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Abstract 

Three mutants of the anaphylatoxin C5a were prepared with positions 2, 64 and 70, respectively, substituted by 
tryptophan. The last mutant was additionally labelled at Cysz7 for fluorescence energy transfer (FET) 
measurements. The structural integrity and biological activity of the molecules were not affected. Fluorescence 
anisotropy decay (FAD) measurements showed that the rotational correlation time for tryptophan decreases in 
the order: [Trp’]rhCSa > [Trp64]rhCSa > [Trp”]rhCSa, indicating an increasing mobility of the side chain. 
Measurements of the fluorescence energy transfer from Trp’” to the 1,5-AEDANS group at Cys2’ yielded a 
distance distribution of 2.4 k 0.8 nm. This value is compatible with the C-terminal chain being arranged as a 
slightly stretched helix pointing away from the body of the molecule. 

Keywords: Complement peptide C5a; C5a mutants (biosynthetic analogues); Fluorescence energy transfer; Time-resolved fluores- 
cence; Comparison with NMR structure 

1. Introduction 

Among the anaphylatoxins, the 74 amino acid 
C5a protein derived from the complement system 
is one of the principal inflammatory molecules 
because of its broad range of biological proper- 
ties [1,2]. Compared to the number of studies of 
the biological function of C5a, relatively few ex- 
periments have been carried out to investigate its 
structure. The tertiary structure of bovine [3], 
recombinant human [4], and porcine [5] C5a in 
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solution were determined from nuclear magnetic 
resonance data (NMR). Interpretation of the 
NMR data of recombinant human C5a (desig- 
nated rhC5a) suggests chain segments 4-12, 1% 
26, 34-39, and 46-63 to be helical. The C-termi- 
nal helix looses stability beyond residue 63 and 
gradually becomes ill-defined [4]. However, it is 
the very C-terminus of the molecule beyond Ala63 
that contains residues essential for receptor inter- 
action as shown with rhC5a mutants [61 and rep- 
resents the effector site of the molecule as shown 
by C5a peptide analogues [7,8]. These studies 
showed that Lys , ‘* LRu’~ and the C-terminal Arg74 
are involved in receptor interaction; in addition, 
substitution of fully aromatic side chains for Hi@’ 
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markedly increased activity. Still other ligand-re- 
ceptor interactions, however, are required for full 
expression of potency [8]. In contrast, the N- 
terminal dodecapeptide probably simply serves to 
stabilize the C5a conformation [61. 

The related 77 amino acid human C3a (hC3a) 
and hC5a anaphylatoxins have 36% sequence 
identity, and both the disulfide and helix patterns 
of the two proteins are Iargely the same 141. The 
C-terminal residues 67-70 of hC3a (correspond- 
ing to residues 64-67 of hC5a) may transiently 
adopt helical conformation [9]. In the crystal 
structure of hC3a the C-terminal helix even ex- 
tends to residue 73 [lo]. A model of hC5a was 
presented, based on comparative methods, in 
which the C-terminal helix also extends till residue 
73 ml. 

To gain further experimental insight into the 
solution structure of human C5a, especially of the 
functionally important C-terminus, we prepared 
three mutants with a Trp residue in position 2, 64 
and 70, respectively, which were expected and 
confirmed to be fully active. The structural in- 
tegrity of the mutants was confirmed by circular 
dichroism (CD) spectroscopy. Tryptophan mu- 
tants are particularly attractive since native C5a 
contains no Trp and only one Phe and two Tyr 
residues. Their fluorescence spectra and intensity 
decays predominantly reflect the local Trp envi- 
ronment [12,13] and fluorescence anisotropy de- 
cays (FAD) provide independent information on 
Trp side-chain dynamics. 

Since the tyrosyl fluorescence intensity of 
rhC5a was too low for measuring the energy 
transfer (FET) to the Trp residue, [Trp7’]rhC5a 
was additionally labelled by N-iodoacetyl-iV’-(5- 
sulfo-1-naphthyljethylenediamine (1,5-I- 
AEDANS) at Cys”, which is pointing into the 
solution [41. This derivative is designated 
[Trp7’]rhCSaD. 

2. Materials and methods 

2.1. Preparation of the mutants 

The spectroscopic studies were carried out with 
recombinant human C5a CrhCSa) and rhC5a mu- 

