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Heterogeneous nuclear ribonucleoproteins (hnRNPs) are
thought to influence the structure of hnRNA and
participate in the processing of hnRNA to mRNA. The
hnRNP U protein is an abundant nucleoplasmic phospho-
protein that is the largest of the major hnRNP proteins
(120 kDa by SDS—PAGE). HnRNP U binds pre-mRNA
in vivo and binds both RNA and ssDNA in vitro. Here
we describe the cloning and sequencing of a cDNA
encoding the hnRNP U protein, the determination of its
amino acid sequence and the delineation of a region in
this protein that confers RNA binding. The predicted
amino acid sequence of hnRNP U contains 806 amino
acids (88 939 Daltons), and shows no extensive homology
to any known proteins. The N-terminus is rich in acidic
residues and the C-terminus is glycine-rich. In addition,
a glutamine-rich stretch, a putative NTP binding site and
a putative nuclear localization signal are present. It could
not be defined from the sequence what segment of the
protein confers its RNA binding activity. We identified
an RNA binding activity within the C-terminal glycine-
rich 112 amino acids. This region, designated U protein
glycine-rich RNA binding region (U-gly), can by itself
bind RNA. Furthermore, fusion of U-gly to a
heterologous bacterial protein (maltose binding protein)
converts this fusion protein into an RNA binding protein.
A 26 amino acid peptide within U-gly is necessary for
the RNA binding activity of the U protein. Interestingly,
this peptide contains a cluster of RGG repeats with
characteristic spacing and this motif is found also in
several other RNA binding proteins. We have termed this
region the RGG box and propose that it is an RNA
binding meotif and a predictor of RNA binding activity.
Key words: nuclear proteins/RGG box/RNA binding
motif/RNP

Introduction

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are
among the most abundant proteins in the eukaryotic cell
nucleus. They associate with nascent RNA polymerase II
transcripts to form hnRNP complexes and are thought to
influence the structure of hnRNA and participate in pre-
mRNA processing (reviewed in Dreyfuss, 1986; Dreyfuss
et al., 1988). Monoclonal antibodies to several hnRNP
proteins have been used to immunopurify hnRNP complexes
from vertebrate cells and have demonstrated that they contain
at least 20 abundant proteins ranging in size from 34 kDa
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(Al) to 120 kDa (U) (Choi and Dreyfuss, 1984a; Pifiol-
Roma et al., 1988). The 120 kDa hnRNP U protein is an
abundant nucleoplasmic phosphoprotein (Dreyfuss et al.,
1984a) that can be crosslinked to pre-mRNA in intact cells
by UV light (Dreyfuss et al., 1984b). It is co-immuno-
purified with antibodies to other hnRNP proteins indicating
that it is part of the same supramolecular complexes that
contain the other hnRNP proteins (Choi and Dreyfuss,
1984b; Piiol-Roma er al., 1988).

To better understand the function of the hnRNP U protein
and its influence on the fate of pre-mRNA, we identified
a cDNA clone encoding it and characterized the RNA
binding properties of the protein. The sequence predicts an
806 amino acid protein. The N-terminal portion has an acidic
stretch of amino acids followed by a glutamine-rich region.
The C-terminus is rich in glycine, asparagine and arginine.
However, the sequence of U does not contain a canonical
consensus sequence RNA binding domain (RBD) as has been
found in many of the other hnRNP proteins (see Dreyfuss
et al., 1988; Bandziulis et al., 1989; Kenan et al., 1991 for
reviews). We therefore determined the RNA binding region
of the U protein by deletional analysis and found that the
C-terminal 112 amino acid glycine-rich segment is necessary
and sufficient for RNA binding. Fusion of this U protein
glycine-rich RNA binding region (U-gly) to the bacterial
maltose binding protein converts this non-nucleic acid
binding protein into an RNA binding protein. The RNA
binding activity within U-gly was further localized to a 26
amino acid region which contains a cluster of RGG repeats.
This region, termed the ‘RGG box’, is necessary for RNA
binding of the U protein. Interestingly, an RGG box is found
in several other RNA binding proteins including the nucleolar
proteins SSB-1 (Jong er al., 1987), nucleolin (Lapeyre et al.,
1987; Bourbon er al., 1988; Srivastava et al., 1989;
Caizergues-Ferrer et al., 1989; Maridor et al., 1990), and
fibrillarin (Henriquez ef al., 1990; Aris and Blobel, 1991)
and the hnRNP A1 protein (Cobianchi et al., 1986; Buvoli
et al., 1988).

