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ABSTRACT: The tertiary structure for the region 1-63 of the 74 amino acid human complement protein C5a 
in solution was calculated from a large number of distance constraints derived from nuclear Overhauser 
effects with an angular distance geometry algorithm. The protein consists of four helices juxtaposed in an 
approximately antiparallel topology connected by peptide loops located at the surface of the molecule. The 
structures obtained for the helices are compatible with a-helical hydrogen-bonding patterns, which provides 
an explanation for the observed slow solvent exchange kinetics of the amide protons in these peptide regions. 
In contrast to the peptide region 1-63, no defined structure could be assigned to the C-terminal region 64-74, 
which increasingly acquires dynamic random coil characteristics as the end of the peptide chain is approached. 
An average root-mean-square deviation of 1.6 8, was obtained for the a-carbons of the first 63 residues 
in the calculated ensemble of C5a structures, while the a-helices were determined with an average root- 
mean-square deviation of 0.8 8, for the a-carbons. A comparison between the solution structure of C5a 
and the crystal structure of the functionally related C3a protein, as well as inferences for the interaction 
of C5a with its receptor on polymorphonuclear leukocytes, is discussed. 

%e complement system consists of a set of regulatory factors 
and proteolytic enzymes (Cl-C9) which aid in the recognition 

and elimination of foreign substances. In classical activation, 
a cascade of proteolytic cleavages of complement proteins 
Cl-C5 is triggered by the formation of immune complexes. 
This ultimately re& in the formation of a molecular lytic 
complex between C5b, C6, C7, C8, and C9 which assists in 
the lysis of bacterial cells [reviewed in Mayer (1979)]. The 
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byproducts of the cleavages of C3, C4, and C5 are known as 
anaphylatoxins (C3a, C4a, and C5a, respectively) and facilitate 
the immune response by causing vasodilation, increasing 
vascular permeability, inducing the contraction of smooth 
muscle, and triggering the release of histamine from mast cells 
and basophilic leukocytes. Among the anaphylatoxins, the 74 
amino acid C5a protein is the principal inflammatory molecule 
derived from the complement system. In addition to the bi- 
ological actions common to all anaphylatoxins, this potent 
mediator stimulates the locomotion (chemokinesis) and re- 
cruitment (chemotaxis) of polymorphonuclear leukocytes to 
sites of inflammation and triggers these cells to release tis- 
sue-digesting enzymes and other damaging substances [for a 
review, see Hugli (198l)l. C5a has also been shown to aug- 
ment antibody production in vitro by inducing release of 
monokines (Weigle et al., 1983). Because of this broad range 
of biological properties, C5a has been implicated as a causative 
or aggravating agent in a variety of inflammatory and allergic 
diseases (Ward, 1970). Compounds which inhibit the in- 
flammatory actions of C5a would therefore be powerful 
therapeutic agents for the treatment of such diseases. 

The interaction of C5a with polymorphonuclear leukocyte 
receptors has been studied by several groups. As yet, however, 
the understanding of the C5a regions which interact with the 
receptor is incomplete. The C-terminal residues (Fernandez 
et al., 1978; Gerard et al., 1979; Chenoweth & Hugli 1978; 
Edalji et al., 1987) and N-terminal residues (Damerau et al., 
1983; Gerard et al., 1985), as well as the disulfide linked core 
(Johnson et al., 1987; Johnson & Chenoweth, 1985), have all 
been implicated to play an important role in binding to the 
C5a receptor. Site-directed mutagenis studies have also 
suggested involvement of both core and C-terminal residues 
(Mollison et al., 1988a). The interaction of C5a with its 
receptor appears to be far more complicated than for C3a, 
where synthetic peptides of the 21 C-terminal residues have 
been shown to elicit a full biological response (Lu et al., 1984); 
only negligible affinity was obtained for similar C-terminal 
peptides of C5a (Chenoweth et al., 1979; Khan et al., 1985). 

Compared to the number of studies of the biological func- 
tions of C5a, relatively few experiments have been carried out 
to investigate its structure. The sequence of C5a has been 
determined (Fernandez & Hugli, 1978), the secondary 
structure was characterized as predominantly a-helical from 
optical studies (Hugli, 1981), and the disulfide linkages be- 
tween six of the seven cysteine residues have been obtained 
from biochemical studies (Zimmerman & Vogt, 1984). No 
detailed experimental three-dimensional structure of C5a, e.g., 
from X-ray crystallography, has been reported. From com- 
parative computer modeling however, a model structure has 
been proposed for human C5a (Greer, 1985) on the basis of 
the crystal structure of C3a (Huber et al., 1980). C3a has 
35% amino acid homology to C5a, and its disulfide linkages 
are located in homologous positions. 

Recently, we have described the sequential assignment of 
the 'H nuclear magnetic resonance (NMR)' spectrum of C5a 
(Zuiderweg et al., 1988a). The backbone protons for all 
residues and the side-chain protons of 57 residues were fully 
assigned while for the remaining 18 side chains partial as- 
signments were obtained. On the basis of these results, we 
have identified for this protein a large number of interresidue 
nuclear Overhauser effects (NOES) in the two-dimensional 
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NOE spectrum (NOESY) (Jeener et al., 1979). In a pre- 
liminary report, we have recently presented an ensemble of 
tertiary structures calculated from constraints derived from 
these NOES (Zuiderweg et al., 1988b) for purposes of com- 
parison with the structure of C5a based on comparative com- 
puter modeling (Greer, 1985). 

Here, we give a full account of the methods and procedures 
followed for the determination of the three-dimensional 
structure of C5a in solution. On the basis of a slightly larger 
NOE data set than that used in the preliminary communi- 
cation (Zuiderweg et al., 1988b), we calculated an ensemble 
of nine equally well converged tertiary structures for C5a in 
which only NOE constraints were used as the target distances 
in the DISMAN program (Braun & Go, 1985). Another 11 
structures were computed in which the distance list was 
augmented with constraints for the disulfide linkages (Zim- 
merman & Vogt, 1984) and for hydrogen bonding as deter- 
mined from a careful investigation of the C5a secondary 
structure. The resulting ensembles of structures are mutually 
compared and compared with the crystal structure for C3a 
(Huber et al., 1980). Possible locations of receptor binding 
sites on the C5a molecule are discussed on the basis of the 
experimentally determined solution structure. 

MATERIALS AND METHODS 
The NMR studies were carried out with recombinant C5a 

(75 residues) (rC5a[MetO]) obtained from a synthetic gene 
(Mandecki et al., 1985) expressed in a protease-deficient strain 
of Escherichia coli (Mandecki et al., 1986) which was grown 
under conditions giving high-level C5a expression (Mollison 
et al., 1987). The protein was purified by high-performance 
liquid chromatography (Carter et al., 1986). rCSa[MetO] is 
identical with human serum C5a except for the additions of 
an N-terminal methionine and glutathione moiety attached 
to Cys-27 and the deletion of the carbohydrate chain at 
Asn-64. No difference in the biological activity of human 
serum C5a and rCSa[MetO] could be detected for receptor 
binding, stimulation of lysosomal enzyme release, chemoki- 
nesis, or chemotaxis (Mollison et al., 1988b). Furthermore, 
the one-dimensional proton NMR spectrum of these species 
showed identical shifts for the aromatic and high field shifted 
methyl resonances (Zuiderweg, unpublished results), strongly 
indicating a similar folded structure. 

