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There is good evidence that the major pathological manifestations of systemic
lupus erythematosus (SLE)! are related to the occurrence of immune complexes
in blood or in tissues. Circulating immune complexes have been detected by
various methods in serum from patients with SLE (1-4) and immune complexes
localized in tissues have been demonstrated by immunofluorescence and elec-
tron microscopic studies (5-9).

The development of the acute clinical manifestations of SLE is generally
associated with the presence in serum of a high titer of anti-DNA antibodies (10~
12), and immune complexes formed of DNA, and anti-DNA antibodies have been
shown to be the major component of the immune complexes localized in renal
and skin lesions (11, 13, 14). However, such DNA-anti-DNA complexes seem to
represent only a very small portion of the complexes detected in circulating
blood (3). Therefore, one may wonder whether the tissue localization of DNA-
anti-DNA complexes resuits directly from the localization of circulating com-
plexes, as in serum sickness, or whether other mechanisms are involved. The
latter hypothesis is also suggested by the fact that in many of the patients with
SLE, the initial manifestations may be represented by only one type of lesion,
such as a limited skin disease, with delayed appearance of other systemic
manifestations.

The present investigation has been undertaken to define some of the factors
which may favor the deposition or the local formation of DNA-anti-DNA com-
plexes in tissue structures where such complexes are commonly localized during
the course of SLE, In particular, the frequent concentration of DNA-anti-DNA
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complexes at the surface or inside basement membranes in kidney and in skin
lead us to consider the possibility that basement membranes have a particular
affinity for such DNA-anti-DNA complexes.

It was found that in vitro DNA alone can be efficiently bound to isolated
glomerular basement membranes (GBM) and, in more general terms, to struc-
tures containing collagen. This GBM- or collagen-bound DNA can subsequently
react with anti-DNA antibodies and form immune complexes which remain
localized on these structures. Inversely, preformed DNA-anti-DNA complexes
are not efficiently bound by GBM or collagen. These in vitro observations raise
again the possibility that the systemic character of SLE might be partly related
to the widespread distribution of collagen or collagen-like structures as previ-
ously proposed by Klemperer (15).

Materials and Methods

DNA. Highly polymerized calf thymus DNA (type V, Sigma Chemical Co., St. Louis, Mo.)
was used without further purification. Mouse kidney DNA, bacterial DNA from Micrococcus
lysodeikticus, viral DNA from SV 40, and plant DNA from tobacco purified by Marmur’s technique
(16) were kindly provided by Dr. Tiirler (Department of Molecular Biology, University of Geneva).
Denatured DNA was prepared by heating native DNA (0.5 mg/ml in phosphate-buffered saline
[PBS], pH 7.0) at 100°C for 10 min, followed by immediate cooling in an ice bath. DNA was
fractionated on methylated albumin kieselguhr (MAK) columns according to Sueoka and Cheng
(17) to separate double-stranded DNA (DSDNA) from single-stranded DNA (SSDNA). DSDNA
was eluted with NaCl gradient of 0.5-0.9 M buffered with 0.05 M PO,, pH 6.7, while SSDNA was
eluted with 1.0 M NaCl-1.5 M NH,OH. DNA fractions eluted from the column were immediately
dialyzed against borate buffer (ionic strength 0.1, pH 8.4).

Proteins, Lipopolysaccharides and Antisera. Bovine serum albumin (BSA) and methylated
BSA (mBSA) were obtained from Calbiochem, San Diego, Calif. Bacterial lipopolysaccharides
(LPS) from Salmonella typhimurium (lot 563628), Escherichia coli 0127:B8 (lot 582337), and E. coli
0111:B4 (lot 587687) were obtained from Difco Laboratories, Detroit, Mich. They were further
purified by the phenol-water extraction method, followed by fractionation with ethanol and
ultracentrifugation (18). Human IgG (HGG) was prepared by chromatography through a DEAE-
cellulose column equilibrated with 0.01 M phosphate buffer at pH 8.0. Human C1q component of
complement was prepared from fresh human serum according to Yonemasu and Stroud (19).

Normal mouse serum (NMS) was collected from 6 to 10-wk-old C57BL/6 mice, purchased from
Charles River Breeding Laboratories, Inc., Elbeuf, France. Anti-DNA antisera were obtained
from mice immunized with DNA-mBSA complexes as described previously (20), or NZB x NZW F,
hybrid mice. NZB and NZW mice were originally provided by Dr. F. Dixon from the Scripps Clinic
and Research Foundation, La Jolla, Calif., and inbred in our own animal house. Sera were stored
at —20°C until used except when fresh serum was needed.

GBM and Collagen. GBM was isolated from normal human kidneys obtained from autopsies.
The isolation of glomeruli was based on the method of Krakower and Greenspon (21) using
stainless steel sieves and repeated sedimentation in 0.15 M NaCl until the materials on the sieves
contained practically pure glomeruli as checked by light microscopy. GBM was obtained from
these isolated glomeruli by ultrasonic disruption (MSE sonicator, Measuring & Scientific Equip-
ment Ltd., Sussex, England), conducted until complete fragmentation of the glomeruli. The
sonicated materials were washed five times with 0.15 M NaCl at 3,000 rpm. The sediments were
used as GBM.

Type I collagen purified from calf skin, and type III collagen from fetal calf skin were kindly
provided by Dr. C. M. Lapiére (Clinique dermatologique, Université de Liége, Belgium). These
collagen preparations were solubilized with 0.1 M acetic acid at 4°C for 24 h. The soluble collagen
obtained was dialyzed against potassium phosphate buffer, pH 7.6, at 4°C for 24 h, then dialyzed
against 0.15 M NaCl at 4°C for 24 h. Insoluble collagen was prepared by incubating the soluble
collagen at 37°C for about 20 min until the collagen fibers were formed. Type I collagen from
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bovine achilles tendon was purchased from Sigma Chemical Co. The protein concentration was
determined by the method of Lowry et al. (22). Insoluble GBM and collagen were solubilized with
0.1 N NaOH for the determination of protein concentration.

