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ABSTRACT Antibodies to double-stranded DNA are pa-
thognomonic of systemic lupus erythematosus and deposit in
the kidneys of lupus patients to cause glomerulonephritis.
Recent data suggest that a significant proportion of anti-DNA
antibodies may cross-react with renal antigens and be seques-
tered in the kidney by virtue of this cross-reactivity. If this is
true, antigenic competition for pathogenic antibodies might
prevent their deposition in kidneys and the ensuing tissue
damage. To generate surrogate antigens that could be used for
this purpose, we have used peptide display phage libraries to
identify peptides that react with R4A, a pathogenic mouse
monoclonal anti-DNA antibody that deposits in glomeruli. We
have demonstrated that the peptides bind in or near the
double-stranded DNA binding site. Furthermore, the peptides
are bound preferentially by the R4A antibody as compared
with two closely related antibodies derived from it, one of
which deposits in renal tubules and one of which displays no
renal pathogenicity. Administration of one of these peptides in
a soluble form protects mice from renal deposition of the R4A
anti-DNA antibody in vive. This represents a new therapeutic
approach in systemic lupus erythematosus that focuses on
protecting target organs from antibody mediated injury.

Anti-double-stranded DNA (dsDNA) antibodies are diagnos-
tic of systemic lupus erythematosus, and serum titers correlate
with disease activity in both humans and mice (1). The
isolation of anti-DNA antibodies from the kidneys of lupus
patients first led to the belief that these autoantibodies were
involved in renal pathogenesis (2). More recently, the dem-
onstration that a transgene-encoded, secreted form of an
anti-DNA antibody induces lupus-like glomerulonephritis in
nonautoimmune mice has unequivocally shown that anti-DNA
antibodies can cause renal disease (3). However, there is still
controversy about whether DNA elicits or is the target of the
anti-DNA response, or whether it is merely a marker antigen
for antibodies with more physiologically relevant antigenic
cross-reactivities (4). While it is clear that complexes of
nucleosomes and anti-DNA antibody can deposit in the kidney,
many anti-DNA antibodies have been demonstrated to cross-
react with some renal tissue antigens and cause damage by
virtue of that cross-reactivity (5-8).

The observation that anti-DNA antibodies bind directly to
renal tissue makes it possible to consider abrogating renal
binding by targeting non-tissue-bound antigens to anti-DNA
antibodies. Peptides are small molecules that can occupy an
antibody combining site and could compete for binding of
anti-DNA antibody to tissue antigens. The development of
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peptide display phage libraries has expedited the identification
of peptides that bind to particular monoclonal antibodies
(9-11). Whether antibodies bind protein antigens or non-
protein antigens, such as carbohydrates, a peptide library can
provide a surrogate antigen or mimotope that will inhibit
binding to the original antigen (10, 12, 13).

To see if this is true for anti-dsDNA antibodies, we have
screened a peptide library with mouse monoclonal antibodies
that bind dsSDNA. We have previously described R4A, a mouse
monoclonal IgG2b anti-dsDNA antibody that causes glomer-
ulonephritis in nonautoimmune mice (14). We have also
described two mutants of R4A generated by site-directed
mutagenesis (15). One mutant, 52b3, has three amino acid
substitutions in framework 3 of the H chain (arginine to
glutamine at position 66, threonine to alanine at position 82b,
and arginine to serine at position 83). 52b3 displays a 10-fold
increase in its binding of dsDNA and a shift in tissue pathology
from the predominantly glomerular deposition of the parental
R4A antibody to tubular deposition. The second mutant
derived from R4A is 95, which has a single amino acid
substitution in the third complementarity determining region
of the H chain (aspartic acid to glycine at position 95). 95 shows
no detectable dsDNA binding and does not deposit in kidneys.
Thus, changes in only a few amino acids result in marked
changes in both affinity for dsSDNA and pathogenicity (15).

The R4A and 52b3 antibodies were used to select phage
from a peptide display library. Each antibody binds distinct,
although related, peptides. Furthermore, a synthetic peptide
representing one of these motifs blocks the deposition of the
R4A antibody in vivo. Thus, peptides can help characterize the
binding site of anti-DNA antibodies with differential patho-
genic potential and could have utility as therapeutic reagents
to protect kidneys from antibody-mediated injury.

