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To better define the function of Saccharomyces cerevisiae SSB1, an abundant single-stranded nucleic
acid-binding protein, we determined the nucleotide sequence of the SSBI gene and compared it with those of
other proteins of known function. The amino acid sequence contains 293 amino acid residues and has an Mr Of
32,85J. There are several stretches of sequence characteristic of other eucaryotic single-stranded nucleic
acid-binding proteins. At the amino terminus, residues 39 to 54 are highly homologous to a peptide in calf
thymus UP1 and UP2 and a human heterogeneous nuclear ribonucleoprotein. Residues 125 to 162 constitute a
fivefold tandem repeat of the sequence RGGFRG, the composition of which suggests a nucleic acid-binding site.
Near the C terminus, residues 233 to 245 are homologous to several RNA-binding proteins. Of 18 C-terminal
residues, 10 are acidic, a characteristic of the procaryotic single-stranded DNA-binding proteins and eucaryotic
DNA- and RNA-binding proteins. In addition, examination of the subcellular distribution of SSB1 by
immunofluorescence microscopy indicated that SSB1 is a nuclear protein, predominantly located in the
nucleolus. Sequence homologies and the nucleolar localization make it likely that SSB1 functions in RNA
metabolism in vivo, although an additional role in DNA metabolism cannot be excluded.

Eucaryotes contain multiple species of proteins that bind
preferentially but without sequence specificity to single-
stranded DNA (ssDNA). Since the ssDNA-binding proteins
(SSBs; the term SSB has traditionally been used to describe
proteins that bind ssDNA and whose in vivo role involves
binding to DNA, and this definition will be adhered to in this
paper) specifically stimulate certain DNA polymerases, it
was at first thought that they were involved in unwinding
DNA during replication, recombination, and repair, as has
been shown for their procaryotic counterparts (for reviews,
see references 4 and 18). Still, one protein carries out all
these functions in bacteria, and there was no good explana-
tion for the multiplicity of SSBs in eucaryotic systems. It is
now clear that an analogy to the procaryotic prototype was
much too simple a view and that the physical heterogeneity
of eucaryotic SSBs reflects proteins of many diverse physi-
ological functions. In fact, even in their mechanism of DNA
polymerase stimulation, the eucaryotic and procaryotic
SSBs are very different. Procaryotic SSBs stimulate cognate
polymerases by specific protein-protein interactions. In eu-
caryotes, however, the stimulation apparently occurs be-
cause of a unique feature of DNA polymerase a which,
unlike procaryotic DNA polymerases and the other eucary-
otic polymerases, is inhibited by naked ssDNA. DNA poly-
merase a activity is not inhibited, however, if the ssDNA is
coated with an SSB (5).
By comparison of protein and DNA sequence data, the

structural and functional relationships between the various
eucaryotic SSBs that have been described over the years are
just now coming to be understood. Interestingly, the SSBs
described to date may not really be SSBs at all. A few of
these so-called SSBs have turned out to be dehydrogenases
that fortuitously bind to DNA, presumably by virtue of their
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nucleotide-binding sites (5). Furthermore, the importance of
other SSBs in eucaryotic RNA metabolism has become
obvious. Analysis of amino acid sequences of the prototype
eucaryotic SSBs, UP1 and UP2 proteins from calf thymus
(11-13) and HDP1 protein from mouse myeloma (38), shows
that there is extensive sequence homology with heteroge-
neous nuclear ribonucleoproteins (hnRNPs). Strongly ho-
mologous stretches of sequence can be seen between hnRNP
Al and UP1 (19, 26, 28, 38), between hnRNP A2 and HDP1
(19), and between UP2 and yet another, non-A type hnRNP
(21). These hnRNPs are core components of the 40S hnRNP
complex, which contains nascent mRNA and is thought to
be involved in the transport, stabilization, or processing of
mRNA (5). Whether the same protein or related proteins are
involved in such different processes as replication and RNA
processing remains to be demonstrated.
We have shown that Saccharomyces cerevisiae, like other

