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Abstract

The NH2-terminal amino acid sequences have been determined
by automated Edman degradation for the heavy and light
chains of five monoclonal IgM anti-DNA autoantibodies that
were produced by human-human hybridomas derived from
lymphocytes of two patients with systemic lupus erythematosus.
Four of the antibodies were closely related to the idiotype
system 16/6, whereas the fifth antibody was unrelated idiotyp-
ically. The light chains of the 16/6 idiotype-positive autoanti-
bodies (HF2-1/13b, HF2-1/17, HF2-18/2, and HF3-16/6)
had identical amino acid sequences from residues 1 to 40.
Their framework structures were characteristic of V.I light
chains. The light chain of the 16/6 idiotype-negative autoan-
tibody HF6-21/28 was characteristic of the VII subgroup.
The heavy chains of the 16/6 idiotype-positive autoantibodies
had nearly identical amino acid sequences from residues 1 to
40. The framework structures were characteristic of the VHIII
subgroup. In contrast, the GM4672 fusion partner of the
hybridoma produced small quantities of an IgG with a VHI
heavy chain and a VjI light chain. The heavy chains of the
lupus autoantibodies and the light chains of those autoantibodies
that were idiotypically related to the 16/6 system had marked
sequence homology with WEA, a Waldenstrom IgM that binds
to Kiebsiella polysaccharides and expresses the 16/6 idiotype.
These results indicate a striking homology in the amino termini
of the heavy and light chains of the lupus autoantibodies
studied and suggest that the V regions of the heavy and light
chains of the 16/6 idiotype-positive DNA-binding lupus auto-
antibodies are each encoded by a single germ line gene.

Introduction

Systemic lupus erythematosus (SLE)' is an autoimmune disease
in which there are circulating autoantibodies that bind to
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1. Abbreviations used in this paper: CDR, complementarity determining
region; CDR1, CDR2, CDR3, complementarity determining regions
1, 2, and 3; ELISA, enzyme-linked immunosorbent assay(s); HFBA,
heptafluorobutyric acid; PTH, phenylthiohydantoin; SLE, systemic
lupus erythematosus; TBS, Tris-buffered saline.
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nuclear, cytoplasmic, and other macromolecular antigens. The
diversity of these serological reactions has confounded attempts
to further our understanding of SLE. However, analyses of
monoclonal autoantibodies produced by hybridomas from
mice (1-7) or humans (8, 9) with the disease have provided
important immunochemical details of the autoantibody-antigen
interaction. These monoclonal antibodies can react with a
diverse group of molecules that includes nucleic acids, cardio-
lipin, the cytoskeletal protein vimentin, and with structures
on the platelet surface (8-10). Such polyspecific autoantibodies
seem to combine with structural elements, such as phospho-
diester groups, that recur in a variety of molecules and on cell
surfaces.

To evaluate further the monoclonal human lupus autoan-
tibodies that we have analyzed immunochemically, we exam-
ined the primary structure of the amino terminus of the
variable regions of the heavy and light chains of five anti-
bodies. These antibodies (HF2-1/17, HF2-1/1 3b, HF3-16/6,
HF2-18/2, and HF6-21/28), derived from the lymphocytes of
two different patients in four separate fusions, bind to ssDNA
and several synthetic polynucleotides and display minor reac-
tivity to dsDNA ( 11). Four of the antibodies (HF2- 1/ 17, HF2-
1/1 3b, HF3- 16/6, and HF2- 18/2) also show platelet binding
activity (8) and share the idiotype 16/6 that occurs in high
frequency in the serum of patients with active SLE (12).

Methods

The preparation of human-human hybridomas from lymphocytes of
patients with SLE and the GM4672 cell line has been described
previously (8). Antibodies produced by hybridoma cell lines
HF2-1/17, HF2-1/13b, HF2-18/2, HF3-16/6, and HF6-21/28 were
studied. Antibodies HF2-1/17, HF2-1/13b, HF2-18/2, and HF6-21/28
were derived from the same patient (the first three from blood
lymphocytes and the fourth from splenic lymphocytes), whereas HF3-
16/6 was derived from a second patient.

