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Naturally occurring anti-band 3 antibodies have a unique affinity for C3
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SUMMARY

Naturally occurring anti-band 3 antibodies appear to mediate opsonization of oxidatively stressed
and in vivo aged red cells. Their low concentration in plasma (<100 ng/ml) and weak affinity
(estimated association constant, 5-7x 106 1/mol) contrasted with their biological efficiency. In
compensating for their inadequate properties they have an affinity for C3 at a site independent of the
antigen binding domain, with an estimated association constant of 2-3 x 105 l/mol. Though weak,
their binding to C3 was about 100 times higher than that of whole IgG, which is known to have an
affinity for C3. The affinity for C3 may render these antibodies preferred targets of the short-lived
nascent C3b and result in a preferential C3b-anti-band 3 complex formation. C3b-IgG complexes
represent the best opsonins and can nucleate alternative complement pathway C3 convertases by
which opsonization is further enhanced.

INTRODUCTION

Naturally occurring autoantibodies (NOA)' directed against a

large number of self antigens have been found in sera of normal
animal and human."2 They are-where investigated trans-
lation copies of the germ line Ig genes with none or very few
mutations.3 Several hypotheses have been raised to explain the
biological role ofNOA in tissue homeostasis,4-7 in prevention of
autoimmune diseases,8 and idiotypic/anti-idiotypic network
regulation.9 Partial evidence has been provided for each one of
the hypotheses, but a thorough understanding of the role of
NOA has remained elusive. The difficulties in understanding the
role of NOA are manifold: (1) avid natural antibodies to
exposed surface antigens and soluble components are sup-

pressed early in development;'0 (2) those that persist have
generally a low affinity, being about 1-3 orders of magnitude
lower than those of induced antibodies; (3) many NOA are

poly-' or bispecific."' Thus, their functional relevance has been
questioned and only a small number of studies has been carried
out with purified NOA. Anti-band 3 antibodies that bind to
band 3 protein, the anion transport protein, ofhuman red blood
cells (abbreviated as 'anti-band 3 antibodies') represent an

example of NOA for which considerable evidence has been
presented to support a tissue homeostatic role (reviewed in ref.
12), but little information has been given to explain their
functionality. Anti-band 3 NOA were purified from IgG of

Abbreviations: C3b-IgG, C3b that is covalently linked to IgG; HSA,
human serum albumin; IgG-, human IgG depleted of anti-idiotypic
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occurring antibodies; PAGE, polyacrylamide gel electrophoresis;
PMSF, phenylmethylsulphonylfluoride.
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individuals and pooled IgG (SandoglobulinR) by immunoad-
sorption on immobilized band 3 protein.7 Their existence in
human plasma has been confirmed by applying ELISA,'3 and
crossed immune electrophoresis."4 Anti-band 3 antibodies exist
in serum at concentrations of 50-100 ng/ml.7 Despite their low
concentration and weak affinity, these antibodies were preferen-
tially associated with dense (senescent) red blood cells in
amounts of up to 200 molecules per cell, which apparently were
sufficient for enhanced in vitro phagocytosis.5 '5"6 This is in great
contrast to induced anti-red cell antibodies, of which thousands
or more molecules were required per cell to induce an efficient
phagocytosis.'7 Thus, anti-band 3 antibodies appear to have a
remarkable but unexplained efficiency. Their increased binding
to senescent and oxidatively stressed red blood cells appears to
be due to antigen oligomerization,7"'8"9 which results in a firm
binding at a concentration where a monovalently bound
antibody would dissociate. Anti-band 3 antibodies further gain
functionality by an efficient complement deposition, since they
stimulated alternative complement pathway C3b deposition in a
dose-dependent way and thereby enhanced phagocytosis.'920 A
mechanism by which such antibodies stimulate alternative
complement pathway C3b deposition has been postulated
(reviewed in ref. 12). The proposed mechanism suggests that
those IgG molecules that stimulate the alternative pathway have
an affinity for C3 which exceeds that of other IgG molecules. In
an attempt to elucidate the mechanisms by which these naturally
occurring anti-band 3 antibodies gain functionality, we have
studied binding of anti-band 3 NOA to C3.

