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Abstract

To further our understanding of the molecular basis of DNA-
autoantibody interactions, we have characterized the specificities
of three IgG human myeloma proteins that bind DNA. Wemea-
sured their binding to synthetic single- and double-stranded
homopolynucleotides, random and alternating copolymers, oli-
gonucleotides, and nucleotides or nucleosides conjugated to non-
nucleic acid carriers. All three antibodies bound single-stranded
nucleic acids, including both polyribonucleotides and polydeox-
yribonucleotides. They varied in relative affinities for polynu-
cleotides of varying base composition. Polymers containing the
purines guanine or hypoxanthine and/or the pyrimidine thymine
were most reactive with all three proteins. A myeloma protein
that reacted with poly(G), poly(I), or poly(dT) also bound to the
corresponding nucleosides or nucleotides conjugated to bovine
serum albumin. None of the antibodies reacted with base-paired
double-helical polynucleotides (double-stranded RNA, RNA-
DNAhybrid or double-stranded DNA). The results indicate that
base specificity is prominent in their reactions and that the ac-
cessible epitopes in single-stranded polynucleotides become
masked upon base pairing in double-stranded helices. These
findings suggest a model in which positions N1 and 06 of guanine
and hypoxanthine and N3 and 04 of thymine interact with amino
acids of the antibody-combining site.

Introduction

Antibodies to DNAarise spontaneously in patients with systemic
lupus erythematosus (SLE)' and related diseases (1, 2). Many
studies have been devoted to examination of their isotypic, id-
iotypic and paratopic expression (reviewed in reference 3) to
determine whether certain subpopulations of anti-DNA anti-
bodies are particularly pathogenic. In these studies, subpopu-
lations with varying specificities have been identified. Someanti-
DNAantibodies appear to recognize in part the sugar-phosphate
backbone of the DNAand cross react with phospholipids that
lack purine and pyrimidine bases (4, 5). Many others, however,
appear to be directed predominantly against other determinants
that include the purine and pyrimidine bases (6).
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1. Abbreviations used in this paper: dsDNA, double-stranded DNA;
ELISA, enzyme-linked immunosorbent assay; HMP, human myeloma
protein; SLE, systemic lupus erythematosus; ssDNA, single-stranded
DNA.

There are currently three sources of human anti-DNA an-

tibodies available for study: (a) polyclonal anti-DNA antibodies
in lupus sera, which are heterogeneous with respect to isotype,
affinity, and specificity (3), so that their detailed analysis is dif-
ficult; (b) monoclonal antibodies produced by hybridomas or

virus-transformed lymphocytes, derived from peripheral blood
lymphocytes of lupus patients (7, 8), which have yielded much
information on the degree of cross reactivity of individual im-
munoglobulins; and (c) human myeloma proteins (HMP) found
in sera of patients with lymphoproliferative disorders such as
multiple myeloma and Waldenstrom's macroglobulinemia.
Several of the latter group have been found to exhibit autoan-
tibody activity (reviewed in 9), including anti-DNA activity (10-
13). Myeloma proteins have also been found to share idiotypic
determinants with human autoantibodies from lupus patients
(14, 15). One example showed both antipolynucleotide reactivity
and binding to a bacterial antigen (14).

To elucidate the molecular basis of DNA recognition by
human autoantibodies, we studied three IgG human myeloma
proteins with anti-DNA activity. Weexamined their reactivity
with a number of synthetic single-stranded and double-stranded
homo- and heteropolynucleotides. Wealso tested their binding
to nucleosides and nucleotides attached to macromolecular car-
riers. This approach enabled us to delineate certain portions of
the purine and pyrimidine bases of the nucleic acid molecule as

prominent features of the epitopes for these immunoglobulins.

Methods

Human myeloma proteins. Three IgG myeloma proteins were isolated
from the serum of three patients with multiple myeloma as described
previously (1 1).

Nucleic acids and synthetic polynucleotides. Native calf thymus DNA,
a double-stranded DNA (dsDNA), was purchased from Worthington
Biochemical Corp. (Freehold, NJ) and purified further as described (16).
The DNAwas heated at 100°C for 10 min and quickly chilled for prep-
aration of denatured single-stranded DNA(ssDNA). RNAwas prepared
from tissue culture cells (17). Poly(7-methylinosinate) was from Miles
Laboratories, Inc., Elkhart, IN. All other synthetic polynucleotides were
purchased from Pharmacia, Inc., Molecular Biology Division, Piscat-
away, NJ.