Radiolabeling Procedures. DNA was labeled either externally with iodine (*?*), or internally
with tritium (°H). lodination of DNA was carried out according to the method of Commerford (23).
{*HIDNA was prepared from human fibroblasts L3, grown in culture in presence of [’Hithymidine.
DNA was isolated by Marmur’s technique (16). These DNA preparations were shown to contain
less than 1% of Pronase-sensitive material. These radiolabeled DNA were fractionated on MAK
columns to obtain pure double-stranded and single-stranded forms. To remove selectively single-
stranded regions within DSDNA, ['IIDSDNA was treated with single-stranded specific S1
nuclease (Seikagaku Kogyo, Tokyo, Japan) in some experiments. The reaction mixtures consisted
of 1 ug of '*IIDSDNA and 2,000 U of S1 nuclease in 1.5 ml of 0.1 M KCl, 0.1 mM ZnSO,, 0.025 M
sodium acetate, pH 4.5. Incubation was at 37°C for 2 h.

HGG and BSA were labeled with iodine (***I or *!I) according to the procedure of McConahey
and Dixon (24). The labeling of LPS with 3'Cr was carried out according to the method of Braude et
al. (25).

Binding Assay. The binding of radiolabeled preparations to insoluble GBM and insoluble
collagen was assayed using the following procedures: various amounts of insoluble GBM or
collagen suspended in 0.1 ml of 0.15 M NaCl were incubated with 0.1 ml of radioactive prepara-
tions in the presence of 0.1 ml of 10% heat-inactivated NMS at 4°C overnight with constant
shaking. As a control, radiolabeled preparations were incubated with NMS alone. All the reaction
mixtures were centrifuged at 1,000 g for 20 min, then washed twice with PBS. Iodine-labeled
preparations precipitated were directly counted in an automatic Beckman gamma counter (Beck-
man Instruments, Inc., Palo Alto, Calif.). The specific amount of radioactive preparations bound
to GBM or collagen was obtained by subtracting the counts per minute in the control tubes from
the counts per minute in the experimental tubes. The results were expressed as a percentage of
radiolabeled preparations specifically bound to GBM or collagen. For [PHIDNA, the supernatant
from the reaction mixtures was transferred into 15 ml of Dioxan scintillation fluid for counting in
an LS 250 Beckman liquid scintillation counter.

Inhibition of the binding of '**I-labeled calf thymus DNA to the insoluble GBM or collagen by
unlabeled DNA was studied by incubating various concentrations of unlabeled DNA with a
constant amount of ['*I]DNA and GBM or collagen. Inhibition studies with anti-DNA antisera,
fresh NMS, or Ciq were conducted according to the same procedure.

The effect of pH on the binding of DNA to GBM was investigated as follows: 50 ng of
['#1[]SSDNA in 0.01 ml of distilled water was incubated with 300 ug of GBM in 0.05 ml of distilled
water containing 2% BSA in the presence of 0.2 ml of Britton-Robinson buffer at pH 3, 5, 7, 9, and
11. As control, ['»IISSDNA was incubated alone with distilled water containing 2% BSA at the
different pH values. The specific precipitation of ['>*I]SSDNA was calculated for the different pH
values described above. The effect of the salt concentration was studied as follows: 0.2 ml of
various concentrations (0.01-2.0 M) of NaCl was added to ['*I]SSDNA and GBM mixtures as
described in the above procedure instead of using Britton-Robinson buffer.

The binding of ['*I]DNA and ['#I]BSA to the soluble collagen was assayed by precipitation of
['**I)DNA protein or ['*I]BSA protein complexes with 10% polyethylene glycol (PEG), in which
free radiolabeled DNA and BSA were soluble (26), while the soluble collagen was precipitated. 10
ng of radiolabeled preparations were incubated with 100 ug of soluble collagen (type I) in the
presence of 10% heat-inactivated NMS at 37°C for 2 h. The mixtures were treated with PEG (final
concentration: 10%) and incubated at 4°C overnight. The precipitates were centrifuged at 1,000 g
for 30 min, then washed with 10% PEG. The results were expressed as a percentage of radiolabeled
preparations specifically precipitated. The specific precipitation of radiolabeled preparations was
calculated after correction for the nonspecific precipitation obtained in the presence of 10% heat-
inactivated NMS. The formula described by Farr (27) was used for this correction.

Collagenase Digestion of GBM. Collagenase from Colstridium histolyticum (type III, fraction
A, 460 U/mg) was obtained from Sigma Chemical Co. A 1-mg/ml solution was prepared in 0.1 M
Tris-acetate buffer, pH 7.4. For digestion of GBM with collagenase, 150 ug of GBM in 0.1 ml of
Tris-acetate buffer was incubated with 100 ug of collagenase for 12 h at 37°C. The enzyme reaction
was stopped by cooling in an ice bath. As undigested control, GBM was incubated with buffer
alone.
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Elution of Anti-DNA Antibodies. Elution of anti-DNA antibodies from GBM-DNA-anti-DNA
mixtures was carried out as follows: 300 ug of GBM was incubated with 100 ug of DNA or PBS
overnight at 4°C, then washed three times with PBS. 0.1 ml of heat-inactivated anti-DNA antisera
or NMS was added and incubated overnight at 4°C, then washed three times with Veronal buffer
pH 7.2. These mixtures were treated with 0.1 ml of 1 mg/ml DNase (deoxyribonuclease I, 2,600 U/
mg, Worthington Biochemical Corp., Freehold, N. J.) in Veronal buffer at 37°C for 12 h to elute
anti-DNA antibodies (11). 0.05 ml of 0.03 M EDTA was added to inhibit the DNase activity. The
eluates obtained were examined for DNA-binding activity by a modification of the Farr test (28).
0.025 ml of eluates was incubated in 0.1 ml of 10 ng of ['>*I}]SSDNA in the presence of 0.1 m] of 10%
heat-inactivated NMS. The radioactivity of [»[)JSSDNA precipitated with 50% saturated ammo-
nium sulfate was measured in a gamma counter, and the results were expressed as a percentage of
['#]]SSDNA precipitated.

