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ABSTRACT  We recently described the isolation from
human serum of a serum protein (C4 binding protein) that
functions as an essential cofactor for C3b inactivator in the
e{,oteolysis of fluid-phase C4b and, to a much lesser extent, C3b.

e show here the role of C4 binding protein in the formation
and function of the classical pathway C3 convertase (C42). C4
binding protein interferes with the assembly of the mem-
brane-bound C3 convertase of the classical pathway and ac-
celerates the decay of C42 in a dose-dependent fashion. Its re-
moval from serum by means of specific immune absorption
promotes the vigorous consumption of C3 after addition of CI;
this effect is abolished by reconstitution with purified C4
binding protein.

Although C4 bindinﬁ rotein inhibits the hemolytic function
of cell-bound C4b, we is not detect any change in the structure
of C4b even after prolonged incubations of EAC14 with C4
binding protein. For this reason, and on the basis of studies of
the time required for maximal reactivity (Tpna,) of cellular in-
termediates generated in the presence of C4 binding protein and
limited amounts of C2, we conclude that the eftects of C4
binding protein are probably mediated by displacing C2a from
specific binding sites on C4b. In addition, C4 binding protein
enhances the cleavage by C3b inactivator of the &' chain of
cell-bound C4b. When EAC14 cells were incubated with both
control proteins, the T, of the cells was rolongbed and the lysis
was markedly diminished. We conclude tﬁat C4 binding protein
and C3b inactivator control the C3 convertase of the classical
pathway in a fashion similar to that described for 81H and C3b
inactivator in the alternative pathway.

The classical complement pathway is initiated by the interac-
tion of antigen-antibody complexes with the first component
of complement, C1 (1, 2). The bound C1 develops proteolytic
activity (C1) (3) that is responsible for the activation of C4 (4)
and C2 (5) and the formation of an enzymatic active complex
(C4b2a or C42), the C3 convertase (6), which mediates the
cleavage of C3 into C3a and C3b. The C42 enzyme is labile due
to the decay of C2 (C2a) (7), but it can be regenerated on the
residual C4 (C4b) by the uptake of additional C2 and its
cleavage by C1 (7).

The orderly progression of the classical pathway is modu-
lated, in part, by this instability of the C42 enzyme (7). In this
paper we describe a previously unrecognized control of the
classical C3 convertase by a normal serum protein, C4 binding
protein (C4-bp) (8). This protein serves as a cofactor for the
enzyme C3b inactivator (C3bINA) in the further degradation
of fluid-phase C4b (9, 10) and, to a lesser extent, C3b (11, 12).
The experiments described here demonstrate that C4-bp acts
as a modulator of the C42 enzyme, accelerating the decay of
C2a. In addition, they show that C4-bp participates, in con-
junction with C3bINA4, in the inactivation of the hemolytically
active C4b bound to the erythrocyte membrane, thereby pre-
venting the regeneration of the classical pathway convertase.
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MATERIALS AND METHODS

Buffers. Veronal-buffered saline (pH 7.5), 0.15 M, containing
0.1% gelatin (GVB); GVB containing 0.15 mM CaCl; and 0.5
mM MgCl, (GVB2+); 75 mM dextrose/veronal-buffered saline
(DGVB?*); and 40 mM EDTA buffer in GVB (EDTA GVB)
were prepared as described (13).

Purified Complement Components. Guinea pig (13) and
human C1 and Cls (14), human C4 (15), C2 (16), oxidized C2
(17), C4-bp (8), S1H, and C3bINA (18, 19) were purified by
published techniques. C4 was radiolabeled with 1251 as de-
scribed (20); the specific activity was =3 X 10° cpm/ug of
protein. These proteins were quantitated either by hemolytic
techniques or by determination of their protein concentration
by the method of Lowry et al. (21) or by their absorbance at 280
nm, assuming that an absorptivity 1.0 equals 1 mg of protein
per ml. _

Cellular Intermediates and Assays. EA and EAC1 were
prepared from sheep erythrocytes as described and converted
to EAC14 by using highly purified C4 at a concentration of 6
ug/1 X 108 cells (22). The specific activity of C4 was 1.1 X 1010
units/ug of protein. The C4 deposited on the cellular inter-
mediate represented 10% of the C4 input, as assessed by uptake
of 1%]-labeled C4. C4, C2, and C3 were measured by hemolytic
titrations (23). Rat serum diluted 1:20 in EDTA GVB was used
as a source of C3-C9. C5, C6, C7, C8, and C9 used in C3 ti-
trations were purchased from Cordis Laboratories (Miami,
FL).

