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Anti-RNP sera were used to isolate a cDNA clone for the
largest polypeptide of the Ul snRNP, a protein of mol. wt
70 kd designated 70K, from a human liver cDNA library con-
structed in the expression vector pEX1. The cro-,3-
galactosidase-70K fusion protein reacted with various anti-
RNP patient sera, a rabbit anti-70K antiserum, as well as
with a monoclonal antibody specific for this protein. The se-
quences of four 70K peptides were determiined and they match
parts of the deduced amino acid sequence of the 1.3 kb in-
sert of p70.1 indicating that it is a genuine 70K cDNA. Screen-
ing of a new cDNA library constructed from polysomal
mRNA of HeLa cells with the p70.1 clone yielded an overlap-
ping clone, FL70K, which was 2.7 kb long and covered the
complete coding and 3'-untranslated sequence of the 70K pro-
tein in addition to 680 nucleotides upstream of the putative
initiation codon, The predicted mol. wt of the encoded pro-
tein is - 70 kd. Amino acid analysis of the purified HeLa 70K
protein yielded values close or identical to those deduced from
the nucleoide sequence of the full-length cDNA. The 70K pro-
tein is rich in arginine (20%) and acidic amino acids (18%).
Extremely hydrophilic regions containing mixed-charge amino
acid clusters have been identified at the carboxyl-terminal half
of the protein, which may function in RNA binding. A se-
quence comparison with two recently cloned RNA binding
proteins revealed homology with one region in the Ul RNP
70K protein. This domain may also be responsible for RNA
binding.
Key words: small nuclear ribonucleoprotein/cDNA cloning/RNP
antigens/systemic lupus erythematosus

Introduction
Ul RNA is the most abundant of the small nuclear RNAs of the
U snRNA class which are found in all eucaryotic cells (for re-
cent review see Brunel et al., 1985). It has been proposed (Lerner
and Steitz, 1979; Roger and Wall, 1980) and experimentally
verified (Padgett et al., 1983; Kramer et al., 1984; Black et al.,
1985; Krainer and Maniatis, 1985) that Ul RNA is involved in
pre-mRNA splicing. The participation of Ul RNA in mRNA
splicing is probably mediated by base-pairing between its 5' end
and the 5' splice site of the pre-mRNA.
Ul RNA, however, does not function as a naked RNA

molecule, but exists in the nucleus as a ribonucleoprotein par-
ticle (Ul snRNP). The protein components of the Ul snRNP
appear to guide the specificity of the interaction of Ul RNA with

the mRNA 5' splice sites (Mount et al., 1983). At least nine poly-
peptides are associated with purified Ul snRNP, the polypep-
tides 70K, A, B, B', C, D, E, F and G (Hinterberger et al.,
1983; Kinlaw et al., 1983; Billings and Hoch, 1984). While the
proteins B, B', D, E, F and G are also present in the U2, U5
and U4/U6 snRNPs, the 70K, A and C polypeptides are unique
to the Ul snRNP species. These polypeptides may therefore be
responsible for the function of Ul snRNP in pre-mRNA splic-
ing, supported by the fact that antibodies directed against the Ul
RNP specific proteins inhibit the in vitro splicing reaction (Padgett
et al., 1983) The structure and function of these proteins have
not yet been analysed, but they appear not to be derived from
a common precursor polypeptide but are encoded in separate
mRNAs (Fisher et al., 1983; Wieben et al., 1983).
The Ul snRNP-specific proteins 70K, A and C also carry the

antigenic determinants for the anti-RNP autoantibodies which,
like anti-Sm autoantibodies are found in sera from patients with
lupus erythematosus and related disorders (Tan, 1982).
A prerequisite for an understanding of the role the RNP pro-

teins play in splicing and in autoimmune diseases is the knowledge
of their primary structure.

In the present study we report on the molecular cloning, se-
quencing and identification of two overlapping cDNA clones en-
coding the Ul RNA-associated 70K protein. The first cDNA
clone was isolated from a human liver cDNA library constructed
in the pEXI expression vector (Stanley, 1983) using human anti-
RNP autoantisera as a source of anti-70K antibody. After un-
equivocal identification, including comparison with the sequence
of peptides obtained by digestion of purified 70K protein, a full-
length cDNA was isolated and sequenced.

Results
Isolation and identification of a 70K-containing clone
A human liver cDNA library constructed with the expression vec-
tor pEXI was screened using anti-RNP sera from the autoim-
mune patients which were positive for the Ul RNP-specific 70K
polypeptide. Initial screening of 5 x 104 clones identified four
putative 70K clones. After colony purification and rescreening
with anti-RNP sera one positive clone, p7O. 1, was isolated. The
p70.1 clone also reacted with a monoclonal antibody (H386)
specific for the 70K protein as well as with an anti-70K rabbit
antiserum. It did not react with human anti-Sm sera or with mono-
clonal antibodies against the Sm polypeptides.
The cro-13-galactosidase-70K fusion protein of the recombi-

nant clone p70.1 was further characterized by immunoblot
analysis. Bacteria containing this clone were grown at 42°C for
1 h to induce expression of the fusion protein, and the bacterial
lysates were fractionated on a 7% SDS-polyacrylamide gel,
transferred to a nitrocellulose filter and blotted to various anti-
sera. As shown in Figure lA (lanes 2+3), two anti-RNP sera
which were used for the initial screening of the cDNA library
stain a broad fusion protein band with an apparent mol. wt of

