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Summary 
Polyspecificity is a well-known property of the anti-DNA antibodies produced by autoimmune 
animals. In our search for antigen targets of anti-DNA antibodies within tissue extracts, we 
identified a 32-kD polypeptide that was recognized by a large panel of anti-DNA antibodies. 
Direct sequencing of this protein disclosed its identity with DNase I. 22 monoclonal anti-DNA 
antibodies bound to DNase I in direct and competitive immunoassays; out of 15 autoantibodies 
that did not bind DNA, none had the ability to bind DNase I. The ability of anti-DNA antibodies 
to interfere with DNase I enzymatic activity was evaluated in an assay based on the enzyme 
digestion of phage double strand DNA. Six monoclonal anti-single strand DNA antibodies that 
did not bind double strand DNA were tested in this assay. Three out of six inhibited DNase 
I-mediated digestion of phage DNA. The interaction of anti-DNA antibodies with DNase I 
was further investigated by testing their ability to bind a synthetic peptide that corresponds to 
the catalytic site of the molecule. 4 out of 22 anti-DNA antibodies bound the active site peptide; 
two of these had been shown to inhibit DNase I enzymatic activity. This report shows that 
anti-DNA antibodies recognize both DNA and its natural ligand DNase I. Some anti-DNA 
antibodies inhibit DNase I enzymatic activity, thus displaying the potential to modulate DNA 
catabolism. The dual specificity of anti-DNA antibodies offers a clue for understanding the 
mechanisms that lead to anti-DNA antibody production in autoimmune animals. 

I dentification of the events leading to the production of anti- 
DNA antibodies in individuals with systemic lupus ery- 

thematosus has been enigmatic. Genetic studies of anti-DNA 
antibodies from lupus-prone mice suggest that the produc- 
tion of anti-DNA antibodies is antigen driven. However, nat- 
uraUy occurring nucleic acids and, in particular, double strand 
DNA (dsDNA) 1, are only weakly immunogenic (1). More- 
over, antibodies produced after immunization with DNA do 
not cross-react with multiple autoantigens like their patho- 
genic counterparts (2-9), nor do they produce lupus lesions 
(10, 11). In view of this promiscuous reactivity of lupus au- 
toantibodies, we reasoned that self proteins, rather than nu- 
cleic acids, could be responsible for eliciting a lupus antibody 
response in genetically susceptible and/or immunologically 
impaired individuals. To test this hypothesis, our goal was 
to identify candidate proteins. 

In our search for cross-reactive proteins of lupus autoanti- 
bodies, we identified a 32-kD polypeptide that was specifically 
recognized by a large panel of anti-DNA antibodies. On sub- 
sequent analysis, this peptide was determined to be DNase 

1 Abbreviations used in this paper: dsDNA, double strand DNA; ssDNA, 
single strand DNA. 

I. Furthermore, a subset of anti-DNA antibodies inhibited 
the functional activity of this enzyme; epitope mapping of 
these antibodies localized the binding to a positively charged 
sequence corresponding to the catalytic site of the molecule. 
This novel antigenic specificity of anti-DNA antibodies pro- 
vides clues to understanding the events leading to the produc- 
tion of anti-DNA antibodies in autoimmune individuals, and 
it raises the possibility that the direct interaction of autoanti- 
bodies with constitutive enzymes may influence the autoim- 
mune/inflammatory response. 

Materials and Methods 
Antigens and Buffers. (a) Preparation of DNase I. Bovine DNase 

I, RNase-free, was purchased from Boehringer Mannheim (Mann- 
heim, Germany). (b) Preparation of glomerular extract. Human 
glomerular extract was prepared as described elsewhere in detail 
(10). Briefly, human glomeruli were lysed in cold hypotonic buffer 
(20 mM Tris, pH 7.4) containing a cocktail of protease inhibitors 
(PMSF, leupeptin, aprotinin, pepstatin, and antipain), reduced with 
2-mercaptoethanol (1% final vol), and treated with SDS (3% final 
vol). (c) Preparation of polynucleotides. Single strand DNA (ssDNA) 
a:ad dsDNA were prepared as described elsewhere in detail (10-12). 
Poly(dT) was purchased from Sigma Chemical Co. (St. Louis, MO). 
(d) Chelex 100 treatment. Chelex 100 resin, a chelating agent for 
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divalent cations (Ca 2+, Mg 2§ and Mn2+), was purchased from 
Sigma Chemical Co. and used according to the manufacturer's in- 
structions. The buffers or the antigen and antibody solutions (100 
ml/5 g resin) were absorbed three times on Chelex 100 to ensure 
complete removal of divalent cations. 

Antibodies. Murine monodonal anti-DNA antibodies (H241, 
H130, H102, P168, 27, D, 15/9, 110/13, 512, A, and 62/11), as 
well as anti-DNA-negative autoantibodies (136, A, C, 56, 35, 21/7, 
85, 5/5, 100, and 28/12), were prepared from spleen cells of im- 
munized MRL-lpr/lpr mice (3, 5, 13, 14). 

Antibodies 21/6, 21/10, 21/12, 21/15, 21/17, and 21/23 were 
obtained from the fusion of splenocytes of BALB/c mice injected 
with the ribonucleoprotein-mimicking idiotype light chain G, as 
elsewhere described in detail (15). The anti-DNA antibodies were 
all IgM with the following exceptions: monoclonal antibody H241 
(IgG2,) and antibody H102 (IgG2b). The anti-DNA-negative au- 
toantibodies were all IgM with a few exceptions: antibody C 
(IgG2a), antibody 28/12 (IgG2b), and antibody 35 (IgG3). 

Human monoclonal anti-DNA antibodies (Hy2, Hy8, Hy9, 
Hyl0, and Hy12) were derived by EBV transformation of B cells 
obtained from patients with systemic lupus. Human anti-DNA- 
negative autoantibodies (A2, A10, A77, and B19.7) were obtained 
in Dr. R. S. Schwartz's laboratory (New England Medical Center, 
Boston, MA). All the human monoclonal anti-DNA antibodies, 
as well as control autoantibodies, were IgM. 