Culture technique. Hybridoma cells were grown in vertical 175 cm2
flasks (Falcon Labware, Div. of Becton, Dickinson & Co., Oxnard,
CA) containing RPMI 1640 (Gibco Laboratories, Grand Islands, NY),
50 mMHepes, 20 mML-glutamine, 10% (vol/vol) fetal calf serum, 20
mg/liter gentamycin, 200 U/ml penicillin G, and 20 mg/liter strepto-
mycin sulfate, pH 7.4. Tissue culture supernatant was harvested every
5 d. A cell density of 2 X 106 cells/ml was maintained.

Preparation of anti-,g-agarose column. Serum (100 ml) obtained
from a rabbit immunized with human IgM was passed three times
over an IgG-agarose column containing 100 mgof human IgG (Sigma
Chemical Co., St. Louis, MO) covalently coupled with Sepharose 4B
(5 mg/ml of gel; Pharmacia Fine Chemicals, Div. of Pharmacia, Inc.,
Piscataway, NJ). The material that failed to bind was then applied to
an IgM-agarose column containing 70 mg human IgM covalently
coupled with Sepharose 4B (5 mg/ml). The t-chain-specific antibody
(40 mg) was eluted with 0.1 Mglycine, pH 2.5, and coupled with 15
ml of cyanogen bromide-activated Sepharose 4B.

Monoclonal antibody purification. Tissue culture supernatant (3
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liters) was precipitated with solid ammonium sulfate (350 g/liter). After
standing at 4VC overnight the precipitate was sedimented by centrifu-
gation at 4,000 g for I h. The resulting pellet was dissolved in a
minimum volume of Tris-buffered saline (TBS) (0.14 MNaCl, 0.5 M
Tris HCl, pH 7.4) and dialyzed twice against 2 liters of TBS. Cell
debris was removed by centrifugation for 10 min. IgM was purified by
immunoaffinity chromatography using the anti-Mu-agarose column. The
antibody concentrate was applied to the anti-g-agarose column. After
the column was washed with TBS, nonspecifically bound protein was
removed with 1 MNaCl, 0.1% Tween 20 (Fisher Scientific Co., Allied
Corp., Pittsburgh, PA) TBS. After further washing with TBS the
antibody was eluted with 0.1 Mglycine HCl, pH 2.5, and neutralized
with 1.0 M Tris HCl, pH 8.0. After concentration by ultrafiltration
with a PM30 membrane (Amicon Corp., Scientific Sys. Div., Danvers,
MA), 5 ml of affinity-purified antibody (2-4 mg/ml) was applied in
sucrose to a 1.0 X 2.5-cm Biogel A5mcolumn (Bio-Rad Laboratories,
Richmond, CA) equilibrated in TBS. The IgM-containing peak was
pooled and concentrated by ultrafiltration. Sodium dodecyl sulfate
(SDS) gel electrophoresis was performed using standard methods (13).

Reduction and carboxymethylation. The IgM solution was made 6
M in guanidine HCl (Schwarz/Mann, Becton Dickinson Immunodi-
agnostics, Orangeburg, NY), 5 mMin EDTA, pH 8.2, and 0.1 Min
2-mercaptoethanol (Bio-Rad Laboratories), and the protein was alkylated
for 1 h at 370 with iodoacetamide (Sigma Chemical Co.) at a final
concentration of 0.12 M.

Separation of heavy and light chains. The lyophilized sample was
dissolved in a minimal volume of 10% (vol/vol) acetic acid and applied
in sucrose to a column (2.5 X 100 cm) of Sephadex G100 superfine
(Pharmacia Fine Chemicals) equilibrated in 10% (vol/vol) acetic acid
(Pierce Chemical Co., Rockford, IL). The light chain was Iyophilized,
whereas the heavy chain was concentrated by ultrafiltration.