tants. Cloning, purification and characterization 
of rhC5a was described elsewhere [21. Struc- 
turally, rhC5a is identical with human serum C5a 
except for the presence of a P-mercaptoethanol 
molecule disulfide bonded to Cys*’ and the ab- 
sence of the carbohydrate chain at AsnW; in 
addition, about 20% of the molecules contain an 
additional N-terminal methionine which does not 
interfere with biological activity. Tryptophan mu- 
tants at position 2, 64, and 70 of the native hC5a 
sequence were prepared by PCR-mediated site- 
directed mutagenesis of plasmid pMEl0 contain- 
ing the hC5a coding DNA sequence [2]. Oligonu- 
cleotides: Pl (5’-ACGCTGCAAAAGAAGA- 
TAGAA-3’1, P2 (5’-GCTGCAGCTATTA’TTAC- 
CTTCCCAATTGCA-3’1, P3 (5’-ACGTG- 
GCAAAAGAAGATAGAA-3’), P4 (5’- 
GCGCGCTTGGATCTCTCATAAAGACA-3’1, 
P5 (5’-CCAAGCGCGCAGCTGGfl-3’) and P6 
(5’-GCTGCAGCTATTATTACCTTCCCAAT- 
TGCCAGTCT-3’) were synthesized on a Gene 
Assembler Plus (Pharmacia LKB Biotechnology, 
Piscataway, NJ, USA) and purified by gel chro- 
matography on NAP-10 columns (Pharmacia) in 
distilled water. PCR-mediated mutagenesis of 
pMEl0 was performed as described in detail 
elsewhere [14] using P2/P3 as amplification 
primers for obtaining the [Trp2]rhC5a mutant, 
and Pl/P6 for obtaining the [Trp”]rhCSa mu- 
taut. For preparation of the [Trp641rhC5a mutant 
a two-step amplification scheme was employed as 
described in detail elsewhere 1151: Two partial 
DNA fragments for [Trp64]rhC5a were prepared 
by separate PCR amplification reactions of 
pMEl0 with the primer pairs P2/P4 and Pl/P5, 
respectively. Subsequently, 1 ~1 aliquots of both 
reactions were combined and the full 
[Trp64]rhC5a sequence obtained by amplification 
with Pl/P2. The PCR fragments were subcloned 
into plasmid pKK233-2 (Pharmacia) and com- 
pletely sequenced to confirm the correct se- 
quence. The proteins were expressed in E. cofi 
and purified to homogeneity as described previ- 
ously for rhC5a [21. 

The amino acid composition of all mutants was 
determined by quantitative amino acid analysis 
on a Biotronik LC 5001. Briefly, the hydrolysate 
of a protein or peptide is separated by ion ex- 
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change chromatography 1161. Postcolumn deriva- 
tization with o-phthaldialdehyde (OPT) [17] 
serves to detect the amino acids by fluorescence. 

The biological activity of the mutants was 
quantified by the myeloperoxidase release assay 
from human granulocytes [X3]. 

2.2. Labelling 

Since human C5a contains a free cysteine 
(c&27) [Trp7’]rhC5a was labelled with N-iodo- 
acetyl-l\i’-(5sulfo-1-naphthyl)ethylene-diamine 
(1,5-I-AEDANS, Sigma). The thiol reactive label, 
described by Hudson and Weber [19], was intro- 
duced according to the producedure of Wang and 
Cheung 1201. Briefly, to remove the p- 
mercaptoethanol from Cys” without affecting the 
cystines [Trp7’]rhC5a was incubated for 60 min- 
utes by 1,4_dithiothreitol (DIT) (molar ratio 2 : 1) 
at room temperature [21]. Then a l&fold molar 
excess of 1,5-I-AEDANS was added to 
[Trp”]rhCSa and the sample left in the dark at 
room temperature for 24 h. Unreacted label was 
removed by dialysis. For every step degased SO 
mM potassium phosphate buffer, pH 7.6, con- 
taining 1 mM EDTA was used. Since the degree 
of labelling is usually non-stoichiometric, the 
fractional occupancy of the acceptor site, fa, was 
calculated by dividing the concentration deter- 
mined at 337 nm (AEDANS absorption) by the 
protein concentration determined by quantitative 
amino acid analysis. 

N-Acetyl-L-tyrosinamide was supplied by 
Sigma. All other chemicals are commercially 
available and were of p-a. grade. The water was 
prepared with a Milli-Q system (Millipore S.A., 
Mulhouse, France). 

2.3. Solutions 

The mutants were dissolved in 50 mM potas- 
sium phosphate standard buffer, pH 7.5. Concen- 
trations were determined photometrically using a 
Pye-Unicam PU 8800 UV/VIS spectrophotome- 
ter (Philips, Kassel, Germany). The molar extinc- 
tion coefficients used here are ezT7 = 4,595 M-l 
cm-’ for rhCSa, eZ7s = 11,300 K’cm-’ for 
[Trp2]rhC5a and [Trp70]rhC5a (based on quanti- 

tative amino acid analysis), and •ss~ = 6,000 M-’ 
cm-’ for [Trp7”[rhC5aD [19]. Calculation of the 
extinction coefficient from the number of aro- 
matic amino acids and cystines [22] yields lower 
values. The reason for this discrepancy (the theo- 
retical values were about 20% lower) remains 
unclear. Hugli and Miiller-Eberhard determined 
E 276 = 11,100 M-‘cm-’ for native human C5a 
and E~,~ = 3280 K’cm-’ for rat C5a [23] (hence, 
owing a greater discrepancy). For fluorescence 
measurements the concentrations were adjusted 
to an optical density I 0.1 (1 cm) at the wave- 
length of their excitation. All measurements were 
carried out at 22°C. 

