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Accumulation of globin mRNAs during erythroid dif-
ferentiation is dependent on their extraordinary
stability. The longevity of human a-globin mRNA
is associated with a ribonucleoprotein complex (o-
complex) formed on the 3’ untranslated region
(3'UTR). One or more of the proteins within this a-
complex contain strong polycytosine [poly(C)] binding
(aPCB) activity. In the present report we purify «PCB
activity from human erythroid K562 cells. Although
not able to bind the o-globin 3'UTR directly, aPCB
activity is sufficient to complement a-complex forma-
tion in a cytosolic extract depleted of poly(C) binding
activity. Peptide microsequencing demonstrates that
oPCB activity contains two structurally related poly(C)
binding proteins. These two proteins, o-complex pro-
tein (aCP) -1 and -2, have an overall structural identity
of 80% and contain three repeats of the K homology
(KH) domain which is found in a subset of RNA
binding proteins. Epitope-tagged recombinant aCP-1
and aCP-2 expressed in cells are each incorporated
into the a-complex. We conclude that o.CP-1 and o.CP-
2, members of the KH domain RNA binding protein
family, are involved in formation of a sequence-specific
a-globin mRNP complex associated with o-globin
mRNA stability. As such this represents the first
example of a specific function for this class of proteins
and suggests potential roles for other members of this
protein family.

Keywords: o-globin mRNA/KH domain/mRNA stability/
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Introduction

The role of post-transcriptional regulation in eukaryotic
gene expression is increasingly evident. RNA polymerase
II transcripts are extensively processed in the nucleus and
subsequently transported to the cytoplasm where they
must be maintained in a functional state for efficient
recognition as substrate by the translational machinery.
- Significant progress has been made in defining the bio-
chemistry of the nuclear events in this pathway and in

© Oxford University Press

defining corresponding genetic controls (for reviews see
Nigg et al., 1991; Wahle and Keller, 1992; Dreyfuss et al.,
1993; Lamm and Lamond, 1993; Madhani and Guthrie,
1994). In contrast, relatively little is known regarding the
controls, mechanisms and biochemistry which determine
the level and functional integrity of cytoplasmic mRNAs.
The half-life of a eukaryotic mRNA can be as short as
several minutes to as long as several days (Peltz et al.,
1991; reviewed in Belasco and Brawerman, 1993). In
addition, the stability of a particular species of mRNA
can change in response to a wide range of environmental,
metabolic and cell cycle events (Atwater et al., 1990;
Nielson and Shapiro, 1990; Klausner ez al., 1993; Sachs,
1993). As such, post-transcriptional control at the level of
mRNA stability has a pivotal role in determining the
expression profile of a cell (Ross, 1995).

mRNA stability is determined by a combination of
general and specific cis elements. Two common structural
elements, the 5’ terminal m’G cap and the 3' terminal
polyadenosine [poly(A)] tail, appear to have central roles in
protecting the mRNA from degradation and in transducing
changes in stability induced by specific control elements
(Furuichi et al., 1977, Sachs, 1993). In addition, a number
of cis-acting stability determinants specific to a particular
species of mRNA or to families of related mRNAs have
been identified (Peltz and Jacobson, 1992; Pierrat et al.,
1993; Weiss and Liebhaber, 1994). These regulatory ele-
ments appear to be most commonly localized to the 3'UTR
(Jackson, 1993). In all cases studied, these elements appear
to work in conjunction with one or more trans-acting
factors (Kuhn, 1991; Peltz and Jacobson, 1992, Klausner
et al., 1993). How general such mRNA stability control
mechanisms are and how the relevant RNA—protein inter-
actions assemble and affect the stability of the substrate
mRNA remain undefined.

Globin mRNAs provide an ideal system for the study
of mRNA stability determinants. Unlike most mRNAs
which have half-lives of several hours, the half-lives of
the adult globin mRNAs are measured in days (Lodish
and Small, 1976; Volloch and Housman, 1981). Initial
insight into the basis of this extraordinary stability has
been gained through analysis of naturally occurring genetic
mutations at the globin loci in the human population.
While a large array of mutations exist that result in the
loss of globin gene expression, only a few mutations have
been described which specifically affect mRNA stability
(Russell and Liebhaber, 1993). One such mutation which
has been highly informative in this regard is aConstant
Spring (0CS; Clegg et al., 1971; Milner et al., 1971). The
oS mutation happens to be the most common non-
deletion o-thalassemia mutation world-wide (Liebhaber,
1989). This single base substitution at the translation
termination codon, UAA—CAA, allows the ribosome to
read into the 3'UTR for an additional 31 codons before
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terminating at an in-frame UAA. Individuals homozygous
for this mutation have a severe anemia. While abundant
levels of the o mRNA are present in transcriptionally
active erythrocyte progenitor cells of the bone marrow,
this mRNA is undetectable in enucleated circulating retic-
ulocytes (Liebhaber and Kan, 1981; Hunt et al., 1982).
This finding suggested that the oS mutation results in a
dramatic destabilization of the a-globin mRNA. Recent
studies have directly documented this loss of stability and
have demonstrated that it reflects ribosomal read-through
into the 3’ untranslated region with consequent disruption
of an erythroid-specific mRNA stability determinant
(Weiss and Liebhaber, 1994). Subsequent studies have
defined three discontinuous C-rich segments within the
o-globin 3'UTR as critical cis-components of this stability

element (Weiss and Liebhaber, 1995). RNA affinity chro-
- matography has identified a set of three cytosolic proteins
which bind to these elements in a sequence-specific manner
and form an mRNP complex (Wang et al., 1995). One or
more of these proteins have strong poly(C) binding activity
(oPCB). The presence of this a-complex correlates with
the stability of the o-globin mRNA; base substitutions
in the 3'UTR which destabilize o-globin mRNA also
destabilize the o-complex while mutations in this region
which fail to affect a-complex formation fail to have a
significant effect on mRNA stability (Wang et al., 1995;
Weiss and Liebhaber, 1995).