Oligonucleotides, nucleotides, nucleosides, bases, and conjugates.
Guanosine and deoxyguanosine were from Calbiochem-Behring Corp.,
La Jolla, CA. 7-Methylguanosine, 8-bromoguanosine, 2'-deoxyguanosine,
inosine, cytidine, and thymine riboside were from Sigma Chemical Co.,
St. Louis, MO. 7-Methylguanosine-5'-triphosphate and inosine-5'-phos-
phate were from Pharmacia, Inc.

Nucleosides and nucleotides were oxidized with sodium periodate
and conjugated to amino groups of carrier molecules by the method of
Erlanger and Beiser (18), modified as described previously (19).

Solid phase enzyme-linked immunosorbent assay (ELISA) for nucleic
acid-binding antibodies. Polystyrene plates (Immunolon 1, Dynatech
Laboratories, Alexandria, VA) were coated with poly(L-lysine) and nucleic
acid and blocked with poly(L-glutamate) and 1%bovine serum albumin
(BSA) as described (7). A sample of 150 ,ul of antibody diluted in phos-
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phate-buffered saline (PBS) with 1%BSAwas incubated in the wells for
60 min. Plates were washed with PBScontaining 0.1% Tween-20. Bound
antibodies were detected with anti-human IgG (heavy chain-specific)
conjugated to alkaline phosphatase (Sigma Chemical Co.). The substrate
was p-nitrophenylphosphate (I mg/ml in 0.1 Msodium carbonate, pH
9.5, 20 mMMgCI2). The absorbance at 405 nm was read with a
microELISA reader (Dynatech Laboratories). To ensure the specificity
of this ELISA antibody, samples were assayed simultaneously with wells
treated in the same manner at all steps except that nucleic acid antigen
was not added. All samples were tested in duplicate.

For competitive immunoassays, 100-Ml samples of varying concen-
trations of competitors in PBS-0. 1% BSA were incubated with equal
volumes of anti-DNA antibody for I h, and the mixtures were transferred
to DNA-coated, BSA-saturated wells. The reaction was carried out as
described above.

Results

DNA-binding myeloma proteins discriminate among polydeox-
yribonucleotides of varying base composition. In a screening test
of 105 human myeloma proteins for binding to denatured DNA,
three (ROU, LAG, LAY) were found to have such activity (12).
They are the subjects of this study. Their specificities were studied
in finer detail by comparing DNAwith many synthetic poly-
nucleotides in competitive immunoassays. Poly(dT) effectively
inhibited DNAbinding by the three myeloma proteins at con-
centrations similar to those required for competition by soluble
denatured DNA(Figs. 1 and 2). With antibody ROU, Poly(dC)
competed at a 10-fold higher concentration and poly(dG) at a
still higher twofold concentration (Fig. 1). In contrast, poly(dA)
did not compete for DNAbinding by ROU(Fig. 1) or either of
the other two proteins (not shown). The single-stranded random
copolymer poly(dC, dA) was a slightly less effective competitor
for ROUthan the homopolymer poly(dC). All three proteins
showed the marked preference among the four homopolydeox-
yribonucleotides for poly(dT) (Fig. 2), which competed even
more effectively than ssDNA for proteins LAGand LAY (Fig.
2). The concentrations of ssDNA and poly(dT) required for
binding were similar to those required for binding to hybridoma-
produced anti-DNA antibodies or SLE serum antibodies
(7, 16).
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Figure 2. Comparison of the relative affinities of the three anti-DNA
HMPfor the positive polynucleotides. The relative affinity is calcu-
lated according to the formula: Relative affinity = amount of ssDNA
required to achieve 50% inhibition of ssDNA binding/amount of com-
petitor required to achieve 50% inhibition of ssDNA binding.

The myeloma proteins bind to polyribonucleotides. The three
myeloma proteins bound to plates coated with poly(I) or poly(G).
These polyribonucleotides also competed effectively for binding
of ROUto denatured DNA(Figs. 2 and 3). Poly(A) was a very
weak competitor, poly(U) was still weaker, and poly(C) and total
eukaryotic cellular RNAwere not active even at very high con-
centrations (Fig. 3). Poly(I) was more reactive than poly(G) with
proteins LAGand LAY (Fig. 2).