- 160 000 daltons. The cro-,B-galactosidase hybrid protein en-
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Fig. 1. Characterization of the cro-3-galactosidase-70K fusion protein by immunoblotting (A) and immunoprecipitation of snRNPs with affinity-purified
antibodies (B). (A) Lysates were prepared from bacteria containing the p70.1 clone after growth at 42°C for 1 h and analysed by immunoblotting.
Immunoblots were probed with two distinct anti-RNP sera containing antibodies against the 70K protein (lanes 2 and 3), with the 70K-specific monoclonal
antibody H386 (lane 4), with an anti-Sm serum that did not contain anti-70K autoantibodies (lane 5) and with a normal human serum (lane 6). Antibody
detection was with peroxidase-conjugated anti-human and anti-mouse IgG, respectively. Lane 1 displays Coomassie-stained proteins of lysates from bacteria
containing the pEXI vector. The size of the cro-i3-galactosidase hybrid protein is given in kd. (B) Immunoblots from bacterial lysates as described above were
probed with an anti-RNP serum containing anti-70K antibodies. The region of the blot containing the cro-3-galactosidase-70K fusion protein, or a non-reactive
control region from the middle of the blot were excised, bound antibodies were eluted (Smith and Fisher, 1984) and the respective fractions were reused for
immunoprecipitation of snRNPs from 32P-labeled HeLa cell nuclear extracts. snRNAs present in immune precipitates obtained with antibodies eluted from the
fusion protein (lane 1) or with the control fraction (lane 2) were fractionated on polyacrylamide gels. Lane 3 exhibits RNAs extracted from the nuclear
extract.

coded by the pEXI vector has a mol. wt of - 1 17 000 daltons
(Figure lA, lane 1).
The same protein band was also stained with the monoclonal

antibody H386, which is specific for the 70K protein (Figure
lA, lane 4). Normal human serum or anti-Sm patient sera, which
are negative for the 70K protein, did not stain the blots (Figure
lA, lanes 5 and 6).
To verify the specificity of the antibody reaction with the fu-

sion protein, we prepared preparative immunoblots with an anti-
RNP patient serum, re-eluted the antibodies bound to the fusion
protein on the nitrocellulose filter and assayed the eluted antibody
for its reactivity with intact U snRNPs. Figure iB, lane 1,
demonstrates that affinity-purified antibodies precipitated only
Ul snRNPs from a nuclear extract enriched for the snRNPs
U1- U6. No reaction was observed when eluted material from
a control region of the nitrocellulose blots was used for im-
munoprecipitation of snRNPs (Figure iB, lane 2).
These results, together with our findings that the antibodies

eluted from the fusion protein band reacted strongly with the
purified intact 70K protein in a microtiter ELISA, but with none
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of the other snRNP proteins (data not shown), indicate that the
cDNA clone p70.1 contains an insert coding for a fragment of
the 70K protein.
Characterization and DNA sequence of the 70K cDNA clone
The clone p70.1 contains an insert of 1.3 kb as determined by
restriction mapping and sizing of the DNA fragments on agarose
gels. Sequencing of the insert was performed on both strands
by the Maxam and Gilbert technique. A partial restriction map
of the clone and the sequencing strategy is shown in Figure 2A.
The DNA sequence of the p70.1 clone is shown in Figure 3.
The first 15 nucleotides constitute the PstI restriction site and
a truncated G-tail of the cDNA insert. There is one long single
open reading frame which is uninterrupted until the end of the
clone and the last five nucleotides probably constitute part of the
C-tail (Figure 3). Thus -425 amino acids are encoded by this
portion of the 70K protein. No putative polyadenylation signal
or poly(A) stretch was found in this clone.
Limited primary sequence of the 70K protein
Direct evidence that clone p70.1 contains an insert coding for

A
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Fig. 2. Partial restriction map and sequencing strategy for cDNA clone p70.1 (A). Partial restriction map, identification of BaI31 deletion clones and
sequencing strategy of the full-length cDNA clone FL70K (B).

the Ul snRNP protein 70K was obtained by comparing the
cDNA deduced amino acid sequence with amino acid sequence
analysis data from cyanogen bromide (CNBr) peptides from a
70K fragment. The protein sequencing was performed on a frag-
ment of the 70K polypeptide structurally overlapping the cDNA
encoded protein. Since treatment of the 70K protein with tryp-
sin generates a 40 kd fragment which is reactive with anti-
RNP antibodies (White et al., 1982), we incubated purified
snRNPs Ul - U6 with limiting amounts of trypsin to produce
large amounts of the 40 kd fragment from Ul RNA-associated
70K polypeptide. Following preparative SDS-PAGE of the total
protein mixture, the 40 K fragment was eluted electrophoretically
from the gels. Comparative peptide mapping of the isolated 40 kd
fragment and the 70K protein using V8 protease and chymotryp-
sin confirmed that the former was a fragment of the 70K protein
(data not shown). A structural overlap of the 40 kd fragment with
the p70.1 cDNA protein was verified by showing that monoclonal
antibody H386 and the anti-RNP sera used to identify the p70.1
cDNA clone also reacted with the 40 kd fragment on im-
munoblots (not shown).

