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A variety of nuclear ribonucleoproteins are believed to associate directly with nascent RNA polymerase II
transcripts and remain associated during subsequent nuclear RNA processing reactions, including pre-mRNA
polyadenylation and splicing as well as nucleocytoplasmic mRNA transport. To investigate the functions of
these proteins by using a combined biochemical and genetic approach, we have isolated nuclear polyadenylated
RNA-binding (NAB) proteins from Saccharomyces cerevisiae. Living yeast cells were irradiated with UV light
to covalently cross-link proteins intimately associated with RNA in vivo. Polyadenylated RNAs were then
selectively purified, and the covalent RNA-protein complexes were used to elicit antibodies in mice. Both
monoclonal and polyclonal antibodies which detect a variety of NAB proteins were prepared. Here we
characterize one of these proteins, NAB2. NAB2 is one of the major proteins associated with nuclear
polyadenylated RNA in vivo, as detected by UV light-induced cross-linking. Cellular immunofluorescence,
using both monoclonal and polyclonal antibodies, demonstrates that the NAB2 protein is localized within the
nucleus. The deduced primary structure of NAB2 indicates that it is composed of at least two distinct types of
RNA-binding motifs: (i) an RGG box recently described in a variety of heterogeneous nuclear RNA-,
pre-rRNA-, mRNA-, and small nucleolar RNA-binding proteins and (ii) CCCH motif repeats related to the
zinc-binding motifs of the largest subunit of RNA polymerases I, II, and III. In vitro RNA homopolymer/
single-stranded DNA binding studies indicate that although both the RGG box and CCCH motifs bind poly(G),
poly(U), and single-stranded DNA, the CCCH motifs also bind to poly(A). NAB2 is located on chromosome VII
within a cluster of ribonucleoprotein genes, and its expression is essential for cell growth.

Gene expression is regulated at multiple levels following
the initiation of transcription by RNA polymerase II. Na-
scent pre-mRNA transcripts are extensively modified to
generate mRNAs (59). These modifications, all of which
occur in the nucleus, may include 5'-end capping (46, 52),
3'-end cleavage and polyadenylation (64), splicing (27, 53),
and modification of individual bases (16). All of these activ-
ities occur while pre-mRNAs are associated with a set of
nuclear factors which may include both heterogeneous nu-
clear ribonucleoproteins (hnRNPs) and small nuclear ribo-
nucleoproteins (snRNPs) (21, 23, 30, 61). Once formed in the
nucleus, mRNAs are transported into the cytoplasm by an
unknown mechanism (40). mRNA turnover in both the
nucleus and cytoplasm may also dramatically influence the
amount of each type of mRNA available for translation (18).
Although considerable information exists concerning the

functional role of snRNPs in nuclear RNA processing (27,
30, 53, 61), very little is known about the specific functions
of individual hnRNPs. Previous work focused on the idea
that hnRNPs are primarily pre-mRNA-packaging proteins
functionally analogous to the role that histones play in
chromatin organization (17). More recently, it has been
proposed that hnRNPs package pre-mRNAs in a transcript-
specific manner so that the nuclear machinery required for
specific pre-mRNA-processing events, such as snRNPs,
recognizes each transcript as a unique entity (9, 10, 63). This
hypothesis would help explain why many of these proteins
bind RNA in a sequence-specific fashion (62). The use of
alternative splicing and polyadenylation sites (59, 64) and the
possible nucleocytoplasmic transport of different classes of
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mRNAs via specific nuclear pore complexes (38, 40) might
begin with this transcript-specific packaging by proteins of
the hnRNP complex. Experimental support for this idea is
beginning to emerge. Analysis of the proteins associated
with isolated spliceosomes prepared in vitro indicates that
different sets of hnRNPs bind to different types of pre-
mRNAs as well as to different regions within these pre-
mRNAs which are functionally important for splicing (10).
Moreover, in vitro studies on the mechanism of alternative
pre-mRNA splicing have shown that the relative concentra-
tions of the hnRNP Al protein and splicing factor SF2 can
influence splice site choice (43). Collectively, these results
suggest that individual hnRNPs may bind to discrete do-
mains within a pre-mRNA and compete with other RNA-
processing factors to induce or repress utilization of a
particular splice site. Finally, recent work demonstrates that
the hnRNP Al, but not C, protein shuttles between the
nucleus and cytoplasm (47). A subset of hnRNPs may
therefore be involved in nucleocytoplasmic mRNA traffick-
ing.
Saccharomyces cerevisiae offers several unique advan-

tages for investigation of the function of proteins which
directly associate with nuclear polyadenylated RNAs in
vivo. First, only a few protein-encoding genes in this yeast
produce pre-mRNAs which are spliced, and there are pres-
ently no examples of alternative pre-mRNA splicing (53). In
higher eukaryotes, both constitutive and alternative pre-
mRNA splicing are extensively used to modify primary RNA
polymerase II transcripts (27, 41, 59), and therefore other
fundamental pathways of RNA processing, such as pre-
mRNA packaging and nucleocytoplasmic mRNA trafficking,
may be experimentally masked. Second, once candidate
nuclear pre-mRNA/mRNA-binding proteins are isolated,
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TABLE 1. Oligonucleotides and plasmids
Designation Sequence or description

Oligonucleotides
MSS44............. 5'-TAATACGACTCACTATAGGGAGA-3'
MSS45 ........... 5'-CATACGATTTAGGTGACACTATAG-3'
MSS47 ........... 5'-CCCGGATCCCGGTACAGCGGATAGCGC-3'
MSS48 ........... 5'-CCCGAATTCGATCATAAGGAAGTGGAAG-3'
MSS49 ........... 5'-CCCGAATTCATGTCTCAAGAACAGTAC-3'
MSS51 ........... 5'-CCCGGATCCCGCCCCTCTTTCTTGG-3'
MSS52 ........... 5'-CCCGAATTCGCAATGCAGACAGATG-3'
MSS53 ........... 5'-CCCGAATTCGGAATGGCGGGTGAG-3'
MSS54 ........... 5'-CCCGGATCCGGCAATGCAAATGGCC-3'
MSS58 ........... 5'-CCCGGTACCAAAATGAAAATCGAAGAAGGTAA-3'

Plasmidsa
pRNP327 ........... Genomic 4.7-kb fragment (Fig. 3) subcloned into EcoRI-cut pSP72 (Promega)
pNAB2-3B6............ AB2 coding sequence, generated by PCR with MSS47 and MSS48 primers and inserted into

pSP72 cut with EcoRI-BamHI (includes nt -29 to 1831); encodes the NAB2* protein
pNAB2.0........... pNAB-3B6 cut with Narl (includes nt -29 to 550)
pNAB2.2 ........... NAB2 minus the last 20 amino acids (nt -29 to 1417), produced by PCR with MSS48 and MSS54

and cloned into EcoRI-BamHI-cut pSP72
pNAB2.3 ........... Partial NAB2 coding region (nt -29 to 696), produced by PCR with MSS48 and MSS51 and cloned

into EcoRI/BamHI-cut pSP72
pNAB2exl ........... Entire NAB2 coding region fused in frame to pMAL-c2 (New England Biolabs), generated by PCR

with primers MSS47 and MSS49 (includes nt 1 to 1831)
pNAB2ex2 ........... NAB2 RGG box (nt 423 to 696), produced by PCR with MSS51 and MSS52 and cloned in frame

into EcoRI-BamHI-cut pMAL-c2
pNAB2ex3 ........... NAB2 C3H motifs (nt 635 to 1417), produced by PCR with MSS53 and MSS54 and cloned in frame

into EcoRI-BamHI-cut pMAL-c2
pNAB2ex4 ........... NAB2 RGG box and C3H motifs (nt 423 to 1417), produced by PCR with MSS52 and MSS54 and

cloned into EcoRI-BamHI-cut pMAL-c2
pMAL-c2ex ..Kr....1pnI-XmnI fragment of PCR product of pNAB2ex2 (using MSS51 and MSS58) cloned into KpnI-

