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Abstract

IgG reactivity with the (H2A-H2B)-DNA complex, a subunit
of the nucleosome, has been detected in many patients with
lupus induced by procainamide and quinidine, but the similarity
among the epitopes targeted by these antibodies in this hetero-
geneous patient group as well as the prevalence of this specific-
ity in lupus induced by other drugs is unknown. Studies with
histone-DNA complexes formed by sequential addition on a
solid phase demonstrated that complexes containing single his-
tones had negligible antigenicity, indicating that DNAstabi-
lizes a protein epitope in the H2A-H2B dimer or that the com-
plete epitope is generated by a surface feature involving H2A-
H2B and DNA. F(ab')2 isolated from a patient with
procainamide-induced lupus blocked > 90%of the anti-I(H2A-
H2B)-DNAJ reactivity in six of six sera from patients with
lupus induced by procainamide, four of four quinidine-induced
patients and in sera from patients with lupus induced by acebu-
tolol, penicillamine, and isoniazid, but not methyldopa or auto-
antibodies to the component macromolecules. Fab fragments
purified from the IgG of two quinidine-induced lupus patients
and patients with isoniazid- and procainamide-induced lupus
retained 39%±8%of their original IgG reactivity compared to
34±28% of the original anti-tetanus toxoid activity of Fab frag-
ments in two of the same sera and two normal sera. These
results indicate that anti-I(H2A-H2B)-DNAI does not require
divalent antigen-antibody complexes for stability, and that the
complete epitope is created by the monomeric, trimolecular
histone-DNA complex. Weconclude that despite their pharma-
cologic and chemical heterogeneity, many lupus-inducing drugs
elicit near identical autoantibodies. (J. Clin. Invest. 1992.
90:165-173.) Key words: drug-induced lupus * histones * peni-
cillamine * methyldopa * acebutalol

Introduction

Drug-induced lupus (DIL)' refers to a syndrome resembling
the idiopathic autoimmune disease systemic lupus erythema-
tosus (SLE) but is temporally related to long-term exposure to
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1. Abbreviations used in this paper: dDNA, denatured DNA; DIL,
drug-induced lupus; mBSA, methylated BSA; nDNA, native DNA.

pharmacologic agents (1, 2). A nonformalized but generally
accepted criterion for DIL is remission of lupus-like symptoms
after discontinuation of the implicated drug. Although it is un-
likely that most forms of idiopathic SLE are causally related to
exposure to drugs or unidentified environmental agents, un-
derstanding the mechanism underlying induction of autoim-
munity by drugs may provide fundamental information on
how autoimmune tolerance is broken in acquired systemic au-
toimmune diseases.

An interesting aspect of DIL, which is generally different
from other systemic autoimmune diseases such as SLE, is that
the autoantibody specificity is largely restricted to histone-con-
taining antigens (3-6). Antihistone antibodies in DIL are re-
sponsible for the antinuclear antibodies seen in these sera (7),
are generally not associated with other abnormal antibodies
except antidenatured DNA(7-11), and gradually subside after
discontinuation of the offending agent (12-14). Although anti-
histone antibodies can also be detected in asymptomatic pa-
tients treated with a variety of drugs, these antibodies are pri-
marily of the IgM class and tend to react with all the individual
histones relatively uniformly (6, 10, 15, 16). In contrast, symp-
tomatic DIL is predominantly associated with IgG autoantibod-
ies, and elevated reactivity with individual histones is com-
monly observed in lupus induced by procainamide (p-amino-
N-[2-diethylaminoethyl]benzamide) (16-21) and hydralazine
(l -hydrazinopthalazine) (18, 19, 21, 22).

The natural form of histones in vivo is the nucleosome, a
well-defined structure consisting of a tetramer of histones H3
and H4 flanked on either side by a dimer of histones H2A and
H2B; 168 basepairs of double-stranded DNAis wrapped twice
around this histone octamer (23-25). H1 appears to associate
with DNAwhere it exits the core particle and the - 30 base-
pairs of DNAlinking the adjacent nucleosome (26). Although
the structure of the histone octamer has been determined to
high resolution (25), the precise positions of DNAand of H1 in
the complete nucleosome are unknown. The folding of DNA
around the octamer appears to require several sharp bends in
the double helical B-form of DNA, but does not cause major
disruption of base stacking or hydrogen bonding interac-
tions (23).

The native H2A-H2B dimer is highly antigenic for patients
with procainamide-induced lupus since these sera show much
less reactivity with the individual components of this complex,
H2Aand H2B, or with detergent denatured H2A-H12B (10, 16,
18, 21). Binding of these antibodies is enhanced three- to five-
fold if the H2A-H2B complex is associated with DNA, and this
histone-DNA complex is especially antigenic for patients with
quinidine(6'-methoxycinchonan-9-ol)-induced lupus (21).
Anti-([H2A-H2B]-DNA) has also been reported in a patient
with lupus induced by penicillamine (D-3-mercaptova-
line) (14).

The present study examines the molecular requirements for
antigen expression and the extent of antibody similarity in
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lupus induced by a diversity of drugs. The finding that autoanti-
bodies induced by dissimilar drugs displayed the same specific-
ity suggests the existence of a commonpathway for induction
of these antibodies, independent of the known pharmacology
or chemical structure of the eliciting drug.