MATERIALS AND METHODS

Origin of Library. The decapeptide library L100 expressed
on the minor phage coat protein pIII was constructed using the
vector fUSES5 (9) with the amino terminus NH,-
ADGSGGX;0GAPSGA. Details of the complete construction
of the library are given elsewhere (16).

Isolation of Phage Clones Bound by Antibody. Library
screening was performed using modifications of the technique
described by Scott and Smith (9). Three or four rounds of
affinity selection were performed. Monoclonal antibody was
incubated for 4 hr with gentle agitation with an aliquot of the
phage library containing 1.2 X 10!! transducing units in 100 pl
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of buffer [10 mM TrissHCl, pH 7.5/150 mM NaCl/0.1%
(wt/vol) BSA/0.1% (vol/vol) Tween 20/20 mM NaN3). Anti-
body concentration was 1 uM for the first round and 10 nM for
the subsequent rounds of selection.

For the first round of selection, 50 ul of streptavidin-coated
magnetic beads (Advanced Magnetics, Cambridge, MA) were
incubated with 100 ul of 5 uM biotinylated protein G (Pierce)
for 1 hr at room temperature with agitation. In subsequent
rounds of selection, 10 ul of streptavidin beads and 0.05 uM
of biotinylated protein G were used. To saturate the biotin
binding sites on the beads, 1 ul of free biotin 10 mM (Sigma)
was added and incubated for 15 min at room temperature with
continued agitation. Beads were washed three times with 500
wl of buffer using an Eppendorf magnetic particle concentra-
tor (Dynal, Oslo).

The streptavidin bead/biotinylated protein G complex was
combined with the phage/antibody mixture and incubated for
30 min at room temperature with agitation. Beads were
collected, and unbound phage were removed by washing.
Phage were eluted with 100 ul of 0.1 M glycine-HCI (pH 2.2)
for 10 min and neutralized with 10 ul of 2 M Tris Base (pH 9.0).

Eluted phage were amplified in Escherichia coli K91 kan and
used as input in the subsequent round of selection. After three
or four rounds, individual phage clones were randomly se-
lected for sequencing. Phage clones were grown overnight in
terrific broth (per liter of water: 13.33 g of bacto-tryptone,
26.64 g of yeast extract, and 4.4 ml of glycerol) with antibiotic
selection (20 ug/ml tetracycline). The phage were precipitated
with polyethylene glycol/NaCl (16.7%/3.3 M) for 4 hr on ice
and pelleted by a 15-min centrifugation at 32,500 X g at 4°C.
The pellet was resuspended in TBS (Tris-buffered saline/10
mM TrissHCl, pH 7.5/150 mM NaCl). Phage DNA was
prepared for sequencing by standard techniques, using serial
steps of phenol and sevag [chloroform/isoamyl alcohol 24:1
(vol/vol)] extraction, followed by ethanol precipitation. Phage
DNA was sequenced by the dideoxynucleotide termination
method (17), using SEQUENASE (Version 2.0; United States
Biochemical) and the fUSE S sequencing primer (18).

ELISAs. Binding of antibody to phage was confirmed by
ELISA. Microtiter 96-well plates were coated with 50 ul of
antibody at 1 pg/ml in TBS overnight at 4°C. Plates were
washed, and 2.5 X 1019 purified phage in 50 ul TBS were added
to each well, incubated for 2 hr at 37°C, washed, and then
blocked with 150 ul of 2% BSA in TBS for 1 hr at 37°C. Plates
were incubated with 50 ul of 1:4000 dilution of biotinylated sheep
antibody to M13 phage (5 Prime — 3 Prime) for 1 hr at 37°C,
followed by a 1:4000 dilution of alkaline phosphatase-conjugated
streptavidin (Southern Biotechnology Associates) for 1 hr at
37°C. The assay was developed with alkaline phosphatase sub-
strate tablets (p-nitrophenyl phosphate; Sigma). OD at 405 nm
was read with a Titertek ELISA reader (ICN).

The ELISA assay for dsDNA binding was performed as
described (15). Briefly, Immulon II microtiter plates (Dyna-
tech) coated overnight with 100 wg/ml dsDNA were blocked
and then incubated with 5 ug/ml purified monoclonal antibody
for 2 hr at 37°C. The plates were washed, and alkaline
phosphatase conjugated goat anti-mouse IgG2b (Southern
Biotechnology Associates) was added for 1 hr at 37°C. After
addition of substrate, OD was read at 405 nm.