In the present study we characterize aPCB activity
which represents a characteristic component of the o-
complex. This activity is purified biochemically and the
sequences of two closely related proteins which mediate
this activity are determined. We demonstrate that these
proteins, each containing three copies of the K homology
(KH) domain common to a number of RNA binding
proteins, are incorporated into the oi-complex and hence
are likely to be critical determinants of human o-globin
mRNA stability.

Results

aPCB activity is present in K562 cells

We have previously demonstrated that the ability of a-
globin mRNA to assemble an RNP complex (o-complex)
on the 3'UTR parallels its stability in erythroid cells
(Wang et al., 1995; Weiss and Liebhaber, 1995). Further-
more, aPCB activity was found to be an integral compon-
ent of the a-complex (Wang et al., 1995). In the present
report, we purify and characterize oPCB activity from
K562 cells, a human erythroid cell line. As an initial step
we demonstrate that cytoplasmic S100 extract from K562
cells contains the necessary components for o-complex
formation. An RNA gel shift study was carried out in
which 3?P-labeled o-globin 3'UTR was incubated with
K562 cytosolic S100 extract, partially digested with RNase
A+T1, and the RNase-resistant complex was electrophor-
esed on a native polyacrylamide gel (Figure 1). The RNP
complex which is formed with K562 extract migrates at the
same position as the o.-complex previously characterized in
MEL cells (Wang et al., 1995) and as would be expected,
the formation of this complex is specifically sensitive
to competition by poly(C) homoribopolymer. Therefore,
K562 cell cytosol contains a full complement of o-
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Fig. 1. a-complex and oPCB are present in K562 cells. An
electrophoretic mobility shift assay using 32P-internally labeled
a-globin mRNA 3'UTR ([*?P]a3'UTR) and either K562 cytosolic
extract (K562 S100) or MEL cytosolic extract (MEL S100). The first
two lanes contain the RNA probe alone in the absence and presence of
RNase, respectively. The subsequent lanes are the RNase-resistant
o-complex formed on the 3'UTR, in the presence of 200 ng poly(C)
competitor RNA (lane 4) or 200 ng poly(U) competitor RNA (lane 5).
Migration of the o-complex is indicated.
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Fig. 2. Purification of the 43 kDa poly(C) binding activity. Fractions
from the purification were resolved on a 12.5% SDS-PAGE. The top
panel is a silver-stained gel. The first two lanes contain aliquots of
K562 cell starting material and cytoplasmic S100 extract, respectively.
The next three lanes are the flow-throughs from the SP-Sepharose,
DEAE-Sephacel, and single-stranded DNA (ssDNA)—cellulose
columns, respectively. The elution profile obtained from an increasing
KCl linear gradient (0.3-1.5 M) from the ssDNA—cellulose column is
indicated. The bottom panel is a Northwestern analysis of a gel
containing aliquots from the same fractions used in the top panel
probed with [*“P]poly(C). The positions of aPCB and the nuclear
poly(C) binding protein, hnRNPK, are indicated.

complex components including oPCB and can be used as
the source of protein for purification of the aPCB activity.

Purification of aPCB activity from K562 cytosol

oPCB activity was extensively enriched from K562 cyto-
plasmic S100 fraction by a three-column purification
protocol (Figure 2). The presence of the activity was
assayed throughout the purification by Northwestern ana-
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Fig. 3. oPCB is necessary but not sufficient for a-complex formation.
oPCB can overcome the effects of poly(C) competition as well as
reconstitute the a-complex in a poly(C)-depleted S100 extract.
32p.labeled a-globin 3'UTR mRNA was used in an electrophoretic
mobility shift assay with the indicated extracts and competitor RNA as
described in the legend to Figure 1. The first two lanes are the 3'UTR
RNA probe alone or with RNase, respectively. The RNase-resistant
a-complex is shown in the subsequent lanes as indicated. Where
specified, 50 ng of competitor poly(C) ribohomopolymer and 50 ng of
purified aPCB (0PCB) were used. K562 S100 extract depleted of
oPCB activity by adsorption on poly(C)-agarose beads is indicated
(PCB-depleted S100).

lysis (see below). The flow-through fractions from DEAE-
Sephacel and SP-Sepharose columns contained the entire
oPCB activity. This activity was further fractionated by
affinity chromatography on single-stranded DNA
(ssDNA)—cellulose. As shown on the silver-stained gel in
the top panel of Figure 2, a 43 kDa band was enriched
during the purification. This band was demonstrated to
contain aPCB activity by a Northwestern assay of a
parallel gel which was transferred to nitrocellulose mem-
brane and probed with 32P-labeled poly(C) (Figure 2,
bottom panel). It should be noted that ssDNA—cellulose
fractionation separates the aPCB activity from the 68 kDa
nuclear poly(C) binding protein, hnRNP K.