MATERIALS AND METHODS
Naturally occurring anti-band 3

Standard protocol. Naturally occurring anti-band 3 anti-
bodies7 were purified from human IgG as described, with the
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following modifications. Pooled human IgG (SandoglobulinR,
SRC, Berne, Switzerland) (36 g) was dissolved in 300 ml buffer L
(100 mm NaCl, 10 mm phosphate, 1 mM MgCl2, 50 pg/ml PMSF,
0-08% sodium azide, 0-05% Nonidet NP-40, pH 7-4), dialysed
against buffer L, and diluted before use to 25 mg/ml IgG. This
solution was depleted of anti-idiotypic antibodies2' by passing
through a column containing immobilized, heat-aggregated
IgG. The flow through was pumped at room temperature
through a column containing immobilized spectrin dimer and
subsequently through one containing band 3 protein that was
purified according to ref. 22. A sample of the flow through was
dialysed against phosphate-buffered saline (PBS) containing
0-08% sodium azide and used as control IgG, depleted of anti-
band 3 antibodies (IgG-). The columns were washed overnight
with buffer L containing 0 01% NP-40. Bound antibodies were
eluted with 1 M NaCl, 0-1 M glycine, 0-01% NP-40 (pH 2-7),
neutralized immediately and dialysed against PBS containing
0-08% sodium azide. Purified antibodies were concentrated in
Centricon 30 microconcentrators (Amicon, Beverley, MA) and
the IgG concentration was determined.23 The columns were
reused at least 10 times. Recoveries and immunoblots with
labelled antibodies served as a quality control.

Experimental procedures. Where indicated, IgG was sub-
jected to different purification protocols. After passing through
the column containing spectrin it was either passed through a
column containing immobilized C3 or one to which a mixture of
equal milligrams of band 3 protein and C3 was immobilized
[anti-(band 3 + C3)]. Repurified anti-band 3 antibodies were
obtained by dialysing them against buffer L and passing over a
new column containing band 3 protein. The columns were
washed and eluted as given in the standard procedure, except
that repurified anti-band 3 antibodies were eluted in a batch
procedure to minimize dilution.

Complement component C3
C3 was purified24'25 from fresh human plasma. C3 was dialysed
against 150 mM NaCl, 10 mm phosphate, 2 mm EDTA, 50 pg/ml
phenylmethylsulphonylfluoride (PMSF), 0 01% sodium azide
(pH 7 4) and was filtered through 0-2-jm filters into sterile
tubes. C3 was stored at 1-2 mg/ml in aliquots at 4°. Freshly
purified C3 did not contain ax'C3b in its reduced form and could
be activated by trypsin.26 It was free from IgG as judged from
immunoblots.

lodination of antibodies
NOA and preparations of IgG- were labelled with '251-iodine
using chloramine T as an oxidant.27 The reaction was stopped
with metabisulphite and the proteins were gel-filtered over
Sephadex G75 in PBS containing 1 mm EDTA and 1 mM NaI.
The columns and the collecting tubes were pre-rinsed with PBS
containing 1% gelatin. Labelled antibodies were frozen in small
aliquots. The specific activities were estimated from the amount
of iodinated material and by assuming an average recovery of
50% of the iodinated material. This recovery was determined
beforehand in experiments using whole IgG. In experiments
where binding of anti-band 3 antibodies and that of IgG- were
compared, both samples were '251-iodinated in parallel and thus
the error in specific activities was less than 10%. They ranged
from 10 to 27 x 106 c.p.m. per pg protein.

