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Abstract
Specificity for double-stranded DNA can arise due to somatic mutations within one of the branches
of an autoreactive B cell clone. However, it is not known whether a different autospecificity predates
anti-dsDNA and whether separate offshoots of an expanding B cell clone retain or evolve alternative
specificities. We compared 3H9, an anti-dsDNA IgG, to 4H8 and 1A11, antibodies produced by
hybridomas representing an alternative branch of the 3H9 B cell clone. All three IgG bound chromatin
in ELISA and apoptotic cells in confocal microscopy, yet only 3H9 bound dsDNA, as measured by
plasmon resonance. Moreover, we demonstrate that despite the unique specificity of 3H9 for dsDNA,
all three clone members exhibited indistinguishable binding to chromatin. The binding to chromatin
and apoptotic cells was unaffected by N-linked glycosylation in L chain CDR1, a modification that
results from a replacement of serine 26 with asparagine in 4H8 and 1A11. These data provide the
first evidence that specificity for nucleosome epitopes on apoptotic cells provides the initial positive
stimulus for somatic variants that comprise a B cell clone, including those that subsequently acquire
specificity for dsDNA. Conversely, selection of autoreactive B cells for binding to apoptotic cells
leads to clonal expansion, antibody diversification, and the development of linked sets of anti-nuclear
autoantibodies.
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1. Introduction
Nucleosomes, the complexes of DNA and histones that package genomic DNA into the
repeating structure of chromatin, are the predominant target of autoantibodies in systemic lupus
erythematosus (SLE) and murine models for SLE (Monestier and Kotzin, 1992; Burlingame
et al., 1993; Jovelin et al., 1998). Autoantibodies to DNA, histones, or the native nucleosome
particle have been identified and characterized at the molecular level (Shlomchik et al.,
1990; Losman et al., 1992; Tillman et al., 1992). Nevertheless, a clear insight into the
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mechanisms that lead to the production of autoantibodies to these abundant nuclear antigens
remains elusive.

The genetic analysis of anti-DNA and anti-histone autoantibodies from murine models for SLE
argues that B cells derive a selective advantage from improvements in binding to nuclear
antigens (Radic and Weigert, 1994; Stollar, 1994; Monestier and Novick, 1996; Rahman,
2004). The binding to DNA, histones, and their complexes benefits from the use of specific H
and L chain combinations, a suitable arrangement of contact residues within the combining
site, and the introduction of cationic residues (mostly arginines) within the gene junctions that
code for complementarity-determining region 3 (CDR 3). The consistent choice of particular
H and L chain V genes, recurrent motifs within the H and L chain junctions, and independent
parallel mutations yielding the same amino acid replacements in different autoantibodies
strongly suggest antigen-specific selection of autoreactive B cells. In addition, the positive
selection of B cells with Ig receptors that recognize the native nucleosome particle (Losman
et al., 1993; Seal et al., 2000) implies direct contacts between B cells and nuclear antigens.

An opportunity for nuclear autoantigens to exit the confines of the nucleus and gain access to
the extracellular space arises during the energy-dependent modification and redistribution of
cellular contents that characterize apoptosis, or programmed cell death (Casciola-Rosen et al.,
1994). Nucleosomes are released from the apoptotic nucleus by the caspase-dependent
activation of nucleases that cleave DNA between adjacent nucleosomes (Widlak and Garrard,
2005). Thereafter, nucleosome core particles associate with the outer membrane of the
fragmenting nucleus (Radic et al., 2004). As nuclear fragments emerge from the plasma
membrane, nucleosomes become exposed at the cell surface (Radic et al., 2004). The fact that
surface blebs containing nuclear fragments constitute a site of enhanced autoantibody
reactivity, suggests that apoptotic cells are the source of nuclear autoantigens (Cocca et al.,
2002). Consistent with this view, genetic defects leading to increased abundance of apoptotic
cells are among the most potent risk factors for the development of systemic autoimmunity
(Botto et al., 1998; Bickerstaff et al., 1999; Lu and Lemke, 2001; Scott et al., 2001; Cohen et
al., 2002).