The mouse IgM monoclonal anti-DNase I antibody was obtained 
from the fusion of splenocytes of a BALB/c mouse immunized with 
bovine DNase I. 

Isotype-matched murine Ig was purchased from Cappel Labora- 
tories (Cochranville, PA). 

Preparation and characterization of IdssDNA and IddsDNA are 
described elsewhere in detail (16). Briefly, the two antibody prepa- 
rations were derived from a patient with active lupus nephritis. 
IdssDNA was prepared using an oligo(dT)-cellulose column (Phar- 
macia LKB, Piscataway, NJ); the antibody population had no anti- 
dsDNA activity. 

IddsDNA was prepared using a native dsDNA-cellulose column 
(Pharmacia LKB); the preparation preferentially reacted with 
dsDNA. 

Polyclonal anti-DNA antibodies were isolated from the serum 
of eight different patients with active lupus nephritis with an 
oligo(dT)-cellulose column. The preparations obtained retained both 
anti-ss and anti-dsDNA activity. 

To avoid any interference by DNA--anti-DNA complexes within 
individual antibody preparations, anti-DNA antibodies were treated 
with micrococcal nuclease, and both double-stranded and single- 
stranded exonucleases. 

Briefly, 10 #g of individual antibodies 21/6, 21/12, H241, H130, 
H102, Hy2, Hy9, and Hy12 were first digested with micrococcal 
nuclease (Sigma Chemical Co.) in 50 mM Tris, 5 mM MgC12, pH 
7.5, and the reaction was stopped by the addition of 10 mM EDTA. 
Further digestions were obtained with exonuclease III (double- 
stranded 3'-5' exonuclease) (Promega Corp., Madison, WI), 20 U 
in 50 mM Tris, 5 mM MgClz, 5 mM dithiothreitol, 20 mM KC1, 
50 #g/ml BSA, pH 7.5 (1 h, 37~ and exonuclease VII (5'-3' 
and Y-5' exonuclease) (Promega Corp.), 0.4 U in 70 mM Tris, 8 
mM EDTA, 10 mM/3-mercaptoethanol, 50/~g/ml BSA, pH 8. 
The antibody preparations were then absorbed on Chelex 100 and 
extensively dialyzed against Chelex 100-treated 20 mM Tris, pH 
7.5. Ethidium bromide staining of phenol-extracted digested anti- 
bodies (50 #g/lane of an agarose get) did not reveal any DNA 
fragment. 

Western Blot. The glomerular extracts were separated on a 10% 

SDS-PAGE in reducing conditions and transferred to nitrocellu- 
lose or polyvinyldifluoride membranes (Immobilon P; Millipore 
Corp., Bedford, MA). Filters were saturated by 1-h incubation at 
room temperature in 50 mM Tris, 150 mM NaC1, 5% dry nonfat 
milk. The same buffer was used for antibody dilutions and washing. 
Purified mAbs at 20/zg/ml or polyclonal Ig at 10/zg/ml were in- 
cubated on filters for 4 h at room temperature. After washings, 
alkaline phosphatase--conjugated goat anti-human IgG, anti-human 
IgM (Sigma Chemical Co.), or goat anti-mouse IgG-IgA-IgM 
(Boehringer Mannheim) were added and incubated overnight at 
4~ The immunoreactive bands were visualized using 5-bromo- 
4-chloro-indoxyl-phosphate and nitroblue tetrazolium as substrate 
(17). Ethidium bromide staining of phenol-extracted dry nonfat 
milk did not reveal the presence of DNA. 

Microprotein Sequencing. The protein of interest (32 kD) was 
partially purified from human glomerular extract, using several steps 
of ion exchange chromatography (on DEAE-Sephadex and carboxy- 
methyl-Sephadex [Sigma Chemical Co.]). The fractions enriched 
for the 32-kD polypeptide were pooled and concentrated using Cen- 
tricon microconcentrators (Amicon, Beverly, MA) (10,000 mol wt 
cut-off). The concentrated material was precipitated with ice-cold 
20% TCA for 1 h on ice. The pellet, obtained after centrifugation, 
was washed twice with cold acetone, dried in a vacuum centrifuge 
(Univepo 150 H; Uniequip, Martinswed, Germany), and resus- 
pended in a small volume of 50 mM ammonium bicarbonate, 4 M 
urea, 2% SDS, pH 7.4. 

The purified extract was run on a 12.5% SDS-PAGE under 
reducing conditions and transferred to polyvinyldifluoride mem- 
branes (Immobilon, P; Millipore Corp.), using 10 mM 3-cyclo- 
hexylamino-l-propane sulfonic acid (CAPS), pH 11. The band of 
interest was then excised and subjected to microprotein sequence, 
according to P. Matsudaira (18), using a sequencer (Applied Bio- 
systems, Foster City, CA). 

Immunoprecipitation. Purified glomerular extract and DNase I 
(Boehringer Mannheim) were labeled with 112s, using a bead- 
immobilized preparation of lactoperoxidase and glucose-oxidase (En- 
zymobead Solid Phase Radioiodination Kit; Bio-Rad Laboratories, 
Richmond, CA). The labeled material was diluted in cold lysis buffer 
(20 mM Tris, 150 mM NaC1, 10 mM EDTA, 1% NP-40, 0.2% 
SDS, pH 7.5, containing a mixture of protease inhibitors) and 
precleared twice by the addition of one-fifth the volume of Pan- 
sorbin (Calbiochem-Novabiochem, San Diego, CA). 

