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tects C3b against inactivation by factors I and H (15, 16).
The exact mechanism by which P stabilizes the C3 confound to mediate properdin (P) binding. Treatment of vertase and the structural requirements involved in this
the M, 40.000 fragment withCNBr generated one ma- stabilization are unknown.Toward this, we have made some
jor M, 17.000 fragment that was capable of binding
P. progress by localizing the P-binding domain in the
C 3 molAmino acid sequence data placed theM, 17,000 frag- ecule. Using isolated polypeptides of C3, it was found that
mentwithin residues 1385 to 1540 of the C 3 se- the P-binding site is localized within the M, 40,000 C-terquence. After analyzing this sequence for highlycon- minal a-chain fragment of C 3 (1 7).
served segments within the C3fromother species
In this study, using CNBr fragments of the M , 40,000
(which bind P) andsegments of low similarity within fragment and synthetic peptides, we were able to localize
human C4. mouse C5, and a,-macroglobulin (which the P-binding site ainsegment spanning amino acids 1402
do not bind P),a 34-amino acid (1402 to 1435)peptide
to 1435 of the C3sequence. A syntheticpeptidecorrewas synthesized. This synthetic peptide bound to P
sponding
to this region, in additionto binding P, exhibited
and inhibitedits binding to C3b. In addition, it exhibitednegativeregulatoryactivity
on the alternative negative regulatory activity in the activation of the alterpathway as it inhibited the lysis of rabbit erythrocytes native pathway.

In this study, a peptide of 34 amino acids from the
M, 40,000 C terminus a-chain fragment of C 3 was

by normal human serum. Theseresults show that the
P-binding site is located within the residues 1402 to
1435 of the C 3 sequence.

The third component of C, C3, is the most abundant C
protein in serum (1.2
mg/ml) and plays a pivotal role in the
C system by interacting with other C components and C
R. Among the ligands that interact with the different C 3
degradation products are: C5;P;3 factors I, H, and B; CR1
(C3b-R);CR2 (C3d-R);CR3 (iC3b-R);CR4, C3a-R; and gp4570 (for review, see References 1 to 6). In addition to the
above ligands, several other proteins suchas conglutinins
( 7 , 8) glycoprotein C of herpes simplex virus (9). and laminin (10)have been found to react with different fragments
of C3. The natureof these interactions and the
involvement
of the different binding sites in multiple interactions is
largely unknown. P is a molecule of polydisperse nature
comprised of a set of cyclic polymers which are constructed
from single, highly asymmetric protomers( 1 1, 12).It is one
of the six glycoproteins (concentration in serum 5 pg/ml)
comprising the alternative pathway of C, where its principal function is to stabilize the labile C3/C5 convertase,
C3bn,Bb. Studies on patients with P deficiency and susceptibility to meningococcal infection have indicated that
P is essential for optimal C activation (13, 14).In addition
to its enhancementeffect on theconvertase activity, P pro-
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MATERIALS AND METHODS