PvuII-cut pSP72
pNAB2.4............K. nI-BamHI fragment of PCR product of pNAB2ex2 (using MSS51 and MSS58) cloned into KpnI-

BamHI-cut pSP72
pNAB2.5 ........... As pNAB2.4 except using pNAB2ex3, MSS54, MSS58
pNAB2.6 ........... As pNAB2.4 except using pNAB2ex4, MSS54, MSS58
pNAB2.8 ........... cDNA clone (1,758 nt) isolated from a XZAP BJ926 expression library in pBS (Stratagene) encoding

the NAB2 protein
pNAB2.14........... EcoRI insert from pRNP327 cut with StyI, blunt ended, and cut with NsiI, with the 2.2-kb fragment

cloned into EcoRV-PstI-cut pSP72. The 1.2-kb EcoRV-BalI fragment within the NAB2 ORF was
replaced with a blunt-ended 2.2-kb XhoI-SalI fragment containing the LEU2 gene

pNAB2.15............ vuI-NsiI fragment (nt -496 to 1961), blunt ended and cloned into the SmaI site of pRS316 (58)
a Nucleotide numbers refer to Fig. 5. Genomic DNA (BJ926) was used for all PCR amplifications unless otherwise stated.

this yeast provides an excellent genetic system with which to
investigate the functions of individual proteins in vivo. This
last attribute is key since the pathway of nuclear RNA
processing may be extremely dynamic, involving the con-
stant association and dissociation of multiple proteins and
RNP complexes with pre-mRNAs or mRNAs, making it
difficult to dissect the functions of individual proteins bio-
chemically in vitro.
We have therefore investigated whether hnRNPs exist in

S. cerevisiae. Our approach to the isolation of this group of
RNPs from yeast cells is dependent on the observation that
many hnRNPs from higher eukaryotes are readily and selec-
tively cross-linked in vivo by UV light to nuclear polyade-
nylated RNAs. Here we report the isolation of a novel group
of yeast proteins which are intimately associated with nu-
clear polyadenylated RNAs, the nuclear polyadenylated
RNA-binding (NAB) proteins. In addition, we characterize
one of these proteins, NAB2, whose expression is essential
for cell growth.

MATERIALS AND METHODS
Yeast strains and genetic manipulations. Cell labeling,

immunofluorescence, and isolation of genomic DNA and

poly(A)+ RNA were done by using BJ926 (MA Ta/a prbl-
1122Iprbl-1122 prcl-407/prcl-407 pep4-3/pep4-3 canlicanl
gal2/gal2 hisl/HISI TRPJ/trpl) (Yeast Genetic Stock Cen-
ter). The yeast strain used for cross-linking was YJA504
(M4Ta/ao leu2A2/leu2A2 ura3-52/ura3-52 PUB1::LEU2/
PUB1::URA3) (6). The NAB2 gene transplacement was
performed by using YJA501 (AMTa/oa leu2A2/leu2A2 ura3-
52/ura3-52) (6) to generate YJA511 (MATa/a NAB2/
NAB2::LEU2 leu2A2/leu2A2 ura3-52Iura3-52). The NAB2
deletion was complemented by transforming YJA511 with
pNAB2.15 to generate YJA512 (AM Ta/aNAB2/NAB2::LEU2
leu2A2/leu2A2 ura3-52/ura3-52 pNAB2URA3CEN).
Yeast media, including YPD, synthetic minimal SD, and

amino acid supplements, were prepared according to Rose et
al. (51). All genetic manipulations and dissection of asci for
segregation analysis were performed by using standard pro-
cedures (29).

Oligonucleotides and plasmids. Table 1 lists all of the
oligonucleotides and plasmids used in this study.

Preparation of UV cross-linked yeast RNPs. A modification
of a previously described procedure (1) was followed. For
each preparation, 2 liters of YJA504 cells was grown to an
optical density at 600 nm (OD600) of 1.0 to 2.0, pelleted by

VOL. 13, 1993



2732 ANDERSON ET AL.

centrifugation at 4,500 x g for 10 min in a JA-10 rotor
(Beckman) at 4°C, resuspended in phosphate-buffered saline
(PBS), and repelleted as described above. Yeast cells were
resuspended in PBS to a cell density of 1 x 109 to 5 x 109
cells per ml (approximately 200 ml); 50-ml aliquots were
placed in a 15-cm petri dish floating in an ice-water bath and
irradiated with UV light at a distance of 10 cm from the light
source (UV Stratalinker 1800; Stratagene) twice for 2.5 min
each time, with gentle agitation between each 2.5-min irra-
diation period. Cross-linked cells were then pelleted by
centrifugation at 4,500 x g for 10 min in a swinging bucket
rotor (Jouan) at 4°C, resuspended in lysis buffer (20 mM
Tris-Cl [pH 7.4]-1 mM EDTA-50 mM LiCl-1% sodium
dodecyl sulfate [SDS]-1% ,-mercaptoethanol-1 mg of hep-
arin per ml-10 mM vanadyl adenosine-0.5 mM phenylmeth-
ylsulfonyl fluoride-5 ,ug of pepstatin A per ml-1 ,g of
chymostatin per ml-1 mM p-aminobenzamidine-1 mM
e-aminocaproic acid-1 ,ug of leupeptin per ml-2 ,ug of
aprotinin per ml) at room temperature, and passed once
through a French press (20,000 lb/in2). Insoluble material
was pelleted for 10 min at 4,500 x g (Jouan), and the
supernatant was batch bound to oligo(dT)-Sepharose
(GIBCO/BRL) for 30 min at room temperature. Poly(A)+
cross-linked RNPs were reselected on oligo(dT), concen-
trated by using sec-butanol, and precipitated with 3 volumes
of ethanol in the presence of 200 mM LiCl. Each preparation
(2 liters of starting culture) yielded 6 to 8 OD260 units of
cross-linked RNPs.

Polyclonal antisera, monoclonal antibodies, and isolation of
genomic and cDNA clones. Polyclonal antisera against yeast
polyadenylated RNPs were raised by immunizing two
BALB/c mice with three injections (2 weeks between injec-
tions) of approximately 20 OD260 units of cross-linked RNPs
per injection, using MPL/TDM adjuvant (RIBI Immuno-
chemical Research). Monoclonal antibodies were prepared
by using SP2/O myeloma cells, and hybridomas were
screened by immunoblotting and cellular immunofluores-
cence (22). Polyclonal antisera were also prepared against a
fusion protein containing the maltose-binding protein (MBP)
and the entire NAB2 open reading frame (ORF). The MBP-
NAB2 fusion protein was produced in Escherichia coli TB1
cells from an expression plasmid, pNAB2exl, constructed
by using pMAL-c2 (New England Biolabs) (see plasmid
constructs discussed above). Mice were injected with the
fusion protein three times, using S ,ug per injection.
The lGl monoclonal antibody reactive against the polya-

denylate-binding protein (PAB1) was prepared by using an
MBP-PAB1 fusion protein containing the entire ORF of
PAB1. The MBP-PAB1 fusion protein was synthesized by
using a vector constructed by cloning the PABI gene (1) in
frame into pMAL-c2. Polyclonal antisera and monoclonal
antibodies were prepared as described above.
The NAB2 gene was isolated from a Xgtll genomic ex-

pression library as previously described (1, 60), using a 1:300
dilution of the polyclonal antisera elicited against the cross-
linked RNPs described above. NAB2 cDNA clones were
isolated from a XZAP cDNA expression library, which was
prepared according to the instructions of the manufacturer
(Stratagene), using 5 pug of poly(A)+ RNA isolated from
BJ926 cells. The cDNA library was screened by using a
PstI-ScaI fragment (859 nucleotides [nt]; see Fig. 3) encom-
passing -58% of NAB2.