Immunoprecipitations were carried out by overnight incubation 
of the individual antibodies (20/~g of either human or mouse mAbs, 
10/zg of human polyclonal Ig) with aliquots of labeled extract or 
DNase I (106 TCA precipitable cpm/experiment). 50 #1 of packed 
Sepharose beads (Pharmacia LKB), previously coupled to either 
rabbit anti-mouse IgM (Litton Bionetics, Kensington, MD) or goat 
anti-human IgM (Calbiochem-Novabiochem), or, alternatively, 
50/~1 of protein A-Sepharose beads, were added to individual tubes, 
and the samples were rotated for I h at 4~ The beads were exten- 
sively washed five times with cold washing buffer (20 mM Tris, 
15 mM EDTA, 500 mM NaCI, 1% NP-40, 1% SDS, pH 7.5, con- 
taining a mixture of protease inhibitors). For absorption experi- 
ments, radiolabeled glomerular extract was repeatedly absorbed on 
insolubilized antibodies, until no radioactivity could be eluted from 
the beads. The absorbed glomerular extract was then immunopre- 
cipitated as above described. The immunoprecipitates were eluted 
in sample buffer and analyzed by SDS-PAGE. Dried gels were au- 
toradiographed at -70~ with an x-ray intensifying screen. 

Peptide Synthesis. Synthetic peptides were obtained by solid phase 
synthesis, using Fmoc-protected amino acids, according to the 
method of Merrifield as modified by Atherton (19). The peptides 
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were purified by gel filtration on a Sephadex G-25 column. The 
peptides, which had as a cysteine the NH2- and COOH-terminal 
residue, were oxidized by oxygen bubbling. 

ELISA. DNase I and peptides were used at a concentration 
of 10/zg/ml to coat polystyrene plates (Nunc, Roskilde, Denmark). 
After blocking for 1 h with 3% BSA in PBS, the antibodies, diluted 
in 1% BSA, 0.05% Tween in PBS, were added and incubated for 
4 h at room temperature. The plates were then washed once with 
1% Tween in PBS and twice with PBS. Alkaline phosphatase- 
conjugated goat anti-human IgG or IgM (Sigma Chemical Co.), 
goat anti-mouse IgG-IgA-IgM, or anti-mouse IgM (Boehringer 
Mannheim) in diluting buffer were then added and incubated over- 
night at 4~ After washings, the bound enzymic activity was mea- 
sured with p-nitrophenyl-phosphate (Sigma Chemical Co.). 

For competitive assays, the amount of antibody that gave 50% 
of the maximum binding to the antigen on the solid phase was 
preincubated with different amounts of competitors or buffer for 
I h at 37~ and then transferred to the antigen-coated plates. The 
assay was then carried on as the direct binding assay. Alternatively, 
antibody preparations were Chelex 100-treated to remove divalent 
cations. ELISA plates were coated with DNase I (10/~g/ml in Chelex 
100-treated 20 mM Tris, pH 7.5), blocked with 3% BSA in 250 
mM EDTA for 1 h at room temperature, and washed with 0.05% 
Tween in Chelex 100-treated 20 mM Tris, pH 7.5 (buffer A). Buffer 
A was also used for antibody dilutions and washings. Bound enzy- 
matic activity was revealed as described above. The direct binding 
and competitive ELISA for antibody against ssDNA, dsDNA, and 
polynucleotides have been described in detail elsewhere (3, 5, 12, 
13). Ethidium bromide staining of phenol-extracted BSA did not 
reveal the presence of DNA. 

DNase I Functional Activity. Hind III-digested )x DNA, (Bio- 
Pad Laboratories, Inc.) was treated with DNase I (Boehringer 
Mannheim). Briefly, 3/zg of DNA were incubated with 1/~g of 
DNase I in 50 mM Tris-HC1, 1 mM MgC12, 0.1% BSA, pH 7.5 
for 20 min on ice. The reaction was then stopped with 10 mM 
EDTA. In inhibition experiments, 10/~g of anti-DNA antibodies 
or control Ig were preincubated with 1/~g of DNase I for 20 rain 
on ice. The assay was then carried out as described above. Digested 
DNA was run on a 1% agarose gel. The gel was then stained with 
2/~g/ml of ethidium bromide and photographed under UV light. 

Results 
Reactivity of Anti-DNA Antibodies with a 32-kD Polypelo- 

tide, Highly Homologous to DNase I. To select candidate au- 
toantigen proteins, our overall strategy was to evaluate a large 
panel of anti-DNA antibodies from MRL-lpr/ lpr  mice and 
SLE patients for reactivity with tissue extracts (as a source 
of potential protein autoantigens). After a brief survey, it be- 
came apparent that, although other bands were often observed, 
reactivity of anti-DNA antibodies with a 32-kD polypep- 
tide was universal (see below). An example of this observa- 
tion for anti-DNA antibodies derived from human lupus is 
illustrated in Fig. 1. Our  aims were to identify the nature 
of this/these protein(s) and to further examine the interac- 
tion between anti-DNA antibodies and this/these protein(s). 

By two-dimensional gel electrophoresis, a single immuno- 
reactive spot was identified. The 32-kD polypeptide was iso- 
lated and subjected to partial aminoacid sequence analysis. 
Its NH2-terminal sequence was 94% homologous to bovine 
DNase I (15/16 amino acids). 