Intravenous Injection of Radiolabeled Preparations to Mice. 5.0 ug of '**I-labeled SSDNA and
131[.]labeled BSA in 0.2 ml saline was injected to normal C57BL/6 female mice and to similar mice
previously injected with 100 ug of S. typhimurium LPS. The amounts of injected radiolabeled
preparations in kidneys and liver were calculated from radioactivity measurement. The results
were expressed as the absolute amounts of injected SSDNA or BSA per gram of organ.

Results

Binding of DNA to GBM. Various sources of DNA, HGG, BSA, and bacte-
rial LPS were tested for the binding to GBM. '*I-labeled SSDNA from calf
thymus, mouse kidneys, bacteria (M. lysodeikticus), virus (SV40) and plant
(tobacco), #I-labeled DSDNA from calf thymus and 3H-labeled SSDNA and
DSDNA from human fibroblasts were used. 50 ng of each of these radiolabeled
preparations was incubated with 300 ug of sonicated fragments of human GBM
suspended in 10% heat-inactivated NMS. As a control, these radiolabeled prepa-
rations were incubated with NMS alone. All the preparations of DNA used were
significantly bound by GBM, 40-80 times more than HGG and BSA, and 10-40
times more than LPS (Table I). After treatment of ['**I]DSDNA with S1 nu-
clease to selectively remove single-stranded regions within DSDNA, there was
no significant difference in the binding to GBM as compared with nontreated
[2]]DSDNA (S1 treated: 36.6+2.6%, nontreated: 40.6+2.7%).

The possibility that DNA or basic nuclear proteins, such as histones, contami-
nating the GBM preparations could be involved in the binding of DNA to GBM
was investigated. GBM pretreated with DNase at 37°C for 12 h or with 2.0 M
NaCl at 4°C for 18 h (29) showed a higher DNA-binding activity (DNase-digested
GBM: 32.4+4.4%; 2.0 M NaCl-treated GBM: 36.3+4.2%) than nontreated GBM
(26.8+1.8%).

Increasing amounts (0.01-100 ug) of unlabeled calf thymus DNA were added
to 100 ug of GBM with 5 ng of '*3[-labeled calf thymus DNA. There was a linear
inhibition of the binding of ['*I]SSDNA in the presence of unlabeled SSDNA
(Fig. 1a). 7 ug of unlabeled SSDNA was needed to obtain a 50% inhibition of the
binding of 5 ng of ['#*I]SSDNA. Only a very high concentration of DSDNA could
inhibit the binding of ['*I]SSDNA. On the other hand, only 0.35 ug of SSDNA
or DSDNA was sufficient to obtain a 50% inhibition of the binding of
('»I)DSDNA (Fig. 1b).

The maximum amounts of SSDNA and DSDNA, which can be bound to GBM,
were determined by incubating a constant amount of GBM with increasing
amounts of DNA. At saturation, approximately 4.0 ug of SSDNA and 0.5 ug of
DSDNA were bound per 100 ug of GBM (Fig. 2).
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TaBLE I
Binding of DNA to GBM

Radiolabeled prepara-

tions* Origin Binding?
%
[*HISSDNA 55.9 + 1.38§
(HJDSDNA Human fibroblasts 39.9 + 6.0
[*#I]SSDNA 40.4 = 1.0
(®])DSDNA Calf thymus 50.7 = 2.1
['»[]SSDNA Mouse kidneys 31.2 = 34
[125])SSDNA Bacteria 36.3 + 4.9
(M. lysodetkticus)
[125[]ISSDNA Virus (SV40) 26.7 = 5.5
(B[1SSDNA Plant (tobacco) 44.8 + 0.9
['*I)BSA 0.7 = 0.4
['®IJHGG 0.6 = 0.3
[3'CrlL.PS S. typhimurium 1.4 = 0.7
E. coli 0127:B8 1.9 = 0.8
E. coli 0111:B4 3.0 £ 0.6

* 50 ng of radiolabeled preparations was incubated with 300 ug of insoluble human
GBM in the presence of 0.1 ml of 10% heat-inactivated NMS.

 Specific precipitation of radiolabeled preparations with GBM.

§ Mean of triplicates =1 SD.

The dissociation rate of ['*IIDNA-GBM complexes was measured in the
presence of an excess of unlabeled DNA. 50 ng of ['*I]DNA was incubated with
300 ug of GBM overnight at 4°C, then 50 ug of unlabeled DNA was added. Tubes
were taken at timed intervals thereafter. The percentage of ['*IIDNA bound to
GBM was determined and compared to that of a control tube to which unlabeled
DNA had not been added. In the presence of unlabeled SSDNA, only 30% of
['ZIISSDNA was released from the ['#ZI]SSDNA-GBM complexes after 12 h. In
the presence of unlabeled DSDNA, there was no apparent dissociation of
['#IISSDNA from GBM (Fig. 3). On the other hand, ['*I]JDSDNA-GBM com-
plexes were rapidly dissociated after the addition of unlabeled SSDNA as well as
DSDNA.

To find the optimal conditions under which DNA would be bound by GBM, the
binding activity was examined at various temperatures, pH values, and salt
concentrations. The highest binding of ['*3[]SSDNA to GBM was observed at 4°C
(36.5+6.5%). Less, but still significant, binding was seen at 20°C and 37°C,
respectively (25.2+1.9 and 10.3+1.9%). A maximal binding of ['*I]SSDNA to
GBM was observed between pH 7.0 and 9.0 and between 0.05 and 0.3 M NaCl. In
the presence of an anionic detergent, 0.03% sodium dodecyl sulfate (SDS), a
strong inhibition of the binding of ['*I}SSDNA to GBM was also observed (with
SDS: 2.0x0.5%; without SDS: 18.3+2.7%).