Radioimmune assays
Chemobond plates were purchased from ANAWA AG, Wan-
gen ZH, Switzerland. They were rinsed with distilled water and
coated with either band 3 protein or C3 (20 ug/ml each) at
neutral pH by trapping imines with cyanoborohydride follow-
ing the protocol outlined previously.28 In the case of band 3
protein, the coating solution contained 0-1% Triton X-100.
Unreacted aldehydes were reduced and coated plates were
washed and stored at 40 with the wells completely filled with
wash buffer. Labelled antibodies were added to wells in a total
volume of 150 pl in RIA-buffer (500 mm NaCl, 20 mM Tris,
0 08% sodium azide, pH 7-4) supplemented with 1% gelatin and
0 04% Triton X-100, if not otherwise indicated. Labelled
antibodies were thawed once, resuspended in RIA buffer, and
precentrifuged for 5 min in an Eppendorf centrifuge. Other
additions [50 mg/ml human serum albumin (HSA) (albumin
20%, from the Central Laboratory of Blood Transfusion
Services, Berne, Switzerland) where indicated, the given concen-
trations of C3 or whole IgG] were extensively dialysed against
RIA buffer. Band 3 protein was dialysed against RIA buffer
containing 0-04% Triton. Mixtures were prepared as follows:
labelled antibodies and the various additions were mixed in an
Eppendorf tube with 30 pl of warmed RIA buffer containing
5% gelatin and 0 2% Triton X-100, except in case of band 3
protein, where the RIA buffer was supplemented with 5%
gelatin and the Triton X-100 concentration adjusted to a final
concentration of 0 04%. Triplicates were delivered from this
mixture to wells, if not otherwise indicated. Plates were covered
and agitated at room temperature overnight on a Vary Shaker
(Dynatech, Embrach, Switzerland). Plates were washed three
times with RIA buffer supplemented with 0-04% Triton X-100
and 1% gelatin, three times with 0 9% NaCl, 20 mm Tris, 0-08%
sodium azide (pH 74) and three times with water. Bound
radioactivity per well was determined using a MR 480 gamma-
counter (Kontron, Zurich, Switzerland). Antibody binding is
given in pg or ng/well. The extent of binding was calculated from
the amount of bound radioactivity with background subtracted
and by using the specific activity of the added antibodies. In case
the samples were supplemented with increasing concentrations
of whole IgG that contained unlabelled anti-band 3 antibodies,
the specific activities of the antibodies were corrected for the
serum dilution, assuming an average content of anti-band 3 of
50 ng in 15 mg IgG, as determined earlier.7 When antibody
binding was corrected for that of any IgG, antibody and IgG-
preparations were added at the same concentration and total
radioactivity, bound radioactivity was determined, expressed in
pg/well for anti-band 3 antibodies and IgG-, and the difference
between these values was plotted.

Membranesfrom human red blood cells
Human blood, type 0 Rh+, was collected in heparin and
processed within 1 hr after collection. Red blood cells were freed
from white cells essentially according to ref. 29 and as modified
in ref. 30. Membranes from washed cells were prepared by
hypotonic lysis and serine proteases inactivated as outlined
elsewhere.30

SDS-PAGE
Samples kept in 1% SDS and 5 mM N-ethylmaleimide were
thawed and mixed with electrophoresis sample buffer contain-
ing 40 mm dithiothreitol where indicated. Denaturation was for
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Figure 1. Binding of '25I-iodinated anti-band 3 antibodies (anti-B3) and ofIgG- to polypeptides from red blood cell membranes and to
C3. Membrane proteins (M) (7 5 pg) and 2-5 pg of reduced and unreduced C3 (C3) were denatured for 30 min at 370, run on an
SDS-PAGE, and blotted to nitro-cellulose. Blots were incubated with either 66 ng/ml of labelled anti-band 3 antibodies or IgG-
containing 400,000 c.p.m./ml. Incubation mixtures were supplemented with 10 mg/ml whole human IgG, where indicated (+). The
figure shows autoradiographs of blots and a stained blot from membranes. Similar results were found with several independent
antibody preparations. No significant difference was observed whether blotted material was denatured for 3 min at 100° or for 30 min at
370.

30 min at 370 or for 3 min in a boiling water bath, as indicated.
All samples were then alkylated by adding 50 mm N-ethylmalei-
mide. Electrophoresis on SDS-PAGE was performed on mini-
gels using a modified version of the Neville3' gel system.32
Reduced molecular mass standards (Bio-Rad, Richmond CA)
were loaded where appropriate. The running gel contained 8%
or 10% acrylamide and 2-7% bisacrylamide. Gels were either
electroblotted or stained, dried and exposed to X-Omat Xray
films (Kodak, Lausanne, Switzerland).