Cell labeling, subcellular fractionation, and immunopurifi-
cation. BJ926 yeast cells were labeled with TRAN35S (ICN)
for 2 h as previously described (1) and disrupted by vortex-
ing with glass beads (29). Highly purified nuclei (7, 8) were

isolated as described previously. Immunopurification of
NAB2 was performed by using labeled yeast extract preclar-
ified by centrifugation at maximum speed (14,300 x g) in a
microcentrifuge. Briefly, 3 pt1 of anti-NAB2 fusion protein
antiserum (prepared by using pNAB2exl; Table 1) was
bound to protein A-Sepharose (Pharmacia) in PBS contain-
ing 1 mM EDTA, 1% Triton X-100, 0.5% deoxycholic acid,
0.1% SDS, 0.5% aprotinin, and 0.02% sodium azide for 60
min at 4°C. The antibody-coupled Sepharose beads were
then incubated with labeled cell extract for 15 min at 4°C,
and bound proteins were purified by being washed five times
with the buffer described above and then briefly centrifuged.

Gel electrophoresis and immunoblotting. Proteins were
resolved by SDS-polyacrylamide gel electrophoresis
(PAGE), using 12.5% (final acrylamide concentration) sepa-
ration gels (22). Coomassie blue-stained gels were impreg-
nated with 2,5-diphenyloxazole for visualization of 35S-
labeled proteins. Following electrophoresis, proteins were
transferred to nitrocellulose by using a semidry electroblot-
ter (Hoefer) for 1 h at 100 mA. For immunoblotting, all
antibody preparations were diluted in 5% milk-PBS (anti-
cross-linked RNP antiserum, 1:1,000; anti-NAB2 antiserum,
1:1,000; D77 monoclonal antibody to NOP1, 1:500; lGl
monoclonal antibody to PAB1, 1:1,000; goat anti-mouse
horseradish peroxidase-conjugated secondary antibody,
1:5,000), and reactive antigens were visualized by enhanced
chemoluminescence (Amersham), using film exposures of 5
to 30 s.
DNA and RNA blot analysis. High-molecular-weight yeast

genomic DNAs were isolated and fractionated in a 0.8%
agarose gel, and Southern blot transfer and hybridization
were performed as described previously (14, 51). Polyade-
nylated RNAs were prepared from BJ926, fractionated on a
1.4% formaldehyde-agarose gel, and transferred to nitrocel-
lulose. Hybridization was performed under high-stringency
conditions as described previously (1, 14).

In vitro transcription/translation and RNA/ssDNA binding
studies. In vitro transcriptions/translations of pSP72-based
expression plasmids were performed by using T7 RNA
polymerase and rabbit reticulocyte lysates as instructed by
the manufacturer (Promega). DNA sequence analysis of the
expression plasmids confirmed the correct sequences be-
tween NAB2 and pMAL-c2. In vitro binding reactions of
full-length protein and various subdomains of the NAB2
protein to both RNA homopolymers and single-stranded
DNAs (ssDNAs) were performed essentially as described
previously (62) except that 2 ,ul of each in vitro translation
mixture was used per binding reaction and the heparin wash
was omitted.

Cellular immunofluorescence. Immunofluorescence of
yeast cells was performed by using a modification of previ-
ously published procedures (8, 20). BJ926 cells were grown
to an OD6o0 of 0.1 to 0.2 in YPD, and 10% formaldehyde
(freshly prepared from paraformaldehyde in water) was
directly added to a final concentration of 4%. Following
incubation at room temperature for 2 h with gentle agitation
on a Vari-Mix (Thermolyne), fixed cells were pelleted at
1,500 x g (Jouan) for 5 min, washed twice with 25 ml of 100
mM KH2PO4 (pH 7.5) and once with 25 ml of 100 mM
KH2PO4 (pH 7.5)-1.2 M sorbitol, and finally resuspended in
1 ml of the latter buffer including 40 p,l of yeast lytic enzyme
(10 mg/ml; 100,000 U/g; ICN). Cell wall digestion was
carefully monitored by phase-contrast microscopy (magnifi-
cation of 400x) and required 10 to 30 min for >90%
spheroplast formation. Spheroplasts were centrifuged at
2,940 x g (6,000 rpm) in an Eppendorf Microfuge, washed
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once with 1 ml of 100 mM KH2PO4-1 M sorbitol, and
resuspended in 500 ptl of the same buffer; 10 ,ul per well was
allowed to attach to polylysine-coated 10-well HTC Blue
slides (Cell-Line Associates) for 15 min at 4°C. Slides were
washed with ice-cold PBS and sequentially incubated at
-20°C in 100% methanol for 5 min and 100% acetone for 30
s, washed three times with PBS, incubated with 0.1% Triton
X-100-PBS, washed three times in PBS, and finally stored at
4°C in PBS-0.05% sodium azide. Slides were generally used
immediately but could be stored for at least 1 week without
significant loss of cellular morphology. Polyclonal antisera
(1:1,000), lGl (1:5,000), A66 (1:1,000), and fluorescein-
isothiocyanate-conjugated goat anti-mouse secondary anti-
bodies (1:2,000; Cappel) were diluted as indicated in 3%
bovine serum albumin (BSA)-PBS. Cells in each slide well
were sequentially incubated with 10 ,ul of 3% BSA-PBS
(preblock) for 30 min, primary antibody for 60 min, and
secondary antibodies for 30 min at room temperature. Sec-
ondary antibodies were pretreated with heat-killed BJ926
cells for 60 min at 4°C and were cleared by centrifugation at
14,300 x g for 5 min in a Microfuge prior to use. Slides were
washed three times with PBS, treated with 0.5 ,ug of 4',6-
diamidino-2-phenylindole (Sigma) per ml, washed three
more times with PBS, and mounted. A Nikon Optiphot-2
microscope equipped with an x 100 fluorescence/differential
interference contrast objective was used for all cellular
immunofluorescence studies.
DNA sequencing and analysis. DNA sequences were deter-

mined for both strands (57) by using restriction fragments
cloned into either M13mpl8 and M13mpl9 (44), Bluescript
SK- (Stratagene) (for the cDNA clones), or pSP72 and
SP6FT7 sequencing primers. The University of Wisconsin
Genetics Computer Group programs were used to analyze all
sequence information. Data base searches were performed
by using the BLAST network service at the National Center
for Biotechnology Information (3).

Nucleotide sequence accession numbers. The nucleotide
sequences of both NAB2 genes have been listed in the
EMBL, GenBank, and DDBJ nucleotide sequence data
bases under accession numbers L08079 (encoding the
NAB2* protein) and L10288 (encoding the NAB2 protein).

RESULTS

Isolation and characterization of yeast NAB proteins. A
previous study described several proteins which are readily
cross-linked by UV light to polyadenylated RNA within
yeast cells (1). One of these proteins is the polyadenylate
tail-binding protein PAB1, which has been extensively char-
acterized by both biochemical (1, 13, 54) and genetic (55)
techniques. We have also recently isolated the other major
protein cross-linked by UV light to polyadenylated RNA in
vivo, PUB1 (6). Both PAB1 and PUB1 are predominantly,
but not exclusively, associated with cytoplasmic mRNA (1,
6). While PABI is an essential gene in yeast cells, YJA504
bearing a homozygous deletion of PUB1 grows normally (1,
6, 54). Cytoplasmic mRNA accounts for >90% of the
polyadenylated RNA in yeast cells (28), and thus it is not
surprising that mice injected with cross-linked poly(A)+
RNA-RNP complexes produce antibodies which primarily
recognize PAB1 and PUB1 (1, 6). To avoid eliciting antibod-
ies to PUBI, YJA504 was selected for the preparation of
cross-linked poly(A)+ RNA-RNP complexes. These com-
plexes were then injected into mice for the preparation of
polyclonal antibodies.

Total yeast cell protein was immunoblotted with the

A.

0RNPs-I

200-

97-

68-S

B.