Depletion of C4-bp from Normal Human Serum. Rabbit
antiserum against C4-bp was prepared by injecting rabbits with
purified C4-bp incorporated in complete Freund’s adjuvant.
By crossimmunoelectrophoresis the antiserum reacted against
a single protein in human serum and against purified C4-bp.
The IgG fraction of this antiserum, obtained by DEAE-cellulose
chromatography, was coupled to CNBr-activated Sepharose
4B (Pharmacia), following directions from the manufac-
turer. :

Serum depleted of C4-bp was obtained by passage of 2 ml
of fresh normal human serum containing 20 mM EDTA
through an anti-C4-bp immunoabsorbent column equilibrated
with EDTA GVB. The effluent was concentrated to the original
serum volume by ultrafiltration.

Structural Analysis of Fluid-Phase and Cell-Bound 125]-
Labeled C4. Slab-gel sodium dodecyl sulfate (NaDodSOy)/
polyacrylamide electrophoresis was performed as described by
Laemmli (24). .

Cellular intermediates carrying 125I-labeled C4 were lysed

Abbreviations: C4-bp, C4 binding protein; C3bINA, C3b inactivator;
C42, classical pathway C3 convertase; DGVB2*, half-isotonic Vero-
nal-buffered saline/0.1% gelatin/ 0.5 mM MgCly/0.15 mM CaClg/
2.5% dextrose; DGVB-EDTA, half-isotonic Veronal-buffered saline/
0.1% gelatin/10 mM EDTA/2.5% dextrose; EDTA GVB, Veronal-
buffered saline/40 mM EDTA; NaDodSOy, sodium dodecyl sulfate.
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in 50 mM Tris-HCI, pH 6.8/2% NaDodSO,/6 M urea/5% 2-
mercaptoethanol. The samples were heated for 3 min in boiling
water and applied to 7.5% NaDodSO,/polyacrylamide gels.
After electrophoresis, the gels were stained, dried, and sliced
into 1-mm segments, and radioactivity was measured. Immu-
noprecipitation was performed as described (22).

RESULTS

Inhibition of Hemolytic Activity and Structural Modifi-
cation of Cell-Bound C4b (EAC14) by C4-bp and C3bINA.
As shown previously, fluid-phase C4b is cleaved by the serum
enzyme C3bINA only in the presence of C4-bp (10). To eluci-
date whether these proteins also participate in the inactivation
of cell-bound C4b, we performed the following experiments.
EAC14 cells, prepared with 1%]-labeled C4, were divided into
four 4-ml samples at a concentration of 1 X 108/ml and incu-
bated with 1 ml of either DGVB2* alone or DGVB?* containing
20 ug of C4-bp, 3 ug of C3bINA, or C4-bp and C3bINA. After
2 hr at 37°C, the cells were centrifuged and the radioactivity
of the supernatants was measured. The cells were washed three
times with cold DGVB2* and resuspended in the same buffer
at 1 X 108/ml. Aliquots of each cell sample were saved for
structural analysis of the deposited 125I-labeled C4b. The he-
molytic activity of each sample of EAC14 cells was measured
by determining its ability to form C42 in the presence of a
limited C2 input as follows. The four samples of EAC14 cells,
warmed to 30°C, were mixed with an equal volume of C2, di-
luted to generate approximately two hemolytic sites, and in-
cubated at 30°C. At zero time and intervals thereafter, 0.5-ml
samples were removed from each mixture and added to 0.75
ml of rat complement diluted in EDTA GVB to measure C3
convertase activity. After 60 min of incubation at 37°C, lysis
of the erythrocytes was determined.