eucaryotes, contains multiple species of SSBs (15, 16). To
date, we have characterized a 45-kilodalton SSB, designated
SSB1, most extensively. SSB1 was isolated on the basis of
preferential binding to ssDNA versus double-stranded DNA
(dsDNA) and was subsequently shown also to bind to RNA
(16). Although SSB1 seems to bind without sequence spec-
ificity, it is interesting to note that it copurifies through
several affinity steps with the yeast poly(A)-binding protein
(31; A. Sachs and A. Jong, unpublished observations). SSB1
stimulates yeast DNA polymerase I on ssDNA templates,
which the polymerase by itself copies inefficiently (16).
Because of this property, we felt that the protein might be
involved in DNA replication or repair. To investigate this,
we cloned the gene and carried out gene disruption experi-
ments to see if the gene was essential and present in a single
copy. Surprisingly, strains containing the gene disruption
grew normally, even though they were shown to contain no
immunologically cross-reacting proteins. Furthermore, the
gene was not required for sporulation, spore germination, or
recombination. DNA repair was not tested. Because the
abundance of the protein (20,000 copies per cell) suggests
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FIG. 1. Northern blot analysis of SSB1 RNA in cells containing
the gene on the high-copy-number plasmid pSB1-4. Blot hybridiza-
tions were carried out as described in Materials and Methods. A
single band of approximately 1.2 kb was detected in each lane. The
lane containing RNA from pSB1-4 showed a 10-fold overproduction
of wild-type SSB1 mRNA, as determined by scintillation counting of
excised bands.

that it has an important biological role and because of the
newly appreciated role of many eucaryotic SSBs in RNA
metabolism, we sought additional approaches to help eluci-
date the role of SSB1. The two lines of evidence presented in
this paper suggest a role in nuclear RNA metabolism but do
not rule out a role in DNA metabolism.

MATERIALS AND METHODS
RNA analysis. Poly(A)+ RNA was isolated from yeast

strain SS111 tyri ura3-52 ade2-10 transformed with either
YEp24 or pSB1-4 (YEp24 containing the SSBJ gene insert
[14]) by the method of Domdey et al. (7). The RNA was
fractionated by electrophoresis on a 1.3% agarose gel con-
taining 2.2 M formaldehyde and transferred to nitrocellulose
as described by Maniatis et al. (25). A nick-translated
EcoRI-HpaI fragment of the cloned SSBJ gene was used to
probe the filter. Washes were carried out at 55°C in 0.2x
SSC (lx SSC is 0.15 M NaCI plus 0.015 M sodium
citrate)-0.05% Sarkosyl.

Preparation of subclones. The 1.93-kilobase (kb) BgII
fragment previously shown to contain the entire SSBI gene,
including all essential 5'- and 3'-flanking regions (15), was
cloned into the BamHI site of M13mpl8 in both orientations
and cultivated in Escherichia coli JM109 (39). The sense
orientation was designated BGL4, and the anti-sense orien-
tation was designated BGL6. A series of deletions was
produced by a modification of the method of Henikoff (10).
ssDNA was prepared by the method of Hines and Ray (14).

Sequencing. The SSBI gene and flanking regions were
sequenced by the method of Sanger et al. (32, 33) as modified

by Biggin et al. (3). [35S]dATP (500 Ci/mmol) and M13
15-base primer from Bethesda Research Laboratories, Inc.,
were used. The sequence data were analyzed by using
software developed by A. Goldin at the California Institute
of Technology.
Homology and structure studies. The protein sequence

predicted by the DNA sequence was used to screen the
GENBANK Data Base for regions of homology with other
DNA- or RNA-binding proteins. The region from residues
125 to 162 containing the repeated sequence RGGFRG was
analyzed by using graphics software developed by S. Mayo
at the California Institute of Technology to predict its
secondary structure.

Localization of the SSB1 gene product in yeast cells. Immu-
nofluorescence microscopy was carried out by a modifica-
tion of the techniques of Adams and co-workers (2, 17).
Wild-type S. cerevisiae YM214 was grown to an A590 of 0.5
and harvested. Cells were washed and fixed in 3.7% form-
aldehyde in 0.1 M KPO4 (pH 6.5) for 90 min. The fixed cells
were washed and treated with a mixture of P-glucuronidase
(Sigma Chemical Co.) and Zymolyase. The spheroplasts
were mounted on polylysine-coated glass slides, extracted
with methanol and then with acteone, and allowed to air dry.
A 1-mg/ml solution of affinity-purified rabbit anti-SSB1 im-
munoglobulin G was applied and incubated for 17 h at 6°C.
Slides were washed with buffer and incubated with a 1/100
dilution of anti-rabbit immunoglobulin G-fluorescein isothio-
cyanate conjugate (Sigma). Cells were washed, 1 drop of
90% glycerol containing 1 mg of propyl gallate per ml was
applied, and a cover slip was attached. Slides were viewed
with a Zeiss standard microscope by using Nomarski inter-
ference optics and fluorescein isothiocyanate excitation
wavelengths.

