 32P-labeled c-myc ARE substrate were mixed simultaneously with 5-, 25-, or 250-fold molar excess of
unlabeled RNAs as indicated above the lanes. Following incubation, mixtures were irradiated and treated with RNase A as described above.
Proteins were visualized by SDS-PAGE and autoradiography. Molecular sizes are indicated at the left. (C and D) Quantitation of
RNA-binding activity. The autoradiographs in panel B were scanned by soft-laser densitometry. The percent binding (compared with no
competitor) is plotted versus the molar excess of competitor indicated to the right of each curve.

was too faint to observe (Fig. 3C). Again, this finding
suggests that p45 is immunologically related to p37/p40.

We also considered the possibility that p45 could be due to
re-formation of intramolecular disulfide bonds in p37 or p40
during the process of gel electrophoresis of total cellular
protein, resulting in their aberrant migration. For example,
this phenomenon occurs with microsomal signal peptidase as
shown by Evans (22). To determine whether this occurs for
AUF]1, protein samples were treated with iodoacetamide to
alkylate sulfhydrals prior to electrophoresis; this prevents
re-formation of disulfide bonds (22). The same pattern of
bands was observed with or without alkylation (data not
shown). This finding suggests that p45 was not due to
aberrant migration of p37 or p40. These data, together with
the immunological results presented above, suggest that p37,
p40, and p45 are immunologically related.

To demonstrate that the a-p40 antibody reacted with an
ARE-binding protein, UV cross-linking experiments were
combined with immunoprecipitation. AUF1 protein was
mixed with 32P-labeled c-myc ARE, irradiated with UV light,
and treated with RNase A as described for Fig. 1. Reactions
were immunoprecipitated with either a-p40 or mock affinity-
purified preimmune antiserum. Polypeptides were visualized
by SDS-PAGE and autoradiography. Polypeptides of 37 and
40 kDa were observed following immunoprecipitation with
a-p40 but not with mock-treated preimmune antiserum (Fig.
3D, lanes 1 and 2). We conclude that the a-p40 antibody
recognizes the 37- and 40-kDa RNA-binding species of
AUF1.

To determine whether these polypeptides are phosphory-
lated, K562 cells were metabolically labeled with either
[>*S]methionine or 3?P-labeled phosphoric acid. Lysates
were immunoprecipitated with a-p40 antibody and analyzed
by SDS-PAGE. The S lysate clearly shows the 40-kDa
species and, to a lesser extent, the 37- and 45-kDa species;
the 3°P lysate shows the 40- and 45-kDa species and, to a
lesser extent, the 37-kDa species (Fig. 4; compare lane 3
with lane 4). Immunoprecipitation control lanes showed no

polypeptides in this size range (lanes 1 and 2). Together,
these results indicate that each polypeptide is phosphory-
lated. However, treatment of cell lysates with potato acid
phosphatase did not reduce the three species to a single
species. Moreover, phosphatase treatment did not ablate the
RNA-binding activity of AUF1 (data not shown). This
finding suggests that phosphorylation of AUF1 is not re-
quired for RNA-binding activity.

c-myc ARE
CAUCUUUUUUUUUUCUUUAACAGAUUUGUAULUUAAGAAUUGUUUUUAAAAAAUU
A

UUAAGAUUUA
A

c-fos ARE
UUUUAUUGUGUUUUUAAU.]AJUAUU%AUUAAGAUGGAUUCUCAGAUAUUHAUAUU
A

UUUAUUUUAUUUUUUU

GM-CSF ARE
AUGGUGGGAGUGGCCUGGACCUGCCCUGGGCCACACUGACCCUGAUACAGGCAUG
GCAGAAGAAUGGGAAUAUUUUAUACUGACAGAAAUCAGUAAUAUUUAUAU
AUUUAUAUUUUAAAAUAUUUAUUUAUUUAUUUAUUUAAGUUUCAUAUU
CCAUAUUUAUUCAAGAUGUUUUACCGUAAUAAUUAUUAUUAAAAAUAUGCUUCUA