Results

Isolation of cDNA clones encoding the hnRNP U
protein

cDNA clones encoding the hnRNP U protein were identified
by immunoscreening of a HeLa AZap II library with the
monoclonal antibody, 3G6, which specifically recognizes the
U protein (Dreyfuss et al., 1984b). One immunoreactive
clone of ~1 kb was identified and used to isolate three
additional clones by hybridization screening. The largest
clone, U21.1, containing a 3.2 kb insert, was used to
generate [3S]methionine-labeled protein by in vitro
transcription and translation. The in vitro produced protein
co-migrated with authentic 3G6-immunopurified U protein
from HeLa cells by SDS—PAGE (Figure 1A, lanes 1 and
2). Several additional criteria were used to verify that the
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Fi«é. 1. U21.1 clone encodes the hnRNP U protein. (A) Lane 1 is anti-U protein monoclonal antibody, 3G6, immunopurified U protein from

[3 S)methionine-labeled HeLa cells. The U21.1 cDNA was transcribed and translated in vitro (lane 2) and immunoprecipitated with 3G6 (lane 3) or
the non-immune antibody SP2/0 (lane 4). The U21.1 gene product was bound to ssDNA —agarose beads and washed in the same buffer without
heparin (lane 5) or with 2 mg/ml heparin (lane 6). (B) U protein in total HeLa cell extract (lanes 1 and 3) or 3G6 immunopurified U protein from
HeLa cell extract (lanes 2 and 4) was immunoblotted with monoclonal antibodies 8D3 and 11B8 generated against the U21.1 clone. (C) Peptide
maps of 3G6 immunopurified U protein from HeLa cells (lane 1) and U21.1 translation product (lane 2) were generated by cleavage at tryptophan
residues with the chemical agent BNPS-Skatole. Poly(A) binding protein (PABP) of S.cerevisiae was treated with the same reagent as a control

(lane 3).

U21.1 clone was a cDNA for the hnRNP U protein. In vitro
translated U21.1 was immunoprecipitated with 3G6, but not
with the non-specific immunoglobulin from the parental
myeloma cell line SP2/0 (Figure 1A, compare lanes 3 and
4). As demonstrated in lanes 5 and 6, the U21.1-encoded
protein can bind ssDNA and the binding is sensitive to
heparin. Both of these properties are consistent with
properties of the U protein purified from HeLa cells (Pifiol-
Roma e al., 1988). Furthermore, monoclonal antibodies
raised against bacterially produced U21.1-encoded protein
recognize the 120 kDa protein immunopurified with 3G6
(Figure 1B).

We devised a refined tryptophan cleavage method to
generate a peptide map of the U21.1 protein product to verify
its identity with the U protein further. [*>S]methionine-
labeled U protein was immunopurified with 3G6 from either
HelLa cells or from an in vitro translation product of the
U21.1 clone. The proteins were then resolved by
SDS —PAGE, blotted onto Immobilon-P membrane and
cleaved in situ at tryptophan residues with BNPS-Skatole
(Omenn et al., 1970). As shown in Figure 1C the resulting
peptides are identical for both proteins (lanes 1 and 2). The
poly(A) binding protein of Saccharomyces cerevisiae (Adam
et al., 1986) treated with the same reagent was included as
a control (lane 3). This mapping method as described here
is simple and rapid, and could be useful for a wide range
of peptide mapping applications. The facts that
U21.1-encoded protein is recognized by 3G6, antibodies
raised against it recognize 3G6-immunopurified HeLa U
protein, and it has an identical peptide map to the U protein,
strongly indicate that the U21.1 cDNA encodes the full
length hnRNP U protein.
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Primary structure of the U protein

The nucleotide sequence of U21.1 ¢cDNA and predicted
amino acid sequence of the U protein as well as a schematic
representation of the protein are shown in Figure 2. The
U21.1 cDNA is 3223 bp and it contains an open reading
frame that encodes a predicted 806 amino acid protein with
a calculated molecular mass of 88 939 Daltons and a plI of
5.5. The proposed initiation codon at nucleotide 41 contains
considerable homology to the translation initiation sequence
consensus (Kozak, 1983) and is preceded by two in-frame
stop codons. The clone extends 791 nucleotides 3’ of the
translation stop codon but it may not contain the entire 3’
untranslated region since a poly(A) tract is not present.
Nucleotide and protein sequence searches of the Genbank
and EMBL databases (Lipman and Pearson, 1985) did not
reveal extensive homology to any known sequence. The N-
terminal 160 amino acids of the protein are rich in acidic
amino acids. Of the amino acids in this region 33% are
aspartic and glutamic acid. Within the next 50 amino acids,
28% are glutamine residues followed by a putative nuclear
localization signal (Figure 2). A GX,GXGKT consensus
sequence for a putative NTP binding site (Walker et al.,
1982) is found at amino acids 485—492. A secondary
structure prediction (Chou and Fasman, 1978) of this region
is consistent with the consensus sequence positioned within
the turn portion of a Rossmann-fold (Rossmann et al., 1974)
between a 3-strand and an a-helix. As is the case with several
other hnRNP proteins, the C-terminal region is rich in
glycine residues, having 26% glycine in the C-terminal 129
amino acids. The predicted protein appears to contain
multiple potential casein and histone kinase phosphorylation
sites as well as several N-linked glycosylation consensus
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Fig. 2. The nucleotide and predicted amino acid sequence of the U21.1 clone. The underlined segment is a putative nuclear localization signal
(Garcia-Bustos er al., 1991). The region with a dashed line underneath it contains homology to a NTP binding site consensus sequence (Walker