Immunoblotting
Red cell membrane polypeptides, reduced or unreduced C3, or a
mixture of both made after alkylation, were electrophoretically
separated. Gels were blotted onto nitro-cellulose as outlined
elsewhere.7 Blots were preincubated for 1 hr at 37° to block
unspecific binding of labelled antibodies by adding buffer R
(0-9% NaCl, 20 mM Tris, 0-08% sodium azide, 50 ,ug/ml PMSF,
pH 7A4) that was supplemented with 2% gelatin. Blots were
incubated overnight at room temperature with the given
labelled antibodies in buffer R supplemented with 1% gelatin,
0 04% Triton X-100 and the additions indicated. Blots were
washed three times with 1% gelatin and 0 04% Triton X-100 in
R buffer, then three times with the same buffer and three times
with buffer R alone by alternating between the two types of
washing solutions. Blots were dried and autoradiographs from
dried blots are shown.

RESULTS

Anti-band 3 antibodies appeared as monospecific NOA when
probed on blots from human red cell membrane polypeptides,
since they bound almost exclusively to band 3 protein (Fig. 1,
M). Despite this specificity they also bound to blotted C3 in its
unreduced and reduced form (Fig. 1). Their binding was
2-4 + 0.37 times (n = 4 independent blots) higher to a than to
PC3, and bound antibody increased 16-20-fold when its
concentration was raised from 50 to 3000 ng/ml (n = 2). Some
binding to C3 appeared as either non-specific or common to all
IgG molecules, since labelled IgG depleted of anti-band 3
antibodies (IgG-) no longer bound to band 3 protein, but
maintained a low binding to C3 and its subunits (Fig. 1, IgG-).

Binding of '251-iodinated
Antf-B3 Anti-C3

Band 3

Reduction + - +

-a31 pC3
1- lCC3

+ - +

Figure 2. Binding of '25I-iodinated anti-band 3 antibodies (anti-B3) and
ofIgG purified on immobilized C3 (anti-C3) to membrane polypeptides
and C3 on blots. Membrane proteins (M) (5 pg) and 2 pg of reduced or
unreduced C3 were denatured for 30 min at 370, run on SDS-PAGE,
and blotted to nitro-cellulose. Blots were incubated with 20 ng/ml of
either antibody containing 1 and 0 92 x 106 c.p.m./ml, respectively.
Autoradiographs are shown from one out of several blots performed
from two anti-C3 antibody preparations. The three unlabelled, heavy
arrows point to minor polypeptides originating from band 3 protein.

Its binding to C3 was suppressed by a 105-fold excess of
unlabelled, whole human IgG (Fig. 1, IgG- + whole IgG). On
the other hand, addition ofthe same excess ofwhole human IgG
to labelled anti-band 3 antibodies lowered, but neither elimi-
nated their binding to band 3 protein nor to aC3. Thus, anti-
band 3 antibodies specifically bound to their antigen, weakly to
aeC3 and even less to intact C3 at their physiological concentra-
tion in the presence of a 1 05-fold excess of other IgG molecules.
The same results were obtained with either 0 04% Triton X- 100
or 0-1% Tween 20 in the binding buffer.

Binding of anti-band 3 antibodies to C3 did not originate
from contaminating antibodies, since repurification on band 3
protein did not eliminate their binding, to C3 (not shown).
Likewise, IgG purified on immobilized C3 bound to C3 and
among red cell polypeptides primarily to band 3 protein and
some other polypeptides. Three of them probably originated
from band 3 protein and also reacted with purified anti-band 3
antibodies (oligomer and two fragments, see heavy arrows in
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Figure 3. Binding of '251-iodinated anti-band 3 (a) and of anti-(band
3 +C3) (b) to covalently immobilized band 3 protein. Labelled anti-
bodies were mixed with 15 mg/ml unlabelled, whole human IgG and
incubated with immobilized band 3 protein in the presence of increasing
concentrations of either band 3 protein or C3 as indicated. In the case of
anti-band 3 antibodies purified by standard procedures (a), binding to
band 3 protein was also studied in the absence of whole IgG. Anti-band
3 antibodies were applied at 133 ng/ml, containing 4-36 x 106 c.p.m./ml,
anti-(band 3 + C3) antibodies were applied at 250 ng/ml, containing
4 4 x 106 c.p.m./ml. Averaged data from triplicates are shown + 1 SD.
Where SD bars are not visible, the SD value was smaller than the
symbols. Similar results were obtained with two different antibody
preparations.