FIG. 2. Partial sequences of RNA-binding substrates containing
ARE used in UV cross-linking to AUF1. The AREs from human
c-myc, c-fos, and GM-CSF are shown. For c-myc and c-fos, the bold
and underlined nucleotides were changed to A residues by site-
directed mutagenesis for the mutant RNA substrates. These mutant
sequences are designated myc AREmut and globin/fos ARE3, respec-
tively, in Fig. 1. (Plasmids for wild-type and mutant c-fos were
provided by Ann-Bin Shyu.) For GM-CSF, the bold and underlined
nucleotides were deleted in the mutant substrate. (Plasmids for
wild-type and mutant GM-CSF were provided by Gray Shaw.)
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FIG. 3. Characterization of an anti-AUF1 polyclonal antibody. Immune rabbit serum was prepared by using the poly(U)-agarose eluate
fractions 15 to 20 (Materials and Methods) as the immunogen. Affinity purification of a-p40 antibody was performed as described in Materials
and Methods. Preimmune serum was also subjected to the affinity purification procedure. (A) Test of whole sera and affinity-purified
antibodies. Nitrocellulose strips of K562 total cell protein were incubated with either whole sera (preimmune [PI] in lane 1 and immune [I]
in lane 2) or affinity-purified antibody (mock in lane 3 and o-p40 in lane 4). The blot was developed with I-protein A. (B) Comparison of
AUF1 and total K562 cell protein. Separate strips of AUF1 (lane 1) and total cell protein (lane 2) were tested with a-p40 antibody by Western
blotting. (C) Immunoabsorption of a-p40 antibody with purified AUF1 protein. Affinity-purified a-p40 antibody was incubated with the
indicated amounts of purified AUF1 in a final volume of 60 ul overnight at 4°C. The antibody was then diluted 50-fold to test each
nitrocellulose strip of total cell protein by Western blotting. The locations of 45-, 40-, and 37-kDa polypeptides are indicated. (D) UV
cross-linking and immunoprecipitation analysis. AUF1 was cross-linked to >?P-labeled c-myc ARE and treated with RNase A as described for
Fig. 1. Reactions were either not precipitated (lane 3) or immunoprecipitated with mock-purified preimmune serum (lane 1) or a-p40 antibody

(lane 2). Polypeptides were visualized by SDS-PAGE and autoradiography. Total Protcin

Immunoprecipitation

It is also noteworthy that immunoprecipitation of 3°S-
labeled proteins with a-p40 antibody resulted in the copre-
cipitation of 75-, 120-, and 126-kDa polypeptides (p75, p120,
and pl126, respectively; Fig. 4, lane 3) and 55- and 106-kDa kD
phosphopeptides (pp55 and ppl06, respectively; lane 4).
Two controls indicate that the coimmunoprecipitation is not
simply due to cross-reactivity of the a-p40 antibody with
these polypeptides. (i) Following addition of 1% SDS and 1
mM EDTA, lysate was heated at 90°C for 8 min to disrupt
protein-protein interactions. After cooling, the treated ex-
tract was immunoprecipitated with a-p40. This treatment
prevented precipitation of all but the AUF1 polypeptides and 495
p45 (data not shown). (ii) The additional polypeptides are not L 45
detected by Western blot analysis with a-p40 antibody, again . 4 =40
suggesting that they do not cross-react with the antibody il
(Fig. 3A and B). Together, these results suggest that AUF1 325
associates with other cellular proteins; the identification of
these additional proteins is under investigation (see Discus- 21.5
sion).

Subcellular localization of p37, p40, and p45. Antibodies to
p40 reacted with p37, p40, and p45 in total cellular protein,
yet p45 was not detected in purified AUF1 (Fig. 3). We
therefore examined the subcellular location of each polypep-
tide by Western blot analysis of 10° cell equivalents of
nuclear, mitochondrial, polysomal, and cytosolic (S130)
fractions of K562 cells with a-p40 antibody. p37 and p40 LD RBi-10

Mock  a-pd0

35g 32 355 3%

18.5

were present in the nucleus (Fig. 5, lane 5) and cytoplasm, ;
notably in the polysome fraction (lanes 6 to 8). However, p45
was located exclusively in the nuclear fraction (lane 5). This
might explain why p45 was not detected in AUF1, since
AUF1 was purified by using a cytoplasmic fraction as the
starting material. As a control for the subcellular fraction-