It was not possible to sequence the amino-terminus of the 40 kd
fragment, probably due to a blocked N-terminal amino acid
generated during the isolation. The 40 kd fragment was therefore
cleaved with CNBr and the mixture of the resulting peptides was
sequenced on a gas-phase sequencer. Four distinct phenylthio-
hydantoin amino acids could be separated by h.p.l.c. after each
cycle, indicating that four peptides containing unblocked amino
termini had been generated from the 40 kd polypeptide by CNBr
cleavage. In general, the yields were sufficient for unambiguous
indentification of all amino acids during nine cycles (Table I).
Only lysine residues were recovered in low yield, probably due
to the destruction of the lysine side chain during the CNBr
cleavage. Most important, the four amino acid residues of each
cycle can be aligned to match the sequence of four 9-mer pep-
tides in the cDNA clone p70.1 (Figure 3). Furthermore, the four
CNBr peptides are preceded by methionine in the cDNA sequence
(Figure 3).

Isolation and sequence of a full-length 70 K cDNA
These results led us to isolate a full-length cDNA clone taking
advantage of a novel method based on affinity purification of
the first strand cDNA complex on anti-m7G antibodies follow-
ed by RNase A digestion and elution with m7G before second
strand synthesis (Schneider et al., 1986). The clones were in-
serted with EcoRI linkers in the vector Xl 149 (Murray, 1983)
and screened for cross-hybridization with the nick-translated Pst

Table I. Sequence analysis of a mixture of CNBr peptides derived from a
40 kd fragmenta of the 70K protein

Cycle Amino acidsb

1 E W V H
2 R D Y S
3 (K)c p S A
4 R H (K) Y
5 R N R (K)
6 E D S H
7 (K) P G A
8 I N (K) D
9 E A P G

alsolation of the 40-kd fragment and sequence analysis of the CNBR
fragments were performed as described in Results and Materials and
methods.
bAmino acids are given in the one-letter code.
CLysine residues were recovered in low yields and could therefore only be
tentatively assigned (K).

fragment of the p70.1 clone. A single clone (FL70) among 105
hybridized with the probe and this phage contained an insert of
2.7 kb. Restriction enzyme maps and Southern blots established
that it contained the p70.1 sequence and it was subcloned in
pEMBL19. Several Bal3l clones were made in the M13, mpl8
and mpl9 vectors, as shown in Figure 2B and all clones were
sequenced by the Sanger technique establishing the sequence
shown in Figure 3. Analysis of this clone shows a long open
reading frame spanning nucleotide 681-2523 (Figure 3). Most
important, this reading frame contains a precise match with the
four CNBr peptide sequences which we deduced from direct se-
quence analysis of the 40 kd fragment of the 70K protein as
described above (Figure 3). A polyadenylation signal and the
polyadenylation site are also present in this clone in addition to
680 nucleotides upstream from the putative translation initiation
site (Figure 3).
Amino acid analysis of the purified 70K protein yields values

close or identical to those derived from the nucleotide sequence
of the long open reading frame of the FL70K clone (Table H).

RNA blot hybridization of 70K mRNA
To investigate the corresponding RNA species, poly(A)+ RNA
from HeLa cells and total RNA from a human hepatoma cell
line (HEPG2) were fractionated in a denaturing formalde-
hyde/agarose gel, blotted onto nitrocellulose paper and subse-
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10 30 50 70 90

FL 70k GCGAGAcGGTGAGGCCrATGCCCGAGAGCGGGAGmATGACCGGAAGAcGAGcCAcGGCcATGAGGTAAGGAcCCCCAGCGccACTrcc
110 130 150 170 190

CAGCGGCACC CC5GCGCGCCCCTCCCCT0GC GCCGAACTTYGCCGAGCGCACGAGCCAGCGCTCAGCATCACCAGCGGCATGGTCA

210 230 250 270 290

CCGCCACCAGGCACACGGCCACCGCCGCCATCAGGTGATACGAGGCCTACCCAGC1' CCCGTGAGCTTGTAGAGATAGGTCGGCAGCACCAGGTGGCC

310 330 350 370 390

TTCCGGATCACCCAGCACCAGCACCAGGCCGMCAC'TTCAAAGCCGAGG&AGAACACCAGCACGCCGGAGTAGGCCAGCGCCGGGGTGATATCGGCAGC

410 430 450 470 490

GACACGTTCAACGCCACC7 CAGCGGCGAACGACCGGCCACGCGGGCCGCTTCCACATCCGAACCCAGGCTGCGCAGGGCCGCCGAGGCATACAGGT

510 530 550 570 590

AGAC _CACGGGTCCACGtCGCCCTCGAACCGACGACCGACAGCAGGTr

610 630 650 670 690

CA CACACCG AGAAGCCGACCGGCCCCATCGAGACCACGTAGCCGAAGCCGATCACC C AGGGCACC ATCAC
M G T I S G G

710 730 750 770 790

GGGCGGATCGAACGCT=CGACCCGGCAGGT1 = 1SCOCACCATCAGG CCCCAAGCACTCGGCCGAGCGGCACGGCGATCAGGGCCAGGCC
G G S N a a T R Q V G C a P S G R P S T R P S G T A I R A R P V A