Purified aPCB activity can reconstitute the
a-complex

The fractions of the ssDNA affinity column most highly
enriched for aPCB were tested for their ability to contrib-
ute to the formation of the o-complex. As a first test,
poly(C) was added to the S100 extract to inhibit o-
complex formation. The aPCB-enriched fraction was then
added to this extract and successfully re-established o-
complex formation (Figure 3, compare lane 4 with lane
5). This suggested that the activity blocked by the poly(C)
competition was present in the enriched oPCB fraction.
The experiment was then repeated using an aPCB-depleted
extract rather than a poly(C)-competed extract. This was
done to address the possibility that aPCB was overcoming
poly(C) competition by displacing a distinct poly(C)
binding activity from the poly(C) RNA. S100 was depleted
of aPCB by repeated adsorptions with poly(C)-agarose
beads (see Materials and methods). The depleted extract
had a diminished ability to form the o.-complex and this
activity was significantly enhanced by re-addition of the
purified aPCB fraction (Figure 3, compare lanes 6 and
7). These data demonstrate that purified «PCB activity is
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an integral part of the a-complex. Interestingly, the purified
oPCB fraction is unable by itself to form a stable complex
with the a-globin 3'UTR (lane 8) and can only do so in
conjunction with the non-poly(C) binding components in
the S100. Furthermore, it appears that hnRNP K, an avid
poly(C) binding protein (Matunis et al, 1992), is not
involved in the a-complex since the cytoplasmic S100 is
devoid of this nuclear protein (Figure 2) and any trace
residual hnRNP K in the fraction should have been
removed by the poly(C)-agarose depletion.

aPCB activity consists of at least two distinct KH
domain proteins

The oPCB-enriched fractions were pooled and subjected
to tryptic protease digestion, peptide isolation and micro-
sequencing. The sequences of two peptides, 1 and 3, were
unambiguous while the sequence of the third could be
resolved into two distinct peptides (Figure 4A, peptides
2A and 2B). Search of the NCBI BLAST network services
(Altschul et al., 1990) revealed sequence identity with
two highly similar proteins. Peptides 1 and 3 are found
in both proteins while peptides 2A and 2B match sequences
specific to each of the two proteins (Figure 4A). Peptide
2A is contained within a human poly(C) binding protein
(Figure 5; sub2.3 in Aasheim et al., 1994). Peptide 2B
matches perfectly with a sequence within the 362 amino
acid murine protein (hnRNP X; Hahm et al., 1993) and
an alternative splice form, shorter by 31 amino acids, also
containing oPCB activity (mouse C binding protein; Goller
et al., 1994). The hnRNP nomenclature was postulated
due to the homology noted with hnRNP K. However,
there is no evidence to suggest that these proteins are in
fact hnRNP proteins (see Discussion). Due to the presence
of these two proteins in the mRNP complex associated
with o-globin mRNA stability, we suggest that they
be referred to as o-complex protein (CP) -1 and -2
respectively.

Having noted a size discrepancy between the predicted
molecular weight of the protein encoded by sub2.3 and
the observed size of the aPCB activity as determined by
SDS-PAGE, we surmised that these two proteins might
represent isoforms possibly generated by a potential
alternative splice. To further characterize this difference,
we attempted to clone a full-length cDNA corresponding
to olCP-1. Towards that end we identified a cDNA clone
oCP1-5.1 (Figure 5) by hybridization screening with the
sub2.3 cDNA as probe. The sequence of aCP1-5.1 is
shown in Figure 5. An additional eight nucleotides within
the coding region of aCP1-5.1 were observed compared
with the reported sub2.3 sequence (Aasheim et al., 1994).
This insertion would result in an extension of the predicted
open reading frame by 58 amino acids. To verify this
difference we re-sequenced the original sub2.3 clone
which revealed that it also contains the same eight nucleo-
tides. The corrected predicted open reading frame of
sub2.3 is therefore identical to CP1-5.1 and both encode
a 356 amino acid protein. The extent of the termini present
within each clone differs. The 5’ end of aCP1-5.1 extends
92 nucleotides further than sub2.3 and is shorter by 236
nucleotides in the 3’ untranslated region.

A schematic of aaCP-1 and aCP-2 is shown in Figure
4B. Both proteins contain three internal peptide repeats
corresponding to the KH domain shared by a family of
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I 2A 2B 3

Peptide ESTGAQVQVAGDMLP MHGGTGFAGIDSSSP GVTIPYRP IANPVEGSS

oCP-1 ESTGAQVQVAGDMLP MHGGTGFAGIDSSSP vmTIPYQP IANPVEGSS

oCP-2 ESTGAQVQVAGDMLP thGNTGFsGIeSSSP GVTIPYRP IANPVEGSt

356
1 A
362
e 5 ol
KH KH KH oCP-2
5

46 RESLEBMO S K N Af¢ [ K GEeAK NPSK AR T D YN A S \ASAMP D SSGPERILSISAD I K¢}
hnRNP K 148 RPALBEH Q S L Afe [V KEeAA KBSK EBSMR ENT QT T I)qL FOECCEPHSTDRWV G K¢
391 QRATESP K D L Afe [d K GEe2Q REBEK QBFSR H E S G A S PR K Y DEPLEGSEDRTI il G
1 286 QBRI IRAR E D L M[e el T HEe A A NBSOQ QPNR K VP G VT ARSDEA DEDTCT G
FMR- 349 VESQRAP R N L Ve [ K NEJK LBESOQ ERBSV D K S G V V RR'A RS EAENE P e
17 RPALBIEH G K E V[ [(AK K3 E SAMK RPBER EE S G A R II SEGNCPERTI T K¢
oCP-1 101 REAVRAAP A T Q CHe [ K GEelC KBSK EBSR E S T G A Q VA Q A4 QGDMLPNSTERA G
283 EPATESP N N L Ifd (AR QelA NBEIN EBSR Q M S G A Q INI ANPVEGSSGRQ T ke
17 REALEEH G K E V[ [ K K JE SAMK KR E E S G AR II SEGNCPERTI G
oCP-2 101 RPAVRAAP A S Q CKd K GEelC KpSIK EBSR E S T G A Q V [}V AGDMLPNSTERA G
288 EPATESP N D L Ifd (AR QEelA KBEIN EBSR Q M S G A Q IjqI ANPVEG STDRQ IT K¢}