FIG. 4. AUF1 is phosphorylated. Lysates were prepared from
K562 cells metabolically labeled with either [**S]methionine (lanes 1
and 3) or *?P (lanes 2 and 4) and immunoprecipitated with either
mock, affinity-purified preimmune serum (lanes 1 and 2) or a-p40
antibody (lanes 3 and 4). Immune complexes were subjected to
SDS-PAGE, and polypeptides were visualized by autoradiography.
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FIG. 5. Subcellular localization of AUF1 polypeptide species.
K562 cells were lysed and separated into fractions containing nuclei,
mitochondria, polysomes, and cytosol (S130) as described in Mate-
rials and Methods. Equal (10°) cell equivalents of the indicated
fractions were separated by SDS-PAGE on the same gel and
analyzed by Western blotting with either monoclonal antibody 4E4
(73), which recognizes hnRNP A1/A2, B1/B2, and C1/C2 proteins
(lanes 1 to 4), or affinity-purified a-p40 (lanes 5 to 8). The locations
of the hnRNP A, B, and C proteins and molecular weight markers
are indicated.

ation, fractions were analyzed by Western blot assay using
monoclonal antibody 4E4, which reacts with the human
hnRNP A1/A2, B1/B2, and C1/C2 polypeptides (73). These
polypeptides were predominantly nuclear (lanes 1 to 4) as

Anti-p40

K562

FS-4

D E

Anti-hnRNP C
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reported previously (49, 50). The presence of these hnRNP
proteins in various cytoplasmic fractions (albeit at lower
amounts than in the nuclear fraction) is consistent with their
presence in the cytoplasm as a result of shuttling between
the nucleus and cytoplasm (50). These results suggest that
p37 and p40 did not leak from the nucleus during fraction-
ation procedures. Further confirmation of this is suggested
by the restricted localization of p45 to the nucleus.

The distribution of AUF1 was also examined by indirect
immunofluorescence. The results of this experiment (Fig. 6)
support the intracellular distribution obtained by biochemi-
cal fractionation. The localization of a representative nuclear
antigen, hnRNP C, is shown in Fig. 6B and E. The grainy,
reticular staining was excluded from the nucleoli in both
K562 (Fig. 6B) and FS-4 (Fig. 6E) cells and is typical of
nuclear matrix-associated and hnRNP antigens (16, 36).
Little, if any, hnRNP C staining was observed in the
cytoplasm of either cell type. AUF1 in the nuclei of both cell
types stained with a pattern similar to that observed for the
hnRNP C protein (Fig. 6A and D).

An antibody to B-actin was used to determine the extent of
the cytoplasm of K562 cells. In contrast to the abundant,
well-spread cytoplasmic area of fibroblasts like FS-4 cells,
the cytoplasm of K562 cells was restricted to a thin shell
about the nucleus (Fig. 6C). Consequently, although cyto-
plasmic staining for AUF1 is observed in K562 cells (Fig.
6A), little information about the localization and amount of
AUF1 in the cytoplasm can be derived from the immunofiu-
orescence data because of the limited cytoplasmic area.
However, in the FS-4 cells, AUF1 staining appears to be
widely distributed throughout the cytoplasm. The increased
staining observed about the nucleus of these cells might
reflect the superposition of staining from the thicker regions
of the cell. Nonetheless, it might be significant that a similar
cytoplasmic distribution has been reported for polyribo-
somes in 3T3 cells and a number of mRNA species, such as
histone mRNA, in a variety of cells (references 35 and 65 and

Anti-B-actin

FIG. 6. Localization of AUF1 by indirect immunofluorescence. K562 cells (A to C) or FS-4 human fibroblasts (D and E) were subjected
to indirect immunofluorescence as described in Materials and Methods. The antibodies used are indicated at the top. ND, not done.
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references therein). Together, the biochemical fractionation
and immunofluorescence data indicate that AUF1 is located
in both the nucleus and the cytoplasm.