610 630 850 870 890

3 V x P I D E G L a Z v R v I Z D Z a I G I Z G E R L D R R K E R R

910 930 950 970 990

GCCGACA CC GA CATGGCCAG :C CAGCAGCACGACCAGGCCGCGCGGCCAGTTCAGCCGGAAT
R Q E A L I E D Q Q Q R Q R R N P G L P A A R P G R A A S S A G I

1010 1030 1050 1070 1090

CTGCAGGGGCO _ AGCZ £ UCCt&u LACGGCGACGGAATCAGACGGCGGC
11111111111111111111111111111

C ~ ~-'~AGCOC. L LCL.L~CCLL~,L~LAGC0GGCGACGGAATCAGACGGACGrGGAC
G G R Q G L L A R G T L W N L SS G L V R S SS G R R N Q T D V D

1110 1130 1150 1170 1190

GCCCCCGGGGGACIG^GCCGCGCCGAAGCTCTCCGCAGACGCCA CAGGCCAG

GCCCCCG,AGTIGAAGCCGMWAGCAGT =I #=AGGGGUGCCGCAGCCGCCGCGAGCCTCCGGACAGACGCCACGGGAGGCGCACGC
A P G V E A E A G V V V A E G L P Q P P R a ~s G Q T P E R G G A T R

1210 1230 1250 1270 1290

GCA=IU:GATGACCCIGTCCT'GCCGCCCAACCTTGCCC7CCCCCGTGACCCTAI'CCATACCTGCCACCCCUXAGACGCCACjk
1111||1|2|11|||2|112||@111111111111111lllll iiIilil I iiill i l i ltiilIllil 1iIi1i11111111
GACTTGGChSGATACCCCG'CTCCGCCCAACC7T'GCC7rT=CCCCGGAGACTA CCTATCTACCTGCCCACCCTGGAG^AMC7CACA

L G X M T Q F L P P N L L A L F A P R D P I P Y L P P L E K L P H

1310 1330 1350 1370 1390

TG MAAACACCCTACCACAATCAACCAACCCTCGAGAGAGCCCCTCGGSCTCCCSC-lCCCGA
SGAAAAACACCACAATCAACCTrATX:ITGGCATTGCGCCGTACASTCGGAG77MGGACCCTCGAGATGCCCCTCCTCCAACTCG7TGCAACCCGA
E K H H 9 Q P Y C G I A P Y I R E F E D P R D A P P P T R A E T R

1410 1430 1450 1470 1490

GAGGAGCGCATGGAGAGGAA MGACGGGAAAAGA nGAGCGGCGACAGCAAAMTGGACAGAGC7TAAMSATGGACCCTCACAATGATCCCAASG

GAGGAGCGCAIGGAGAGGAAAAGA;CGGGAAAGAAGCGGCGACAGCAAGAAGS'GGAGACAGAGCTTAMATTrACCCTCACAATGASCCCAATG
E E R H E R K R R E K I E R R Q Q E V E T E L K M N D P H N D P N A

*-- -4- -4--4-4-4-4 -4 --4- --4_--4 -_
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CTCAGGGGGATGCCCAAGACTCTCCG7GCGAGAGTrMTATGACACAACAGAATCCAAGCTCCGGAGAGAGATrGAGGTGTACGGACCTATCAA

Q G D A F K T L F V A R V N Y D T T E S K L R R E F E V Y G P I K
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1710 1730 1750 1770 1790
P

GCAGATIGGCAAGAAGATITGAT'GGCAGGAGGGTCCI;TGTGACGTGGAGAGGGGCCGAACCCTGAAGGTrGAGGCCCCGGCGGCTAGGACCAGGCC-1xG
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GTGGTACCAGAAGAGGAGG ISTATGlAAcATCCGGCATrcAGGCCGCGATGACACCTCCCGCTACGATGAGA - -- ---- -- -- -- -- --,--- -- ---

GTGGACCAGAAGAGGAGGGGC=ATMIsGACATCCGGCATTCAGGCCGCGATrGACACCTCCCGCTACGATGAGAGGCCCrGGCCCCT-CCCCGCTTCCGCA
G T R R G G A D V N I R H S G R D D T S R Y D E R P G P S P L P H

1910 1930 1950 1970 1990

- -GGGACCGGGACCGGGACCGTGAGCGGGAGCGAGAGAGCGGAGCCGGGAGCGAGACAAGGAGCGAGAACGGCGACGCTCCCGCTCCCGGGACCGGCGG

CAGGGACCGGGACCGGGACCGTGAGCGGGAGCGCAGAGAGCcGGAGCCGGGAGCGAGACMAGGAGCGAGAACGGCGACGCTCCCGCTCCCGGGACCGGCGG
R D R D R D R E R E R R E R S R E R D K E R E R R R S R S R D R R