We have examined interactions between autoantibodies and apoptotic cells in order to establish
relevant criteria for the activation of autoreactive B cells (Cocca et al., 2001; Cocca et al.,
2002; Cline and Radic, 2004b; Radic et al., 2004; Radic et al., 2006). Autoantibodies to DNA,
individual histones, and epitopes of the native nucleosome core particle, showed consistent
and characteristic binding to apoptotic blebs (Radic et al., 2004). One autoantibody in
particular, 3H9, can be viewed as a typical representative of these anti-nuclear autoantibodies
(ANA). This antibody binds DNA (Shlomchik et al., 1990), chromatin (Radic et al., 1991),
and intact nucleosomes (Seal et al., 2000) and reacts with large apoptotic blebs containing
nuclear fragments (Radic et al., 2004). The precise epitope of 3H9 on the nucleosome is the
H2A/H2B/DNA complex (DN and MM, unpublished data). The H2A/H2B dimer occupies
opposite, exposed sides of the nucleosome core particle that are available for interactions with
adjacent nucleosomes in chromatin (Davey et al., 2002) or with viral proteins that specifically
recognize the nucleosome (Barbera et al., 2006). These studies lead to the conclusion that
nucleosomes arrayed on the surface of apoptotic blebs are accessible to ANA or anti-nuclear
Ig receptors and may thus constitute a direct antigenic stimulus for B cells expressing ANA
(Radic et al., 2004).

The B cell producing 3H9 arose as a member of an expanded B cell clone. This was concluded
from the genetic analysis of 3H9 and its clonal relatives, 4H8 and 1A11, that were captured
along with 3H9 as hybridomas in the same B cell fusion (Shlomchik et al., 1987). These B
cells express the same Ig gene segments and VDJ and VJ rearrangement junctions. Because of
their shared and unique mutations, the 4H8, 1A11, and 3H9 hybridomas could be linked in a
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genealogical dendrogram (Figure 1) that approximates the evolution of the expanded B cell
clone.

The comparison of binding between 3H9, 4H8 and 1A11, revealed that somatic mutations in
3H9 are responsible for its unique specificity for dsDNA (Shlomchik et al., 1990). The key
role in DNA binding of the glycine to arginine mutation in VH3H9 was tested by reverting
arginine 53 back to glycine: The R53G mutant lost specificity for dsDNA (Radic et al.,
1993b). This result established that somatic mutations give rise to dsDNA specificity and that
selection for anti-dsDNA B cells accounts for the expression of anti-dsDNA antibodies in
murine models of SLE. However, this result also suggested that additional autospecificities
must mediate positive selection of other members of this autoreactive B cell clone.

In continuation, we characterize the similarities and differences between 3H9 and its relatives
and examine their specificity for DNA, chromatin, and apoptotic cells. Using surface plasmon
resonance (SPR), we found that only 3H9 shows significant binding to dsDNA, whereas all
three antibodies bind chromatin in ELISA and apoptotic cells in confocal microscopy. Somatic
mutations within the other clone relatives did not alter binding to chromatin or apoptotic cells.
Remarkably, despite N-glycosylation at asparagine 26 in L chain CDR1, binding was
unaffected, indicating that the combining site in all three antibodies is asymmetric, with the H
chain playing the dominant role in binding to nuclear antigens. Based on our data, we propose
that B cells are stimulated to proliferate following Ig receptor engagement with autoantigens
on apoptotic cells. As a result of positive selection, B cells in the expanding clone may evolve
independent or overlapping autospecificities for DNA, histones, and nucleosomes.

2. Materials and Methods
2.1. Monoclonal antibody isolation

All monoclonal antibodies were isolated from a single MRL/lpr mouse, as described previously
(Shlomchik et al., 1987). The IgG antibodies were purified from culture supernatants by
binding to protein G sepharose (Pharmacia), extensive washing with PBS and elution with
glycine HCl buffer (pH = 2.8). The eluted antibodies were dialyzed into PBS over night.