The relationship between the reaction of DNA with GBM and that of DNA
with Clq (30) was investigated. Various amounts of purified human Clq were
added to heat-inactivated serum and incubated with ['?*I]SSDNA and GBM.
The binding of ['*[ISSDNA to GBM was strongly inhibited by the addition of
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Fic. 1. Inhibition of the binding of ['*I]DNA to GBM by unlabeled DNA. Increasing
amounts of SSDNA (O) and DSDNA (@) were added to a solution of 100 ug of GBM which
can fix specifically about 30% of ['*I]DNA (5 ng). (¢) Percent inhibition of the binding of
['»I]ISSDNA to GBM with unlabeled DNA. () Percent inhibition of the binding of
['IIDSDNA.

Clq and the inhibitory activity was dependent on the amount of Clq added to
the reaction mixtures. This reaction may be responsible for the interference of
fresh serum with the binding of DNA to GBM. Indeed, when a mixture of
['#IISSDNA and GBM was incubated in the presence of fresh NMS, the binding
of ['*I1SSDNA was about two times lower than in the presence of heat-inacti-
vated serum.

To determine the participation of the collagen-like component of GBM (31) in
the binding of DNA, GBM was treated with collagenase. In the conditions used,
about 70% of GBM proteins, but less than 10% of ['*IIBSA, were digested. As
compared with the undigested control, the binding of both types of DNA to GBM
was almost completely abolished by the collagenase digestion of GBM (Table II).
Most of ['2I]DNA could also be released from preformed ['I]DNA-GBM com-
plexes as a result of a similar collagenase digestion.

Binding of DNA to Collagen. The possibility that DNA could react with
collagen molecules was investigated, using type I and type III collagen purified
from bovine skin. 100 ug of soluble and insoluble collagen was incubated with 10
ng of ['*]SSDNA, ['*I]JDSDNA, or ['*I]BSA in the presence of heat-inactivated
NMS. Significant amounts of ['ZI]SSDNA and ['»I]DSDNA were bound to
soluble collagen as well as insoluble collagen, while ['*I]BSA was not signifi-
cantly precipitated (Table III). It was also found that DNA from other sources
can bind collagen.

The DNA-binding capacity of insoluble GBM and collagen (type I) were
compared (Fig. 4). At saturation, approximately 8 ug of SSDNA was bound to
100 ug of collagen, while 4 ug of SSDNA was bound to 100 ug of GBM.
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Fic. 2. Binding curves of SSDNA (O) and DSDNA (@) to GBM. Increasing amounts of

SSDNA and DSDNA were incubated with 100 ug of GBM. The DNA-binding capacity of
GBM is expressed on the vertical axis as weight ratio of DNA bound to GBM.

Binding of Preformed DNA-Anti-DNA Complexes to GBM. Experiments
were performed to determine whether or not anti-DNA antibodies could influ-
ence the binding of DNA to GBM. First, the effect of anti-DNA antibodies on the
binding of ***IIDNA to GBM was examined. For this purpose, two different
antisera were used: anti-SSDNA antibodies were obtained from mice immu-
nized with DNA-mBSA complexes, and antibodies which were directed against
both SSDNA and DSDNA were obtained from NZB x NZW F, hybrid mice. 0.1
ml of 10% heat-inactivated antisera was incubated with 50 ng of ['**I]DNA at 4°C
overnight, then 300 ug of GBM was added. As control, ['**I]DNA was incubated
with NMS. Antisera specific for SSDNA could specifically inhibit the binding of
[**[]ISSDNA but not that of [*»IIDSDNA (Table IV). On the other hand,
antisera which reacted with both DNAs could inhibit the binding of both types of
['*I]DNA to GBM. These results indicated that anti-DNA antibodies could
interfere with the binding of DNA to GBM, presumably through the formation
of immune complexes.

Secondly, to see the effect of anti-DNA antibodies on the preformed
'ZIIDNA-GBM complexes, the following experiments were carried out. (a)
['#I]SSDNA was incubated with anti-DNA antibodies overnight at 4°C, then
GBM was added, and the mixture was further incubated overnight at 4°C. (b)
['>I]SSDNA, antibodies, and GBM were incubated simultaneously. (c)
[*>I1SSDNA was first incubated with GBM, then antibodies were added. (d) As
a control, ['**I][SSDNA and GBM were incubated with NMS. Table V shows the
effect of anti-DNA antibodies on the binding of ['**I]SSDNA to GBM. A strong
inhibition of the binding could be observed in experiment a, in which most of the
[>I]SSDNA was complexed with antibodies before the reaction with GBM
occurred. In experiment b, significant inhibition of the binding of ['**IISSDNA
was also seen. However, in experiment ¢, in which ['®*I]SSDNA was already
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Fic. 3. Dissociation curves of ['*IIDNA-GBM complexes. ['*IIDNA (50 ng) was mixed
with 300 ug of GBM overnight at 4°C, then 50 ug of unlabeled DNA was added, and after 1,
2, 4, or 12 h, the percentage of ['*I]DNA bound to GBM was determined. As control, the
same procedures were used, but borate buffer was added to the mixtures instead of
unlabeled DNA. Solid line represents the percentage of control values of ['**I]SSDNA bound
to GBM after the addition of unlabeled SSDNA (O) and DSDNA (®). Interrupted line
represents that of ['**I)DSDNA bound to GBM after the addition of unlabeled SSDNA
(O- - -0) and DSDNA (@- - -@).

TasLE II
Effect of Collagenase on Binding of DNA to GBM
Treatment ['%3]]SSDNA ppt.* ['»*IIDSDNA ppt.*
% %
GBM} 22.4 = 4.6| 21.8 + 6.2
Collagenase-treated 2.3+0.3 2.2 03

GBM$§

* 50 ng of **I-labeled calf thymus DNA.

1 150 ug of insoluble human GBM in 0.1 M Tris-acetate buffer.

§ Incubated with 100 ug of collagenase in 0.1 M Tris-acetate buffer for 12 h at
37°C.

| Mean of triplicates +1 SD.

attached to GBM before the addition of antibodies, the antibodies did not have
any dissociating effect on the ['**I]1SSDNA-GBM complexes.

Binding of Anti-DNA Antibodies to GBM-Bound DNA. The previous find-
ings suggested that DNA-anti-DNA complexes could not react efficiently with
GBM, and raised the possibility that anti-DNA antibodies could react with DNA
bound to GBM, resulting in a local formation of DNA-anti-DNA immune
complexes on GBM.