et al., 1982). The boxed region is the glycine-rich RNA binding region (U-gly), and the shaded area is the RGG box. Below the sequence is a
schematic representation of the U protein with the amino acid numbers above it. NLS and NTP denote the putative nuclear localization and NTP
binding sites. The identity of the shaded areas along with the percentage of the indicated amino acids are as indicated. D and E are aspartic acid and
glutamic acid respectively, Q is glutamine and G is glycine.
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Fig. 3. The single-stranded nucleic acid binding domain is located at the C-terminal end of the U protein. (A) All DNAs were linearized with
HindIll and used as template for SP6 RNA polymerase transcription and in vitro rabbit reticulocyte lysate translation. In vitro produced protein was
bound to 30 ug ssDNA —agarose beads at 250 mM NaCl and analyzed by SDS—PAGE as described in Materials and methods. The ‘T’ lanes
contain a total translation product equivalent to 30% of the indicated protein used in the binding reaction (‘B’ lanes). The mol. wt markers (in kDa)
are indicated on the side of the gel. The identities of the protein-deletion constructs are illustrated in (B) and were derived from the following
plasmids: U protein (pGem-U21.1); Al (pGem-5'AApa); A2 (pGem-1ASst); A3 (pGem-5'ABgl); A4 (pGem-5'AMsc); AS (pGemA3'Msc); A6
(pGemA3'Acc). (B) The U protein and various deleted forms of the protein are schematically depicted with the amino acid numbers shown above
them. The identities of the shaded areas are shown in the key at the bottom and described in the legend to Figure 2. The binding activity of the
various deletion constructs from panel A are summarized as ‘+’ or ‘— for those that bind or do not bind respectively.

sequences. The mobility of U protein on two-dimensional
gels (Pifiol-Roma ez al., 1988) is consistent with the
predicted acidic nature of the protein with many potential
phosphorylation sites. A slower mobility by SDS—PAGE
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than expected from the actual molecular weight (for hnRNP
U ~89 kDa and ~ 120 kDa respectively) has been observed
for other acidic and phosphorylated proteins (Hope and
Struhl, 1986; Swanson et al., 1987).



Identification of the U protein single-stranded nucleic
acid binding domain

HnRNP U is bound to pre-mRNA in vivo (Dreyfuss et al.,
1984b) and binds RNA and ssDNA in vitro (Pifol-Roma
et al., 1988). However, unlike many hnRNP proteins, the
U protein does not contain a consensus sequence RNA
binding domain (RBD). This prompted us to investigate what
region of the U protein confers RNA binding. Deletions were
therefore constructed to generate in vitro translated U protein
fragments having various N-terminal, internal and C-terminal
truncations. The intact protein and protein fragments were
bound to ssDNA —agarose beads as described in Materials
and methods and analyzed by SDS —PAGE. The translation
product of the N-terminal truncations results in multiple
bands (Figure 3A, lanes 1, 3, 5 and 7). As the U protein
is heavily phosphorylated, the more slowly migrating
polypeptides probably result from phosphorylation. As
shown in Figure 3A (and summarized in 3B), all the
deletions that retain the C-terminus are capable of binding
ssDNA (lanes 1—10, compare translation ‘T’ lanes with
bound ‘B’ lanes). However, removal of the C-terminal
segment of U protein renders it unable to bind single-stranded
nucleic acid (lanes 11 —14). All detected binding was to the
ssDNA as no binding was detected to the support matrix
(data not shown). Therefore, the strongest (and possibly only)
single-stranded nucleic acid binding activity of the U protein
resides in the C-terminal 112 amino acids. Using less
stringent binding conditions (lower salt concentrations) an
additional weaker binding activity was found in the
remainder of the protein (data not shown). For the purpose
of this paper, we will limit our discussion only to the
strongest binding activity of the U protein contained at the
C-terminus to which we refer as U protein glycine-rich RNA
binding region (U-gly). In Figure 4A the binding pattern of
U protein to ribonucleotide homopolymers at salt
concentrations ranging from 0.25 M to 1 M NaCl is shown.
The binding pattern of U-gly (panel B) parallels that of the
U protein. Both the U protein and U-gly have the highest
salt-resistant binding to poly(G), intermediate binding to
poly(A) and poly(U), and very weak binding to poly(C). The
intact U protein and U-gly thus have similar RNA binding
properties. Therefore, U-gly is the RNA binding segment
of the U protein.

The C-terminus of the hnRNP A1 protein is also rich in
glycine (Al-gly) and has been reported to have RNA binding
activity at low salt concentrations (Cobianchi et al., 1988;
Nadler et al., 1991). We therefore compared the binding
efficiency of Al-gly with that of U-gly. The C-terminal 135
amino acids of Al were produced by translation in vitro and
binding experiments to ssDNA were carried out at various
salt concentrations side by side with U-gly. Figure 5 shows
the comparison of A1-gly binding with that of U-gly binding
under identical conditions. U-gly bound at salt concentrations
up to 500 mM NaCl, while the binding of Al-gly was
completely abolished at NaCl concentrations above 100 mM.
Thus while both glycine-rich regions have a similar,
unusually high, glycine content, they appear to bind single-
stranded nucleic acid with different characteristics; U-gly
binding appears to be a much stronger salt-resistant single-
stranded nucleic acid binding peptide than Al-gly.