The putative identity of the 32-kD peptide as DNase I 

Figure 1. Binding of affinity-purified human anti-DNA antibodies to 
glomerular extract. Human glomerular extract was run on a 12% SDS 
gel under reducing conditions and transferred to nitrocellulose. The filters 
were probed with two anti-DNA polyclonal preparations, anti-ssDNA, 
IdssDNA, and anti-dsDNA, lddsDNA (lanes 2 and 3), isolated from a 
patient with systemic lupus and with normal human polyclonal Ig (lane 4). 
Lane 1 is a control lane in which only the second antibody (alkaline phos- 
phatase-conjugated goat anti-human Ig) was used. Anti-DNA antibodies 
detect a band of 32 kD; no reactivity is detected with normal human Ig. 

was confirmed by the following observations: A routine mono- 
clonal anti-DNase I and the anti-DNA antibodies immuno- 
precipitated a 32-kD band in the radiolabeled glomerular ex- 
tract. An example is given in Fig. 2 (lanes 5 and 6). When  
radiolabeled glomerular extract was absorbed on immobilized 
anti-DNase antibody before immunoprecipitation, the anti- 
DNA antibodies did not recognize the 32-kD protein (Fig. 
2, lane 7). Conversely, after absorption with anti-DNA anti- 
bodies, the monoclonal anti-DNase did not immunoprecipi- 
tate the 32-kD protein (Fig. 2, lane 8). The protein immu- 
noprecipitated by the monoclonal anti-DNase was recognized 
in Western blot by anti-DNA antibodies (data not shown). 
The anti-DNA antibodies that reacted with the 32-kD band 
also recognized labeled DNase I (Fig. 3). Finally, peptide maps, 
generated from the isolated 32-kD band, and purified DNase 
I were identical (data not shown). Taken together, these results 
suggest that the immunoreactive protein in the cellular ex- 
tract is DNase I. 

Anti-DNase I Activity Is Specific and Common among Anti- 
DNA Antibodies. To examine the specificity of these inter- 
actions, an unselected panel of monoclonal anti-DNA anti- 
bodies (17 mouse, 5 human) were tested for anti-DNase I 
activity by direct binding and competition immunoassays 
(Table 1). All 22 anti-DNA mAbs bound to solid phase DNase 
I; by comparison, binding was not observed for any of the 
autoantibodies that did not bind D N A  (10 murine and 5 
human mAbs), nor by isotype-matched control Ig. The 
specificity of the results was confirmed by competitive inhi- 
bition in each case. The compiled results are given in Table 
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Hgure 2. Immunoprecipitation of I12S-labeled glomerular extract. Glo- 
merular extract was labeled with 112s and incubated with individual anti- 
bodies (106 TCA precipitable cpm/antibody). The complexes were precipi- 
tated by insolubilized anti-mouse Ig or protein A. (Lane 1) Mouse polyclonal 
anti-DNase I antibodies. (Lane 2) Mouse monoclonal anti-DNA negative 
IgG antibody. (Lane 3) Mouse monoclonal anti-DNA negative IgM anti- 
body. (Lane 4) human polyclonal anti-DNA negative IgG antibodies. (Lane 
5) Mouse monoclonal anti-DNase I. (Lane 6) Human polyclonal anti-ssDNA 
antibody, IdssDNA. The two anti-DNase I antibodies (lanes 1 and 5) and 
the anti-DNA antibody, IdssDNA (lane 6) detect a band of the same mo- 
lecular weight (32 kD), which is not recognized by control antibodies 
(lanes 2-4). For absorption experiments, radiolabeled glomerular extract 
was repeatedly absorbed with insolubilized antibodies (mouse monoclonal 
anti-DNase I antibody (lane 7) or polyclonal anti-DNA antibody, IdssDNA 
(lane 8), until no labeled material could be eluted from the beads. The 
absorbed extract (106 TCA precipitable cpm/antibody) was then immu- 
noprecipitated with IdssDNA (lane 7) or mouse monoclonal anti-DNase 
I antibody (lane 8). After absorption no 32-kd band could be immunopre- 
cipitated by anti-DNA or anti-DNase I antibodies. 

2. The binding of the anti-DNA antibodies to DNAase I 
was also shown by Western blot and immunoprecipitation 
techniques (Table 2). Binding to DNase I was also observed 
among 8/8 human polyclonal ant i-DNA antibody prepara- 
tions derived from the serum of lupus patients; however, it 
was not present among either Ig that did not bind D N A  
from the same serum, or Ig isolated from normal human sera 
(not shown). 

We next considered the possibility that D N A  was present 
in the assays and affected the results (i.e., ant i-DNA anti- 

body binding to the D N A - D N a s e  I complex). As DNase 
I binding to DNA is strictly calcium and magnesium depen- 
dent (20-23), the assays were performed in Tris buffer treated 
with chelating agents (Chelex 100). Under these conditions, 
DNase I cannot bind and digest DNA.  However, all the anti- 
DNA antibodies retained activity against DNase I. Moreover, 
the DNase I-binding ability of mAbs 21/6, 21/12, H241, 
H130, H102, Hy2, Hy9, and Hy12 was not significantly re- 
duced by the antibody treatment with DNA-hydrolyzing en- 
zymes, micrococcal nuclease, and double-stranded and single- 
stranded exonucleases (data not shown). 

A Subset of Anti-DNA Antibodies Reacts with the Functional 
Domain of DNase I and Inhibits Enzymatic Activity. To test 
whether anti-DNA antibodies interfere with DNase I enzy- 
matic activity, it was necessary to circumvent possible inter- 
actions between anti-DNA antibodies and DNA in the assay. 
For this purpose, six monoclonal anti-ssDNA antibodies 
without detectable anti-dsDNA antibody activity were se- 
lected, and their capacity to inhibit DNase I-mediated diges- 
tion of phage dsDNA was evaluated. As illustrated in Fig. 
4, three of six mAbs were observed to interact with DNase 
I and to inhibit the digestion of DNA.  

