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RESEARCH ARTICLE 

Model Structure for the 
Inflammatory Protein C5a 

Jonathan Greer 

C5a is a biologically active molecule 
produced during the course of serum 
complement activation ( I ) .  As an ana- 
phylatoxin, it shares with C3a and C4a 
the ability to induce contraction of 
smooth muscle, increase vascular per- 
meability and release histamine from 
mast cells and basophilic leukocytes. 
However, C5a also has the ability to 
recruit monocytic and polymorphonucle- 
ar leukocytes to inflammatory sites by 
stimulating their locomotion (chemoki- 
nesis) and directing their migration (che- 
motaxis). C5a also fosters the release 
from these inflammatory cells of free 
radicals and tissue-digesting enzymes 
that are believed to play a major role in 
the tissue injury accompanying inflam- 

mation. Consequently, inhibition of C5a 
activity is of considerable therapeutic 
interest for the treatment of inflamma- 
tory diseases such as rheumatoid arthri- 
tis. 

Human C5a is a relatively small pro- 
tein with a sequence of 74 amino acid 
residues (2). It contains one oligosaccha- 
ride (molecular size 2800 to 3000 dal- 
tons), which is attached to an aspalagme 
at position 66[641 [see (311. The total 
molecular size of human C5a is around 
11,000 daltons. Porcine C5a has also 
been sequenced (4); it consists of 74 res- 
idues but has a Glu rather than Asn at 
position 66[64] and therefore contains no 
carbohydrate. The sequences of C3a, 
C4a, and C5a are all clearly homologous, 

suggesting a common evolutionary origin 
for these molecules (1). 

Studies have been performed on C5a 
in order to identify the parts of the 
molecule that are essential for receptor 
binding and biological activity. C5a 
desArg, from which the COOH-terminal 
Arg residue has been removed, shows a 
significant decrease in chemotactic ac- 
tivity (5). When the pentapeptide that 
corresponds to the COOH-terminal five 
residues of C5a is examined, no chemo- 
tactic or chemokinetic activity is ob- 
served (6). On the other hand, the bal- 
ance of the molecule containing the re- 
maining 69 NH2-terminal residues, while 
chemotactically inactive, does compete 
with C5a for binding to the C5a receptor 
(7). Thus, it appears that the NH2-termi- 
nal portion and the COOH-terminus of 
the C5a molecule interact with the recep- 
tor and are involved in producing biolog- 
ical activity. Similar modification and 
peptide studies on C3a (I) show that only 
the COOH-terminal residues of C3a are 
required or necessary for full biological 
activity. 

A considerable increase in our ability 
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to probe and understand the function of 
C5a would come from knowledge of its 
three-dimensional structure. Although 
the structure of C5a is not known from 
experimental sources, the structure of 
the homologous C3a molecule has been 
determined by x-ray diffraction studies 
(8, 9). Consequently, comparative mod- 
eling methods may be used to produce a 
tentative model structure of the C5a mol- 
ecule. 

defined in the C3a crystal structure and 
provides a reasonable basis for compara- 
tive molecular modeling. The COOH- 
terminus of the C3a molecule has a de- 
fined conformation in the crystal; how- 
ever, this appears to be due to an inter- 
molecular contact that is peculiar to the 
crystal. Hence, the conformation of this 
portion of the C3a molecule is different 
and perhaps disordered in solution (9). 
Finally, no electron density appears for 

Abstract. The complement cleavage product C5a is a potent stimulant of inflam- 
matory processes; thus, inhibition of C5a activity is of therapeutic interest. The 
three-dimensional structure of the major portion of C5a was modeled from the 
homologous C3a crystal structure by comparative modeling techniques. The model 
shows that core residues of C5a are completely conserved, while external residues 
difler from C3a. Even though the amino-terminal 12 residues of C3a are disordered in 
the crystal, this sequence in C5a may form an amphipathic helix. The distribution of 
species sequence differences in the complete C5a structure suggests a possible 
receptor binding site. 

