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SUMMARY: We have previously reported that KML1-7 cells cloned from a lupus-prone 
MRL/1 mouse produced a soluble factor that preferentially expanded anti-DNA antibody 
production across the H-2 barrier. We purified this factor, a 55 kD protein that we termed 
nucleobindin (Nuc), and obtained its cDNA clone. Although the gene for Nuc encodes a 
signal peptide and, in fact, Nuc was identified as a secreted protein, Nuc had a DNA- 
binding property. The putative polypeptide predicted from the cDNA sequence featured a 
signal peptide, a leucine zipper structure and a basic amino acid-rich region. The DNA- 
binding property of Nuc was destroyed by deletion of either the leucine zipper structure or 
the basic amino acid-rich region. The amino acid sequences of Nuc are highly conserved 
between mouse and human. We discuss the possible role of Nuc in autoimmunity. 
© 1992 Academic Press, Inc. 

Sera of patients with systemic lupus erythematosus (SLE) are known to contain a 

variety of autoantibodies to nuclear antigens (1). In particular, IgG anti-double stranded 

(ds) DNA antibodies have been shown to be correlated with the clinical activity of the 

disease and are thought to be involved in the pathogenesis of renal lesions (2, 3). Lupus- 

prone MRL/1 mice (H-2k), developed at the Jackson Laboratory (USA) (4), are known to 

produce a large amount of both anti-single stranded (ss) and anti-dsDNA antibodies 

relatively early in the course of murine lupus (5). In previous works we established a cell 

line, KML1-7, from an MRL/1 mouse, which produced a soluble factor that promoted 

formation of anti-ss and anti-ds DNA antibodies in vivo and in vi tro (6,7). To clarify the 

characteristics of this factor which we termed nucleobindin (Nuc), we purified it from a 
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large volume of KML1-7 cell culture supernatant (8). We report here the structure of the 

Nuc gene and its putative polypeptide. 

MATERIALS AND METHODS 

Nuc was purified from KML1-7 cell culture supernatant as described elsewhere (8). 
Since the N-terminus of the purified protein was blocked, the protein was digested with 
Achromobacter protease I (9) and chromatographed by using a Synchropack RP-8 column. 
The amino acid sequences of two resulting fragments I and II were determined on an 
Applied Biosystems 470A protein sequencer with an on-line 120A PTH analyzer. The 
fragments I and II were QFEHLDPQNQETFEAIDLEL and LSQELDFVSHNVRTK, 
respectively. Polymerase chain reaction (PCR) was used to isolate cDNA against the 
fragment I as follows. Two primers were synthesized by an Applied Biosystem 381A 
DNA synthesizer. The upstream primer was 5'-CA(A/G)TT(C/T)GA(A/G)CA(C/T)CT 
(C/G)GA(C/T)CC corresponding to the RNA sequence encoding QFEHLDP. The 
downstream primer was 5'-AG(C/T)TC(C/G)AG(A/G)TC(A/G)AT(A/G)GC(C/T)TC 
complementary to the RNA sequence encoding EAIDLEL. Poly(A)+RNA was isolated 
from KML1-7 cells. Single stranded cDNA, synthesized by a copy kit (Invitrogen) using 
oligo(dT) as a primer, was used as a template for PCR (10). The PCR profile consisted of 
40 cycles of the following treatment: 1 min at 94°C, 2 min at 37°C and 30 sec at 72°C, in a 
Perkin-Elmer/Cetus Thermal Cycler. The products showing 59bp were separated, cloned 
and sequenced. One clone, corresponding to the amino-acid sequence of the fragment I, 
was selected as hybridization probe. The cDNA library was constructed from 
poly(A)+RNA of KML1-7 cells using a cDNA synthesis kit and )vgtl0 (Amersham). Four 
positive clones were isolated and a clone termed XNuc-1, containing an insert of 2.2 kb, 
was sequenced. DNA sequence was determined by the dideoxy chain termination method 
(11). Using mouse Nuc gene as probe, a cDNA clone of human Nuc gene was also 
isolated from cDNA library constructed from human pheochromocytoma cells. 

R E S U L T S  

Figure 1 shows the nucleotide sequence of the mouse Nuc gene. It contained a 455 

amino acid-long open reading frame in which the fragments I and II were included. This 

polypeptide contained a highly hydrophobic sequence in the N-terminal region. Since the 

N-terminus of Nuc was blocked, the exact end of the secreted form could not be identified. 