Preparation of CNBrfragments of M , 40,000fragment. TheM , 40,000
C-terminala-chain fragmentof C3 was purified
as previously described
(18). The generation and isolation of its CNBr fragments were performed by methods described previously ( 19).
Peptidesynthesis. Peptides representing residues 1402 to 1435 (M34),
1187 to 1205 (P28), and 924 to 966 (K42)
Fig.(see
4 ) of the C3 sequence
(20)were synthesized, using an
Applied Biosystems 430A synthesizer,
employing the standard solid phase method on 4-methylbenzyhydryamine resin (21, 22). The peptides
were deprotected andremoved from
the resin by anhydrous hydrogen fluoride in the presence of anisole
(23).Next, the peptideswere purified by HPLC on a C18 reversed phase
column (Vydac, Hesperia, CA) and their amino acid sequence was confirmed by Edman degradation (24). l Z 5 I labeling of peptide was done
by the chloramine T method (25).
Amino acid sequence analysis. Sequence determination wasperformed in a Applied Biosystems 470A gas phase sequencer with
an online 120A RH-analyzer (26).
Assays for binding of P to C3b and synthetic peptides. Threedifferent assays were employed: 1) The direct binding of P to C3b and
other C3 fragments,
as well as the inhibitoryeffect of synthetic peptides
on this binding, was tested
by an ELISA described elsewhere (17).
Briefly, microtiter wells were coated (overnight. 4°C) with 50 p1 of C3b
or its fragmentsI10 pgiml). Wells were washed and saturated with
PBS
containing 1% OVA (30 min. 22°C). Next. 50 p1 of P or serum, serially
diluted. were allowed to react with the C3b or its fragments (30 min
22°C). Bound P was detected with a monoclonal anti-P antibody (Cytotech, S a n Diego. CA) or a polyclonal anti-P antibody (AtlanticAntibodies. Scarborough. ME) and the corresponding peroxidase-conjugated rabbit anti-mouseIg or rabbit anti-goat Ig. For the inhibition of
P binding to C3b by synthetic peptides or fluid phase C3b. 20 ng P
was preincubated (15 min, 22°C) with different amounts of peptides
(16 to 1000 p M ) or C3b (0.3 to 19 p M ) before addition to C3b-coated
plates. 2) The direct bindingof peptides to P was tested as previously
described for the binding of estradiol to its R (27). Briefly, 100 nM P
or anequal amountof factor H in PBS was incubated (48 22°C)
h,
with
M34. The protein-peptidecomplexes were separated
200 nM L251-labeled
from free peptide by gel filtration on a Sephadex G-50 (Pharmacia,
Uppsala, Sweden) column (50 x 1.8 cm) equilibrated in PBS. 3) The
effect of synthetic peptides on alternative pathway activation was measured by quantitating the lysis of RaE by normal human serum (28).
The inhibition of RaE lysis by the different synthetic peptides was
calculated in relation to that obtained with serum in the absence of
any peptide (50%lysis).
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RESULTS

Localization of the P-binding site to a M, 17,OOOfragment of C 3 . To localize further the P-binding site, CNBr
fragments of the M, 40,000 C-terminal a-chain fragment
were generated. The CNBr fragments were isolated by reversed-phase HPLC (Fig. 1).Analysis of the different HPLC
fractions by ELlSA for binding to P revealed that only the
fractions 25 and 26 boundP. SDS/PAGE analysis showed
that these fractions contained aM, 17,000 fragment (data
not shown). Edman degradation
of this fragment found the
10 amino-terminal residues to be
Thr-Gly-Phe-Ala-Pro-AspThr-Asp-Asp-Leu.Comparing this sequence with the amino
acid sequence predicted from the C3 cDNA, and considering thelocation of the CNBr cleavage sites within theM,
40,000 fragment, the M, 17,000 P-binding fragment was
placed within aminoacid 1387 to 1540 of the C 3 sequence.
Localization of the P-binding site to a 34-amino acid
sequence by use of synthetic peptides. The sequence of
the M, 17,000 fragmentwas analyzed for segments of high
sequence conservation with mouse C3(29) and rabbit C3
(30),which bind P, and low sequence conservation with
the homologous proteins C4 (31). mouse C 5 (32). anda2macroglobulin (33),which do not bind P (Fig. 2). The sequence of this fragment is highly conserved within the C3
from different species, but is poorly conserved in the corresponding segment of human C4, mouse C5, and a,-macroglobulin (see Discussion). Most striking were the gaps
in the segment 1404 to 1432. Consequently, the segment
1402 to 1435 was synthesized and tested for its ability to
inhibit the binding of P to C3b. Figure 3 shows a representative experiment of the inhibition of P binding to C3b
by this peptide (M34) or by fluid phase C3b. Fluid phase
C3b at a concentration of 2.25 p M inhibited the binding
of P to mictotiter plate-bound C3b by 50%. Inhibition P
binding to C3b by the peptide M34 (120 p M , 50% inhibition) suggesteda n affinity of M34 for P 55-fold lower than
that of fluid phase C3b. Control synthetic peptides ( m a imum concentration,l mM) of similar length representing
other areas of C3 had no effect on this interaction. The
sequence of these peptidesis shown inFigure 4.The direct
binding of M34 to P was tested by incubation of 1251-M34
with P or factor Hfor 48 h at room temperature. The peptide-protein mixtures were then gel filtered through a G50 Sephadex column equilibrated in PBS. Figure 5 shows
that when theP"34 complex was analyzed by gel filtration

