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A Fragment of the Third Component of Human Complement 
with Anaphylatoxin Activity" 

Delia B. Budzko, Viktor A. Bokisch,t and Hans J. Muller-Eberhard: 

ABSTRACT: A fragment (C3a) with anaphylatoxin activity 
was cleaved from the isolated third component of human 
complement (C3) either by the complement enzyme C3 con- 
vertase, trypsin, or mild treatment with hydroxylamine. The 
enzymatically produced C3a fragments had a molecular 
weight of approximately 7200, contained N-terminal serine, 
and C-terminal arginine, and had a virtually identical amino 
acid composition. C3a was found to be a very basic peptide, 
having an electrophoretic mobility at pH 8.5 of +2.1 X 10-3 
cm2 V-l sec-l and a ratio of basic to acid amino acid residues 
of 1.33. The hydroxylamine produced anaphylatoxin had a 
molecular weight of approximately 7800 and an amino acid 
composition resembling that of the enzymatically produced 

A naphylatoxin is a reaction product of serum comple- 
ment which has the capacity to contract smooth muscle and 
to cause increased capillary permeability. Most of the effects 
of anaphylatoxin are due to its ability to release histamine 
from cellular elements. Two chemically and biologically 
distinct anaphylatoxins have been described, one being a 
fragment of the third, the other a fragment of the fifth com- 
ponent of complement (Muller-Eberhard, 1969). These frag- 
ments arise in the complement reaction as a result of the action 
of indigenous complement enzymes. Thus, C3I derived ana- 
phylatoxin (C3a) is generated by the enzyme CTZ, which 
constitutes a fusion product of C2 and C4 formed by the 
action of CT. Similar fragments with anaphylatoxin activity 
have been produced from C3 by the action of trypsin, plasmin 
and C3 inactivator complex (Bokisch er al., 1969; Cochrane 
and Muller-Eberhard, 1968). C3a was recently isolated and 
its relationship to the precursor, C3, was characterized im- 
munochemically (Bokisch et ul., 1969). The present study was 
initiated to obtain information on the chemical properties of 
C3a and its structural relationship to native C3. In the course 
of this work it was found that a C3a-like, biologically active 
fragment may be produced by mild treatment of C3 with 
hydroxylamine (Budzko and Muller-Eberhard, 1969) and a 

anaphylatoxin, except that it contained several additional 
residues, including glutamic acid, glycine, leucine, and argi- 
nine. The precursor, C3, had a molecular weight of 185,000, 
an  electrophoretic mobility at pH 8.5 of -2.9 x 10-5 cm2 
V-' sec-l, and a ratio of basic to acid amino acid residues of 
0.54. Serine was detected in N-terminal position and neither 
hy drazinolysis nor treatment with carboxypeptidases A and B 
revealed C-terminal residues. These results indicate that C3a 
anaphylatoxin corresponds to an unusually basic region of its 
precursor and suggest that it is derived from the N-terminal 
portion of C3. The hydroxylamine-susceptible bond appears 
to be located, relative to the enzymatically affected bond, 
further toward the C-terminal end of C3. 

comparative analysis of this chemically obtained piece with 
the enzymatically derived fragment will also be presented. 

Materials and Methods 

C3 and C3 Fragments. HighIy purified C3 was prepared from 
fresh human serum as described previously (Nilsson and 
Muller-Eberhard, 1965). Fragmentation of C3 by C c 2  (Mul- 
ler-Eberhard et al., 1967) and trypsin was performed accord- 
ing to published methods (Bokisch et al., 1969). In the course 
of this study it became apparent that some anaphylatoxin 
preparations were partially inactivated through the presence 
of trace amounts of a serum carboxypeptidase which con- 
taminated the starting materials (Bokisch and Muller-Eber- 
hard, 1971). Therefore all preparations of isolated C3 and all 
reagents used for the generation of the C c 2  enzyme were 
examined for presence of the anaphylatoxin inactivator, and 
unless they were found to be free of this contaminant, they 
were omitted from further use. C3a and C3b were separated 
by filtration on Sephadex G-100 columns or by preparative 
polyacrylamide gel electrophoresis in an acid buffer system as 
described (Bokisch et a/ . ,  1969). The C3a-like fragment pro- 
duced by hydroxylamine treatment was obtained by the 
following method; 30 mg of isolated C3 in 10 ml of sodium 

I - 

phosphate buffer (pH 7.0), ionic strength 0.1, was mixed with 

Lipmann and Tuttle (1945). The mixture was held a t  20" for 

__ ~ _ _ ~  .. . ~- ~~ 
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20 min and the reaction was then stopped by transferring the 
mixture to an ice bath and by increasing the hydrogen ion 
concentration with 1 N HCI to pH 3.8. The protein solution t Dr .  Bokisch is a Fellow of.the Helen Hay Whitney Foundation. 