However, the human homologue of Nuc also contains a hydrophobic region (see Fig. 4). 

This region appears to be the signal peptide for the secretion of Nuc. We tentatively 

assigned the 26th amino acid residue, valine, as the N-terminal end of the secreted form 

based on the rule for signal peptides summarized by Perlman and Halvorson (12). The 

calculated molecular mass of the secreted Nuc is 50,410 dahons. The most intriguing 

characteristics of Nuc is the seven-fold presence of leucine in every seventh position 

between the 346th and the 388th residue. Moreover, a basic amino acid-rich region is 

observed between the 171th and the 217th residue. 

In addition to the presence of both a leucine zipper structure and a basic amino acid-rich 

region in Nuc, we always found polynucleotides together with Nuc's anti-DNA antibody- 
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CTGGAGAGACCAGCCACGAT GCCTACCTCGGT GCCCCGCGGGGCCCCTTTTCTTCT CCTACCACCT CTACTGATGCTGTCTGCTGT GCTGGCAGT GCCCGT GGACC~CCTC~ 120 

M P T S V P R G A P F L L L P P L L M L S A V L A V P V D R A A P P 34 

CAGGAGGACAGCCAGGCCACTGAGACCCCGGACACGGGCCTGTACTACCACCGGTACCT CCAGGAGGTCATCAACGT GCTAGAGACAGAT GGGCACTT CCGGGAGAAC~T GCAGGCTGCC 240 

Q E D S Q A T E T P D T G L Y Y H R Y L Q E V I N V L E T D G H F R E K L Q A A 74 

AACGCTGAGGACAT TAAGAGTGGAAAGCT GAGCCAAGAGCT GGACTT CGT CAGCCACAACGTCCGAACCAAGCTGGAT GAGCTCAAGCGACAGGAGGTGT CGAGGCTGCGGATGCTGCTC 360 

N A E D I K S G K ~ ~ ~ ~ ~:~ ~ ~ ~ ~ ~ ~:~ ~:.~ L D E L K R Q E V S R L R M L L 114 

Fragment II 
AAGGCCAAGATGGATGCAAAGCAGGAGCCCAACTTGCAGGT GGACCACATGAACCT CCTGAAGCAGTTTGAGCACCTGGACCCTCAGAACCAGCACACGTT TGAGGCTCGGGACCTAGAG 480 

K A K M D A K e E P N L e V D H M N L L K ............................ ~ ~ ~ ~ ~ ~ ~ ~::~:~:~ ~ ~ ~ 154 

Fragment I 
CT CCTGATCCAGACGGCCACCCGAGACCTCGCCCAGTATGACGCTGCACACCATGAAGAGTTCAAACGCTACGAGAT GCTCAAGGAACAT GAGAGGAGACGATACCT GGAGTCTCTGGGA 600 

n I e T A T R D n A Q Y D A A H H E E m K R Y E M L K E H E R R R Y L E S L G 194 

GAGGAGCAGCGGAAGGAGGCCGAGAGGAAGCT CCAAGAGCAACAGCGCAGACACCGGGAACACCCCAAAGTCAATGT T CCT GGCAGCCAAGCCCAGTT GAAGGAGGT GT GGGAGGAGT TG 720 

E E Q R K E A E R K L Q E Q Q R R H R E H P K V N V P G S Q A Q L K E V W E E L 234 

GAT GGATTGGACCCCAACAGGT TCAACCCCAAGACCTT CTT CATACTGCATGACATCAACAGT GATGGT GTCCTAGATGAGCAAGAACTGC~GCTCTCTT TACCAAGGAGCTGGAGAAG 840 

D G L D P N R F N P K T F F I L H D I N S D G V L D E Q E L E A L F T K E L E K 274 

GTGTATGACCCGAAGAAT GAGGAGGATGACATGAGAGAGAT GGAGGAAGAACGGCT TCGCATGCGGGAGCACGTGATGAAGAATGTGGACACC~CCA~ACC~TTGT~CCCT ~AG 960 