-NAB27 -NOPI-

u c

U-a

43 -

29-

18-

FIG. 1. Yeast cell proteins cross-linked by UV light to polyade-
nylated RNA in vivo. (A) Immunoblot of total cell extract from
BJ926 (lane total) probed with polyclonal antibodies elicited against
purified poly(A)+ RNA-RNP cross-linked complexes. Sizes are
indicated in kilodaltons. (B) Immunoblot analysis of either total
BJ926 extract (lanes total) or purified poly(A)+ RNA-RNP cross-
linked complexes (lanes crosslinked) probed with polyclonal anti-
sera raised against the purified MBP-NAB2 fusion protein (panel
NAB2) or a monoclonal antibody against the yeast pre-rRNA-
binding protein fibrillarin (panel NOP1).

antiserum from one of the mice injected with cross-linked
poly(A)+ RNA-RNP complexes (Fig. 1A); the antiserum
from the other mouse yielded nearly identical results. Sev-
eral polypeptides ranging from 45 to 120 kDa were recog-
nized by the antiserum. One of the proteins migrating at -72
kDa was identified as PAB1 by using a monoclonal antibody,
lGl (see Materials and Methods). Surprisingly, when the
distribution of these cross-linked antigens within the cell was
examined by using this mouse antiserum, a predominant
nuclear fluorescence was obtained (Fig. 2C).
As described below, the mouse antiserum was used to

screen a yeast Agtll genomic expression library to isolate
and identify the other cross-linked proteins. Once individual
genes had been identified by DNA sequencing and RNA blot
analysis, they were subcloned into an MBP-expression vec-
tor. Fusion proteins produced in E. coli were used to elicit
polyclonal antibodies. Two criteria were used to identify
nuclear polyadenylated RNA-binding proteins. First, anti-
bodies to individual proteins had to recognize an antigen
which was efficiently cross-linked to poly(A)+ RNA. Sec-
ond, these antibodies had to localize their respective anti-
gens to the nucleus by cellular immunofluorescence. Anti-
bodies to one of these antigens, which was termed NAB2,
recognized a protein of -72 kDa which was efficiently
cross-linked to poly(A)+ RNA, whereas a nucleolar pre-
rRNA-binding protein, NOP1, was not (Fig. 1B). Cross-
linking of NAB2 to poly(A)+ RNA resulted in a slight
increase in its apparent size as a result of cross-linked
ribonucleotides (Fig. 1B; compare total versus cross-linked).
This antiserum- also recognized a minor polypeptide which
migrated just above the major NAB2 protein (Fig. 1B, panel
NAB2, lane total). As shown below, NAB2 often migrated
as a doublet even when the protein was produced by in vitro
transcription/translation of the cloned NAB2 gene. NAB2
was localized to the nucleus, and anti-NAB2 antibodies gave
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FIG. 2. Localization of the NAB2 protein to the nucleus. Indirect immunofluorescence was used to study the subcellular distribution of
either cross-linked poly(A)+ RNA-RNP complexes (A to C), the NAB2 protein (D to F), or the PAB1 protein (G to I) in BJ926 cells. Cells
were visualized by differential interference contrast microscopy (DIC), DNA distribution was visualized by 4',6-diamidino-2-phenylindole
(DAPI) staining, and the various antigens were localized by using a fluorescein isothiocyanate (FITC)-conjugated secondary antibody. The
immunofluorescence patterns seen with BJ926 are indistinguishable from those obtained with the PUBl-deleted strain YJA504 (6).

a strong overall nuclear staining pattern very similar to the
diffuse nucleoplasmic staining seen in human cells with use
of anti-hnRNP antibodies (15, 21) (Fig. 2D to F). This result
is in contrast to the immunofluorescence patterns seen for
various nucleolar antigens, including NOP1 (8) and NSR1
(39), which are predominantly subnuclear and crescent
shaped, as well as PAB1 (Fig. 2G to I), since the lGl
monoclonal antibody gives an intense cytoplasmic, and a
significantly weaker nuclear, immunofluorescence signal.
Biochemical fractionation and immunoblot studies of highly
purified nuclei (7, 8) also confirmed that the majority of
NAB2 is detectable in the nucleoplasm fraction.
NAB2 resides within a cluster of three RNP genes on

chromosome VII. As described above, the NAB2 gene was
isolated from a Xgtll genomic expression library by using
the antiserum from a mouse injected with cross-linked
poly(A)+ RNA-RNP complexes. Full-length genomic
clones, identified by hybridization, were subsequently iso-
lated. Figure 3 depicts a 4.7-kb genomic clone which con-
tains the complete NAB2 gene. This particular genomic
clone was isolated separately as an expression clone of
CAB1, which encodes another RNP that was cross-linked to

0 ~

II I

W CAB]

polyadenylated RNA in vivo (19). The NAB2 gene is situated
on chromosome VII and resides -1 kb from CABI and -0.6
kb from SUP44, which encodes the S4 protein of the 40S
ribosomal subunit (2). Several other, smaller ORFs, which
begin with methionine codons situated within an appropriate
initiation sequence context, exist on this genomic fragment.
However, the deduced amino acid sequences of these ORFs
do not possess any homology to known proteins or structural
motifs, and we presently do not have any evidence that they
are transcribed. Genomic blot analysis indicated the NAB2
gene is present in single copy in the yeast genome (Fig. 4A).
A major poly(A)+ RNA of 1.65 kb was detected by RNA

blot analysis using a NAB2 hybridization probe (Fig. 4B).
Although longer exposures revealed two low-abundance, or
weakly hybridizing, RNAs of 1.9 and 2.5 kb, no consensus
signals for splicing (27, 30, 53), such as the TACTAAC
branchpoint sequence, exist within 1 kb of the NAB2 gene. It
is therefore highly unlikely that the NAB2 gene is spliced (30,
53). The infrequent use of alternative polyadenylation sites,
or cross-hybridizing RNAs produced from related genes,
could account for the observed larger poly(A)+ RNAs.
We have also isolated two anti-NAB2 monoclonal anti-

OM Z AI I I I I

ISUP44 4C1t NAB2

FIG. 3. Localization of the NAB2 gene on chromosome VII between two other RNP genes. Shown is a restriction map of a 4.7-kb genomic
fragment (pRNP327) which contains NAB2, CAB1, and SUP44 (ribosomal small-subunit S4 gene). The boxes representing the three genes are

drawn to scale, and the arrows indicate the direction of transcription. Stippled arrows indicate that only part of the ORF is encoded on this
genomic fragment.
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FIG. 4. Genomic DNA and RNA blot analyses of NAB2. (A)
Genomic DNA (BJ926) was isolated, digested with the indicated
restriction enzymes, and probed with a 1,470-bp PstI-NsiI restric-
tion fragment from pRNP327 (see Fig. 3). Sizes are indicated in
kilobases. (B) Polyadenylated RNA was isolated, fractionated on a

1.4% formaldehyde-agarose gel, and probed with a 780-bp PstI-BalI
restriction fragment from pRNP327.

bodies, 1F2 and 3F2, which were prepared by using the
MBP-NAB2 fusion protein described above. In agreement
with the results obtained with polyclonal antisera, these
monoclonal antibodies localize NAB2 to the nucleus and
demonstrate that this protein is strongly cross-linked to
polyadenylated RNA in vivo.
NAB2 is structurally related to other known RNA-binding

proteins. The amino acid sequence deduced from the NAB2
gene (Fig. 5A) revealed a basic protein (pl = 8.01) of 497
amino acids with a calculated molecular weight of 54,950.
The apparent molecular size of NAB2 by SDS-PAGE was 71
to 72 kDa when the protein was synthesized in vivo (Fig.
1B). Since a variety of human hnRNPs, including the C1/C2
(13), K/J (42), L (48), and U (37) proteins, display anomalous
electrophoretic migration, aberrant SDS-PAGE mobility
could have accounted for all of the difference between the
calculated and apparent sizes for the NAB2 protein. How-
ever, as described below, the NAB2 gene sequence varies
between yeast strains, and this variation is primarily respon-

sible for the observed differences in molecular weights.
As illustrated in Fig. 5A and 6A, the NAB2 protein

consists of at least three interesting protein structural motifs.
The first is a 44-amino-acid glutamine-rich region (101 to 144)
related to glutamine-rich regions found in a wide array of
eukaryotic transcriptional factors as well as many RNA-
binding proteins, including PAN1 (56), a PABl-dependent
nuclease of S. cerevisiae, the Drosophila elav protein in-
volved in neurogenesis (50), and the human hnRNP U
protein (37). The second NAB2 motif is an arginine/glycine-
rich region of 20 amino acids (181 to 200) that is related to the
RGG box, which is conserved among a number of RNA-
binding proteins and has been shown to be an RNA-binding
motif (37). Figure 6B compares the RGG boxes of the known
yeast proteins which possess this motif. Unlike NAB2, they
are all thought to be localized to the nucleolus and involved
in pre-rRNA processing. In this respect, it is interesting to
note that the sequence of NAB2 varies somewhat from the