Comparative modeling methods have 
been applied to a large number of ho- 
mologous proteins including a-lactalbu- 
min (lo), bacterial ( l l ) ,  and mammalian 
(12-15) serine proteases and aspartyl 
proteases (16). In reporting such studies, 
it is important to give precise details of 
how the modeling was performed and 
some sense of the degree of reliability or 
confidence in the various parts of the 
model structure. Such assessments are 
based on the general and local degree of 
sequence homology and on its relation to 
the extent of structural conservation. 

The properties of the reported crystal 
structure of C3a suggest that the model- 
ing of C5a be considered in three seg- 
ments. The central portion of the mole- 
cule, residues 13 through 73, is well 

the NHrterminal 12 residues of C3a in 
the crystal and hence their structure is 
completely unknown. 

Modeling the central portion of the 
C5a molecule. The first step in modeling 
this part of C5a requires the accurate 
alignment of the C5a sequence to that of 
C3a (Fig. 1). While the two molecules 
are clearly homologous, the degree of 
homology is sufficiently low that it is 
difficult in some cases to distinguish true 
sequence homology from chance corre- 
spondence of the sequences. To aid in 
positioning additions and deletions in the 
sequence, the three-dimensional struc- 
ture of the C3a molecule was considered. 
In particular, the sequences were aligned 
so that no additions or deletions would 
occur in the middle of a-helices (12, 13) 

C3a# 5 10 15 20 25 30 35 40 - - - - - - - -  
C3aH S V Q L T E K R M N K V G K Y - P K E L R K C C E D G M R Q N P M R F S C E R R T R  

C5aP M L Q K K I E E E A A K Y K Y A M L K K C C Y D G A Y R N D D E - T C E E R A A  - - - - - - - -  
C5a# 5 10 15 20 25 30 35 

C5aH R I S L G P R C I K A F T E C C V V A S Q L R A N I S H K D M Q L G R  

C5aP R I K I G P K C V K A F K D C C Y I A N Q V R A E E S H K N I Q L G R  

Fig. 1. Amino acid sequences of C3a and C5a. The numbering shown on the top line is that of 
the C3a molecule (line labeled "C3a#"); on the bottom line that of C5a (labeled "C5a#"). The 
human C3a sequence (9) is labeled "C3aH," human C5a is "C5aHW (2), and porcine C5a is 
"C5aP" (4). The solid lines above and below the sequences mark the positions of the a-helices 
in the crystal structure of C3a (9). The single-letter code for amino acids (or residues) is A, Ala; 
C, Cys; D, Asp; E, Glu; F,  Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

(Fig. 1). Thus, for example, the align- 
ment shown for residues 63[61] to 77[74] 
in Fig. 1 was selected over that of Fer- 
nandez and Hugli (2) shown below be- 
cause residues 47[451 to 73[711 form one 

long a-helix in C3a (9) and the deletion of 
three residues would cause a gap in the 
helix, while the concomitant addition 
of two residues would give a bulge out of 
the helix, both of which are very unlike- 
ly. The alignment for this region shown 
in Fig. 1 is further supported by the fact 
that other sequences of C3a from pig, 
rat, and mouse (17-19) fail to preserve 
the A X X S H sequence at residues 
68[66] to 72[70]. 

From the sequence alignment of Fig. 
1, the structure for the central portion of 
C5a was generated by "mutation" of the 
C3a sequence. Only one residue addition 
was necessary, around position 15[14], 
and one deletion, around position 34[32] 
(Fig. 2). The model structure begins at 
residue 13[111 and forms a turn through 
residue 16[15]. The single residue addi- 
tion occurs in this loop. Residues 17[16] 
through 27[26] form an a-helix. Residues 
28[27] to 34[32] are another turn in which 
the residue deletion occurs. Positions 
35[331 through 41[39] and 47[45] through 
73[71] form two a-helices with a turn 
lying between them composed of resi- 
dues 42[40] through 46[44]. Thus, as has 
been found previously for the serine pro- 
teases (12-14). all the additions and dele- . . 
tions occur in external loops that lie 
between the secondary structure ele- 
ments that are conserved and that con- 
tain the significant sequence homology. 