RESULTS AND DISCUSSION

Determination of the size of SSB1 mRNA. Samples of
poly(A)+ mRNA from wild-type yeast strain SS111 trans-
formed with YEp24 or pSB1-4 were fractionated by size on
a denaturing gel by electrophoresis, transferred to nitrocel-
lulose, and hybridized with a 32P-labeled probe of the EcoRI-
HpaI fragment of the cloned SSBJ gene (15). The probe
detected a single band of about 1.2 kb in length (Fig. 1). The
lane containing RNA from SS111(pSB1-4) showed a 10-fold
overproduction of the mRNA, as compared with the
SS111(YEp24) lane, as determined by quantitation of the
radioactivity in the bands after excision from the gel, con-
firming that the band in lane 1 encoded SSB1. The size of the
mRNA was sufficient to encode 45-kilodalton SSB1.

It was somewhat unexpected that only a single 1.2-kb
RNA was observed. In contrast, Southern analysis with the
same EcoRI-HpaI internal fragment as the probe revealed
the presence of two bands (15). One corresponded to the
authentic SSBI gene, and the second, more weakly hybrid-
izing band, suggested that there might be a second, related
gene in S. cerevisiae (15). Since SSB1 is an abundant
protein, it is likely that the mRNA is also relatively abundant
(15, 16). If there is a second, related gene, it must either have
been the same size as SSBI, 1.2 kb not being an unusual
length, or it could have been less abundantly transcribed and
gone undetected in the experiment shown in Fig. 1.

Sequencing of the SSB1 gene. To better define the biolog-
ical roles of SSB1 and its structural relationship to other
eucaryotic SSBs, we sequenced SSBJ DNA. The strategy
used for sequencing the 1.93-kb BglII fragment containing
the gene is shown in Fig. 2. Deletions were made with
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FIG. 2. Sequencing strategy for the SSBI gene. A 1.93-kb BgIll fragment containing the gene was cloned into the M13mpl8 BamHI site
in both orientations and was sequenced as described in Materials and Methods. The boldface arrow above the restriction map shows the
location of the open reading frame and the direction of transcription. Below the map the arrows indicate the position, length, and direction
of the sequenced fragments (boldface arrows for antisense clones and lightface arrows for sense clones). The sense clones are on the right
side of the figure, and the anti-sense clones are on the left side.

exonuclease III by a modification of the method of Henikoff
(10). The sequence was determined in both orientations four
to seven times by the dideoxy chain termination method.
The DNA sequence and translation of the open reading
frame are shown in Fig. 3. The accuracy of the sequence was
judged in two ways. First, the experimentally determined
restriction map was shown to coincide with that derived
from the sequence. Second, and more importantly, the
deduced open reading frame was confirmed by a comparison
with the previously determined amino acid sequences of five
CNBr- and trypsin-cleaved peptides of SSB1, peptides P1 to
P5 (16). All of the peptides were accounted for in the DNA
sequence (Fig. 3). Minor differences can be explained as
follows. P3 differed from P5 only in its N terminus, and
because the phenylthiohydantoin amino acid sequencing
signals were ambiguous (16), we assume that P3 is the same
as P5. The N terminus of P1 described in reference 16 also
differed from that in Fig. 3. However, this difference can be
attributed to the ambiguous phenylthiohydantoin signals
obtained for this end of the peptide (16). Since the majority
of the P1 peptide amino acids were identical to those in the
open reading frame, we presume that these sequences coin-
cide. Also, considering that the DNA sequence was deter-
mined multiple times without variation, we conclude that the
sequence in Fig. 3 is correct.

Analysis of the sequence shows that a possible initiation
signal for transcription 56 bases upstream from the first ATG
is the less common TCGA (8). The only TATA sequence in
the 5'-flanking region is 397 bases upstream from the start
codon and thus is unlikely to serve as an initiation signal.
There are 5 in-frame and 13 out-of-frame termination codons

between the end of the open reading frame and the start of
the poly(A) sequence. A possible poly(A) addition site is 319
bases 3' from the first termination codon. The open reading
frame extends from nucleotides 446 to 1327 and codes for a
protein of 293 amino acids with a molecular weight of 32,853.
This size is much smaller than the 45 kilodaltons suggested
by the comigration of ovalbumin and SSB1 in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Still,
expression of this gene in E. coli under T7 promoter control
produced a protein with the same antigenic and electropho-
retic mobilities as wild-type SSB1 (15), indicating that we
have the entire SSB1 gene. We believe that the ATG
indicated is the first methionine in SSB1, since no upstream
ATGs in any reading frame are in-frame with the open
reading frame shown in Fig. 3. Notably, there are no
tryptophan residues and only one cysteine residue in SSB1.
The sequence shows that the EcoRI-HpaI fragment used