To investigate this possibility, GBM was first incubated with 100 ug of
SSDNA or DSDNA overnight at 4°C. After incubation and washing, anti-
SSDNA antibodies or NMS were added and incubated overnight at 4°C. After
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Tasre III
Binding of DNA to Soluble and Insoluble Collagen

[**I]IDSDNA

Collagen [']]SSDNA ppt. opt ['*1]BSA ppt.
% % %
Calf skin (type I)
Soluble* 68.2 + 0.1§ 29.0 = 0.9 3.2 0.7
Insolublef 68.4 = 1.6 234 6.9 1.8 = 0.6
Fetal calf skin (type III)
Insoluble 82.3 + 3.0 66.7 = 2.8 0.1 +1.6

* 10 ng of radiolabeled preparations was incubated with 100 ug of soluble collagen in
the presence of 10% heat-inactivated NMS at 37°C for 2 h.

$ 100 ug of insoluble collagen suspended in 0.1 ml of 0.15 M NaCl were incubated
with 10 ng of radiolabeled preparations in the presence of 10% heat-inactivated
NMS at 4°C overnight.

§ Mean of triplicates =1 SD.

10
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Fic. 4. Binding curves of SSDNA to GBM (O) and collagen (@®). Increasing amounts of
SSDNA were incubated with 100 ug of GBM or collagen. The DNA-binding capacity of these
proteins is expressed on the vertical axis as weight ratio of DNA hound to GBM or collagen.

washing, the mixtures were treated with DNase at 37°C for 12 h to dissociate
DNA-anti-DNA complexes. The eluates obtained were tested for anti-SSDNA
activity by a modification of the Farr test. Eluates from GBM-SSDNA-anti-
SSDNA mixtures showed a significant SSDNA-binding activity (Table VI).
Eluates from mixtures of GBM with anti-SSDNA serum without added SSDNA
did not exhibit a significant DNA-binding activity. A similar experiment was
performed using collagen instead of GBM and similar results were obtained.

In Vivo Localization of Injected ['**]I]SSDNA in Kidneys. The previous
experiments suggested that under certain circumstances, some DNA may bind
to GBM. When ['*I]ISSDNA was injected intravenously to normal C57BL/6
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TaBLE IV
Binding of Preformed DNA-anti-DNA Complexes to GBM

Serum DNA-binding activ-

Binding of DNA to GBM#

1 *
Serum ity
[>I]SSDNA ['>]]IDSDNA ['>]]SSDNA ['»IIDSDNA
% %
NMS 12.4 1.2 42.0 = 3.5 55.4 + 6.0
Anti-SSDNAS§ 65.6 2.4 4.5 + 1.0 53.2 + 4.4
NZB/W sera 46.5 46.2 22.1 =29 29.0 £ 1.4

* Serum ['*I]IDNA binding activity was determined by the modified Farr test. 0.1 ml of 10% heat-
inactivated sera was incubated with 50 ng of ['*I]DNA precipitated with 50% saturated ammo-
nium sulfate.

1 50 ng of '"*IIDNA was first incubated with 0.1 ml of 10% heat-inactivated antisera overnight at
4°C, then 300 ug of GBM was added and incubated overnight at 4°C.

§ Anti-SSDNA antisera were obtained from mice immunized with DNA-mBSA complexes in
Freund’s incomplete adjuvant.

|| Mean of triplicates +1 SD.

mice, a small amount of DNA was still detected in kidneys after 2 and 8 days,
but this binding did not differ significantly from that of similarly injected
['*'I]BSA. However, when this experiment was performed in mice which were
injected with 100 ug of S. typhimurium LPS (2 days before the injection of DNA
or BSA), a very significant binding of DNA was observed in kidneys studied at
48 h. This ['*IISSDNA largely persisted in kidneys for several days as demon-
strated in kidneys studied after 8 days (Table VII). These results strikingly
differ from those obtained when the persistence of injected ['*I]SSDNA was
investigated on plasma samples. Indeed, no ['?*I]SSDNA could be detected in
plasma 2 h after the injection.

Discussion

The present data demonstrate that, in vitro, collagen and collagen-like struc-
tures in GBM can bind DNA 40-80 times more than HGG or BSA, and 10-40
times more than LPS. This phenomenon appeared to be unrelated to the origin
of the DNA tested since mammalian, bacterial, viral, and plant DNA reacted
similarly. The fact that the digestion with collagenase almost completely abol-
ished the binding of DNA, and that most of the bound DNA was released from a
preformed ['*I]DNA-GBM complex after treatment with collagenase, indicated
that collagen was the DNA-binding protein in the preparations of collagen or of
GBM which were studied. One should note that the pretreatment of GBM with
2.0 M NaCl or with DNase, to remove contaminating histones (29) or DNA,
resulted in an increase and not in a decrease of the DNA-binding capacity.

The previous observation of binding of DNA to Clq may reflect the particular
affinity of collagen-containing substances for DNA, since it is known that Clq
contains collagen-like polypeptide chains (32) and is also affected by collagenase
(33). The mechanism of this binding is probably related to an interaction
between highly negatively charged DNA with the basic sites on collagen, GBM,
or Clq. Such interaction actually occurs between DNA and other basic proteins



438 INTERACTION BETWEEN DNA, COLLAGEN, AND GBM

TaBLE V
Effect of Anti-DNA Antibodies on Binding of DNA to GBM

Second reaction ['*®I]SSDNA

First reaction with: opt. Inhibition
% %
['*]]SSDNA + Anti-DNA* GBMi 16.8% 54.2
('[]SSDNA + Anti-DNA + GBM (-) 28.0 23.7
['=[]ISSDNA + GBM Anti-DNA 36.4 0.8
['*I]SSDNA + GBM + NMS (-) 36.7 -

* 50 ng of ['*I]SSDNA was incubated with 0.1 m] of 10% heat-inactivated anti-
SSDNA antisera. Anti-SSDNA antisera were prepared by immunizing
DNA-mBSA complexes in Freund's incomplete adjuvant in mice. These
antisera showed about 60% of ['*I1SSDNA-binding activity determined by
the Farr test.