V Y D P K N E E D D M R E M E E E R L R M R E H V M K N V D T N Q D R L V T L E 314 

GAGTTCCTG~TCCACCCAGAGGA~GGAGTTCC~CACTGC~CGAGGGGTGG~GA~AGTGGA~ATGTccCC~GCcTACACAGAGGAGGA~&~G~TTG~GA~A~T~~ F L A S T Q R K E F G D T G E G W K T V E M S P A Y T E E E K R F E E E ( ~  A 1080354 

GCCCGGGAAGCTGAGCTGAATGCCAGGCgZCCAGCGCCTCAGCCAGGAGACAGAGGCCC GGGGCGCTCCCAGGACCGCCTGGAGGCACAGAAGAGAGAGC~;AGCAGATGGAGCAGAGG 1200 

AACCAGCAACTGCAAGAACAGAGCGCTCCGCCT TC CAAACCTGACGGGCACCTGCAGT TCCGTGCAGACACAGAT GACGCTCCTGTCCCAGCTCCAGCAGGTGACCAGAAAGATGT ~ 1320 

K Q Q L Q E Q S A P P S K P D G Q L Q F R A D T D D A P V P A P A G D Q K D V P 434 

GCTT CTGAGAAGAAGGTCCCAGAGCAGCCCCCTGAGCTGCCACAGCTGGATTCCCAGCATTTATAACTCCTCAGAGAC•CCAGCCCT CAGGTTCCCACAGACAGT GTGGAAGCCAGATGA 1440 

A S E K K V P E Q P P E L P Q L D S Q H L * 455 

AGTGGCCTTCCAGCCTCCCT GGGGACCAACGCCCT CATGGCCTCCT GGGAGCAGAACAGGGGCTACCCTGTT CCTCAGATGTGCnCr CTGCTGGTCTACCATTCT CT GCTCTCA~CT CTG 1560 

GGTCCAGGTTCTGCCTCCCT CTCTCGCTCCCTCCCTCCACTGTCAGGGATTAACTACAGGAC4ZTGAAGTTGCAGGAGAGCTCGCTCACCTCACCT GGAGTGCACACTCCAGGCCTGCCCA 1680 

CCTGCCTACTTTGCTCGTTCT CTGTT CCAGGCTCAGCCTCTCT GCT T CCTGTACCTAGTGTCACT GGATCACAGGACCTTGGCTTAGT GTCTCTGACTCTGCCT TCTGTGGAGCCAATGA 1800 

T CTCAAT TCCTTTTGGTGGCTAGAGGC CACCAGGATGTGGGGTGTT CTTCAAGTAGCTATCAGCT CTGCCTGGGACTCCTGGCCTTTACCACCACCCCATCAGCCTACC CTAACTCCCAG 1920 

GCTCAATACGTACCCCATGGCCCCAGGAGGTACCCAGATATGGCTACACCCCTAGCTGAGGTCCAACCCTGCT CAGGGCTCCT GAAAATTGGTTCACCAACTTCCCTGGCTTCAGGCCAC 2040 

ACTGCTGT GTCCTGCTCTGT GCCCCAGTTCCATCCAAATATAGCCCGGCACAAATAAACATTAGT GTATCTGT GT G 2157 

Fig. 1. Nucleotide and amino acid sequences of  mouse Nuc gene. The sequences of  the 
fragments I and II were included in this sequence with two amino-acid discrepancies, 
which were boxed. The underlined sequences were confirmed by amino acid sequence 
analysis of  rNuc protein. Leucine residues in the putative leucine zipper structure were 
circled. (GenBank accession number of the sequence is M96823,) 

a 

26 17 27 316 3~8 ~s 
rNUC +PVDR ~ j , , DSQ~L 

Basic Region LeucineZipper 
1~7 2~1 

DeIB VPVDR LZLL~ . . . . .  GSQA' DSQHL 

298 
DelZ w , ~  ~m~Hs 

b 
I 2 3 4 

Fig. 2. Production of  rNuc and its deletion mutants in E.coli. (a) The expression vector 
kLcl containing the pelB sequence was used for Nuc production in E. coli (15). Two 
kinds of  deletion mutants, DelB lacking the 63 amino acids (from the 158th to 220th) and 
DelZ lacking the 157 amino acids (from the 299th to 455th) and containing one extra serine 
at the C terminus, were also constructed. These three recombinant proteins were produced 
in E. coli in periplasmic forms. Sequencing of  the N-terminal regions of  the isolated 
proteins showed that the pelB sequences were removed and their sequences were VPVD as 
expected.  (b) SDS-PAGE of crude fraction of E.coli harboring the vector alone (lane 1). 
kLcl-rNuc (lane 2), kLcl-DelB (lane 3), and kLcl-DelZ (lane 4). Positions of  rNuc, DelB 
and DelZ were indicated by arrowheads. 