Samples of approximately 7 mM rCSa[MetO] in 2 H 2 0  or 
90% H20-10% ZH20 solutions at pH 2.3 without buffer were 
used for the NMR studies, which were acquired at 10 OC. 
Phase-sensitive NOESY data sets were collected with the 
standard pulse sequence (Jeener et al., 1980) and phase pro- 
grams (States et al., 1982) and were acquired in the hyper- 
complex mode (Muller & Ernst, 1979; States et al., 1982) with 
the carrier placed in the center of the spectrum. NOESY 
spectra used for the determination of the secondary structure 
of C5a were recorded at 500 MHz on a General Electric 
GN500 spectrometer using mixing times of 25, 50, 75, and 
100 ms. An incrementation of the NOE mixing time with 10% 
of the t l  evolution time was utilized to shift out coherence 
transfers from the reference cross-peaks in an additional 
NOESY spectrum with a 25-ms mixing time (Macura et al., 
1982). Solvent suppression was achieved by delivering a Dante 
pulse train from the low-power observe amplifier to the solvent 
resonance at all times except during t2  and t i  (Wider et al., 
1984; Zuiderweg et al., 1986). A spectral width of f2500 Hz 
was used, and data sets of 2K complex points in t2  and 256 
complex points in t i  were acquired with 128 scans per tl value. 
A relaxation delay of 1 s was used. Amide proton exchange 
data were obtained from a series of COCONOSY experiments 

Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear 
Overhauser effect; 2D, two dimensional; COSY, 2D scalar correlated 
spectroscopy; NOESY, 2D nuclear Overhauser effect spectroscopy; rms, 
root mean square; rmsd, root-mean-square deviation. 
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(Haasnoot et al., 1984) in the phase-sensitive mode acquired 
on a GE GN500. Simultaneous scalar correlated (Aue et al., 
1976) and NOESY data sets were accumulated with 8 h of 
acquisition time per set from a rCSa[MetO] solution freshly 
lyophilized from H 2 0  and dissolved in 2H20 at 10 OC, pH 2.3. 
With the carrier set at the low-field end of the spectrum, 400 
real t ,  acquisitions of 48 scans each were acquired. The data 
used for the identification of NOEs in the aliphatic region of 
the spectrum were collected with a 7 mM C5a solution in 
2H20, 10 OC, pH 2.3, and were obtained at mixing times of 
200 and 50 ms on a Bruker AM500 spectrometer. The spectra 
were acquired by oversampling in t2 (spectral width f5000 
Hz) in order to increase the dynamic range (Delsuc & 
Lallemand, 1986) and to avoid base-line, phase, and intensity 
distortions caused by audio filters. The 200-ms data were 
acquired with 256 complex t l  values of 64 scans each while 
the 50-ms data were collected with 256 complex t ,  values of 
128 scans each. Low-power presaturation of the residual 
H 0 2 H  signal was carried out during the relaxation delay of 
1 s. The base line of the w2 slices was optimized by adjusting 
the receiver reference phase and acquisition delay to obtain 
a spectrum which needed no zero- or first-order phase cor- 
rection. 

Data processing was carried out in the format of the FTNMR 
program (Hare Research, Woodinville, WA) with in-house- 
written software utilizing a CSPI minimap array processor 
hosted by a VAX 8350 computer. For NOESY experiments, 
care was taken to optimize the base line of the spectra by 
manipulating the intensity of the first points of the free in- 
duction decays prior to Fourier transformations in both t2 and 
t l  (Otting et al., 1986). The data were digitally filtered as 
described in the figure legends. The occurrence of t2 ridges 
was further minimized either by base-line correction of the 
w2 transformed slices with a fifth order polynomial, by auto- 
matic base-line correction (Pearson, 1977; Boelens et al., 1985; 
Zuiderweg, unpublished software) of the rows of the frequency 
domain matrix, or by both. The base plane of the spectrum 
was further improved by an automatic base-line correction of 
the w ,  slices in the frequency domain matrix. 

The calculations of C5a structures were carried out on a 
VAX 8600 computer using the DISMAN program (Braun & 
Go, 1985). Fourteen different starting structures were gen- 
erated in which the backbone conformation was set in a ran- 
dom extended structure (-165' < 4 < - 7 5 O ;  7 5 O  < + < 165') 
with fourteen independent seed numbers for the random 
choices in each starting conformation. The dihedral angles 
x of the amino acid side chains in these starting structures were 
set to 180'. A protocol similar to that described by Braun 
and Go (1985) for the calculation of bovine pancreatic trypsin 
inhibitor structures was used. The DISMAN program used a 
variable target function for the calculation of structures from 
the distance data. First, the polypeptide chain was brought 
into a conformation compatible with constraints between atoms 
of residues which are adjacent in the sequence (short range), 
followed by convergence toward a target which also contained 
medium-range constraints while in the final stages all con- 
straints were incorporated in the computation. The weight 
of the van der Waals distance constraints was concomitantly 
increased during the computations. The resulting structure 
was subsequently used as the starting structure for a new round 
of computations in which the same variable target function 
was used to move the conformation out of local minima. From 
test calculations it was decided that convergence of the 
structures toward the constraints did not improve after three 
minimization rounds. Therefore, all structures reported here 
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FIGURE 1 : Cross sections parallel to w1 at the amide proton resonances 
of Ser-42 taken from NOESY spectra recorded with T,  of 25, 50, 
75, and 100 ms which were processed with sine bells shifted by 30 
and 4 5 O  in w2 and w,, respectively. The sequential NOE peaks daN(i,i 
+ 1) and dNN(i,i h 1) are indicated. 

were carried out with three rounds. The total calculation time 
for the structures reported in this paper was approximately 
260 CPU hours. 

The DISMAN coordinate sets were modified to obtain the 
carbon positions corresponding to the methyl group pseudo 
atoms and were reformated to the Brookhaven Protein Da- 
tabank format containing heavy atoms only. All graphics was 
carried out on an Evans and Sutherland MPS graphics system 
interfaced to a VAX 111785 computer using the in-house- 
written Protein Display System software. Minimized rmsd 
superposition of the structures and addition of protons to the 
structures were carried out with the Protein Display System 
software. 

RESULTS 

Inspection of the NMR spectrum of C5a in H 2 0  [Figure 
6 of Zuiderweg et al. (1988a)l shows that many NOES occur 
between the amide protons of this protein. This implies that 
C5a contains a large amount of helical secondary structure 
(Billeter et al., 1982). Since helices form such tight structural 
entities in proteins, they determine the tertiary structure to 
a large extent. Therefore, it was of importance to obtain a 
good definition of the location and regularity of the helices 
from the NMR data prior to the tertiary structure determi- 
nation. Accordingly, the 3D structure determination of C5a 
was divided into two steps: (a) the precise determination of 
the location of the helices and assessment of their regularity 
and (b) the folding of the tertiary structure of the protein on 
the basis of long-range distance constraints between the ele- 
ments of secondary structure. 

Secondary Structure of the Core of C5a. The secondary 
structure of C5a was delineated from quantitative measure- 
ments of the sequential NOES between a and amide protons 
[daN(i,i + I)] and between amide protons (d"), from iden- 
tification of medium-range NOEs [daN(i,i + n ) ,  n 2 2, and 
das(i,i + 3)] (Wuthrich et al., 1984), and from identification 
of long, contiguous stretches of slowly exchanging amide 
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FIGURE 2: Fingerprint region of a 500-MHz 'H NOESY spectrum or rCSa[MetO] in 90% H20-10% 2H20, pH 2.3, 1.0 OC. The solvent resonance 
was suppressed by observe-field coherent time-shared radio-frequency saturation at all times except during t l  and t2. The NOE mixing time 
was 100 ms. The spectrum was processed with an unshifted sine bell in t2 and a sinebell shifted by 30' in tl. The digital resolution is 2.5 
Hz/point in w2 and 4.9 Hz/point in w l .  In this figure the observed dorN(i,i + 3) cross-peaks are documentei; they are found at the intersections 
of the horizontal and vertical lines leading to the intraresidue NOEs identified by labels. 

protons (Wagner, 1983; Zuiderweg et al., 1983a). 
Figure 1 shows an example of cross sections through four 

NOESY spectra of C5a in H20 recorded with mixing times 
of 25, 50, 75, and 100 ms at the amide proton position of 
Ser-42. It is seen that the NOE corresponding to daN(i,i + 
1) is intense and builds up rapidly, whereas the NOE corre- 
sponding to d"(i,i + 1) is much smaller and shows a slower 
build-up rate. This result shows that the Ile-41-Ser-42 link 
is of an extended type of structure. Build-up rates at  T, = 
0 were extrapolated from the peak intensities from similar 
quality data as shown in Figure 1 for a large number of amide 
protons by a computer fitting routine. It was found that the 
build-up rates were directly proportional to the intensities at 
7, = 25 ms. The rates were converted to distances with the 
build-up rate of a NOE cross-peak between Tyr 3S-protons 
and Tyr 2,6-protons as a distance calibration and are presented 
in Table I. Due to limitations in signal/noise ratio for the 
smaller peaks, the accuracy of the distances in this table is 
not better than 10% (reflecting estimated errors of a factor 
of 2 in intensity measurements). The precision of the distances 
in the C-terminal region of C5a is undetermined because of 
increased mobility (see below). 