1 300 ug of GBM was suspended in 0.1 ml of 10% heat-inactivated NMS.

§ Mean of duplicates.

TaBLE VI
Elution of Anti-DNA Antibodies from GBM-DNA-Anti-DNA
Complexes
First reaction Second reaction with: [‘W}SSDNA binding
activity of eluates*
GBM + SSDNAi Anti-SSDNA§ 49.4 = 1.8|
GBM + DSDNA Anti-SSDNA 17.7 £ 0.5
GBM + PBS Anti-SSDNA 13.6 = 0.2
GBM + SSDNA NMS 13.8 £ 0.3
GBM + DSDNA NMS 15.6 + 0.5
GBM + PBS NMS 179 = 0.8
PBS + SSDNA Anti-SSDNA 144 = 0.4

* 0.025 ml of eluates was incubated with 10 ng of ['*I]ISSDNA in the
presence of 10% heat-inactivated NMS. ['*I1SSDNA-binding activity
was determined by the Farr test.

1 300 ug of GBM was incubated with 100 ug of SSDNA or DSDNA
overnight at 4°C.

§ 0.1 ml of heat-inactivated anti-SSDNA antisera obtained from mice
immunized with DNA-mBSA complexes in Freund’s incomplete adju-
vant.

| Mean of triplicates +1 SD.

such as histones, egg white lysozyme, mBSA (34, 35, 17). This type of interaction
would also explain the inhibiting effect of low pH, low ionic strength, and of
anionic detergents such as SDS on the DNA-binding capacity of GBM. The
competitive effect of C1q on this binding may proceed through a similar interac-
tion. The interference with the binding of DNA by anti-DNA antibodies may
result from a change in the charge configuration of DNA after the binding of
antibodies, although one cannot exclude the possibility that antibodies masked
the binding site present in DNA or changed the spatial configuration of DNA.
The fact that 100 g of GBM can bind up to 4 ug of SSDNA but only 0.5 ug of
DSDNA suggested a higher affinity of GBM for SSDNA than for DSDNA. This
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TaBLe VII
In Vivo Renal Localization of [***IISSDNA in Normal Mice and in LPS-Treated Mice
Group* Organ ['»I]SSDNA} [*WI]IBSA}
Normal Kidneys 12,7 + 4.6 16.4 + 3.3
Liver 23.7 = 5.7 22.0 + 5.8
Kidneys/liver 0.5 + 0.1 0.8 = 0.1
LPS§ Kidneys 197.2 = 45.8 12,5 + 3.0
Liver 23.2 + 1.2 16.2 = 3.0
Kidneys/liver 8.5 = 1.6 0.8 +0.1

* 8-wk-old C57BL/6 female mice (five mice in each group).

1 5.0 ug of radiolabeled preparations was injected intravenously.

§ 100 ug of S. typhimurium LPS was injected intraperitoneally at day 0. Radiolabeled prepara-
tions were given at day 2. Mice were sacrificed at day 10.

|| Nanograms of injected radiolabeled preparations per gram of organ (mean +1 SD).

difference was confirmed in dissociation experiments and is similar to that
described for the interaction between DNA and mBSA (17). Moreover, inhibi-
tion experiments indicated that unlabeled SSDNA was a strong inhibitor of the
binding of ['*I]IDSDNA as well as ['*I]SSDNA, whereas unlabeled DSDNA had
a strong inhibitory effect only on the binding of ['*I]IDSDNA. The different
binding properties of SSDNA and DSDNA may be due to the difference of charge
density in their secondary structures. Although some ['*I]DSDNA was still
bound by GBM after selective removal of most of the single-stranded regions
with S1 nuclease, one cannot exclude that single-stranded regions present
within DSDNA (36) may be responsible for the binding of ['**I]DSDNA to GBM.
Alternatively, DNA may have two reactive sites for the binding to GBM. One
site may be present on the side of the basis, exposed only in SSDNA, and
another on the side of the backbone which is exposed in both SSDNA and
DSDNA.

The biological significance of the high affinity of collagen and GBM for DNA
should be considered in relation to the frequent tissue deposition of DNA-anti-
DNA antibody complexes during the course of some human or animal diseases.
Such complexes have been found in GBM (11, 13, 37), epidermal basement
membrane (7, 14) and in interstitial tissues (38), and their pathogenic signifi-
cance has been demonstrated (11, 37, 39, 40). It is generally proposed that the
tissue localization of DNA-anti-DNA complexes would result from the formation
of such complexes in circulating blood with a secondary localization in filtering
membranes or in perivascular areas (41). However, although immune com-
plexes are likely to exist in the plasma from patients with SLE, only occasional
and minute amounts of DNA-anti-DNA complexes could be detected in the
samples (3). Furthermore, in rabbits and in mice it was found that DNA-anti-
DNA complexes have a very short half-life in circulating blood (42), which
should not favor their deposition in filtering membranes. Since it was found in
vitro: first, that DNA can be actively bound by collagen or GBM and, secondly,
that DNA thus bound can act as an immunoabsorbant and react efficiently with
free anti-DNA antibodies, one can imagine an alternative hypothesis to explain
the localization of DNA-anti-DNA complexes in basement membranes or in
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interstitial tissues. Accordingly, free DNA released in blood (10, 43) or in
extravascular spaces (44) from disrupted autologous cells or from bacteria or
DNA viruses could, in a first phase, be bound by collagen fibers or basement
membranes. When this occurs in an individual developing anti-DNA antibodies,
DNA-anti-DNA complexes would easily be formed locally at the site of DNA
localization without any requirement for circulating DNA-anti-DNA complexes.