1.6,

K 42

1.4,

P28

1.2,
1.0-

-

Q8

0.60.4,

0.2M34

Figure 1 . Purification of the CNBr fragments of the M,40,000 fragment
of C 3 and their binding to P. The M, 40,000 fragment of C 3 (3 mgl was
incubated with CNBr 130 mg) in 70% formic acid for 24 h at 25°C. After
freeze drying, the sample was dissolved in 10% acetic acid and applied to
a reversed phase C4 column (Vydacl equilibrated with 5%acetonitrile containg 0.1% trifluroacetic acid. The CNBr fragments were eluted wlth a 48ml gradient of 5 to 100% acetonitrile. Fragments of 2 ml were collected,
lyophilized. and resuspended in PBS. These fragments were then fixed to
ELlSA plates and their ability to bind P was performed a s described in
Materials and Methods.

Figure 3 . Inhibition of P binding to C3b by synthetic peptides or C3b a s
determined by ELISA. The various synthetic peptides used wereM34 IO).
P28 IAI.and K42 IO).

a distinct peak of radioactivity was eluted in the void volume, followed by a large peak that corresponded to the free
peptide. In contrast, whengel filtration of the factor H"34
mixture was performed, thevoid volume peak was not de-
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IC34 (1402-1435)

GVDRYISKYELDKAFSDRNTLIlYLDSVSHSEDD

P28 (1197-1224)

KFLTTAKDKNRWEDPCLOLYWATSYA

K42 (924-954)

TLDPERLGREGVQKEDIPPADLSWVPDTESETRILLQCTPV
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Figure 4. Amino acid sequence of the three synthetic peptides used in
this study
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Figure 6. Lysis of RaE by normal human serum in the presenceof synthetic peptides.Human serum ( 2 0 p l ) .preincubated with differentamounts
P28 (A). or K42 (0).
was incubated with lo7 RaE for 6 min at
of M34 (0).
37°C in 75 p l of gelatin Veronal buffer containing 2 mM Mg2+ and 8 mM
EGTA. Gelatin Veronal buffer ( 1 ml). containing 20 mM EDTA, was then
added and the hemolytic activity was determined.

Elution volurne(m1)
a s well as the Ba fragment of B, bind C3b (36-38): 5) the
conglutinin-binding site in C 3 was localized in the carbohydrate moiety located in amino acid 917 (a-chain)of the
C3 sequence (39): 6) one of the factor H sites within C 3
tected. The binding ofM34 to P was inhibited by excess was localized to a conformational site spanning residues
a M , 30,000
cold M34 (data not shown).I n addition, when 1251-labeled 1187 to 1249 of the C 3 sequence (40); and 7)
N-terminal
factor
H
fragment
binds
to
C
3
and
serves a s
P28 ( 19) was incubated with P the elution
profile was simcofactor
for
its
cleavage
by
factor
I
(41).
ilar to that of M34-factor H mixture.
Previous studies of ours have localized the P-binding site
Inhibition of the alternative pathway by the M 3 4 synthetic peptide. Because the M34 peptide binds P and in- in C3within a M,40,000 C-terminal a-chain fragment (17).
hibits its binding to C3b, we tested the ability ofM34 to The aim of this studywas to localize further theP-binding
site within thisM,.
40,000 fragment. After showing that a
inhibit the alternative pathway.Figure 6 illustrates the
P, its primarysequence (residues
inhibitory effect of the M34 peptide on the lysis of RaE by M, 17,000 fragment binds
1387
to
1540)
was
compared
withthe sequences of C 3 from
human serum. A 60-fold molar excess of M34 over the C3
other
species,
which
bind
P,
and
to other homologous proconcentration in serum blocked, by 50%, thelysis of RaE
teins,
such
as
C4
and
a,-macroglobulin,
which do not bind
via the alternative pathway. The control peptides in the
P. The area-spanning residues 1402to 1435 of human C 3
same concentration had no inhibitoryeffect.
is highly similar to rabbit and mouse C3, 26/34 (76.5%)
and 27/34 (79.5%)common amino acids,respectively. This
DISCUSSION
C 3 segment is 6 and 8 amino acids longer than that of C4
There is considerable interest in the multifunctional
role and a,-macroglobulin, respectively, and shares with them
of C3 because of its interactions with several serum pro- only 10/34 (28%)common amino acids. The mouse
C5 segteins, cell surface receptors,and proteins from foreign par- ment is 5 amino acids shorter than C3 and has only 4/34
ticles. The elucidation of the molecular features related to common amino acids with C3. Although the number of
the different C3 functions requires structural analysis of sequence identities between P-binding and P-non-binding
the C3-ligand interactions.Nine binding sitesinvolving the proteins is not significantly lower in this region. the exC3 molecule have been studied: 1)a 6-amino acid C 3 pep- istence of “gaps” in the P-non-binding proteins was contide (residues 72 to 77) has been found
to bind to the C3a- sidered very significant and suggests thepossible involveR (34): 2) a 10-amino acid C3 peptide (residues 1227
to ment of this region in P binding. This was confirmed by
1236) bindsto the C3d-R (CR2) (19) andmimics the effect the use of a synthetic peptide covering this region. The
of C3d in thegrowth of B cells (F. Melchers and J. D. Lam- peptide M34 bound to P and inhibited its interaction with
bris, unpublished observations); 3) a21-aminoacidC3
C3, presumably by competing for binding. The complete
peptide (residues 1383to 1403) bindsto the iC3b-R (CR3) inhibition of P binding to C3b by M34 suggests that C3b
(35);4) a M, 33,000 C-terminal factor B fragment, a s well has only one binding sitefor P. This is in agreement with