2.4. Spectroscopy 

CD measurements were carried out on an 
AVIV (Lakewood, NJ, USA) 62 DS CD spec- 
trometer calibrated with a 0.1% aqueous solution 
of d-lo-camphorsulphonic acid [241. Further de- 
tails were described earlier [25]. To determine 
the secondary structural composition the spectra 
were analysed with the CONTIN 1261 and VARSELEC 
[27] program package. 

The steady-state fluorescence spectra were 
recorded on a Spex Fluorolog 211 photon count- 
ing spectrofluorimeter (Spex Industries, NY, 
USA.) with a bandwidth of 2.7 nm (excitation 
monochromator) and 2.2 nm (emission mono- 
chromator). They are corrected for changes in the 
lamp intensity and for spectral sensitivity of the 
emission monochromator-photomultiplier system. 

2.5. Time-resolved fluorescence 

Fluorescence intensity and fluorescence aniso- 
tropy decays (FAD) were measured in the single 
photon counting mode with an Edinburgh Instru- 
ments Ltd. (UK) spectrometer, Model 199. 

The excitation wavelengths were 275 nm for 
Tyr, 275,295 and 300 nm for Trp, and 340 nm for 
AEDANS. Depending on the intensity the band- 
width varied from 8 to 14 nm. The emission was 
passed through a combination of a W transmit- 
ting black glass and cut-off glass filter to create a 
bandpass (WG 305 and DUG 11 in the case of 
Tyr and WG 335 and UG 11 in the case of Trp) 
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or a cut-off filter (KV 389 in the case of 
AEDANS). All filters were supplied by Schott 
(Mainz, Germany). Cumulation was stopped when 
at least 80,000 counts were stored in the peak 
channel for the total fluorescence intensity decay, 
S(t). 

The “g-factor” of the system which is neces- 
sary to calculate the anisotropy R(t) was deter- 
mined using either a solution of hexameric in- 
sulin or l-cyanonaphthalene in ethanol. Both of 
them were excited at 290 mn with the polarizer 
turned horizontal. The resulting decays I, and 
I,, with the analyzer in vertical and horizontal 
position, respectively, were integrated-to calcu- 
late g = (I,)/(I,,}, yielding g = 1. 

The lamp pulse L(t) of the thyratron-gated 
hydrogen flashlamp was recorded with a Ludox 
(Du Pont, Wilmington, DE, USA) suspension us- 
ing incident light at the wavelength of maximum 
fluorescence of the fluorophores. It has a full 
width at half maximum (FWHM) of _ 1.4 ns. 

Since the deconvolution technique used is lim- 
ited only by the stability of the instrument and 
the light source, fluorescence lifetimes as short as 
0.2 ns can be determined with this instrument 
despite the broader FWHM [28]. Using syn- 
chrotron radiation and a conventional photomul- 
tiplier tube for detection Munro et al. [291 calcu- 
lated that rotational correlation times, Q, as short 
as 0.1 ns can be measured. The flashlamp em- 
ployed here may have a slightly reduced stability 
compared to the synchrotron radiation but the 
time-jitter resulting from the photomultiplier is 
the same, hence, a lower limit of 0.2 ns for the 
determination of 4 seems reasonable. 

Data handling and the iterative non-linear 
least-squares fit of the decays were accomplished 
by a program supplied by Edinburgh Instruments 
Ltd. The quality of fit was judged by the reduced 
Chi-squared, x2. The weighted residuals were 
checked for random distribution [3Oj. The analy- 
ses of the FAD measurements were as described 
previously [311. 

2.6. Fluorescence energy transfer @ET) 

According to FZjrster’s theory the fluorescence 
energy is transferred with efficiency E from the 

donor to the acceptor which is dependent of the 
distance, r, between the centres of the donor and 
acceptor chromophores and the so-called Fiirster 
distance, R,, at which E is 50%. According to 
Stryer [32]: 

E=Rg/(RE+r6) (1) 

R; = (Jk’Q,n -4)“6 X 9.7 X IO3 A 

The variables of Rg are: J, the spectral overlap 
integral; k2, the orientation factor for a dipole- 
dipole interaction; Q, the quantum yield of fluo- 
rescence of the energy donor in the absence of 
the acceptor; n, the refractive index of the 
medium between the donor and the acceptor 
(n = 1.36, water). 

The spectral overlap integral J (in cm3113-‘) is 
defined as: 

where F,(A) is the fluorescence intensity (in arbi- 
trary units, a.u.) of the energy donor at the wave- 
length A (in cm), and E*(A) is the extinction 
coefficient (in crn-‘M-l) of the energy acceptor. 
J was numerically integrated at 1 nm steps. 

The major error in measuring distances by 
FET is due to uncertainties in the orientation 
factor, k2. This is often assumed to be equal to 
2/3, which is strictly justified only if the two 
transition dipoles undergo a random dynamic re- 
orientation which is rapid in comparison with the 
decay of the excited state [33]. Dale et al. [33] 
delineate upper and lower bound from FAD 
measurements and, hence, the maximum uncer- 
tainity in the distance due to the unknown value 
of k*. But in practice the transitions are often 
mixed. In this case, the calculations of Haas et al. 
[34] sets limits to k* which are much closer to the 
value of random orientation, 2/3. As compared 
to the influence of k2, the effect of the errors in 
QD and J, as well as of the uncertainty in n, were 
considered to be negligible [35]. 