2010 2030 2050 2070 2090

AGGCGCTCACCGAGTCGCGACAAGGAGGAGCGGAGGCGCTCCAGGGAGCGGAGAAGGACAAGGACCGGGACCGGAA CGGCCGAAGCAGCCGTGG
AGGCGCTCACGGAGTICGCGACAAGGA CAAGGAGCGGAGGccCAGA CMGWGGACAAGGACCGGGACCGACGCGCGAAGCAGCCGGGCG
R R S R S R D K E E R R R S R E R S K D K D R D R K R R S S R S R E

2110 2130 2150 2170 2190

AGCGGGCCCGG-CGGGAGCGGGAGCGCAAGGAGGAGCTGC TGGCGCAAtGGACCTCCGAGGCGGGTGACGCGCCCCCTGATGATGG

AGCGGGCCCGGCGGGAGCGGAGCGCAAGGAGGAGCTG,CGTGGCGGCGGTG,GCGACATGGCGGAGCCCTCCGAGGCGGGTGACGCGCCCCCTGATGATrGG
R A R R E R E R K E E L R G G G G D M A E P S E A G D A P P D D G

2210 2230 2250 2270 2290

GCCTCCAGGGGAGCTCGGGCCTGACC GCCCTGACGGTICCAGAGGAAAAGGGCCGGGATCGTTGACCGGACGGCGC.--CCG>GGAGCGAGCCGAG

GCCTCCAGGGGAGCTGGGCCTGACGGCCCTrGACGsiTCCAGAGAAAAGGCGGATCGTGACCGGGArGCGACGGCGGAGCCACCWGAGCGAGCGCGAG
P P G E L G P D G P D G P E E K G R D R D R E R R R S H R S E R E

2310 2330 2350 2370 2390

CGGCGCCGGGACCGGGATCGTGACCGTGACCGTGACCGCGAGCACAACGGCGCCC
1111111111111111111111111141111111111111111111111
CGGCGCCGGGACCGGGATCG TGACCGTGACCGTIGACCGCGAGACAAACGGW,GWvGCAG WGAGCAEG_GTCGGCCCGAGGMXGGGCG
R R R D R D R D R D R D R E H K R G E R G S E R G R D E A R G G G G

2410 2430 2450 2470 2490

GTGGCCAGGACAACGGoCTGGAGCGTCT= AACGACAGCCGAGACATGTACATGGAG_AGGGCGGCGACGGCTACCTGCTCCGAGAAT;GGTA
G Q D N G L E G L G N D S R D M Y M E S E G G D G Y L A P E N G Y

2510 2530 2550 2570 2590

T ATGGAGGC GCCGGAGTGAAGAGGTCGTCCTCTCCATCTGCT TTI'GGACGCG'TTCCTICCCAGCCCCTrGCT=ATCCCCTCCCCCAACC
L M E A A P E*

2610 2630 2650 2670 2690

TTGGCCACTTGAGTIrGTCCTCCAAGGGTAGGICTCATF-GT-GCCCTGGATrAAA.AATAAAATrAATTTCTTGATAGTGGGA

Fig. 3. DNA sequence of the two cDNA clones and the deduced amino acid sequence of the encoded 70K protein. The deduced amino acid sequence is
displayed below the DNA sequence (in the one-letter code). The sequences of the four cDNA-derived 9-mer peptide matching the respective 9-mer peptide
sequences which can be deduced from the direct amino acid sequence anlaysis of a CNBr peptide mixture of the 40 K fragment are displayed below the
DNA-deduced sequence. Lysine residues (-) could only be tentatively assigned due to the partial destruction of lysine side chains during the CNBr cleavage
of the 40 K fragment. The long mixed-charge amino acid cluster is underlined. The poly(A) addition signal is also underlined and the poly(A) addition site is
at the end of the sequence. Vertical lines designate identity between the nucleotide sequence of p70.1 and pFL70K. Horizontal lines indicate gaps introduced
into the sequence of p70.1 in the alignment for maximum overlap with FL70K.

quently hybridized with the two nick-translated cDNA clones. were obtained with the FL70 clone. The larger mRNA was also
The cDNA plasmid p70.1 hybridized strongly to an RNA observed in HeLa cells although it gave a weaker signal. The
molecule of - 1700 nucleotides from HeLa cells and - 3000 relationship between these two RNA species will be reported
nucleotides from hepatoma cells (Figure 4). The same results separately.
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Table H. Amino acid composition of cloned and isolated 70 K proteins

Amino acid FL70KW Isolated 70Kb

Asn 48 59 f54
Glu 66 82 82

Ser 36 36
Gly 71 66
Thr 18 18
His 12 14
Ala 41 40
Arg 117 116
Tyr 13 18
Val 21 22
Met 10 7
Be 17 18
Phe 7 12
Leu 32 34
Lys 25 23
Cys 2 NDC
Pro 46 ND
Trp 5 ND

aResults are expressed as amino acid residues/70K protein. FL70K data are
deduced from the nucleotide sequence of pFL70K.
bThe data for the isolated 70K protein represent the mean values from three
independent experiments.
CNot determined.

A B

-28S

-18S

Fig. 4. Northern blot analysis of total RNA from a hepatoma cell line
(HEPG2; lane A) and of poly(A)+ RNA from HeLa cells (lane B) probed
with a 32P-labeled nick-translated cDNA insert from the p70.1 clone, as

described in Materials and methods. The size of concurrently
electrophoresed ribosomal RNA from HeLa cells is also indicated.