Fig. 4. Identification of aCP-1 and oCP-2. Proteolytic products of purified oPCB activity were microsequenced. (A) Amino acids of the sequenced
peptides and the designated peptide number are shown on the top line (Peptide). The second and third lines are the corresponding sequences in CP-
1 and oCP-2 (Hahm et al., 1993) respectively. Peptides 1 and 3 contained unique sequences. Peptide 2 contained a mixture of two peptides, 2A and
2B, which correspond to sequences in the ¢CP-1 and olCP-2 shown below. Upper-case letters are a perfect match to the sequenced peptide, while the
lower-case letters denote differences. (B) Schematic of CP-1 and alCP-2 proteins. The positions of the sequenced peptides are indicated by the
corresponding peptide number. The KH domains are as indicated. (C) An alignment of the KH domains of hnRNP K (Matunis et al., 1992), FMR1
(Verkerk et al., 1991), oCP-1 and ocCP-2 (Hahm et al., 1993) is shown. The shaded amino acids are the most highly conserved KH domain
consensus sequence. Numbers preceding the peptides indicate the amino acid position in the respective proteins.

RNA binding proteins (Gibson et al., 1993; Burd and
Dreyfuss, 1994; Kiledjian e al., 1994). These two proteins
have an overall sequence identity of 80% with the strongest
homology contained within the three KH domains. An
alignment of the three KH domains for human oCP-1 and
murine oCP-2 to that of hnRNP K and FMR 1 is shown
in Figure 4C. Murine oCP-2 (hnRNP X in Hahm et al.,
1993) is identical to the human homolog except for four
amino acids in the spacer region between KH2 and KH3
(see below) and was used in the subsequent studies.

aCP-1 and o.CP-2 are present in the o-complex

The capacity of recombinant oCP-1 and aCP-2 proteins
to incorporate into the o-complex was next tested. A
sequence encoding a myc-epitope tag was added to the 5’
terminus of each of the two cDNAs. To ensure that the
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RNA binding activity is not impaired by the epitope tag,
the RNA binding of the fusion proteins was tested. Since
both native proteins possess avid PCB activity (Aasheim
et al., 1994; Goller et al., 1994) the binding of the epitope-
tagged proteins to poly(C) was tested. Each cDNA was
transcribed and translated in vitro. 33S-labeled translation
products were incubated with poly(C)—agarose or poly(U)-
agarose beads. Protein bound to the beads was eluted and
resolved on SDS-PAGE. Figure 6 demonstrates that both
epitope-tagged proteins retain avid and specific poly(C)
binding activity.

The ability of the epitope-tagged proteins to incorporate
into the o-complex was next tested. Expression vectors
encoding myc-epitope-tagged alCP-1 and o.CP-2 proteins
were separately transfected into human embryonic kidney
293T cells. Expression in these eukaryotic cells should



« » . GACGCCGCCCGACCCTGCGACTACGCTGCGGACTCCOGCCOGCTCCOGCTOGCTCCC 57
GCGGTCCTCGCTCGCCTCGCGCCGGTAGTTTTGGGCCTACACCTCCCCTCCCCCCGCCAG 117
CCGCCAAAGACTTGACCACGTAACGAGCCCAACTCCCCCGAACGCCGCCOGOOGCTCGCC 177

ATGGATGCCGGTGTGACTGAAAGTGGACTAAATGTGACTCTCACCATTCGGCTTCTTATG| 237
M DAGVTESGLNVTLTIRLLM 20
(CACGGAAAGGAAGT AGCATCA' AGAA "GGTTAAGAGGATCCGC| 297
HGKEV G S IIGIZKIZ KGET SVI KT RTITR R’ 40
KH 1 |CAGGAGAGTOG0G0GCGGATCAACATETY TTGTCCGGAGAGAATCATCACT| 357

EESGARINISEGNCPETRTITIT 60
CTGACCGGCOCCACCAATGCCATCTTTAAGGCTTTCGCTATGATCATCGACAAGCTGGAG 417
L T G jJP TN A I F KAFAMTITIDIKTLE 80
GAAGATATCAACAGCTCCATGACCAACAGTACCGCGGCCAGCAGGCCCCCGGTCACCCTG 477
E DI NS SMTNGSTAASTR REPZPVTTL 100
AGGCTGGTGGTGCCGGCCACCCAGTGCGGCTCCCTGATTGGGAAAGGCGGGTGTARGATC | 537
RLVVPATAQ QCGSLTIGE KG GG GT CTKTI 120
KH2 AAAGAGATCCGCG "GGGGGCGCAGGTCC! TGCCCAAC 597
K EIRESTGAQVQVAGDMLUZPN 140
TCCACCGAGCGGGCCATCACCATCGCTGGCGTGCCGCAGTCTGTCACCGAGTGTGTCAAG 657
S TERATITTIAGVUPOQSUVTETCVEK 160
CAGATTTGCCTGGTCATGC “GCTCTCCCAGTCTCCGC ATGACC 717
Q I CLVMLETLSOQSPQGRUVMT 180
ATTCCGTACCAGCCCATGOCGGCCAGCTCCCCAGTCATCTGOGCGGGCGGCCAAGATCGG 777
I PYQPMPA ASSUPUVICAGG G QDR 200
‘TGCAGCGACGCTGOGGGCTACCCCCATGCCACCCATGACCTGGAGGGACCACCTCTAGAT 837
C S DAAGYVPHATHUDTLETGTPTPLTD 220
GCCTACTCGATTCAAGGACAACACACCATTTCTCCGCTCGATCTGGCCAAGCTGAACCAG 897
A Y S I QGQHTTISUPLUDILAIKTLNDOQOQ 240
GTGGCAAGACAACAGTCTCACTTTGCCATGATGCACGGCGGGACCGGATTCGCCGGAATT 957
VAROQQSHTFAMMUBHEGGTGTFA AGTI 260
GACTCCAGCTCTCC AN AAGTTTGGATGCATCTACTCAAACC 1017
DS S S PEVIKGYWASTLUDASTO QT 280
ACCCATGAACTCACCATTCCAAATAACTTAATTGGCTGCATAATCGGGCGCCAAGACACT| 1077