Isolation and characterization of an AUF1 cDNA clone.
Western blot analysis indicated that AUF1 is present in
HeLa cells (data not shown). Screening of 600,000 clones
from a HeLa A ZAP II expression library with affinity-
purified a-p40 antibody resulted in the isolation of positive
clones, designated pBS8 and pBS10, encoding fusion pro-
teins that reacted with the specific antibody (data not
shown). To test ARE-binding activity of the recombinant
proteins, bacterial lysates of pBS8, pBS10, or vector alone
were used in a UV cross-linking assay with >?P-labeled
c-myc ARE or 3?P-labeled B-globin 3'UTR. The 55-kDa
fusion protein (derived by fusion of the B-galactosidase open
reading frame with the AUF1 5'UTR and AUF1 open
reading frame) encoded by pBS8 specifically cross-linked to
the c-myc ARE but not B-globin 3'UTR (Fig. 7A; compare
lane 3 with lane 6). Moreover, the pBS8 fusion protein bound
RNA with the same specificity as did cellular AUF1, using
the nine substrates shown in Fig. 1 and 2 (data not shown).
In contrast, protein from the pBS10 and vector-only lysates
did not support cross-linking to either the c-myc ARE or
B-globin 3'UTR (Fig. 7A, lanes 4 and 7 or lanes 5 and 8§,
respectively). Thus, the pBS10 protein contains an epitope
allowing cross-reactivity to the a-p40 antibody, but the
protein lacks RNA-binding activity. To substantiate the
RNA-binding specificity of the BS8 fusion protein, UV
cross-linking experiments were performed with protein from
BS8, 3?P-labeled c-myc ARE, and either unlabeled c-myc
ARE or B-globin 3'UTR as competitors. Unlabeled c-myc
ARE lowered binding to 5% at 250-fold molar excess, while
unlabeled B-globin 3'UTR had little, if any, effect on binding
even at 250-fold molar excess (Fig. 7B and C). These data
suggested that the BS8 fusion protein binds to AREs but not
to B-globin 3'UTR. Direct evidence that pBS8 encodes an
ARE-binding protein was obtained by immunoprecipitation
of the protein cross-linked to the c-myc ARE by using a-;>40
antibody. The BS8 bacterial lysate was mixed with 2P-
labeled c-myc ARE, irradiated with UV light, and treated

FIG. 7. RNA-binding characterization of fusion proteins from
cDNA clones. (A) UV cross-linking analysis. Lysates of bacteria
containing either pBS8, pBS10, or phagemid vector were incubated
with 32P-labeled c-myc ARE (lanes 3 to 5) or 32P-labeled B-globin
3'UTR (lanes 6 to 8). Reaction mixtures were irradiated with UV
light and treated with RNase A as described for Fig. 1. Polypeptides
were visualized by SDS-PAGE and autoradiography. Control reac-
tions contained probes only (c-myc ARE [lane 1] or B-globin 3’'UTR
[lane 2]). (B) Competition analysis of ARE binding. 3?P-labeled
c-myc ARE was incubated with lysate from pBS8 cells and the
indicated molar excess of either unlabeled c-myc ARE (lanes 2 to 5)
or unlabeled B-globin 3'UTR (lanes 6 to 8). A control reaction
contained c-myc ARE probe only (lane 1). Binding was assayed by
UV cross-linking as described for Fig. 1. (C) Quantitation of
RNA-binding activity. The 55-kDa bands from panel B were
scanned by soft-laser densitometry and plotted as percent binding
(compared with no competitor) versus molar excess competitor
indicated to the right of each curve. (D) UV cross-linking and
immunoprecipitation analysis of fusion protein pBS8. 3?P-labeled
c-myc ARE was mixed with lysate from pBS8 and subjected to UV
cross-linking and RNase treatment. Mixtures were either not pre-
cipitated (lane 3) or immunoprecipitated with either mock preim-
mune serum (lane 1) or anti-p40 antibody (lane 2). Proteins were
visualized by SDS-PAGE and autoradiography. Molecular sizes of
markers are indicated for each autoradiograph.
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FIG. 8. In vitro translation of RNA from AUF1 clone pBS8.
RNA synthesized from clone pBS8 was used to program protein
synthesis in a reticulocyte lysate in the presence of [**S]methionine.
For comparison, immunoprecipitation of proteins from a lysate of
K562 cells metabolically labeled with [**S]methionine with a-p40
antibody was also performed. Products were separated by SDS-
PAGE (10% gel) and visualized by autoradiography. The molecular
sizes of marker proteins are shown at the right; the locations of the
p37, p40, and p45 in immunoprecipitates are shown at the left.
Lanes: 1, immunoprecipitation of proteins from a lysate of K562
cells metabolically labeled with [**S]methionine, using a-p40; 2, in
vitro translation with AUF1 RNA synthesized in vitro by using T7
RNA polymerase; 3, in vitro translation in the absence of added
RNA.

with RNase A. The mixture was immunoprecipitated with
a-p40 or mock-purified preimmune antibody. Protein was
visualized by SDS-PAGE and autoradiography. Reactions
with a-p40 precipitated the 55-kDa fusion protein fourfold
more efficiently than the control reactions did (Fig. 7D),
indicating that the BS8 fusion protein is an ARE-binding
protein recognized by the a-p40/AUF1 antibody.