As seen in Fig. 1, the number of SC42 generated (Z) was
markedly reduced in the samples in which the EAC14 cells
were incubated with C4-bp and C3bINA. Moreover, the time
of maximal reactivity (T max) of the EAC14 cells, which reflects
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FIG. 1. Time of maximal reactivity (T'max) of EAC14 (125]-labeled
C4) after treatment with DGVB2+ alone (0) and DGVB2+ plus
C3bINA (a), C4-bp (@), or C4-bp and C3bINA (a). Cells were
washed and mixed at 0 time with limited C2. Final concentrations of
C4-bp and C3bINA were 20 and 3 ug/ml, respectively. Z represents
the number of C142 formed and equals the natural negative log of
(1 = % lysis).
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the number of hemolytically active EAC14, was prolonged to
more than 6 min as compared to the 3.5 min observed in the
sample incubated with buffer. Cells treated with C4-bp alone,
although their T,y did not change, consistently exhibited a
lower lysis than controls. C3bINA slightly diminished the re-
activity of the EAC14 cells. This inhibition was concentration
dependent. However, even at concentrations higher than
present in normal serum, C3bINA inhibited only 30% of he-
molysis of EAC14 and the T of the cells remained the same
as that of the control.

The structural changes of cell-bound C4b mediated by
C3bINA and C4-bp are shown in Fig. 2. Aliquots of the EAC14
(1%5]-labeled C4) cells used in the experiment above were
treated as described in Materials and Methods and applied to
NaDodSO,/polyacrylamide gels. After electrophoresis, the gels
were dried and cut into 1-mm slices, and radioactivity was
measured in a gamma counter. The results showed the expected
o, 8, and + chains of C4b in the samples incubated with buffer
alone and with C4-bp, whereas the samples incubated with
either C3bINA or with C3bINA and C4-bp revealed three
additional bands of radioactivity (a2, a3, and «4). No high
molecular weight material was observed on top of the gel. The
supernatants corresponding to the latter contained C4c (a3, o4,
B, and 4 chains), as demonstrated by immunoprecipitation with
antibody against C4, followed by NaDodSO4/polyacrylamide
gel electrophoresis and autoradiography (not shown). The su-
pernatant of cells incubated with buffer or C4-bp contained
only C4b (¢, B, and 7 chains).

Acceleration of Decay Rate of Classical Pathway C3
Convertase by C4-bp. The effect of C4-bp on the decay of
EACI42 was investigated kinetically. EAC142 were generated
by incubating EAC14 cells at 1 X 108/ml with an equal volume
of C2 diluted in DGVB2* (2.5 hemolytic units/ml). The cells
were washed in ice-cold DGVB2*, resuspended at 1 X 108 cells
per ml, and divided into four equal samples. One aliquot re-
ceived 6 ml of DGVB?*, the other three received equal volumes
of DGVB2?* containing C4-bp at final concentrations of 3, 1.5,
and 0.75 ug/1 X 108 cells. The mixtures were incubated at
30°C, and 1-ml samples were removed from each tube at time
intervals to measure the residual C3 convertase activity. As
shown in Fig. 3A, the half-life of the C42 enzyme in buffer
alone was 7.5 min, and it diminished with increasing concen-
trations of C4-bp. The loss of convertase activity followed
first-order kinetics at each concentration of C4-bp.
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F1G. 2. Distribution of radioactivity in slab-gel electrophoresis
of cellular intermediates carrying 125I-labeled C4 (EAC14) after
treatment with DGVB2* alone (4) and DGVB2* plus C3bINA (B),
C4-bp (C), and C4-bp and C3bINA (D). Concentrations of C4-bp and
C3bINA are as for Fig. 1.
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FIG. 3. (A) Decay rate at 30°C of EAC142 incubated with
DGVB?2+ alone (0) or with DGVB2* plus C4-bp at concentrations of
3.0 (m), 1.5 (a), and 0.75 (®) ug/1 X 108 cells. (B) Decay rate at 30°C
of EAC142 prepared with oxidized C2. Cells were incubated with
DGVB2+ alone (0) or with DGVB?2* plus C4-bp at concentrations of
10 (®) and 25 (A) ug/ml. In A and B, the ordinate depicts the hemo-
lytic activity of the EAC142 during the decay time, which is repre-
sented by the abcissa.

In a similar experiment, we demonstrated that C4-bp ac-
celerated the decay of the more stable C3 convertase prepared
with oxidized C2 (Fig. 3B). The half-life of the stabilized con-
vertase in buffer alone (80 min) was shortened to 20 min in the
presence of C4-bp (25 ug/ml). At the same concentration, G1H,
which is the accelerating factor for decay of the alternative
pathway C3 convertase, failed to affect the decay rate of both
EAC142 and EAC14°%2.