Fluorescence quantum yields, Q, were deter- 
mined by the comparative method [361 using qui- 
nine sulfate in 1 N sulphuric acid as a fluores- 
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cence standard, Q,, = 0.55 for c = 10P5 M at 
22°C excitation at 365 nm [37]. 

The transfer efficiency can be determined from 
the relative fluorescence yield of the donor F, in 
the absence and F,, in the presence of the 
acceptor or the lifetimes of the donor under the 
respective conditions (in and rnA). The frac- 
tional occupancy of the acceptor site, fA, was 
introduced into the calculation of E [20]: 

F 
E=l- 

DA -F,U 34) 

FDfA 
or 

E=l- 
TDA - %(l -fA) 

_ E 
“D.fA 

(4) 

These two measurements will yield identical 
results only when the separation between donor 
and acceptor is a well defined and constant quan- 
tity [38]. Furthermore, if the total fluorescence 
intensity decay of the donor is not mono-ex- 
ponential (as it mostly is with Trp) it has to be 
assumed that only a single and constant value of 
R,, is associated with all of the decay modes [39]. 
This is reasonable since the intensity decays of 
proteins are only weakly dependent of the emis- 
sion wavelength [4O]. Then an average decay time, 
(7 >, can be calculated: 

(bj and ri are the amplitude and lifetime of the 
ith decay mode, respectively) and used instead. 
Furthermore, it is possible to determine the aver- 
age distance and the width of the distance distri- 
bution by combined measurement of fluorescence 
intensity and average decay time [39], if the sepa- 
ration is not constant. 

3. Results and discussion 

3.1. Preparation and characterization of the mu- 
tanfs 

Tryptophan residues were introduced into 
rhC5a one by one at three different positions 

which were expected or had previously been 
shown not to interfere with biological activity 
and/or structure to ensure that all structural 
information obtained with these mutants would 
also be relevant for native rhC5a. A good candi- 
date for such a Trp substitution was As# as this 
amino acid carries an oligosaccharide moiety in 
native hC5a which had previously been shown to 
have no influence on the biological activity [41]. 
In addition, this is the first position of the C5a 
C-terminus for which no definite structural infor- 
mation was obtainable by NMR spectroscopy. 
Being fairly close to the very C-terminus of the 
molecule, Met7’ had already safely been mutated 
into a tryptophan residue before [6]. And finally, 
Leu2 was exchanged for a Trp to check indepen- 
dently whether (in contrast to hC3a) the N-termi- 
nal residues in hC5a are attached to the core. 
This residue had also been excluded previously as 
a receptor-interacting residue [6]. 

All mutants were expressed and purified to 
homogeneity from E. coli and showed full C5a 
activity in the myeloperoxidase release assay from 
human granulocytes (Table 1). [Trp7’]rhC5a ex- 
hibited a slightly increased (though insignificant 
with respect to receptor interaction) activity 
(about two-fold) in good agreement with previous 
observations [6]. 

To allow for intramolecular FET measure- 
ments, the [Trp”]rhCSa mutant was labelled by 
the thiol-reacting 1,5-I-AEDANS group to yield 
[Trp”]rhCSaD. This compound dispIayed the 
same biological activity as [Trp”]rhCSa (Table 1). 
Since its CD spectrum was identical to rhCSa, too 
(see below), we conclude that only Cys” has been 
labelled as it is well known from previous studies 

Table 1 

Biological activity (ED,, values in nM, mean fs.d.) of rhC5a 
and tryptophan mutants in the myeloperoxidase release assay 
from human granulocytes. (n = no. experiments) 

Mutant 

rhC5a 
[Trp’]rhCSa 
[Trp”]rhC5a 
[Trp7’jrhCSa 
[Trp701rhC5aD 

ED,, InMl 
0.97to.19 
0.&X4* 0.17 
0.78+ 0.16 
0.47f 0.04 
0.49* 0.08 

C5a activity [ %] 

100 (n = 8) 
115 (n = 2) 
124 (n = 2) 
206(n=2) 
198 (n = 2) 
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-3 

Wavelength km1 

Fig. 1. Far UV CD spectrum of rhC5a. 

that the integrity of the secondary conformation 
of the C5a molecule is largely dependent on 
disulfide bonds and essential for its full activity 
[421. 

3.2. CD measurements 

Figure 1 shows the far-UV CD spectrum of 
rhC5a. The results of the secondary structural 
analyses are given in Table 2. They are in good 
agreement with earlier results: The a-helix con- 
tent of bovine and porcine C5a were determined 
by CD spectroscopic analysis to be about 42% 
[431 and 40% 1231. 

