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Abstract. The fluorescence lifetime and rotational 
correlation time of the tryptophan residue in melit- 
tin, as both a monomer  and tetramer, have been 
measured between pH 6 and 11. The fluorescence 
decays are non-exponential and give lifetimes of 
0.7 ___ 0.1 ns and 3.1 4- 0.1 ns. This emission is con- 
sistent with a model in  which the tryptophan resi- 
due is in slightly different environments in the 
protein. In a dilute solution of monomer the mean 
fluorescence lifetime is 2.3 __ 0.1 ns, below pH 10, 
but falls to 1.7 ns at higher pH. In contrast, the 
melittin tetramer has a mean fluorescence lifetime 
of only 2.2 ns at pH 6, which falls to 1.9 ns by pH 8, 
and falls again above pH 10 to the same value as in 
monomeric melittin. The behaviour  between pH 6 
and 8 is explained as the quenching of  the Trp 
residue by lysine groups, which are near to the Trp 
in the tetramer but  in the monomer,  are too distant 
to quench. Fluorescence anisotropy decays show 
that the T r p  residue has considerable . f reedom of 
motion and the range of  "wobbling" motion is 
35 + 10 ° in the tetramer. 
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1. Introduction 

One of the main constituents of bee v e n o m  is 
melittin, and the pharmacological properties of this 
protein are thought to arise from its ability to 
disrupt membrane functions by strong membrane 
binding. Melittin has 26 residues and contains 6 
positive charges positioned at the terminal glycine, 
the three lysines and the two arginines, but has no 
negative charges. The amino-acid sequence is 
NH3-Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr- 

* To whom offprint requests should be sent 

Gly- Leu - Pro - Ala - Leu - Ile - S er- Trpm - Ile - Lys21 - Arg - 
Lys23-Arg-Gln-Gln-CO-NH~. 

The solution conformation of  this single trypto- 
phan protein is of  interest as it is easily influenced 
by its environment. At low protein concentration, 
Bello et al. (1982) have shown from C.D. measure- 
ments that melittin exists as a flexible, largely 
random extended chain with little 0~-helix content. 
Increasing the concentration of the protein or solution, 
ionic strength promotes the formation of water-solu- 
ble tetramers with largely s-helical conformations 
(Bello et al. 1982; Knoeppel et al. 1979; Faucon et al. 
1979; Talbot et al. 1979). Quay and Condie (1983) 
have measured the equ i l ib r ium constant for the 
monomer-tetramer reaction and found that the de- 
crease in free energy on tetramer formation is 
dominated by the increase in entropy. 

The crystal structure of the tetramer has been 
elucidated by Terwilliger et al. (1982). Each of the 
melittin chains is present as a bent (at an angle of 
120 °) ~.-helix. The four proteins c h a i n s g r o u p  to- 
gether in the tetramer, such that the mainly hydro- 
phobic groups, such as Trp, Leu and lie, are on the 
inside. The charged residues are on the outside, next 
to the aqueous solvent where ion-dipole forces assist 
in making the tetramer soluble. 

In this paper were report the determination of the 
fluorescence lifetimes and rotational relaxation times 
of monomeric  and tetrameric melittin and observe 
transitions in fluorescence lifetimes which monitor 
an apparent pK of about 10.5 in dilute melittin 
solutions and an additional pK at 6.6 in the tetramer. 

2. Experimental procedures 

The melittin was purchased from Sigma Ltd. and 
purified by gel chromatography with Sephadex 
G-50, as described by King et al. (1976). The solu- 
tions of the purified, homogeneous melittin were 
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prepared in 0.02 M phosphate buffer. Melittin con- 
centrations were determined spectrophotometrically 
using the extinction coefficient value of 56,900 
dm3/M • cm at 280 nm (Bello et al. 1982; Knoeppel 
et al. 1979). For each measurement fresh melittin 
solutions of 3.0, 8.0 or 60.0 x 10 .5 M were prepared. 
Several pH values between 5.5 and 11 were used. 