Based on these results, we postulated that some of the anti- 
DNA antibodies may bind to the functional domain of DNase 
I and inhibit its enzymatic activity. Alternatively, interac- 
tions with other residues could alter the conformation of the 
enzymatic site to influence enzymatic activity. To address these 
possibilities, we took advantage of the observations of D. Suck 
and co-workers (22), who demonstrated that part of the ac- 
tive site ofDNase  I is formed by a loop corresponding to the 
sequence 73-78: Arg-Asn-Ser-Tyr-Lys-Glu. Three closely re- 
lated peptides were synthetized as follows: adding two alanine 
residues as NH2- and COOH-terminal  amino acids (peptide 
a); adding two cysteine residues as NH2- and COOH-ter -  
minal amino acids (peptide b); adding two cysteine residues 
as NH2- and COOH-terminal  amino acids and substituting 
Arg 73 and Lys 77 with alanine (peptide c). The cysteine- 
containing peptides were then oxidized so that a cyclic pep- 
tide could be formed whenever cysteine was the NH2- and 
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Figure 3. Immunoprecipitation of I12S-labeled DNase 
I. DNase I was labeled with 112s and incubated with in- 
dividual antibodies. The immune complexes were precipi- 
tated by the addition of insolubilized anti-human or 
anti-mouse Ig. (Lane 1) Mouse polyclonal anti-DNase I 
serum. (Lane 2) Mouse monoclonal anti-DNase I anti- 
body. (Lane 3) Anti-DNA negative mouse monoclonal 
IgM antibody 21/7. (Lane 4) Anti-DNA negative mouse 
monoclonal IgM antibody 136. (Lane 5) Anti-DNA nega- 
tive mouse monoclonal IgG antibody (C). (Lane 6) Anti- 
DNA negative human monoclonal IgM antibody A2. 
(Lane 7) Anti-DNA negative human monoclonal IgM 
antibody A10. (Lane 8) Human polyclonal anti-DNA 
negative IgG antibodies. (lane 9) Human monoclonal anti- 
DNA antibody Hy12. (Lane I0) Mouse monoclonal 
anti-DNA antibody H130. (Lane 11) Mouse monoclonal 
anti-DNA antibody P168. (Lane 12) Mouse monoclonal anti- 
DNA antibody H241. (Lane 13) Human polyclonal anti- 
ssDNA antibody, IdssDNA. (Lane 14) Human polyclonal 
anti-dsDNA antibody, IddsDNA. 



Table  1. Anti-DNase I Activity of Anti-DNA mAbs 

ssDNA dsDNA DNase I peptide a peptide b 

Mouse mAbs 

H241 0.20* 0.16" 2.5* 0.90~ 5.0* 5.0* 
H130 0.15 _ s 5.0 0.70 - - 
H102 0.20 - 5.0 0.40 - - 
P168 0.60 - 2.5 0.65 5.0 5.0 
27 2.00 - 5.0 0.30 + _+ II 
D 0.16 - 5.0 0.35 - - 
15/9 1.25 - 2.5 0.50 - - 
110/13 0.40 2.00 3.0 0.55 5.0 5.0 
512 1.00 - 2.5 0.48 _+ _+ 
62/12 1.25 - 5.0 0.73 _+ _ 
21/6 0.40 2.00 5.0 0.60 - - 
21/10 0.02 - 5.0 0.56 _+ _+ 
21/12 0.08 - 8.0 0.34 - - 
21/15 0.02 - 8.0 0.40 - - 
21/17 0.40 - 2.0 0.75 _ _+ 
21/23 0.02 0.40 2.0 0.85 __ _+ 

Human mAbs 

Hy 2 1.00 - 5.0 0.45 _+ _ 
Hy 8 0.40 - 5.0 0.38 - - 
Hy 9 0.20 - 2.5 0.58 - - 
Hy 10 0.10 - 2.5 0.54 _+ _+ 
Hy 12 0.60 - 4.0 1.00 2.5 2.5 

* Micrograms of liquid phase inhibitor required for 50% inhibition in competitive homologous assays. 
* A 405 for 10 #g/ml mAb in direct-binding assay. 
S - indicates no binding to the antigen on the solid phase. 
Pl +_ indicates direct binding, but >10/~g/ml inhibitor required for 50% inhibition in competitive immunoassays. 

C O O H - t e r m i n a l  residue. The  cyclic pept ides  should,  there- 
fore, closely approx imate  the te r t ia ry  s t ructure  of  the loop. 

The  a n t i - D N A  ant ibodies  were  then  tested for  react ivi ty  
against  the peptides.  As  shown in Table 1, four of  the anti- 
bodies bound  peptides a and b in direct and competit ive ELISA; 

Table  2. Anti-DNase I Activity of mAbs 

Dot blot /  Immuno- 
ELISA Western blot precipitation 

Ant i -DNA 22/22 20/20 17/17 

autoantibodies 

Non-an t i -DNA 0/15 0/15 0/10 

autoantibodies 

Isotype-matched Ig 0/35 0/25 0/10 

Results are given as number of antibodies binding DNase I by ELISA, 
dot blot, or Western blot, and immunoprecipitation over the number 
of antibodies tested. 

none  of  the.m reacted w i t h  pept ide  c. Two of  the pept ide-  
b ind ing  ant ibodies  (P168 and Hy12)  had been shown to in- 
h ibi t  D N a s e  I funct ional  activity. Moreover,  the  b ind ing  o f  
m A b s  110/13 and Hy12 to solid phase D N a s e  I was com- 
peted by  pept ide  a and,  to a lesser extent ,  by  pept ide  b, whi l e  
pept ide  c had no effect at all (Fig. 5). These  results indicate 
that  a subset of  a n t i - D N A  ant ibodies  specifically recognizes  
a sequence conta ined in the active site of  the enzyme.  

D i s c u s s i o n  

This  repor t  indicates that  autoant ibodies ,  derived f rom in- 
dividuals  w i t h  lupus and ini t ial ly selected for a n t i - D N A  an- 
t i body  activity,  interact  in an antigen-specific manne r  w i t h  
D N a s e  I. This  appears to be a c o m m o n  proper ty  of  a n t i - D N A  
antibodies,  present  a m o n g  b o t h  mur ine  and h u m a n  Ig (as 
well as in serum from individuals w i th  lupus). The  anti-DNase 
act ivi ty  is specific, and,  in some cases, b ind ing  o f  D N a s e  in- 
terferes w i t h  its enzymat ic  activity. 