THJELTIPNNLTIGT CTITIGRTU QG GA 300
KH 3 ARCATTAATGAGATCCGCCAGATGTCCGGGGCCCAGATCAAAATTGCCAACCCAGTGGAA | 1137

N I NEIROQMSGAQTII KTIANZPUVE 320
GGCTCCTCTGGTAGGCAGGTTACTATCACTGGCTCTGCTGCCAGTATTAGTCTGGCCCAG 1197
G S S GRQVTTITG SAASTISTLADQQ 340
TATCTAATCAATGCCAGGCTTTCCTCTGAGAAGGGCATGGGGTGCAGCTAGAACAGTGTA 1257
Y LI NARULSSETZ KGMGT C S * 356
GGTTCCCTCAATAACCCCTTTCTGCTGTTCTCCCATGATCCAACTGTTAATTTCTGGTCA 1317
GTGATTCCAGGTTTTAAATAATTTGTAAGTGTTCAAGTTTCTACACAACTTTATCATCCG 1377
CTAAGAATTTAAAAATCAC 1396

Fig. 5. The nucleotide and predicted open reading frame of «CP1. The
nucleotide sequence of clone aCP1-5.1 and the deduced aCP-1
protein are shown. Numbers corresponding to the nucleotide and
protein sequence are indicated to the right of each line. The boxes
encompass the three KH domains. The bold nucleotides within the
third KH domain represent the missing sequences in the reported
sub2.3 sequence (Aasheim et al., 1994). (aCP1-5.1, GenBank
accession number: U24223).

allow for any necessary protein modifications which might
occur in vivo. S100 extract prepared from cells 2 days
post-transfection was incubated with 32P-labeled 0.3'UTR
RNA or with an a3'UTR RNA containing a three base
substitution which renders it unable to form the a-complex
(aH19 in Wang et al., 1995). As demonstrated above
(Figure 3), the aCP proteins are unable to bind the o-
globin 3'UTR directly and can only do so in the context
of the assembled o-complex. Therefore, co-immunopre-
cipitation of the a-globin 3'UTR RNA with the myc-
tagged oCP protein should only occur if myc-aCP is
incorporated into the a-complex. The aCP fusion proteins
were immunoprecipitated with a myc-tag-specific anti-
body, 9E10 (Evans et al., 1985). The wild-type o.-globin
3'UTR was specifically co-immunoprecipitated from the
extracts prepared from the olCP-1- or o.CP-2-transfected
cells. In contrast, the mutant a-globin 3'UTR was not co-
immunoprecipitated in either case (Figure 7, compare
lanes 3 and 4 with lanes 7 and 8). The dependence of
the co-immunoprecipitation of the labeled RNA on the
presence of the myc-tagged transfected oCP proteins is
demonstrated by the negative result using untransfected
S100 extract (lanes 2 and 6). Therefore, both aCP-1 and
oCP-2 are intrinsic to the o-complex.

Discussion

RNA binding proteins play a pivotal role in RNA metabol-
ism and influence the structure and fate of RNA (Kenan

KH domain proteins in a-globin mRNP stability

355 labeled protein Myc-oCP1 Myc-oCP2 Myc-hnRNP K
i 1T ] 1
£ 30 = 9 = =]
Ny R o R e
0.0 6 186!6 6. 0:106:0
F o o F 0o o - o a
o - — 70kD
e
E R
o e
— p— — 43kD
— 30kD

Fig. 6. Poly(C) binding of aCP-1 and aCP2. In vitro transcribed and
translated [>>S]methionine-labeled protein containing the myc-epitope
tag was bound to the 30 pg of the indicated ribohomopolymer-agarose
beads. An aliquot of the total translation product is shown in the ‘Total’
lanes, while protein bound to the indicated ribohomopolymer is shown
in the Poly C or Poly U lanes. The molecular weight markers are as
indicated on the side of the gel.
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Fig. 7. aCP-1 and alCP-2 are intrinsic to the o-complex. 32P-labeled
wild-type a3'UTR (lanes 1-4) or mutant cH19 o3'UTR (lanes 5-8)
was used in an RNA binding reaction. RNA was incubated with 293T
cell S100 extract from mock-transfected cells (lanes 2 and 6) or cells
transfected with plasmid encoding myc-tagged alCP-1 (lanes 3 and 7)
or 0CP-2 (lanes 4 and 8). The reactions were then subject to
immunoprecipitation with a myc-epitope-specific antibody. RNA in the
immunoprecipitate was isolated and resolved on a denaturing gel.
Lanes 1 and 5 are the wild-type and mutant aH19 probes alone,
respectively. The ‘I[P’ above the brackets denotes the lanes containing
immunoprecipitation products. The upward tailing in the probe alone
lanes could reflect a PCR/in vitro transcription artefact. Nucleotide size
markers are shown.