Protein sequencing. 1.0 mg of light chain (2 mg/ml) dissolved in
10% (vol/vol) acetic acid or 1.0 mgof heavy chain (2 mg/ml) dissolved
in heptafluorobutyric acid (HFBA) at 70°C for 2 min was applied to
the spinning cup of a sequencer (model 890D; Beckman Instruments,
Inc., Fullerton, CA) fitted with a cold trap. Polybrene and the 0. 1-M
Quadrol program were used routinely (14, 15). HFBA anhydride (1
ml/50 ml HFBA; Pierce Chemical Co.) and 2-mercaptoethanol (20 Ml/
50 ml) (Bio-Rad Laboratories) were added to the HFBA. 2-Mercapto-
ethanol (20 MI/50 ml) was also added to Quadrol.

Identification of phenylthiohydantoin (PTH) amino acids. After
PTH amino acids were manually converted in 1 N HCI and
2-mercaptoethanol (10 Ml/liter), they were identified on a high-perfor-
mance liquid chromatograph (Waters Associates, Millipore Corp.,
Milford, MA) fitted with a column (model C18 M-Bondapack; Waters
Associates, Millipore Corp.), using an ammonium acetate-ethanol
gradient (16) or on a Beckman high-performance liquid chromatograph
(Beckman Instruments, Inc.) fitted with an ODS 15 cm column
(Beckman Instruments, Inc.), using a lithium acetate-acetonitrile
gradient (17).

Incorporation of 3H-amino acids into antibodies. Internal labeling
of antibodies during synthesis with [3H1leucine and [3H]glycine was
performed to identify the subgroup of IgG synthesized by the GM
4672 parent cell. A slight modification of the method of Galfre and
Milstein was used (18). Briefly, 2 X 108 exponentially growing cells
were washed three times in RPMI 1640 lacking either leucine or
glycine (Gibco Laboratories). One-tenth of 1 ml of the 3H-amino acid
(1 mCi/ml) (New England Nuclear, Boston, MA) was added to 10 ml
of the amino-acid-deficient medium and incubated for 20 h. Thereafter,
10 ml of complete medium with 15% fetal calf serum was added and
the incubation continued for an additional 6 h. Thereafter, 20 mg of
unlabeled antibody was added as a carrier. In the case of the hybridomas,
purified monoclonal antibody was used, whereas polyclonal IgG (Sigma
Chemical Co.) was added to the GM4672 supernatant. After automated
Edman degradation, each residue was assayed for 3H activity in
a ,B-scintillation spectrometer (model LS 1800; Beckman Instru-
ments, Inc.).

Enzyme-linked immunosorbent assays (ELISA) for IgM and IgG.
Microtiter plates were coated with either anti-MA-chain or anti--y-chain

antibody (5 ug/ml in 0.05 M borate, pH 8.6) for 16 h at 40C. After
three washes with TBS, 0.01 ml of hybridoma antibody diluted in 1%
bovine serum albumin was added. After 1 h incubation at 370, plates
were washed three times with TBS/0. 1% Tween 20. Thereafter 0.1 ml
of alkaline-phosphatase-conjugated anti-M- or anti-y-chain specific
antisera (Sigma Chemical Co.) was added and the plates incubated for
1 h at 370C. After washing three times with TBS, 0.1 ml of
p-nitrophenylphosphate (1.0 mg/ml in 0.05 MNa2CO3, pH 9.5, and
2 mMMgCl2) was added. After incubation at 370C for 15-30 min,
the absorbance at 405 nM was recorded on a microELISA reader
(model 52; Dynatech Laboratories, Inc., Dynatech Corp., Alexan-
dria, VA).

Competition ELISA for 16/6 idiotype. Preparation of a rabbit
antiidiotypic serum (anti-16/6) and competitive immunoassays of
monoclonal antibodies for the 16/6 idiotype were carried out as
previously described (19). In brief, each IgM was tested at a variety of
concentrations for its ability to inhibit the binding of rabbit anti-16/6
antibody to IgM HF3-16/6 bound to a solid phase. Bound rabbit
immunoglobulin was detected using the ELISA method with goat anti-
rabbit antibody.

Results

Cell lines. The hybridoma clones HF2-1/17, HF2-18/2, HF2-
1/13b, HF3- 16/6, and HF6-21/28 were maintained in contin-
uous culture. At the time of harvest, the tissue culture super-
natant contained 5-10 ,g/ml of IgM and 10-20 ng/ml of IgG,
as determined with a solid phase ELISA.