A.
...ATCTAMTATAGTGTTTCTMAATTATCTCTTCATAAGGAAGTGGAAGTACATCAGAA -1

ATG TCT CAA GA CAG TAC ACA GAA AAC TTG AAG TT A6C GCC GAA AAM CTG CT CGT 60

HIT SIR CLN GIU GLN TYR THR GLU ASN LWU LYS VAL ILE VAL ALA GLU LYS LEU ALA GLY
10 20

ATA CQ AMC TTT AMC GAA AT ATC AAG TAT GCT GCG 0G6 TAT ATT GC 97A TTG ATC GTT 120

ILl PRO ASN PHE ASN GCL ASP ILE LYS TYR VAL ALA GLU TYR ILE VAL LWI LWI ILE VAL
30 40

AAC GOT GGT ACT GTT GAA TCT GTC GTA CAC 0G6 CTG GCT AGT TTG TTT CAT AGT CT TCG 180
ASN GLY GLY THR VAL GLU SIR VAL VAL ASP GLU LWI ALA SER LEU PlHB ASP SIR VAL SER

50 60
A60 CAT ACG CTT WCA MAT GTT CMA ACA 0CC TTT TC GCA TTA G06 GCT CTG CM CAG 240

ARG ASP THR LWU ALA ASN VAL VAL GLN THR ALA PHI PHE ALA LIU GLU ALA LIU GLN GLN
70 80

G0 GAA ACT GCT GM AAT GT TCC AM ATTA6 A ATG ATG MT GCG CM AGC 270 GGA 300

GLY GLU SER ALA GLU ASN ILE VAL SER LYS ILE ARG MET IET ASN ALA GLN SSR LWU GLY
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CAA TCG AT ATC 6CA CAA 0G CAA CMA 0G CAA CAA CAA CAA CAG CAA CCA CAC ATC GCG 360

GLN SER ASP ILE ALA GLN GLN GLN GLN GLN GLN G0N GLN GLN GIN GL PRO ASP ILE ALA
110 120

CAA CACAA CCT CAA CACAA CCT CAA F;CAA CCA CTT CAG CCA CAA CTA G00 ACC CAG 420

GLN GLN GLN PRO GLN GLN GLN PRO GLNI CGLN PRO LBU GLN PRO GLN LII GLY THR GLN
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AAT GCA ATG CAT OCT CCT OCA ACT CCA TIC CCC ATA 'WA 0CC T1r TIC GOC 480

6ASN ALA MET GLNI THR ASP ALA PRO ALA THR PRO SIR PRO ILE SER ALA PH1 SER GLY VAL

150 160
GTT AAC GCT OCA OCT CCC CCT CAG TTT GCG CCT GTA CAT AAC AGC CMA AGG T2C ACT CAA 540

VAL ASN ALA ALA ALA PRO PRO GLN PHE ALA PRO VAL ASP ASN SER GLN ARG PHE THR GLN
170

~C OT 0CC CG MT C OT COT COT COC OCT MAC C OT 600

ARG GLY GLY GLY ALA VAL GLY LYS ASN ARG ARG GLY GLY ARG GLY GLY ASN ARG GLY GLY
l9O ~~~~~~~~~200

CGC AAC AAT AAT TCC A60 CGT T1T AAT CCG TTA GCA AAA GCA CTT 0GA ATG GCG GGT 0G6 660

ARG ASN ASN ASN SER THR ARG PHE ASN PRO LII ALA LYS ALA LEU GLY MET ALA GLY GLU
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IAGT AAT ATA TTC ACT CCA ACC AAG AAA G0G GGG CGT TGC A60 TTG TTT CCT CAC TG1 720
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LMII0 PRO THR LYS VAL
250 261

297CC GMCOCT CCC ACT TOT 276A CAT CC6 MAT GM CAT GAM 'I70 6A

T21R CYI KU HIS PRO CLU ASP CLU GLU L 811r
270 280

MCG GA GAA ACT COT G GA r19CMA MAA MAA OCT CAT 276A GCC

LYI 011U 81ST GLU A10 A80 CLU CLI PHI CLI LII ARC LYI ALA ASP LII LII ALA ALA

290 301

AAA AGO MAA CCC arA CMA ACT COT 6A CTG 202T MAA TTT OCT TIC
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310 321

006TC 76 CCA T097 GOT CAT CCA MAT G MA CAT MAA CAT 02A
PR SR II PSN PHI THR PROIRA61S Y GU ASP ALA LII VAL ILE ASP L10

330 341

6TG 2T0 20GT 0GAC MCA MT CCA6AT CA TAATCCT GCC CAC TIT 27A1
MET TIP AGSP LYS KUL AT HROS1SELYS SIR 5SE

350 360
TTGC 2C AAG 2C0 MC GGA OTA MAA CCA 66TA CA0 MC AMAA OCT 00A OCT CCCG
LII SIR LYS ILELYSGLI VAL LIYS PO ILE SIR CLI LII LIS ALA ALA PRO PRO PRO GAL

370 381

GAAG 6AA6 TIC GGA 0AC TGT MAAG 7 GOT MT MAA TAGTT MAA
LYGLU SIER LU GL YSLU GLU GLN 8YS A 1G LYS MM.
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390 400
AQ CAT GCT CGT TCT CAT ATT ATG TGC CGT GMA GGA G00 AC TGT ACT A60 ATT GAT m 1260
&&_ ALA ARG SER HIS ILE MST CII ARC CLI OLY ALA AN CII 0 680 ILl ASP CYS

410 420
TTA TTr GGC CAT CCA A6T AAT GAA GAT TGTT606 GT GTC AAT 20T AAG AAT ATT TAC 1320
LELMZGEX-.OLSL PRO ILE ASN GLU ASP CyS ARG. PHF M.V VAT.ARN C .YS Al .ILE TYR

AMii
TGT CTA TTC AGA TC CT CCA GGC AGA GTA CTT CCM G06 AAG AAA GOC OCT OCA CCC AAT 1380

PRO PRO GLY ARC VAL LEU PRO GWL LYS LYS GLY ALA ALA PRO ASN
450 460

TCA AAC GTT CCT ACC AMT GAA AGG CCA TT OCA TC CCA GAA AAC GCA ATA ATT 0A AAT 1440
SER ASK VAL PRO THR ASN GLU ARG PRO PHE ALA LEU PRO GLU ASN ALA ILE ILE GLU ASN

470 480
GCT CCT CCG CAA ACC A6T TTT ACG CAC CAA CA CAA CT ACG GM ATG AAC TCA 1494
ALA PRO PRO GLN THR SIR PHE THR HIS GLN GLU GLN ASP THR GLU HET ASN

490
TTACTATTAAMTCACGGACOACMTT9AC2VTAICT0TCACCCTITTTGA2CCGAACACCTATrCAMAACT7rTCAACATGAC
ACATUATA20TOT197CCG2I7ATGTATTAATTCMAAGCAACATATTTAGA1
CIT1OTAMCAOT197C20ATCATMOOOCAC_OTCATOTAAATMACATATCAGCATTAA7ATTTOCATAAGATICTOCCT
ACTI ACTTTTTTATCCGCTGTAC

TT7ACTTrATATTTATATGCI9ACTCTGACGGAAGOCACA20AT

B.