The NMR data mainly reveal helices and turns. 
A conservative interpretation locates helices in 

Table 2 

Secondary structural analysis results of rhC5 

Program Helix &Sheet B-Turn Remainder 
package 

CONTIN [%I 41.7% 21.1% 25.3% 12% 
VARSELEC [27] 42 % 12 % 27 % 16 % 

1 

4.5 

-2 
230 230 270 280 290 300 310 320 

Wavelength [nml 

Fig. 2. Near UV CD spectrum of [Trp2]rhC5a and of 
[Tr$‘]rhCSa. 

the chain segments 4-12, 18-26, 34-39, and 46- 
63 [4], which are making up for 42 X 100/74 = 
57% of the residues of hC5a. 

The far-UV CD spectra of all mutants were 
identical in shape and are therefore not shown. 
The absolute elliptic@ varied slightly, which is 
probably due to remaining uncertainties in pro- 
tein concentration. Hence, all mutants including 
the labelled one are structurally the same as 
native C5a. 

The near-UV spectrum of [Trp2]rhC5a ex- 
hibits a fine structure typical of a restricted Trp 
side-chain motion (Fig. 2). 

3,3. Steady-state fluorescence 

Figure 3 shows the fluorescence spectra of 
rhCSa, [Trp2]rhC5a, [Trp”lrhC5a, and [Trp”l- 
rhC5aD. The spectrum of [Trp64]rhC5a was omit- 
ted for the sake of simplicity because it was 
similar to [Trp”]rhCSa apart from a slightly lower 
intensity. The spectra are corrected for differ- 
ences in the optical density at the excitation 
wavelength. The Trp mutants were excited at 295 
nm, native rhC5a at 275 nm. 

The fluorescence intensity of rhC5a is very 
low. Compared to N-acetyl-L-tyrosinamide dis- 
solved in 25 mM Tris buffer the relative quan- 
tum yield Qre,, of N-acetyl-L-tyrosinamide dis- 
solved in 50 mM phosphate buffer, pH 7.8, is 
0.85, due to the interaction with the phosphate 
ion [441. But Qrel of rhC5a is only 0.08. This 
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implies that the fluorescence of both Tyr residues 
is quenched and the influence of the buffer can 
be neglected. According to Cowgill (Table 2 in 
[45]) such a strong quenching can originate only 
in a disulfide group within van der Waals dis- 
tance of the aromatic ring. This is trivial in the 
case of Tyr23 which is adjacent to Cys**. Accord- 

ing to Mollison et al. (Fig. 2 in [6]) Tyr13 is likely 
to interact with cystine (21-47). 

The Trp fluorescence of [Trp2]rhC5a excited 
at 295 nm has its Amax at 338 nm and a full width 
at half maximum (FWHM) of 5.5 nm, while in the 
case of [Tr#‘]rhCSa and [Trp”]rhCSa A,, is 
349 and FWHM 63 nm (see Fig. 3). Hence, Trp* 

Table 3 

Fluorescence lifetime (A) and anisotropy decay data (B) of the mutants. A,,, is the excitation wavelength, B, and ~~ are the 
amplitude and lifetime of the ith excited state, respectively, X2 the reduced Chi-squared, (T) the average decay time (51, r, the 
fitted anisotropies, 4, the corresponding rotational correlation times. The limiting anisotropies are: r(t + O)= r0 = r, + rz + r,, 
r( t +m) = r,. PlO and Pll are based on the C-terminus of human C3a, bold one-letter symbols of amino acid residues correspond 
to its native sequence. PlO: LRRQAWRASALCLAR, Pli: CNYITELRQRHARASHLCL4R 

(A) Fluorescence lifetime 

Mutant k El BZ 83 71 r2 73 x2 (7) 

(nm) (ns) (ns) (ns) (ns) 

rhC5a 275 0.53 0.29 0.18 0.21 2.52 7.97 1.10 2.28 
[Trp’]rhCSa 275 0.09 0.43 0.48 0.94 3.21 6.16 1.12 4.42 
[Trp2]rhC5a 300 0.10 0.38 0.52 1.13 3.46 6.26 1.05 4.68 
[Trp”]rhCSa 295 0.17 0.64 0.19 0.48 2.88 5.i2 1.12 2.92 
[Trp”]rhGa 215 0.17 0.60 0.23 0.86 2.90 5.84 1.13 3.23 
[Trp” JrhCSa 295 0.17 0.60 0.23 0.73 2.88 5.94 1.10 3.22 
[Trp”]rhCSa 300 0.19 0.59 0.22 0.98 2.97 5.91 1.10 3.24 
[Trp”]rhCSaD 295 0.25 0.53 0.22 0.62 2.48 5.50 1.31 2.68 
[Trp”]rhCSaD 340 0.02 0.15 0.83 0.60 9.11 16.98 1.26 15.47 
PlO 290 0.28 0.65 0.07 0.86 2.75 9.45 1.47 2.69 
Pll 214 0.47 0.45 0.08 0.68 1.74 8.12 1.30 1.75 