Antibody purification. In a typical preparation starting with
3 liters of tissue culture supernatant, -20 mg of antibody was
obtained. This IgM preparation migrated as a single band
upon SDSgel electrophoresis. Using anti-L and anti-^y antisera,
the antibody was confirmed as an IgM.

Separation of light and heavy chains. The purified IgM
was reduced and carboxymethylated, and the heavy and light
chains were separated by gel filtration. These isolated chains
migrated as single bands upon SDSgel electrophoresis.

Amino acid sequence of light chains. The light chains of
the IgM from clones HF2-1/13, HF2-1/17, HF2-18/2, HF3-
16/6, and HF6-21/28 were subjected to automated Edman
degradation. The light chains were degraded through residue
40 with a repetitive yield of 95-96% and a recovery of 60-
70%. With the exception of IgM HF2- 18/2, PTH amino acids
were unambiguously identified through residue 40; IgM HF2-
18/2 yielded sequence data through residue 37. As shown in
Fig. 1, the amino terminal residues of the light chains of HF3-
16/6, HF2-1/13b, HF2-1/17, and HF2-18/2 were identical.
Their framework sequences are characteristic of the VJ1
subgroup. The sequence of the light chain of HF6-21/28
indicated a framework structure characteristic of the VJI1
subgroup.

Amino acid sequence of heavy chains. The heavy chains
were insoluble in acetic acid and in water but were soluble in
HFBA at 70°C. The reduced and carboxymethylated heavy
chains from IgM derived from clones of HF2-1/13b, HF2-
1/17, HF2- 18/2, and HF3- 16/6 were subjected to automated
Edman degradation, and residues 1-40 were identified. The
amino terminal 40 residues of these heavy chains displayed
marked sequence homology (Fig. 2). The framework sequences
were characteristic of the VHIII subgroup.

Comparison of the IgM produced by human hybridomas
and the IgG produced by the parental GM4672 cell line. The
marked similarity of the heavy and light chains of the IgM
autoantibodies raised the question of the relationship of their
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Figure 1. Comparison of the NH2-terminal amino acid sequences of
the light chains of human monoclonal IgM lupus autoantibodies.
The light chain sequence of HF3-16/6, from residues 1 to 40, is

variable regions to the variable regions of the IgG that the
parental GM4672 cell line secretes. The IgG concentration of
the supernatant of the GM4672 cells (10-20 ng/ml) was too
low to permit isolation of the monoclonal IgG for direct
sequence analysis. Therefore, this IgG monoclonal antibody
was intrinsically labeled with [3Hlleucine by culture of the
GM4672 cell line in media containing radioactive leucine.
Since the sequence pattern of leucine incorporation character-

5 10

16/6 Glu Val Gin Leu Leu Gin Ser Gly Gly Gly Leu

compared with those of IgM HF2-1/13b, HF2-1/17, HF2-18/2, HF6-
21/28, and the WEAprotein.

izes each of the heavy chain and light chain subgroups (18),
the subgroup of the heavy and light chains could be identified.
Culture supernatant containing 3H-immunoglobulins was mixed
with hybridoma supernatants grown without radioactive sup-
plements. The immunoglobulins were purified and the heavy
and light chains were separated and subjected to automated
Edman degradation. The first 40 residues of the GM4672
heavy chain demonstrated [3H]leucine only at residue 4. In
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Figure 2. Comparison of the NH2-terminal amino acid sequences of the heavy chains of the human monoclonal IgM lupus autoantibodies. The
IgM immunoglobulins studied are defined in Fig. 1.
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contrast, the IgM autoantibody heavy chains contained leucine
at residues 4, 5, 11, 18, and 20. These results suggest that the
heavy chain of the secretory product of the GM4672 line is of
the VHI subgroup. The light chain of the IgG secreted by the
GM4672 cell line incorporated [3H]leucine at residues 11 and
33, indicative of a V.1 subgroup. Incorporation of [3H]glycine
into the parental IgG and subsequent Edman degradation of
the light chain disclosed [3H]glycine at residue 16, but there
was no incorporation into residues 28 and 34. The IgM
autoantibody light chains, by contrast, contained glycine at
residues 28 and 34. These results indicate that the structures
of the variable regions of each IgM studied differ from the
variable regions of the immunoglobulin produced by the
GM4672 cell line.