Effect of C4-bp on Formation and Regeneration of Clas-
sical Pathway C3 Convertase. Because C4-bp accelerated the
functional decay of stabilized and unstabilized C3 convertase,
its capacity to prevent the formation and regeneration of the
C42 convertase was examined. EAC142 cells (1 X 108/ml),
prepared with a large excess of C2, were incubated for 2 hr in
DGVB?* alone or in DGVB2* containing C4-bp (10 ug/1 X 108
cells). Samples of EAC14 cells were similarly treated. The four
reaction mixtures were washed twice in cold DGVB2* and
resuspended in the same buffer, warmed to 30°C, which con-
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tained C2 at a concentration of approximately 1 hemolytic unit
per cell. Incubation of the mixtures at 30°C was initiated im-
mediately upon mixing and the formation of C3 convertase was
measured at time intervals.

As shown in Fig, 4, both the EAC142 that had been incubated
in buffer and the original EAC14 cells were equally lysed and
had a Tax of 2.5 min. On the other hand, much less lysis was
observed in the tubes containing EAC14 or EAC142 cells de-
cayed in the presence of C4-bp. The T pqx of these cells was,
however, unaltered. These data suggest that C4-bp remains
bound to the cells carrying C4b even after several washings and
inhibits the expression of the C3 convertase probably by ac-
celerating the decay of the enzyme or preventing the binding
of C2 (or both). That this may be the case is shown by the fol-
lowing experiment. EAC14 cells were incubated for 1 hr at
30°C with either buffer alone or buffer and C4-bp at a con-
centration of 10 ug/1 X 108 cells, washed several times, and
converted to EAC142 with a relative excess of C2. After
washing, the half-life at 30°C of the convertase formed on the
control cells was 9 min, whereas that formed on the cells that
had been incubated with C4-bp and washed prior to the addi-
tion of C2 was 5 min.

The efficiency of C4-bp in preventing the formation of the
C3 convertase was concentration dependent. Duplicate samples
of a total of 5 X 108 EAC14 cells in volumes of 0.5 or 5 ml were
incubated at 37°C for 2 hr with 1 ml of C4-bp (10 ug) or of
buffer. The cells were washed, and each sample was resus-
pended to a concentration of 1 X 108/ml and used to measure
T max. Marked inhibition of C42 formation occurred only in
those samples prepared with higher concentrations of cells and
C4-bp per unit volume. C4-bp was effective at concentrations
of less than 10 ug/ml, which represents about 4% of the normal
serum levels (£250 ug/ml).
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FIG. 4. Tyax of EAC14 (A,0) and EAC142 (A,®) incubated ei-
ther in DGVB2* alone (A,A) or in DGVB2* plus C4-bp (10 ug/1 X 108
cells) (0,®). After the cells were washed, they were mixed with a
limited concentration of C2. Samples were removed at time intervals
and lysed with rat serum diluted 1:20 in EDTA GVB. The ordinate
represents the number of hemolytically active EAC142 generated at
each time of sampling.
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FIG. 5. Consumptibn of C3 (Lower) and C4 (Upper) in sera de-
pleted of C4-bp (O) or in sera in which C4-bp had been reconstituted
(@). Complement activation was initiated by addition of 5 ug of
Cls.

Formation of C3 Convertase in Normal Human Serum Is
Controlled by C4-bp. The previous experiments demonstrate
that C4-bp controls the assembly and function of the classical
pathway C3 convertase generated with purified reagents, but
did not address themselves to the function of C4-bp in normal
human serum. This question was studied in the following ex-
periment. Duplicate samples of 40 ul of serum depleted of
C4-bp by passage through a specific immunoabsorbent column
were incubated at 37°C. One sample was reconstituted with
40 pl of GVB2* containing purified C4-bp (15 ug) and the other
with buffer alone. Five micrograms of Cls was added to both
samples in a volume of 10 ul. At zero time and at time intervals
thereafter, 10-ul samples were removed and titrated for residual
C4 and C3 activity. As seen in Fig. 5, C4 was inactivated by Cls
equally in the presence or absence of C4-bp. In contrast, C3 was
consumed only in serum samples from which C4-bp had been
removed. Addition of C4-bp to the depleted serum prevented
cleavage of C3. Taken together, these data demonstrate that
both with purified reagents and in normal human serum C4-bp
controls the expression of the classical pathway C3 conver-
tase.