2.2. Gel electrophoresis and Western blotting
Two and 10 μg of 3H9, 4H8, or 1A11 were separated by reducing 10% SDS-PAGE. Gels were
stained with Comassie blue for 1 h. Destaining was performed over night. Two μg of 3H9,
4H8, or 1A11 were separated by SDS-PAGE, proteins were transferred from the gels to
nitrocellulose in a semi-dry blotter (Owl Separation Systems, Portsmouth, NH) with transfer
buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, and 20% methanol) at 0.8mA/cm2 for 90
min. Membranes were air-dried and blocked in PBS buffer containing 2% BSA, 3% FBS, 2.5
mM EDTA, and 0.25% Tween-20. All subsequent steps and washes were in 0.15 M NaCl, 50
mM Tris (pH=7.4), 0.2% Tween-20. Alkaline phosphatase (AP)-labeled secondary reagents
were used according to manufacturers’ recommendations. Immunoreactive bands were
visualized by using the chromogenic substrate in the AP color development kit (BioRad).

2.3. Biacore analysis
All SPR experiments were performed using a Biacore 2000 instrument (Biacore, Uppsala,
Sweden). Biotinylated dsDNA of 500 bp average size was prepared by photobiotinylation, as
previously described (Radic and Seal, 1997). A dilution to 40 ug/ml was prepared and 25uL
was used to coat the SA sensor chip (Biacore, Uppsala, Sweden). A 0.05% SDS solution in
HBSS was injected over the sensor chip surface to remove any loosely bound material from
the surface and to allow the baseline to stabilize. The binding of the monoclonal antibodies to
DNA was measured using antibodies diluted in HBSS to a final concentration of 75nM,
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37.5nM, 18nM, and 9nM. The sensor chip surface was completely regenerated between runs
using a solution of 0.05% SDS. All affinity measurements were performed using the
BIAevalution v4.1 software.

2.4. Deglycosylation
Two μg of 3H9, 4H8, or 1A1 were treated with Protein: N-glycosidase F (PNGase F; New
England Biolabs, Ipswich, MA), according to the manufacturers’ instructions. Briefly, 10 μg
of 3H9, 4H8, or 1A11 were treated in a volume of 55 μl of 1x G7 Reaction Buffer (New England
Biolabs), containing 1% NP-40 and 9 μl of the enzyme. Samples were incubated at 37° over
night.

2.5. Chromatin ELISA
Chromatin was prepared from one bovine thymus by using a modification of a previously
published procedure (Burlingame et al., 1993). Briefly, the thymus homogenate was prepared
in 8–10 volumes of 0.25 M sucrose, 2 mM MgCl2, 20 mM Tris pH 7.4, filtered, and centrifuged
at 2,000 g for 10 min. The nuclear pellet was washed in PBS containing 0.1% Triton X-100
and 1 mM EDTA, followed by centrifugation as in the preceding step. The pellet was washed
with 50 mM Tris, pH 7.4 and 1 mM EDTA, centrifuged, and washed again in 10 mM Tris, pH
7.4 and 1 mM EDTA. The pellet was suspended in 100 ml of 1 mM EDTA, 10 mM Tris pH
7.4, containing 1 mM PMSF. Aliquots were frozen at −80oC.

For ELISA, Immulon 96 well plates were coated over night with 10 μg/ml poly-l-lysine, using
50 μl/well (in PBS pH-7.2), to provide a capture molecule for the binding of chromatin. Poly-
L-lysine-coated plates were washed once with PBST and then 5 μg/ml (O.D. 260) of chromatin
was adsorbed using 50 μl/well in PBS with 1.0 mM EDTA and 0.1 mM PMSF and incubating
for 1.5 h. Following incubation, wells were washed 3 times with PBST, then blocked with 1%
BSA in PBST for 1 h at RT. To control for non-specific binding, additional wells were blocked
with 1% BSA in PBST. Serial 1:3 dilutions, starting at 20ug/ml of antibody (3H9, 4H8, or
1A11), were allowed to bind for 1.5 h at RT. Wells were washed 3 times with PBST and
incubated with anti-mouse kappa AP conjugate (1:1000 dil.), for 1.0 h at RT. After the
incubation, wells were washed 3 times with PBST and once with TBS and the bound antibodies
were detected with 1.0 mg/ml PNPP substrate in 50 mM sodium bicarbonate with 10 mM
MgCl2 and the readings were taken at 405 nm.