To determine if U-gly is sufficient for RNA binding
activity we tested its ability to confer this property onto an
otherwise non-nucleic acid binding protein. A plasmid was
constructed that encodes a fusion protein having the bacterial
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Fig. 4. U-gly contains the same RNA binding specificity as the U
protein. (A) Full-length in vitro translated U21.1 protein was bound to
30 ug of the indicated ribonucleotide homopolymers at the indicated
salt concentrations as described in the legend to Figure 3. Lane 1
represents unprogrammed reticulocyte lysate translation. Lane 2 is an
equivalence of one-tenth the amount of U21.1 translation product used
in the bound lanes. Molecular weight markers are indicated at the edge
of the panel. (B) Binding of in vitro produced glycine-rich RNA
binding region (U-gly) to ribonucleotide homopolymers as indicated
above.

ranslation
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Fig. 5. U-gly binds ssDNA with higher salt resistance than Al-gly.
Equal counts of in vitro translated U-gly or Al-gly (amino acids
186—320 of the hnRNP Al protein) were bound to 30 ug ssDNA at
the indicated NaCl concentrations, eluted from the beads and analyzed
by SDS—PAGE. Lanes 1—5 are binding of U-gly and lanes 6—10 are
binding of Al-gly . Lanes 1 and 10 are aliquots of total translation
product equivalent to 40% of the total amount of protein used in the
binding reactions for U-gly or Al-gly respectively.

maltose binding protein with U-gly at the C-terminus. The
translation product of the MalU3'gly protein had the
predicted size by SDS—PAGE and the identity of the
predicted fusion protein encoding construct was confirmed
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by DNA sequencing. As shown in Figure 6, maltose binding
protein alone does not bind ssDNA —agarose or
ribonucleotide homopolymer —agarose beads (lanes 5—38).
However, when fused to U-gly, it can bind both ssDNA and
RNA (lanes 1—4). Similar results were observed using the
bacterially produced fusion protein (data not shown). As
would be expected for an hnRNA binding protein, the
observed interaction with RNA was more efficient than that
with ssDNA. Therefore, U-gly is an autonomous RNA
binding peptide that contains an RNA binding domain.

Having established that U-gly is an RNA binding
polypeptide we set out to identify the smallest single-stranded
nucleic acid binding unit within it. Due to the difficulty in
translating small peptides in vitro, the U-gly deletion cDNAs
were constructed such that the synthesized polypeptides
contained an additional 20 amino acids encoded by the
pGem4 polylinker (see Materials and methods). Binding
activity (percentage bound relative to total input protein) of
U-gly with the C-terminal 10 amino acids substituted by the
polylinker-encoded 20 amino acids (U-glyAl) was similar
to the binding activity of U-gly alone (data not shown).
Subsequent deletions were compared with U-glyAl.
Removal of the 49 C-terminal amino acids of U-gly had a
slight effect on the peptide’s ability to bind single-stranded
nucleic acid, while a truncation at the N-terminus abolished
binding (Figure 7A). The fused 20 amino acid peptide from
the pGem4 polylinker does not contain RNA binding activity
since the N-terminal truncation also includes this peptide and
does not bind. Thus, a 63 amino acid peptide between amino
acids 695 and 757 retains the binding characteristics of
U-gly.

We were unable efficiently to translate in vitro smaller
C-terminal truncated U-gly peptides and, therefore,
additional truncations were generated within the full length
U protein. As shown in Figure 7B, a truncation of the U
protein C-terminus up to amino acid 720 (A8) does not
interfere with the binding of this protein to single-stranded
nucleic acids while removal of sequences to amino acid 685
abolished binding (AS, also see Figure 3). A schematic
representation of these data is shown in panel C. Comparison
of the N- and C-terminal deleted proteins that still retain
binding activity revealed a 26 amino acid sequence from 695
to 720 that is present in both. Furthermore, this peptide is
clearly necessary for binding activity because its removal
from U-gly abolishes binding to RNA (Figure 7A, compare
lane 4 with 6). Therefore, it is possible that this 26 amino
acid peptide constitutes the entire RNA binding domain of
the protein.

Discussion

We describe here the cDNA cloning and sequencing, and
characterization of the RNA binding activity, of the hnRNP
U protein. HnNRNP U, with an apparent molecular mass of
120 kDa by SDS—PAGE, is the largest of the abundant
hnRNP proteins. The predicted protein sequence reveals
acidic and glutamine-rich regions at the N-terminus, a
putative NTP binding site, a candidate nuclear localization
signal and a glycine-rich C-terminus. It is intriguing that
nucleolin, the major 110 kDa nucleolar pre-rRNA binding
protein, also has acidic and glycine-rich domains at the N-
and C-termini, respectively, although, unlike U, it contains
four RBDs (Lapeyre et al., 1987). Although the U protein
is an RNA binding protein, it does not contain significant
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Fig. 6. U-gly can convert the maltose binding protein into an RNA
binding protein. In vitro produced maltose binding protein fused to the
C-terminal 122 amino acids of the U protein, (MalU3'gly, this
includes 10 additional amino acids N-terminal to U-gly alone), or
maltose binding protein alone (Mal) were bound to ssDNA (lanes 2
and 6), poly(G) (lanes 3 and 7) or poly(U) (lanes 4 and 8). Lanes 1
and 5 are the respective translation products equivalent to 30% used in
the bound lanes. Binding reactions were with 30 ug nucleic acid on
agarose beads.

amino acid sequence homology to any previously identified
RNA binding motif. We have identified the C-terminal
glycine-rich region of the protein as the most avid RNA
binding region of the protein. This segment of the protein,
termed U protein glycine-rich RNA binding region (U-gly),
has the same RNA binding characteristics to several synthetic
RNA and DNA substrates as the entire U protein, and its
removal abolishes the binding activity of the protein at 250
mM NaCl.