for the original gene disruption interrupts the gene on the
C-terminal side, only 27 amino acids away from the N
terminus. Since gene disruption was carried out by using this
internal fragment containing only a small insertion at the
HaeIII site, we must reevaluate the essentiality of SSB1 in
S. cerevisiae. If gap repair removed the insertion, the
disruption should only have removed 27 amino acids from
the protein, an amount which might not impair function. If
gap repair did not remove the insertion, there would be a
frameshift after the HaeIII site, resulting in no protein or a
defective one. While the latter is more consistent with the
protein blots that show no cross-reacting material in the
gene-disrupted cells, we do not know which is the case; a
different strategy of gene disruption is required to confirm
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-445 -440 -430 -420 -410 -400 -390 -380
GGATC TACAATTTAC CAATTTTATC ATCGAGCGGA AAATATTGAA AAGTATATAC AATTTCTCCT AAAAAGGCCC

-370 -360 -350 -340 -330 -320 -310 -300
TGCTCGTTTT GACCTGTACT AGTAACTATT TTGCAGCCAA TTATGGTAGT GAAAATGTGA TAGTACACTA TTTTTTGGGT

-290 -280 -270 -260 -250 -240 -230 -220
CACTACTGCC GCTAAATATT TTAAAATTTG TATGAATTGC CTCTTTATTA TCTTTAAATT CCCGTCCCAG GTGACGCGTC

-210 -200 -190 -180 -170 -160 -150 -140
GCCAAAGGGA AGGGGCAAAA CTAGTCGAAA AGCAGAATAA AATTTTTCTA ATTTAGCCAC CCTGAGTGTC ACAGGTTGTG

-130 -120 -110 -100 -90 -80 -70 -60
GCATAAAGGA TACGCAATTG GACTCAAAAT AATCATTCTG CAAATTTAAA GGAAGTTACT GAGTTATCAC TACATCGAGA

-50 -40 -30 -20 -10 15
GAAGAAGTTT CCCCCAAAAG AAAGAAGAAA ACCCTCAAAC GAAGAAAAAT ATG TCT GCT GAA ATT GAA GAA GCT ACT

Met Ser Ala Glu Ile Glu Glu Ala Thr

30 45 60 75 90
AAT GCC GTA AAC AAC TTG AGC ATC AAC GAC TCC GAA CAG CAA CCA AGG GCT CCT ACT CAT AAG ACA GTA ATT
Asn Ala Val Asn Asn Leu Ser Ile Asn Asp Ser Glu Gln Gln Pro Arg Ala Pro Thr His Lys Thr Val Ile

105 120 135 150 165
GAC CCC GAG GAC ACA ATC TTT ATT GGT AAT GTT GCT CAC GAA TGT ACC GAA GAC GAC TTG AAG CAA TTG TTT
Asp Pro Glu Asp Thr Ile Phe Ile Gly Asn Val Ala His Glu Cys Thr Glu Asp Asp Leu Lys Gln Leu Phe
.* --------------P4 .....................

180 195 210 225 240
GTG GAG GAA TTC GGG GAT GAA GTC AGC GTA GAG ATC CCA ATT AAG GAA CAC ACC GAC GGT CAC ATT CCA GCT
Val Glu Glu Phe Gly Asp Glu Val Ser Val Glu Ile Pro Ile Lys Glu His Thr Asp Gly His Ile Pro Ala
....................... P5 ..........

255 270 285 300 315
AGT AAA CAC GCT CTA GTC AAG TTC CCA ACC AAG ATT GAT TTT GAT AAT ATC AAG GAG AAT TAT GAC ACG AAA
Ser Lys His Ala Leu Val Lys Phe Pro Thr Lys Ile Asp Phe Asp Asn Ile Lys Glu Asn Tyr Asp Thr Lys

330 345 360 375
GTC GTT AAG GAC AGA GAA ATT CAT ATT AAG AGA GCT AGA ACT CCA GGC CAA ATG CAAMAGA GGA GGT TTC AGA
Val Val Lys Asp Arg Glu Ile His Ile Lys Arg Ala Arg Thr Pro Gly Gln Met Gln Arg Gly Gly Phe Arg

390 405 420 435 450
GGC AGA GGC GGT TTC AGA GGC AGA GGA GGT mTT AGA GGA GGT TTC AGA GGC GGC TAC AGA GGA GGT TfTC AGA
Gly Arg Gly Gly Phe Arg Gly Arg Gly Gly Phe Arg Gly Gly Phe Arg Gly Gly Tyr Arg Gly Gly Phe Arg
............ Pi ...........