The fluorescence lifetimes and rotational correla- 
tion times were measured by the single-photon 
counting, delayed-coincidence method, using 300 nm 
excitation pulses from a frequency-doubled, pico- 
second, dye-laser. This technique and the data 
analysis methods have been described in detail else- 
where (Beddard and Tran 1985; Tran and Beddard 
1982). The data analysis is briefly summarised 
below. 

The anisotropy r(t) was obtained from the ob- 
served fluorescence intensities, III (t) and I± (t) using 
the formula 

r (t) = (Iii (t) - I ±  (t))/(Iii (t) + 2 I± (t)). (1) 

A two-exponential function r(t), Eq. (2), was 
used to model the experimentally observed anisot- 
ropy, r (t). 

r(t) = I"o ( f"  exp( -  t/(oa) +(1 - f ) "  exp( -  t/~ob)). (2) 

The correlation time, ~0a, arises from the rota- 
tional motion of the protein and the correlation 
time, ~0b, from the combined motion of the Trp 
residue and the rotational diffusion of the whole 
protein. In the simplest case, the rotational correla- 
tion of the Trp residue ~t, is related to q~b and ~0a by; 

1/~ot = 1/~Ob- 1/~0,. (3) 

Three sets of fluorescence anisotropy decay times 
were averaged and are listed in Table 2. A non- 
linear, least-squares method  was used (Beddard 
et al. 1980). Analysis with convolution was not neces- 
sary for the anisotropy data since the width of the 
excitation pulse (250 ps) was less than the smallest 
lifetime measured. An example of an anisotropy 
decay is shown in Fig. 1. 

The model of Kinosita et al. [1977] was used to 
analyse the restricted motion of the Trp residue 
within the protein. In this model the cone semi- 
angle (~) through which the probe molecule rotates 
may be calculated from the pre-exponential ( f )  in 
Eq. (2). We use c~ as a measure of the relative 
freedom of the Trp within the protein. 

Fluorescence lifetime data were also analysed by 
using an equation of the form of Eq. (2) and the 
results are shown in Table 1. The lifetimes are rl 
and r2 instead of ~0a and ~Ob in Eq. (2). In  each 
experiment the X 2 parameter was significantly 
smaller for two exponential fitting (Eq. (2)) than for 
a single exponential. In Fig. 3 are shown some 

Table 1. Fluorescence decay times of melittin 

Concen- pH 
tration 
[M] 

r I [ns] f r2 [ns] zm Ins] 

3 x 10 -5 6.2 3.10___ 0.16 0.70 0.63___ 0.03 2.36-+ 0.12 
6.9 3 . 1 4 _  0.16 0.71 0.60 +0 .03  2 .40_0 .12  
7.9 3.20-+ 0.16 0.67 0.66+_0.03 2.36+__0.12 
8.3 3.19+__0.16 0.64 0 .71+0 .04  2 .30+0.11  
8.9 3.15___0.16 0.64 0.62-t-0.03 2 .24+0.11  
9.4 3.24___0.16 0.64 0 .64+0 .03  2.30_+0.11 

10.3 3.15_+0.16 0.63 0 .68+0 .03  2.23--+0.11 
10.9 2.92_+ 0.15 0.49 0.66_+ 0.03 1 .77+ 0.08 

8 x 1 0  -5 6.3 3.17-t-0.16 0.68 0 .57+0 .03  2 .34+0 .12  
7.0 3 .20+  0.16 0.66 0.66 -t- 0.03 2 .35+  0.12 
7.5 3.11-+0.16 0.65 0.64-+0.03 2 .23+0 .12  
7.9 3.07-+0.15 0.60 0 .68+0 .03  2 .15+0.11  
8.6 3.04-+0.15 0.60 0.72-+0.04 2.11-t-0.11 
8.9 3 .03+0 .15  0.60 0.80-t-0.04 2.14-t-0.11 
9.3 3 .05+0 .15  0.60 0.69-+0.04 2 .10+0.11 
9.9 3.14-+0.16 0.59 0.76-+0.04 2.15-+0.11 