To determine which polypeptide species of AUFI1 is
encoded by the pBS8 cDNA, an in vitro translation experi-
ment was performed. pBS8 cDNA was used as a template
for RNA synthesis by T7 RNA polymerase. This RNA was
used to program protein synthesis in a reticulocyte lysate in
the presence of [>*S]methionine. Translation produced a
major 37-kDa species (Fig. 8, lane 2) which comigrates with
p374YF! in immunoprecipitates of lysates from K562 cells
metabolically labeled with [>*S]methionine (lane 1). As a
control, translation without added RNA resulted in no
detectable polypeptide products in this size range (lane 3).
Taken together, these data strongly suggest that the pBS8
cDNA corresponds to the 37-kDa species of AUF1. There-
fore, this cDNA is hereafter referred to as p374VF.

Sequence analysis of p374UF', p374UF! (pBS8) was se-
quenced completely on both strands. The cDNA is 2,562 bp
in length. A single open reading frame was consistent with
the production of a B-galactosidase fusion protein in the
phage isolate. The first ATG at position 246 is in a good
context for initiation of translation, with an A at position —3
(29). Assuming that this is the authentic initiation codon, the
open reading frame extends to position 1106 and encodes a
polypeptide with a predicted M, of 32,000. The 5'UTR is at
least 245 nt in length. The cDNA should not be significantly
larger than 2.5 kb, since Northern (RNA) blot analysis of
poly(A)* RNA from K562 cells reveals a band of approxi-
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28S

18S

FIG. 9. Northern blot analysis of AUF1 mRNA. Five micro-
grams of poly(A)* RNA from K562 cells was analyzed by Northern
blot assay as described previously (11), using a 3?P-labeled p374YF!
probe from the 3'UTR. The positions of 28S and 18S rRNAs are
indicated. The 2.5-kb AUF1 mRNA is indicated by the arrow.

mately 2.5 kb in addition to some cross-hybridization with
contaminating 28S and 18S rRNAs (Fig. 9). The 3'UTR is
unusually long (at least 1.4 kb) and contains one ATTAAA
polyadenylation signal (51) at position 1799. There is most
likely an additional polyadenylation signal not present in the
cDNA, since Northern analysis indicates that p374VF!
mRNA is approximately 2.5 kb in length. Typically, a
proximal polyadenylation site is used at 5 to 20% of the
efficiency of a distal site geference 34 and references there-
in). The 3'UTR of p37AYF! cDNA contains three ATTTA
and two ATTTTA motifs.

The MOTIFS subroutine of the Genetics Computer Group
software was used to analyze the p374YF! cDNA sequence.
p374YF1 contains phosphorylation sites for cyclic AMP-
dependent protein kinase, protein kinase C, casein kinase II,
and tyrosine phosphokinase (26). p374UF! contains two RNP
consensus-type RNA-binding motifs also referred to as RNA
recognition motifs (RRMs) (Fig. 10) (4, 23, 42, 75). An RRM
is a 90-amino-acid domain containing a conserved 8-amino-
acid consensus sequence, (R/K)GF(G/A)FVX(F/Y), referred
to as RNP-1, and a less conserved 6-amino-acid motif,
referred to as RNP-2. Structural studies indicate that an
RRM consists of a four-stranded antiparallel B sheet with
two a helices packed against one face of the sheet (reviewed
in reference 75). RNP-1 and RNP-2 lie on the central two
strands at the center of the B sheet. RRMs are found in three
types of RNA-binding proteins: hnRNPs, splicing regula-
tors, and development stage-specific factors (28). The C-ter-
minal end of p37AYF! contains a glutamine-rich motif (KE-
QYQQQQQWGSRGG; Fig. 10). These motifs are thought to
serve as protein-protein interaction sites in some RNA- and
DNA-binding proteins (4, 18).

Homology of p37AVF! to other RNA-binding proteins. Data
base sequence comparisons with p374UF! revealed regions
of significant nucleotide and amino acid homology with
several RNA-binding proteins. The optimal alignments are
shown in Fig. 10. Most notable is DLA4, a partial cDNA
which appears to encode a protein that cross-reacts with
antibodies to hnRNP C (32). The DL4 sequence shown
contains several corrections from the published GenBank



7662 ZHANG ET AL.

1 50
P37 AUF1l MSEEQFGGDG AAAAATAAVG AAAGEQEGAM VAATQGAAAA READAGPGAE
DL4 P--====-= —== R--R--- GS--DE----
X o
Hum A/B-like ......... M SE-GEEQPME TTGATENGHE AVPEASRGRG WIGA-AGLEA