465 480 495 510 525
GGC AGA GGG AAC TTC AGA GGT AGA GCG GCG CCA GAG GTG GTT TCA ATG GAC AAA AAA GGG AM GAT TCC ATT
Gly Arg Gly Asn Phe Arg Gly Arg Ala Ala Pro Glu Val Val Ser Met Asp Lys Lys Gly Lys Asp Ser Ile

540 555 570 585 600

AGA CCA ATG GAA AGA TCA MG GAT ACC TTA TAT ATT AAT MC GTC CCA TTC AAA GCT ACC AAA GAG GAG GTC
Arg Pro Met Glu Arg Ser Lys Asp Thr Leu Tyr Ile Asn Asn Val Pro Phe Lys Ala Thr Lys Glu Glu Val

615 63O 645 660 675
GCT GAA TTT TTC GGT ACT GAC GCC GAC TCC ATC TCT TTG CCA ATG AGA AAA ATG AGA GAC CM CAC ACT GGT
Ala Glu Phe Phe Gly Thr Asp Ala Asp Ser Ile Ser Leu Pro Met Arg Lys Met Arg Asp Gln His Thr Gly

690 705 720 735
AGG ATC TTC ACA TCC GAT TCT GCT AAT AGA GGT ATG GCA TTT GTC ACT TTC AGT GGT GM MC GTT GAT ATT
Arg Ile Phe Thr Ser Asp Ser Ala Asn Arg Gly Met Ala Phe Val Thr Phe Ser Gly Glu Asn Val Asp Ile

750 765 780 795 810
GM GCT AAA GCT GM GM TTT AAA GGC MG GTT TTC GGT GAC AGG GAG TTA ACT GTA GAT GTT GCT GTT ATT
Glu Ala Lys Ala Glu Glu Phe Lys Gly Lys Val Phe Gly Asp Arg Glu Leu Thr Val Asp Val Ala Val Ile

825 840 855 870 885
AGA CCA GM MT GAT GM GM GM ATT GAG CM GM ACT GGT TCT GM GM MG CM GAA TM TTACTTCT
Arg Pro Glu Asn Asp Glu Glu Glu Ile Glu Gln Glu Thr Gly Ser Glu Glu Lys Gln Glu *

900 910 920 930 940 950 960 970

TACCCACATC CCTATTTCTA ACTTGAGTTT TTGCTAGAGT TTTGTATTTT TGTTCACCTT CCCTGCAAAA GAAATATGTG

980 990 1,000 1,010 1,020 1,030 1,040 1,050
TATTATATAT GCGTGTATAC CTATATATGA TATGTAAAAA TGAGACGCCC CTGTTTTATT TTCAAACACT TCCCCGTATA

1,060 1,070 1,080 1,090 1,100 1,110 1,120 14130
GTTTTTTGCA ATGACACTAC TTTMCTTCT TCGACATGAT TTGCTTTAGC ACTACGMGG ATTGCATCAT MCGTTTCGA

1,140 1,150 1,160 1,170 1,180 1,190 1,200 1,210
MGGGGTGCA CTTTTAAAAA CCAGTMGTG AGTGCCTCGT GMCTGCTAT TTTCGTATTT TGAAAAAA MTAAAAAAA

1,220 1,230 1,240 1,250 1,260 1,270 1,280 1,290
MCTCCCTTA TATATATATA TAAATATCTA TGTACTAAAT GTCMATCGC TAGCTCTCAC CTATATCTTA TTCATGCTGC

1,300 1,310 1,320 1,330 1,340 1,350 1,360 1,370
AACCTCMTG GTTCACTACC TCGGAGMTG GGMCGGATC CCCTTATTAT CCGAAATMT GGTTCATTTT GGGMGTTGA

1,380 1,390 1,400 1,410 1,420 1,430 1,440 1,450
TGATTTTACT CGTTTAGGM GMCTCAGCT ATTGAGCTAC TATTTACCAT TGGCTATCAT AGCCTCMTT GGCATTTTCG

1,460 1,470 1,480 1,488
CACTTTGTCG CAGTGGATTA TCTCGTTATG TMGATCC

FIG. 3. DNA sequence and translation of the BgllI fragment of SSBI. The boxed region contains the repeated sequence described in the
text. The residues underlined with dots correspond to peptides described in reference 16. The asterisk indicates the termination codon.
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FIG. 4. Hydropathy plot of SSB1 as calcuated by the method of
Kyte and Doolittle (20). The window size was 11 residues. Positive
values correspond to hydrophobic residues, and negative values
correspond to hydrophilic residues. Region A shows the tandem
repeat of the sequence RGGFRG. Region B shows the acidic C
terminus.