Figure 5 . The bindingof radiolabeled peptides to P a s determined by gel
filtration. 1251-labeledM34 (0)
or P28 ( A ) incubated with P 0r”~I-M34(MI
with factor H. for 4 8 h a t 25°C and subsequently gel filtered on Sephadex
G-50 column. Fractions ( 2 ml) were collected and counted for radioactivity.

1580

THE PROPERDIN-BINDINGSITE IN C3

19. Lambris, J. D.. V. S. Ganu, S. Hirani, and H . J. Muller-Eberhard.
1985. Mapping of the C3d receptor (CK2bbinding site and a neoantigenic site in the C3d domain of the third component of complement.
Proc. Natf. Acad. Sci. USA 8214235.
20. deBruijn, M. H.. and G . H . Fey. 1985. Human complement component
C3:cDNA coding sequence and derived primary structure. Proc. Natl.
Acad. Sci. USA. 82:708.
21. Memfield, R.B. 1963. Solid peptide synthesis. 11. The synthesis of a
tetrapeptide. J . Am. Chem. Soc. 8 5 2 1 4 9 .
22. Stewart, J., C. Pensa, G . Matsueda, and K. Harris. 1976. Some lmprovements in the solid phase synthesisof large peptides. In Peptides.
A. Loffe. ed. Editions de I'Universite de Brwelles. Belgium. pp. 285290.
23. Barany, G . . and R. B. Memfield. 1980. Solid-phase peptide synthesis.
In The Peptides. Vol. 2. E. Groos and J. Me~enhofer. eds.Academic
Press. New York, pp. 1-284.
24. Edman, P. 1950. Method for the determination of the amino acid scquence in peptides. Acta Chem. Scand.4983.
Acknowledgments. We thank Drs. R. Pytela and D. 25. McConay, P. J. and F. J. Dixon. 1966. A method of trace iodlnation
ofproteins for immunologic studies. Int. Arch. Allergy Appl. Immunol.
Grossberger for critical reading of our manuscript and D.
291185.
26. Hewick. R.M., M. W. Hunkapiller, L. E. Hood, and W. J. Dreyer.
Avila for his excellent technical assistance.
J. Bid.
1981. A gas-liquid solid phase peptide and protein sequenator.
Chern. 256:7990.
REFERENCES
27. Sica. V., I . Parkh, E. Nola. G . A. Puca, and Cuatrecasas. P. 1974.
1. Miiller-Eberhard. H. J. 198 1. The human protein C3: its unusual func- Affinity chromatography and the purificationof estrogen receptors. J .
Biol. Chem. 24816543,
tional and structural versatility in host defense and inflammation. In
28. Platts-Mills, T. A. E., and K. Ishizakor. 1974. Activation of the alterAdvances in Immunopathology. W. 0. Weigle. ed. Elsevier/North-Holnative pathway of human complement by rabbit cells. J. lmrnur~ol.
land, New York. p. 141.
1 J3:348.
2. Holers, V. M.. J. L. Cole, D. M. Lublii, T. Seya. and J. P. Atkinson.
29. Wetsel. R. A., A. Lundwall. F. Davidson. T. Gibson, B. F. Tack, and
1985. Human C3b complement and C4b regulatory proteins: a
new
G . H Fey. 1984. Structure of murme complement component C3. II.
multigene family. Irnmunol. Today 61188.
Nucleotide sequence of cloned complementary DNA coding for Ihr
3. Lambris, J. D., and H. J. Miiller-Eberhard. 1986. The multifunctional
chain. J . Biol. Chern. 259113857.
role of the third component of complement:structural analysis of its
30. KUSMO. M.. N. H. Choi. M. Tomita, K.Yamamoto, S. Migita, T. Sekiya,
interactions. Mol. lmrnunol. 2311237.
and S. Nishimura. 1986. Nucleotide sequence ofcDNA and derived
4. Lambris. J. D.. and G . C. Tsokos. 1986. The biology and pathophysamino acid sequenceof rabbit complement component C3n chain. Imiology of the complement receptors. Anticancer Res. 61515.
munol. Inuest. 151365.
5. Ross, G . D., and M. E. Medof. 1985. Membrane complement receptors
31. Belt, K. T., M. C. Carroll, and R. R. Porter. The structuralb a s s of the
specific for bound fragments of C3. Adu. Immunol. 37:217.
multiple forms of human complement component C4. 1984. Cell 361907.
6 . Sim. R. B., V. Malhotra, J. A. Day, and A. Erdei. 1986. Structure and
32. Wetsel, R. A., R. T. Ogata. and B. F. Tack. 1987. Primary structure of
specificity of complement receptors. lmmunol. Lett. 141183.
the fifth component of murine component. Biochemistry 261737.
7. Lachmann, P. J. 1967. Conglutinin and immunoconglutinins. Adu.