et al.,, 1991; Dreyfuss et al., 1993; Mattaj, 1993; Burd
and Dreyfuss, 1994). Stability of the a-globin mRNA and
hence its level of expression appears to be determined to
a significant extent by the presence of a ribonucleoprotein
complex on the 3'UTR (a-complex; Wang et al., 1995).
A naturally occurring mutation, oS, as well as a number
of site-directed mutations (Wang et al, 1995) in this
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determinant, can disrupt this complex and result in dra-
matic destabilization of ¢-globin mRNA (Liebhaber and
Kan, 1981; Hunt et al., 1982; Weiss and Liebhaber, 1994).
A predominant characteristic of the complex is its C-rich
nature (Weiss and Liebhaber, 1995). This cis-determinant
contains three non-contiguous segments, all of which are
pyrimidine pure and contain a repeating motif CCUCCC.
By affinity chromatography, three predominant proteins
were identified as components of the RNP complex (Wang
et al., 1995). Consistent with the C-rich nature of the cis-
determinant, one of these three proteins binds poly(C).
This activity has been called aPCB.

In this report we present the purification and character-
ization of the oPCB activity. This activity is encoded by
at least two closely related proteins, aCP-1 and aCP-2.
Although it is clear that both of these proteins are
incorporated in the o.-complex, it is not established whether
they co-exist simultaneously in the complex or whether
they are mutually redundant.

The characteristic of oCP-1 and aCP-2 which facilitated
their isolation was their aPCB activity. A number of
cDNAs encoding poly(C) binding proteins have been
recently reported, all of which represent o.CP or possible
isoforms. Hahm er al. (1993) isolated several murine
c¢DNAs (GenBank accession number L19661; referred to
as o/CP-2 in this report) which, due to their homology
with hnRNP K, were assumed to be hnRNP proteins and
were named hnRNP X. Goller et al. (1994) identified one
of the same murine alCP-2 isoforms which, based upon
its aPCB activity, was referred to as mouse C binding
protein (mCBP; GenBank accession number X75947).
This protein was identified as one of several proteins
which bound to a cytosine-rich region within a mouse
retro-transposon LTR recombination hotspot (Goller et al.,
1994). The biological significance, if any, for this binding
is unknown. Two additional human cDNA clones submit-
ted to the database, termed hnRNP E1 and E2 (GenBank
accession numbers X78137 and X78136, respectively) are
also closely related to the aCP proteins. The open reading
frame of hnRNP El is identical to aCP-1, and hnRNP E2
is the human homolog of murine aCP-2 (99% identity).
The human and murine homologs of aCP-2 differ by four
amino acids. Human aCP-2 has a four amino acid insert
between KH2 and KH3 (at amino acid 168), not present
in murine olCP-2. The hnRNP nomenclature which has
been applied to these proteins appears to be a misnomer,
since the majority of the aPCB activity is in the cytoplasm
(Wang et al., 1995) and we are unable to detect epitope-
tagged olCP-1 or aCP-2 protein products in the hnRNP
complex (data not shown). In addition, a putative alternat-
ively spliced form of oCP-1 reported by Aasheim et al.
(1994; sub2.3) appears to contain a sequencing error and
the corrected open reading frame of sub2.3 is in fact
identical to aCP-1 (see above) and hnRNP El.

The most notable structural characteristic of the o.CP
proteins is the triple repeat of the KH domain. The KH
domain is the newest member of the putative RNA binding
motifs and was originally recognized as a repeated motif
in hnRNP K for which it was named (K-Homology; Siomi
et al., 1993a). It is ~50 amino acids long and highly
conserved throughout evolution. Several KH-containing
proteins, most notably hnRNP K and FMRI, can bind
RNA in vitro (Matunis et al., 1992; Wong et al., 1992;
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Ashley et al., 1993; Siomi et al., 1993b, 1994). A
particularly informative mutation in the FMR1 gene sug-
gests that RNA binding may be an important attribute of
these proteins. A single point mutation of a conserved
residue in one of the KH domains of the FMRI1 gene
product resulted in severe X-linked mental retardation in
a patient (De Boulle ef al., 1993) and this same mutation
impairs RNA binding in vitro (Siomi et al., 1994). How-
ever, identification of the cognate RNA bound by FMRI
or any of the other KH domain proteins has thus far
proven elusive. Although the KH domain is essential for
RNA binding, it is not clear whether this is the region
which makes direct contact with RNA. The recent demon-
stration that the KH domain folds into a structure con-
taining three anti-parallel B-sheets and two o-helices
(Morelli et al., 1995) suggests that the P-sheets might
provide a binding platform for RNA similar to the four
B-sheets of the small nuclear ribonucleoprotein UlA and
the hnRNP C protein RNA binding domains (reviewed in
Kiledjian et al., 1994; Nagai and Mattaj, 1994). The
involvement of the KH domain in additional functions
such as protein—protein interactions can not be ruled out.

Northwestern analysis of whole-cell extracts with
[3?P]poly(C) reveals two major oPCB activities (Wang
et al., 1995). One of these at 68 kDa is hnRNP K, while
the second band of activity at 43 kDa contains the two
co-migrating aCP proteins (this study). Both the hnRNP
K and the oCP proteins have three repeats of the KH
domain. How the common KH domain structure relates
to this common characteristic of poly(C) binding is not
clear. The importance, if any, of the aPCB activity per se
also remains to be established. In the case of aCP-1 and
oCP-2, the relevance of poly(C) binding to its activity in
a-complex formation is particularly perplexing. The oCP
proteins have oPCB activity and they contribute to the a-
complex RNP. However, these proteins are not able to
bind to the a-3'UTR cis element in the absence of the
additional o-complex proteins [which are themselves not
poly(C) binding] even though this cis element is C-rich.
Thus the importance of aPCB activity of «CP-1 and a.CP-
2 to their function(s) and how this activity relates to the
formation and function of the o-complex remains to be
determined.