3 7 7  
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boosting activity in the same fractions during the process of purifying Nuc from culture 

supernatants of KML1-7 cells (8). Based on these observations, we suspected Nuc to 

have DNA-binding property, and thus induce anti-DNA antibodies in an antigen-specific 

manner. To test this possibility, a recombinant Nuc (rNuc) protein was produced in E. 

coli. Two kinds of deletion mutants, DelB and DelZ, were also constructed and produced 

in E. coli (Fig. 2). As shown in Fig.3, rNuc protein showed a DNA-binding property. 

DNA fragments used in this experiment consisted of a mixture which was prepared from 

KML1-7 cell culture supernatants. A significant portion of DNA was shifted on the gel by 

addition of rNuc protein (Fig. 3, lane 3). When the basic amino acid-rich region of rNuc 

was deleted, this property was greatly reduced (Fig. 3, lane 4) and when the leucine zipper 

structure of rNuc was deleted, DNA mobility shift was not observed at all (Fig. 3, lane 5). 

Thus, we concluded that rNuc protein has a DNA-binding property, the leucine zipper 

structure should be requisite for DNA binding and that the basic amino acid-rich region 

may form a DNA-binding site. Importance of the leucine-zipper structure in Nuc was 

further supported by comparison of amino acid sequences of Nuc between mouse and 

1 2 3 4 5 

Fi~. 3. Mobility shift in DNA bound to rNuc. A gel electrophoresis DNA binding assay 
was performed according to the standard protocol (16). Briefly, reaction mixtures (19 ~.1) 
were made up of 10 mM Hepes-KOH (pH 7.9), 50 mM KC1, 1 mM MgC12, 0.25 mM 
DTT, 10% glycerol, 0.25 mM PMSF, 12.5 mM spermidine, 0.1 mg poly(dI-dC)/ml and 
64 btg of crude fraction. They were incubated at room temperature for 10 min. Then 1 ~1 
(1 ng) of DNA (N600 bp), prepared from supernatants of KML1-7 cell cultures and labeled 
at the 5' end with [,I-32p]ATP and T4 polynucleotide kinase, was added to the reaction 
mixtures and incubated at 30°C for 30 rain. Finally, they were electrophoresed on 1% 
agarose gel in low ionic buffer (6.7 mM Tris, pH 7.9, 3.3 mM sodium acetate, 1 mM 
EDTA). The gel was dried and subjected to autoradiography. DNA size markers shown 
on the left of the photograph are HindIII digested kDNA and given in kb. lane 1, 32p_ 
DNA alone; lane 2, addition of extracts of E.coli harboring only the vector; lane 3, addition 
of rNuc protein; lane 4, addition of DelB protein; lane 5, addition of DelZ protein. 
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Humanl  MPp$GpRGT~LLs~L~L~L~aAvL~vpLERGAP~KEETp~TEspnT~YYHRYLQEv~v~ET~cHFREKLQAANAEnIK~GKLsREL~vsH~vRTKL~ 100 
. I l l  I I 1 [  I I II t I / l ~ l l  I [I I I [ i  [ I ] l l l l l l 1 1 1 1 1 J  I I E l l l l l l l l l l L I I I I I t l [ l l l l  I I l [ l l l  I l l l l ]  
Mouse a ]MpTSV~RGAPFLLL~pLLML~AVL~V~VDRAAPPQEDSQA~ETPDTGLYYHRYLQEV~NVLETDGHFREKLQA~NAEDIKSGKL~QELDFv~HN~RTKLD i00 

I Sign~ ~ptid~ I . 
101 ELKRQEVSRLRML~KAKMDAEQDPNVQVDH~NLLKQFEHLD~QNQHTFEARDLELL~QTATRD~AQYD/~HHEEFKR¥EMLKEHERRRYLES~GEEQRKE 200 