10.4 3.04-+ 0.15 0.56 0.70_+ 0.04 2 .00+  0.10 
11.0 2.93-+0.15 0.45 0.65-+0.03 1.67-+0.08 

6 x 1 0  -4 5.5 3.05-+0.15 0.64 0.61_+0.03 2.17___0.11 
6.1 3.04-+ 0.15 0.63 0.69+__0.03 2 .17+  0.11 
6.8 2.92_+ 0.15 0.57 0 .72+0 .04  1.97-+ 0.10 
7.6 2.89-+ 0.14 0.54 0.76_+0.04 1.91 _+ 0.10 
8.0 2.85_+ 0.14 0.57 0 .72+0 .04  1.93-+0.10 
8.3 2.94_+ 0.15 0.56 0.78-+_0.04 1 .97+ 0.10 
9.8 2 .92+  0.15. 0.54 0.68-+ 0.03 1 .89+ 0.10 

11.0 2.87-+0.14 0.45 0.70-+0.04 1.67-+0.08 

Table 2. Fluorescence anisotropy decay of melit t in 

[M] pH (o~ [ns] f ~0 b [ns] q~t [ns] c~ 

3 x  10 .5 6.3 1.72_+ 0.09 0.36 0 .52+  0.03 0.74 46 
7.4 1.76 +_ 0.09 0.19 0.53___ 0.03 0.76 57 
8.2 1.97 +__0.10 0.15 0.59-+ 0.03 0.85 57 
8.6 1.80_+ 0.09 0.17 0.53 +__0.03 0.75 54 
9.6 1.71 __ 0.09 0.49 0.51 __ 0.03 0.73 51 

10.1 1.76_+ 0.09 0.46 0.53-+ 0.03 0.75 47 
10.4 1.80-+ 0.09 0.21 0.55 +_0.03 0.78 54 

8 x 10 -5 7.0 1.87__ 0.09 0.51 0.48_+ 0.02 0.64 38 
7.5 1.81 +_ 0.09 0.57 0.52__ 0.03 0.73 34 
7.9 2.12__0.11 0.61 0 .45+0 .02  0.57 32 
8.6 1.90__ 0.10 0.60 0.51 _+ 0.03 0.69 33 
8.9 1.95 + 0.10 0.57 0.44_+ 0.02 0.57 34 
9.3 1.84__ 0.09 0.53 0.61 + 0.03 0.91 36 
9.9 2.10__ 0.11 0.60 0.61 _ 0.03 0.86 33 

10.4 2.48 +__ 0.12 0.56 0.57_+ 0.03 0.74 34 

6 x 10 -4 5.5 2.30 + 0.12 0.39 0.71 + 0.04 1.03 44 
6.1 2.57 + 0 . 1 2  0.58 0 .76+0 .04  1.07 34 
6.8 2.25-1"- 0.11 0.43 0.77----- 0.04 1.16 42 
7.6 2.38 + 0.12 0.56 0 .70+0 .04  0.99 35 
8.0 2.45 + 0.12 0.57 0.69 + 0.04 0.96 35 
8.3 2 .30+0 .12  0.57 0 .70+0 .04  1.01 34 
9.8 2.51 + 0.13 0.56 0.81 + 0.04 1.20 35 

11.0 2.06 + 0.10 0.77 0.72 + 0.04 1.10 24 
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Fig. 1. Fluorescence anisotropy decay of melittin at 8 x 10-SM 
and pH 10.4. The fit (solid line) is for Eq. (2) with ~0, = 2.47 ns 
and {0b = 570 ps 
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Fig. 2. Mean fluorescence decay times rm (Tin =f" q + (1 - f )  r2) 
versus pH for melittin concentrations of: (top points (4~)) 
3 x 10-SM, (o) 8 x 10-SM, and (rq) 6 x 10-4Min 0.02Mphos- 
phate buffer 

fluorescence lifetime data taken at p r ig .9  and 
8 x 10-SM melittin. The reduced X 2 measured over 
all data points was 1.05. 