Methods

Patients. The penicillamine-induced lupus patient was a 50-yr-old fe-
male with rheumatoid arthritis treated with penicillamine for five years
before a relatively sudden onset of symmetrical polyarthritis, fever,
fatigue, and pleuritic chest pains with bilateral pleural effusions as de-
scribed in detail (14); after discontinuation of penicillamine, symptoms
gradually improved over the next several weeks and there has been no
recurrence of her symptoms. The methyldopa (3-hydroxy-a-methyl-
tyrosine)-induced lupus patient had been treated with methyldopa for
approximately one year before gradual onset of symmetrical polyarthri-
tis, followed by a photosensitive rash, fatigue, exertional dyspnea, and
weight loss as described (12); after discontinuation of methyldopa, his
symptoms resolved and have not recurred during the following two
years. The patient with isoniazid (isonicotinic acid hydrazide)-induced
lupus was a 73-yr-old male undergoing antituberculosis therapy with
isoniazid at 300 mg/d. He developed a sudden onset of fever, malaise,
erythematous and desquamative plaques on the malar region, non-
tender cervical lymphadenopathy, and pleuritis with bilateral pleural
effusion; after discontinuation of isoniazid and initiation of prednisone
(20 mg/d) his lupus-like symptoms gradually improved and have not
recurred during the subsequent year (27). The acebutolol (N-[3-acetyl-
4-[2-hydroxy-3-[(1 -methylethyl)amino]propoxy]phenyl]-butanamide)-
induced lupus patient had been treated with this drug for two years
before onset of arthralgia, pleuritis, and an array of constitutional
symptoms; discontinuation of acebutolol was followed by symptom
improvement over the next few months with no recurrence one year
later. The patients with procainamide- and quinidine-induced lupus
have been previously described (10, 21); remission of symptoms after
discontinuation of therapy was a requisite criterion for diagnosis of
drug-induced lupus in all cases. Anti-native DNAsera were derived
from patients with SLE as previously described (28), and anti-H2B
serum was obtained from a procainamide-treated patient who re-
mained asymptomatic (7).

Antibody assays and antigen preparations. Humanantibody bind-
ing to solid phase antigens was determined by ELISA as previously
described (29). In general, sera and the IgG preparations were diluted
1:200, and bound antibody was detected with peroxidase-conjugated
goat anti-human IgG or anti-A-chain (Caltag Laboratories, South San
Francisco, CA). The duration of incubation of the primary antibody
and the secondary detecting reagents was 1.5-2 h and the ODof prod-
uct development by peroxidase action was determined after 0.25 and 1
h. Antibody reactivity is expressed as ODafter 1 h; if the sample OD
was > 2 at 1 h, antibody activity was calculated by extrapolation of the
ODat 0.25 h as previously described (30).

Histones were salt-extracted from calf thymus (Pel-Freez Biologi-
cals, Rogers, AR) and the H2A-H2B complex and the individual his-
tones were isolated by column chromatography (30, 31). Calf thymus
DNAwas obtained from U.S. Biochemical Corp. (Cleveland, OH) and
subjected to proteinase Kand S I nuclease digestion followed by phenol
extraction to obtain native DNA(nDNA) as described (29). Denatured
DNA(dDNA) was produced by boiling nDNAfor 10 min and quick
cooling on ice. Tetanus toxoid was obtained from Lederle (Pearl River,
NY) and used at 1:300 dilution.

([H2A-H2B]-DNA)-complexes were produced in solution by mix-
ing the H2A-H2B complex with nDNA in 2.0 M NaCl at a his-
tone:DNA ratio of 0.75:1 followed by dialysis to low ionic strength
buffer as previously described (30). Other forms of histone-DNA com-
plexes were produced directly on the solid phase by sequential addition
of either histone to nDNAor nDNAto histone in PBS. For the anti-
nDNA assay and production of DNA+ histone complexes on the

plate, plates were first coated with methylated BSA(mBSA) at 5 jg/ml
before addition of nDNAat 10 ,g/ml. Plates were then postcoated with
gelatin at 1 mg/ml. For the plates coated with nDNA+ histone, histone
was added at 2.5 gg/ml. Each coating step was performed for 8-18 h
followed by rinsing with PBSbetween steps. The ELISA was performed
the next day. For production of histone + DNAcomplexes on the
plate, the plates were first coated with individual histones at 1 Ug/ml or
H2A-H2B complexes at 2.5 ug/ml followed by postcoating and addi-
tion of nDNAat 10 ;tg/ml. If histones or mBSAwere not added before
postcoating with gelatin, no solid phase nDNAbound to the plates.
Similarly, if DNAwas not added to mBSA-coated plates, no histone
bound to the solid phase. These results indicate that macromolecular
binding after postcoating occurred through protein-DNA interactions.

Immunoadsorption studies. Sera were incubated in a serial transfer
protocol with wells coated with dDNAor dimer-DNA. Sera were di-
luted 1:100 to 1:750 and transferred to six replicate wells containing
either dDNA, dimer-DNA, or gelatin. After incubation for 2 h with
shaking, samples were transferred to and incubated with a fresh set of
wells coated with the same antigen. This serial adsorption was repeated
two more times. The next day the samples were assayed in triplicate for
binding to dDNAand to dimer-DNA.

