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These findings suggest that not all anti-DNA antibod-
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We have previously prepared human anti-double-
tranded (ds) DNA IgG Fab clones using phage-display
echnology. Nucleotide sequence analysis of genes of
mmunoglobulin (Ig) heavy and light chain variable
egions in these Fab clones suggested that the DNA-
inding activity of the clones depended on light chain
sage. To confirm the role of the light chain in anti-
ody binding to DNA, we constructed in the present
tudy’s new recombined Fab clones by heavy and light
hain shuffling between the original anti-dsDNA Fab
lones. Clones constructed by pairing Fdg fragments
ith the light chain from a high DNA-binding clone

howed high DNA-binding activities, whereas other
onstructed clones using light chains from low DNA-
inding clones showed low DNA-binding activities.
ur results indicate that light chains in anti-dsDNA
ntibodies can determine the DNA-binding activity of
he antibodies. Ig chain shuffling of phage-display an-
ibodies may be useful for investigating the molecular
echanisms for antigen–antibody binding of human

utoantibodies. © 2000 Academic Press

Key Words: lupus nephritis; human monoclonal anti-
NA autoantibody; DNA-binding activity; phage-
isplay technology.

Systemic lupus erythematosus (SLE) is a typical au-
oimmune disease but its pathogenic mechanisms re-
ain unknown. The presence of anti-double stranded

ds) DNA antibodies in the serum is a hallmark of the
isease (1). In fact, anti-DNA IgG antibodies are de-
ected in the kidney of patients with lupus nephritis (2,
) and of murine models of lupus (4). However, anti-
NA antibodies are also found in some healthy indi-
iduals (5, 6). Murine studies have indicated that non-
utoimmune mice develop nephritis when certain
orms of anti-DNA antibodies are transferred (7, 8).

1 To whom correspondence and reprint requests should be addressed.
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es are pathogenic in SLE.
To elucidate the molecular basis of pathological ef-

ects of anti-DNA antibodies in SLE, we have previ-
usly prepared human combinatorial anti-dsDNA IgG
ab clones using phage-display technology (9). These
ab clones were divided into two groups based on the
inding activity to dsDNA; clones with a high DNA-
inding activity and clones with a low DNA-binding
ctivity. Nucleotide sequence analysis of the immuno-
lobulin (Ig) heavy chain variable region (VH) genes of
hese clones revealed that all clones were derived from
H26 germline gene. In contrast, the light chain vari-
ble region (VL) genes were diverse. Hence, we postu-
ated that the binding of anti-DNA Fab antibodies

ight be determined by the VL gene usage.
Recent studies have shown the role of both VH and
L genes in the antibodies (10, 11). VH26 germline
ene is used in many antibodies (12, 13) and its char-
cteristics have been elucidated; however, few studies
f the paired VL genes have been performed (14). In
his study, we investigated the contribution of VL
enes to DNA-binding activity using newly constructed
ab clones by Ig chain shuffling.

ATERIALS AND METHODS

Preparation of DNA. dsDNA was prepared from calf thymus
NA (Sigma Chemical Co., St. Louis, MO) by S1 nuclease digestion.

sDNA was prepared by heating dsDNA at 95°C for 5 min followed
y cooling on ice.

Anti-DNA Fab clones. Anti-DNA Fab clones 7-11, 1-3, and 5-1
ere obtained by phage-display technology as described previously

9). In brief, total mRNA was isolated from peripheral blood lympho-
ytes of a patient with lupus nephritis who had a high titer of
nti-dsDNA antibodies. cDNA was synthesized and Ig sequences
ere PCR-amplified using the primer sets described previously (15).
mplified DNA fragments of IgG Fd (Fdg) and light chain were

nserted into a phagemid vector (pComb3-H), which can express Fab
olecules on the surface of M13 phage. The Fab phage-antibody

ibraries were panned against solid-phase dsDNA to select DNA-
inding phages. Phagemids derived from the selected phages were
sed to produce soluble anti-DNA Fabs. Nucleotide sequences of the



individual Fab clones were determined by an ABI PRISM 310 genetic
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nalyzer (Applied Biosystems, Foster City, CA).

Shuffling of Ig heavy and light chains in anti-DNA Fab clones. A
igh DNA-binding clone 7-11 and low DNA-binding clones 1-3 and
-1 (9) were used for the shuffling of Ig chains (Fig. 1). pComb3-H
hagemid vectors containing these anti-DNA Fab genes were di-
ested with SacI and XbaI to release the light chain genes. The latter
enes and the vectors containing the Fdg gene were separated on
garose gels and purified. Each light chain gene was relegated with
nother pComb3-H vector containing the Fdg gene; we recombined
dg with VL between clones 7-11 and 1-3 (Fig. 1A), and between
lones 7-11 and 1-3 (Fig. 1B). Figure 1C shows amino acid sequences
f VL CDRs of these original Fab clones 7-11, 1-3, and 5-1.

Preparation of soluble Fab. The phagemids constructed by heavy
nd light chain shuffling were electroporated into XL-1 blue cells and
hagemid-bearing cells were cultured in SB medium with 50 mg/ml
f carbenicillin, 10 mg/ml of tetracycline, and 20 mM of MgCl2 for 5 h.
ab protein synthesis was induced with 1 mM of isopropyl-
hiogalactopyranoside (Sigma) by overnight culture at 30°C. The
ells were then pelleted and resuspended in PBS. The suspension
as sonicated, centrifuged, and the supernatant containing the sol-
ble Fab was stored until use. The concentration of soluble Fab was
etermined by ELISA as described previously (9).