Several hnRNP proteins, including the human hnRNP A1
and A2 proteins as well as numerous other hnRNP proteins
from diverse organisms, also have a glycine-rich region
(Cobianchi et al., 1986; Burd er al., 1989; Kay et al., 1990;
Matunis et al., 1992a). In the case of the hnRNP A1 protein,
the C-terminal region is comprised of 45% glycine and has
been suggested to be involved in protein—protein and
protein —nucleic acid interactions (Cobianchi et al., 1988;
Nadler ez al., 1991). A synthetic peptide containing 46 amino
acids of the glycine-rich region of the hnRNP A1 protein
binds RNA at NaCl concentrations of 10—25 mM (Nadler
et al., 1991) which is consistent with the binding of the entire
carboxyl Al-gly region to ssDNA shown in this work
(Figure 5). In comparison, U-gly, which has a 27% glycine
content, is a much more efficient salt-resistant single-stranded
nucleic acid binding protein capable of binding ssDNA at
500 mM NaCl. Therefore, U-gly appears to bind single-
stranded nucleic acid in vitro much more tightly than the
previously identified Al-gly region.

Further delineation of the binding domain within U-gly
showed that a 63 amino acid peptide retains the binding
properties of U-gly and a 26 amino acid peptide within it
(amino acids 695 —720) is present in all U protein truncations
competent to bind RNA. This region is absolutely required
for the RNA binding activity of both the U protein and U-
gly and most likely represents the minimal RNA binding
domain. An interesting feature of this region is the presence
of a cluster of RGG repeats. A search of the EMBL database
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Fig. 7. The RGG box is an RNA binding domain. (A) Plasmids pGem695—797F, pGem695—757F and pGem717—797F were each linearized with
Pvull and used as template to generate in vitro transcripts with SP6 RNA polymerase and translated in wheat germ lysate to produce U-gly
subdomains with amino acids 695—797 (U-glyAl; ~ 15 kDa), 695—757 (U-glyA2; ~ 10 kDa) and 717—797 (U-glyA3; ~ 10 kDa) respectively. All
three peptides also contain 20 amino acids encoded by the vector polylinker at their C-terminus (see Materials and methods). Binding to ssDNA was
carried out as described in the legend to Figure 3A. The ‘T’ lanes contain an aliquot of the total translation product used in the binding reaction

shown in the ‘B’ lanes. (B) U protein and AS were generated as described

in the legend to Figure 3A. U protein having C-terminal truncations up to

amino acid 739 (A7) and 720 (A8) were generated from plasmids pGemA3'739 and pGemA3'720 respectively and bound to ssDNA as described
above. (C) The truncated proteins in (A) and (B) are represented schematically. The identity of the symbols are the same as in Figure 3B.

(Lipman and Pearson, 1985) for proteins that contain at least
three RGGs revealed similar repeat structures in several other
proteins (Figure 8). Interestingly, many of these are known
RNA binding proteins and they contain RGG repeats at a
characteristic spacing similar to that found in hnRNP U and
usually interspersed with aromatic amino acids (Figure 8).
We have termed this region the ‘RGG box’.

RGG and RGGF peptides are found in many proteins
including RNA binding proteins such as hnRNP K (Matunis
et al., 1992b). What is significant about the RGG box is that
it contains several closely spaced RGG peptides. Our
working definition of the RGG box is shown in Figure 8

which also suggests a consensus motif. We are currently
uncertain of the minimal number of RGG (and GRG or
RRG) repeats that are required for RNA binding activity.

Previous studies by several groups have pointed out the
conservation of glycine-rich regions with interspersed
arginine residues within RNA binding proteins and have
suggested that these regions might be involved in binding
RNA and/or in protein—protein interactions (Jong et al.,
1987; Christensen and Fuxa, 1988; Cobianchi et al., 1988;
Henriquez ef al., 1990; Suzuki et al., 1991). By identifying
the 26 amino acid region necessary for RNA binding we
have demonstrated that the RGG box is required for RNA
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Protein