Double-stranded polynucleotides are not recognized by the
anti-DNA myeloma proteins. Whereas poly(I) was very reactive
with the three myeloma proteins, its incorporation into the
double-helical poly(I) * poly(C) converted it into an inactive form
for protein ROU(Fig. 3) or proteins LAGand LAY (not shown).
Similarly, poly(dT) alone was very reactive (Fig. 1), but
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Figure 1. Inhibition of HMPROUbinding to ssDNA by polydeoxyri-
bonucleotides. Varying amounts of competing polynucleotides were
incubated with HMPROUand added to ssDNA-coated polystyrene
cells. The competitors were: poly(dT) (o); ssDNA (-); poly(dC) (v);
poly(dA, dC) (-); poly(dG) (o); poly(dA) (A).
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Figure 3. Inhibition of HMPROUbinding to ssDNA by polyribonu-
cleotides: poly(G) (-); poly(I) (o); poly(A) - poly(U) (v); poly(A) (i);
poly(I) * poly(C) (v); poly(C) (A); poly(U) (-); RNA(o).
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poly(dA) * poly(dT) was not reactive at all (data not shown). Nei-
ther was poly(dG) - poly(dC), though it was composed of two
reactive homopolymers. The double-helical alternating copol-
ymers poly(dA-dT), poly(dG-dC), and poly(dI-dC) were also
unable to compete for binding to ssDNA by protein ROU, LAG,
or LAY (data not shown). Native calf thymus DNAinhibited
the binding of only one of the proteins, LAG, to ssDNA; 10 ,ug/
ml of native DNAcaused inhibition similar to that caused by 1
tig/ml of denatured DNA(Fig. 2).

The foregoing results are summarized in Table I, and a com-
parison of relative affinities of the positive polynucleotides is
depicted in Fig. 2. The three antibodies exhibited individual
patterns of relative affinity for the polynucleotide antigens, but
all three distinguished among single-stranded polymers in a
manner that suggested they may recognize the bases. This was
substantiated by the loss of activity when the reactive homo-
polymers were incorporated into double-helical forms.

Anti-DNA antibodies interact with nucleosides and nucleo-
tides presented on non-nucleic acid carriers. To define more
precisely the epitopes recognized by the DNA-binding myeloma
proteins and to examine the contribution of the individual bases
and other nucleotide components in the absence of a continuous
sugar-phosphate backbone, we tested the activity of nucleosides

Table I. Summary of the Competitive Assays of
HMPBinding to ssDNA by Various Polynucleotides

Polynucleotide Inhibitory activity*

RNAand analogues
RNA
Polyribonucleotides

poly(G) +
poly(U)
poly(C)
poly(A)
poly(I) +

Double-stranded polyribonucleotides
poly(A) - poly(U)
poly(I) * poly(C)

DNAand analogues
ssDNA +
dsDNA -t
DNAhomopolymers

poly(dT) +
poly(dG) +
poly(dA)
poly(dC) +

DNArandom copolymer
poly(dA, dC) +

DNAduplexes
poly(dA) * poly(dT) -

poly(dG) * poly(dC) -

DNAalternating copolymers
poly(dA-dT) * poly(dA-dT) -

poly(dG-dC) poly(dG-dC) -

poly(dI-dC) poly(dI-dC) -

* + represents an effective inhibition of binding of the HMPto

and nucleotides, free or conjugated to a protein carrier. Wefound
that the mononucleotides TMP, AMP, CMP, IMP, and GMP
were unable to compete at concentrations up to 1 mM.Similarly,
none of the nucleosides thymidine, inosine, cytidine, or 2'-de-
oxycytidine was able to compete for denatured DNAbinding.
Only guanosine caused a slight inhibition; deoxyguanosine was

inactive. This latter result is consistent with the finding that
poly(G) was a more effective inhibitor than poly(dG) (Fig. 2).

The inactivity of nucleotides and the weak inhibitory activity
of guanosine compared with that of poly(G) raised the possibility
that multivalent interactions were required for measurable
binding or that the binding sites encompassed more than one

nucleotide. Wetherefore conjugated the mononucleotides GMP
and IMP to a protein carrier. GMP20-BSAand IMP25-BSA ef-
fectively inhibited the binding of myeloma protein ROUto de-
natured DNA(Fig. 4). Similarly, we found that GMP12-KLH
could also compete for this binding (not shown).