Xenopus nrp-1 ..
Hum hnrnp Al ..
Hum hnrnp Bl ..
Hum hnrnp A2
Hum hnrnp C2

P37 AUF1
DL4

AC6
Hum A/B-like

RPPRPRA-IR TAPRDQ-N-=

Xenopus nrp-l .......ce. cuieenn SAHDPC===T1
Hum hnrnp Al .......... «..o.nn EPEQLR~L—-I
Hum hnrnp Bl .......... ....... EKEQFR=L-T
Hum hnrnp A2 ....oieunien covnnns ; MER EKEQFR=L~1
Hum hnrnp C2 .......inn tenanand i PRSMNSRV~T

P37 AUF1

DL4

AC6

Hum A/B-like
Xenopus nrp-1
Hum hnrnp Al
Hum hnrnp Bl
Hum hnrnp A2
Hum hnrnp C2

T SSMA
G . KGF. AFVQYVUNERN

RNA recognition motif 1

P37 AUF1

DL4

AC6

Hum A/B-like

Xenopus nrp-1 6=

Hum hnrnp Al

Hum hnrnp Bl

Hum hnrnp A2 =A
Hum hnrnp C2 ARAKS

P37 AUF1

DL4

AC6

Hum A/B-like
Xenopus nrp-1
Hum hnrnp Al
Hum hnrnp Bl
Hum hnrnp A2
Hum hnrnp C2 :

RNA recognition motif 2

P37 AUF1 ¥KT

DL4

AC6

Hum A/B-like
Xenopus nrp-1
Hum hnrnp Al
Hum hnrnp Bl
Hum hnrnp A2
Hum hnrnp C2 &

P37 AUF1

DL4
AC6 —==.==———- R ity RGGDQQSG ...... YGKV SRRGGHQONSY
Hum A/B-like ===YGS-G--|....NRNRGN --SGGGGGGG -Q-STNYGK- CXRGGHQNNY
Xenopus nrp-1 PTGSVR-RSR VMPY-MDAFM L-IGMLGYPG FQAATYASR- YTGIAPGYTY
Hum hnrnp Al SASSSQRG-S ....-SGNFG G-RGGG.... ....... FGG NDNFGRGGNF
Hum hnrnp Bl EV-SSRSG-- ....~-NF-FG DSRGGGGNFG PGPGSNFRGG SCGYGSGRGF

Hum hnrnp A2 EV-SSRSG-- ....-NF-FG DSRGGGGNFG PGPGSNFRGG SCGYGSGRGF
Hum hnrnp C2 NLEKMEKEQS KQAVEMKNDK SE-EQS--SV KKDETNVKME SZGGADDSAE

FIG. 10. Amino acid homologies between p374UF! and selected
RNA-binding proteins. Alignment of amino acid sequences was
computed by the PILEUP subroutine of the Genetics Computer
Group software. The sequence of p374VF! is listed. For the proteins
used for comparison, identical amino acids are indicated bX dashes
and gaps are indicated by dots. Three regions of p374UF! are
highlighted: two putative RRMs (shaded boxes) (4) and a glutamine-
rich domain immediately C terminal to the second RRM (boxed).
The GenBank accession numbers for the proteins are as follows:
DLA4, X03910; AC6, X16933; human (Hum) hnRNP A/B-related
protein, M65028; Xenopus rnp-1, M34894; human hnRNP Al,
X12671; human hnRNP B1, M29064; human hnRNP A2, M29065;
human hnRNP C2, M29063.
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sequence (37a). Significant homology is also evident be-
tween p374UF! and two additional RNA-binding proteins: a
rat clone, AC6, containing homology to DL4 (63), and human
hnRNP A/B-like protein (27). Extensive homology (77%) is
evident throughout both RRMs of p374VF!, AC6, and A/B-
like protein and extends through the glutamine-rich domain
(>87%). However, the extreme C-terminal sequences are
unrelated. There is virtually no identity seen in the N-termi-
nal domain of p374Y*! and human hnRNP A/B-like protein.
Several authentic hnRNP core proteins scored among the
top 40 homologous sequences, but a Xenopus nervous
system-lsjgeciﬁc protein was found to be more closely related
to p374UF! than were any of the human hnRNP core proteins
(Al, B1, A2, and C2). Thus, little homology is observed
between p374YF! and authentic hnRNP core proteins.