Figure 2 shows an expansion of the NH-C,H cross-peak 
region of a NOESY spectrum of rC5a[MetO] which docu- 
ments the identification of the medium-range NOES, daN(i,i 
+ 3). Observation of this type of NOE is essential to the 
delineation of helices (Zuiderweg et al., 1983a; Wuthrich et 
al., 1984). As can be seen, most of these NOES are close to 
the noise level in the spectrum. Thus, absence of this type of 
connectivity in a particular region does not exclude helicity 
in that region. Furthermore, spectral overlap also prohibits 
a complete analysis of the possible presence and/or absence 
of these intermediate-range NOEs. 

Quantitative amide proton exchange rates were obtained 
from a time series of 2D spectra of rCSa[MetO] freshly lyo- 
philized from H20, recorded in 2H20. The results of this study 
as derived from a series of five consecutive 2D spectra of 8-h 
individual acquisition time in which scalar and NOE infor- 

[- 1 
[ =---- 1 

0 .  

FIGURE 3: Overview of the NMR data obtained for the determination 
of the secondary structure of rCSa[MetO], pH 2.3, 10 OC. Lane a, 
dorN(i,i + 1) are indicated only when the corresponding cross-peaks 
were of large intensity; lane b, all dNN are shown, irrespective of their 
intensity; lanes c and d, medium-range NOES daN(i,i + 3) and d@(i,i + 3), respectively; lane e, slowly exchanging amide protons (kex < 
0.05 h-l) indicated by filled circles. 

mation was simultaneously collected (Haasnoot et al., 1984) 
are listed in Table I1 for rCSa[MetO] at  pH 2.3, 10 OC. 

In Figure 3 the results of the above-mentioned studies are 
compiled in a schematic fashion. Positive evidence for helical 
structure (Wuthrich et al., 1984), i.e., absence of strong dorN(iri 
+ 1) NOES (trace a) and presence of dNN (b), daN(i,i + 3) 
(c), and daP(i,i + 3) (d) NOEs, is seen to accumulate in four 
separate contiguous regions of the protein: 4-13, 17-27, 
34-39, and 45-63. In addition, long contiguous stretches of 
amide protons which exchange more slowly than 0.05 h-l, an 
order of magnitude slower than that of amide protons in un- 
structured peptides (Englander et al., 1972), are also observed 
in these helical segments. Since it is very unlikely that these 
long contiguous regions of amide protons are buried in the 
interior of a protein as small as C5a, their slow exchange is 
taken to indicate hydrogen bonding (see Discussion). Thus, 
further evidence of helicity in the above-mentioned peptide 
regions of C5a is provided by these experiments. Taking into 
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Table I: Backbone Proton Distances in rCSaIMetO1, pH 2.3, 10 OC" 

Biochemistry, Vol. 28, No. I ,  I989 Zuiderweg et al. 

residues Ha-NH (A) NH-NH (A) 
Leu-2-Gln-3 3.1 2.9 
Gln-3-Lys-4 
Lys-4-Lys-5 
Ile-6-Glu-7 
Ile-9-Ala- 10 
Ala- IO-Ala- 1 1 
Ala-1 1-Lys-12 
Lys- 12-Tyr- 13 
Tyr- 13-Lys- 14 
Ser- 16-Val- 17 
Val-1 7-Val- 18 
Val-1 8-Lys- 19 

Cys-22-Tyr-23 
Tyr-23-Asp24 

Gly-25-Ala-26 
Ala-26-Cys-27 
Cys-27-Val-28 
Val-28-Asn-29 
Asn-29-Asn-30 
Asn-30-Asp-3 1 

Glu-32-Thr-33 

Gln-36-Arg-37 
Arg-37-Ala-38 
Ala-39-Arg-40 
Arg-40-Ile-41 
Ile-41-Ser-42 
Ser-42-Leu-43 
Leu-43-Gly-44 
Arg-46-Cys-47 
Ile-48-Lys-49 
Lys-49-Ala-50 
Ala-50-Phe-5 1 
Phe-5 1-Thr-52 
Thr-52-Glu-53 
Cys-55-Val-56 
Val-56-Val-57 
Val-57-Ala-58 
Arg-62-Ala-63 
Ala-63-Asn-64 
Asn-64-Ile-65 
Ile-65-Ser-66 
Ser-66-His-67 
His-67-Lys-68 

Asp-69-Met-70 

cys-21-cys-22 

Asp-24-Gly-25 

Asp-3 1-Glu-32 

Cys-34-Glu-35 

Lys-68-Asp-69 

2.9 3.0 
2.8 

3.8 
3.8 

2.9 
3.0 
3.2 
4.0 
3.7 

3.6 2.9 
2.6 
3.0 
3.1 

3.5 3.0 
4.3 2.9 

3.6 
3.6 3.6 
2.4 3.6 
2.2 
2.5 3.4 
2.6 3.1 

2.7 
2.6 

2.8 
3.2 
2.6 

3.5 
3.2 
2.2 
3.1 2.8 

3.1 
2.4 

3.8 3.0 
3.0 
3.0 

3.5 3.0 
3.7 3.4 
3.6 3.1 
3.8 2.9 
3.6 2.9 

2.7 
3.0 
2.9 3.0 

2.8 
2.7 
2.5 
2.6 3.0 
3.0 3.3 
3 .O Met-70-Gln-7 1 .~ 

Leu-72-Glv-73 2.8 3.2 
~ 

"Distances were obtained from the build-up rates of NOE cross- 
peaks observed in NOESY spectra recorded with mixing times of 25, 
50, 75, and 100 ms. Estimated error is 10%. 

account some uncertainty in the exact termination of the 
helices, a conservative interpretation of the data shows helices 
to be located in the peptide regions 4-12, 18-26, 34-39, and 
46-63. Strictly speaking, the NOE results do not permit a 
distinction between a and other types of helices for these 
regions since only a very limited number of other interme- 
diate-range NOEs [especially the diagnostic duN(iri + 4), see 
Wuthrich et al. (1984)l was observed. However, meaningful 
results were obtained for the 3D structure determination when 
an a-helical hydrogen-bonding pattern was imposed on these 
regions (see below). Therefore, it can be assumed with con- 
fidence that the NMR data obtained for rCSa[MetO] delineate 
a-helical stretches. 

From Table I it is seen that the distances obtained for the 
duN(i,i + 1) and d" connectivities in the helical regions of 
C5a are very close to their theoretical values (3.6 and 2.9 A, 
respectively). Therefore, no indication of severe helical dis- 

Table 11: Hydrogen/Deuterium Exchange of Amide Protons in 
rCSa[MetO], pH 2.3, 10 OC" 

residue rate ( l / h )  residue rate ( l / h )  residue rate ( l / h )  
T1 nd 
L2 >0.20 
Q3 >0.17 
K4 0.14 
K5 0.033 
I6 0.025 
E7 <0.007 
E8 0.042 
I9 <0.007 
A10 0.010 
A1 1 0.010 
K12 0.025 
Y13 <0.007 
K14 nd 
H15' nd 
S16 nd 
V17 nd 
V18 0.012 
K19 <0.007 
K20 0.016 
C21 <0.007 
C22 <0.007 
Y23 <0.007 
D24 0.010 
G25 <0.007 

A26 
C27 
V28 
N29 
N30 
D3 1 
E32 
T33 
c 3 4  
E35 
436  
R37 
A38 
A39 
R40 
I4 1 
S42 
L43 
G44 
P45 
R46 
c 4 7  
I48 
K49 
A50 

<0.007 
<0.007 

0.14 
>0.02 
nd 
nd 
nd 
<0.007 
nd 
>0.2 
<0.007 
<0.007 
<0.007 
<0.007 
>0.2 
<0.007 
nd 

0.066 
>0.2 

nd 
>0.2 
<0.007 
<0.007 
<0.007 

F5 1 <0.007 
T52 <0.007 
E53 <0.007 
C54 <0.007 
C55 <0.007 
V56 <0.007 
V57 <0.007 
A58 <0.007 
s59  <0.007 
Q60 <0.007 
L6 1 0.042 
R62 0.042 
A63 >0.2 
N64 nd 
I65 0.14 
S66 nd 
H67 nd 
K68 b) nd 
D69 nd 
M70 nd 
471  nd 
L72 nd 
G73 nd 
R74 nd 

" Exchange rates were determined from a series of four COCONO- 
S Y  experiments of 8 h each; nd indicates that the rate could not be 
determined since the corresponding cross-peaks were not observed in 
the first exchange spectrum. bNot observable due to spectral overlap 
or saturation. 

tortion is found in these regions with the exception of the 
Occurrence of a long dNN distance between Thr-52 and Glu-53 
(3.4 A). However, the duN(i,i + 1) distance between these 
residues is also long (3.7 A), which would be indicative of 
helicity. Moreover, amide proton exchange is slow in a con- 
tiguous region around these residues, and many medium-range 
NOEs bridging this area are observed (Figure 3). Although 
we currently do not have an explanation for the long dNN 
distance between residues 52 and 53, all the other available 
data indicate that all helices in C5a are quite regular. 