AG CAA CCT CAA CACAA CCT CAA CAG OACCT CAA CAG CAA CCT CAA CAG CAA CCT CMA
GLN PRO GLN GLN GLN PRO GLN GLN GLN PRO GLN GLN GLN PRO GLN GLN GLN PRO GLN

CAG CMA CCT CAA CACAA CCT CAA C
GLN GLN PRO GLI GLI GIL PRO GLN

FIG. 5. Nucleotide and deduced amino acid sequences ofNAB2.
(A) Genomic DNA sequence from pNAB327, including nt -59 to
1961 (NsiI site; see Fig. 3). Protein structural features are high-
lighted by open boxes, and the C3H motif repeats are underlined.
The shaded box indicates the leucine residue which is interrupted by
the 84-nt insert after the first nucleotide of the codon (C I TT). (B)
Sequence of the 84-nt insert in BJ926 cDNA and genomic clones.

consensus, with the second RGG replaced with KNR and
variations in the spacing between the RGG tripeptides. Also
shown are the RGG boxes of the human hnRNP Al and U
proteins.

Finally, nearly half of the NAB2 primary structure is
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FIG. 7. Immunopurification of NAB2 produced in vivo and in
vitro. Yeast cells (BJ926) were labeled in the presence of TRAN35S
(A), and either total protein (lanes total) or proteins immunopurified
by using the MBP-NAB2 antiserum (lanes NAB2 IP) or preimmune
antiserum (lanes control IP) were fractionated by SDS-PAGE. The
in vitro-synthesized protein (B) is indicated by NAB2*. NAB2
migrates as a doublet either when isolated from yeast cells or when
produced in vitro.
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FIG. 6. Relationship of protein structural motifs in NAB2 with
other RNA/ssDNA-binding proteins. (A) Illustration of distinctive
structural motifs in NAB2, including the glutamine-rich (Q), RGG
box (RGG), and C3H repeat (CCCH) regions. (B) Relatedness of
RGG boxes in various rRNA- and pre-mRNA-binding proteins. The
RGG box of NAB2 (stippled) is aligned with those of the yeast
nucleolar DBP2 (33), GAR1 (26), NOP1 (31), NSR1 (39), and SSB1
(34) proteins, as well as the human hnRNP complex Al and U
proteins (37). (C) The seven C3H repeats in NAB2 (CCCH motif)
aligned with the C3H motifs present in RNA polymerases I, II, and
III (Poll, PollI, and PolIll) from S. cerevisiae (65). Also shown are

the HIV NC protein (11), which contains zinc knuckle RNA/
ssDNA-binding motifs (CCHC motif), and the seven repeats in the
sterol-mediated transcriptional repressor protein CNBP (49). Amino
acid numbers for the HIV NC protein refer to the Gag polyprotein.

composed of a novel type of repeat motif related to the
CCCH putative zinc-binding domain within the largest sub-
unit of RNA polymerases I, II, and III (65) (Fig. 6C). In
NAB2, seven repeats comprise a CCCH (C3H) motif with a

consensus CX5CX4 6CX3H, whereas in the three RNA poly-
merases a single C3H motif exists in each large subunit, with
a consensus CX2CX6-12CX2H (65). This putative zinc-bind-

ing domain in RNA polymerases has been suggested to be
responsible for the RNA and ssDNA-binding properties of
these enzyme subunits as well as provide an interaction site
for the zinc-binding domain of the second-largest subunit of
eukaryotic RNA polymerases (65, 66). The C3H motif is also
related to the zinc knuckle family of RNA/ssDNA-binding
proteins exemplified by two CCHC repeats found in the
human immunodeficiency virus (HIV) nucleocapsid (NC)
protein (Fig. 6C). Moreover, a sequence-specific ssDNA-
binding protein, or cellular nucleic acid-binding protein
(CNBP), is highly related to HIV NC and possesses seven
CCHC motifs (49).

Sequence divergence ofNAB2 between yeast strains results
in variations in the size of the glutamine-rich region. To
determine whether the NAB2 gene depicted in Fig. 5A
encoded the mature NAB2 protein produced in the yeast
cell, polymerase chain reaction (PCR) primers immediately
upstream of the initiation codon and downstream of the
termination codon were used to produce an in vitro tran-
scription subclone of NAB2, pNAB2-3B6. NAB2 synthe-
sized in vitro migrated as a doublet of 64 to 65 kDa (Fig. 7,
NAB2*), while the protein isolated from TRAN35S-labeled
BJ926 yeast cells ran as a 71- to 72-kDa doublet (Fig. 7,
NAB2). A larger genomic fragment from pRNP327, extend-
ing from -273 to +1961 (StyI-NsiI; Fig. 3 and 5A) and
cloned into pSP72, also produced proteins of 64 to 65 kDa by
in vitro transcription/translation (6). Therefore, the different
migration of the in vitro-synthesized polypeptide is not due
to a sequence artifact induced by PCR or to a lack of
sequence information upstream of the initiation codon or
downstream of the termination codon.
To resolve the discrepancy between the protein synthe-

sized in BJ926 cells and the protein synthesized in vitro from

A.

CCCH Motif
NAB2 234

255
312
343
387
409
430

Pol I 62

P01II 67

PolIII 67

CCHC Motif
HIV NC 392

413

human 6
CNBP 54

74
98

119
137
158

RLFPH
NEYPN
KFGAL
DKNLT
KFGTH
REGAN
RFGVN

ST

QT
AT

FN
WK

FK
YR
YN
YN
YS
YR
YR

PLGRS
PKPPGT
SNPS
DNPE
TNKR
TRID
KNIY

GLDEKF

QEGMNE

HGNLAS

GKEG
GKEG

GROG
GESG
GRGG
GKPG
GEFG
GETG
GESG

Co



YEAST NUCLEAR RIBONUCLEOPROTEINS 2737

the pNAB327 genomic clone, we constructed a XZAP BJ926
cDNA library and isolated 20 NAB2 cDNA clones. The 5'
end of the longest cDNA began 20 nt upstream of the
initiation codon of the original Agtll genomic clone, and the
3' ends of all of the NAB2 cDNAs were positioned within an

A28 tract 144 nt downstream of the termination codon (Fig.
5A). In vitro translation of this cDNA produced NAB2
proteins which comigrated by SDS-PAGE with the in vivo-
synthesized 71- to 72-kDa proteins (6) (see Fig. 10). DNA
sequencing of both the BJ926 cDNA and a BJ926 genomic
clone revealed that the BJ926 NAB2 sequence was identical
to the pNAB327 sequence except for an in-frame insertion of
84 nt after the first nucleotide for a codon encoding a leucine
residue at position 110 (Fig. 5A, shaded). This insert results
in the addition of a 28-amino-acid tetrapeptide repeat
(QQQP) to NAB2 within the glutamine-rich region (Fig. SB).
Therefore, NAB2 from BJ926 is composed of 525 amino
acids and has a calculated molecular weight of 58,321, or

3,371 larger than the protein produced from the gene shown
in Fig. SA. The addition of seven copies of the tetrapeptide
repeat occurs immediately following two identical tetrapep-
tide repeats which possess the same nucleotide sequence.
The most likely mechanism for generating this type of insert
is allelic recombination during DNA replication. Presumably
this recombinational event is relatively recent, since codon
usage within the repeat has not yet diverged.

Both the RGG box and C3H motifs bind RNA and ssDNA in
vitro. To test whether the RGG box and C3H motif regions
were functional RNA-binding domains, we used an in vitro
RNA/ssDNA binding assay. Full-length NAB2 protein, pro-
duced by in vitro transcription/translation, was tested for its
ability to bind to the four RNA homopolymers as well as

ssDNA at various salt concentrations. This binding assay
has been successful at distinguishing the RNA binding
specificities of a variety of hnRNA- and mRNA-binding
proteins and has been used to study how the four individual
domains of PAB1 bind not only to poly(A) but also to
poly(G) and poly(U) (14, 62). For these RNA binding stud-
ies, the BJ926 NAB2 gene (or cDNA), which encodes the 71-
to 72-kD protein, was used.