For competition ELISAs, an additional step of incubation of
the antibody with varying concentrations of peptide was per-
formed. The combination was then transferred to a dsDNA-
coated ELISA plate, and the assay was continued as described
above.

Synthesis of Peptide. The amidated, acetylated peptides
ADWADWLDYP (16), DWEYS, and RHEDGDWPRYV were
synthesized in the Macromolecular Analysis Facility at the
Albert Einstein College of Medicine. Purity of the peptides was
greater than 90% as assessed by HPLC.
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Assay of Anti-dsDNA Antibody Glomerular Deposition.
Glomerular deposition of the nephritogenic R4A antibody was
examined by injecting purified antibody into SCID mice. R4A was
obtained from cell culture supernatants or from ascites of mice
injected with the cell line. Antibody was purified on a protein G
column (Gamma Bind, Pharmacia). SCID mice were obtained
from the breeding colony maintained at the Albert Einstein
College of Medicine. Six- to eight-week-old female mice were
used in the experiments. Anti-dsDNA antibodies and IgG2b
levels were undetectable in these mice before injection. Individual
mice were simultaneously injected i.p. with 75 ug of purified R4A
and 150 ug of the appropriate peptide. The mice were killed 16
hr after the injection of antibody.

One kidney from each animal was fixed in 10% formalin and
embedded in paraffin. Four-micrometer-thick sections were ob-
tained by microtome, deparaffinized, rehydrated, blocked with
2% BSA in PBS in moist chambers, and stained for 1 hr with
biotinylated goat anti-mouse IgG at a 1:800 dilution at room
temperature (Vector Laboratories). The sections were then
incubated for 45 min with streptavidin-alkaline phosphatase
ABC reagent (Vectastain ABCkit) and developed with substrate
for alkaline phosphatase (5-bromo-4-chloro-3-indoylphosphate
p-toludine salt and nitroblue tetrazolium chloride substrate;
GIBCO/BRL). Color development was stopped by the addition
of distilled water. The sections were mounted on coverslips with
cytosol mounting medium (Aqua polymount; Polysciences),
sealed, and viewed with a Zeiss microscope.

RESULTS

Amino Acid Motifs Are Identified by the R4A and 52b3
Anti-dsDNA Antibodies. The R4A antibody was reacted with
a phage library containing random decapeptides to determine
if peptide sequences could be recognized by an anti-DNA
antibody. Three rounds of selection were performed, and
selected phage were randomly chosen for sequencing after the
third round. A distinct consensus motif that was present in
most of the selected phage could be identified (Table 1). The
dominant motif for R4A was D/E-W-D/E-Y-S/G. Interest-
ingly, some of the R4A selected peptides had a cysteine residue
near each end of the peptide, permitting the possibility that a
disulfide bridge constrained the conformation of the internal
sequence (19); some of these sequences also contained parts of
the dominant motif (Table 1).

To confirm binding of R4A to these selected phage, ELISAs
were performed. All selected phage were bound by the select-
ing antibody (Fig. 14). To determine the specificity of these
peptides for the glomerular binding R4A antibody, we
screened R4A selected phage for binding by two highly related
antibodies: 52b3, which has three amino acid substitutions,
binds DNA, and deposits in renal tubules, and 95, which has
one amino acid substitution, no longer binds DNA and displays
no renal deposition (15). 95 did not bind the R4A selected
phage (Fig. 1B). 52b3 did bind to R4A selected phage but at
a greatly reduced level (Fig. 1C). To further evaluate the ability
of peptides to distinguish the binding sites of related antibod-
ies, we then screened the decapeptide library with 52b3. Four
rounds of selection were performed before sequencing the
phage inserts. A consensus motif D/E-G-D/E-W-P-R was
identified (Table 1). 52b3 selected phage were bound strongly
by 52b3 (Fig. 1C), while the related antibodies, R4A and 95, did
not recognize 52b3 selected phage (Fig. 1 A and B).