Antibody blocking experiments. The F(ab')2 anti-[(H2A-H2B)-
DNA] from a patient with procainamide-induced lupus was prepared
by treating 40 mg of 50% saturated ammonium sulfate-purified IgG
with 2 mgof pepsin for 18 h at 37°C in 0.1 Msodium acetate buffer pH
4.1. After dilution to the original serum volume and dialysis against
PBS, the protein concentration was 2 mg/ml. At 1:50 dilution this
material produced 3.6 ODreactivity with (H2A-H2B)-DNA when de-
tected with the anti-light chain reagent and 0.01 ODwhen detected
with the anti-IgG (Fc). For blocking experiments, wells were coated
with (H2A-H2B)-DNA and then incubated with the F(ab')2 prepara-
tion at 1:200 dilution (10 ug/ml) for 1.5 h. The test sera were diluted
1:200-1:80,000 in standard serum diluent (29) containing the F(ab')2
preparation at 1:15 dilution (0.13 mg/ml) and added to the wells. At the
selected dilutions, unblocked samples produced an ODof -1 on the
(H2A-H2B)-DNA substrate. The control for each serum was with the
F(ab')2 preparation omitted in both steps. Samples were run in tripli-
cate and ELISA performed as usual using an anti-IgG (Fc)-detecting
reagent.

Fab preparation. Immunoglobulin from 0.5-1 ml serum was iso-
lated by precipitation with 50% saturated ammonium sulfate, dialyzed
against 0.075 Mpotassium phosphate buffer pH 8.0, and applied to a
1.2-ml (bed volume) DEAE-Sephacel (Pharmacia Fine Chemicals, Pis-
cataway, NJ) column in a 3-ml syringe. The fractions containing the
flow-through, nonbound immunoglobulin (measured by OD280) were
pooled and concentrated by precipitation with 50% saturated ammo-
nium sulfate. The preparation was dissolved in the original volume of
PBS and tested for immunoglobulin class-specific reactivity with
(H2A-H2B)-DNA and other antigens; this material retained 53-96% of
the original IgG antibody reactivity, and no or negligible activity when
measured with an anti-IgA or anti-IgM detecting reagent. The solution
was adjusted to 2.5 mMEDTA, 11 mMcysteine, and mercuripapain
(Worthington Biochemical Corp., Freehold, NJ) was added to half the
preparation to a final concentration of 0. I mg/ml. After 20 h at 37°C,
iodoacetamide was added to the papain- and mock-digested solutions
to a final concentration of 12 mM. The Fc fragment of the papain-di-
gested material was removed by applying the sample to 200-M1 bed
volume Staphylococcus aureus protein A Sepharose CL-4B (Pharma-
cia) column contained in a 1-ml pipette, and the mock-digested sample
was applied to a similar column of Sepharose CL-4B (without protein
A). Column flow rate was 90 ,gl/min. To adjust immunoglobulin from
the papain- and mock-digested samples to the same Fab concentration,
35,000 cpm human serum albumin radiolabeled with 1251I (DuPont
Co., Wilmington, DE) by the chloramine T method (32) was added to
both samples before Sepharose column chromatography. Peak frac-
tions in the excluded volume were pooled and the concentrations of 1251I
in the papain-digested and mock-digested samples were made iden-
tical.
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SDSgel electrophoresis. Samples from various stages of the Fab
preparation were analyzed under "native" conditions by dilution into
Laemmli sample buffer (33) modified by omission of f3-mercaptoeth-
anol and use of 0.05% SDS. Molecular weight markers (Bio-Rad Labo-
ratories, Richmond, CA) were boiled in standard sample buffer (con-
taining 3%SDSand 5%f3-mercaptoethanol). Sample load was adjusted
to give similar staining intensity for the 160-kD IgG region and the
50-kD Fab + Fc region for the mock-digested and papain-digested sam-
ples, respectively. Electrophoresis was performed in a 45 mmlong
X 0.75 mmthick 10% polyacrylamide gel containing 0.1% SDS fol-
lowed by silver staining (34).

Results

IgG autoantibodies were examined in patients with rare drug-
induced lupus, and a summary of these data is shown in Table
I. At the time of symptom presentation, the predominant anti-
body activity in all four patients was detected when the (H2A-
H2B)-DNA complex was used as the test antigen. Analysis of
serial serum samples demonstrated that anti-[(H2A-H2B)-
DNA] invariably decreased after discontinuation of the lupus-
inducing drug, consistent with the view that these antibodies
were drug induced, although it took at least six months before
significant loss in antibody activity was observed in the patients
with penicillamine- and acebutolol-induced lupus. Anti-
[(H2A-H2B)-DNA] activity in the patient with methyldopa-in-
duced lupus was not detected on the conventional preparation
of this antigen but was observed on a complex formed de novo
on the solid phase of the microtiter plate (see below). Little
antibody binding to the component antigens, H2A-H2B or
nDNAwas generally observed, except for the patient with isoni-
azid-induced lupus who had substantial reactivity with H2A-
H2B. The weak reactivity with nDNAcomplexed to mBSAin

patients with acebutolol- and penicillamine-induced lupus was
due to antibody binding to mBSAalone (data not shown). All
sera had substantial antibody binding to dDNA, consistent
with the common copresence of anti-dDNA antibodies in
drug-induced autoimmunity (1 1, 16). However, when total his-
tones were used as the test antigen, little, if any, antibody bind-
ing was observed. Total histones contain a relatively small
amount of H2A and H2B in dimer form and histone-DNA
complexes are absent because all traces of DNAwere removed
from the total histone preparation by DNase digestion and acid
extraction. The lack of IgG reactivity with total histones high-
lights the restriction in antibody binding to the (H2A-H2B)-
DNAcomplex.