Preliminary results indicated that NAB2 bound to poly(G),
poly(A), and poly(U) up to 0.5 M NaCl but dissociated at
between 0.5 and 1.0 M NaCl and did not bind at all to
poly(C). NAB2 was also able to bind to ssDNA at 0.1 M
NaCl but dissociated at between 0.1 and 0.5 M NaCl. In this
assay, the binding of various subregions of the NAB2 protein
was studied by using PCR to produce in vitro transcription
constructs which were progressively truncated from the
carboxyl terminus (Fig. 8A) or by cloning subregions in
frame downstream of the MBP of E. coli (Fig. 8B). Figure 8C
is an illustration of the NAB2 constructs used for this study.
Removal of 20 amino acid residues from the carboxyl
terminus of NAB2 (Fig. 8A, NAB2.2) decreases the appar-
ent molecular size of the protein by -5 kDa, as determined
by SDS-PAGE. This truncation has little effect on RNA/
ssDNA binding, although binding to poly(U) at 0.5 M NaCl
is diminished. When most of the C3H motif region is re-
moved (Fig. 8C, NAB2.3), the binding to poly(A) is elimi-
nated. In addition, binding at 0.5 M NaCl is either eliminated
for poly(U) or reduced for poly(G), and binding to ssDNA is
also severely reduced. The region of NAB2 amino terminal
to the RGG box (Fig. 8C, NAB2.0) does not bind to either
RNA or ssDNA in this assay.
As another approach to study which domains of NAB2

were able to bind RNA and ssDNA in vitro, we tested the
ability of various regions of NAB2 to convert a non-RNA-

A.

NA\B2.8 _

NAB2.2

.il
-G

rtl r l
A -r5D'rpolY polpoov%F!hYJzFlsDN;A-I

-7-

_ " _ -m _ -7 kDL)

___-- - ~~~~~-6.ikD

NAB2 -_ -e -49k[)

\AB2.0

B.

Lo
_

NIAL-c2 _

NAB2.4 _

A

N '.>

21) kD

ly G-rOnoklv-rpok- t.lrslNA.°sW r _
7

V,.'F e

-41 kl)

-m -54 kD

- -

VW- - a

-0 }ID

-S

C.

NAB2-8

N'A 2 .2

N'AB2.

N .AB2.0
NAB2.O

MAL-c2

NA.B2.4

NAB2.5

I

1- = 1

R(G

R(;(:1
C Ii

_~~~~~~~~I. (.'...(.'ls

N.AB.6

FIG. 8. Binding of RNA and ssDNA by the RGG box and C3H
repeat motifs. Labeled proteins, produced by in vitro transcription
of various plasmids and translation of the resulting RNA in the
presence of [35S]methionine, were tested for the ability to bind to the
RNA homopolymers poly(G), poly(A), and poly(U) as well as
ssDNA. (A) Either intact NAB2 protein (NAB2.8 from BJ926) or

various deletions from the carboxyl terminus. (B) Assay in which
the RGG box and the C3H repeat motifs of the NAB2 protein from
BJ926 were tested for the ability to convert the MBP (MAL-c2) into
an RNA/ssDNA-binding protein. (C) Schematic representation of
the various plasmids used for in vitro transcription.

binding protein, the MBP, into an RNA-binding protein. We
constructed an in vitro transcription/translation vector
which allowed production of the MBP either alone or as an
MBP-NAB2 fusion protein. These vectors were generated
by positioning the MBP-coding region, with or without
NAB2 subregions, downstream of a consensus eukaryotic
translational initiation sequence (AAAATGA; see pMAL-
c2ex in Table 1). Figure 8B demonstrates that although the
MBP (392 amino acids) cannot bind to RNA or ssDNA,
addition of the RGG box (93 amino acids) allows the fusion
protein to bind to poly(G) and poly(U) and slightly to ssDNA
(Fig. 8B, NAB2.4). It is also important to note that the
truncation construct NAB2.3 and NAB2.4 gave similar
results. In agreement with the results obtained with NAB2.3,
addition of the C3H motif results in binding to poly(A),
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FIG. 9. Evidence that NAB2 is an essential gene for growth. (A)
Illustration of the one-step transplacement used to disrupt the NAB2
gene with LEU2. (B) Genomic DNA isolated from either the
disrupted strain YJA511 or YJA501, digested with PvuII, and
probed with a 0.6-kb EcoRV-HindIII fragment (cross-hatched bar in
panel A). The 7.0-kb hybridizing PvuII fragment contains the
wild-type NAB2 gene, while the 8.0-kb fragment is NAB2::LEU2.
(C) Assay in which eight tetrads from YJA511 were dissected on a

YPD plate and incubated at 30°C for 3 days. The segregation pattern
remained 2:0 after 10 days of growth. Plates were also replicated to
SC-Leu, and all growing haploids were Leu-.

although this association is not stable in 0.5 M NaCl (Fig.
8B, NAB2.5). Finally, addition of both the RGG box and
C3H motif region to the MBP yields a fusion protein whose
binding to RNA and ssDNA is similar to that of full-length
NAB2, although binding to poly(A) and poly(U) at 0.5 M
NaCl is not stable (Fig. 8A, NAB2.8, versus Fig. 8B,
NAB2.6).
These studies indicate that the RGG box and C3H motif

region are responsible for the binding of NAB2 to both RNA
homopolymers and ssDNA in vitro. Furthermore, in vitro
binding of NAB2 to poly(A) appears to depend on the C3H
motif region.
NAB2 is essential for cell viability. To test whether expres-

sion of the NAB2 protein is essential for cell growth, a null
allele was created by replacing 80% of the NAB2 gene with
LEU2 (Fig. 9A). This construct was used to transplace the
wild-type NAB2 gene by transformation of the diploid
YJA501 and selection of leucine prototrophs. Genomic DNA
blot analysis of one of these Leu+ diploids, YJA511, con-

firmed that one copy of the NAB2 gene had been disrupted
(Fig. 9B). YJA511 was sporulated, and 27 of 30 tetrads
yielded two viable and two nonviable spores (Fig. 9C). All
viable spores were leucine auxotrophs. Furthermore, this
growth defect could be complemented by transformation of
YJA511 with a CEN plasmid, pNAB2.15, harboring the
NAB2 gene (from pRNP327) and flanking sequences (-496
to + 1956) and the selectable marker URA3. In 8 of 15 tetrads
analyzed, 4 viable spores were recovered, and 16 of the 32
spores were able to grow on media lacking leucine and uracil

FIG. 10. Evidence that the QQQP tetrapeptide repeat insert is
not essential for growth. Shown is an immunoblot of total cell
protein from YJA501, containing the NAB2 protein with the 28-
amino-acid tetrapeptide repeat, and YJA512-1A, which carries the
complementing PvuI-NsiI fragment from pNAB327 on a plasmid
encoding the NAB2* protein. Sizes are indicated in kilodaltons.

but were unable to grow in the presence of 5-fluoro-orotic
acid, which selectively kills cells expressing URA3. From
these results, we conclude that NAB2 is essential for cell
viability.

Preliminary work demonstrated that YJA501 produced the
NAB2 protein which includes the tetrapeptide repeat within
the glutamine-rich region. Since the null allele in YJA511
was complemented with the NAB2 gene encoding the
NAB2* protein (Fig. 5A), the 64- to 65-kDa NAB2* protein
should have been produced in the Ura+/Leu+ haploids from
the YJA512 transformation. Comparison of the apparent
molecular weights of the NAB2 proteins produced in
YJA501 with those of the proteins produced in YJA512-4A,
a haploid containing pNAB2.15, demonstrated that the
NAB2* protein is indeed synthesized in YJA512 (Fig. 10)
and that the tetrapeptide repeat insert is not essential for cell
growth.