3 To whom to address correspondence. was dialyzed overnight at 4" against sodium acetate buffer 
I The symbols used have been recommended by the w.H.0. Corn- (pH 4.0), ionic strength 0.1, using Visking tubing 2 3 / ~ :  (Union 

mittee on Complement Nomeiiclature (1968). C1, C2, C3, C4, and C5 Carbide, Chicago, 111.). The protein was concentrated five 
denote, respectively, the first, second, third, fourth, and fifth compo- times i n  an ~~i~~~ pressure filtration device using a Diaflo 

ultrafiltration membrane, series UM-2 (Amicon Corp., nents of the complement system. C i  designates the enzymatically active 
form of C1 and C 4 3  the activating enzyme of C3, which is also called 
C3 convertase. C3a and C3b refer to cleavage products of C3 produced M'3ss')s and to 90 2 '5  column Of 
either by c C 2  or trypsin (try). T ~ C  ellzyme L'mployed is  jndicatetl i,, Sephadex G-103 (Pharmacia Fine Chemicals, Inc., Piscataway, 
parenthesis folloLving the symbol of the fragment, e . g . ,  C3a(try). N. J . )  which was equilibrated with 0.01 31 sodium acetate buffer 
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(pH 3.8), containing 0.15 M NaCl. The flow rate was 15 ml/hr 
and fractions of 3.5 ml were collected. The low molecular 
weight fragment was eluted in fractions immediately pre- 
ceding the internal column volume. In two experiments the 
hydroxylamine produced, biologically active fragment was 
isolated by preparative gel electrophoresis in a Buchler appara- 
tus (Buchler Instruments Co., Fort Lee, N. J.) using a 3.5-cm 
separating column of 6 polyacrylamide gel concentration 
and buffer of pH 4.5 as described by Reisfeld et al. (1962). A 
current of 250 mA was applied, the flow rate was adjusted to 
25 ml/hr and fractions of 3 ml were collected. Under these 
conditions the C3a-like fragment was completely eluted after 
3.5 hr and was contained in three fractions or 9 ml of effluent. 
The elution diagram is shown in Figure 10. 

Molecular Weight Determinations. The polyacrylamide gel 
electrophoresis method of Hedrick and Smith (1968) was 
used. The gel concentration ranged from 5 to 12 %. Glycine- 
Tris buffer, pH 8.3 (Davis, 1964), was employed for analysis 
of C3 and C3b and @-alanine-acetic acid buffer, pH 4.5 
(Reisfeld et al., 1962), for analysis of the C3a fragment. The 
relative distance of migration, R,, of the proteins were deter- 
mined using as reference substance bromophenol blue in the 
experiments performed at pH 8.3 and pyronine Y or the buffer 
interphase in those carried out at pH 4.5. The position of the 
markers was indicated prior to staining by inserting copper 
wires from the lower end of the gels. The logarithm of the R, 
was graphically related to the gel concentration and the slope 
of this plot was calculated and graphically related to the mo- 
lecular weight of reference proteins. 

Amino Acid Analyses. The amino acid compositions of C3 
and C3a were determined by the method of Spackman et al. 
(1958) using a Beckman-Spinco Model 120C amino acid 
analyzer equipped with an automatic sample injector and a 
Model 125 automatic digital integrator. The protein was 
hydrolyzed in constant-boiling or 6 N HC1 for 18 hr at 105" 
in evacuated and sealed Pyrex tubes. Approximately 15 
nmoles of hydrolyzed protein was applied to each column and 
the amino acid concentration determined by comparison with 
a standard mixture of amino acids (100 nmole/ml). Cysteine 
and methionine were determined as cysteic acid and methio- 
nine sulfone, respectively, after performic acid oxidation of the 
protein (Hirs, 1956). Free SH groups were quantitated as S- 
carboxymethylcysteine; 1 mg of C3a protein in 1 ml of 0.1 M 
sodium phosphate buffer, pH 8.0, containing 8 M urea was 
treated with 3.6 X low2 M iodoacetamide for 60 min at 20". 
The solution was dialyzed extensively against 0.016 M sodium 
phosphate buffer (pH 6.5) and the protein was concentrated 
by lyophilization for subsequent hydrolysis. 