33. Sottrup-Jensen. L., T. M. Stephanik, T. Kristensen, D. M. Wierzbicki.
lmmunol. 6:479.
C. M. Jones, S.Magnusson, andT. E. Petersen. 1984. Primary struc8. Jensenius. J. C.. S. Thiel, G . Baatup, and U. Holmskov-Nielsen. 1985.
ture of human a,-macroglobulin. V. The complete structure. J . Biol.
Human conglutin-like protein. Biosci. Rep. 51901,
Chem. 25918318.
9. Friedman, H. M., G . H. Cohn, R. J. Eisenberg. C. A. Seidel, and D.
34. Hugli, T. E. 1984. Structure and function of anaphylatoxins. Springer
A. Cines. 1984. Glycoprotein C of herpes simplex virus 1 acts as a
Semin. Immunopathol. 71193.
receptor for the C3b complement component of infected cells. Nature
35. Wright, S. D.. P. Reddy-Anantha, M. T. C. Jong, and B. W. Ericson.
3091633.
1987. CYbi receptor (complement receptor type 3) recognizes a region
10. Leivo, I.. and E. Engvall. 1986. C3d fragment of complement interacts
of complement protein C3 containing the sequenceArg-Gly-Asp.Proc.
with laminin and binds to basement membranes
of glomerulus and
Natf. Acad. Sci. USA. 84:1965.
trophoblast. J. Cell Biol. 10311091.
36. Lambris, J. D., and H. J. Muller-Eberhard. 1984. Isolation and char1 1. Smith, C. A., M. P. Pangburn, C-W. Vogel. and H . J. Miiller-Eberhard.
acterization of a 33.000 dalton fragment of complement factor €3 with
1984. Molecular architecture of human properdin, a positive regulator
catalytic and C3b binding activity. J . Biol. Chem. 259:12685.
of the alternative pathway of complement. J . Biol. Chem. 25914582.
37. Ueda,A. J. F. Kearny. K. H . Roux. and J. E.Volanakis. 1987. Probing
12. Farries, C. T.. J. T. Finch, P. J. Lachmann, and R.A. Harrison. 1987.
E3 with monoclonal antlbodies.
functional sites on complement protein
Resolution andanalysis of the"native"and"activated"properdin.
J. Immunol. 13811143.
Biochem. J. 2431507.
38. Pryzdial, E. L. G . and D. Isenman. 1987. Alternative complement path13. Braconier, J. H.,A. G . Sjoholm, andC. Soderstrom. 1983. Fulminant
way activation: fragment Ba binds to C3b. J. Biol. Chern. 26211519.
meningococcal infections in a family with inherited deficiency of pro39. Hirani. S.. J. D. Lambris. and H . J. Muller-Eberhard. Localization of
perdin. Scand. J . Infect. Dis. 15:339.
the conglutinin binding site on the third component of complement.
14. Nielsen, H. E., and C. Koch. 1987. Congenital properdin deficiency
1985. J . Immunol. 134:1105.
and meningococcal infection. Clin. Imrnunol. Immunopathol. 44:134.
40. Lambris, J. D., D. Avilla, J. D. Becherer, and H . J. Miiller-Eberhard.
15. Fearon, D., and K. Austen. 1975. Properdin: binding of C3b and sta1986. Localization of the factor H binding site on the third component
bilization of the C3b-depended C3 convertase. J. E x p . Med. 142:856.
of complement. Irnmunobiology 173:493(Abstr.l
16. Medicus, R., 0 . Gotze, and H. J. Miiller-Eberhard. 1976. Alternative
41. Alsenz, J., J. D. Lambris, T. F. Schulz. and M. P. Dierich. 1985.
pathway for complement recruitment
of precursor properdin by the
Localization of the C3b-binding site andcofactor activity for factor 1 in
labile C3/C5 convertase and the potentiation of the pathway. J . Exp.
the 38 kDa tryplic fragment of factor H. Biochern. J. 2241389.
Med. 144:1076.
42. Discipio. R. G . 1981. The bindingof human complement proteins C5.
17. Lambris, J. D., J. Alsenz, T. F. Schulz, and M. P. Dierich. 1984.
factor B, H. and properdin lo complement fragment C3b on zymosan.
Mapping of the properdin-binding site in the third componentof comBiochem. J. J99:485.
plement. Biochem. J. 21 71323.
43. Pangburn. M. K. and H . J Muller-Eberhard. 1983. Kinetic and ther18. Davis, A. E., R. A. Harrison, and P. J. Lachmann. 1984. Physiologic
modynamic analysis of control of C3b by the complement regulatory'
inactivation of fluid phase C3b: isolation and structural analusis
of
proteins factor H and I. Biochemistry 22:J 78.
C ~ CC3dg
,
(a2Dl and C3g. J. Immunol 13211960.