Peptides Are Mimetics for dsDNA. To determine whether
there is a single binding site for both peptide and dsDNA,
inhibition assays were performed. Calf thymus DNA inhibited
the binding of R4A to R4A selected phage (Fig. 2) and the
binding of 52b3 to 52b3 selected phage (data not shown). In
addition, the synthetic R4A peptide DWEYS and the synthetic
52b3 peptide RHEDGDWPRYV were assayed for their ability
to inhibit binding of R4A and 52b3, respectively, to dsDNA.
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Table 1. Insert sequences of R4A and 52b3 phage

Phage Sequence Frequency

R4A selected phage

®1-3 D W EY SV WL S N 23
d7-6 LY FEDYRCE L 3
d7-3 D WDY GA L MW A 1
®1-10 Y S D WD Y SE G L 1
P12 S T EH SEADL W 8
Consensus D/E W DE Y S/G
®d1-1 F S DCY H S GC P 3
d7-21 WCEADY GRCP 23
d7-26 vV P VC D W EL N C 1
52b3 selected phage
®B11 R H ED G D W P RV 1
®B25 L L DD GF WP RYV 1
®B23 C G VD GR W P RW 1
dB24 S LI S D E W P RW 1
®B56 D G E W P RE G W S 1
®B22 E D LE G EWPM R 1
®B1 S L DEL D W DS M 4
Consensus D)E GDEW P R

Insert sequences of anti-dsDNA antibody-selected phage. Boldface capital letters denote amino acids
in the peptide insert that are identical to the derived consensus motif. Cysteine residues are bold and
underlined. Frequency denotes the number of phage clones with identical inserts. Beneath the upper
consensus motif are phage clones containing peptides with internal cysteine bridges, with or without
internal residues identical to the consensus motif.

DWEYS inhibited the dsDNA binding of R4A, and RHEDG- DWEYS motif, and it also inhibited dsDNA binding by R4A
DWPRYV inhibited the dsDNA binding of 52b3 (Fig. 3). We (data not shown). The lower maximal inhibition of dsDNA
also used a larger peptide from phage 1-3 containing the binding by the 52b3 peptide suggests that dSDNA may possess
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C 52b3 FiG. 1. R4A, 95, and 52b3 binding by ELISA to various

phage clones. Microtiter 96-well plates were coated with 1
wg/ml purified antibody, and 2.5 X 100 phage were added
to each well, followed by biotinylated antibody to M13
phage, and streptavidin-alkaline phosphatase. OD after
addition of substrate was monitored at 405 nm. Shaded
boxes (left) are R4A selected clones, and open boxes (right)
are 52b3 selected clones. (4) R4A reactivity with R4A and
52b3 selected clones. (B) 95 reactivity with R4A and 52b3
selected clones. (C) 52b3 reactivity with R4A and 52b3
selected clones.
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F1G. 2. Inhibition of R4A binding to selected phage by calf thymus
dsDNA. 1-3, 7-3, 7-21, and 7-26 are R4A selected phage clones
containing the consensus motif to which R4A showed binding by
ELISA (Fig. 14). Microtiter 96-well plates were coated with 2.5 X 1010
phage from each R4A selected phage clone. R4A at a concentration
of 1 ng/ml was incubated with varying concentrations of dsDNA for
1 hr at 37°C and then transferred to the plates precoated with phage.
Following a 2-hr incubation at 37°C, the plates were washed, and
alkaline phosphatase linked goat anti-mouse IgG2b antibody was
added for 1 hr at 37°C. OD after addition of substrate was monitored
at 405 nm.

two or more epitopes recognized by 52b3, and the synthetic
peptide may inhibit binding to only one epitope. It is also
possible that RHEDGDWPRY self-associates at high concen-
tration to obscure the antigenic epitope, in which case increas-
ing the peptide concentration would not result in further
inhibition of dsDNA binding.

We wished to test whether peptides might block the in vivo
binding of an anti-dsDNA antibody to the kidney. We chose to
assay the abrogation of binding by R4A, as glomerular binding
is what is most commonly found among lupus anti-DNA
antibodies. Since peptides synthesized from D amino acids are
more resistant to proteolytic digestion and have a longer half
life in vivo, we assayed the ability of the R4A-specific peptide
DWEYS made from D amino acids to inhibit binding of R4A
to dsDNA. The D and L peptides of DWEYS both inhibited
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dsDNA binding, although the L peptide showed greater max-
imal inhibition (Fig. 4).