DNase I is a double-stranded specific endonudease that hydro- 
lyzes D N A  to form short oligonucleotides having 5'-phosphate 
and Y-hydroxy l  termini .  I t  requires the presence of  divalent  
cat ions (Ca z+ and M g  2+) for the cleavage react ion.  
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Figure  4. Inhibition of DNase I enzymatic activity. HindlII-digested 
~, D N A  was incubated with DNase I, and the digestion was stopped by 
the addition of EDTA. Digested DNA was run on a 1% agarose gel, which 
was then stained with ethidium bromide and photographed under UV 
light. (Lane 1) HindlIl-digested X DNA. (Lane 2) HindlII-digested X DNA 
treated with DNase I. (Lane 3-8) HindlIl-digested X DNA treated with 
DNase I preincubated with Hy12 (lane 3), P168 (lane 4), H130 (lane 5), 
H102 (lane 6), 21/10 (lane 7) and 21/15 (lane 8). Preincubation of DNase 
I with mAbs Hy12, P168, and H130 blocked the ability of the enzyme 
to digest the substrate. 

The crystal structure of the enzyme has recently been solved 
at high resolution (22). Electrostatic interactions play a prom- 
inent role in the DNA binding. In particular, the 2-A reso- 
lution structure of DNase I, complexed to a short oligonu- 
cleotide (24), showed that an exposed peptide loop (Arg- 
Asn-Ser-Tyr-Lys-Glu) fits tightly in the minor groove of DNA. 
These residues and five additional arginine and lysine residues 
form salt bridges with phosphate groups of both strands 
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Figure 5. Inhibition of antibody 110-13 binding to DNase I. mAb 110-13 
was preincubated with different amounts of peptide a (Ala-Arg-Asn-Ser- 
Tyr-Lys-Glu-Ala), peptide b (Cys-Arg-Asn-Ser-Tyr-Lys-Glu-Cys), or pep- 
tide c (Cys-Ala-Asn-Ser-Tyr-Ala-Cys) for 1 h at 37~ and then transferred 
to a DNase I-coated plate. Bound antibody was detected by an alkaline 
phosphatase-labeled anti-mouse antiserum. Results are expressed as per- 
cent inhibition: 100 - I100 x absorbance [antibody + peptide]/absorbance 
[antibody + buffer]l. 

flanking the minor groove. No contacts are formed between 
DNase I and the major groove. The enzyme interacts with 
an extensive region of the B-type DNA duplex over a total 
of 6 bp (34 A )  (25). 

We took advantage of these features to confirm specificity 
and map the binding site of a subgroup of anti-DNA anti- 
bodies. Using synthetic peptides corresponding to the active 
site of the enzyme, the epitope recognized by a subgroup 
of these autoantibodies on DNase I was mapped to the se- 
quence Arg-Asn-Ser-Tyr-Lys-Glu. The substitution of the two 
positively charged amino acids with alanine abolished the 
binding, thereby suggesting a prominent role of electrostatic 
interactions in the antibody recognition. In this regard, clusters 
of charged residues seem to be a frequent feature of the epi- 
topes bound by auto antibodies. In fact, V. Brendel et al. 
(26) analyzed the charge properties of rheumatic disease- 
associated autoantigens and found that clusters and/or runs 
of charged residues are significantly more frequent in these 
proteins than in other mammalian proteins. 

The potential functional relevance of this interaction is sug- 
gested by the observation that three anti-DNA antibodies 
inhibited the enzyme activity of the molecule. Two of the 
three inhibitory antibodies (P168 and Hy12) bound to the 
cyclic peptide corresponding to the active site, suggesting that 
the inhibition on DNase I was due to a specific reaction with 
this region of the molecule. The third antibody, H130, did 
not recognize this peptide, and we conclude that it either 
binds DNase I in a region close to the active loop and inter- 
feres with the activity of the enzyme through steric hindrance, 
or it induces a conformational change in the molecule that 
alters enzymatic activity. Nevertheless, the inhibition of DNase 
I enzymatic activity by either mechanism could have patho- 
logical implications by interference with DNase I activity at 
sites of inflammation. 

An immune response to DNase I may also amplify the 
production of anti-DNA antibodies through immune net- 
work interactions. For example, antiidiotypes could mimic 
DNAase I and bind DNA. In this regard, the DNA- 
hydrolyzing antibodies described by A. M. Shuster et al. (27) 
may also represent such an idiotypic cascade. Similar examples 
have been described for other autoantibodies (13, 14, 16). 

DNase I is a ubiquitous enzyme in mammalian tissues and 
is phylogeneticaUy highly conserved. Distribution studies (28, 
29) show that high levels of the enzyme can be detected in 
digestive tissues, such as the parotid and submaxillary glands 
and the lining of small intestine. Appreciable levels of DNase 
I can be found in the kidney, where the enzyme probably 
plays a scavenging role, and in the lymph node and thymus 
(30). M. C. Peitsch et al. (30) demonstrated that the apoptosis- 
specific endonuclease, extractable from both thymocytes and 
lymph node cells, is functionally and antigenically indistin- 
guishable from DNase I. 