Genomic Southern blots using Brobes derived from se-
quences common to DL4 and p37~VF! reveal a more com-
plicated pattern than that seen with probes derived from the
3'UTR region of p374VF! (70a). Thus, we are currently
investigating the hypothesis that the RRM of p374YF! de-
fines a family of related proteins that may include the p40
and p45 polypeptides described in this report, the DL4
protein, the human homolog of AC6, and the human hnRNP
A/B-like protein (70a). This finding would be consistent with
recent studies of RRM-containing proteins in Drosophila
melanogaster in which isolation of 12 different RRM clones
revealed three families of RRM-containing proteins consist-
ing of developmental stage-specific proteins, splicing fac-
tors, and hnRNP proteins (28). In conclusion, the combined
immunological characterization and sequence data demon-
strate that p374YF! is an ARE-binding protein distinct from
the hnRNP A, B, or C protein.

DISCUSSION

We are purifying candidate proteins that regulate or con-
tribute to the degradation of specific nRNAs. Our long-term
goal is to reconstitute ARE-directed mRNA degradation
from components purified to homogeneity. This will permit
stringent control of reaction conditions, concentrations of
enzymes and substrates, and their order of addition. Only
this, in turn, will permit the contributions of individual
components and their interactions to be studied (71). To this
end, we have purified, characterized, and molecularly
cloned an ARE RNA-binding protein, AUF1, whose binding
specificity suggests its involvement in ARE-directed mRNA
degradation in cells. Specifically, we have tested the minimal
sequences that govern rapid decay for three different
mRNAs: those for c-fos, c-myc, and GM-CSF (reviewed in
reference 60). The best characterized is c-fos, in which case
insertion of the 75-nt ARE into rabbit B-globin mRNA
causes rapid decay in vivo and confers AUF1 binding in
vitro. In the case of c-myc, deletion of the AUF1-binding
region from the 3'UTR stabilizes the mRNA (25). In the case
of GM-CSF, insertion of the AUF1l-binding region into
rabbit B-globin mRNA causes its rapid decay in vivo (60). In
contrast, the rabbit B-globin 3'UTR does not destabilize an
mRNA, and AUF1 does not bind this sequence. Taken
together, these data strongly suggest that AUF1 functions in
turnover of these mRNAs. Moreover, rapid deadenylation of
chimeric B-globin/cfos ARE mRNA does not require intact
AUUUA motifs (64); likewise, binding of AUF1 does not
require intact AUUUA motifs in the c-myc and c-fos AREs
(Fig. 1). However, more work will be required to determine
whether AUF1 participates in the deadenylation step of
ARE-directed mRNA degradation.
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One possible mechanism by which AUF1 participates in
mRNA degradation is through interaction of AUF1 with
both the ARE and other proteins (e.g., pp55, p75, ppl06,
p120, or p126; Fig. 4) that might associate with the poly(A)
tract or poly(A)-binding protein (PAB). This might have the
effect of increasing the affinity of a poly(A) nuclease for
poly(A) tracts linked to mRNAs containing an ARE (38).
Alternatively, the binding of AUF1 to the ARE and its
interaction with other proteins might alter the affinity of PAB
for the poly(A) tract, thus increasing its susceptibility to
RNase(s) (6). Concerning the ability of AUF1 to associate
with other proteins, it is noteworthy that the p374VF! cDNA
sequence predicts a polypeptide with a glutamine-rich motif,
KEQYQQQQQWGSRGG (boxed in Fig. 10). Glutamine-
rich regions are thought to mediate protein-protein interac-
tions and are present in some RNA- and DNA-binding
proteins (4).