DISCUSSION

One of the distinguishing features of higher eukaryotic
hnRNP complex proteins is that many of them are specifi-
cally cross-linked by UV light to nuclear polyadenylated
RNAs in vivo. Using the cross-linking technique, we have
identified a set of yeast proteins ranging in size from 45 to
120 kDa which are directly associated with polyadenylated
RNA in vivo. We have isolated and characterized one of
these proteins, NAB2, a nuclear polyadenylated RNA-bind-
ing protein which appears to be a good candidate for the first
hnRNP complex protein isolated from S. cerevisiae.

Relationship between nuclear polyadenylated RNA-binding
proteins from S. cerevisiae and higher eukaryotes. NAB2
possesses structural features reminiscent of metazoan
hnRNPs. A 26-amino-acid peptide, containing an RGG box,
has been shown to be necessary for RNA-binding activity of
the human hnRNP U proteins in vitro (37). The RNA-
binding motif of the human K/J proteins, which bind in a
salt-resistant manner to poly(C) in vitro, has not been
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experimentally delineated, although the K/J proteins also
possess a highly degenerate RGG box (37, 42).

Several hnRNP complex proteins from a variety of organ-
isms contain more than one type of RNA-binding motif
within the same protein. The human hnRNP Al and Dros-
ophila hrp40.1/2 proteins possess not only two RNP consen-
sus sequence RNA-binding domains (9) but also an RGG
box, and both motifs appear to bind RNA and ssDNA (9,
37). Functional analysis of the RNA-binding regions of the
NAB2 protein reported here indicate that the NAB2 protein
is also composed of more than one type of RNA-binding
motif. Moreover, both the RGG box and C3H motif repeats
of NAB2 bind to RNA homopolymers and ssDNA in vitro,
similar to the human hnRNP Al proteins. However, the C3H
motif repeats are a novel type of RNAIssDNA-binding motif
which appear to be most closely related to the C3H motifs of
the largest subunit of eukaryotic RNA polymerases I, II, and
III. This putative zinc-binding domain was originally sug-
gested to conform to the zinc finger CCHH motif. Yano et al.
(65, 66) have recently suggested, on the basis of the se-
quences of both RNA polymerases I and II from Trypano-
soma brucei in which the second histidine is replaced with an
aromatic amino acid, that C3H is a more reasonable consen-
sus. Since we have demonstrated that the seven C3H motif
repeats of NAB2 constitute an RNA/ssDNA-binding do-
main, it is likely that the single C3H motifs of RNA poly-
merases I, II, and III possess similar binding activities. Of
course, there are examples of proteins that do not bind
nucleic acids which possess zinc finger-like motifs (11).
These metal-binding domains have been suggested to pro-
mote protein-protein interactions, and it is thus possible that
although the C3H motifs bind polynucleotides in vitro, they
may also facilitate protein-protein interactions in vivo.
The C3H motif also appears to be related to the zinc

knuckle repeats present in a variety of RNA/ssDNA-binding
proteins, including retroviral NC proteins (11), the Dros-
ophila copia element (45), and a human protein involved in
sterol-mediated repression of gene expression, CNBP (49).
This latter protein is particularly interesting since it also
contains seven CCHC motif repeats, it does not bind to
double-stranded DNA, and it recognizes only one of the
DNA strands at the binding site. CNBP is believed to be a
transcriptional repressor of sterol-mediated gene expression
and consists almost entirely of the CCHC motif region. Since
NAB2 can bind both RNA and ssDNA in vitro, it is possible
that this protein is involved not only in RNA processing but
also in transcriptional regulation. In this respect, it is inter-
esting to note that transcription termination and 3'-end
maturation appear to be tightly coupled processes in S.
cerevisiae (64).
Pathway of nuclear mRNA biogenesis and possible functions

of NABs. Nuclear mRNA biogenesis in higher eukaryotic
cells is believed to consist of at least two steps. The first step
includes the initiation of transcription by RNA polymerase II
and production of nascent transcripts which appear to be
immediately assembled into an RNP complex (5, 17). This
complex may consist of hnRNAs and pre-mRNAs, direct
hnRNA-binding proteins, and snRNPs as well as other
alternative pre-mRNA-splicing and polyadenylation factors
(5, 12, 59, 64). The step at which polyadenylation occurs,
and whether it follows, precedes, or occurs simultaneously
with splicing, is still disputed (27, 64). However, there is now
considerable evidence that factors required for 3'-end mat-
uration and splicing, such as snRNPs, associate with pre-
mRNAs while they are still being transcribed (5, 12, 48).
Since most S. cerevisiae genes do not possess introns, the

first step in the principal RNA-processing pathway probably
consists of cotranscriptional, or immediately posttranscrip-
tional, 5'-end capping and polyadenylation. It has also been
suggested that in both yeast cells (24) and higher eukaryotic
cells (15), splicing factors may be concentrated in discrete
subnuclear domains, and that pre-mRNAs may have to be
transported to these regions from their site of transcription.
Once the primary transcript is correctly processed to

generate mature mRNA, the second step is believed to be
nucleocytoplasmic transport. Much less is known about how
transport occurs, although it is thought that mRNA is
recognized by the nuclear pore complex, possibly by virtue
of its poly(A) tail, and exported into the cytoplasm by an
ATP-dependent process (40). The entire export pathway
from the site of RNA synthesis to extrusion from the nuclear
pore has been visualized as occurring on tracks and has been
hypothesized to be dependent on a nucleoskeletal network
of fibers (38, 40). Mutations in two yeast genes, RNAI and
PRP20, disrupt nucleocytoplasmic mRNA transport. How-
ever, a variety of nuclear RNA-processing reactions, includ-
ing 3'-end formation and pre-mRNA splicing, as well as
nuclear morphology (25, 32), are also severely affected.
Recently, mutations in two additional genes which inhibit
nucleocytoplasmic trafficking of mRNA have been isolated.
When yeast cells with a temperature-sensitive mutation in
either the MTR1 or RATl gene are grown at the nonpermis-
sive temperature, they accumulate poly(A)+ RNA in the
nucleus, with only minor effects on pre-rRNA processing
and no observable effects on pre-mRNA splicing in the case
of RATl (4, 36). The MTR1 protein is now known to be
identical to PRP20 (35), while RAT1 is related to proteins
which possess 5'-3' exonuclease activity (4). It is important
to note that these trafficking genes have been isolated by
using genetic screens for nuclear poly(A)+ RNA accumula-
tion.
How would the NAB proteins be involved in these various

processes? Since the pathway of mRNA biogenesis is so
multifaceted, it is possible to envision a variety of protein
factors which could be involved. These include such pro-
teins as RNA helicases to eliminate unwanted RNA second-
ary structures, RNA-binding proteins which might protect
the RNA from nucleases or package it in a manner which is
compatible with export via a specific route, and RNAI
ssDNA-binding factors which would not only bind to na-
scent transcripts but also interact with the transcriptional
machinery so that transcriptional initiation and termination
could possibly be comodulated. We therefore anticipate that
NAB proteins will be found to be both functionally and
structurally diverse.
What is the function of NAB2? The essential function of

NAB2 in cell growth argues that this protein must play a
critical role in this pathway, since it is strongly and specifi-
cally associated with nuclear poly(A)+ RNA in vivo. Al-
though this would imply that it is not exported with mRNA
from the nucleus, a recent report demonstrating that the
nuclear-localized human hnRNP Al protein is shuttled into
the cytoplasm along with mRNA would argue that NAB2 is
a candidate for an mRNA transport protein (47). The role
that NAB2 plays in such nuclear RNA-processing events as
pre-mRNA polyadenylation, splicing, and nucleocytoplas-
mic mRNA trafficking will be the subject of future investi-
gation, and such studies should be assisted by the recent
isolation of a NAB2 conditional lethal allele.
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