2.6. Binding to apoptotic cells
Jurkat cells (clone E6-1 from ATCC) were treated, as previously described (Cocca et al.,
2001) with 2.0 μM camptothecin (Sigma Chemical Co., St. Louis, MO) for 3 to 6 h. Apoptosis
was assessed by light microscopy and cells were harvested after at least 25% of cells in the
population exhibited surface blebs. Antibody binding to apoptotic or viable cells was evaluated
as described (Cocca et al., 2001; Cocca et al., 2002; Radic et al., 2004). Briefly, cells were
washed in HBSS (supplemented to 3 mM CaCl2) and fixed for 15 min in ice-cold 6 %
paraformaldehyde (Electron Microscopy Sciences, Ft. Washington, PA). Fixed cells were
washed and blocked in wash buffer (HBSS containing 3 mM CaCl2, 3% FBS, and 0.02% azide)
for 5 min. Cells were suspended in buffer containing purified antibodies at 20 μg/ml. Following
incubation with antibodies, cells were washed in wash buffer, pelleted as above, and incubated
in a mixture of Alexa Fluor 647 rabbit anti-mouse IgG antisera (1:100 dilution), SYTOX
Orange DNA stain (1:10,000 dilution), and Alexa Fluor 488 Annexin V (1:70 dilution). All
secondary reagents and stains were obtained from Invitrogen.

Samples were viewed on a Zeiss LSM 510 laser scanning microscope (Carl Zeiss Inc.,
Thorwood, NY), by using a 100X Plan-Apochromat oil-immersion lens, and laser excitation
at 488, 543, and 633 nm. Detection channels were set to record fluorescence emission above
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650 nm for Alexa Fluor 647, between 560 and 615 nm for SYTOX Orange, and between 505
and 530 nm for Alexa Fluor 488. Consecutive images were collected at optimized intervals of
between 0.4 and 0.8 μm to assemble complete three-dimensional representations of treated and
untreated cells.

3. Results
3.1. Mutations that Distinguish 3H9 Give Rise to dsDNA Binding

Previously, reversion mutagenesis of VH3H9 identified the R53 mutation as the main
determinant for dsDNA binding in 3H9 (Radic et al., 1993b). However, our previous work did
not explore differences between 3H9 and its clonal relatives. To examine the differences in
dsDNA binding between the clonal relatives, we constructed a binding substrate, consisting of
biotinylated DNA attached to immobilized streptavidin, and examined antibody-DNA
interactions using SPR. We established that the purified IgG were free of histones derived from
hybridoma cultures (Figure 2), to limit the possibility that contaminating histones could give
rise to apparent DNA binding (Guth et al., 2003). Moreover, we digested and removed all
proteins from the substrate DNA prior to biotinylation.

In our assays, different concentrations of antibodies were added to observe the extent of binding
to dsDNA, and washing with buffer was used to determine the dissociation rate. Under these
conditions, we determined that 3H9 was the only member of the B cell clone that showed
affinity for dsDNA (Figure 3A). The method chosen, SPR, allowed us to estimate the KD of
3H9 binding to dsDNA at 2.1 x 10−7 M (Ka = 22,400/Ms and Kd = 0.0476/s). Because the
association rate between 4H8 or 1A11 and dsDNA was negligible (Ka < 300), no reliable
KD for their DNA binding could be derived.

3.2. Somatic Mutation Shared by 4H8 and 1A11 L Chains Allows N-Linked Glycosylation
The 4H8 and 1A11 members of the 3H9 clone share mutations that distinguish them from 3H9,
as well as from the putative precursor B cell (Figure 1). One mutation in particular attracted
our attention. The CDR1 of the 4H8 and 1A11 L chains acquired a serine 26 to asparagine
replacement that forms a suitable acceptor site within a consensus sequence for N-linked
glycosylation (Figure 4A). Consistent with N-glycosylation, the electrophoretic mobility of
the 4H8 and 1A11 kappa chains was reduced in SDS-PAGE as compared to the 3H9 L chain
(Figure 2), and treatment with protein N-glycosidase F (PNGase F) equalized the migration of
all three L chains (Figure 4B). The removal of the N-glycosyl moiety could be accomplished
using either denatured (data not shown) or native IgG. We estimate that, under the conditions
used here, at least 95% of the N-linked carbohydrate was removed from the 4H8 and 1A11 L
chains (Figure 4B).