that SSB1 is not an essential protein in S. cerevisiae, as

previously reported (15).
SSB1 structure. A plot of the hydrophobic character of

SSB1 is shown in Fig. 4. The large number of hydrophilic
residues and the absence of large regions of highly hydro-
phobic residues indicate that this protein is probably soluble
and not membrane bound (20).
Homology to RNA-binding proteins. The sequence ob-

tained was compared with those of other known RNA- and
DNA-binding proteins by computer analysis. There are two

regions that are shared between SSB1 and many of these
other proteins. The first region is the short peptide
IFIGNVAHECTEDDL. It lies near the N terminus of SSB1
(residues 39 to 54) and exhibits 39.3% homology with calf
thymus UP1, 35.7% homology with calf thymus UP2, and
35.7% homology with human hnRNP C and other proteins
(Table 1, consensus sequence 1). In addition to the identical
amino acids, several more are chemically similar ones. Of 15
amino acid residues compared, the amino-proximal side has
a neutral amino acid region, and the carboxy-proximal side
has an acidic amino acid region.
The second region of homology is also a short peptide,

RGMAFVTF, and is located near the C terminus (residues
235 to 241). This sequence is conserved in all RNA-binding
proteins that have been sequenced so far (Table 1, consensus
sequence 2). Yeast SSB1 has a methionine (residue 237) at a

position within the consensus sequence occupied by phen-
ylalanine or tyrosine in all of the other proteins. This
methionine is not likely the result of a DNA sequencing
error, however, since CNBr, which cleaves specifically at
methionine, cleaves SSB1 precisely at residue 237 to pro-
duce the peptide labeled P2 in Fig. 3 and reference 16.
The function of these conserved sequences is not known.

Conservation between such widely divergent organisms as
yeasts and humans is striking, however, and therefore it is
reasonable to assume that they represent important struc-
tural components of this group of proteins. In addition to
domains for DNA binding, single-stranded nucleic acid-
binding proteins must also contain specific functional do-
mains, such as nuclear targeting signals and recognition sites
for protein-protein interactions, and must have an organiza-
tion allowing interactions with more than one nucleic acid.
The conserved sequence near the N terminus (Table 1,
consensus sequence 1) does not have any characteristics
known to be important in nucleic acid-protein interactions
and may thus be a nuclear targeting signal. The
RGMAFVTF motif, on the other hand, contains the aro-
matic and charged amino acids implicated by physical stud-

TABLE 1. Sequence homology between yeast SSB1 and other nucleic acid-binding proteins
Consensus Source Protein Residue Sequence" Reference
sequence

1 Yeast SSB1 39 IFIGNVAHECTEDD L This study
Calf thymus UP1 (hnRNP A1) 15 LFIGGLSFE TTDESL 26

106 IFVGGIKED TEEHHL 26
UP2 IFVGGLSPD TPEEK 26

Rat brain HD2 (hnRNP A1) 78 LFIGGLSPD TTDDSL 6
Mouse myeloma HDP1 (hnRNP A2) LF I GGLS FE TTEES L 38
Human hepatoma hnRNPA2 I FVGGLSPD TPEEK I 21

2 Yeast SSB1 232 SANRGMAFVTF This study
Calf thymus UP1 (hnRNP A1) 52 RSRGFGFVTY 26

142 GKKRGFAFVTF 26
Mouse myeloma HDP1 (hnRNP A2) G F 6 F V T F 38
Human hepatoma hnRNP A2 NKRRGFCPI TF 21
Xenopus ovary hnRNP C 210 HKGFAFVOF B. W. Wold and

F. Preugschat,
submitted for
publication

Rat brain HD2 (hnRNP A1) 52 KRSRGFGFVTY 6
CHO cells Nucleolin 85 GSSKGFGPVTF 22
Yeast Poly(A)-binding 75 KTS LGYAYVN F 31

protein 163 GKSKGFGFVHF 31
255 GKLKGFGFVNY 31
357 GKSKGFGFVCF 31

"Boldface type indicates 100% conservation. Blank spaces indicate that the sequences were aligned by the omission of amino acids in the sequences.
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ies of procaryotic SSBs in DNA binding. Merrill et al. (26)
have proposed that the composition of the RGMAFVTF
motif suggests a DNA-binding function for UPI (hnRNP
Al). UPI (hnRNP Al) contains two independent globular
DNA-binding domains, each of which contains this peptide.
A similar hypothesis has been advanced for the poly(A)-
binding protein by Adam et al. (1).
The homologies suggest that these proteins may be de-