Discussion
We isolated and sequenced two human cDNA clones for the Ul
snRNA-associated 70K protein. Several pieces of evidence in-
dicate that the clones are authentic 70K cDNAs: (i) the polypep-
tide fragment expressed as a cro-,B-galactosidase fusion protein
in the pEX vector reacts with various human anti-RNP sera, while
it did not react with anti-Sm antibodies. Furthermore, the fusion
protein was recognized by a monoclonal antibody specific for
the 70K protein; (ii) antibodies eluted from the fusion protein
band on immunoblots selectively precipitated native Ul snRNPs
but none of the other U snRNPs; (iii) most convincingly, the
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DNA-deduced amino acid sequence matches four 9-mer peptide
sequences which can be deduced from direct amino acid sequence
analysis of a CNBr peptide mixture from a fragment of the 70K
protein. We are therefore confident that we have correctly iden-
tified the reading frame of the 70.1 cDNA clone.

Screening of a HeLa cDNA library with the p70.1 clone yield-
ed an overlapping clone, FL70K, which covered the complete
coding and 3'-untranslated sequence of the 70K protein in addi-
tion to 680 nucleotides upstream of the putative initiation codon
(Figure 3). The long open reading frame of this clone codes for
614 amino acids. The predicted mol. wt of this protein is
-72 000 which is in good agreement with the apparent mol.
wt of - 68-75 kd, as estimated previously by SDS -PAGE
(Hinterberger et al., 1983; Bringmann et al., 1983b; Billings and
Hoch, 1983). The amino acid composition of the 70K protein
deduced from the nucleotide sequence of FL70K is compared
to the experimentally determined one of the isolated HeLA 70K
protein in Table II. The values are either close to each other or
identical which further supports our notion that we have isolated
a full-length cDNA from the 70K protein.
When the nucleotide sequences of the two isolated 70K en-

coding cDNAs are aligned, they are identical except for three
positions (Figure 3). A TCT-CTT change is found around posi-
tion 1072 and a GGA- CCA change around position 1792. While
in the first case both triplets code for the same amino acid, in
the second case glycine switches to proline in p70.1 (Figure 3).
A third difference between the two cDNA sequences is found
for the region spanning nucleotides 1876-1902. These 27
nucleotides are only present in pFL70K but not in p70.1 (Figure
3). In view of the fact that the two cDNAs were isolated from
distinct cDNA libraries which had been constructed using mRNA
from HeLa cells and human liver, respectively, the observed dif-
ferences could indicate that the 70K protein is polymorphic at
the DNA and amino acid level. The analysis of human genomic
70K clones will provide further insight into this question.
One finding which requires a comment is the discrepancy be-

tween the size of the mRNA revealed by Northern blots and the
size of the full-length cDNA after cloning. The 3.0 kb mRNA
was the dominant species in hepatoma cells but HeLa cells con-
tained a major species around 1.7 kb and a minor one around
3.0 kb. The possibility that the larger cDNA may have been
derived from a nuclear precursor RNA is not likely since the
cDNA library from which FL70K was recovered was constructed
from polysomal mRNA (Schneider et al., 1986). Furthermore,
the 1.7 kb mRNA codes probably only for a protein of - 55 kd
which does not correspond to the observed mol. wt of this poly-
peptide. Since RNA binding proteins obviously share some se-
quence homology (see below) a separate study will be carried
out to determine the relationship between the two mRNA species
in HeLa cells.
The amino acid composition of the 70K protein deduced from

the FL70K DNA clone is noteworthy for its high content in basic
(23%) and acidic (18%) amino acid residues (Table II). Arginine
is particularly enriched in the 70K protein ( - 20% of all amino
acids). Analysis of the primary sequence for distribution of
hydrophobicity (not shown) reveals only few distinctly hydro-
phobic stretches such as the amino acids encoded by nucleotides
1017-1049 and 1233-1253, respectively (Figure 3). Most of
the remainder of the 70K protein is highly hydrophilic, which
is particularly true of the carboxy terminal half. The region span-
ning the amino acids encoded by nucleotides 1902-2141 shows
extreme hydrophilicity values and is further exceptional in that
it is composed of only six distinct amino acids, among which
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70K RERRRSRSRDRRRRSRtSRDKEERRRSR
1II1 1III I I III

PROTAMINE RRRRRSSRPVRRRRRYRRSTVARRRRR

Fig. 5. Comparison of the spacing of oligoarginine clusters found in
protamine Thyurin Z1 (Bretzel, 1973) and in the hydrophilic region of the
70K protein spanning the amino acids encoded by nucleotides 1965-2045
(see Figure 3). The figure displays only the Thyurin Zi sequence spanning
amino acids 2-28.

arginine (50%), glutamic and aspartic acids (25%) and serine
(15%) dominate (Figure 3).
Within the stretch of amino acids encoded by nucleotides