Conformation of the C-Terminal I 1  Peptide. A simulta- 
neous presence of strong duN(i,i + 1) and d" NOES was 
observed for residues beyond Ile-65 (Figure 3). Unfortunately, 
not many exact distances could be determined from the 
quantitative NOE studies for these residues due to spectral 
overlap. However, those for which such distances could be 
obtained showed that the apparent duN(i,i + 1) and dNN 
distances in this region are approximately equal and about 3 
A (Table I). This situation occurs only for a very narrow 
region of the backbone 4 and 1c, angles (-120' > 4 > -140'; 
50' < 1c, < 70°), a conformation which has an energy of 
approximately 2 kcal above the minimum energy conformation 
(Brant & Flory, 1967). Therefore, it is very unlikely that such 
a specific and unfavorable conformation will pertain 
throughout a long peptide segment. An alternative explanation 
for these observations prevails: the apparent equal distances 
result from the dynamic averaging within an ensemble of the 
backbone conformations, analogous to the observations made 
for unrestricted peptides in aqueous solution (Gampe et al., 
1987). This explanation is supported by the fact that no slowly 
exchanging amide protons could be detected in the region 
beyond residue 63 (Figure 3), by the observation that the 
chemical shifts of the C, proton resonances in this region of 
C5a correspond more closely to that of random coil peptides 
(Bundi & Wuthrich, 1979) than that for the core of the protein 
(Figure 4), and by the fact that the line widths of the reso- 
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FIGURE 4: Difference between the chemical shifts for the C,H res- 
onances in rCSa[MetO] with those of corresponding amino acids in 
tripeptides. 

nances become smaller in this area as compared to the rest 
of C5a. In the region 64-70 the NMR data do not support 
a complete random conformation but rather a dynamic en- 
semble weighed toward helicity as follows from the observation 
of dal(i,i + 3) NOES between residues 63 and 66, 66 and 69, 
and 67 and 70, while large daN(iri + 1) connectivities are 
simultaneously present (Figure 3). For the last few residues 
on the other hand, the NMR data are consistent with a com- 
plete disorder. Thus, it must be concluded that residues C 
terminal to Ala-63 increasingly acquire a dynamic random 
state as one proceeds toward the end of the peptide chain. 

An interesting correlation follows from further inspection 
of the data in Figure 4; C, proton chemical shifts in the helices 
of C5a are invariably high field from the corresponding ran- 
dom coil shifts. A similar correlation was found for the a- 
proton resonances in C3a (Nettesheim et al., 1988) and in lac- 
repressor headpiece (Zuiderweg et al., 1983b), both proteins 
which contain a large amount of helicity. a-Proton chemical 
shifts in the basic pancreatic trypsin inhibitor have been 
correlated with short C,H to oxygen distances (Wagner et al., 
1983). This correlation does not seem to hold for the shifts 
in a-helical proteins: short C,H to oxygen distances in ideal 
a-helices are 2.54 and 2.71 A for a(i)-O(i)  and a(i)-O(i  - 
l ) ,  respectively, which would predict downfield shifts on the 
basis of the correlation curve [Figure 1 of Wagner et al. 
(1983)l. Nevertheless, it appears that the observation of 
contiguous stretches of upfield-shifted a-protons may be used 
as another criterion for the delineation of helices. 

In summary, four stable helices are found in rC5a[MetO], 
hereafter referred to as helices I (4-12), I1 (18-26), I11 
(34-39), and IV (46-63). Beyond residue 63, helix IV loses 
stability and gradually becomes disordered. Essentially similar 
results for the secondary structure of C5a were obtained from 
data acquired at higher pH values and from C5a which lacks 
the N-terminal methionine residue and which is therefore more 
closely related to human serum C5a (Figure 5). These results 
allow the conclusion that the observed secondary structure is 
not an artifact of the low pH at which the data were obtained. 
Furthermore, the resonances of amide protons of the C-ter- 
minus of C5a in spectra obtained at pH 6.0 and 20 OC in 90% 
H 2 0  could not be observed due to solvent exchange, indicating 
that the C-terminus is also disordered in solution at more 
physiological conditions. 

Tertiary Structure Constraints. Although assignments for 

FIGURE 5: Comparisons of medium-range NOES [daN(i, i  + 3)] for 
rCSa[MetO] at pH 5.5  (top), rCSa[MetO] at pH 2.3 (middle), and 
rC5a at pH 2.3 (bottom). 

virtually all backbone protons and for the majority of the 
side-chain resonanw were obtained (Zuiderweg et al., 1988a), 
the identification of NOE cross-peaks to individual proton pairs 
in the NOESY spectrum of C5a was not straightforward. This 
is due to the fact that many proton resonances overlap, making 
unique identification of the NOE pair impossible for many 
cross-peaks. The following combination of approaches has 
been used to resolve most of the ambiguities. NOE cross-peaks 
were analyzed in a NOESY spectrum recorded under con- 
ditions of spin diffusion (T ,  = 200 ms) (available as supple- 
mentary material; see paragraph at end of paper regarding 
supplementary material). In such a spectrum proton-proton 
selective NOES are propagated to residue-residue NOEs, 
which makes identification easier since matrices of NOES 
between characteristic residue patterns can be recognized. This 
approach may be viewed as similar to the use of NOESY- 
COSY (multiple) relay (Wagner, 1984) for the resolution of 
degeneracies, with the advantage of higher sensitivity but with 
the obvious disadvantage of less reliable specificity. Once it 
was determined which residues were spatially close from the 
spin-diffusive data, the cross-peaks still observable in a non- 
spin-diffusive spectrum (recorded with a NOE mixing time 
of 50 ms) were assigned to the specific proton pairs within 
those residues (spectrum available as supplementary material). 

Secondly, ambiguities in cross-peak assignments were re- 
solved by identifying the approximate spatial position of the 
different possible proton pairs in a preliminary model, obtained 
on the basis of the known secondary structure and several 
unambiguous key NOEs. In this way, many proton pairs could 
be excluded from the possible cross-peak assignment list since 
they were found to be located in spatially distant areas of the 
protein. Assignments compatible with the preliminary 
structure could be obtained for every ambiguous NOE 
cross-peak. 

By use of this strategy, approximately 300 interresidue 
cross-peaks were analyzed in the aromatic, methylene, and 
methyl regions of the spin-diffusive NOESY spectrum of 
rC5a[MetO], pH 2.3, 10 "C. This data set was edited to obtain 
73 NOES between protons of residues further apart than three 
residues in the sequence (long-range NOEs) observable in the 
non-spin-diffusive spectrum. No long-range NOES were ob- 
served between residues within the C-terminus itself, as was 
to be expected for this dynamically averaging peptide region, 
or between residues of the C-terminal peptide and other parts 
of the molecule, showing that this region does not preferentially 
dock on any region of the core of C5a. Consequently, no 
determination of the structure of this region was attempted, 
and the short- and medium-range NOES for this area were 
not included in the final list of distance constraints. 