Resolution of the mechanism(s) by which AUF1 mediates
the ARE-directed degradation pathway will, of course, re-
quire the reconstitution of c-myyc mRNA degradation in vitro
using purified components. Several observations suggest
that the identification and purification of factors in addition
to AUF1 will be required to realize this reconstitution in
vitro. (i) AUF1 purified by RNA affinity chromatography
(this report) is insufficient to enhance degradation of poly-
some-bound c-myc mRNA in vitro (data not shown). This is
not surprising given the high salt concentrations (3.5 M)
required to elute AUF1 from the poly(U)-agarose column.
Future work will be required to determine the extent to
which multiple chromatographic fractions restore mRNA
degradation activity in vitro. Historically, a similar situation
occurred during fractionation of nuclear extracts competent
for RNA cleavage/polyadenylation activity in vitro; recon-
stitution of activity required recombination of multiple chro-
matographic fractions as single fractions had no activity (43).
(ii) c-myc mRNA, and its poly(A) tract, are stable in cell-free
mRNA decay reactions supplemented with S130, using
polysomes salt washed under conditions that both solubilize
polysome-associated AUF1 (data not shown) and maintain
the integrity of the ribosome (54). (AUF1 fractionates with
polysomes and S130 [Fig. 5].) Moreover, removal of greater
than 95% of AUF1 from S130 by immunoprecipitation does
not affect the destabilizing activity of S130 for c-myc mRNA
in cell-free decay reactions (data not shown), suggesting that
AUF1 might be a necessary, but not sufficient, cofactor in
the degradation machinery. However, interpretation of this
AUF]1 depletion result is complicated by the fact that endo-
genous, polysome-associated c-myc mRNA contains a cod-
ing region instability determinant (reviewed in reference 60)
which might be responsive to factors still present in AUF1-
depleted S130. Clearly, further fractionation of polysomes
and S130 will be required to purify additional factors. (iii) In
this regard, p75, p120, p126, pp55, and ppl106 coimmunopre-
cipitate reproducibly with AUF1 (Fig. 4), suggesting that
AUF1 can associate with other cellular proteins. More work
will be required to ascertain any significance of these addi-
tional proteins. However, it is noteworthy that degradation
of AU-rich mRNAs might be mediated by assembly of a
>20S degradation complex (59). AUF1 is one likely candi-
date as a component of this complex. Additional candidate
proteins for this putative complex are PAB (6, 56), poly(A)
nuclease(s) (2, 38, 57), and RNases that could degrade
specific mRNA sequences (53). The relevance of PAB is
highlighted by studies suggesting that in vitro deadenylation
of yeast MFA2 mRNA requires purified yeast poly(A) nu-
clease, PAB, and a specific AU-rich sequence located in the
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MFA2 3'UTR (38). Indeed, the striking similarities of dead-
enylation mediated by the MFA2 AU-rich sequence and
mRNAs with AREs in higher eukaryotes have been noted,
suggesting that the yeast AU-rich sequence might be analo-
gous to the ARE (38, 44).

Given the putative role(s) of AUF1 in cytoplasmic mRNA
degradation, what is a rationale for its nuclear and cytoplas-
mic localization (Fig. 5 and 6)? It could be involved in both
nuclear and cytoplasmic RNA turnover. Alternatively,
AUF1 could bind to the ARE in the nucleus to facilitate
transport of the mRNP to the cytoplasm, where its degrada-
tion would also be controlled by AUFL. In this regard it is
noteworthy that an ARE can facilitate nucleocytoplasmic
transport of the mRNA in an ATP-dependent manner in cell
extracts (45). Mechanistically, this is thought to occur by an
ARE-binding protein that increases the affinity of the ARE-
linked mRNA for a nuclear, 106-kDa, phosphorylated PAB
representing a putative carrier for mRNA transport (61).
More work will be required to determine whether this
phosphorylated PAB is related to the 106-kDa phosphopro-
tein which coimmunoprecipitates with AUF1 (Fig. 4).

Consistent with the nuclear and cytoplasmic localization
of AUF1 is the observation that other RNA-binding proteins
are nuclear and cytoplasmic as well (reference 66 and
references therein). We cite several examples. PABs are
nuclear and cytoplasmic (55). hnRNP Al is predominantly
nuclear; however, low levels are cytoplasmic as a result of
shuttling between both compartments. When in the cyto-
plasm, Al is bound to mRNA, and RNA polymerase II
transcription is required before it can return to the nucleus
(49, 50). The glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase binds tRNAs in a sequence-specific manner
in the nucleus and performs its glycolytic functions in the
cytoplasm (66). Finally, a 50-kDa protein which binds to the
histone mRNA stem-loop structure in the nucleus is com-
plexed with the mRNA in polyribosomes (47). The histone
stem-loop is also required for both transport of the mRNA to
the cytoplasm and its localization to polyribosomes (67).
Perhaps these processes are facilitated by the 50-kDa pro-
tein. In summary, these studies indicate that cytoplasmic
and nuclear localization of AUF1 is not inconsistent with
characteristics of other RNA-binding proteins.

In conclusion, we have characterized and cloned an
ARE-binding protein which may mediate ARE-directed
mRNA degradation. Further studies will be required to
determine the extent to which it interacts with other com-
ponents of the mRNA degradation machinery to effect this
RNA processing pathway. The antibodies to AUF1 and the
cDNA described in this report will be valuable reagents for
further dissection of the ARE-directed mRNA degradation
pathway.
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