To evaluate the importance of the phosphate groups in this
activity, we examined the effect of a series of nucleoside-BSA
conjugates on ssDNA binding. As can be seen in Fig. 5, gua-

nosine12-BSA, inosine, ,-BSA, and thymidine15-BSA conjugates
could inhibit the binding of protein ROUto ssDNA. The nu-

cleoside concentrations required for competition were about 10-
fold higher than those of nucleotide-BSA conjugates. Uridine, ,-
BSA, cytidine13-BSA, and adenosinel3-BSA were virtually in-
active in this competitive assay. These findings indicate that the
bases guanine, hypoxanthine, or thymine contribute substantially
to the binding of the myeloma proteins, but the presence of the
phosphate group in the nucleotide also contributes to it.

As shown in Figs. 1-3, the single-stranded homopolymers
poly(dT), poly(dG), and poly(I) were recognized by these anti-
DNAantibodies whereas the double-stranded polynucleotides
poly(dA) * poly(dT), poly(dG) - poly(dC); poly(I). poly(C),
poly(dA-dT) - poly(dA-dT), poly(dG-dC) * poly(dG-dC), and
poly(dI-dC) poly(dI-dC) were not. Thus, purine-pyrimidine
pairing masks the target epitopes of these HMP. This phenom-
enon, together with the activity of thymidine-BSA, inosine-BSA,
and guanosine-BSA and the lack of reactivity of cytidine-BSA
or adenosine-BSA, suggests that these antibodies recognize de-
terminants in the vicinity of 06 of purine bases and 04 of py-

rimidine bases. This conclusion was examined further by testing
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Figure 4. Effect of IMP25-BSA (A) and GMP20-BSA(-) on binding of
HMPROUto ssDNA.
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Figure 5. Effect of various nucleoside-BSA conjugates on binding of
HMPROUto ssDNA: Thymidine,5-BSA (.); Guanosine12-BSA (o);
Inosine, -BSA (i); AdenosineI3-BSA (v); Uridine,,-BSA (o); Cyti-
dineI3-BSA (A).

the effect of substitutions at positions in the proximity of the
putative epitopes of the active purine bases. Substitution at the
C8 of guanosine, as in 8-bromoguanosine8-BSA, did not alter
the activity of this nucleoside (not shown). Substitution at the
N7 of hypoxanthine caused a dramatic reduction of activity, as
seen in comparison with poly(I) and poly(7-methyl I) (Fig. 6).

Discussion

Shortly after anti-DNA antibodies in SLE sera were first iden-
tified (20-23), native and denatured DNAwere found to react
to different extents with different patients' sera (24, 25). There-
fore, these autoantibodies may be directed against a variety of
determinants in the bases or backbone of the nucleic acid. Some
of the SLE antibodies react selectively with the denatured form.
Amongthe first identified determinants of this type for SLE sera
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Figure 6. Effect of poly(I) (-) and poly(7-methyl 1) (A) on binding of
HMPLAG to ssDNA.

were a (dT)5 sequence (26) and a single purine base (27). Other
SLE antibodies bind both native and denatured DNA. Either
double-stranded polynucleotides or denatured DNAeffectively
compete with these antibodies for native DNAbinding (24, 25,
28-30). These immunoglobulins may interact with portions of
bases and/or polynucleotide backbone structures accessible in
both forms of DNA(29, 30). Somealso react with phospholipids,
which have no purine or pyrimidine base (4, 5).

Because the precise positions of the bases involved in DNA
binding of human antibodies are not known, we undertook a
systematic study of the binding affinities of three HMP. Their
reactions were tested with single- and double-stranded homo-
and copolymers of ribonucleotides and deoxyribonucleotides and
with nucleoside-protein conjugates. Poly(dT), poly(I), and
poly(G) were the most reactive polynucleotides, and corre-
sponding nucleosides conjugated to BSAwere also able to com-
pete for binding of the proteins to ssDNA. The primary nucleo-
side interactions were clearly with the bases rather than with
modified ribose, through which the nucleosides were conjugated
and which was identical in both active and inactive nucleoside-
protein preparations. Comparison of reactive and unreactive
nucleosides and polymers showed that the common features of
the most reactive bases center around the 1-N and 6-carbonyl
of hypoxanthine and guanine and the 3-N and 4-carbonyl of
thymine (Fig. 7). Assignment of interaction to these sites is con-
sistent with the nonreactivity of double-stranded polynucleotides,
in which the same portions of the bases are involved in hydrogen
bonding. It is also consistent with the strong binding of 8-Br-
guanosine, in which the bulky substituent on the 8-C does not
interfere. It does not, however, explain the lack of binding to
poly(U) or uridine-BSA, both of which present a similar structure
in this region of the base uracil. This lack of binding by uracil
may indicate that the 5'-CH3 of thymine contributes to binding.