Analysis of Amino-Terminal Residues. The fluorodinitro- 
benzene (FDNB)2 method of Porter and Sanger (1948) was 
used. Dinitrophenylation of C3 and C3b was performed on 
0.1 pmole of protein in 1.5% NaHC03 solution containing 8 
M urea or 5 M guanidine hydrochloride. Usually the dinitro- 
phenyl (DNP) derivative was hydrolyzed in 6 N HCl for 16 hr 
at 105 ". To analyze for DNP-glycine, hydrolysis was limited 
in two separate experiments to 4.5 hr and to analyze for DNP- 
proline, hydrolysis was carried out in 11 N HCI for 5 hr at 
105". In one experiment C3 was oxidized with performic acid 
prior to dinitrophenylation (Hirs, 1956). C3a preparation 
(0.1 pmole) was treated with FDNB in 1 % aqueous trimethyl- 
amine in absence of urea or guanidine hydrochloride. 

DNP-amino acids were identified by one-dimensional paper 
chromatography (Fraenkel-Conrat et al., 1955) or by two- 

Abbreviation used is : FDNB, fluorodinitrobenzene. 

dimensional silica gel thin-layer chromatography using five 
different solvent systems described by Brenner et al. (1961). 
The DNP-amino acids were quantitated spectrophotometri- 
cally (Levy, 1954), after elution from paper with water a t  56" 
and from silica gel with 0.05 M Tris buffer (pH 8.6). 

N-Terminal analysis of C3a by dansylation was carried out 
according to Gray and Hartley (1963) and separation of the 
dansylamino acids was performed by polyamide-layer chroma- 
tography (Woods and Wang, 1967). 

Analysis of Carboxy-Terminal Residues. DFP-treated car- 
boxypeptidases A and B (COADFP 8FB, COBDFP 61A, 
Worthington Biochemical Corp., Freehold, N. J.), separately 
or in mixture, were used for C-terminal analysis of C3, C3a, 
and C3b. In several experiments C3 was either reduced and 
alkylated or succinylated prior to treatment with the enzymes. 
C3 (50 nmoles) in 5 ml of Tris buffer (pH 8.6) was treated for 
1 hr at 20" with 2 X M dithiothreitol. Iodoacetamide was 
then added to a final concentration of 2.2 X M and the 
mixture was kept at 20" for 15 min before it was exhaustively 
dialyzed. For succinylation, an identical amount of C3 in the 
same buffer was used and 5 pmole of succinic anhydride was 
added in small increments and the pH was maintained at 7.5 
by addition of 1 N NaOH. The succinylated C3 was then 
dialyzed for treatment with the enzymes. Approximately 50 
nmoles of protein was treated in 1 M ammonium bicarbonate 
buffer (pH 8.1) with enzyme (molar ratio 20 : 1) for periods of 
15 min to 2 hr at room temperature. Treatment of C3 and C3b 
was stopped by addition of 20 volumes of absolute alcohol. 
After removal of the protein precipitate by centrifugation, the 
supernatant was evaporated to dryness under vacuum at 50" 
and the residue derived from 15 to 20 nmoles of treated protein 
was subjected to amino acid analysis. Treatment of C3a was 
stopped by decreasing the pH to 3.0 with 1 N HCl, and the 
reaction mixture was passed over a 2-ml column of packed 
Dowex AG 50W-X8 (H+), 200-400 mesh. The protein was 
eliminated by washing the resin with 5 ml of distilled water 
and the amino acids were then eluted with 2 ml of 3 M am- 
monium hydroxide. After evaporation of the solvent the 
residue corresponding to 15-20 nmoles of treated protein was 
analyzed for liberated amino acids. Recovery of arginine and 
of norleucine from the Dowex column was, respectively, 65 
and 90 %. The experimental values were therefore corrected 
accordingly. 

Hydrazinolysis was performed according to Akabori et ai. 
(1952) and the free amino acids were analyzed as described 
above. 