The dual specificity of anti-DNA antibodies suggests a role 
of DNase I in the origin of anti-DNA antibodies. We pro- 
pose that anti-DNA antibodies arise from an immune response 
to a complex of DNA with the DNA-binding protein. Pep- 
tides from the protein moiety of the complex could elicit 
a T cell response. Such peptide-specific T cells can preferen- 
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tially help B cell clones that, through their surface Ig receptors, 
capture the DNA-protein complex and present DNase I pep- 
tides in association with MHC class II molecules. B cells, 
whose surface Ig bind DNA, the DNA-binding protein, or 
both, will thus be stimulated. B clones producing Ig with 
a dual specificity (DNA and DNase I, or Sm and DNA) bind 
the complex with high avidity and, therefore, are efficient 
APC. We suggest that this property is a selective advantage 
that leads to preferential expansion of B cell clones binding 
both DNA and DNA-binding protein. This hypothesis links 
several observations that have not so far been connected. Struc- 
tural studies have shown that lupus anti-DNA antibodies arise 
from antigen selection of somatically mutated B cells. Such 
a process is usually T cell driven, and, indeed, helper T cells 

a process is usually T cell driven, and, indeed, helper T cells 
that augment the anti-DNA response have been identified 
(31-33). However, T cells specific for oligonucleotides have 
never been reported. The relevant T cell epitope may occur 
on DNA-binding nuclear proteins (34), a possibility strength- 
ened by the observation that nucleoproteins with DNA- 
binding motifs are a frequent target of anti-DNA antibodies 
(35, 36) and that anti-native DNA antibodies can be induced 
by immunization with a protozoan DNA-binding polypep- 
tide (37). Among the DNA-binding proteins, DNase, which 
is so frequently recognized by anti-DNA antibodies, may play 
a key role in the induction of the anti-DNA immune response. 

Additional studies using autoreactive B and T cell subsets 
and autoantibodies are planned to further address this issue. 

The authors are indebted to Dr. R. S. Schwartz for his invaluable suggestions and help in the revision 
of the manuscript and to Dr. G. Corradin for helpful discussion. 

This work was partially supported by grant 911025 from Consiglio Nazionale Delle Ricerche Progetto 
Finalizzato "Invecchiamento." 

Address correspondence to Paola Migliorini, Clinical Immunology Unit, Istituto di Patologia Medica, 
Via Roma, 67, 56126 Pisa, Italy. 

Received for publication 27June 1994 and in revised form 21 December 1994. 

References 

1. Madaio, M.P., S. Hodder, R.S. Schwartz, and B.D. Stollar. 1984. 
Responsiveness of autoimmune and normal mice to nucleic 
acid antigens. J. Immunol. 132:872-876. 

2. Schoenfeld, Y., J. Rauch, H. Massicotte, S.K. Datta, J. Andr& 
Schwartz, B.D. Stollar, and R.S. Schwartz. 1983. Polyspecificity 
of monoclonal lupus autoantibodies produced by human-human 
hybridoma. Ix/. Engl. J. Med. 308:414-420. 

3. Andrezejewski, C., J. Rauch, E. Lafer, B.D. Stollar, and R.S. 
Schwartz. 1981. Antigen-binding diversity and idiotypic cross- 
reactions among hybridoma autoantibodies to DNA. J. Im- 
munoL 126:226-231. 

4. Pisetsky, D.E., and S.A. Caster. 1982. Binding specificity of 
a monoclonal anti-DNA antibody. Mol. ImmunoL 19:645-650. 

5. Lafer, E.A., J. Rauch, C. Andrezejewski, D. Mudd, B. Furie, 
R.S. Schwartz, and B.D. Stollar. 1981. Polyspecific monoclonal 
lupus autoantibodies reactive with both polynucleotides and 
phospholipids. J. Exl~ Med. 153:897-909. 

6. Naparstek, Y., D. Duggan, A. Schattner, M.P. Madaio, F. Goni, 
B. Frangione, B.D. Stollar, E.A. Kabat, and R.S. Schwartz. 
1985. Immunochemical similarities between monoclonal an- 
tibacterial Waldenstrom's macroglobulins and monodonal anti- 
DNA lupus autoantibodies. J. Exp. Med. 161:1525-1538. 

7. Schwartz, R.S., and B.D. Stollar. 1985. Origins of anti-DNA 
autoantibodies.J. Clin. Invest. 75:321-327. 

8. Faaber, P., T.P.M. Rijke, L.B.A. van de Putte, P.J.A. Capel, 
and J.H.M. Berden. 1986. Crossreactivity of human and mu- 
fine anti-DNA antibodies with heparan sulphate. The major 
glycosaminoglycan in glomerular basement membranes.J. Clin. 
Invest. 77:1824-1830. 

9. Jacob, L., D. Lety, D. Lorward, and J.F. Bach. 1985. Binding 
of a monoclonal anti-DNA autoantibody to identical proteins 
present at the surface of several cell types involved in lupus 

pathogenesis. J. Clin. Invest. 75:315-317. 
10. Madaio, M.P., J. Carlson, J. Cataldo, A. Ucci, P. Migliorini, 

and O. Pankewycz. 1987. Murine monoclonal anti-DNA an- 
tibodies bind directly to glomerular antigens and form immune 
deposits. J. Immunol. 138:2883-2889. 

11. Pankewycz, O., P. Migliorini, and M.P. Madaio. 1987. Poly- 
reactive autoantibodies are nephritogenic in routine lupus ne- 
phritis. J. Immunol. 139:3287-3294. 

12. Madaio, M.P., A. Schattner, M. Schattner, and R.S. Schwartz. 
1986. Lupus serum and normal human serum contain anti- 
DNA antibodies with the same idiotypic markers.J. Immunol. 
137:2535-2540. 

13. Migliorini, P., B. Ardman, J. Kaburaki, and R.S. Schwartz. 
1987. Parallel sets of autoantibodies in MLR-lpr/lpr mice. An 
anti-DNA, anti-SmRNP, anti-gp70 network. J. Exp. Med. 
165:483-499. 

14. Koizumi, T., A. Puccetti, P. Migliorini, K. Barret, and R.S. 
Schwartz. 1991. Molecular heterogeneity of auto-anti-idiotypic 
antibodies in MLR-1pr/lpr mice. Eur.J. Immunol. 21:2185-2193. 

15. Puccetti, A., T. Koizumi, P. Migliorini, J. Andr&Schwartz, 
K.J. Barrett, and R.S. Schwartz. 1990. An immunoglobttlin 
light chain from a lupus-prone mouse induces autoantibodies 
in normal mice. j. Exp. Med. 171:1919-1930. 