rived from a common ancestor or may constitute a gene
family or both. In fact, calf thymus UPI appears to be
derived from hnRNP Al by proteolysis (6. 19, 28). This
apparent precursor-product relationship between these pro-
teins could be the result of the following. (i) Proteolysis of
hnRNP Al during purification removes the C-terminal do-
main. The isolated protein is then a degraded artifact. (ii)
Proteolysis of one functional protein into another truncated
functional protein is a part of the protein maturation process.
This process would be analogous to the release of the C
terminus of the epidermal growth factor receptor, resulting
in the production of an active protein-tyrosine kinase (9). (iii)
Nucleic acid-binding proteins are derived from a common
ancestor; they are so closely related that we cannot distin-
guish their differences simply by evaluation of their se-
quences. The last is the least likely. In any case, yeast SSB1
exhibits homology with short stretches of peptides within
various kinds of nucleic acid-binding proteins, suggesting
that its role in vivo involves interaction with either RNA or
DNA.
A third feature conserved in single-stranded nucleic acid-

binding proteins in both procaryotes and eucaryotes is an
acidic C terminus, and this is also a characteristic of SSB1.
From residues 276 to the terminal residue 293, nine residues
are glutamic acid and one is aspartic acid. The acidic C
terminus has been shown to reduce the affinity of procary-
otic SSBs for DNA and is thought to modulate binding in
eucaryotic proteins as well.

Repeated sequence element. As shown in the boxed area in
Fig. 3, the central region of SSB1 contains a tandem repeat
of the sequence RGGFRG (residues 125 to 161) which
appears as three larger homologous peaks and two smaller
ones on the hydropathy plot shown in Fig. 4. This pattern is
typical of a helical secondary structure, and an alpha helix
with this sequence was shown by computer modeling to have
the appropriate dimensions for interaction with A-form
ssDNA (S. Mayo and J. Campbell, unpublished observa-
tions). In addition to this feature, the most notable aspect of
this sequence is a high concentration of basic and aromatic
amino acids. The contribution of aromatic and positively
charged amino acids to the binding of ssDNA by fd gene 5
protein (27), bacteriophage T4 gene 32 protein (29), and E.
coli SSB (37) has been analyzed by several methods. The
studies suggest that the positively charged amino acids
interact with the negatively charged phosphodiester back-
bone of ssDNA while the aromatic amino acids stack with
the bases. It has been proposed that this stacking interaction
accounts for the ability of SSBs to specifically recognize
single-stranded as opposed to double-stranded nucleic acids,
since less energy is required to unstack ssDNA than dsDNA.
On the basis of these studies, it is reasonable to suggest that
the tandem repeat sequence in SSB1 is involved in its
binding to single-stranded nucleic acid.
An examination of other RNA- and DNA-binding proteins

for sequences with compositions similar to that of the
RGGFRG repeat revealed several interesting conserved
features (6, 22-24, 30, 34). Several proteins show conserva-
tion of the actual primary sequence, RGGFRG. Among

them, the Epstein-Barr virus nuclear antigen polypeptide
shows the highest degree of sequence homology. This pro-
tein binds to chromatin and to the DNA at the origin ofDNA
replication of Epstein-Barr virus. Thus, it has been sug-
gested that Epstein-Barr virus nuclear antigen may play
some role in viral DNA replication (30). It has previously
been proposed that proteins such as RNA polymerase that
interact with both ssDNA and dsDNA are similar to proteins
that bind preferentially to ssDNA. Proteins involved in the
initiation of replication might also bind to both ssDNA and
dsDNA.

While the hnRNPs do not carry an identical repeat, the 125
C-terminal amino acids of hnRNP Al form a separate
domain from the rest of the protein that is rich in Arg, Gly,
and Phe. Removal of this domain by cleavage with trypsin
alters the binding properties of the protein. hnRNP Al binds
RNA with greater affinity than ssDNA, while the truncated
protein prefers ssDNA and has helix-destabilizing activity.
In contrast to the helical structure proposed for the repeat in
SSB1, however, the separate domain in hnRNP Al (HD2)
appears to be disordered (6). Another protein that carries a
C-terminal repeat composed of Arg, Gly, and Phe is the
human nucleolar protein C23, or nucleolin. This Arg-Gly-
Phe region is even more similar to the repeat in SSB1 than is
the Gly-rich region of hnRNP Al, although the nucleolin
repeat still has a primary sequence and length different from
those of SSB1 (22, 23, 34). A second, 34-kilodalton nucleolar
protein, a scleroderma antigen, also contains Gly-Arg clus-
ters interspersed with Phe (24). The difference in actual
sequence of the three common amino acids may give rise to
different protein-nucleic acid structures and hence specific
functions. These sequence comparisons suggest, however,
that SSB1 may be more closely related to nucleolar proteins
than to mRNA hnRNPs. Both hnRNPs and nucleolar pro-
teins contain large fractions of Arg residues in the modified
form of N,N-dimethlylarginine (22, 24, 34). We have no
evidence as to whether the Arg residues in the repeated
portion of SSB1 are dimethlyated. This modification would
perhaps serve to stabilize the positive charge against envi-
ronmental changes, suggesting that this substitution may be
important for function.