The copresence of anti-dimer-DNA with anti-dDNA raises
the issue of whether these are separate antibody populations.
Fig. 1 shows the capacity of dDNAand dimer-DNA immuno-
sorbents to remove antibody activity in sera from three patients
with DIL. Dimer-DNA adsorbed 50-90% of anti-dimer-DNA
activity with essentially no effect on anti-dDNA, indicating
separate antibody populations. Solid phase dDNA removed
90-95% of anti-dDNA, but anti-dimer-DNA was reduced
from 10 to 40%. This result could suggest that a portion of the
anti-dimer-DNA activity in some sera may be due to binding
of anti-dDNA to possible single-stranded regions in the DNA
component ofthe dimer-DNA complex. However, this possibil-
ity is unlikely because the DNAused to make this complex was
digested with S1 nuclease to remove single-stranded regions,
and several human sera from asymptomatic procainamide-
treated patients having high titer anti-dDNA had no reactivity
with the dimer-DNA complex. However, we have found that
> 70% of the antigenicity of dimer-DNA was inhibited after
incubating dimer-DNA wells with 0.4 ,jug of dDNA(or nDNA)

Table I. Antibodies in Rare Drug-induced Lupus

IgG antibody activity (ELISA OD)

Clinical status (H2A-H2B)- mBSA- Total
Patient Date Drug* re DIL nDNA H2A-H2B nDNA histone dDNA

DT Penicillamine
03/87 D/C Symptomatic 4.12 0.00 0.55 0.11 1.99
05/88 D/C Asymptomatic 4.25 0.00 0.46 0.08 1.64
08/88 D/C Asymptomatic 2.79 0.03 0.33 0.16 1.89
03/89 D/C Asymptomatic 1.18 0.00 0.02 0.00 0.83

NR Acebutolol
08/88 D/C Symptomatic 2.25 0.04 0.22 0.14 1.39
11/88 D/C Asymptomatic 1.72 0.02 0.19 0.07 1.50
02/89 D/C Asymptomatic 0.88 0.00 0.05 0.01 1.21
08/89 D/C Asymptomatic 0.17 0.00 0.02 0.01 0.25

FA Isoniazid
05/89 D/C Symptomatic 1.29 0.47 0.02 0.21 0.95
06/89 D/C Asymptomatic 0.85 0.30 0.01 0.09 0.27
02/90 D/C Asymptomatic 0.04 0.11 0.25 0.44 0.11

KK Methyldopa
07/85 D/C Symptomatic [1.84]t 0.06 0.02 0.06 0.48
11/85 D/C Asymptomatic [1.09] 0.01 0.02 0.00 1.67
01/86 D/C Asymptomatic [1.11] 0.00 0.01 0.02 1.25
12/86 D/C Asymptomatic [0.50] 0.00 0.00 0.00 0.18

* Patients presented with lupus-like symptoms after long-term therapy with the indicated drug. Therapy was discontinued (D/C) on initial present-
ing date. t The H2A-H2B dimer was added to solid phase nDNArather than assaying with preformed (H2A-H2B)-nDNA complex.
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Figure 1. Antibody activity after immunoadsorption of sera. Sera
from three patients were adsorbed with dDNAor dimer-DNA and
tested for residual antibody activity to dDNAand dimer-DNA. Re-
maining antibody activity is expressed as percentage of that of the
control sample which was adsorbed in parallel in a gelatin-coated well.
For these control samples, anti-dDNA reactivity was 0.3 ODfor pa-
tient FA, 0.8 ODfor patient NR, and 0.2 ODfor patient DT; anti-
dimer-DNA for the same samples was 6.4 OD, 1.2 OD, and 3.3 OD,
respectively. Error bars are SDand this is one of three similar experi-
ments.

(data not shown). This effect is due to binding of soluble DNA
to solid phase dimer-DNA since sera monospecific for anti-
dDNAantibodies bound to dimer-DNA only after postincuba-
tion with dDNA(data not shown). Thus, the decrease in anti-
dimer-DNA activity observed in two of the sera in Fig. 1 is
likely due to the presence of soluble dDNAcontaminating the
samples after their serial immunoadsorption with dDNA.
Taken together these results indicate that anti-dDNA and anti-
dimer-DNA are separate populations of drug-induced anti-
bodies.

The sera which reacted with preformed dimer-DNA in
solid phase also bound to dimer-DNA in solution. In a direct
competition study in which increasing amounts of soluble
dimer-DNA were added to dimer-DNA coated wells before
addition of the DIL sera, antibody binding to the solid phase
was stoichiometrically decreased. The concentration of soluble
dimer-DNA that produced 50% inhibition was 450±40 ng for
patient DT, 50±30 ng for patient NR, and 960±85 ng for pa-
tient FA, and 2.5 zg soluble dimer-DNA inhibited > 75% of
anti-dimer-DNA activity in all the sera. Wepreviously deter-
mined that dimer-DNA wells contained 210 ng of protein (30),
so antibody binding to soluble dimer-DNA generally appears
to be somewhat less efficient than binding to solid phase dimer-
DNA. However, these results indicate that the antigenicity of
dimer-DNA is not substantially enhanced when bound to a
solid phase.