III[IIIILIIIIII[IIII I II [III IIlllllJlllllllll[1111fllllllil[IIll[l[llIlll[Ifilill~lllllIl[IIllfll 
i01 ELKRQEVSRLRNLLKAKMDAKQEPNLQVDHMNLLKQFEHLDPQNQHTFEARDLELLIQTATRDLAQYD~HHEEFKRYE~LKEHERRRYLESLGEEQRKE 200 

. . . . .  [ B ~ i c a m i n o a c i d - r i c h r e ~ i o n  I. 
201 ~ERKLEEQQRRHREHP~vNV~G$QAQ~KEVWEE~DG~D~NRFNpKTFF~LHDINSDGVLDEQELEALFTKELEKVYDpKNEEDD~RE~EEER~RMREQL~ 300 

IIIll IIIIIILIII ~ [ ~ j ~ I ~ I ~ 1 ~ L ~ I i ~ I ~ I ~ I ~ j ~ ] ~ ~ ~ I ~ [ ~  1 
201 AERKLQEQQRRHREHP~VNVPGSQAQLKEvWEELDGLDPNRFNPKTFFILHDINSDGVLDEQELEALFTKELEKvYDPKNEEDDMREMEEERLRMREHvM 300 

301 KNvDT~QDR~vTLE~F~STQRKEFG~T~GWKTVEMSP~YTEE~jKRFEE~AAR~A~L~RAQ~%SQET~GRSQ~AQ~R~ .... QQMEQRKQ 396 
. . . . .  I L e u c m e z i p ~ r s t r u c m r e l  . . . 

401 QQQQQQGHKAPAAHPEGQLKFHPDTDDVPVPAPAGDQKEVDTSEKKLLERLPEVE..VPQHL 460 
i t I li I III I fill III1111111 I IIII I II 111 

397 QLQEQ--.SAPPSKPDGQLQFRADTDDAPVPAPAGDQKDVPASEKKVPEQPPELPQLDSQHL 455 

Fi~. 4. Comparison of amino acid sequences of Nuc between human and mouse. 
(GenBank accession number of the human sequence is M96824.) 

human. The major parts of Nuc from the 40th residue to the 388th residue which 

corresponded to the end of the leucine zipper showed 95% identities of amino acids 

between two species as shown in Fig.4. 

D I S C U S S I O N  

Molecular cloning of Nuc revealed presence of a new kind of molecule which contains a 

signal peptide and a leucine zipper. The leucine zipper structure is assumed to be a 

dimerization motif prevailing in various transcription factors such as Fos and Jun (13). In 

contrast with the transcription factors, the presumed DNA-binding site, a basic amino acid- 

rich region, is not located immediately upstream from the leucine zipper but further 

upstream. In fact, however, rNuc has a DNA-binding property and deletion of either the 

leucine zipper or the basic amino acid-rich region destroyed the activities. Nuc is the 

known first example of a polypeptide apart from transcription factors that has both leucine 

zipper and DNA-binding property. 

As concerns autoimmunity, it has been one of the major objectives to identify molecules 

that help produce IgG anti-DNA antibodies. However, analyses of the cytokines identified 

so far did not indicate any antigen specificity. We wonder why anti-DNA antibodies are 

specifically amplified in SLE patients. The DNA-binding property of the rNuc protein 

might explain why a soluble factor from KML1-7 cells could preferentially induce IgG anti- 

DNA antibody production across the H-2 barrier. The biological activities of Nuc is now 

under investigation and will be published elsewhere. In brief, addition of rNuc induced 

IgG anti-DNA antibody production in cultures of B cells from MRL/1 mice. However, 

mutant DelB and DelZ have lost this activity. 
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In the culture supernatants of KML1-7 cells, a large amount of DNA coexisted with Nuc. 

Size analysis of the DNA revealed its multiple forms of nucleosome units shaping a so- 

called nucleosome ladder. A part of KML1-7 cells may undergo apoptosis (14). The 

message of mouse Nuc gene was also detected in normal lymphoid cells and in other 

somatic cells such as liver and kidney cells, in normal immune systems, the circulation of 

secreted DNA-Nuc complexes might rapidly be terminated, but in lupus-prone mice, B 

cells could be over-stimulated, resulting in clonal expansion of anti-DNA antibody- 

producing cells. 
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