(B) Anisotropy decay 

Mutant 41 X2 
(ns) 

rhC5a 275 0.168 0.132 
[Trp2]rhC5a 275 0.147 0.130 
[Trp2]rhC5a 300 0.226 0.206 
[Trp#]rhCSa 295 0.083 0.079 
[Trp”]rhCSa 275 0.107 0.081 
[Trp”]rhCSa 275 0.228 0.145 
[Trp7’]rhC5a 295 0.107 0.080 
[Trp”]rhCSa 295 0.127 0.056 
[Trp”]rhC5a 300 0.154 0.120 
[Trp”]rhCSa 300 0.180 0.081 
[Trp7’]rhC5aD 295 0.094 0.075 
[Trp7’]rhC5aD 295 0.117 0.055 
[Trp”]rhCSaD 340 0.171 0.160 
PlO 290 0.097 0.090 
Pll 274 0.120 0.112 

_ 0.036 
_ 0.017 

0.020 
0.004 
0.026 

0.061 0.022 
0.027 

0.049 0.022 
0.034 

0.074 0.025 
0.019 

0.048 0.014 
_ 0.011 

0.007 
_ 0.008 

0.26 - 1.12 
6.05 - 0.99 
5.85 _ 1.05 
3.47 _ 1.17 
1.80 _ 1.16 

I 0.20 a 2.53 1.04 
1.65 _ 1.04 
0.43 3.11 0.96 
1.68 - 1.37 
0.51 3.44 1.13 
1.59 _ 1.14 
0.32 3.02 1.06 
5.17 _ 1.27 
0.54 - 1.15 
0.58 - 1.55 

a See Materials and methods. 
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Fig. 3. Fluorescence spectra of (A): rhC5a, excitation wave- 
length 27.5 nm, and (B): [Trp’]rhCSa, (0: [Trp7’]rhCSa, and 
(D): [Trp”]rhCSaD, excitation wavelength 295 nm. The inten- 
sities are corrected for differences in the optical density at the 

excitation wavelength. 

belongs to class II Trp residues, being immobi- 
lized though in limited contact with water, while 
Trp’j4 and Trp ” belong to class III residues, 
being completely exposed to water [461. 

3.4. Time-resolved jluorescence 

The results of the time-resolved measurements 
are given in Table 3. All decays of the total 

fluorescence intensity appear to be best described 
by triple exponentials. This is in accordance with 
the literature where multiple lifetimes are re- 
ported for proteins containing a single Trp or Tyr 
residue [471. 

Comparison of the average decay time of rhC5a 
and Pll, which both show Tyr fluorescence, re- 
veals that the decay of rhC5a is not affected by 
the strong quenching observed in the steady state. 
Hence, the quenching is mainly static in the case 
of rhC5a. PlO and Pll are peptides whose se- 
quence is nearly identica1 with the C-terminus of 
hC3a. Their data are included for comparison 
because they contain a single Trp or Tyr and are 
known not to adopt a regular conformation [31]. 

The average decay time, (T), of the Trp mu- 
tants increases with decreasing exposure to the 
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aqueous environment, hence, they are not 
quenched within the protein matrix. The lowest 
value of (7) is obtained with PlO. Figure 4A 
shows the decay of the total fluorescence inten- 
sity of [Trp”]rhCSa. 

The 15AEDANS group within [Trp7’]rhCSaD 
possesses an average decay time of 15.5 ns and a 
A max of 496 nm. Both values are indicating that 
the polarity in its environment is equal to 60% 
ethano1 in an ethanol-water mixture [19]. Hence, 
the label does not tumble freely in solution but 
probably is attached to a hydrophobic patch on 
the surface of [Trp”]rhCSaD. 

Fitting the anisotropy decay of the Tyr residues 
results in a very short rotational correlation time, 
$, of 0.26 ns which is close to that of free tyrosine 
(4 = 0.1 ns, [481) indicative of nearly unrestricted 
side-chain movement. Nevertheless, neither of 
them escapes static quenching by the cystine as is 
obvious from the very low Qre, (see above). While 
Tyrz3 is involved in hydrophobic interactions be- 
tween the N-terminal helix and the core and 
partially exposed Tyri3 is buried in a hydrophobic 
cavity [4]. This must not necessarily freeze side- 
chain mobility [29]. In tetrameric melittin, for 
instance, the Trp side-chains are located in a 
relatively wide hydrophobic pocket. The shortest 
correlation time which had to be fitted was 0.06 
ns [49]. 

The rotational correlation times of the Trp’s 
and AEDANS, resulting from a mono-exponen- 
tial fit, can be divided into three classes: 4 N 5.5 
ns, N 3.5 ns and w 1.5 ns. It is tempting to 
attribute the longest 4 to the overall rotation. 
The decreasing I#I indicates that the mobility in- 
creases from Trp’ and AEDANS-C~S~~ to Trp@’ 
and Trp ” For [Trp7’]rhC5a the anisotropy decay . 
had to be fitted with two correlation times. Care- 
ful inspection of the residuals (Fig. 4B) shows 
that otherwise a nonrandom damped oscillation 
is superimposed. The results are: 41 _ 0.4 ns and 
&N 3.0 ns (Table 3B), with the shorter 4 at- 
tributable to the side-chain mobility and the 
longer to the overall rotation. Since the two are 
not completely independent, the second one is 
reduced. 