Previous studies demonstrated that IgG antibody to the
(H2A-H2B)-DNA complex was the predominant reactivity in
patients with lupus induced by procainamide and by quinidine
(21), but the importance of how this complex was formed and
which histones are necessary for expression of antigenicity was
not determined. To assess the similarity among the antibody
specificities in patients in the present study and those with
lupus induced by procainamide and quinidine, the relative an-
tigenicities of the components of the (H2A-H2B)-DNA com-
plex were compared. To maximize uniformity in orientation
and amount of antigen on the ELISA plate, histone-DNA com-
plexes were formed directly on the solid phase by sequential
addition of either mBSA, nDNAand then histone, or histone

and then nDNA. As shown in Fig. 2 A, the four patients with
rare drug-induced lupus showed a similar profile of reactivity
with the test antigens, with maximum antigenicity when the
H2A-H2B dimer was added to solid-phase DNA. The complex
formed by addition of nDNAto the H2A-H2B dimer showed
antigenicity which was similar to that of the preformed (H2A-
H2B)-DNA complex used in Table I (comparison not shown).
The acebutolol-induced lupus serum had the same reactivity
whether nDNAwas added to the dimer or dimer was added to
the nDNA, the penicillamine- and isoniazid-induced lupus
sera displayed about one-half the activity when nDNAwas
added to the dimer and the methyldopa-induced lupus serum
displayed no reactivity to the histone-DNA complex formed by
addition of nDNAto H2A-H2B. The latter serum bound only
when dimer-DNA was prepared by addition of H2A-H2B to
nDNAon the plate and did not react with preformed (H2A-
H2B)-DNA complex as indicated in Table I. The monomeric
components of the (H2A-H2B)-DNA complex displayed little
if any antigenicity with all the sera tested. Two of the sera
bound individual histones H2Aand H2B, but antigenicity was
not changed when these histones were bound to each other or
to nDNA. These data indicate that the predominant epitope
targeted by autoantibodies in rare drug-induced lupus is gener-
ated by a trimolecular complex requiring DNA, H2A,
and H2B.

Sera from 10 patients with procainamide-induced lupus
and four patients with quinidine-induced lupus were also
tested on various forms and components of the (H2A-H2B)-
DNAcomplex, and typical results are shown in Fig. 2, Band C.
The DNA+ H2A-H2B preparation displayed predominant re-
activity. Approximately one-half that level of activity was ob-
served on H2A-H2B + DNAin all but two sera. One procaina-
mide-induced lupus serum showed similar activity whether
H2A-H2B was added to nDNAor nDNAwas added to H2A-
H2B, and one quinidine-induced lupus serum had essentially
no activity when nDNAwas added to H2A-H2B. Many of the
procainamide-induced lupus sera also reacted with H2A-H2B
directly on the plate, although the level of reactivity was usually
three- to fourfold less than that of the (H2A-H2B)-DNA com-
plex. As with the sera from patients with rare drug-induced
lupus, the individual histones or individual histone-DNA com-
plexes showed little if any antigenicity for most of the sera. The
selective reactivity with DNA+ H2A-H2B was not due to as-
say bias as shown in Fig. 2 D. Anti-nDNA from a patient with
SLE displayed relatively uniform antibody binding to all the
DNA-containing antigens, indicating that similar amounts of
antibody-accessible DNAwere present in all solid phase his-
tone-DNA complexes. Reactivity of a serum from an asymp-
tomatic patient treated with procainamide who developed IgG
antibodies to H2B (7) showed similar reactivity with all the
H2B-containing antigens except when nDNAwas added to the
H2A-H2B complex. Normal sera displayed negligible reactiv-
ity with all of the test antigens. Results with these control sera
are consistent with previous studies (30), demonstrating that
similar amounts of histone and histone-DNA complex are pre-
sented to antibody in random orientations on the solid phase.

Overall, the patients with rare drug-induced lupus and the
patients with procainamide- and quinidine-induced lupus dis-
played remarkably similar profiles of reactivity with the tested
antigens, suggesting that the same antibody specificity was as-
sociated with all these forms of drug-induced lupus. However,
there are multiple epitopes on the (H2A-H2B)-DNA complex,
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Figure 2. Antibody binding to components of the (H2A-H2B)-DNA complex in DIL. IgG antibody binding to histones, nDNA, and histone-
nDNAcomplexes formed directly on the solid phase was measured by ELISA. (A) Patients with rare DIL: isoniazid (A - * * * A); penicillamine
(m in); methyldopa (A -' -- A); acebutolol (.-----i). (B) Five patients with procainamide-induced lupus. (C) Four patients with quinidine-
induced lupus. (D) Control sera: SLE patient with anti-nDNA (. in); asymptomatic procainamide-treated patient with anti-H2B (.----- );
a representative normal human serum (A - - - * A).