3.3. Glycosylation of 4H8 and 1A11 L Chains has No Effect on Chromatin Binding
Glycosylation within the L chain combining site may alter binding to antigen (Tachibana et
al., 1992). To test whether a carbohydrate moiety within CDR1 of the 4H8 and 1A11 L chains
affects binding to chromatin, we used a chromatin ELISA to compare the binding of purified
IgG, PNGase F-treated IgG, or IgG incubated in reaction buffer (Figure 5). Regardless of
treatment, each of the antibody preparations showed superimposable binding curves (Figure
5), suggesting that N-glycosylation in L chain CDR1 of 4H8 and 1A11 has little or no effect
on chromatin binding. In addition, each of the original antibodies exhibited nearly identical
binding to chromatin (Figure 5), suggesting the mutations that distinguish the clonal relatives
make no contribution to chromatin binding.

Because N-glycosylation at asparagine 26 in L chain CDR1 had no effect on chromatin binding
(Figure 5), we propose that conservative mutations nearby, namely the replacements of alanine
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25 by threonine and valine 28 by isoleucine (Figure 4A), are unlikely to affect chromatin
binding. In turn, it follows that H chain mutations, including the glycine 53 to arginine
replacement that gives 3H9 its ability to bind dsDNA (Figure 3A), also do not contribute in a
significant way to chromatin binding.

3.4. Each Member of the 3H9 Clone Binds to Apoptotic Blebs
3H9 binds to the periphery of nuclear fragments that are generated during the execution phase
of apoptosis (Radic et al., 2004). To explore the possibility that 4H8 and 1A11 share this
specificity with 3H9, we used confocal microscopy to examine antibody binding to apoptotic
cells. Twenty-five to 40% of apoptotic Jurkat cells exhibit large surface blebs as their most
striking morphological feature, following 5 h of treatment with camptothecin (Cocca et al.,
2002). The blebs are largely composed of separate fragments of the nucleus, as staining with
a DNA binding fluorochrome demonstrates (Figure 6). Blebs form due to nuclear fragment
movement and their protrusion from the cell surface that are mediated, at least in part, by the
action of the Rho-associated kinase ROCK I (Cocca et al., 2002). At that time, the plasma
membrane loses its phospholipid asymmetry, as visualized by the binding of annexin V (Figure
6). At that time, the membrane becomes porous, and allows the influx of macromolecules from
outside the cell.

4H8 and 1A11, regardless of L chain N-glycosylation, bound to apoptotic Jurkat cells in a
pattern that was indistinguishable from 3H9 (Figure 6). Each of the antibodies bound to the
periphery of nuclear fragments generated in apoptosis. The binding coincided with the release
of a subset of nucleosomes from the nucleus and their association with the outer membrane of
the nuclear envelope (Radic et al., 2004). The antibodies remained associated with the outside
of nuclear fragments after they protruded from the cell membrane and formed apoptotic blebs.
In fact, antibody binding, as a rule, was more intense along the face of the fragments that
protruded from the cell (Figure 6B-E).

The binding of 4H8 and 1A11 to apoptotic blebs may be mediated by chromatin epitopes that
are externalized during the execution phase of apoptosis because nucleosomes that are arrayed
along the outside of nuclear fragments become exposed at the cell surface (Radic et al.,
2004). The common precursor for 3H9, 4H8, and 1A11 itself must have been reactive with
apoptotic blebs because binding to blebs is unlikely to have arisen independently within the
two branches of the 3H9 B cell clone. Indeed, previously reported experiments using the 3H9
germline revertant established that even the earliest unmutated precursor of this B cell clone
bound to apoptotic cells (Cocca et al., 2001).