ELISA analysis of soluble Fab binding. To examine the DNA-
inding activity of soluble Fab, 96-well microtiter plates were coated
ith 1 mg/well of dsDNA. Other antigens, such as ovalbumin, thyro-
lobulin, recombinant SS-A, and RNP, were also examined. Recom-
inant SS-A and RNP proteins were kindly provided by MBL Labo-
atories (Gifu, Japan) (16). Wells were blocked with 1% BSA in PBS
or 1 h. Fab supernatants diluted at 100 ng/ml were added to the
ells and incubated for 2 h at room temperature. The wells were
ashed five times with 0.05% Tween in PBS, and reacted 1 hour with
/1000 diluted alkaline phosphatase-labeled anti-human IgG Fab
ntibodies (Pierce, Rockford, IL). The wells were washed and 5
g/ml of p-nitrophenyl phosphate (Sigma) was added. Absorbance
as measured at 405 nm.

ESULTS AND DISCUSSION

Four new clones rH7L1, rH1L7, rH7L5, and rH5L7
ere constructed by heavy and light chain shuffling

Fig. 1). Two clones, rH7L1 and rH1L7, were con-
tructed by recombining the Fdg with light chain be-
ween clones 7-11 and 1-3 (Fig. 1A). Other clones
H7L5 and rH5L7 were constructed by recombining
he Fdg with light chain between clones 7-11 and 5-1
Fig. 1B).

Figure 2 shows binding activities of these clones to
sDNA. The clones of rH1L7 and rH5L7, using a light
hain of a high DNA-binding clone 7-11, exhibited a
igh binding activity, whereas clones rH7L1 and
H7L5, using light chains of low DNA-binding clones
-3 and 5-1, respectively, exhibited low binding activ-
ty. These results indicate that DNA-binding activities
f these clones are determined by the light chain usage.
We next examined the binding specificity of Fab

lones to DNA. Figure 3 shows the cross-reactivities of
hese clones to several antigens. The clones did not
eact with other antigens, such as SS-A, RNP, ovalbu-
in, and thyroglobulin, as did the original clones 1-3,

-1, and 7-11 (Fig. 3). These results indicate that the
inding of the shuffled clones is also DNA-specific.
241
A high level of anti-dsDNA antibodies is a hallmark
f SLE. To examine the pathogenicity of anti-DNA
utoantibodies, we have previously reported the gen-
ration of eight human anti-DNA Fab clones by the
hage-display technology (9). Three of these clones
howed a higher DNA-binding activity than the other
ve clones. Nucleotide sequence analysis of these

FIG. 1. Schematic diagram of the Ig chain shuffling between
nti-dsDNA clones (A, B). VL genes were released with SacI and
baI from pComb3-H vectors containing anti-dsDNA Fab genes. The
L gene was inserted into another pComb3-H containing the Fdg
ene. (A) Recombination of the Fdg with VL between clones 7-11 and
-3. (B) Recombination of the Fdg with VL between clones 7-11 and
-1. (C) Amino acid sequences of VL CDRs of original Fab clones
-11, 1-3, and 5-1. The sequences are compared to their most homol-
gous germline genes. Dashes indicate amino acid identities to the
ermline sequence.



clones revealed a great diversity of VL genes between
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he clones in contrast to the very similar VH usage.
hus, we postulated that the difference in DNA-
inding activities of these antibodies might be deter-
ined by the VL gene usage. In fact, murine studies
ave shown that light chains influence the binding
ctivity of anti-DNA antibodies (17, 18). Furthermore,
he fate of B cells, which produce anti-dsDNA antibod-
es, can be determined by light chain usage (19, 20).

Our previous study suggested that the lower DNA-
inding activity of clones 1-3 and 5-1 might be due to
he negatively charged amino acid, aspartic acid in VL
DR1 (9); position 8 in the carboxy-terminal half of
DR1 was substituted with an aspartic acid in both

lones. A murine study of anti-DNA antibodies showed
hat light chains with one or more negatively charged
spartic acid residues in VL CDR1, especially in the
arboxy-terminal half, strongly inhibited DNA binding
ctivity (17). This interference of the DNA-binding of
he antibodies may be caused by the charge repulsion
etween DNA and aspartic acid in CDR1. Clones
H7L1 and rH7L5 with light chains derived from low
NA-binding clones 1-3 and 5-1, respectively, reduced
NA binding activities even though they paired Fdg
erived from a high binding clone 7-11. A negatively
harged amino acid (aspartic acid) of VL CDR1 in
lones 1-3 and 5-1 (Fig. 1C) may reduce the binding
ctivity to DNA. Further experiments on DNA binding
sing clones bearing aspartic acid replacement of res-

dues in the CDR1 region should enhance our under-
tanding of the DNA-binding activity of anti-dsDNA
utoantibodies.

FIG. 2. Binding activities of Fab clones to dsDNA. (A) A low
NA-binding clone 1-3, a high DNA-binding clone 7-11, and their Ig

hain shuffled clones rH7L1 and rH1L7. (B) A low DNA-binding
lone 5-1, a high DNA-binding clone 7-11, and their Ig chain shuffled
lones rH7L5 and rH5L7. Fab concentrations of each clone were
etermined by ELISA from a standard curve created by human IgG
ab (Sigma) of known concentration. These data are means of two
ifferent experiments, each one by duplicate.
242
In summary, we generated human anti-dsDNA IgG
ab fragments by phage-display technology. Using
hese antibodies, we demonstrated that the light
hains in anti-dsDNA antibodies determined the DNA-
inding activities of the autoantibodies. Furthermore,
econstruction of phage-antibody libraries by Ig chain
huffling may be useful for investigating the molecular
echanisms of antigen-antibody binding of specific hu-
an autoantibodies.
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