1965 -2045 most of the arginines are clustered in sequences of
three to four which are periodically spaced. Interspersed among

these clusters are either serines or acidic amino acids. A periodic
spacing of arginine clusters in sequences of four to six is
characteristic of protamines. In Figure 5 the sequence of the
oligoarginine-rich 70K region is compared with the sequence of
protamine Thyurin ZI. It is noteworthy that the spacing of the
arginine clusters is similar in both proteins. This similarity is
of interest since protamines are known to form tight complexes
with nucleic acids (Warrant and Kim, 1978). In particular, it has
been inferred from crystallographic studies of tRNA-protamine
complexes that the guanidinium groups of the short a-helical
oligoarginine stretches appear to interact with tRNA phosphates
(Warrant and Kim, 1978).
More interesting is that Sachs et al. (1986) have recently deter-

mined the nucleotide sequence of a yeast poly(A)-binding pro-

tein (PABP). The PABP amino acid sequence shows four
repeating units, each 90 amino acid residues long, which are

suggested to be poly(A)-binding domains. In the Ul RNP 70K
protein, whose sequence is presented here, one such unit is easi-
ly observed to be homologous to the PABP domains. Cobianchi
et al. (1986) have recently determined the nucleotide sequences

of a rat helix-destabilizing protein (HDP), showing considerable
sequence homology to the Al core protein of the HnRNP (Kumar
et al., 1986). Although they observed no repeating units in the
HDP primary structure, it is obvious that two sequence segments

are related to the aforementioned spans. The alignment of the
seven regions is shown in Figure 6 along with the average secon-

dary structure prediction (Argos, 1985) and alignment positions
where residues are strongly conserved.

Since the PABP and HDP proteins are known to bind single-
stranded RNA or DNA, each domain may be responsible for
binding nucleic acid. The passive nature of the completely con-

served residues (generally hydrophobic amino acids and glycine)
would not support any enzymatic function for the proteins. The
secondary structure predictions indicate three protein-surface ex-

posed regions (a-helices and turns in Figure 6) containing con-

served residues that could associate with nucleic acid. Region
1 displays the strongest conservation with one position maintained
acidic (E, D, N); region 2 contains many basic residues for pos-

sible phosphate interaction on the nucleotide backbone. It is possi-
ble that the spans act in concert to bind the nucleic acid or bind
at different sites. Discovery of such repeats in other proteins
should delineate more clearly the essential regions; however, a

search of the present sequence data banks yielded no residue pat-

terns similar to those found here. Nevertheless, such a pattern

may frequently occur in RNP proteins, the majority of which
have not yet been cloned.
Mean correlation coefficients were calculated; over six physical

characteristics important in protein folding, for the align-
ed residues in each unit and for all possible pairwise comparisons
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Fig. 6. Repeating domain sequences found in poly(A)-binding protein
(PABPI to PABP4) (Sachs et al., 1986), helix-destabilizing protein (HDPI
and HDP2) (Cobianchi et al., 1986), and the Ul RNP 70K protein (FL70).
The average secondary structure prediction (Argos, 1985) is also shown
where a is used to indicate helices, b for strand structure, t for turn, and c
for coil. An alignment position is marked (*) if all the residues are
identical; (+) if they are all conserved according to the groupings (PG),
(ST), (EDQN), (KR), (IAVLMC), and (FYWH); and (:) if six or seven are
conserved.

of the seven units. Argos (1985) has described the procedure.
PABP1 is most closely related to PABP2 at a mean correlation
of 0.50; similarly PAPB2 is most related to PABP3 (0.51); and
PABP3 to PAPB4 (0.48). These results would suggest that each
genomic unit may be duplicated from the existing 5'-most do-
main. Similarly, HDP2 is closest to HDP1 (0.47). Furthermore,
since the Ul RNP 70K polypeptide contains only one such do-
main, it may insert itself as a single unit in genetic elements.

It is, therefore, tempting to suggest that the oligoarginine-rich
region or this putative domain in the 70K protein may represent
RNA binding domains. It could either be necessary for the bind-
ing of the 70K protein to Ul RNA itself, or for the proper align-
ment of the 5' end of Ul RNA to the 5' splice site of an mRNA
precursor molecule during splicing. While intermolecular base-
pairing between the two RNAs is probably the dominant feature
of this interaction, it is none the less clear that Ul RNP proteins
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are also needed for this interaction (Mount et al., 1983). Using
the cDNA clone for expression of appropriate protein fragments
of the 70K protein, direct studies can now be performed to
establish whether fragments interact with Ul RNA or defined
mRNA sequences.
An interesting feature of the FL70K cDNA is the occurrence

of various AUG codons within the first 680 nucleotides, some
of which are in-frame with the long open reading frame down-
stream (Figure 3). As they are followed by in-frame termination
codons they cannot function as initiation codons for the 70K pro-
tein. While in most eucaryotic mRNAs the 5'-proximal AUG
is the initiation codon for protein synthesis there is a significant
number of animal cell mRNAs where this is not found to be true
(Kozak, 1984), showing that internal AUGs can be recognized
by eucaryotic ribosomes. The insertion of upstream AUGs can
reduce the efficiency of initiation downstream, however (Kozak,
1983). In this respect it will be of interest to investigate whether
the 5'-terminal region of the 70K mRNA plays a role with regard
to the regulation of expression of the 70K protein.