hnRNP U (Human) 695 MRGGNF - -RGG - APGNRGGYNRRG 716
SSB-1 (Yeast) 137 GRGG-F --RBG - RGGYRGGFRGRG!? {57
Fibrillarin (Human) 14 GRGG-FGDRGG--RGG-RGGFGGGRG 35
Fibrillarin 1 (Yeast) 21 GRGGS---RGG-ARGGSRGGFGGRGG 42
Fibrillarin 2 (Yeast) 57 GR GG - R G G - RGGSRGG--RGG A 76
Nucleolin (Mammalian) 656 GRGG-FGGRGG - RGG-RGGFGGRG 678
Nucleolin (Chicken) 644 GRGG - - -RGG--REGGGRGGBGFGGRGG 663
Nucleolin (Frog) 461 GRGG-F-GRGGGFRGG -RGG - RGGG 481
hnRNP A1 (Mammalian) 217 GRGGNFSGRGG FGGSRGG GYGG 240
hrp40.1/2 (Fruit fly) 223 1R GG P - GG -MRGG-RGGYGGRGG 243
RNA helicase (Fruit fly) 7 DEGHS--GRGG - RGGDRGG ) R R G G 28
NSR1 (Yeast) 365 GRGGN - RGF RGGARGG R GG 385
HSV-1 LRP1 305 PRGS --RGRGGRGRGG-RGG-GRRGHE 326
Consensus GRGG>§P~GRGG—~RGG—RGG§G§§GG

Fig. 8. Conservation of the RGG box in RNA binding proteins. The shaded area represents the most highly conserved RGG tripeptide. The bottom
line is a consensus sequence and residues conforming to the consensus sequence are in bold. The first and last amino acid number within each
sequence is indicated before and after the sequence respectively. Dashes are gaps placed in the sequence to obtain optimum alignment. Protein
sequences were obtained from the following references: human hnRNP U (this paper); yeast SSB-1 (Jong ez al., 1987); fibrillarin from human (Aris
and Blobel, 1991) and yeast (Henriquez ef al., 1990); nucleolin from human (Srivastava er al., 1989), mouse (Bourbon ez al., 1988), hamster (amino
acids 658—681, Lapeyre et al., 1987), chicken (Maridor et al., 1990) and frog (Caizergues-Ferrer er al., 1989); hnRNP Al from human (Buvoli

et al., 1988), and rat (Cobianchi et al., 1986); fruitfly (Drosophila melanogaster) hrp40.1 and 2 (Matunis et al., 1992a); RNA helicase from fruitfly
(D.melanogaster, Dorer et al., 1990); and yeast (S.pombe amino acids 506—528; S.cerevisiae amino acids 498—521, Iggo et al., 1991); yeast

NSR 1 (Lee er al., 1991); and HSV-1 latency-related protein 1 (Wechsler er al., 1989).

binding in the U protein and propose it to be an RNA binding
motif. Aside from the RNA helicases (Dorer et al., 1990;
Iggo et al., 1991), which would be expected to interact with
RNA, and the herpes simplex virus-1 latency-related protein
1 (HSV-1 LRP1; Wechsler et al., 1989) of unknown
function, all of the RGG box-containing proteins listed have
known RNA binding activity. The high degree of
conservation of the RGG box in other RNA binding proteins
suggests that it has the same function in the other proteins
and that it is likely to be a predictor of RNA binding activity.
An interesting example could be the HSV-1 LRP1 (Wechsler
et al., 1989). LRP1 is a putative protein predicted from the
latency-associated transcript of HSV-1, however, it is
uncertain if indeed it is produced during HSV infection. We
would predict that if LRP1 is expressed, it would be a single-
stranded DNA/RNA binding protein.

Many of the proteins listed in Figure 8 contain RBDs, and
their binding to RNA is probably not mediated exclusively
by the RGG box. However, the RGG box could potentially
influence the overall binding property of a protein even if
other binding domains are present as demonstrated for the
hnRNP A1 protein. Cobianchi et al. (1988) have shown that
the RBD:s at the N-terminus of the hnRNP A1 protein require
the glycine-rich carboxyl end for the cooperative binding
of the protein to RNA. In the case of the U protein, the RGG
box binding characteristics are sufficient for strong
independent binding.
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Although many different types of DNA binding motifs
have been identified and characterized to date (Vinson ef al.,
1989; Davis et al., 1990; Pavletich and Pabo, 1991;
Wolberger et al., 1991; see Steitz, 1990 for review),
relatively few RNA binding motifs have been identified
(Dreyfuss et al., 1988; Bandziulis e al., 1989; Nagai e al.,
1990; Hoffman ez al., 1990; Calnan et al., 1991b; Jessen
et al., 1991; see Steitz, 1990; and Kenan et al., 1991, for
reviews). One well characterized RNA binding domain, the
RBD, is present in many RNA binding proteins (Dreyfuss
et al., 1988; Bandziulis et al., 1989; Kenan et al., 1991).
Mutational analysis suggests that specific aromatic amino
acids within the RBD are likely to interact with RNA and
are essential for RNA binding (Scherly er al., 1989; Lutz-
Freyermuth er al., 1990; Brennan and Platt, 1991; Jessen
et al., 1991). A second distinct RNA binding motif is the
arginine-rich motif found in several viral, bacterial and
ribosomal RNA binding proteins (Lazinski et al., 1989). A
short peptide cluster of arginine residues from the HIV-1
Tat protein can directly bind a specific RNA sequence and
a single arginine in that cluster is responsible for the direct
interaction (Calnan ez al., 1991b). Interestingly, U-gly does
not contain either of these motifs. The U protein RGG box
is particularly rich in glycine residues (~35%) but is also
rich in arginine (~22 %) and asparagine (~ 17%). Although
there is a high arginine content, it does not have an arginine-
rich cluster as seen in the typical arginine-rich RNA binding



domains. Similar to the DNA binding domain of many
transcription factors, the RGG box is also very basic.
However, the binding of U-gly (which contains the RGG
box) to RNA is not simply due to a non-specific electrostatic
interaction to the negatively charged phosphate backbone as
it has a differential binding preference towards ribonucleotide
homopolymers (Figure 6) and this binding is competed by
ssDNA but not tRNA (M.Kiledjian and G.Dreyfuss,
unpublished observations).