Electrophoresis. Analytical electrophoresis on cellulose 
acetate strips was carried out in a Beckman microzone electro- 
phoresis apparatus, Model R-101, using Beckman barbital 
buffer (pH 8.5), ionic strength 0.075, and 250 V for 20 min at 
20 O .  

Analytical polyacrylamide gel electrophoresis was per- 
formed according to Reisfeld et al. (1962) using 6 %  resolving 
gel and p-alanine-acetic acid buffer (pH 4.5) for demonstra- 
tion of C3a, and Tris-HC1 buffer, pH 8.7 (Davis, 1964), for 
analysis of native C3. 

Analytical Ultracentrifugation. Native C3 was examined at 
7.4 mg/ml in phosphate buffer (pH 7.0), ionic strength 0.1. 
Isolated C3a was analyzed at 5.8 mg/ml in 0.15 M acetate- 
buffered sodium chloride (pH 3.6). The experiments were 
performed in a Spinco Model E machine at 20" and 52,640 
rpm. 

Assay of Anaphylatoxin Actioity. Segments of guinea pig 
ileum were used for this assay and contractions were measured 
as described (Cochrane and Muller-Eberhard, 1968). 
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FIGURE 1: Fragmentation of C3 by three different methods and 
concomitant generation of anaphylatoxin activity. The upper 
panel shows recordings ofthe contraction of guinea pig ileum caused 
by C3 treated with hydroxylamine (a), trypsin (b), and C3 con- 
vertax (c). Untreated C3 did not cause any contraction (not shown). 
H designates contractions produced with 0.2 p g  of histamine. The 
lower panel shows acid disc electrophoresis analysis of the three 
treated C3 preparations (a, b, and c) and the untreated control (d). 
Protein (15&300 p g )  was applied; the top of the gels is at the left 
and the cathode was at the right. The wire tips indicate the posi- 
tion of the marker. The protein band located near the marker posi- 
tion represents C3a, the low molecular weight, biologically active 
split product ofC3. 

Results 

Cleauage of C3a/rom Isolated C 3  and Concomitant Genera- 
tion of Anaphylatoxin Actiuity. Three methods were used in 
this study for the fragmentation of C3: treatment with trypsin 
(1 %, w/w) for 1 min at 20"; treatment with the complement 
enzyme CC2 ( I  %, w/w) for 20 min at  37'; and treatment with 
hydroxylamine (0.5 M, 20 min 20"). The appearance of a low 
molecular weight fragment may be demonstrated by acid disc 
electrophoresis as shown in Figure 1. This figure also contains 
records of the anaphylatoxin activity which was generated 

FRICTION NUMBER 

FIGURE 2: Isolation of C3a by molecular sieve chromatography. 
After treatment of C3 with C3 convertase, the resulting fragments 
were separated by filtration through a 2.5 X 90 cm column of 
Sephaden G-100 which was equilibrated with 0.01 M sodium acetate 
buffer (pH 3.8) containing 0.15 M NaCI. The material contained in 
fractions 62-18 was concentrated and rechromatographed on the 
same column (insert). The horizontal bar indicates the fractions 
pooled for further analysis. 
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FIGURE 3: Ultracentrifugal analysis of isolated C3 and isolated C3a. 
C3 (upper frames) was examined at 1.4 mg/ml in phosphate buffer, 
pH 7.0, ionic strength 0.1. C3a (lower frames) was examined at 
5.8 mg/ml in 0.15 M acetate buffered NaCI, pH 3.6. The speed in 
both experiments was 52,640 rpm the temperature 20"; the num- 
bers indicate time in minutes of centrifugation. 

concomitant with dissociation of C3a from its precursor. 
Treatment of C 3  with 1 M KBr for 5 hr at  4", or with 17, 
sodium dodecyl sulfate for 2 hr at  20", did not result in appear- 
ance of C3a. C3a was separated from the C3b fragment by 
filtration through Sephadex G-100, i t  was then concentrated 
and passed a second time over a Sephadex G-100 column. 
Both molecular sieve chromatograms are depicted in Figure 
2. The C3a fragments were biologically active in their isolated 
form, approximately 2 Gg being sufficient to contract a seg- 
ment of guinea pig ileum in a 20-ml bath. The activity was 
inhibitable in each instance with antihistamine (2 p g  of chlor- 
trimeton, Schering Corp., Bloomfield, N. J.). 