The aCP proteins contribute to o-complex formation,
which in turn appears to be involved in the establishment
of a-globin mRNA stability. Northern blot analysis indi-
cates the mRNA encoding a.CP-1 is present in numerous
cell types and particularly enriched in skeletal muscle,
thymus and peripheral blood leukocytes (Aasheim et al.,
1994). It is apparent therefore that o-globin mRNA
stability is not likely to be the sole function of these
proteins. The a-complex can in fact be formed from the
cytosolic S100 extracts of a variety of cells, erythroid and
non-erythroid (Wang et al., 1995). The lack of direct aCP
binding to the o-globin 3'UTR suggests that protein—
protein interactions are required. It will be interesting to
determine if the same set of proteins, or a combination
thereof, bind to and protect other mRNAs. It is also
possible that oiCP could interact with additional protein(s)
to further increase the repertoire of RNAs to which it can
bind and on which it can exert an influence. Identification
of the proteins with which the alCP proteins interact in



erythroid and non-erythroid cells will begin addressing
their possible additional functions.

Materials and methods

Plasmid construction and isolation of cDNA clone

The insert for the pMyc—oCP-1 plasmid was generated by PCR
amplification of aCP1-5.1 clone which contains the full-length coding
region of oCP-1. The 5’ primer (5'-AAGCCGAATTCCATGG-
ATGCCGGTGTGACTG-3') introduces an EcoRlI site just upstream of
the first methionine and the 3’ primer (5'-GGAACCTCGAGTGTTCTA-
GCTGCACCCCATG-3') introduces an Xhol site 3’ of the stop codon.
The amplified fragment was inserted into the EcoRI and Xhol sites of
the pcDNAl-myc plasmid (kindly provided by Matthew Michael,
University of Pennsylvania) in frame and downstream of the 11-residue
myc epitope tag. The pMyc—aCP-2 plasmid was constructed similarly.
The 5’ primer (5'-TAACTGAATTCCATGGACACCGGTGTGATTG-
3’) and the 3’ primer (5'-GTCTGCTCGAGTCTAGCTGCTCCCC-
ATGCC-3") were used to amplify the aCP-2 coding region from the
hnRNP X cDNA reported in (Hahm et al., 1993). The pMyc—aCP-1
and pMyc—-oCP-2 plasmids can be transcribed from the T7 promoter
in vitro or from the cytomegalovirus promoter in transfected eukaryotic
cells. The encoded aCP-1 and aCP-2 proteins contain a myc-epitope
tag at their amino termini. All plasmid constructions were confirmed by
sequencing. HeLa D98 Agtll cDNA library (kindly provided by Paula
Henthorn and Dave Lukac, University of Pennsylvania) was screened
by hybridization screening using the sub2.3 cDNA (Aasheim et al.,
1994) using standard techniques (Maniatis et al., 1982).

Cell culture

Human embryonic erythroleukemia K562 cells were grown in RPMI
1640 supplemented with 10% bovine calf serum containing 100 U/ml
penicillin and 100 pg/ml streptomycin. Human embryonic kidney 293T
cells (kindly provided by M.Malim, University of Pennsylvania) were
grown in DMEM supplemented with 10% FCS, 800 pg/ml G418, 100
U/ml penicillin and 100 pg/ml streptomycin. Transfections of 293T cells
were carried out with 20 ug of the indicated plasmid using calcium
phosphate co-precipitation. Cells were harvested and proteins isolated
2 days post-transfection as described below.

Protein extract preparation
S100 extracts were prepared from K562 or 293T cells as described
(Wang et al., 1995). Cells were pelleted, washed twice in PBS and re-
suspended in ice-cold lysis buffer (20 mM HEPES, pH 7.6, 10 mM
KCl, 1.5 mM MgCl,, 0.5 mM DTT, 2 pg/ml leupeptin and 0.5%
aprotinin) at 5X107 cells/ml. All subsequent steps were carried out at
4°C. Cells were lysed with 25 strokes of the type B pestle in a Dounce
homogenizer, and the released nuclei and intact cells were pelleted at
2000 g for 5 min. The KCI concentration of the supernatant was adjusted
to 150 mM and centrifuged at 100 000 g for 60 min. The supernatant
(S100) was collected, glycerol was added to 5% (v/v), and the extract
was adjusted to 5-10 pg/ml with the Centriprep 10 concentrator
(Amicon). Protein concentrations were determined by the Bio-Rad
protein assay using a bovine serum albumin standard curve.
Poly(C)-depleted S100 extracts were prepared by incubation of the
S100 with poly(C)-agarose beads at 4°C for 15 min in HEG (50 mM
HEPES, 1 mM EDTA and 10% glycerol) buffer with 300 mM KCIL
Unbound protein was recovered and poly(C) binding was repeated twice
more before use in the electrophoretic mobility shift assays.

Electrophoretic mobility shift assay

RNA binding and electrophoretic mobility shift assays were carried
out as described by Wang et al. (1995) with minor modifications.
Approximately 10 000 c.p.m. (0.5 ng) of in vitro-transcribed 2P
uniformly labeled RNA probe was used per reaction. The RNA was
denatured at 90°C for 3 min followed by 20 min incubation at room
temperature before use. Reactions were carried out in a 15 pl total
volume in 10 mM Tris-HCI, pH 7.4, 1.5 mM MgCl,, 150 mM KCl, 25
MM p-nitophenyl-p-guanidinobenzoate and 10 pg/ml leupeptin. S100
was pre-treated for 15 min on ice with Inhibitor-ACE (1 U per 30 ul
S100 extract, 5'-3’) and 1% B-mercaptoethanol. The RNA probe was
incubated with 40 pg of the treated S100 for 20 min at room temperature.
Unbound RNA was degraded with 1 U RNase T1 (Boehringer Mannheim)
and 10 ng RNase A (Sigma) for 10 min at room temperature followed
by addition of heparin to a final concentration of 5 mg/ml and incubated
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for an additional 10 min. Where indicated, non-radioactive poly(C) or
poly(U) (Sigma) competitor RNA was mixed with 32P-labeled probe
RNA before incubation with the S100. The binding reactions were run
on a 5% polyacrylamide gel (60:1 acrylamide:bis) in 0.5X TBE buffer
at 8 V/cm. The gel was dried and exposed onto Kodak X-ray film.