16. Puccetti, A., P. Migliorini, J. Sabbaga, and M.P. Madaio. 1990. 
Human and murine anti-DNA antibodies induce the produc- 
tion of anti-idiotypic antibodies with autoantigen-binding prop- 
erties (epibodies) through immune-network interactions.J. Im- 
munoL 145:4229-4237. 

17. Blake, M.S., K.H. Johnston, G.J. Russell-Jones, and E.C. 
Gotschlich. 1984. A rapid, sensitive method for detection of 
alkaline-phosphatase conjugated anti-antibody on western blots. 
Anal. Biockern. 136:175-179. 

1803 Puccetti et al. 



18. Matsudaira, P. 1987. Sequence from picomole quantities of pro- 
tein electroblotted onto polyvinylidenedifluoride membranes. 

j .  Biol. Chem. 262:10035-10038. 
19. Atherton, E., C.J. Logan, and R.C. Sheppard. 1979. Peptide 

synthesis. Part 2. Bioorg. Chem. 8:351-370. 
20. Price, P.A., W.H. Stein, and S. Moore. 1969. Effect of diva- 

lent cations on the reduction and re-formation of the disulfide 
bonds of deoxyribonuclease, j .  Biol. Chem. 244:929-932. 

21. Price, P.A., T.Y. Liu, W.H. Stein, and S. Moore. 1969. Prop- 
erties of chromatographically purified bovine pancreatic deoxyo 
ribonuclease. J. Biol. Chem. 244:917-923. 

22. Suck, D., and C. Oefner. 1986. Structure ofDNase I at 2.0A 
resolution suggests a mechanism for binding and cutting DNA. 
Nature (Lond). 312:620-625. 

23. Kabsch, W., H.G. Mannherz, D. Suck, E.F. Pai, and K.C. 
Holmes. 1990. Atomic structure of the actin-DNase I com- 
plex. Nature (Lond). 347:37-44. 

24. Suck, D., A. Lahm, and C. Oefner. 1988. Structure refined 
to 2A of a nicked DNA octanucleotide complex with DNase 
I. Nature (Lond). 332:464-468. 

25. Lahm, A., and D. Suck. 1991. DNase I induced DNA confor- 
mation. 2A structure of a DNase I-octamer complex.J. )Viol. 
Biol. 221:645-667. 

26. Brendel, V., J. Dohlman, B.E. Blaisdell, and S. Karlin. 1991. 
Very long charge runs in systemic lupus-associated autoantigens. 
Proc. Natl. Acad. Sci. USA. 88:1536-1540. 

27. Shuster, A.M., G.V. Gololobov, O.A. Kvashuk, A.E. Bogomo- 
lova, I.V. Smirnov, and A.G. Gabibov. 1992. DNA hydrolyzing 
autoantibodies. Science (Wash. DC). 256:665-667. 

28. Daoust, R. 1965. Histochemical localization of enzyme ac- 
tivities by substrate film methods: ribonucleases, deoxyribo- 
nucleases, proteases, amylase and hyaluronidase. Int. Rev. Cytol. 
18:191-221. 

29. Lacks, S.A. 1981. Deoxyribonuclease I in mammalian tissues. 

Specificity of inhibition by actin.J. Biol. Chem. 256:2644-2648. 
30. Peitsch, M.C., B. Polzar, H. Stephan, T. Crompton, H.R. Mac- 

Donald, H.G. Mannherz, andJ. Tschopp. 1993. Characteriza- 
tion of the endogenous deoxyribonuclease involved in nuclear 
DNA fragmentation during apoptosis (programmed cell death). 
EMBO (Eur. Mol. Biol. Organ.).]. 12:371-377. 

31. Ando, D.G., E.E. Sercarz, and B.H. Hahn. 1987. Mechanism 
of T and B collaboration in the in vitro production of anti- 
DNA antibodies in the NZB/NZW F1 routine SLE model. 
J. Immunol. 138:3185-3190. 

32. Naiki, M., B.L. Chiang, D. Cawley, A. Ansari, S.J. Rozzo, 
B.L. Kotzin, A. Zlotnik, and M.E. Gershwin. 1992. Genera- 
tion and characterization of cloned helper T cell lines for anti- 
DNA responses in NZB.H-2 bin12 mice. f  Immunol. 149:4109- 
4115. 

33. Datta, S.K., H. Patel, and D. Berry. 1987. Induction of a cat- 
ionic shift in IgG anti-DNA autoantibodies. Role of T helper 
cells with chssical and novel phenotypes in three routine models 
of lupus nephritis. J. Exp. Med. 165:1252-1268. 

34. Mohan, C., S. Adams, V. Stanik, and S.K. Datta. 1993. Nu- 
cleosome: a major immunogen for pathogenic autoantibody- 
inducing T cells of lupus. J. Exp. ivied. 177:1367-1381. 

35. Pisetsky, D.S., S.O. Hoch, C.L. Klatt, M.A. O'DonneU, and 
J.D. Keene. 1985. Specificity and idiotypic analysis of a mono- 
clonal anti-Sin antibody with anti-DNA activity.J. Immunol. 
135:4080-4085. 

36. Bloom, D.D., J.L. Davignon, P.L. Cohen, R.A. Eisenberg, 
and S.H. Clarke. 1993. Overlap of the anti-Sin and anti-DNA 
responses of MRL/Mp-lpr/lpr mice. J. Immunol. 150:1579- 
1590. 

37. Desai, D.D., M.R. Krishnan, J.T. Swindle, and T.N. Marion. 
1993. Antigen-specific induction of antibodies against native 
mammalian DNA in nonautoimmune mice. J. Immunol. 151: 
1614-1626. 

1804 Anti-DNA Antibodies Bind to DNase I 