Ultracentrifugal and Electrophoretic Analysis of Isolated C3a 
and Its Precursor. The homogeneity of the isolated proteins 
which were subjected to chemical analyses was ascertained by 

f 

C3a (Try] 
c 3  

C3b 

C3a [ C 4 3 1  

FIGURE 4: Zone electrophoretic analysis of C3 and its fragments, 
demonstrating the very basic nature of C3a(try) and C3a(C4,2). 
The arrow indicates the origin, the cathode was to the left, cellulose 
acetate strips were used as supporting medium and the pH was 8.5. 
Since the figure is a composite of two separate strips which were not 
strictly comparable, whole human serum was included on each for 
reference purposes. The electrophoretic mobility was +2.1 X 

cm2 V-' sec-' for trypsin and C4,2 produced C3a. One micro- 
liter was applied containing 5-10 mg of isolated protein/ml. 
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PIOURE 5 :  Disc electrophoresis of isolated C3a produced by CK2 
or trypsin. Electrophoresis was performed in gels of 10% poly- 
acrylamide in 8-alanine-acetic acid buffer (pH 4.5). The top of the 
gels is at the left, the tips of wires inserted from the cathodal end 
of the gels indicated position of buffer interface; 40 pg of protein 
was applied. 

analytical ultracentrifugation (Figure 3), electrophoresis on 
cellulose acetate strips at pH 8.5 (Figure 4), and by disc elec- 
trophoresis at pH 4.5 on 10% polyacrylamide gels (Figure 5). 
By comparison to the known electrophoretic mobilities of 
albumin and yG-globulin in whole human serum, the mobili- 
ties of C3 and its fragments, C3a and C3b, were estimated to 
be,respectively, -2.9 X +2.1 X 10P,and -3.2 X IO-' 
cm'V-' sec-'. 

Molecular Weighfs of C 3  and Ifs  Fragmenfs. The relative 
electrophoretic mobility of C3, C3a, and C3b in gels of various 
polyacrylamide concentrations is shown in Figure 6. In all 

F~GURE 8: Molecular weight determination of the C3a fragments 
from the slopes of the R ,  DS. gel concentration plots. As refer- 
ence substances were used lysozyme (O), C4a, the low molecular 
weight cleavage product of C4 (mol wt 15,000) (Sudzko and Muller- 
Eberhard, 1970) (m), and trypsin (A). 

gels only one disk was observed with each of the three pro- 
teins examined. The molecular weights of C3 and C3b were 
obtained from the plot depicted in Figure 7, and those of C3a- 
(Cq) ,  C3a(try) and C3a(NH20H) from the plot shown in 
Figure 8. The results are listed in Table I. The minimum mo- 
lecular weights of the low molecular weight fragments which 
were calculated from their histidine and tyrosine content are 
also listed in Table I. From these data the mean molecular 
weight values were calculated to be 7200 for C3a(try) and 
C3a(C47) and 7800 for C3a(NH20H). 

Amino Acid Composition of the Enzymatically Produced C3a 
Fragments and Their Precursor. The results of replicate amino 
acid analyses are listed in Table 11. The concentration of basic 
residues is more than two times greater in the biologically 
active C3a fragments than in native C3, and the concentration 
of acid residues is somewhat lower in C3a than in the pre- 
cursor. In addition, the concentration of half-cystine in 
anaphylatoxin is more than three times that of the precursor. 
A comparison of C3a(try) and C3a(Cc2) revealed a high de- 
gree of similarity. The calculations of the number of residues 
per molecule of C3a were based on mean molecular weight 
values (see above). 
N- and C-Terminal Residues. The results of the analysis of 

N-terminal residues by the dinitrophenyl method are sum- 
marized in Table 111. Serine was the only detectable N-ter- 

50- I 6 8 10 12 

C m c i i t r a l i m  oIAc1)11116e in Eel I%. */VI 

FIOURE 6 :  Molecular weight determination of C3 and the C3 frag- 
ments by the polyacrylamide gel electrophoresis method. The 
slopes of the R, lis. gel concentration plots are indicated by the 
numbers. C3a was analyzed at pH 4.5, C3 and C3b at pH 8.6. 

TMLE I: Molecular Weights of C3 and C3 Fragments. 