Residue Asn 66[64], which lies near 
the COOH-terminus of the long a-helix, 
is the site of the carbohydrate attach- 
ment to C5a (see arrow in Fig. 2). The 
model shows this site to be well exposed 
with all the space necessary for binding a 
large oligosaccharide. It lies far enough 
from the COOH-terminus not to inter- 
fere directly with receptor binding of Arg 
76[74], yet close enough to exert some 
influence on biological activity (20). 

When examined in detail, the model 
structure for C5a shows a remarkable 
property. The residues that change in 
sequence when C3a is "mutated" to 
form C5a are shown in yellow in Fig. 2, 
whereas the residues that remain con- 
served in the two proteins are shown in 
red. Figure 2 shows that all side chains 
that form the core of these two anaphyla- 
toxin molecules, especially those around 
Phe 53[51] and Arg 39[37], are complete- 
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ly conserved. The core of these two identity in the sequence between these often dramatic in terms of residue char- 
molecules is identical in sequence, and two proteins, virtually all these identities acter (see, for example, positions 24[23], 
no adjustments need to be made to the form the core of the structure. In con- 29[28], 32[31], 42[40], 50[48], and 65[63] 
main chain of the CSa model to accom- trast, most of the external residues on in Figs. 1 and 2). 
modate changes in buried side chains. the surface of the molecule are changed Model for the NH2-terminus of C5a. 
Thus, while there is only 36 percent from C3a to C5a, and these changes are Since no crystal structure exists for the 

Fig. 2. The model structure of CSa in 
stereo. (Blue) The a-carbon plot of 
the molecule; (red) the side chains 
conserved in human C3a and CSa; 
(yellow) the side chain residues in 
C5a that differ from C3a. Residue 
numbering corresponds to that for 
C3a. AU the internal side chains in 
the structure are conserved between 
C3a and CSa. When the sequences 
are compared (Fig. l), it is clear that 
the external residues are highly vari- 
able and can be dramatically different 
in the two proteins. Asn 66[64], la- 

.beled in white and marked by the 
green arrow, is the site of the bound 
carbohydrate in CSa. It is adjacent to 
the COOH-terminus of the molecule. 

Fig. 3. The sequence differences be- 
tween human CSa (red) and porcine 
CSa (green) are shown superimposed 
on the a-carbon plot (blue) of CSa. 
Atoms common to both the human 
and porcine side chains appear in 
yellow. Side chains with the identical 
sequence in both species are not 
shown. The substitutions are distrib- 
uted throughout the surface of the 
molecule while the core of the struc- 
ture continues to be completely con- 
served. 
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NHrterminal dodecapeptide of C3a, the 
NH2-terminus of C5a cannot be modeled 
by comparative techniques. Neverthe- 
less, because it may be involved in re- 
ceptor binding, a model for this portion 
of C5a would be valuable in probing 
functional properties. 

Close examination of the sequence of 
residues 3[1] to 11[9] in C5a (Fig. 1) 
reveals an interesting and suggestive 
property. Residues Leu 4[2], Ile 8[6], 
and Ile 11[9] are hydrophobic, while resi- 
dues Thr 3[11, Gln 5131, Lys 6[4], Lys 
7[51, Glu %A, and Glu l@8] are all very 
hydrophilic. Such an arrangement of res- 
idues is highly suggestive of an amphi- 
pathic a-helix that lies on the surface of a 
protein where it is mostly exposed to 
solvent and thus mainly hydrophilic but 

has one face that is hydrophobic which 
would contact the rest of the protein 
molecule. 