In addition to the application of the cDNAs for the study of
the function and expression of the 70K protein the availability
of a full-length cDNA provides a means for a detailed study of
the antigenic structure of the 70K polypeptide and especially of
the epitopes recognized by anti-RNP autoantibodies.

Materials and methods
Antisera and monoclonal antibodies against the 70K protein
Three separate anti-RNP autoantisera from patients diagnosed as having mixed
connective tissue disease (MCTD) were used for the initial screening of the pEX
cDNA library. The antisera were demonstrated to contain antibodies against the
Ul RNP-specific protein 70K by immunoblots on total proteins of purified snRNPs
Ul -U6. A monoclonal antibody (H386) specific for the 70K protein was deriv-
ed from a mouse immunized with purified Ul RNP as described elsewhere
(R.Reuter and R.Luhrmann, in press). A rabbit antiserum specific for the 70K
protein was raised by immunization with the purified 70K protein which was
electroeluted from preparative SDS-polyacrylamide gels.
Radioimmunoprecipitation and immunoblotting
Growth of HeLa cells in suspension culture, labeling of the cells with [32P]ortho-
phosphate, and preparation of nuclear extracts was performed essentially as describ-
ed previously (Bringmann et al., 1983a). Precipitation of antigen-antibody
complexes by Protein A-Sepharose was carried out as described by Matter et
al. (1982). Immunoblotting was performed according to the procedure of Towbin
et al. (1979), and antigenic proteins were visualized on nitrocellose strips as describ-
ed by Habets et al. (1983). Purification of antibodies from nitrocellulose blots
was performed as described by Smith and Fisher (1984).
Isolation of snRNPs and snRNP proteins
snRNPs Ul -U6 were purified from nuclear extracts of HeLa S3 cells by im-
munoaffinity chromatography with rabbit anti-m3G IgG essentially as described
previously (Bringmann et al., 1983b). For the preparation of single snRNP
polypeptides the protein mixture of the purified snRNPs was separated by elec-
trophoresis on SDS-polyacrylamide gels. After displaying the protein bands by
staining with Coomassie Blue, gel slices containing single proteins were cut out
of the gel and the proteins recovered by electroelution according to the procedures
described by Hunkapiller et al. (1983).

Screening of expression libraries with antibody probes
Human liver cDNA libraries constructed with pEXI were kindly provided by
K.Stanley (EMBL, Heidelberg). A total of 5 x 104 clones have been screened
by the colony-blot procedure using human anti-RNP autoantisera, essentially as
described by Stanley and Luzio (1984). For detection of antigen-antibody com-
plexes rabbit anti-human IgG (Dianova, Hamburg) coupled to horseradish perox-
idase was used.
DNA sequencing
PstI inserts isolated from pEXI-70K clones were fragmented using restriction
enzymes, and fragments were purified by agarose gel electrophoresis. Appropriate
DNA fragments were 32P-labeled using polynucleotide kinase, and subjected to
chemical sequence analysis following the protocol of Maxam and Gilbert (1982).

Screening of the HeLa cDNA library, subcloning and dideoxy-sequencing were
carried out according to standard methods (Maniatis et al., 1982; Sanger et al.,

1980; Messing, 1983). Gene screen membrane was purchased from New England
Nuclear. The restriction enzymes PStI, Sacd, KpnI and the Klenow fragment of
DNA polymerase I were from Boehringer Mannheim. EcoRI, AluI, RsaI and
exonuclease Bal31 were from New England Biolabs; [a-32p]- and [Ca-35S]dATP
were purchased from Amersham.
The obtained nucleotide sequences were fused and analysed with software

developed by Staden (1980) and Devereux and Haeberli (1984).
RNA blot hybridization
Total RNA was isolated from HeLa cells by the method of Chirgwin et al. (1979).
Poly(A)+ RNA prepared from total HeLa cellular RNA by repeated
chromatography on oligo (dT)-cellulose (Maniatis et al., 1982). Poly(A)+ RNA
was resolved by electrophoresis on a 1 % agarose gel in the presence of for-
maldehyde (Lehrach et al., 1977), and the nitrocellulose blot was prepared as
described (Maniatis et al., 1982). The blot was probed with 32P-labeled nick-
translated cDNA clone p70. 1. Hybridizations were carried out at 42°C in buffer
containing 50% formamide, 5 x SSC, 20 mM Na-phosphate, pH 6.5,
10 x Denhardt's solution and 10% dextran sulfate. The blot was washed twice
for 20 min at room temperature in 2 x SSC and twice for 20 min at 55°C in
0.2 x SSC (Maniatis et al., 1982).
Amino acid sequence analysis
N-terminal amino acid sequence analysis were performed on a gas-phase sequencer
470 A from Applied Biosystems. The phenylthiohydantoin amino acid derivatives
were analysed by an h.p.l.c. system which separates all components isocratical-
ly (Lottspeich, 1985).
Amino acid analysis
0.1-0.5 ug of peptide material was hydrolysed by gas-phase hydrolysis using
a trifluoroacetic acid/hydrochloric acid mixture at 159°C for 20 min (A.Tsugita
and W.Mewes, submitted). The amino acid mixture was derivatized with o-phtal-
dialdehyde/mercaptopropionic acid and subjected to reversed-phase h.p.l.c.
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