and sera may react with different epitopes. To explore this is-
sue, the capacity of antibody from a procainamide-induced
lupus patient to block IgG anti-[(H2A-H2B)-DNA] from other
patients with drug-induced lupus was determined. An F(ab')2
preparation was produced so that the blocking antibody would
not be detected by the anti-IgG (Fc) reagent used for monitor-
ing antibody binding of the test sera. The F(ab')2 preparation
retained the full anti-+(H2A-H2B)-DNA] activity of its corre-

sponding intact IgG when detected with an anti-light chain
reagent but was undetectable when using the anti-Fc detecting
reagent (data not shown). As shown in Fig. 3, this antibody
blocked essentially all activity in all tested sera from patients
with procainamide-induced lupus, including the serum from
which it was derived. Similar blocking capacity of the F(ab')2
preparation was observed with the four patients with quini-
dine-induced lupus and three of the four patients with rare

drug-induced lupus. Blocking was observed whether the anti-
gen was (H2A-H2B)-DNA reconstituted in solution or if H2A-
H2B was added to nDNA-coated plates. The only exception
was the patient with methyldopa-induced lupus in which only
approximately one-third loss of anti-dimer-DNA activity was
observed. This level of inhibition is within that observed in the
control group consisting of four SLE sera with anti-nDNA anti-
bodies and an asymptomatic procainamide-treated patient
with anti-H2B. The lack of significant blocking of anti-nDNA

or anti-H2B activities demonstrates that the F(ab')2 anti-
dimer-DNA did not cause wanton steric blocking of all antibod-
ies reacting with this antigen. These results indicate that IgG
anti-[(H2A-H2B)-DNA] antibodies from most of the drug-in-
duced lupus patients recognize epitopes that are identical,
overlapping, or in close proximity.

Although the H2A-H2B dimer is a small complex of - 28

kD, a much larger, multimeric complex is likely to form when
the dimer associates with DNA. Antibody binding in ELISA
may require a multivalent dimer-DNA complex so that both
arms of the IgG molecule need to bind for detection of the
immune complex. In this way, enhanced binding to (H2A-
H2B)-DNA compared to DNA-free H2A-H2B would not be
due to a neo-epitope formed by quaternary histone-DNA inter-
actions, but by fortuitous spacing of the H2A-H2B dimer along
the DNAfiber, facilitating bivalent binding of IgG. This possi-
bility was tested by comparing the reactivity of monovalent
Fab preparations of IgG with the respective intact IgG mole-
cule. Because mere handling of IgG without inclusion of pa-
pain occasionally resulted in loss of binding, the activity of the
Fab preparations was compared to mock-digested samples pro-
cessed in parallel under identical conditions. As shown in Fig.
4, papain digestion converted essentially all the 160-kD IgG
molecular species to material migrating at - 50 kD, the ex-

pected size of the Fab subunit. Nobinding of these Fab prepara-
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Figure 3. Effect of F(ab')2-blocking antibody on reactivity of sera with
anti-[(H2A-H2B)-DNA]. Sera from patients with procainamide-in-
duced lupus (PA-LE), quinidine-induced lupus (QU-LE), rare DIL,
or a miscellaneous group were diluted to produce IgG reactivity with
(H2A-H2B)-DNA of < 2.0 ODin the absence (CTL) or presence of
blocking (BK) F(ab')2 anti-[(H2A-H2B)-DNA] antibody from a pa-
tient with PA-LE. Two of the QU-LE sera and the serum from the
patient with methyldopa-induced lupus were tested on (H2A-H2B)-
DNAcomplexes formed by addition of H2A-H2B to nDNAon the
plate (o-----o); all other sera were tested with preformed (H2A-
H2B)-nDNA adsorbed directly to the solid phase. The miscellaneous
group consisted of four SLE sera with anti-nDNA antibodies and an
asymptomatic procainamide-treated patient with anti-H2B (o -----).
Variances are± 1 SDof a single representative experiment.

tions was observed when measured by an anti-Fc detecting re-
agent (Table II), indicating complete removal of the Fc frag-
ment by papain digestion and protein A Sepharose
chromatography. When antibody binding was measured with
the anti-light chain detecting reagent, Fab fiagments from two
quinidine-, one procainamide-, and one isoniazid-induced
lupus patient retained 28-49% of the dimer-DNA binding ac-
tivity of the corresponding mock-digested preparations. The
latter two patients also had significant IgG anti-tetanus toxoid
activity, and binding of the corresponding Fab from these pa-
tients as well as from two normal sera with anti-tetanus toxoid
antibody is also shown in Table II. Fab anti-tetanus toxoid had
9-74% of the binding activity of the mock-digested samples.
These data show that loss in antibody binding upon conversion
of the dimeric IgG to the monomeric Fab was similar for the
anti-dimer-DNA and anti-tetanus toxoid antibodies (mean of
39% and 34%, respectively, of the intact IgG activity), indicat-
ing bivalency enhanced the binding constants for anti-dimer-
DNAand antitetanus to similar extents. These results also
demonstrate that anti-dimer-DNA activity did not display un-
usually stringent requirements for bivalent cross-linked anti-
gen-antibody complexes for stability.

Discussion

The present study characterized and compared autoantibodies
in patients with lupus induced by a variety of drugs. Wehave
focused on antibody reactivity to the (H2A-H2B)-DNA com-

plex and its components because this activity dominated the
antibody response to histone-containing antigens in procaina-
mide- and quinidine-induced lupus (3, 21). All sera displayed
much lower or no binding to components of this complex,
including individual histones with or without DNA. Excess
antibody from a patient with procainamide-induced lupus
blocked essentially all antibody reactivity to the (H2A-H2B)-
DNAcomplex from other patients with lupus induced by pro-
cainamide, quinidine, acebutolol, isoniazid, and penicillamine
but did not block antibodies to DNAor to H2B. It appears,
therefore, that antibodies in DIL have near identical epitope
requirements, regardless of the drug that induced them.