As a means of ascertaining whether 
this region of C5a might be a reasonable 
candidate for an a-helix, secondary 
structure predictions were made, by the 
method of Chou and Fasman (21), on the 
NH2-terminal sequences of human C3a 
and C5a (Table 1). While the prediction 
for the NH2-terminus of C3a is ambigu- 
ous as to whether it is a- or &like, for the 
NHrterminus of C5a, it is strongly and 
distinctly helical. As a result of the 
above considerations, the nonapeptide 
consisting of residues 3[1 I to 1 1 [91 of C5a 
was folded into an a-helix. 

How does this NH2-terminal helix in- 
teract with the central portion of the C5a 

molecule? As a means of discovering 
possible binding positions for this helix, 
the available sequences for human and 
porcine C5a were compared by placing 
them in the model of the C5a structure. It 
was evident (Fi. 3) that all the changes 
between the two sequences were on the 
surface of the molecule and that the core 
residues were completely conserved in 
these two sequences, as expected. Fur- 
thermore, the changed residues were 
spread throughout the whole surface of 
the molecule and not concentrated in any 
particular area. However, one region of 
the surface had no residue changes and 
was conserved: around residues 23[22] 
to 27[26] and 52[50], 53[51], 56[54], 
57[551,60[581,63[61], and 64[621. Exami- 
nation of this conserved region revealed 

Fi. 4. The docked position 
of the putative NH2-termi- 
nal a-helix of C5a on the 
central portion of the mole- 
cule. (Top) The resulting 
structure is shown in skele- 
tal form. The NH2-terminal 
helix consisting of a-car- 
bon plot and side chains for 
residues 3[1] to 12[10] is 
shown in green. The resi- 
dues that arc in contact 
with this helix on the cen- 
hal portion of the molecule 
are shown in red on a blue 
acarbon plot. These resi- 
dues are part of the helix 
between 17[16] a d  27[26] 
and of the long helix from 
47[45] to 73[71]. (Bottom) 
A surface representation of 
the docked NHttenniaal 
helix (green) onto tbe re- 
mainder of the molecule 
(red) ie shown. Only a slice 
of the depth of the full 
structure found in the top 
panel is included here for 
clarity. This slice includes 
the bottom of Leu 421 and 
the top d Ik N61. Both 
skeletal and d e c e  de- 
W r i p t i ~  wm used to 
marrllally dock this helix 
onto the molecule. 
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a hydrophobic patch that could form the When the NH2-terminal nonapeptide crystallographic structure) with only mi- 
binding site for the hydrophobic face of helix of human C5a was docked onto the nor adjustments. In this cgnfonnation, 
the putative NH2-terminal helix. rest of the molecule as d e s c n i  above, residues 11[9] through 16[15l-includiag 

The nonapeptide helix consisting of residues Ile 11[9] and Ala 12[10] were the added residue in C5a over C3a (Fig. 
residues 3[1] to 11[9] was docked man- close enough to join Ala 13[11] (whose &qu i t e  naturally form the turn be- 
ually onto the above hydrophobic patch. position had been derived from the C3a tween the NH2-terminal helix and the 
Both skeletal (Fig. 4, top) and surface 
(Fig. 4, bottom) representations were 
wed in to maximize interacting Table 1. Chou and Fasman predictions of secondary structure for the NH2-terminus of C3a and 
surface yet minimize overlap of atoms. C5a. 
The resulting structure (Fig. 4) has the 
NH2-terminal helix interacting with two lZrotein 

Residues 
<Pa>* <m>* TYP" 

helices on the central portion of the Begin End prrrllcted 
molecule: with a part of the helix from C3a 
17[16] to 27[26] and also with a section of 11-11 %'I 1.120 1.014 a 

11-11 5131 0.996 1.208 
the long COOH-terminal helix. The con- CSa 4121 141121 1.256 0.929 