Fig. 2). Thus, the ability to interact with C3 represented a unique
property of anti-band 3 antibodies.

Anti-band 3 antibody binding to C3 could be mediated by
the antigen-binding site, ifthese antibodies had a bispecificity, as

is common among NOA." Binding could, however, be by an

allotypic IgG domain within the Fd fragment or by sites within
the framework of Fab, outside the antigen-binding site. To
characterize their properties, binding was studied using a RIA to

covalently immobilized band 3 protein or C3. Anti-band 3
antibodies bound specifically to band 3 protein, since fluid phase
band 3 protein inhibited binding completely at concentrations
exceeding 200 pg/ml and to 50% by 15-20 pg/ml (Fig. 3).
Competitive inhibition was equally effective whether measured
in the presence or absence of physiological concentrations of
IgG (Fig. 3a). C3, however, did not inhibit their binding to
immobilized band 3 protein at all. Similar results were obtained
with anti-band 3 antibodies that were affinity purified on a 1/1
mixture ofband 3 protein and C3 [anti-(band 3 + C3)] (Fig. 3b).
Furthermore, C3 (500 ug/ml) did not inhibit antibody binding
to band 3 protein in several incubation media, in which fluid
phase band 3 protein was inhibitory (Fig. 4). These results
suggest independent binding sites for band 3 protein and C3.