DISCUSSION

Control of the classical pathway C3 convertase is critical to the
regulation of the activation of the complement system and may
well determine whether the initial activation of the classical
pathway leads to the sequential utilization of the late-acting
components as well as the recruitment of the alternative
pathway through the amplification loop. Because the proteo-
lytic site for C3 cleavage in the classical pathway convertase
resides on the C2a fragment (25) and is expressed only during
the binding of this fragment to C4b, release of C2a in the form
of C2i results in the loss of convertase function and serves as the
inherent control of the enzyme (26).

We show here that the decay of the classical pathway C3
convertase is considerably augmented by the high molecular
weight, normal serum protein C4-bp. The effect of C4-bp is
dose related (Fig. 34), and the accelerated decay of C42 con-
tinues to follow first-order kinetics. This suggests an immediate
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and progressive action of C4-bp on the convertase, possibly by
means of an increased disassociation of C2a from the C4b site.
The capacity of C4-bp to accelerate loss of convertase function
is also apparent on the stabilized enzyme prepared with oxi-
dized C2 (Fig. 3B). The amount of C4-bp required is severalfold
greater, though still within its physiological concentration. It
seems likely that there is a relationship between C4-bp and two
proteins described in guinea pig serum, a decay accelerating
factor (27) and a serum a-globulin (28).

C4-bp also interferes with the formation and regeneration
of the classical pathway C3 convertase (Fig. 4). Cell-bound C42
that had been decayed in the presence of C4-bp could still ex-
press convertase function if incubated in the presence of fresh
C2. However, the enzyme formed on the decayed and C4-
bp-treated erythrocyte intermediate had a shorter half-life than
expected. This suggests that C4-bp remained associated with
the cells and inhibited subsequent expression of the convertase
activity without altering the number of the available C14
sites.

In contrast, irreversible loss of function of EAC14 is brought
about by the concerted action of C3bINA and C4-bp. The ob-
served increase in the T, (Fig. 1) indicates that the number
of hemolytically active sites has been reduced. C3bINA and
C4-bp also inhibited the ability of EAC14 and EACA cells to
lyse upon subsequent exposure to C4-deficient sera, whereas
these proteins failed to alter the hemolytic activity of EACI or
EA (not shown). .

It is likely that the effects of C3bINA and C4-bp on EAC14
are the consequence of the cleavage of the o’ chain of C4b and
release in the fluid phase of the C4c fragments (Fig. 2). The
activity of C3bINA alone on EAC14 was much less pronounced.
Only at relatively high concentration did it alter the total he-
molytic activity of the cells without affecting its Tmax. Also,
although it cleaved the o’ of C4b, much less C4c was released
in the supernatant. These findings confirm and extend the
observations of Cooper (29) and Whaley and Ruddy (30) and
are in sharp contrast with the observed lack of effect of C3bINA
on the structure of fluid-phase C4b (10, 11). It is possible that
the site on the o’ chain of C4b that is susceptible to cleavage by
C3bINA is available only after binding to C4-bp or the cell
membrane.

In view of the high concentrations of C4c found in the serum
of patients with hereditary angioedema (31) in the presence of
normal C3 levels, it was of interest to investigate the role that
C4-bp may have in controlling the function of the classical
pathway C3 convertase in whole serum. The results of those
experiments are shown in Fig. 5. Depletion of C4-bp from
whole sera prior to addition of C1s allows the cleavage of C3,
whereas reconstitution of the sera with purified C4-bp inhibited
the inactivation of C3; yet both samples yielded the same uti-
lization of C4.

In short, the activity of C4-bp on C4b,2a appears to be very
similar to that of 81H on the function of C3bBb, the alternative
pathway C3 convertase (32, 33). The control proteins appear
to inhibit enzymatic function by competitively displacing either
C2a or Bb and by serving as cofactors for cleavage of C4b or
C3b or both. These findings further support the idea that the
proteins that form the C3 convertase of the classical and alter-
native pathways and those that control their functions are ho-
mologous and may have originated by gene duplication. If this
is correct, C4-bp and $1H may have a common origin.