A pictoral representation of the distribution of the long- 
range NOES is given in Figure 6, where an a-carbon plot of 
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FIGURE 6:  Representation of the location of long-range NO& (NOEs between residues further apart than three units in the amino acid sequence) 
in the 3D structure of C5a 1-63. The a-carbon skeleton of the NMR structure coded A4 (see Table IV) was used. The dashed lines, representing 
the NOEs, are drawn to the positions of the involved protons or, if no stereospecific assignments were made for the protons, to the adjacent 
carbon atom. 

a representative computed NMR structure is used to show the 
spread of the NOES in the molecule. As can be seen, many 
long-range NOEs define the relative positioning of the helices 
while only a limited number of constraints are available for 
the loop regions. 

Together with the short- and medium-range NOEs, a data 
set of 285 interresidue NOE distance constraints could be 
established for the region 0-63 of C5a from N O S Y  data sets 
recorded with 7, = 50 ms. The constraints were modified into 
pseudo atom constraints (Wuthrich et al., 1983) for those 
protons which were not assigned stereospecifically. These 
included all methylene protons and all methyl groups except 
for those of the a-helical Val-18, Val-56, and Val-57 residues 
where stereospecific assignments were obtained for the methyl 
groups from the relative intensity of the intraresidue NH- 
methyl NOEs at 25-ms mixing time (Zuiderweg et al., 1985a). 

Upper and lower limits for distances were obtained for the 
quantitative NOE data of Table I by using a 10% error range. 
Other NOEs were classified in several groups: as determined 
from the counting of contour levels in the base plane corrected 
50-ms NOESY spectrum, weak NOES were assigned a range 
of 3.0-4.0 A, NOEs of medium intensity a range of 2.5-3.5 
A, and strong NOES a range of 2.0-3.0 A. NOEs which could 
not be quantified from the counting of contour lines (e.g., 
because of partial overlap or proximity to the diagonal or a 
noise band) were given a conservative range of 2.0-4.0 A. An 
upper limit of 4 8, was chosen for the weak NOEs because 
some daN(i,i + 4) cross-peaks could still be observed for helical 
regions of C5a in NOESY spectra recorded with a mixing time 
of 50 ms. The theoretical value of this distance in an ideal 
a-helix is 4.1 A. The classification and ranges of the other 
categories of NOESY cross-peaks were derived from this 
standard. 

Whenever no NOE could be detected between backbone 
protons of sequentially adjacent residues in uncrowded parts 
of the spectrum, a lower bound of 3.5 A was imposed on the 
corresponding distance in the constraints list to create a re- 
pulsive force between these protons. The upper limits of the 
NOE constraints were modified by adding the appropriate 
factors for pseudo atom corrections (Wuthrich et al., 1983). 
For thase structure calculations which included hydrogen-bond 
constraints, two distances per O(i)-NH(i + 4) bond were given 
for the following residues within the regions 0(4)-NH(8) upto 
O(8)-NH( 12) (helix I), O( 18)-NH(22) upto 0(22)-NH(26) 
(helix 11), 0(34)-NH(38) and 0(35)-NH(39) (helix 111), and 
0(46)-NH(50) upto 0(59)-NH(63) (helix IV). The 0-N 
distance was assigned the range 2.7-3.0 A and the 0-NH 
distance the range 1.8-2.0 A (Williamson et al., 1985). 

Table 111: Statistics of C5a Structure Calculations with 285 NOE 
Constraints' 

structure NVlOw V,, NV,,, Vupp rmsv 
C5aNl 
C5aN2 
C5aN3 
C5aN4 
C5aN5 
C5aN6 
C5aN7 
C5aN8 
C5aN9 

32 5.52 70 21.83 0.21 
23 3.05 74 20.32 0.19 
32 5.30 74 18.61 0.19 
28 5.21 71 20.62 0.20 
20 3.27 71 20.19 0.20 
32 6.14 74 17.87 0.20 
35 4.88 81 21.38 0.21 
28 5.99 77 21.00 0.21 
25 4.46 72 19.14 0.20 

'NVlOw and NV,,, indicate the number of violations with respect to 
the lower and upper bounds; V,, and 23 Vu, give the total violation 
in angstrom units for lower and upper bounds, respectively; rmsv rep- 
resents the root mean square violation in angstrom units calculated as 
[E (vow2 + V,,p:)/M'/2, where N is the total number of constraints 
(285). 

Biochemical evidence identifying the pairing of the cysteine 
residues as 21-47,22-54, and 34-55 (Zimmerman & Vogt, 
1984) was utilized as three constraints per disulfide and in- 
corporated in the constraint list in some of the structure 
calculations. The ranges were as follows: C&, 3.0-3.1 A; 
S,-S,, 2.0-2.1 A. In this way, the total of 285 interresidue 
NOE distance constraints for the region 1-63 of rCSa[MetO] 
was augmented for some structure calculations by 61 hydrogen 
and disulfide constraints to yield a data set of 346 entries. The 
complete list of all distance constraints used in the computa- 
tions is available as supplementary material. 

Structure calculations were carried out with the DISMAN 
dihedral angle folding distance geometry program (Braun & 
Go, 1985). Several different structure calculations were 
performed. With only the NOE data, 14 structure calculations 
were carried out from 14 starting structures which were in- 
dependently generated. The calculations resulted in nine 
equally well converged structures (Table 111). With the same 
14 random starting structures, 14 calculations were made in 
which the full list of constraints (NOEs, hydrogen bond, and 
disulfide bond) was used as the target function. The results 
of these calculations for 11 equally well converged structures 
are listed in Table IV. 

Over 80% of the remaining violations in all structures is less 
than 0.4 A while the largest violations never exceeded 1.1 A. 
Residual constraint violations did not map in a particular 
region of the protein; their distribution appeared random. This 
was not the case for violations in trial runs of the program in 
which consistent violations were observed for two constraints 
in all resulting structures. Upon reinspection of the data, 
alternative assignments could be made for the cross-peaks 
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FIGURE 7: (A) Superposition of the nine equally well converged structures (listed as N l - N 9  in Table 111) obtained from calculations in which 
the 285 NOE constraints were taken as a target function. The rmsd of the C, positions 1-63 was minimized for the ensemble by rotation 
and translation of the individual structures. (B) Superposition of the 1 1  equally well converged structures (listed as A1-A1 1 in Table IV) 
obtained from calculations in which all 338 constraints (NOEs, H-bond, and disulfide) were taken as a target function. The global rmsd of 
the C, positions 1-63 was minimized. (C) Superposition of five representative structures of the calculations involving only NOE constraints 
(dashed) and five representative structures in which all constraints (NOEs, H-bond, and disulfide) were used as a target function (drawn). 
The structures were superimposed after rmsd minimization of the a-carbon positions for the peptide regions 3-12, 17-26, 34-39, and 46-60. 

involved. Thus, it appeared that inconsistencies in the earlier 
data were signaled by the program; consequently, we take the 
random distribution of violations with respect to the current 
target function to indicate that such inconsistencies are absent. 

Figure 7A shows a superposition of the nine equally well 
converged structures obtained with DISMAN structure calcu- 
lations involving NOE distance constraints only. As can be 
seen, the relative positions of the helices are very well defined. 
In contrast, considerable variation is found for the confor- 
mation of the peptide loops connecting the helices. This re- 
flects the relatively small amount of experimental data for 
these regions available to date. The average RMSD in this 
ensemble of structures is 2.43 f 1.2 8, and 2.88 f 1.1 8, for 
all C, atoms and all heavy atoms, respectively (table available 
as supplementary material). The rms variation for the indi- 
vidual C, positions for this ensemble of structures is plotted 
in Figure 8A. Figure 7B shows a superposition of the 11 
equally well converged structures obtained with DISMAN 
structure calculations involving all distance constraints. The 

average rmsd in this ensemble of structures is 1.67 f 1 .O 8, 
and 2.13 f 0.8 %, for all C, atoms and all heavy atoms, re- 
spectively (table available as supplementary material). The 
rms variation for the individual C, positions for this ensemble 
of structures is plotted in Figure 8B. A superposition of the 
C, skeletons of five representative structures from each en- 
semble is shown in Figure 7C. 