Localization of SSB1 to the nuclear periphery by immuno-
fluorescence microscopy. Indirect immunofluorescence mi-
croscopy with affinity-purified antibody to SSB1 demon-
strated that SSB1 is exclusively in the yeast cell nucleus
(Fig. 5). Two distinct images of nuclear staining were seen
with anti-SSB1 antibody. The predominant image, seen in
70% of the cells, was a crescentlike pattern, filling about
one-third of the nuclear periphery. In the remaining cells, a
halolike fluorescence that circled the entire nuclear circum-
ference was observed. Neither of the two images of nuclear
staining was observed if the anti-SSB1 antibody was incu-
bated with 5 to 10 molar equivalents of purified SSB1 before
use (data not shown). Thus, both of the observed fluores-
cence staining patterns are representative of the nuclear
location of SSB1.
We interpret the two fluorescent images seen for SSB1 as

two different views of a single staining pattern. This pattern
would be expected if SSB1 were found in a caplike structure
oriented perpendicular to the long axis of the nucleus. Such
a structure would produce the crescentlike and halolike
images in about the proportions observed in the anti-SSB1
staining when different cells were viewed from random
angles.

It is tempting to speculate that the stained region corre-
sponds to the nucleolus. The yeast nucleolus has also been
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FIG. 5. Subcellular localization of SSB1. (A and C) Immunofluorescent micrographs prepared with anti-SSB1 antibody as described in
Materials and Methods. (B and D) Same cells viewed b-y Nomarski interference optics. The darkest areas correspond to the nuclei, which are
often in close apposition to lighter and larger vacuoles.

described as a caplike structure, referred to as the dense
crescent, taking up about one-third of the nuclear area (35).
To investigate whether SSB1 is localized in the nucleolus,
we adapted a nucleolus-specific silver staining method used
extensively in studies of the mammalian system to the yeast
system (36). The silver stain formed the same proportions of
crescent-like and halolike images as were seen with indirect
immunofluorescence (Fig. 6). The similarity in the pattern
observed with silver and with anti-SSB1 antibody strongly
suggests that SSB1 is located predominantly in the
nucleolus. This conclusion is also in line with the similafity

of the RGGFRG repeat of SSB1 to the C-terminal repeats in
nucleolin, a major human nucleolar protein (see above).

Clearly, further studies will be required to completely
define the biological roles played by SSB1 and its structural
relationship to other eucaryotic single-stranded nucleic acid-
binding proteins. However, the studies presented here
strongly suggest that SSB1 is a nucleolar protein and show
that SSB1 shares many features with proteins whose cellular
functions are known to involve RNA binding. Thus, at this
point, we favor a role for SSB1 in RNA metabolism rather
than DNA metabolism, as had been assumed in the past. The

I.4F* F~~
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FIG. 6. Comparison of anti-SSB1 staining with nucleolus-specific silver staining. (A) Yeast cells stained wit affinity-purified rabbit
anti-SSB1 immunoglobulin G-anti-rabbit immunoglobulin G-fluorescein isothiocyanate conjugate viewed under fluorescein isothiocyanate
excitation wavelengths (2, 17). (B) Yeast cells stained with the nucleolus-specific silver stain viewed under bright-field illumination (36).
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recognition that SSB1, like UP1 and HDP1, is most likely an
RNA-binding protein immediately redirects strategies to
identify true DNA-binding proteins in S. cerevisiae. It is now
clear that one should begin with the yeast strain that we have
prepared that carries a deletion of the SSB1 gene (15), thus
substantially reducing the background of unwanted RNA-
and DNA-binding activities in the cell extracts. Failure to
identify the SSBs required for eucaryotic replication to date
may stem solely from the abundance of the RNA-binding
proteins. Another important outcome of this work is the
discovery of a nucleolar marker for S. cerevisiae that will be
very useful for cytological and cell biological investigations.
Finally, the use of this protein for structure and function
studies, especially those involving the internal RGGFRG
repeat, should be generally informative as to the mode of
binding of this whole class of proteins to ssDNA or RNA.
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