The error associated with the rotational corre- 
lation times can be estimated from a comparison 
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Fig. 4. Time-resolved fluorescence of the [Trp”]rhCXa. (A) 
The decay of the total fluorescence intensity S(r) fitted with 
three lifetimes. (B) The decay of the difference L)(t) between 
the intensities of polarized fluorescence fitted with a single 
rotational correlation time (x2 = 1.371) and below the residu- 
als of the fit with two rotational correlation times (x2 = 1.127). 
Dots: (1) measured decay: excitation wavelength: 300 nm; 
bandwidth: 14 nm; filter: WG 335, UGll. (2) lamp pulse 
measured at 340 nm. Continuous line: fitted decay. The 

parameters are given in Table 3. 

of the values given in Table 3B. The anisotropy 
decay for Trp’ was measured two times, and that 
for Trp” four times. (It does not matter that the 
excitation wavelengths were different.) The two 
correlation times obtained for Trp2 (5.85 and 
6.05 ns) differ by 0.2 ns. The four values for Trp7’ 
obtained by fitting a single correlation time vary 
within the limits 1.59 and 1.80 ns, i.e. an interval 
of 0.21 ns. Fitting two correlation times implies 
more adjustable parameters and, hence, broader 
variation. The four values of +1 vary within the 
limits of I 0.2 and 0.51 ns, those of & within 
2.53 to 3.44 ns. 

The improvement of the fit with two correla- 
tion times over that with only one, as reflected in 
x2, is small but consistent for all of the four 
independent measurements. 

Using Stokes-Einstein relationship [50] and a 
molecular weight of 8,400 Da for the Trp mu- 
tants, 4 is equal to 3.0 ns. Taking the shape into 
account: an oblate ellipsoid of revolution with an 
axial ratio of 1: 1.5 [41, would prolong 4 - 1.2 
times [51], hence, 4 is expected to be equal to 3.6 
ns. This is still much shorter than the observed 
- 5.5 ns. Nevertheless this correlation time was 
measured two times with different labels. Cova- 
lent dimerization was ruled out by SDS-PAGE. 
Since nothing was reported about non-covalent 
dimerization from NMR experiments (c - 7 mM) 
[4], a phenomenon which should be strongly de- 
pendent on the concentration, it can be ruled out 
here (c < 0.2 mM), as well. Hence, the only 
explanation for the observed long correlation time 
is that the overall motion is slowed down by the 
C-terminal undecapeptide which is not put back 
to the body of the molecule but sticks out. Hence, 
Trp2 and AEDANS-Cysz7 are attached to the 
core and rotate with the entire molecule, which is 
in accordance with the steady state and lifetime 
behaviour of both. The mobility of TrpW is in- 

creased (compared to Trp’) but not sufficiently 
to let two correlation times become apparent as 
in the case of Trp”. Nevertheless, the Trp7’ side 
chain still experiences steric hindrance. The mo- 
bility of Trp7’ is not as high as that of the Trp 
residue in the random coil peptide PlO, where it 
makes that the overall motion of the peptide is 
not detectable any more. 
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3.5. Fluorescence energy transfer 

To measure the distance Trp” + AEDANS- 
Cysz7 the so-called F&ster distance had to be 
determined first. The overlap integral, J, was 
equal to 5.59 X lo-l5 cm3A4-’ and the absolute 
quantum yield, Q,, of Trp” equal to 0.074. To- 
gethe! with k2 = 2/3 this resulted in R,(2/3) = 
20.3 A which is in good agreement with previous 
results [35, 401. Taking the high degree of la- 
belling into account (fA = 0.85, thus confirming 
that Cys*’ is indeed pointing into the solution [4]> 
the transfer efficiencies resulting from steady- 
state and time-resolved measurements were 34% 
and 20% respectively, yielding rCisteaa state) = 22.7 
A and r(time_resO]V&) = 25.6 A. 

This difference, with (Tag)/ > FDA/Fe, 
is indicative of a distribution of chromophore 
separations [39]. The form of the distribution is 
usually not known but is reasonably represented 
by a Gaussian function. It is then possible to 
numerically evaluate the average separation (I > 
and the standard deviation IT. The results of this 
calculation can be gathered from Figs. 1 and 2 in 
ref. [391. Based on (~,,~)/(r,,) = 0.80 a$ 
F&F, = 0.66 the average separation is 24.4 A 
and the standard deviation 8.1 A. The probability 
that the actual separation finds itself within 24.4 
f 8.1 A is 68% and within 24.4 f 16.2 A is 95%. 