DISCUSSION 
Precision of the Structures. Central questions in the dis- 

cussion of the precision of N M R  structures are whether 
structures completely different from the obtained ensemble 
of structures would also be compatible with the N M R  data 
and if the local spread of structures found reflects indeter- 
minacy and imprecision in the data rather than poor sampling 
of local conformational space by the comuter algorithm. Since 
relatively imprecise distance constraints by themselves cannot 
determine the chirality of the structures, it is in principle 
possible that an ensemble of mirror-image structures exists 
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Table IV: Statistics of C5a Structure Calculations with 346 NOE, 
H-Bond, and Disulfide Constraintso 

structure NV,,, CV,, NV,,, Vu,, rmsv 
C5aAl 39 5.97 82 16.95 0.16 
C5aA2 40 6.49 90 18.42 0.16 
C5aA3 39 5.21 87 17.15 0.15 
C5aA4 33 4.22 80 14.37 0.13 
C5aA5 50 5.94 86 18.70 0.17 
C5aA6 34 4.84 96 19.52 0.16 
C5aA7 43 5.34 87 17.20 0.14 
C5aA8 41 6.14 92 18.47 0.17 
C5aA9 46 6.76 88 18.83 0.17 
C5aA10 41 5.35 88 18.46 0.17 
C5aA11 45 4.97 78 18.27 0.17 

'NV,,, and NV,,, indicate the number of violations with respect to 
the lower and upper bounds; xV,,, and x V ,  , give the total violation 
in angstrom units for lower and upper bouncfs respectively; rmsv rep- 
resents the root-mean-square violation in angstrom units calculated as 
[ z ( V l o w 2  + V,pp2) /~ ' /2 ,  where N is the total number of constraints 
(346). 

which is equally compatible with the NMR data. For C5a, 
however, right-handed helicity is unambiguously determined 
from the precise short- and medium-range NOEs: a left- 
handed helix of L-amino acids would yield extremely short 
distances for the daN(i,i + 1) NOEs (2.2 A), and all medi- 
um-range distances are beyond the NOE detection limit (>4.5 
A). This clearly conflicts with our experimental observations. 
Thus, the presence of four right-handed helices in C5a serves 
as an internal reference for the total chirality of the molecule, 
and a mirror-image structure is exceedingly unlikely to be 
compatible with the data. 

We have carried out additional computations to determine 
whether the local spread of structures obtained is representative 
of the conformational space accessible within the data con- 
straints. We found that an increase of the upper bounds of 
the constraints by 0.5 (except for the quantitative NOEs) 
in computations involving NOEs only resulted in an increase 
of the rms variation by 0.3 A for the a-carbons and 0.5 A for 
all heavy atoms as compared to the calculation shown in Table 
111. This substantial increase in rms variation upon loosening 
of the bounds is indeed indicative of a spread in structures that 
is dictated by the data and not by a biased undersampling of 
conformational space by the program. Furthermore, if the 
spread of structures would have been determined by the ran- 
dom residual violations of the target function, a limited 
loosening of the constraints would not result in an increase in 
spread. That the residual violations do not determine the 
spread is further demonstrated by the fact that structure 
calculations carried out with the additional tight hydrogen- 
bonding constraints did result in a decrease in rmsd (see 
Results), but not in an increase of violations (cf. Tables 111 
and IV). 

The overall precision of the structural ensemble obtained 
from calculations involving NOE constraints only is an average 
2.43-A rmsd between the C ,  atoms and a 2.88-A average for 
all heavy atoms. From Figure 8A it is seen that the structures 
are much better defined for local areas: the a-helical regions 
I, 11, and IV and their relative positioning are determined with 
a precision of around 1 A. Thus, it is found that the relatively 
large numbers for the overall rmsd are mainly determined by 
the loop and terminal regions of the molecule, for which only 
a limited amount of NOE data could be identified. Whether 
the lack of NOE data for the loop regions is caused by a 
physical absence of structure due to mobility or by a static 
structure which does not display long-range NOEs because 
it is generally spatially remote from the core of the molecule 
remains to be determined. 

ri 
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FIGURE 8: (A) rmsd of the individual a-carbons of the ensemble of 
nine structures shown in Figure 7A (NOEs only) with respect to a 
calculated average structure. The global rmsd over the a-carbons 
1-63 was minimized. (B) rmsd of the individual a-carbons of the 
ensemble of 11 structures shown in Figure 7B (all constraints) with 
respect to a calculated average structure. The global rmsd over the 
a-carbons 1-63 was minimized. 

More precise structure calculations using a list of distance 
constraints that included hydrogen-bonding and disulfide 
linkage constraints were carried out (Figure 7B). The disulfide 
linkages were directly obtained from experimental data 
(Zimmerman & Vogt, 1984), while the hydrogen-bonding 
constraints were obtained indirectly from the NMR data 
delineating the secondary structure. As noted under Results, 
the long contiguous regions of slowly exchanging amide protons 
observed for the helical regions of C5a are most likely to reflect 
hydrogen bonding, rather than solvent inaccessibility of the 
amide moieties in a small protein like C5a. This was rigorously 
tested in the structure calculations in which an a-helical hy- 
drogen-bonding pattern was assumed for the slowly exchanging 
amides within the helices (see Results). As is shown in Table 
IV, these constraints could be incorporated in the calculations, 
without increasing the residual constraints violations of the 
resulting structures. Furthermore, as is shown in Figure 7C 
where the ensembles of structures for both calculations are 
superimposed, the ensemble of hydrogen-bond-constrained 
structures falls within the ensemble of structures which were 
not subject to these constraints. It is found that the helical 
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FIGURE 9: Superposition of internal helical residues in the ensemble of 1 1  structures obtained with all constraints. The global rmsd between 
the heavy atoms of residues, 6, 9, 10, 13, 18, 21, 22, 23, 25, 26, 34, 38, 41, 47, 50, 51, 54, 55, 57, and 58 was minimized. (A) Region of the 
central core. Indicated are C21, C22, G25, C34, A38, 141, A50, F51, C54, and C55. (B) Region of contact between helix I and the core. 
Indicated are 16, 19, A10, Y13, V18, C22, Y23, A26, A50, C54, V57, and A58. 

pitch is the same in both ensembles. It can therefore be 
concluded that the NOE data are compatible with other in- 
dependently derived experimental information (disulfide 
linkages) and with a regular a-helical structure for its main 
structural components. Conversely, these results clearly in- 
dicate that the slow exchange of long, contiguous regions of 
amide protons in this molecule is primarily caused by hydrogen 
bonding rather than by solvent inaccessibility. Indeed, in C5a 
many amide protons in the helices are located at the surface 
of the molecule, and no clear correlation of faster exchange 
of these groups with solvent accessibility is observed (e.g., 
Glu-7 is external but exchanges extremely slowly, see Table 
I). Exchange rates differ however between the helices in C5a; 
exchange rates increase in the order helix IV, helix 11, helix 
111, and helix I as follows from Table I and from studies carried 
out at pH 5.8 and 10 OC (unpublished results). These data 
suggest that the exchange rates are correlated to the solvent 
accessibility of entire helices or, equivalently, to the number 
of hydrophobic contacts that have to be disrupted in order to 
allow opening of the helices. That amide proton exchange does 
not allow the exact delineation of helical termination follows 
for example from the observation that Lys- 19 exchanges 
slowly, while it cannot be involved in a helical hydrogen- 
bonding pattern since the helix terminates at Val-18 as de- 
termined from the NOE data. 

The precision of the structures generated with the additional 
constraints for hydrogen and disulfide bonds is 1.67 A for the 
a-carbons and 2.13 A for all heavy atoms. From Figure 8B 

it is found that the structure is determined better than 0.7 A 
at the a-carbon positions for the bulk of the helical regions 
I, 11, and IV. It follows from the comparison of panels A and 
B of Figure 8 that additional restraining of the helices causes 
an expected decrease of variation not only in those regions but 
also in the poorly defined loop regions. This is due to the better 
definition of the terminal positions of the helices which restrict 
the accessible conformational spaces for the connecting loops. 

The average rms deviation between the heavy atom positions 
of the helical residues in the fully restrained ensemble of 
structures is 1.25 A after minimization of the global rms 
deviation between these residues. A 1.01-A rmsd between the 
heavy atoms of the internal helical residues (residues 16, 19, 
A10, Y13, V18, C21, C22, Y23, G25, A26, C34, A38, 141, 
C47, A50, F51, C54, C55, V57, and A58) is obtained after 
a global rmsd minimization over these residues. The resulting 
superposition of these latter residues is presented in Figure 9, 
where only parts of the C5a backbone ensemble are shown for 
reasons of clarity. It is found that in particular the positions 
of residues F51 and Y23 are determined with high precision. 
This results from the large number of constraints for these 
residues even though most of these constraints are very im- 
precise due to the large pseudoatom corrections for these 
residues. 