earlier studies on the interaction
of P with zymosan-bound
C3b in which the stoichiometry was determined to be 1
(42).The appKa of fluid phase C3b for P is 55-fold higher
than that of the M34 peptide and 64-fold lower than the
Ka of zymosan-bound C3b (42).The affinity differences (if
the appKa approximates the Ka)between the zymosan-bound
C3b vs fluid phase C3b was also
observed in the interaction
of factor H with C3b (42, 43). The inhibition of the alternative pathwayby this peptide suggeststhat it may be used
to study both the
role of P in thealternative pathwayduring
infection and the mechanism of C 3 convertase stabilization.
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ERRATUM
In the March 1, 1988 issue of The JournaZ, Volume 140, No. 5, page 1579 in thearticle
by Maria E. Daoudaki, J. David Becherer, and JohnD. Lambris entitled"A 34-Amino Acid
Peptide of the Third Component of Complement Mediates Properdin Binding" mistakes
were made inFigure 4 and in the "Materials and Methods" section dueto discrepancies in
the numbering of amino acid residues of C 3 . This resulted from the inadvertentinclusion
or omission of the signal peptide sequence. The authors havesubmitted a new figure and
legend, which are presented here to clarify this matter.
M34(1402-1435)

GVDRYISKYELDKAFSDRNTLIIYLDKVSHSEDD

P28 (1187-1214)

KFLTTAKDKNRWEDPGKQLYNVEATSYA

K42
(924-965)

TLDPERLGREGVQKEDIPPADLSDQVPDTESETRILLQGTPV

Figure 4. Amino acid sequence of the threepeptides usedin this study. The
numbering
of the amino acid residues is based on the deduced amino acid sequence of C3 (Ref. 20)
after subtracting the
signal peptide sequence.
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