Expression of the dominant 16/6 idiotype. The lupus IgM
autoantibodies were evaluated for the expression of the high-
frequency 16/6 idiotype (12). As shown in Fig. 3, HF3-16/6,
HF2-1/17, HF2-1/13b, and HF2-18/2 contain this idiotype.
In contrast, HF6-21/28, with a structurally different light
chain, lacks this idiotype. WEA, a Waldenstrom macroglobulin
that binds to pyruvylated galactose of the capsular polysaccha-
ride of Klebsiella pneumoniae, has marked sequence homology
with the lupus autoantibodies studied, with the exception of
HF6-21/28 (20). As shown in Fig. 3, the WEAIgM was also
a member of the 16/6 idiotypic system. These results suggest
that the 16/6 idiotype may be associated with the light chain,
since the IgMs that expressed this idiotype have identical or
nearly identical amino-terminal sequences.

Discussion

The NH2-terminal amino acid sequences of the light and
heavy chains of five human monoclonal IgM lupus autoanti-
bodies have been determined. Analysis of the light chains for
four immunoglobulins that express the 16/6 idiotype revealed

1001

80

c 60

-c
`4 40

20

1000
Inhibitor (ng)

Figure 3. Expression of the 16/6 idiotype by monoclonal autoanti-
bodies and the WEAWaldenstrom macroglobulin. The 16/6 idiotype
was measured by the ability of each IgM to inhibit the binding of
rabbit anti-16/6 antibody to HF3-16/6 bound to the solid phase. In
experiments involving WEA, theWEA protein was on the solid
phase. o, HF2-1/17; v, HF2-18/2; o, HF2-1/13b; e, HF3-16/6;
A, HF6-21/28; x, WEA.

identical primary structures within the first 40 residues. The
framework regions were characteristic of the VjI subgroup.
With the exception of threonine 22, the amino acids in the
framework structure within the first 40 amino acids were those
observed with the highest frequency in other VjI subgroups
(21). For the structures analyzed, the autoantibodies exhibited
within the framework residues a homology of 98%. The
complementarity determining region 1 (CDR1) contained a
glycine 28, arginine 30, asparagine 31, aspartic acid 32, and
glycine 34 that were not observed in the Vj subgroups with
highest frequency. The sequence available indicates a striking
similarity to the light chain of WEA(20), a Waldenstrom IgM
that binds to 3,4 pyruvylated galactose in the Klebsiella
polysaccharide K30 (22). Complete identity of the NH2-terminal
sequences of the four 16/6 idiotype-positive IgM autoantibody
light chains and the WEAIgM light chain can be noted, with
the single exception of threonine 34 being substituted for
glycine 34 in the WEAprotein. The HF6-21/28 anti-DNA
autoantibody was 16/6 idiotype-negative; its light chain was
distinct from the other autoantibody light chains studied and
it belongs to a different VL subgroup, VjII.

The heavy chains of the autoantibodies also showed ho-
mology. The framework regions of all five anti-DNA antibodies
were characteristic of the VHIII subgroup. With the exception
of residues 5 and 6, each amino acid observed was seen with
highest frequency in this subgroup. The framework residues
within the first 40 amino acids of the four heavy chains
analyzed showed identity in 32 of 35 residues (91%). IgM
HF2- 1/13b, HF2- 1/17, and HF2- 18/2 were derived from the
same patient by two separate fusions and were identical in 33
of 35 residues (94%). Residues 31 and 32 in the CDR1 were
Pro-Ser in HF3- 16/6 and Ser-Tyr in HF2- 1/13b, HF2- 1/17,
and HF2-18/2. The heavy chain of IgM HF6-21/28, which
was 16/6 idiotype-negative, was incompletely analyzed. Despite
their marked homology, the NH2-terminal sequences of HF3-
16/6, HF2- 1/17, and HF2- 18/2 were not identical, whereas
HF2- 1/17 and HF2- 1/13b (derived from the same fusion)
shared equivalent structures.