It is striking that the RGG boxes have strong positive
charge (+3 to +9) but there are no lysines present. This
strongly suggests that the arginine residues of the RGG box,
and not simply the presence of positively charged residues,
are required and are probably involved in RNA binding
possibly in a similar fashion to that of HIV-1 Tat (Calnan
et al., 1991b). We also note the presence of aromatic
residues in almost all RGG domains and these could
contribute to hydrophobic stacking interactions with RNA
bases. It is also interesting to note that the RGG box contains
arginine residues flanked by glycines in the proximity of
phenylalanines which are potential sites for dimethylarginine
(DMA) modifications (Christensen and Fuxa, 1988). In fact
several of the proteins listed in Figure 8 contain the modified
residue DMA (Paik and Kim, 1989). Modification of the
arginine residues may alter the RNA binding activity of these
proteins which could provide a means to regulate their
interaction with RNA.

Secondary structure predictions of the RGG box using the
Chou —Fasman algorithm (Chou and Fasman, 1978) suggest
that it is likely to form an unordered extended and flexible
structure with turns at the RGGs. At present it is unclear
how this domain can specifically interact with RNA. It is
possible that the RGG box becomes ordered upon
complexing with RNA as is believed to be the case with the
arginine-rich binding domain of the HIV-1 Tat protein
(Calnan et al., 1991a). The glycines could provide multiple
flexible hinges that allow the protein to conform to an
ordered structure whereby the arginine(s) and/or aromatic
amino acids come in contact with RNA. Understanding the
mode of binding of the RGG box to RNA and of the effect
of such binding on RNA structure will require experiments
with synthetic RGG box peptides and mutagenesis of the
protein.

Materials and methods

Isolation of cDNA clones and plasmid constructions
Mouse monoclonal antibody, 3G6 (Dreyfuss et al., 1984b), was used at
a dilution of 1:500 to immunoscreen a HeLa A\Zap II ¢cDNA library
(Stratagene) as previously described (Nakagawa et al., 1986). One positive
plaque was isolated and the ~ 1 kb EcoRI insert it contained was used to
probe a HeLa D98 Agtll cDNA library (kindly provided by Dr Tom
Kadesch, University of Pennsylvania) by hybridization screening using
standard techniques. One clone, U21.1 (described in Results), was inserted
into pGem4 to generate pGem-U21.1. The entire U21.1 cDNA was
sequenced on both strands by the dideoxy method (Sanger et al., 1977).

Plasmids expressing N-terminal deletions of the U21.1 gene product,
pGem-5'AApa, pGem-5'ABgl and pGem-5'AMsc, delete 5’ sequences up
to the Apal (nt 400), Bg/ll (nt 1266) and Mscl (nt 2100) restriction
endonuclease recognition sites, respectively. Plasmids expressing C-terminal
deletions, pGemA3'Msc and pGemA3'Acc, remove 3’ sequences up to the
Mscl (nt 2100) and Accl (nt 1401) sites respectively. Plasmids pGemA3'739
and pGemA3'720 contain PCR-amplified sequences encoding U protein from
amino acids 1—739 (nt 30—2258) and 1—720 (nt 30—2201), respectively
flanked by EcoRI and BamHI recognition sites. The plasmid pGemIASst
removes the SsI fragment of the U21.1 clone and expresses a protein with
an internal deletion of amino acids 20— 144 (nt 98 —473).

Sequences encoding U protein amino acids 695—797 and 695—757
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(pGem695—797F and pGem695 —757F respectively) were amplified with
PCR primers such that translation of these sequences extends into the pGem¢4
polylinker and generates 20 additional amino acids (DPLESTCRHAS-
FRSPYSESY). The plasmid pGem717—797F was constructed similarly
except that it expresses amino acids 717—797.

The entire coding region of the U protein was amplified by PCR using
appropriate primers flanked by EcoRlI sites, and was inserted into pMal-
¢RI (NEB) to generate pMal-U. This chimeric gene contains the U protein
downstream of and in the same reading frame as the maltose binding protein
for overexpression in bacteria. The plasmid pGem-MalU3'gly is the maltose
binding protein with a eukaryotic consensus translation initiation'site (Kozak,
1983) fused to the C-terminal amino acids 685 —806 of the U protein inserted
into pGem4 such that SP6 RNA polymerase could be used to generate an
in vitro transcript. The plasmid containing the glycine-rich segment of the
hnRNP Al gene was derived from pHA-A1Gly (H.Siomi and G.Dreyfuss,
manuscript in preparation) by excising the C-terminal 135 amino acids of
Al with EcoRI and Pstl and inserting it into pGem-4. All deletion and fusion
constructs were confirmed by DNA sequencing. The yeast poly(A) binding
protein-encoding plasmid pYEA3 has been described elsewhere (Adam et al.,
1986).