10 15 20 30 10 50 
M ~ l i ~ u l i r  W i i i h t  x 10.4 

PIGURE 7: Molecular weight determination of C3 and C3b from the 
slopes of the R, us. gel concentration plots (Figure 4). As refer- 
ence substances were used human albumin monomer (A), dimer 
(O), trimer (A), and urease (4). 

Molecular Weight 

Gel 
Electrophoresis Amino Acid 

Protein Method Anal: 

c 3  185,000 
C3b 165,000 
~ 3 a ( C 4 i )  7,500 6992 
C3a(try) 7,500 6914 
C3a(NH20H) 8,600 7000 

0 Based on tyrosine and histidine content determined by 
three separate analyses. 
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TABLE 11: Amino Acid Composition of C3 and Its Biologically Active Fragments. 

Moles Amino Acid/Mole of Protein" Residues/1000 Residues 

C3a 
c 3  ( C q )  C3a (try) 

C3a 
("?OH) 

Lysine 
Histidine 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Half-cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 

Total no. of residues 

100 , l "  
25 .0  
63.2 

143 3 
92.1 
94.0 

203.8 
73.1 
92 .6  
87 .1  
34.0 

129.6 
25.8 
63.6 

132.1 
51.2 
54.0 

1464.6 

4 8  4 8  
1 4  1 1  
7 5  6 9  
4 1  4 6  
2 7  3 1  
3 1  3 4  
6 4  6 3  
2 9  2 9  
3 2  3 1  
2 7  2 5  
3 7  4 1  
2 2  2 5  
1 9  1 8  
1 4  2 0  
5 3  4 1  
1 2  1 2  
2 0  2 2  

56 5 56 6 
~ 

4 . 8  
1 . 5  
8 . 7  
4 . 7  
3 .0  
4 . 0  
7 . 2  
2 . 3  
5 . 9  
3 . 2  
NDc 
2 . 8  
ND 
1 . 8  
5 . 6  
1 . 1  
2 . 3  

68.3 
17.1 
43.2 
97.8 
62 ,9  
64.2 

139.1 
49.9 
63.2 
59 .5  
23 .2  
88 .5  
17.6 
43 .4  
90.2 
35.0 
36.9 

64 .7  1000.0 

85 0 
24 8 

132 8 
72 6 
47 8 
54 9 

113 3 
51 3 
56 6 
47 8 
65 5 
38 9 
33 6 
24 8 
93 8 
21 2 
35 4 

1000 1 
~~ 

85.0 
19.5 

122.1 
81 .4  
54.9 
60.2 

111.5 
51.3 
54.9 
44 .3  
72.6 
44.3 
31.9 
35 .4  
72 .6  
21.2 
38.9 

74 .3  
23.2 

134.6 
72.7 
46.4 
61.9 

111.4 
35.6 
91.3 
49.5 
60.3 
43.3 
28.6 
27.8 
86.6 
17 .0  
35.6 

LOO1 . 8  1000.1 
- 

2 Calculated for molecular weights of 185,000, C3; 7,200, C3a(C47); 7,200, C3a(try); 7,800 C3a(NHzOH). b Numbers are 
aLerages of separate experiments: 3 for C3, 5 for C3a(Cr2), 10 for C3a(try) and 2 for C3a(NH20H). Not determined; for 
calculation of total number of residues of C3a(NHz0H), the mean of the values for C3a(C47) and C3a(try: were used. 

minal residue in native C3 and in C3a, whereas aspartic acid, 
glutamic acid and serine were detected in the C3b fragment. 
Serine was also found in N-terminal position of C3a using the 
dansylation method. The results of C-terminal residue analysis 
are listed in Table IV. A C-terminal residue was neither de- 
tectable in C3 nor in C3b. Treatment of C3 with carboxypep- 
tidases A and B was performed (a) for 1-24 hr at 20" and 
pH 8.0, (b) a t  different hydrogen ion concentrations between 
pH 7.0 and 9.5, (c) after heating of C3 at 65" for 30 min in 
phosphate buffer, pH 7.0, (d) after reduction and alkylation 
of the protein, (e) after complete succinylation, and (f) in 6 hl 

urea. Under none of these conditions could release of amino 

TABLE H I :  N-Terminal Amino Acids of C3 and Its Fragments 
Determined by the Dinitrophenyl Method. 