We thank Mr. John Sorvillo for his excellent technical assistance. This
work was supported by Grants CA 16247, Al 13809, and Al 08499,

from the National Institutes of Health.



6600

10.
11.
12.
13.
14.
15.

16.

Immunology: Gigli et al.

Angener, W., Grey, H. M., Cooper, N. R. & Muller-Eberhard,
H. J. (1971) Immunochemistry 8, 1011-1020.
Muller-Eberhard, H. J. (1975) Annu. Rev. Biochem. 44, 697-
724.

Becker, E. L. (1956) J. Immunol. 77, 462-468.

Lepow, 1. H,, Naff, G. B., Todd, E. W., Pensky, J. & Hinz, C. F.,
Jr. (1963) J. Exp. Med. 117, 983-1008.

Polley, M. J. & Muller-Eberhard, H. J. (1968) J. Exp. Med. 128,
533-551.

Muller-Eberhard, H. J., Polley, M. J. & Calcott, M. A. (1967) J.
Exp. Med. 125, 359-380.

Borsos, T., Rapp, H. J. & Mayer, M. M. (1961) J. Immunol. 87,
326-329.

Scharfstein, J., Ferreira, A., Gigli, I. & Nussenzweig, V. (1978)
J. Exp. Med. 148, 207-222.

Shiraishi, S. & Stroud, R. M. (1975) Immunochemistry 12,
935-939.

Fujita, T., Gigli, I. & Nussenzweig, V. (1978) J. Exp. Med. 148,
1044-1051.

Nagasawa, S. & Stroud, R. M. (1977) Immunochemistry 14,
T749-756.

Fujita, T. & Nussenzweig, V. (1979) J. Exp. Med. 150, 267
276.

Nelson, R. A., Jensen, ]., Gigli, I. & Tamura, N. (1966) Immu-
nochemistry 3,111-135.

Gigli, L, Porter, R. R. & Sim, R. B., (1976) Biochem. J. 157,
541-548.

Gigli, I, von Zabern, 1. & Porter, R. R. (1977) Biochem. ]. 165,
439-446.

Kerr, M. A. & Porter, R. R. (1978) Biochem. J. 171, 99-107.

17.

18.
19.

20.

21.

24.

26.

27.

Proc. Natl. Acad. Sci. USA 76 (1979)

Polley, M. J. & Muller-Eberhard, H. J. (1967) J. Exp. Med. 126,
1013-1025.

Whaley, K. & Ruddy, S. (1976) J. Exp. Med. 144, 1147-1163.
Fearon, D. T. & Austen, F. K. (1977) Proc. Natl. Acad. Sci. USA
74, 1683-1687.

David, G. S. & Reisfeld, R. A. (1974) Biochemistry 13, 1014
1021.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.
(1951) J. Biol. Chem. 193, 265-275.

Ferreira, A., Nussenzweig, V. & Gigli, 1. (1978) J. Exp. Med. 148,
1186-1197.

Rapp, J. H. & Borsos, T. (1970) in Molecular Basis of Comple-
ment Action (Appleton-Century-Crofts, Meredith, New York),
pp- 75-111.

Laemmli, U. K. (1970) Nature (London) 227, 680-685.
Sitomer, G., Stroud, R. & Mayer, M. M. (1966) Immunochemistry
3, 57-69.

Stroud, R. M., Mayer, M. M., Miller, J. A. & McKenzie, A. T.
(1966) Immunochemistry 3, 163-176.

Burger, J., Nicholson, A., Rowe, M. & Austen, K. F. (1979) Fed.
Proc. Fed. Am. Soc. Exp. Biol. 38, 1010 (abstr.)

Opferkuch, W., Loos, M. & Borsos, T. (1971) J. Immunol. 107,
3183 (abstr.).

Cooper, N. R. (1975) J. Exp. Med. 141, 890-903.

Whaley, K. & Ruddy, S. (1976) J. Exp. Med. 144, 1147-1163.
Shiraishi, S. & Stroud, R. (1975) Immunochemistry 12, 935-
939.

Whaley, K. & Ruddy, S. (1976) Science 193, 1011-1013.
Weiler, J. M., Daha, M. R., Austen, K. F. & Fearon, D. T. (1976)
Proc. Natl. Acad. Sci. USA 73, 3268-3272.