R4A-Specific Peptide Inhibits R4A Deposition in Glomer-
uli. To assess whether peptides that bind to anti-dsDNA
antibodies have a potential therapeutic application, we exam-
ined whether the DWEYS peptide inhibits R4A deposition in
the kidney. We simultaneously injected 75 ug of purified R4A
antibody and 150 ug of DWEYS as either the L or D peptide
i.p. into SCID mice (five mice in each group) and assessed
immunoglobulin deposition in glomeruli 16 hr later. The D
peptide DWEYS markedly inhibited the deposition of R4A in
the kidney, whereas the L peptide did not (Fig. 5). The SCID
mice receiving the D and L DWEYS peptides displayed equiv-
alent titers of IgG2b in their sera (data not shown), demon-
strating that in each set of animals a similar amount of antibody
had entered the vasculature. This observation suggests that the
decreased susceptibility of the D peptide to proteolysis allowed
a greater proportion of antibody to remain complexed to the
antigen and prevented binding to glomerular tissue in vivo.

DISCUSSION

Current therapies for systemic lupus erythematosus are gen-
erally based on reducing autoantibody production through
administration of relatively nonspecific cytotoxic agents such
as cyclophosphamide or reducing inflammation with agents
such as corticosteroids (20). Because both of these approaches
have significant toxicity, there would be a great advantage if
anti-DNA antibodies could be specifically blocked from de-
positing in the kidney. The approach we have used here is to
introduce a small soluble monomeric surrogate antigen to
inhibit the binding of an anti-DNA antibody to renal tissue.
Peptide libraries provide an unprecedented opportunity to
identify the cross-reactive antigens for particular antibody
molecules. An analysis of the peptides bound by a given
monoclonal antibody demonstrates that different peptide mo-
tifs can react with a single binding site (16). Furthermore,
through use of peptide libraries to probe antibody binding
sites, it has been possible to show that an anti-carbohydrate
antibody can also bind a peptide mimotope (12, 13, 16, 21, 22)
and that cross-reactive antigens need not have obviously
homologous structures (12, 13). Here we have shown that the
R4A and 52b3 monoclonal antibodies that bind dsDNA can
also bind peptides. The peptide binding site appears, by
competitive inhibition studies, to overlap the DNA binding
site. Furthermore, the peptides bound by R4A are distinct
from those bound by 52b3, even though the antibodies are
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FiG. 3. Peptide inhibition of anti-dsDNA antibody binding to dsDNA. Immulon II plates were coated overnight with 100 wg/ml dsDNA. R4A
and 52b3 at a final concentration of 5 ug/ml were incubated with varying concentrations of the specific (DWEYS or RHEDGDWPRYV, respectively)
or irrelevant (ADWADWLDYP) peptide and were transferred to the plate precoated with dsDNA. After a 2-hr incubation at 37°C, the plates were
washed and alkaline phosphatase-linked goat anti-mouse IgG2b antibody was added for 1 hr at 37°C. After addition of substrate, OD was monitored
at 405 nm. (4) DWEYS vs. ADWADWLDYP inhibition of R4A binding to dsDNA. (B) RHEDGDWPRYV vs. ADWADWLDYP inhibition of 52b3

binding to dsDNA.
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Fic. 4. DWEYS (L and D peptides) inhibition of R4A binding to
dsDNA. Immulon II plates were coated overnight with 100 ug/ml
salmon sperm dsDNA. R4A at a final concentration of 5 ug/ml was
incubated with varying concentrations of L or D DWEYS, and trans-
ferred to the plate precoated with dSDNA. After a 2-hr incubation at
37°C, the plates were washed, and alkaline phosphatase-linked goat
anti-mouse IgG2b antibody was added for 1 hr at 37°C. OD after
addition of substrate was monitored at 405 nm.

highly homologous, differing by only three amino acids in the
H chain variable region. The sensitivity of peptides as probes
for the antigen binding site is further confirmed by the finding
that 95, which differs by only a single amino acid from R4A and
by four amino acids from 52b3 but has no reactivity with
dsDNA, binds neither R4A nor 52b3 selected peptides. Both
R4A and 52b3 bind anionic peptides mimicking DNA with its
negative charge. However, even though 95 is more cationic
than R4A and 52b3, having an aspartic acid to glycine substi-
tution in the third complementarity determining region of the
H chain, it does not bind these anionic peptides. Thus, the
negative charge is not sufficient to explain the binding of these
peptides to antibody. This is confirmed by the lack of binding

Proc. Natl. Acad. Sci. USA 94 (1997) 1959

of both R4A and 52b3 to the anionic peptide ADWAD-
WLDYP.