In vivo, some factors may influence the binding of DNA by collagen-like
substances. Lower peripheral temperatures, increased vascular permeability,
decrease of blood DNase activity and decrease of Clq level would favor this
binding. Some of these conditions are observed in patients with SLE (45) or in
New Zealand mice (46). Our experimental data suggest that this may also occur
in mice treated with LPS. Indeed, a significant renal binding of injected DNA
was observed in mice treated with LPS 2 days before this injection. Although the
morphological distribution of this kidney-bound DNA has still to be defined, this
phenomenon may result from the high avidity of GBM structures for DNA.
Furthermore, it has been shown that in mice injected with LPS there is first a
release of DNA in circulating blood and then an induction of anti-DNA antibod-
ies (20). Recent observations indicate that these mice rapidly undergo a deposi-
tion of immune complexes in renal glomeruli in which DNA-anti-DNA antibody
complexes have been identified.?

Summary

In vitro, collagen and collagen-like material in GBM, were demonstrated to
have a particular high affinity for any DNA tested (mammalian, bacterial,
viral, and plant). GBM fixed DNA 40-80 times more than HGG and BSA and 10-
40 times more than bacterial LPS. GBM has a higher affinity for SSDNA than
for DSDNA. This binding was inhibited at low pH, low ionic strength, and in the
presence of anionic detergents, indicating that the highly negatively charged
DNA may interact with the basic site on collagen or GBM by electrostatic forces.
This interaction was competitively interfered with by DNA-binding proteins
such as Clq.

Complexes formed of DNA and anti-DNA antibodies did not exhibit the same
binding property as free DNA. However, DNA which was already bound to
GBM or to collagen could very efficiently bind anti-DNA antibodies and form
immune complexes which would remain on these structures.

The -biological significance of the binding of DNA to GBM or to collagen
should be particularly considered in relation to the pathogenesis of SLE. It is
possible that DNA released from disrupted or degenerating cells would bind to
surrounding collagen fibers or to basement membranes and then act as an
immunoabsorbant for circulating anti-DNA antibodies. Some evidence for an in
vivo binding of SSDNA to renal structures was obtained in mice treated with
bacterial LPS 2 days before the injection of SSDNA.

The authors wish to express their sincere appreciation for the collagens kindly provided by
Professor C. M. Lapiére (University of Liége, Belgium) and for the DNA kindly provided by Dr. H.

% Izui et al. Manuscript in preparation.



SHOZO IZUI, PAUL-HENRI LAMBERT, AND PETER A. MIESCHER 441

Tirler (University of Geneva, Switzerland). The expert technical assistance of Mr. Guy Brig-
house, Mrs. Lynn Rose, Miss Heidi Gerber, and Miss Margrit Knépfel is gratefully acknowledged.

Received for publication. 29 March 1976.

10.

11.

12.

13.

14.

15.
16.

References

. Agnello, V., D. Koffler, J. W. Eisenberg, R. T. Winchester, and H. G. Kunkel. 1971.

Clq precipitins in the sera of patients with systemic lupus erythematosus and other
hypocomplementemic states: Characterization of high and low molecular weight
types. J. Exp. Med. 134:228 S.

. Herbeck, R. J., E. J. Bardana, P. F. Kohler, and R. I. Carr. 1973. DNA: anti-DNA

complexes. Their detection in systemic lupus erythematosus sera. J, Clin. Invest.
52:789.

. Nydegger, U. E., P. H. Lambert, H. Gerber, and P. A. Miescher. 1974. Circulating

immune complexes in the serum in systemic lupus erythematosus and in carriers of
hepatitis B antigen. Quantitation by binding to radiolabeled Clq. J. Clin. Invest.
54:297.

. Zubler, R. H., G. Lange, P. H. Lambert, and P. A. Miescher. 1976. Detection of

immune complexes in unheated sera by a medified '#I-C1lq binding test. Effect of
heating on the binding of Clq by immune complexes and application of the test to
systemic lupus erythematosus. J. Immunol. 116:232,

. Vazquez, J. J., and F. J. Dixon. 1957. Immunohistochemical study of lesions in

rheumatic fever, systemic lupus erythematosus, and rheumatoid arthritis. Lab.
Invest. 6:205.

. Paronetto, F., and D. Koffler. 1965. Immunofluorescent localization of immunoglobu-

lins, complement and fibrinogen in human diseases. I. Systemic lupus erythemato-
sus. J. Clin. Invest. 44:1657.

. Tan, E. M., and H. G. Kunkel. 1966. An immunofluorescent study of the skin lesions

in systemic lupus erythematosus. Arthritis Rheum. 9:37.

. Farquhar, M. G., R. L. Vernier, and R. A. Good. 1957. An electron microscope study

of the glomerulus in nephrosis, glomerulonephritis and lupus nephritis. J. Exp. Med.
106:649.

. Grisham, E., and J. Churg. 1970. Ultrastructure of dermal lesions in systemic lupus

erythematosus. Lab. Invest. 22:189.

Tan, E. M., P. H. Schur, R. I. Carr, and H. G. Kunkel. 1966. Deoxyribonucleic acid
(DNA) and antibodies to DNA in the serum of patients with systemic lupus erythe-
matosus. J. Clin. Invest. 45:1732.

Koffler, D., P. H. Schur, and H. G. Kunkel. 1967. Immunological studies concerning
the nephritis of systemic lupus erythematosus. J. Exp. Med. 126:607.

Schur, P. H., and J. Sandson. 1968. Immunologic factors and clinical activity in
systemic lupus erythematosus. N. Engl. J. Med. 278:533.

Krishnan, C. S., and M. H. Kaplan. 1967. Immunopathologic studies of systemic
lupus erythematosus. II. Antinuclear reaction of y-globulin eluted from homogenates
and isolated glomeruli of kidneys from patients with lupus nephritis. J. Clin. Invest.
46:569.

Landry, M., and W. M. Sams, Jr. 1973. Systemic lupus erythematosus. Studies of the
antibodies bound to skin. J. Clin. Invest. 52:1971.

Klemperer, P. 1950. The concept of collagen diseases. Am. J. Pathol. 26:505.
Marmur, J. 1961. A procedure for the isolation of deoxyribonucleic acid from microor-
ganism. J. Mol. Biol. 3:208.



442

17.
18.
19.

20.

21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

INTERACTION BETWEEN DNA, COLLAGEN, AND GBM

Sueoka, N., and T. Y. Cheng. 1967. Fractionation of DNA on methylated albumin
column. Methods Enzymol. 12A:562.