In summary, it is shown that the conformational spread of 
the structures is determined by the NOE data and not by the 
sampling of the algorithm or by the residual violations in the 
calculations. Furthermore, the NMR data are compatible with 
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and 43 in the loop between helix I11 and helix IV from a strong 
daN(i,i + 2) NOE between those residues. Residue 41 (Ile) 
is internal as evidenced by many NOES from this residue with 
core residues (Figure 9A). Of the other hydrophobic residues 
in this loop, Leu-43 is at least partially exposed to solvent. The 
side chains of Arg-40 and Ser-42 are exposed to solvent while 
the aliphatic part of the side chain of Arg-46 contacts Val-17 
and is hence partly buried. At this stage of refinement, no 
specific structural role for the Gly-Pro combination at positions 
44 and 45 in the loop between helices I11 and IV can be 
recognized. These amino acids are conserved in human, bo- 
vine, porcine, rat, and murine C5a [anaphylatoxin sequences 
have been aligned and compared by Greer (1 986)]. However, 
an amino acid side chain at position 44 would point toward 
the disulfide linkage between residues 47 and 21 in the core 
of the molecule and may therefore not be tolerated. 

Exposed hydrophobic residues in the structure of C5a are 
Ala-1 1, Ala-39, and Val-56, while Val-17, Leu-43, and Ile-48 
are partially buried. As is the case with Tyr- 13 and Phe-5 1, 
also the partially buried Tyr-23 plays a structural role; it 
stabilizes the interaction between helix I and the core of the 
molecule (see Figure 9). The positions of the tyrosyl residues 
in the structure is in full agreement with data on nitration of 
these residues: Tyr-23 is preferentially nitrated while Tyr- 13 
is nitrated very slowly (Johnson & Chenoweth, 1985; J. 
Henkin, personal communication). Both histidine residues (at 
sequence positions 15 and 67) are exposed to solvent. The 
function of a conserved Gly residue at position 25 is very clear; 
a side chain at this position would collide with the central Phe 
residue (see Figure 9). All hydrophilic and charged amino 
acids are facing the solvent in C5a with the possible exception 
of Arg-37, from which the aliphatic chain has NOE contacts 
with the core Phe residue. Interestingly, this residue is con- 
served in all known C5a (and C3a) sequences and therefore 
likely to be involved in a structural role, perhaps by forming 
a salt bridge with an anionic side chain. A candidate residue 
for this interaction is Glu-32, which is conserved in all known 
C5a sequences (but not in the other anaphylatoxins). 

Comparison with the C3a Structure. The conformation of 
C5a is closely related to that of C3a, for which a crystal 
structure has been determined (Huber et al., 1980). As in CSa, 
helices 11, 111, and IV of C3a are folded around a central 
phenylalanine residue. In Figure 10 we have superimposed 
the backbone of C3a, as obtained from further refined coor- 
dinates which were kindly supplied by Dr. J. Deisenhofer 
(Max-Planck-Institut, Miinchen), with the ensemble of C5a 
structures. It is found that the sequence and spatial locations 
of helices 11,111, and IV in C5a correspond very closely to those 
of the helices in C3a. Deviations are found for the loop regions 
especially between helices I1 and 111, where the C3a backbone 
follows a path that lies outside of the ensemble of C5a 
structures. This is likely to be due to an amino acid insertion 
in C3a in this region. Apparently large differences between 
the structures exist for the terminal regions. In C5a in solution, 
the C-terminus is only poorly defined, where for C3a in the 
crystal a regular helix is found followed by a peptide in a stable 
P-turn-type conformation. In C5a in solution a docked N- 
terminal helix is observed which corresponds to a disordered 
region in the crystal for C3a. However, a NMR investigation 
of the secondary structure of C3a (Nettesheim et al., 1988) 
has shown that in solution disorder occurs for the C-terminus 
and that helicity prevails for the N-terminus, just as observed 
for C5a. Thus, the differences in biological activities between 
C3a and C5a (see the introduction) are very unlikely to be 
caused by major conformational differences between the two 

the regular a-helicity for the main structural units and with 
the independently determined disulfide linkages. 

The obtained ensemble reflects those structures which are 
compatible with the data and with the standard atomic radii 
and bond-length, -angle, and -torsion parameters, which are 
not treated as variables in the DISMAN program. Also, the 
peptide bond dihedral angles are strictly kept at 180' in the 
structure calculations. However, although the obtained 
structures are physically plausible for those reasons, no con- 
sideration is given to molecular forces such as van der Waals 
attraction, 1-4 interactions, and electrostatics. Minimization 
of these potential energy terms needs to be carried out, and 
the obtained ensemble of structures may therefore be viewed 
as starting structures for a restrained molecular dynamics 
optimization procedure, which simultaneously minimizes the 
potential energy and residual violations of the conformations 
(Zuiderweg et al., 1985b; Kaptein et al., 1985; Clore et al., 
1985, 1986). However, the incorporation of hydrogen-bond 
constraints in the present DISMAN structure calculations already 
represents a partial refinement: after it was determined that 
the NOE data by themselves dictate the amide protons to be 
close to hydrogen-bonding acceptor groups, it would be ex- 
tremely unfavorable if the bonds could not be formed due to 
nonideal distances between the donor and acceptor atoms. 
Therefore, the ensemble of hydrogen-bond-constrained 
structures in which those distances are regularized should be 
a better representation of physical reality than the ensemble 
in which those bonds were not regularized. In order to op- 
timize other energetic terms, we are currently carrying out 
extensive restrained molecular dynamics calculations. 

Description of Structural Features. The structure of C5a 
1-63 can be described as an approximately antiparallel bundle 
of four helices. This coiled-coil arrangement of helices is 
expected for a structure of this type and has been observed 
for several other four-helix proteins (Stenkamp et al., 1983). 
The molecular shape of C5a 1-63 is close to that of an oblate 
ellipsoid with long and short axes of approximately 33 and 22 
A, respectively. As discussed with the secondary structure of 
C5a, helices I, 11, and IV are quite regular and are compatible 
with an a-helical pitch. The N-terminal helix is amphiphilic, 
and its hydrophobic residues are tightly interdigitated with 
hydrophobic residues on helices I1 and IV. The internal 
residues of helices 11, 111, and IV are all in close contact with 
the side chain of the central Phe-5 1 residue, and the relative 
positioning of these helices is stabilized by disulfide linkages 
between residues 21 and 47, 22 and 54, and 34 and 55. These 
disulfide linkages follow from the NMR structure determi- 
nation involving only NOES as well as from biochemical studies 
on porcine C5a (Zimmerman & Vogt, 1984). 

In contrast to the helical folding, the interconnecting loop 
regions are less well defined. A relatively tight turn of five 
residues connects helices I and 11. The side chain of one of 
the residues in this turn, Tyr-13, is buried and appears to 
stabilize the turn; the other side chains of the turn are external. 
A long, poorly defined loop of eight residues connects helix 
I1 with helix 111. It contains mainly hydrophilic residues except 
for Val-28, which is in close contact with residues at the 
C-terminus of helix IV. The odd cysteine in CSa, Cys-27, is 
located in this loop. It has been protected by a glutathione 
moiety in the studied protein and is pointing into solution in 
the calculated structures. The backbone fold of the turn 
between helices I1 and I11 is not completely undefined; dif- 
ferences in sequential NOE intensities (see Table I) in this 
region indicate the presence of stable structure. Evidence is 
obtained for the presence of a tight turn between residues 41 
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FIGURE 10: Superposition of the NMR ensemble obtained from all 346 constraints with the C3a crystal structure (solid line) after minimization 
of the rms deviation of the C, positions between the helices of this structure and structure A4. 

molecules. Rather, the differentiation in biological activities 
is due to the differences in the chemical characteristics of their 
surface residues, which are very different indeed (Greer, 1985, 
1986). 