Anti-band 3 antibody binding to covalently immobilized C3
was somewhat more difficult to determine, since IgG- also

~~~~~~~~~~~NoadditionOt 80 _t E E [ 1~~~~3+ 500 pg/ml C3
0 + 300 pg/ml band 3

3_10540
.020C

< 0

~0
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No IgG + IgG NoIgG, + IgG,
+ HSA + HSA
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Figure 4. Anti-band 3 binding to immobilized band 3 protein and C3 as a

function of the incubation medium. Anti-band 3 antibodies and, in
control assays, IgG- preparations were applied at 150 ng/ml, contain-
ing 4 x 106 and 3-7 x 106 c.p.m./ml, respectively, to immobilized band 3
protein or C3. The incubation medium was varied and contained,
besides 1% gelatin in RIA-buffer, no addition (no IgG); 15 mg/ml
whole, unlabelled IgG (+ IgG); 50 mg/ml HSA (no IgG, + HSA); or

15 mg/ml whole, unlabelled IgG and 50 mg/ml HSA (+ IgG, + HSA).
The media were further supplemented with 500 ,ug/ml C3 or 300 pg/ml
band 3 protein where indicated. The anti-band 3 specific binding was

determined by subtracting the extent of binding observed with IgG-.
Averaged data from triplicates are shown + 1 SD.

bound to C3, primarily in the absence of unlabelled IgG (see
Fig. 1). Thus, binding of anti-band 3 antibodies was corrected
for that of any IgG, by subtracting the extent of binding
determined for labelled IgG- (Fig. 4). Anti-band 3 binding to
C3 was about ten times lower to C3 than to band 3 protein in
several incubation media. Fluid phase C3 at 500 yg/ml partially
inhibited their binding to C3 by 20-25% in the absence ofwhole
IgG. Band 3 protein at 300 pg/ml did not inhibit anti-band 3
binding to C3 in any of the incubation media (Fig. 4). This again
suggests that the binding sites for band 3 protein and C3 differ
from each other. Whole human IgG added at an excess of 105-
fold appeared to compete with anti-band 3 antibodies for C3,
since it lowered anti-band 3 binding to C3 by 60 to 75% (Fig. 4,
+ IgG). Most interestingly, fluid phase band 3 protein stabi-
lized anti-band 3 binding to C3, when human serum albumin
was present, but not when it was absent (Fig. 4). In fact, the
addition of 300 yg/ml ofband 3 protein overcame the inhibitory
effect of IgG and enhanced anti-band 3 binding to C3 by 2-3-
fold compared to the assay without band 3 protein.

Binding of anti-band 3 antibodies and whole IgG to C3 was

further differentiated by studying antibody binding in the

presence of increasing concentrations of whole human IgG
(Fig. 5). Fluid phase C3 (0-1 to 1 5 mg/ml) inhibited anti-band 3
antibody binding to immobilized C3 significantly at IgG/
antibody ratios of up to 104, but remained ineffective at and
above a ratio of 105 (Fig. 5). This suggests that anti-band 3
binding to C3 was considerably better than that of the remaining
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Figure 5. Binding of labelled anti-band 3 and anti-(band 3 + C3)
antibodies to immobilized C3 in the presence of increasing concen-
trations of whole, unlabelled IgG and fluid phase C3. Antibodies or
IgG- were added at 100 ng/ml, containing 2-93 x 106 c.p.m./ml, to
immobilized C3 in the presence or absence of 0 1-1 5 mg/ml C3 and
increasing concentrations of whole, unlabelled IgG. Binding was
corrected for that observed with IgG- and is plotted against a ratio of
the total IgG concentration over that of labelled antibodies. Averaged
data from triplicates are shown + 1 SD where indicated. Results from
samples with high concentrations of C3 were averaged from duplicates.
Binding of antibodies in the absence of C3 is also shown in form of a
regression curve (fine lines). Similar results were obtained in the absence
of detergent and with two independent antibody preparations.

IgG molecules. The regression curves show an almost linear
decrease with increasing IgG/antibody ratios. Maximum inhibi-
tion required 15 mg/ml C3 and the specific binding to C3
reached 50% of its original value at an IgG/anti-band 3 ratio of
102. Thus, the affinity ofanti-band 3 antibodies for C3 was about
102 times that of whole IgG.

DISCUSSION
Binding data establish the presence of a unique binding site for
C3 on anti-band 3 NOA. The data cannot define a C3 binding
site in molecular terms, since they originated from an affinity-
purified fraction of pooled, human IgG rather than an IgG
subclass.

Anti-band 3 antibodies were mono- rather than polyspecific
and bound almost exclusively to band 3 protein among red cell
polypeptides. Unlike anti-cardiolipin NOA" they were not bi-
specific via Fab, since C3 did not compete for their Fab-
dependent binding to band 3 protein. Likewise, fluid phase band
3 protein did not inhibit their binding to immobilized C3.

Instead band 3 protein even increased their binding to C3 by
2-3-fold in the presence of physiological concentrations of IgG
and human serum albumin. This finding strongly suggests
independent binding sites and is best explained by assuming that
fluid phase band 3 protein stabilized anti-band 3 antibodies
loosely associated with C3 in the presence of human serum
albumin. Thus, the C3 binding site is most likely located outside
the antigen-binding domain, presumably within the Fd region
or the framework portion of the Fab.

The binding of anti-band 3 antibodies to C3 was quantitati-
vely and qualitatively different from that of other IgG molecules
(IgG-), since anti-band 3 antibodies bound preferentially to
aC3 and their binding to aC3 was lowered but not eliminated by
a 105-fold excess of whole IgG. It appears as if all IgG have a
weak affinity for both polypeptides of C3.33 In addition, purified
anti-band 3 antibodies have an extra affinity for aC3 and less for
intact C3. Anti-band 3 binding to immobilized C3 was to native
C3, since fluid phase C3, which contained no noticeable C3b,
effectively inhibited their binding to immobilized C3. Their
estimated association constant was 2 x 105 I/mol for C3 and
5-7 x 106 I/mol for band 3 protein.

The affinity for native C3 may render anti-band 3 antibodies
preferred targets of nascent C3b and may result in a preferential
formation of C3b-anti-band 3 complexes. A preferred genera-
tion of C3b-IgG complexes provides potency, because C3b-
IgG complexes (1) represent the best opsonins, when generated
on antigen-bound IgG;34 and (2) nucleate alternative comple-
ment C3 convertases 30 times better than free C3b.35 The reason
for this is that C3b covalently bound to IgG is protected from
inactivation by factor H- and I-dependent proteolysis.35 Their
affinity was only 102 times higher than that of the bulk IgG, but
this increment may be sufficient to render these antibodies
functional at low concentrations and with low affinity for their
antigen. Accordingly, they stimulated C3b deposition to oxi-
datively stressed red blood cells and enhanced their phago-
cytosis.'9
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