Westphal, O., O. Liideritz, and F. Bister. 1952. Uber die Extraktion von Bacterien
mit Phenol/Wasser. Z. Naturforsch. Sect. C Biosci. Th:148.

Yonemasu, K., and R. M. Stroud. 1971. Clq: rapid purification method for prepara-
tion of monospecific antisera and for biochemical studies. J. Immunol. 106:304.
Fournié, G. J., P. H. Lambert, and P. A. Miescher. 1974. Release of DNA in
circulating blood and induction of anti-DNA antibodies after injection of bacterial
lipopolysaccharides. J. Exp. Med. 140:1189.

Krakower, C. A., and S. A. Greenspon. 1951. Localization of the nephrotoxic antigen
within the isolated renal glomerulus. Arch. Pathol. 51:629.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951. Protein
measurement with the folin phenol reagent. J. Biol. Chem. 193:265.

Commerford, S. L. 1971. lodination of nucleic acids in vitro. Biochemistry. 10:1993.
McConahey, P. J., and F. J. Dixon. 1966. A method of trace iodination of proteins for
immunologic studies. Int. Arch. Allergy Appl. Immunol. 29:185.

Braude, A. 1., F. J. Carey, D. Sutherland, and M. Zalesky. 1955. Studies with
radioactive endotoxin. I. The use of Cr® to label endotoxin of Escherichia coli. J.
Clin. Invest. 34:850.

Creighton, W. D., P. H. Lambert, and P. A. Miescher. 1973. Detection of antibodies
and soluble antigen-antibody complexes by precipitation with polyethylene glycol. J.
Immunol. 111:1219.

Farr, R. S. 1958. A quantitative immunochemical measure of the primary interaction
between BSA and antibody. J. Infect. Dis. 103:239.

Wold, R. T., F. E. Young, E. M. Tan, and R. S. Farr. 1968. Deoxyribonucleic acid
antibody: a method to detect its primary interaction with deoxyribonucleic acid.
Science (Wash. D. C.). 161:806.

Steele, W. J., and H. Busch. 1963. Studies on acidic nuclear proteins of the Walker
tumor and liver. Cancer Res. 23:1153.

Agnello, V., R. 1. Carr, D. Koffler, and H. G. Kunkel. 1969. Gel diffusion reactions of
Clq with aggregated y-globulin, DNA and other anionic substances. Fed. Proc.
28:696.

Kefalides, N. A. 1968. Isolation and characterization of the collagen from glomerular
basement membranes. Biochemistry. 7:3103.

Yonemasu, K., R. M. Stroud, W. Niedermeiser, and W. T. Butler. 1971. Chemical
studies on Clq: a modulator of immunoglobulin biology. Biochem. Biophys. Res.
Commun. 43:1388.

Knobel, H. R., C. Heusser, M. L. Rodrick, and H. Isliker. 1974. Enzymatic digestion
of the first component of human complement (Clq). J. Immunol. 112:2094.
Crampton, C. F., R. Lipshitz, and E. Chargaff. 1954. Studies on nucleoproteins. II.
Fractionation of deoxyribonucleic acids through fractional dissociation of their com-
plexes with basic proteins. J. Biol. Chem. 211:125.

Skarnes, R. C., and D. W. Watson. 1955. The inhibition of lysozyme by acidic
polymers from pathogenic bacteria. /. Bacteriol. 70:110.

Samaha, R. J., and W. S. Irvin. 1975. Deoxyribonucleic acid strandedness. Partial
characterization of the antigenic regions binding antibodies in lupus erythematosus
serum. J. Clin. Invest. 56:446.

Lambert, P. H., and F. J. Dixon. 1968. Pathogenesis of the glomerulonephritis of
NZB/W mice. J. Exp. Med. 127:507.

Brentjens, J. R., M. Sepulveda, T. Baliah, C. Bentzel, B. F. Erlanger, C. Elwood, M.
Montes, K. C. Hsu, and G. A. Andres. 1975. Interstitial immune complex nephritis in
patients with systemic lupus erythematosus. Kidney Int. 7:342.



39.

40.

41.

42.

43.

44.

45.

46.

SHOZO I1ZUI, PAUL-HENRI LAMBERT, AND PETER A. MIESCHER 443

Borel, Y., R. M. Lewis, and B. D. Stollar. 1973. Prevention of murine lupus nephritis
by carrier-dependent induction of immunologic tolerance to denatured DNA. Sci-
ence (Wash. D. C.). 182:76.

Parber, L. P., B. H. Hahn, and C. K. Osterland. 1974. Modification of NZB/NZW F,
autoimmune disease by development of tolerance to DNA. J. Immunol. 113:292.
Christian, C. L., L. B. Hanauer, and T. Pincus. 1967. Systemic lupus erythematosus.
Immune complex disease? Ir Immunopathology, 5th International Symposium. P. A.
Miescher and P. Grabar, editors. Grune & Stratton, Inc., New York. 83 pp.
Natali, P. G., and E. M. Tan. 1972. Experimental renal disease induced by DNA-anti-
DNA immune complexes. J. Clin. Invest. 51:345.

Koffler, D., V. Agnello, R. Winchester, and H. G. Kunkel. 1973. The occurrence of
single-stranded DNA in the serum of patients with systemic lupus erythematosus
and other diseases. J. Clin. Invest. 52:198.

Hughes, G. R. V., S. A. Cohen, R. W. Lightfoot, Jr., J. I. Meltzer, and C. L.
Christian. 1971. The release of DNA into serum and synovial fluid. Arthritis Rheum.
14:259.

Kohler, P. F., and R. Ten Bensel. 1969. Serial complement component alterations in
acute glomerulonephritis and systemic lupus erythematosus. Clin. Exp. Immunol.
4:191.

Hadjiyannaki, K., and P. J. Lachmann. 1972. The relationship of deoxyribonuclease
inhibitor levels to the occurrence of anti-nuclear antibodies in NZB/NZW mice. Clin.
Exp. Immunol. 11:291.