Moles of DNP-amino 
Acid Mole of Protein DNP- ~~~ 

Protein amino Acid 1 2 3 A v  

c 3  Serine 
C3a(try) Serine 
C 3 a ( C a )  Serins 
C3b(try) Aspartic acid 

Glutamic acid 
Serine 

C3b(C42) Aspartic acid 
Glutamic acid 
Serine 

0 7  1 1  1 3  1 1  
0 5  0 5  
0 23 0 17 0 2  
0 3  0 4 2  0 36 
0 42 0 45 0 44 
0 61 0 38 0 49 
0 26 0 42 0 34 
0 37 0 39 0 38 
0 26 0 52 0 39 

acids be observed. Further, hydrazinolysis also failed to indi- 
cate a C-terminal residue of C3. Kinetic analysis of release of 
amino acids by carboxypeptidases A and B from C3a(try) 
suggested that arginine constitutes the C-terminal residue and 

TABLE I V :  C-Terminal Amino Acids of C3 and Its Fragments 
Determined Using Carboxypeptidases A and B. 

Amino Acid 
-. ~ ~- ~- - ~ 

Carboxy- Moles/Mole of 
Protein peptidase Residue Protein 

~ ~~ 

c 3  A S B  None 

C3a(C47) B Arginine 
detectable 

A (after B) Leucine 
Alanine 

A r B  Arginine 
Leucine 
Alanine 

C3a(try) B Arginine 

A + B  Arginine 

Leucine 

Alanine 

C3b(try) A + B None 
detectable 

0.64 (120 min) 
0.79 (120 min) 
0.70 (1 20 min) 
0 ,62  (90 min) 
1 . 0 (90 min) 
0 .74  (90 min) 
0 .67  (20 min), 

1.45 (60 rnin), 

0 .24  (60 min), 

0 39 (60 rnin), 

0 .98  (60 min) 

1 . 6 3  (120 min) 

0 .30  (120 min) 

0.45 (120 min) 
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FIGURE 9: Kinetic analysis of the release of amino acids from C3a- 
(try) by carboxypeptidases A and B. Each point in the graph repre- 
sents the analysis of 16.6 mfimoles. 

that alanine and leucine are released subsequently (Figure 9). 
Treatment of C3a(Cc2) with carboxypeptidase B alone liber- 
ated arginine in amounts approaching one mole per mole of 
protein. Subsequent treatment with carboxypeptidase A re- 
leased alanine and leucine (Table IV). It may be concluded 
that both active C3a fragments contain arginine in the C- 
terminal position. 

Analysis of Anaphylatoxin .for Free Sulfhydryl Groups. Since 
there were approximately four half-cystine residues per mole- 
cule of C3 anaphylatoxin, the presence of free sulfhydryls 
was investigated. C3a(try) and C3a(Cc2) after treatment with 
iodoacetamide contained no detectable S-carboxymethyl- 
cysteine. 

Characterization of Anaphylatoxin Released from C3 by 
Hydroxylamine. C3a(NH20H) was isolated after treatment of 
C3 with 0.5 M NHzOH for 20 min at  20" by preparative poly- 
acrylamide gel electrophoresis as shown in Figure 10. By the 
gel electrophoresis method (Figure 8, Table I), the molecular 
weight was 8600, the minimum molecular weight calculated 
from the tyrosine content was 7000. The amino acid composi- 
tion resembled that of the enzymatically produced C3 ana- 
phylatoxins (Table 11), except that C3a(NH20H) contained 
in addition approximately one residue of arginine, two of 
glycine, and possibly one of glutamic acid and one of serine. 
The presence of additional amino acid residues is in agreement 
with the somewhat larger molecular weight (average value 
7800) of this piece. The N- and C-terminal residues have not 
been determined. 

Discussion 

A study of C3-derived anaphylatoxin (C3a) and its relation 
to its precursor was initiated because C3a is a naturally 
occurring protein fragment of relatively small molecular size 
which is amenable to structural analysis. Its phlogogenic activ- 
ity is biologically significant (Cochrane and Muller-Eberhard, 
1968; Dias Da  Silva et al., 1967). 