4. Discussion
Over a decade ago, Casciola-Rosen and colleagues discovered the reactivity of SLE
autoantibodies with blebs on apoptotic cells (Casciola-Rosen et al., 1994). In subsequent years,
the importance of cell death in providing autoantigens that stimulate autoimmunity has become
widely accepted (Cline and Radic, 2004a; Hall et al., 2004; Navratil et al., 2004). Using a panel
of antigen-selected and affinity-matured murine autoantibodies, we identified the target of
autoantibodies on the surface of apoptotic blebs as a histone-DNA complex whose composition
is identical with the nucleosome core particle (Radic et al., 2004). Autoantibodies to DNA,
individual core histones, or the intact core particle bind bleb antigens after they become
externalized at the cell surface, suggesting the nucleosome core particle is at a pivotal point
for maintaining tolerance or stimulating autoimmunity (Radic et al., 2004). Our current analysis
of 3H9 and its clonal relatives indicates that divergent members of the 3H9 B cell clone share
specificity for apoptotic blebs and that binding to blebs predates the development of anti-
dsDNA specificity. Therefore, we propose that specificity for apoptotic blebs initiates clonal
expansion.
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Examination of 1A11 supports the idea that specificity for chromatin and apoptotic blebs arose
early during the development of the 3H9 B cell clone. Following deglycosylation, 1A11
resembles the common branch point of the 3H9 clone, as it lacks H chain mutations unique to
3H9 and sheds the bulky carbohydrate moiety from its L chain. The PNGase F-treated 1A11
only retains three conservative replacements that distinguish it from the common branch point.
The analysis of the deglycosylated 1A11 suggests that the branch point of the 3H9 clone bound
chromatin and apoptotic blebs, and that the more diversified clone members inherited and
maintained this specificity (Figures 5 and 6).

The specificity for apoptotic blebs of the branch point and of even earlier precursors of the
3H9 clone is supported by the observation that the germline revertant of 3H9 binds to annexin
V-positive, apoptotic Jurkat cells rather than to viable cells (Cocca et al., 2001). Specificity
for apoptotic cells is thus a characteristic that is maintained throughout the evolution of the
3H9 clone, indicating that positive selection of all 3H9 clone members is mediated by binding,
processing, and presentation of epitopes derived from dying cells. We propose that the relevant
antigens associated with the apoptotic blebs are components of the nucleosome core particle.

That the mutations in L chain CDR1 of 1A11 had little or no effect on binding is consistent
with earlier data supporting the asymmetry of the 3H9 combining site. The 3H9 H chain plays
the dominant role in DNA and chromatin binding, whereas a wide variety of L chains are
compatible with binding, as evidenced by in vitro and in vivo H and L chain recombination
experiments (Radic et al., 1991; Ibrahim et al., 1995). The H chain dominance accounts for L
chain editing in mice expressing the 3H9 H chain (Radic et al., 1993a). In H chain-only mice,
most endogenous L chains fail to suppress the autoreactivity of the H chain and multiple rounds
of V to J rearrangements may be required to install one of the few L chains that prevent binding
to nuclear autoantigens (Li et al., 2004). Interestingly, the few effective L chain editors most
consistently exhibit negatively charged residues in CDR3 (Li et al., 2001). The structural basis
for this result lies in the fact that the L chain CDR3 is nearest to the H chain binding
determinants, whereas L chain CDR1 is the most remote. In that light, it is not surprising that
the L chain CDR1 glycosylation had minimal or no effect on chromatin binding.

A closer look at the H chain thus holds the key for identifying determinants of chromatin
binding. We propose that arginine 96 (R96) in the H chain CDR3, a residue that 3H9 shares
with its clonal relatives, represents the essential H chain CDR3 determinant for nucleosome
binding. Because the nucleosome is tightly constrained by multiple ionic interactions between
the backbone phosphates of DNA and positively charged residues within the globular and tail
domains of histones (Luger et al., 1997), R96 may occupy a unique position in the combining
site from which it can assist in nucleosome binding. This possibility is supported by the fact
that replacement of the 3H9 VH CDR3 by other CDR3 containing arginines at alternative
positions fails to restore nucleosome binding (Seal et al., 2000). A suitable site for 3H9 binding
to the nucleosome may be the acidic patch along the H2A/H2B interface that is crucial for
chromatin packing interactions and becomes exposed once nucleosomes are released from
chromatin (Davey et al., 2002). Therefore, binding to nucleosomes, chromatin, and apoptotic
blebs, properties that define the 3H9 clone of B cells as a whole, may depend profoundly on
R96 in CDR3 of the H chain.