Antibodies to individual histones have also been demon-
strated in DIL, especially HI and H2B in procainamide-in-
duced lupus (19, 20), HI in methyldopa-induced lupus (12),
and HI and H2B in quinidine-induced lupus (35, 36). In fact,
we previously reported IgG anti-individual histone antibodies
in some- of the patients in the present study, especially anti-H 1
in procainamide- and quinidine-induced lupus (21). However,
when compared to antibody to the (H2A-H2B)-DNA complex,
anti-individual histone reactivity was relatively minor, and the
pattern of reactivity with individual histones displayed wide
patient-to-patient variability. In contrast, anti-[(H2A-H2B)-
DNA] was the one commonserology that linked lupus induced
by a diverse array of drugs. Certainly, the anti-[(H2A-H2B)-
DNA] specificity was not identical in all the sera used in the
present study since there were subtle differences in the profiles
of reactivity with the set of macromolecular components which
comprise this complex. In fact, antibody from the methyldopa-
induced lupus patient bound to a unique and separate epitope
on the dimer-DNA complex as shown by blocking experi-
ments. However, considering that these are polyclonal antibod-
ies from a heterogeneous patient population, the uniformly
selective reactivity with a subunit of the nucleosome is remark-
able.
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Figure 4. SDS-PAGEof Ig fractions during Fab preparation. The
starting material was serum from a patient with isoniazid-induced
lupus (INH-LE) or procainamide-induced lupus (PA-LE). Samples
applied to the gel were DEAE-Sephacel purified IgG after mock di-
gestion (A) or after papain digestion (B), mock-digested sample after
Sepharose chromatography (C), and papain-digested sample after
protein A Sepharose chromatography (D). Molecular weight markers
(M) are shown in the left lane. This silver-stained gel was over-devel-
oped to maximize detection of intact IgG in the papain-digested
samples.
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Table II. Antibody Activity of Fab Preparations

Preparation binding activity (OD±SD)*
Detecting Fab binding

Sample Antigen antibody IgG Mock digest Fab (Percentage of mock)

INH-LE nDNA+ dimer aFc 0.49±0.02 0.64±0.02 0.00 0
ax 0.38±0.01 0.39±0.01 0.19±0.02 49

Tetanus aFc 0.50±0.09 0.65±0.10 0.00 0
ax 0.13±0.03 0.18±0.02 0.05±0.02 28

PA-LE nDNA+ dimer aFc 3.09±0.06 1.06±0.14 0.00 0
ax 1.23±0.07 0.43±0.02 0.16±0.03 37

Tetanus aFc 2.10±0.16 2.07±0.13 0.00 0
ax 0.55±0.02 0.56±0.03 0.05±0.01 9

QU-LE1 nDNA+ dimer aFc 0.42±0.01 0.48±0.03 0.00 0
ax 0.71±0.02 0.64±0.04 0.19±0.01 30

QU-LE2 nDNA+ dimer aFc 0.43±0.03 0.56±0.01 0.00 0
ax 0.41±0.02 0.34±0.02 0.13±0.01 38

NHS1 Tetanus aFc 1.91±0.06 2.58±0.02 0.00 0
ax 0.63±0.12 0.77±0.05 0.57±0.02 74

NHS2 Tetanus aFc 0.64±0.11 0.80±0.01 0.00 0
ax 0.84±0.11 1.13±0.04 0.28±0.03 25

* Reactivities of IgG and Fab from six normal sera were nil on nDNA+ dimer. INH-LE, isoniazid-induced lupus; PA-LE, procainamide-induced
lupus; QU-LE, quinidine-induced lupus; NHS, normal human serum.

Antibody binding to the preformed (H2A-H2B)-DNA
complex was pronounced in all but one DIL serum. However,
when dimer-DNA was formed directly on the solid phase by
adding dimer to DNA-coated wells, antibody binding was en-
hanced two- to sevenfold and was the only form of the complex
detected by the patient with methyldopa-induced lupus. This
enhanced antigenicity was not due to larger amounts of DNA
and/or dimer on the solid phase and was only partly related to
orientation of the dimer to the solution side of the wells, since
preformed dimer-DNA complex added to mBSA-coated wells
had an antigenicity which was only 1.5±0.8 (SD n = 10) times
that of dimer-DNA bound directly to the plate, presumably in
random orientation (data not shown). Binding of histones to
DNAis very rapid in physiological solutions (37), and altered,
possibly nonnative histone-DNA complexes may form under
these fast binding conditions. The enhanced antigenicity of a
nonnative (H2A-H2B)-DNA complex may provide insight
into the form of the immunogen driving this autoantibody re-
sponse.

Most of the sera had lower binding to the complex formed
by adding DNAto solid phase dimer compared to (H2A-H2B)-
DNAcomplex formed in the reverse order. This result may be
due to restricted mobility of plastic-bound dimer to engage in
putative epitope-enhancing interaction with DNA. It is also
possible that excess DNAmay nonspecifically interfere with
antibody access to the (H2A-H2B)-DNA complex as was ob-
served when soluble DNAwas added to plastic-bound dimer-
DNAcomplex.