The homology of the NH2-terminal 40 residues of the
WEAheavy chain and of the heavy chains of the lupus
autoantibodies was less striking. The CDR1 showed no ho-
mology except with the invariant methionine 34. The frame-
work regions were characteristic of the VHIII subgroup, but
only 30 of 35 residues (85%) were shared.

All five of these autoantibodies bind to DNA, but the
details of their immunochemical reactions differ (11). HF2-
18/2, for example, reacts strongly with the synthetic polyneu-
cleotide poly(dT), whereas HF2-1/13b does not react with
poly(dT). Yet both antibodies had identical sequences in the
CDR1 of their heavy and light chains. These results suggest
that the CDR2and CDR3of these immunoglobulins may not
be equivalent.

The 16/6 idiotype was expressed on HF3-16/6, HF2-18/2,
HF2- 1/17, HF2- 1/13b, as well as on the WEAprotein. The
structural correlate of this idiotype on the IgM autoantibodies
remains uncertain since only a portion of the variable region
has been sequenced. The CDR1 of the heavy chain, or parts
of the heavy chain framework regions, seem unlikely candidates
because the heavy chain of WEA(idiotype-positive) showed
only modest sequence homology with the heavy chains of
lupus autoantibodies. The 16/6 idiotype may therefore reside
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in the variable regions of the light chains, but the complete
sequences of the variable regions of these and other autoanti-
bodies heed to be determined to fully answer this question.

Structural studies of murine monoclonal anti-arsonate
antibodies bearing the predominant idiotype of that system,
IdCR, have revealed that it comprises a family of related V
regions that arose by somatic diversification of germ line VH
and VL genes (23, 24). Similar results have been obtained with
T15 idiotype-positive anti-phosphocholine antibodies and in
the (4-hydroxy-3-nitrophenyl)acetyl hapten system (reviewed
by Rajewsky and Takemori [25]). The structural similarity of
the NH2-terminal amino acid sequences of the 16/6 positive
monoclonal lupus autoantibodies and the WEAmacroglobulin
suggests that the antibodies also stem from commongerm line
VH and VL genes. Since these autoantibodies were derived
from unrelated patients, the postulated V genes are probably
broadly distributed in humans.

The conservation of such V genes in the germ line implies
that the original specificity of the corresponding antibody is
not directed at DNA but at some environmental antigen.
Perhaps it is no coincidence that the WEAprotein, which is
structurally similar to four anti-DNA autoantibodies, binds to
a capsular polysaccharide of Klebsiella pneumoniae (22). Anal-
ogous findings have recently been reported with monoclonal
mouse antibodies. Eilat et al. (26) found marked homology of
the amino acid sequence of the heavy chain of an NZB/NZW-
derived monoclonal antibody against double-stranded DNA
with that of an anti-phosphorylcholine antibody from a CBA/
J mouse. Phosphorylcholine is an important microbial antigen,
and anti-phosphorylcholine antibodies protect mice against
lethal infection with rough pneumococci and other bacteria
(27). A somatic mutant of a monoclonal anti-phosphorylcholine
antibody has been studied by Diamond and Scharff (28). The
mutant immunoglobulin differs from the original antibody by
a single amino acid substitution in the first heavy chain
hypervariable region and fails to bind to phosphorylcholine,
but it does bind to double-stranded DNAand cardiolipin in a
manner similar to that of a typical polyspecific lupus autoan-
tibody. These structural analyses of mouse antibodies, together
with the results of our studies with human monoclonal auto-
antibodies, suggest that anti-DNA antibodies are related to
anti-bacterial antibodies. The autoantibodies may arise by
mutation of V genes that encode anti-bacterial antibodies, as
the work of Diamond and Scharff (28) indicates, or they may
be the products of germ line V genes that react with epitopes
in both bacterial and polynucleotide antigens, as indicated by
immunochemical analyses of monoclonal anti-DNA and anti-
bacterial antibodies (Neparstek, Y., D. Duggan, A. Schattner,
M. Madaio, E. Kabat, B. D. Stollar, and R. S. Schwartz,
manuscript submitted for publication). These two mechanisms
are not mutually exclusive, and both may participate in the
generation of anti-DNA antibodies.
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