If the binding to chromatin is unchanged by the R53 mutation that gave 3H9 its unique
specificity for dsDNA, then what is its benefit to the B cell? We propose that R53 was a
mutation that enabled the 3H9 B cell to receive help from a wider range of T cells. By its
capacity for binding to free DNA, 3H9 may have acquired the potential for binding to non-
histone protein-DNA complexes. These may include complexes between DNA and p53
(Herkel et al., 2001), or DNA repair complexes including DNA-PK (Suwa et al., 1996).
Provided that peptides from one or more of these DNA binding proteins could evade T cell
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tolerance and elicit T cell help, the 3H9 B cell could have paved the way for the clonal expansion
of B cells specific for such additional SLE autoantigens. In that manner, 3H9 may have
provided crucial assistance for epitope spreading. In conclusion, we present evidence that B
cells that recognize and bind to apoptotic cells are stimulated to proliferate and incur somatic
mutations. Some of the mutations are neutral for binding, whereas others, such as the glycine
53 to arginine replacement in VH3H9, create additional specificities, thus providing a
mechanism for clonal divergence and epitope spread.
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Glossary
AP  

alkaline phosphatase

ANA  
anti-nuclear antibody

PNGase F  
Protein: N-glycosidase F

SLE  
systemic lupus erythematosus

ScFv  
single chain variable fragment

SPR  
surface plasmon resonance
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Figure 1.
Dendrogram illustrating clonal relation between 3H9, 1A11, and 4H8. The diagram was
constructed using shared and unique mutations in each antibody, assuming the minimum
number of mutations (Shlomchik et al., 1990). Mutations were identified by comparison to the
germline sequences of the closest VL (Thiebe et al., 1999) and VH genes (Haines et al.,
2001). Silent mutations are listed as nucleotide changes, replacements as amino acid
substitutions. The location of mutations is indicated in parentheses.
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Figure 2.
Reducing and denaturing SDS-PAGE of purified antibodies. The 3H9 (lane 1), 1A11 (lane 2),
and 4H8 (lane 3) IgG were purified on Protein G-sepharose and examined on 12% PAGE. The
mobilities of the IgG H and L chains were determined relative to molecular weight markers
(MW). Note absence of contaminating proteins and difference in migration between the L
chains of the clonally related IgG.
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Figure 3.
Binding of purified antibodies to dsDNA in SPR. The binding of all antibodies was measured
using IgG concentrations of 75 nM, 37.5 nM, 18 nM, and 9 nM, as indicated in the legend.
Binding of 1A11 (A), 4H8 (B), and 3H9 (C) is displayed in separate panels. Only 3H9 binds
dsDNA.
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Figure 4.
L chain mutations include serine 26 to asparagine (S26N) that directs N-linked glycosylation
in CDR1 of the 1A11 and 4H8 L chains. (A) Amino acid sequences for portion of CDR1 are
listed for germline, 3H9, 1A11, and 4H8, to illustrate substitutions. (B) Western blot of 4H8,
1A11, and 3H9 incubated in buffer alone (left lane in each set), treated with PNGase F under
non-denaturing conditions (center lane), or untreated (right lane). L chains were detected using
AP-labeled goat antibodies to mouse kappa (see Materials and Methods). Following PNGase
F treatment, mobility of 4H8 and 1A11 L chains increases and differences in migration with
3H9 are eliminated.
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Figure 5.
Binding of 4H8, 1A11, and 3H9 to chromatin is unaffected by PNGase F. Relative affinities
for chromatin in solid phase ELISA were measured as described in Materials and Methods,
and absorbance readings at 405 nm were plotted. Binding of 3H9 (A), 4H8 (B), and 1A11 (C)
is shown in red, along with the binding of PNGase F- treated IgG (green), and with IgG
incubated in buffer alone (blue). Triplicate values from two separate experiments were
averaged, standard errors were computed, and displayed as vertical bars.
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Figure 6.
Binding of 4H8, 1A11, and 3H9 to apoptotic blebs and nuclear fragments is unaffected by
PNGase F. Jurkat cells, treated with camptothecin to induce apoptosis, were fixed and
incubated with 4H8 (A), 1A11 (B), and 3H9 (C). Equivalent reactions were incubated with
4H8 (D), 1A11 (E), and 3H9 (F) treated with PNGase F. Bound antibodies were detected with
anti-mouse antibodies (displayed in red). Each of the antibodies, regardless of PNGase F
treatment, bound at or near the surface of nuclear fragments. DNA, bound by Sytox Orange,
is displayed in blue and annexin V in green. In addition to the composite images, separate
wavelength channels are displayed at 1/3 size. Images represent optical cross sections. Controls
included cells incubated in the absence of mouse IgG and cells incubated in the presence of z-
VAD-fmk, neither of which showed antibody binding (data not shown).
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