There are two possible origins of these widths: 
They can either be due to the effect of k2 on the 
transfer rates or to the mobility of donor and/or 
acceptor [40]. According to the formalism devel- 
oped by Dale et al. [33] the maximum and mini- 
mum values of k2 can be calculated from the 
orientation factors dX = bi/r,‘$‘/2, r-i is the fun- 
damental anisotropy measured in a vitrified solu- 
tion and ri is the amplitude of the anisotropy 
decay which is due to overall rotational diffusion 
of either donor or acceptor [40]. With ri from 
Table 3 and rh from Table 6 in reference [40] one 
obtains: d” = (CO.022 + 0.049)/0.238}1’2 = 
(0.071/0.238)‘/* = 0.55 and d* = (0.171/0.25)1/2 
= 0.83. From Fig. 9 in reference [33] ki, = 0.2 
and k,&, = 2.6 can be gathered. The actual dis- 
tance is then related to the average separation 
(r) (where k2 is assumed to be 2/3): r = 
(1.5k2)‘/6(r> [321 resulting in rmin = 20.0 A and 

r = 30.6 A. But with the Trp + AEDANS pair, 
tgz excitation spectrum of the acceptor shows 
mixed polarization [191 and, hence, the k2 range 
could be expected to be significantly narrower 
[341. Using Table 3 of ref. [341 and ri values of 
0.25 for Trp and AEDANS [40], one obtains a 
range of distances from 0.91 to 1.12 times of th,e 
average separati?n, resulting in: rrnin = 22.2 A 
and r,_ = 27.3 A. Hence, it appears that the 
effectsoof k2 can cause an uncertainty0 in r o,f 
+2.5 A, whereas the remaining +5.6 A (8.1 A 
minus 2.5 AL) have to be attributed to the side- 
chain mobility. 

4. Summary and conclusion 

According to our data, Trp* is fixed within the 
protein matrix and moves with the protein as a 
whole. This is in agreement with the NMR data: 
Leu2 is not part of the N-terminal helix (4-12) 
but it shows a d,, nuclear Overhauser effect 
(NOE) with Lys’ and the resolved structure even 
includes Thr’ [4]. This supports the idea that the 
N-terminus is attached and simply serves to stabi- 
lize the C5a conformation [6]. 

The C-terminus of C5a is of prime importance 
for biological activity but no definite structure 
could be determined for this part of the molecule 
by NMR spectroscopy. Beyond Ile6’ short NOE 
distances between both H,(i) and NH(I + 1) as 
well as NH(i) and NHG + 1) were observed in 
the NMR spectra [52]. Since for helices NH(i)- 
NH(1’ + 1) NOES are intense and H,(i)-NH(i + 
1) NOES vanishingly small, and exclusively 
H,(i)-NH(i + 1) NOES are observed in the case 
of an extended structure; this is compatible nei- 
ther with a helical nor with an extended chain 
conformation. A dynamic structural averaging 
weighted toward helicity would allow both NOE 
distances to be detected [52]. 

Our results show that the side-chain mobility 
increases from Trpffl to Trp7’. But it does not 
reach that of a Trp in the random coil peptide 
PlO and the fluorescence energy transfe: re- 
vealed an average distance of 24.4 & 8.1 A be- 
tween Trp” and AEDANS-Cys2’, though & 2.5 A 
have to be attributed to the uncertainty in k2. 
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This distribution of separations has its origin 
mainly in the mobility of Trp” since AEDANS- 
Cys” is fixed on the surface of the molecule. 

The distance between C, of Cjs27 and C, of 
Arg6* was calculated to be 13.5 A based on the 
NMR structure of bovine C5a [3]. Supposed this 
distance is held constant by the core and either 
an a-helix or an extended peptide chain (distance 
between C, of Alah and C, of Met’” is 9.4 and 
23 A, respectiveIy) is linked then the distance 
between Cys27 and Met7’ varies from 22.9 A in 
the case of a helix to 36.5 A in the case of a fully 
extended chain. Hence, a slightly stretched helix 
fits much better the experimental results and it 
would also explain the restriction of the side-chain 
movement. Of course, this helix is not completely 
rigid as indicated by the width of the distance 
distribution. 

To check whether this width is reasonable or 
not it can be compared with results obtained with 
rabbit troponin I [40]. The same donor-acceptor 
pair was used and nearly the same average dis- 
tance and a similar width was determined for the 
distance distribution between Trpls8 (TIP”’ ac- 
cording to [53]) and Cyclic: FWHM = 11.5 A; 
11.5 w/(2 X 1.18) = 4.9 A = u. Troponin I is ap- 
proximately three times as big as C5a, and is 
expected to exist as a fairly open structure [53]. 
The FWHM is increased to 56 A upon denatura- 
tion [40]. Hence, the C-terminus of C5a seems to 
possess an open structure but is far from being a 
random coil. 

Since no long-range NOEs were observed be- 
tween residues of the C-terminal peptide and 
other parts of the molecule, it seems that the 
C-terminal peptide does not preferentially dock 
to any region of the core of C5a [4] and, hence, 
points into solution. This would explain the long 
overall rotational correlation time because a 
hinged C-terminal rod would provide additional 
hydrodynamic resistance. Furthermore, the alter- 
native compatible with the measured short dis- 
tance between Cys*’ and Met7’, a turn that folds 
back to the core is ruled out. Hence, the results 
of Zuiderweg et al. [4] and those presented here 
are consistent with the predominant existance of 
a flexible helix pointing into the solution. 

The C-terminal peptide analogues are full ago- 

nists but far from being as potent as the natural 
C5a [8]. This is due to the absence of additiona 
receptor binding sites [8] but a reduced tendency 
to adopt a high affinity conformation might also 
come into play. 
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