As these myeloma proteins are spontaneously arising human
monoclonal antibodies, it is of interest to compare their antigen-
binding properties with those of anti-DNA antibodies of au-
toimmune sera. In antigen-binding properties, the three HMP
examined in this study are similar to SLE antibodies that react
at least in part with determinants of the bases and are specific
for denatured DNA. SLE antibodies that interact with the bases
can also bind to nucleoside-protein conjugates (6, 31, 32). Such
conjugates can absorb nearly all of the anti-denatured DNA
activity of certain murine lupus sera (6). Both murine and human
lupus sera with anti-denatured DNAantibodies reacted pre-
dominantly with guanosine-protein conjugates in ELISA (6, 32),

H
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Figure 7. Schematic dia-
gram of the putative epi-
topes recognized on purine
and pyrimidine bases.

H( -cH, Structures of the bases are

O=C, ,CH those in aqueous solutions
NH on pH 7. Dotted lines rep-

resent positions involved in
Thymine hydrogen bonding forma-

tion of the right-handed
*Q dsDNA helix. Arrows indi-

cate the presumed target de-
terminants capable of inter-

H acting with the combining
site of the anti-DNA anti-
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but distinct populations reacting with conjugates of other nu-
cleosides were also present (6, 32). Conjugation of nucleoside
or nucleotide was required for a reaction of measurable affinity
in our assays. Similarly, free nucleosides or mononucleotides
often bind only at high concentrations, if at all, to SLE serum
antibodies (30). Whennucleosides and nucleotides are presented
on macromolecule carriers, the great increase in binding suggests
that the optimal determinant is larger than the base of a single
nucleoside and/or that bivalent binding of antibody to one mol-
ecule of antigen is required for measurable affinity.

Poly(dT), poly(G) or poly(dG), and poly(I) are also promi-
nent among polynucleotides that react well with monoclonal
autoantibodies from both human and murine subjects with SLE
(6, 7, 33-35). Guanine and thymine are prominent as compo-
nents of nucleotides and oligonucleotides that react with certain
of the antibodies (6, 7, 33-35).

Another indication for similarity of myeloma proteins and
lupus anti-DNA autoantibodies comes from idiotypic analysis.
Certain idiotypes have been found to recur among lupus anti-
DNAautoantibodies (36-38). Anti-DNA-related idiotopes were
also described among certain Waldenstrom's proteins (14) and
among two of the HMPdescribed in this report (12). More re-
cently it was shown that lymphocytes of normal individuals can
be stimulated by pokeweed mitogen to produce immunoglob-
ulins with idiotypic determinants shared by SLE-derived mono-
clonal antibodies (39). Thus, patients with lymphoproliferative
diseases and some normal persons can express a conserved set
of idiotopes that are also found on immunoglobulin molecules
present in lupus.

Although the binding specificities of the myeloma proteins
described in this study are similar to those of the most frequently
occurring SLE antibodies to DNA, none of the patients with
these myeloma proteins showed any clinical expression of SLE.
Recently a monoclonal immunoglobulin isolated from a patient
with Waldenstrom's macroglobulinemia but devoid of SLE was
reported to exhibit anti-dsDNA activity (13). These observations
together with previous reports (9, 12) are puzzling in view of
the "pathogenic" role of anti-DNA antibody in SLE. Two non-
mutually exclusive possibilities may explain this disparity be-
tween the occurrence of anti-DNA antibodies and their patho-
genic role. It may be that undetermined factors other than the
presence of anti-DNA antibodies are required for clinical
expression of SLE. These factors could be absent in normal in-
dividuals and in patients with lymphoproliferative diseases. Al-
ternatively, it is possible that pathogenic anti-DNA antibodies
originate from distinct genetic elements and/or from different
clonotypes. Determination of the primary amino acid sequence
of the variable region of such HMPand identification of the
variable genes expressed by human anti-DNA antibodies from
SLE patients will help to clarify this fundamental issue.
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