A superposition of a predicted C5a structure (Greer, 1985) 
with an NMR ensemble obtained from DISMAN structure 
calculations with a slightly smaller distance constraints set was 
recently presented and extensively discussed elsewhere (Zui- 
derweg et al., 1988b). The conclusions drawn here on the basis 
of the present structures are identical; the predicted N-terminal 
and core conformation follow closely the experimental en- 
semble while major differences occur between the structures 
in the C-terminal part, where for the model structure a stable 
helix was predicted. Since part of the C5a receptor binding 
site is located in the C-terminal part of this region, this dif- 
ference is very important for the understanding of C5a 
function. 

Inferences for  C5a Structure-Function Relationships. 
Typically, biological assays of C5a are carried out under 
physiological conditions. We have therefore assessed the 
structural features of C5a in solution at more neutral pH 
conditions. As described under Results, the secondary 
structure of C5a is independent of pH in the range pH 2.3 to 
pH 6.5. The fast exchange of amide protons in the C-terminal 
region at  neutral pH values in H20 solutions shows disorder 
for this part of the molecule at these conditions as well. 
Moreover, key NOES defining the crude folding of the protein 
were unchanged at  higher pH values. Thus, although no 
precise structure determination was carried out at  higher pH 
values, no indication has been found for major conformational 
changes in the molecule at more neutral pH values. Therefore, 
it seems justified that inferences for C5a biological activity 
can be made from the structure obtained at low pH. 

Regions of C5a that interact with the receptor are well 
dispersed in the protein. The C-terminus of the molecule is 
of importance for its biological activity as follows from the 
fact that removal of the C-terminal arginyl residue results in 
a large decrease of receptor binding affinity (Fernandez et al., 
1978; Gerard et al., 1979; Chenoweth & Hugli, 1978). 
However, upon complete removal of 1 1 C-terminal residues, 
C5a (1-63) retains a significant fraction of its receptor-binding 
affinity (lo4 M versus lo-" M for native C5a; Edalji et al., 
1987). Also, removal of N-terminal residues reduces receptor 
affinity (Damerau et al., 1983; Gerard et al., 1985; Edalji et 
al., 1987), and the disulfide linked core has been implicated 
as a binding site as well (Johnson et al., 1987; Johnson & 
Chenoweth, 1985). 

We have addressed the question whether the core of the C5a 
molecule tends to stabilize a specific conformation of the 
C-terminus of the molecule by intramolecular interactions. 
Although no long-range NOES were observed between these 
parts of the molecule (see above), it would still be feasible that 
weak interactions take place which do not give rise to NOES, 
but which could affect the chemical shifts of core residues 
involved in a putative weak binding interaction. Therefore, 
we carried out an NMR investigation of C5a (1-63). Al- 
though the removal of the l l C-terminal residues did nega- 
tively affect the long-term stability of the protein, no significant 
chemical shift changes were detected for the remaining resi- 
dues in the 2D spectra of fresh solutions of this derivative, 
except for those close to the clipping site (Edalji et al., 1987; 
Nettesheim et al., unpublished data). These data indicate that 
the C-terminus does not dock preferentially on any area of the 
C5a molecule and is therefore highly unlikely to be biased 
toward any other structure than the observed residual helicity 
by the core presence. Conversely, the lo5 M loss in receptor 
affinity of C5a as caused by the enzymatic removal of the 
C-terminus is not due to a conformational change of the core. 
It appears therefore that receptor binding sites located in the 
C-terminus and in the remainder of the molecule are inde- 
pendent of each other. 

Enzymatic removal of eight N-terminal residues also re- 
sulted in a marked decrease of receptor binding affinity. 
However, changes in NOES for the central phenylalanine 
residue were detected for this derivative by one-dimensional 
difference NOE techniques (Edalji et al., 1987). This apparent 
change in core conformation is easily understood from the 
structure of C5a: disruption of the N-terminal helix would 
affect the interaction between this helix and the core of the 
molecule and is therefore likely to cause changes in atomic 
positions. Thus, the decrease of receptor affinity as caused 
by modifications at the N-terminus does not necessarily infer 
that this part of the molecule is a receptor binding site. This 
notion explains the apparent discrepancy between the resulting 
decrease in affinity upon enzymatic removal of the N-terminus 
(Damerau et al., 1983; Gerard et al., 1985; Edalji et al., 1987) 
and the results of site-specific mutagenesis experiments 
(Mollison et al., 1988a) where it was found that changes in 
the amino terminus did not affect affinity. 

Although no conclusive evidence has been obtained as yet 
for the location(s) of receptor binding residues in the core of 
C5a, the present structural data can identify residues which 
are likely candidates for the interaction. As described above, 
no major differences are found between the solution confor- 
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FIGURE 11: Location of core residues which may interact with the C5a receptor. The selected residues 47, A1 1, K14, H15, 
E32, T33, A39, R40, L43, P45, and I48 fulfill three criteria: (i) location on the solvent interface; (ii) chemically conserved in 
(iii) chemically different from the corresponding residues in four C3a species. 

V17, K19, Y23, 
five C5a species; 

mations of C5a and C3a. Nevertheless, C5a and C3a bind 
to different receptors. As a further difference, all receptor 
interaction energy is located in the C-terminus of C3a (Lu et 
al., 1984), in contrast to C5a. Therefore, with use of a strategy 
previously proposed (Greer, 1986), surface residues in the core 
of C5a which are chemically conserved within the family of 
C5a species, but which are chemically different from the 
corresponding residues in the family of C3a species, should 
be viewed as candidates for the additional interaction of C5a 
with its receptor. Comparisons were made for this purpose 
between the sequences of human (Fernandez & Hugli, 1978), 
porcine (Gerard & Hugli, 1978), rat (Cui et al., 1985), bovine 
(Gennaro et al., 1986), and murine (Wetsel et al., 1987) C5a 
and human (Hugli, 1975), porcine (Corbin & Hugli, 1976), 
rat (Jacobs et al., 1978), and murine (Domdey et al., 1982) 
C3a, and the resulting candidate residues were edited against 
the C5a structure. N-terminal residues which fulfill all three 
criteria are Glu-7 and Ala-1 1, but they were shown not to be 
involved in receptor interaction (Mollison et al., 1988a). Core 
residues of interest according to the criteria are Lys-14, His-15, 
Val-17, Lys-19, Glu-32, Thr-33, Ala-39, Arg-40, Leu-43, and 
Ile-48. Tyr-23, which is partially exposed but which also has 
a function in stabilizing the helix I-helix I1 interaction, and 
Pro-45, which is fully exposed but which is likely to have an 
as yet undetermined structural function (see above), may be 
added to this list. These residues are shown in Figure 11, from 
which it is seen that no clear contiguous region for these 
residues emerges from this analysis. However, the majority 
of external, C5a-conserved residues which differ from C3a map 
in the “top” of the molecule. Some of these residues were 
recently targeted by site-specific mutagenesis techniques 
combined with NMR structural studies (Mollison et al., 
1988a). Interestingly, a small but significant decrease in 
receptor affinity was found for a species in which Arg-40 was 
replaced with Gly, in agreement with the above analysis that 
the “top” of the molecule may be involved in the additional 
C5a receptor interaction. Other mutants in this region are 
currently being prepared to further test this hypothesis. 

In conclusion, the tertiary structure of rCa[MetO] has been 
determined with high precision for the backbone of the helical 
regions in the protein (rmsd C 0.8 A) while the side chains 
of the internal helical residues are obtained with a precision 
that is slightly worse (1 A). Considerable variation in structure 
is found for the loop regions in the members of the NMR 
ensemble; nevertheless, the results clearly indicate which 
residues are internal and which are external in these areas. 
The overall 3D structure for C5a was found to be very closely 
related to that of C3a. The 3D structural information is 
currently being utilized to direct and interpret site-specific 
mutagenesis studies on the protein. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

One table containing the complete list of distance constraints 
used in the structure calculations, two tables listing the mutual 
rms deviations in the structural ensemble calculated with 
NOES only and in the structural ensemble calculated with all 
constraints, and four figures showing NOESY spectra of C5a 
at two mixing times and showing the fingerprint region of 
scalar correlated spectra of C5a in H20 and in ZH20, freshly 
lyophilized from H 2 0  (1 2 pages). Ordering information is 
given on any current masthead page. 

Registry No. Complement component C5a, 80295-54- 1. 
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