Protein purification

Cytoplasmic S100 extract was isolated from 10'0 K562 cells as described
above except the KCl concentration was adjusted to 40 mM. The S100
was treated with micrococcal nuclease (400 U/ml) in the presence of
1 mM CaCl, for 20 min at 30°C followed by the addition of 5 mM
EGTA. Insoluble protein was pelleted at 10 000 g for 10 min and the
supernatant was loaded onto a column containing 40 ml of SP-Sepharose
(Pharmacia) pre-washed in 1 M KCl and equilibrated in HEG (40 mM
KCI). The flow through was collected and passed through a column
containing 40 ml of DEAE—-Sephacel (Pharmacia) which had been pre-
washed and equilibrated as for the SP-Sepharose column. The KCl
concentration of the DEAE-Sephacel flow through was adjusted to 200
mM and bound to ssDNA—cellulose, pre-washed in 2 M KCl buffer, and
equilibrated in HEG (200 mM KCl). The ssDNA—cellulose column was
washed with heparin (1 mg/ml) followed by HEG (300 mM KCIl). Bound
protein was eluted with a linear KCl gradient (0.3-1.5 M) over 90 min
on the WATERS 650 Protein Purification system (Millipore). Aliquots
(20 pl) from the 1 ml fractions were mixed with an equal volume of
2X SDS-loading buffer and resolved on 12.5% SDS-PAGE.

Peptide microsequencing

Purified oPCB activity was subject to tryptic digestion (2% trypsin in
0.1 M NH4HCO;, pH 8.1) at 37°C overnight. Proteolytic peptides were
purified by HPLC on a reverse-phase C4 column. Individual peptide
peaks were subjected to an Applied Biosystems 473A gas phase
microsequencer (Medical Center Protein Chemistry Facility of the
University of Pennsylvania). Peptide 2 was a mixture of two peptides
that could be separately aligned with CP-1 and aCP-2. The specificity
of trypsin for the lysine at the carboxyl end of Peptide 2B (in aCP-2)
allowed for the distinction of this peptide sequence from that of
Peptide 2A.

Northwestern analysis

Proteins separated on 12.5% SDS-PAGE were electroblotted onto
nitrocellulose for 1 h at 150 mA in transfer buffer (50 mM Tris, 14.5
mM glycine and 20% methanol). Northwestern (NW) blot analysis with
32p_5'_end-labeled poly(C) was carried as out as described in Wang
et al. (1995).

Ribonucleotide homopolymer binding assay

Binding of in vitro produced protein was carried out as described in
Kiledjian and Dreyfuss (1992). A total of 10° c.p.m. of trichloroacetic
acid-precipitable counts of in vitro-produced protein was bound to the
30 pg of the indicated ribonucleotide homopolymer—agarose beads
(Sigma) in binding buffer [10 mM Tris-HCl, 250 mM NaCl, 1.5 mM
MgCl,, 0.5% Triton X-100 (v/v), 2 ug/ml leupeptin and pepstatin and
0.5% aprotinin] for 15 min at 4°C. Protein bound to the ribonucleotide
homopolymer-agarose beads were pelleted by brief centrifugation and
washed for an additional 10 min in binding buffer containing 500 mM
NaCl and 1 mg/ml heparin. The beads were subsequently washed five
times in binding buffer. The beads were re-suspended in SDS-PAGE
loading buffer and boiled for 3 min to elute bound protein from the
nucleic acid. The eluted protein was resolved on 12.5% SDS-PAGE and
visualized by fluorography.

Immunoprecipitations

S100 from 293T cells transfected with 20 pg pMyc—aCP-1 or pMyc—
oCP-2 was used in a modified RNA binding assay. 100 ug of S100 pre-
treated with Inhibitor-ACE (1 U per 30 ul S100 extract, 5'-3') and 1%
B-mercaptoethanol for 15 min on ice was incubated with 100 000
cp.m. of in vitro-generated [32P]a3'UTR RNA (see above) or mutant
[3?P]a3'UTR RNA (0H19 in Wang et al., 1995). Binding reactions were
carried out at room temperature for 20 min followed by a 10 min
incubation with 2.5 mg/ml heparin. Immunoprecipitation of the myc-
tagged protein and accompanying complex was carried out on a rocking
platform at 4°C for 30 min with 4 pl of 9E10 antibody ascites fluid.
Immune complexes were bound to Staphylococcus aureus protein A—
Sepharose beads (Pharmacia) which were then pelleted by brief centrifu-
gation, washed by rocking at 4°C for 10 min with PBS containing 0.1%
Triton X-100 (v/v) and 1 mg/ml heparin, and then rinsed five times with
the same buffer and once with PBS. The RNA-protein complex was
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disrupted by boiling for 3 min in 50 pl TE with 1% SDS. The RNA
was ethanol-precipitated following phenol—chloroform extractions, re-
suspended in 80% formamide, resolved on a 7 M urea/6% polyacrylamide
gel and the [32P]RNA visualized by autoradiography.
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