The enhanced antigenicity of the DNA+ H2A-H2B com-
plex could be the result of nonrandom distribution of the H2A-
H2B complex on solid phase DNA, producing localized high
concentrations of multiple epitopes and thereby facilitating
stable interactions with both arms of the IgG molecule. This
possibility was tested by comparing the binding of intact IgG

with equimolar concentrations of the corresponding Fab. Al-
though there was approximately two-thirds loss in anti-[(H2A-
H2B)-DNA] activity upon conversion of IgG to the Fab frag-
ment, this decrease was not exceptionally large and similar to
that observed for anti-tetanus toxoid antibody binding to solid
phase, presumably randomly distributed tetanus toxoid. These
results indicate that anti-[(H2A-H2B)-DNA] antibodies do not
have stringent requirements for divalent antigen-antibody
complexes for stability. No binding of the Fab from procaina-
mide- and isoniazid-induced lupus patients to the H2A-H2B
complex was observed (data not shown), presumably because
the affinity of DNA-free H2A-H2B for the monovalent autoan-
tibodies was below the threshold level of detection. Since DNA
enhanced the antigenicity of the H2A-H2B complex for both
intact IgG as well as monovalent Fab, this phenomenon cannot
be the result of a fortuitous, secondary effect of DNA that
might promote bivalent immune-complex formation. Instead,
DNAacts as a contributory (for some sera) or necessary compo-
nent of the epitope, and the complete epitope consists of a
monomeric, trimolecular histone-DNA complex.

Hypotheses to explain autoantibody production in DIL are
often based on a drug-altered antigen concept (38). However,
there is little evidence for a specific interaction between any
lupus-inducing drug and histones, chromatin, or DNAat thera-
peutically relevant drug concentrations and physiological con-
ditions. All the drugs in the present study except penicillamine
have in common one or more benzene rings but their func-
tional groups are dissimilar. The lipophilic character of the
benzene ring may be important but certainly not sufficient for
induction of autoimmunity since analogues such as N-acetyl
procainamide do not induce lupus or autoantibodies (39). The
capacity of these drugs to react with macromolecules and cell
receptors is widely different, reflecting the pharmacologic activ-
ities of their functional groups. Furthermore, there does not
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appear to be enough structural information in such diverse,
small molecules to directly target any one macromolecular spe-
cies such as histones, let alone the (H2A-H2B)-DNA subunit of
the nucleosome. There is no known biochemical feature of the
(H2A-H2B)-DNA complex that would confer upon it any spe-
cial capacity to bind drugs. Therefore, the present findings dem-
onstrating that dissimilar drugs induced near identical autoanti-
bodies appear to make drug alteration of the antigen a largely
untenable mechanism.

Chemically different drugs may have the same adverse reac-
tion if they are transformed in vivo to products with similar
reactive properties. Oxidative metabolism of procainamide to
procainamide-hydroxylamine (p-hydroxylamino-N-[2-dieth-
ylaminoethyl]-benzamide) by the hepatic microsomal mono-
oxygenase system has been demonstrated in vitro (40, 41), and
in vivo studies suggest that procainamide (42), hydralazine,
and isoniazid (43) can undergo first-pass oxidative metabolism
in the liver. Procainamide also undergoes extracellular trans-
formation to procainamide-hydroxylamine by an enzymatic
reaction with myeloperoxidase released from activated neutro-
phils (44). Unlike metabolism in the liver, neutrophil-mediated
drug metabolism can generate even labile reactive metabolites
directly in lymphoid compartments where an immunologic ef-
fect could take place. Procainamide-hydroxylamine is cyto-
toxic at micromolar concentrations (45), and cytotoxic prod-
ucts of hydralazine, quinidine, and isoniazid are also generated
by activated neutrophils under pharmacologically relevant
conditions (46). Cell death by redox cycling compounds such
as procainamide-hydroxylamine (45, 47) appears to be asso-
ciated with depletion of cellular energy stores and massive
DNAstrand breakage (45). This premature cell death may af-
fect the intracellular pathway for chromatin catabolism during
apoptosis (48), leading to abnormal forms of degraded chroma-
tin which could be directly immunogenic. Alternatively, it has
been proposed that low molecular weight forms of self-macro-
molecules may be normally involved in maintenance of non-
neonatal immune tolerance to self (49). This view is consistent
with the demonstration by Nossal and Karvelas (50) of the
capacity of soluble antigen to inhibit a primary immune re-
sponse and of Goodnow et al. (51) on the suppression of the
immune response to lysozyme by in vivo secretion of this neo-
self antigen in mice transgenic for an inducible lysozyme gene.
Subnucleosome particles consisting of the H2A-H2B dimer
bound to DNAof 30-40 bp are released after extensive diges-
tion of nuclei with micrococcal nuclease (26) or of 50-60 bp
after shorter digestion times in the presence of 3 Murea (52). If
a similar process occurs in vivo, the resultant subnucleosome
particles may suppress chromatin immunogenicity. It is possi-
ble that cytotoxic metabolites of lupus-inducing drugs affect
chromatin breakdown to such putative tolerogens. The most
exposed protein regions of the nucleosome core contain the
H2A-H2B dimer (25); if immune tolerance to nDNAis intact,
the immune response to chromatin may be limited to an epi-
tope formed by this region and the adjacent DNA.
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