The peptide motifs selected by both pathogenic antibodies
have the D/E-X-D/E sequence. These acidic residues, while
apparently important in binding to these anti-DNA antibodies,
do not define the fine specificity difference that causes R4A to
deposit in glomeruli and 52b3 to deposit in tubules. This
apparent difference in specificity is consistent with the finding
that they bind distinct peptides. It is also noteworthy that both
the R4A and 52b3 consensus motifs have aromatic residues,
tryptophan and tyrosine. It is tempting to speculate that the
negatively charged aspartate and glutamate residues are anal-
ogous to phosphate groups, the aromatic tryptophan residues
are analogous to the pentose sugar backbone, and the tyrosine
and serine residues are analogous to the hydroxyl groups
attached to the pentose moiety in the DNA molecule, thus
explaining why these peptides are mimics of DNA. The
DWEYS peptide can indeed be designated a dsDNA mimo-
tope, as immunization of nonautoimmune BALB/c mice with
peptide in complete Freund’s adjuvant leads to production of
anti-dsDNA antibodies (unpublished work).

One potential use of peptide surrogates for dsDNA is to try
to block binding of anti-DNA antibodies to renal tissue in vivo.
Administration of R4A in vivo with a peptide surrogate for
dsDNA composed of D amino acids markedly inhibited anti-
dsDNA antibody deposition in the kidney of SCID mice. It has
been shown that some anti-peptide antibodies will bind pep-
tides in the D as well as the L form (23, 24), while others do not
(25). As the basis for isoform cross-reactivity is not currently
clearly understood, it is not possible to predict which antibod-
ies will react with both the D and L form of a given peptide.
However, both the D and the L DWEYS peptide inhibited the
binding of R4A to dsDNA. It is interesting to note that while
the L peptide inhibited dsDNA binding better than the D
peptide in vitro, only the D peptide conferred renal protection
in vivo, presumably because the D peptide was more resistant
to proteolysis in the plasma and had a longer half-life. This
likely allowed the D peptide of DWEYS to remain complexed
with the glomerulotropic R4A antibody and prevent its dep-
osition in the kidney.

In our in vivo study, peptide was used in a high molar ratio
to antibody. Because the actual concentration of nephritogenic
antibody is low in serum, a high ratio of peptide to nephrito-
genic antibody might be achievable in humans. In SCID mice,
we could not assess whether the peptides themselves were

FiG. 5. Peptide inhibition of R4A deposition in glomeruli. R4A (75 ug) and peptide (150 ng) were injected i.p. into SCID mice. Mice were
killed 16 hr later, and the kidneys immunostained for IgG deposition. (4) A representative section from a mouse injected with R4A, and the
R4A-specific L peptide DWEYS. (B) A representative section from a mouse injected with R4A, and the R4A-specific b peptide DWEYS. More
anti-dsDNA antibody is present in glomeruli from mice injected with the L peptide.
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immunogenic. This is unlikely, however, as monovalent soluble
antigens are poorly immunogenic; rather, it is possible that
they will be tolerogenic for B cells producing antibodies that
react with the peptide.

The finding that peptide can markedly inhibit deposition of
R4A in glomeruli in vivo suggests a therapeutic strategy. It will
be necessary first, however, to determine the heterogeneity of
the binding sites of nephritogenic anti-DNA antibodies. Al-
though it is known that these antibodies are encoded by
multiple variable region genes, it is not clear how extensively
they differ in fine antigenic specificity. For example, the
screening of nephritogenic antibodies with peptide libraries
might reveal a limited number of specificities. While the
exquisite specificity of the peptides for individual binding sites
may suggest that this is unlikely, it is also possible to sequen-
tially screen libraries with different antibodies to seek a
peptide that recognizes shared conformations in different
though related antibody binding sites (16). If a small panel of
peptides could be identified that inhibits the binding of the
anti-dsDNA antibodies in the serum of lupus-prone mice, or of
patients with systemic lupus erythematosus, then it is possible
that peptides can provide a significant therapeutic option.
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