The data indicate that C3a is derived from a very basic 
portion of the precursor molecule, C3. At pH 8.6 it has a 
strongly positive net charge, whereas the precursor is nega- 
tively charged. Comparison of the trypsin- and the C472-pro- 
duced anaphylatoxins revealed a high degree of similarity. 
Their size was indistinguishable by the methods employed 
and replicate amino acid analyses showed only minor differ- 
ences. Both fragments contained serine in N-terminal position, 

Fract ion Number 

FIGURE 10: Isolation of C3a(NH20H) by preparative polyacryl- 
amide gel electrophoresis. "?OH-treated C3 (30 mg) was applied, 
the pH was 4.5. Fractions 34-36 were pooled and concentrated for 
further analysis. 

although the amount of serine measured was less than one 
mole of protein. At the C-terminal end the two anaphylatoxins 
contained arginine in amounts approaching one mole per 
mole of protein. 

The amount of C-terminal arginine liberated by carboxy- 
peptidase B from some preparations of C3a(Cc2) was con- 
siderably below one mole per mole of fragment. These prep- 
arations showed a reduced biological activity. This finding 
could be explained by trace contamination of some batches of 
C3 convertase with a serum carboxypeptidase which efficiently 
inactivates anaphylatoxin by removing the C-terminal argi- 
nine. The anaphylatoxin-inactivating enzyme of human 
plasma was subsequently isolated and characterized (Bokisch 
and Muller-Eberhard, 1971). 

Stegemann et al. (1964, 1965) purified anaphylatoxin from 
dextran or cobra venom treated rat and hog plasma. Molec- 
ular weight estimates ranged from 2000 to 30,000, N-terminal 
residue analysis yielded arginine, and although mixtures of 
carboxypeptidases A and B abolished the biologic activity, 
C-terminal residues could not be detected. A comparison of 
the amino acid composition of rat and hog anaphylatoxin 
with that of human C3a underscores the chemical dissimilarity 
existing between C3a and the anaphylatoxin of these two 
animal species. 

On the basis of the available data it may be postulated that 
the biologically active fragment C3a is cleaved from the N- 
terminal portion of C3. This view is supported by the finding 
of N-terminal serine in both C3 and C3a, by the demonstration 
of C-terminal arginine in C3a and the failure to detect this or 
any other C-terminal group in C3 or C3b. According to this 
hypothesis C3b should contain an N-terminal group which 
is not present in the precursor molecule. Why, instead, three 
different N-terminal residues were found in C3b cannot be 
explained at  present. 

The overall similarity of C3a(Cq2) and C3a(try) indicates 
that C3 convertase and trypsin attack the same region of 
native C3, and possibly the same bond. This bond should 
involve the carboxyl group of an arginine residue (C-terminal 
residue of C3a). That this region of native C3 is exceedingly 
susceptible to enzymatic attack is illustrated by the effect of 
trypsin: cleavage of C3 by trypsin (1 z, w/w) into C3a and 
C3b is completed in 60 sec at 20". It is also effected by plasmin, 
thrombin, and the so-called C3 inactivator complex (Bokisch 
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et al., 1969). This attack region of C3 is essential for the cyto- 
lytic activity of the protein. C3 is cytolytically inactive in its 
native form and requires activation in order to participate in 
the complement reaction. Its physiological activating enzyme 
is C3 convertase (Muller-Eberhard et  a/., 1967), action of 
which on C3 enables it to bind to cell membrane surface 
receptors or to groups present on antibody molecules (Muller- 
Eberhard et al., 1966). Thus, the reaction in which C3a is 
cleaved from C3 by C3 convertase also reveals the combining 
site in the residual, larger portion of the C3 molecule. 

That the attack region of C3 has uncommon chemical 
properties is shown by its susceptibility to mild treatment with 
hydroxylamine. The C3a-like fragment with anaphylatoxin 
activity obtained with hydroxylamine was slightly larger than 
that of enzymatically produced C3a and contained a few more 
amino acid residues than C3a. In terms of the model proposed 
for the derivation of enzymatically produced anaphylatoxin, 
hydroxylamine appears to liberate essentially the same frag- 
ment. However, the bond cleaved by hydroxylamine appears 
to be situated several residues further toward the C-terminal 
end than the enzymatically susceptible bond. 

Hydroxylamine-susceptible bonds have been shown to 
occur in some proteins, notably in collagen (Piez, 1968). They 
have been considered ester or ester-like bonds. However, 
recently one of the hydroxylamine-sensitive bonds of collagen 
has been shown to be a peptide bond linking an asparagine 
and a glycine residue (Butler, 1969). More work is needed to 
determine the nature of the hydroxylamine-sensitive bond in 
c3. 
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