B 
a 

tact is hydrophobic and is *a-Helix- and p-sheet-fonning propensities. See (21) for a definition of these values. 
formed of residues Leu 4[2] and Ile 8[6] 
on the NH7-terminal helix interdimtated 
with residues Cys 23[22], Tyr 24[2?], Ala 
27[26], cys 56[54], val 591571, ~l~ Table 2. Contact distances between the NH2-terminal helix and the rest of CSa. Indicated 

contact distances are for the closest distance of any atom-atom interaction (both main chain and 
60[5819 and Leu 63[611 On the central side chain) between the indicated two residues. " + + + +" indicates all distances larger than 5.0 
portion of the molecule. Fitting the helix A. Residues Thr 3111, Lys 6141, Glu q71, and Glu 10181 make no contacts shorter than 5.0 A with 
onto this patch was greatly simplified in the rest of the molecule. 
that mostof the side chains in the con- 
tact are either small or relatively fixed in 
conformation; thus no initial adjustments 
in the side chain positions were required 
to obtain a reasonable docking confor- 
mation (Table 2). 

The residues on both sides of the con- 
tact are conserved in porcine C5a except 
that Val 59[57] changes to Ile, and Ile 
11[9] goes to Glu. Both these ditrerences 
can easily be accommodated since they 
lie at the edge of the contact (Figs. 3 and 
A\ 

Position in 
rest of C5a 

Positions in NH2-terminal helix 

4121 
Leu 

5131 7151 8161 1 1 191 
Gln LYS Ile Ile 

201191, Lys 
231221, Cys 
241231, Tyr 
261251, G ~ Y  
271261, Ala 
5q541, CYS 
57[55], Cys 
591571, Val 
ao[581, Ala 
631611, Leu 

Fig. 5. The sequence changes are com- 
pared for human C5a (red) and porcine 
CSa (green) on the full proposed model 
for CSa (blue) including the putative 
NHrterminal a-helix. Atoms common 
to both human and porcine side chains 
appear in yellow. The contact between 
the NH2-tenninal helix and the rest of 
the molecule is completely preserved 
with the possible exception of Val 
59[571+ Ile which can easily be ac- 
commodated in this structure. It is 
interesting that, despite the widespread 
nature of the changes between these 
two species, a conserved region does 
appear in the upper right of the mole- 
cule as shown, which includes residues 
5131. 6141, 7[51, 9171, 10[81, and 20[191 
through 26[25]. This region is highly 
hydrophilic and may represent a tenta- 
tive location for the receptor binding 
site on CSa. 

31 MAY 1985 



helix from residues 17[16] through 
27 [26]. 

The C5a model structure can be fur- 
ther refined by energy minimization 
techniques with the program VFFPRG 
of Hagler and co-workers (22, 23). This 
method permits the accommodation of 
the addition and deletion in the loops at 
11[9] to 16[15] and 28[271 to 33[321, re- 
spectively (Fig. I), as well as optimiza- 
tion of the structure and contact interac- 
tions of the NH2-terminal helix. 

The proposal of an a-helix at the NH2- 
terminus and its docking of C5a leads to 
the questions whether this helix and in- 
teraction occur in C3a and if so why it 
does not appear in the crystal structure 
(9). The contact residues (Table 2) were 
examined in the sequence of C3a. It was 
apparent that, although the NH2-termi- 
nus of C3a might form an a-helix (Table 
I), this helix could not form the same 
hydrophobic contact as in C5a. The Ile 
8[6] of C5a becomes an Arg in C3a; 
which is both charged and too large to fit 
into the same contact as the Ile. Further- 
more, a number of residues on the other 
side of the contact are changed including 
Ala 27[26] + Met, Val 59[57] -+ Tyr, 
Ala 60[58] -+ Ile, and Tyr 24[23] -+ Glu; 
these changes modify the contour of the 
molecular surface quite dramatically in 
this region of the structure. Thus the 
identical interaction, as in C5a, cannot 
occur. An alternative docking might be 
found for an NH2-terminal helix in C3a 
onto the rest of the molecule, but it 
appears unlikely that this helix could be 
accommodated in the crystal structure of 
C3a, as reported by Huber and his co- 
workers [(9) and figure 3 in (9)l. 