In vitro transcription/translation and immunoprecipitation
Plasmids were linearized at appropriate restriction sites 3' of the desired
translation stop codon to generate templates for in vitro RNA synthesis with
SP6 polymerase and the resulting RNAs were translated in rabbit reticulocyte
lysate or wheat germ extract in the presence of [3°S]methionine
(Amersham) according to the manufacturer’s suggested conditions (Promega
Biotech).

Immunoprecipitations from HeLa cell nucleoplasm were carried out with
the monoclonal antibody 3G6 bound to Staphylococcus aureus protein A
in a 1% Empigen BB-containing buffer as previously described (Choi and
Dreyfuss, 1984b).

Gel electrophoresis and immunoblotting

SDS—PAGE was performed as previously described (Dreyfuss er al.,
1984b). Immunoblotting was carried out with culture supernatant of the anti-
hnRNP U monoclonal antibodies 8D3 and 11B8 (see below) or with 3G6,
the anti-hnRNP U monoclonal antibody, ascites fluid diluted 1:1000 as
described in Choi and Dreyfuss (1984b).

Ribonucleotide homopolymer and ssDNA binding assays

Binding of in vitro produced protein was carried out essentially as described
in Swanson and Dreyfuss (1988) and Burd er al. (1991) with minor
modifications. Briefly, ribonucleotide homopolymer (Pharmacia) and
ssDNA —agarose (BRL) binding reactions were carried out with an equivalent
of 10° counts per min (c.p.m.) of trichloroacetic acid (TCA)-precipitable
protein in a total of 0.5 m! of binding buffer (Swanson and Dreyfuss, 1988)
for 10 min on a rocking platform at 4°C . Unless otherwise stated, the
NaCl concentration of the binding buffer was 250 mM. The beads were
pelleted with a brief spin in a microfuge and washed five times with binding
buffer prior to resuspension in 50 ul of SDS —PAGE loading buffer. Bound
protein was eluted from the nucleic acid by boiling, resolved on a 12.5%
SDS—PAGE gel and visualized by fluorography.

Production and purification of fusion protein

The pMal-U plasmid (see above) encoding the Escherichia coli maltose
binding protein fused to the U protein (Mal-U) was expressed in E. coli TB1
cells and the fusion protein was partially purified on an amylose resin column
as described by the manufacturer (NEB). Fractions containing Mal-U were
dialyzed overnight at 4°C in 4 1 of H,O, lyophilized and resuspended in
phosphate buffered saline.

Production of monoclonal antibodies

The U protein-specific monoclonal antibody 3G6 was prepared as previously
described (Dreyfuss et al., 1984b). Monoclonal antibodies 8D3 and 11B8
were raised against purified Mal-U fusion protein with intraperitoneal
injections of 100 pg protein each into BALB/c mice as described in Dreyfuss
et al. (1984b).

Peptide mapping

The HeLa U protein, U21.1 gene product and yeast poly(A) binding protein
were cleaved at tryptophan residues with 2-(2'nitrophenylsulfenyl)-3-methyl-
3-bromoindolenine (BNPS-Skatole, Pierce). U protein was immunopurified
with 3G6 from [3*S]methionine-labeled HeLa cells (Pifiol-Roma er al.,
1988) and run on SDS —PAGE side by side with in vitro translated U21.1
and yeast poly(A) binding protein. Proteins were transferred onto Immobilon-
P Transfer Membrane (Millipore) according to the manufacturer’s
instructions and stained with Coomassie brilliant blue R (0.1% in 50%
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methanol) for 5 min. Destaining was carried out with several rinses of 50%
methanol/10% acetic acid followed by a rinse with 10% methanol prior
to air drying and autoradiography. The appropriate bands were excised from
the membrane and placed in 100% methanol to wet, and washed once in
50% methanol/10% acetic acid and twice in 70% acetic acid. Cleavage of
the protein was performed directly on the membrane with 50 pl of 70%
acetic acid containing 15 mM BNPS-Skatole (initially dissolved in anhydrous
ether) at 42°C for 35 h in the dark (Omenn ez al., 1970). The BNPS-Skatole
and acetic acid were removed with two 1 ml ether extractions. Protein was
eluted as described by Szewczyk and Summers (1988) with 15 ul of elution
buffer (50 mM Tris pH 8.8, 2% SDS and 1% Triton X-100) and microfuged
for 10 min at room temperature. An equal volume of 2x SDS—PAGE
sample buffer was added to the supernatant and the peptides were resolved
by SDS—PAGE.
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Note added in proof

A recent report from Girard et al. [(1992) EMBO J., 11, 673 —682] describes
a new glycine —arginine-rich protein from yeast that affects the synthesis
of 18S ribosomal RNA. We note that this protein contains three RGG boxes.
Furthermore, a recent paper from Ghisolfi er al. [(1992) J. Biol. Chem.,
267, 2955—2959] demonstrates that the region of nucleolin, which contains
an RGG box, interacts with RNA directly and adopts multiple 8-turn
structures. The nucleotide sequence of U21.1 cDNA reported in this paper
will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence
Databases under the accession number X65488.