Implications of the model. Modeling 
of the C5a structure from C3a has pro- 
duced a structure whose core is com- 
pletely identical in the two proteins (Fig. 
2). This strong correlation between resi- 
due identity and buried position suggests 
that the structures of these two mole- 
cules are closely conserved. It bestows a 
high level of confidence in the chosen 
sequence alignment (Fig. 1) and in the 
validity of the C5a model structure. In 
fact, the degree of conservation in the 
inside of these two molecules is even 
greater than is observed for closely relat- 
ed members of the serine protease (12- 
14) or aspartyl protease families (24). 
Certainly, the high divergence of the 
sequences of C3a and C5a (-64 percent 
different) indicates that sufficient evolu- 
tionary time has elapsed for changes to 
appear inside these molecules. 

While the internal residues are all con- 
served in these two anaphylatoxins, the 
outside residues are almost all different. 
This result shows graphically that in na- 

ture the identical structural framework 
may occur in two proteins, yet they look 
to the outside world like very different 
molecules. This is quite appropriate, 
since C3a and C5a have very distinct 
functions that are mediated through very 
different Darts of the two structures and 
interact with different cell receptors in 
performing their respective cellular func- 
tions. 

In the absence of an experimental 
structure from C3a, the NHz-terminal 
region of C5a was constructed as a helix 
and docked onto a patch of the rest of the 
molecule, which was chosen by its con- 
servation between human and porcine 
C5a and by its hydrophobic nature. The 
resulting ensemble of four a helices 
forms a short-coiled coil of a helices. 
Such coiled helix interactions are ob- 
served in a variety of proteins with dif- 
ferent numbers of helices, such as bacte- 
rial rhodopsin (25) and hemerythrin (26). 

The apparent inability of the C3a se- 
quence to form the same contact be- 
tween the NH2-terminal helix and the 
rest of the molecule as is proposed here 
for C5a does not exclude the possibility 
that an alternative interaction between 
an NH2-terminal helix and the helical 
segments of the central portion of the 
molecule may occur in C3a. Somewhat 
different interactions between neighbor- 
ing helices have been observed in the 
many different globin structures (27) and 
a similar change may be occurring be- 
tween C3a and C5a. 

Biological studies have shown that 
porcine C5a cross-reacts with human 
C5a receptors with similar activity to 
that of human C5a (20). This result im- 
plies that the receptor-binding residues 
in human and porcine C5a should be 
fairly well conserved. Therefore, the 
comparison of the human and porcine 
C5a seauences was reexamined in the 
light of ;he complete four-helix structure 
proposed for C5a (Fig. 5). The molecule 
continues to show that the changes be- 
tween these two sequences are distribut- 
ed throughout the surface of the struc- 
ture. However, a single contiguous con- 
served region of surface can be found 
which includes residues 5[3] to 7[5], 9[7] 
to 15[13] and 20[19] through 26[251. This 
area of the surface is a candidate for the 
receptor binding site that lies in the 69 
residue NH2-terminal fragment of C5a 
(7). Interestingly, this region of the sur- 
face is not very far from the COOH- 
terminal Arg residue which is also impor- 
tant for biological activity and thus prob- 
ably interacts with the receptor. As was 
discussed earlier, the conformation of 
the COOH-terminal residues of C5a both 
in solution and when bound to the recep- 

tor is likely to be different from that in 
the C3a crystal (9). Preliminary modeling 
of the COOH-terminus shows that the 
Arg 76[74] side chain can approach clos- 
er to the NH2-terminal region described 
above than the conformation indicated 
by the C3a crystal structure (Fig. 5). This 
would form a more compact but proba- 
bly still discontinuous receptor binding 
site on C5a. 

Thus, the model structure of C5a sug- 
gests a large number of directed experi- 
ments which may provide new informa- 
tion about the functional properties of 
C5a and its interaction with neutrophil 
receptors. 
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