3. Results and discussion 

Fluorescence measurements from several small pro- 
teins, each containing a single Trp residue, have 
shown that two fluorescence lifetimes are needed to 
describe the Trp excited state behaviour (Munro 
etal .  1979; Beddard etal.  1980; Tran etal .  1982; 
Lakowicz et al. 1983; Beddard and Tran 1985). In 
melittin the fluorescence lifetimes, from pH 6.2 to 
10.9, are 0.7 +_ 0.1 ns and 3.1 _+ 0.1 ns. Detailed 
values are given in Table 1. The lifetimes at pH 7 
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Fig. 3. Fluorescence decay of Trpl 9 residue in melittin at 
pH9.9 and 8 x 10-SM. The fit (solid line) to the data points 
(dots) is for a sum of two exponential functions convoluted 
with the instrumental response function, which is the narrow 
solid line. The Z 2 for these data is 1.05 with q = 3.16 ns and 
r2 = 790 ps 

are similar to those previously measured by flash- 
lamp excitation (Georghiou et al. 1981) and by the 
phase method (Lakowicz etal.  1983). The mean 
fluorescence lifetimes (r,,) are shown in Fig. 2 for 
each of  the concentrations studies. The upper-most 
data points correspond to the most dilute solution 
(3 x 10-SM) the lower points to the most concen- 
trated (6 x 10-4M). 

The motion both of  the probe (Trp residue), and 
of  the whole protein is reflected in the fluorescence 
anisotropy decay. This was observed experimentally 
as well as being predicted by the theory of  fluo- 
rescence depolarisation (Rigler and Ehrenberg 1973; 
Kinosita et al. 1977). Figure 1 shows fluorescence 
anisotropy data taken at pH 10.4 and 8 x 10-SM and 
analysed according to Eq. (2). The longer correlation 
time, {0a, which we assign to the motion of  the whole 
protein, and the shorter one {0t, due to the local 
motion of  the Trp residue, are listed in Table 2. As 
the melittin concentration is increased, the increases 
in the rotational correlation times, {0a and ~¢, are due 
to aggregation changing the shape and size of  the 
rotating protein, and also hindering the motion of  
the Trp residue inside the protein. 

A measure of  the rotational motion of the Trp 
residue is also given in Table 2, as the parameter  ~, 
which, according to the model ,of Kinosita et al. 
(1977), is the cone semi-angle through which the 
residue moves. The value of c~ (45-55  °) is much 
larger than that obtained by similar measurements 
on cobratoxin (~ = 5 - 1 0  °) (Beddard and Tran 1985), 
and is comparable to that of glucagon ( e = 4 0  °) 
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(Tran and Beddard 1982). The value of c~ is almost 
constant over the pH range studied and, in the 
tetramer, has a mean value of 34 °. This is to be 
compared with the dilute solution where e = 54 °. In 
the latter case the "wobbling in a cone" model is not 
justified as the monomeric melittin backbone is 
flexible and it is possible that the Trp moves 
together with some nearby residues since ~0t is too 
big for the motion of the Trp alone. The Trp 
molecular volume and shape would lead to a rota- 
tion time in the region of 0.17 ns which is signifi- 
cantly smaller than the value measured. The shorter 
rotational correlation time (~0,) is also constant with 
pH (even though the fluorescence lifetime varies) 
and its mean value is 1.05 ns in the aggregated 
solution and 0.65 ns in the most dilute solution. 
These data illustrate a limited restriction on the Trp 
motion in the tetramer, and the closer packing of 
residues is also seen as a shortening of the mean 
fluorescence lifetime. 

The limiting anisotropy (r0), which has a value 
of 0.13- 0.15, shows that no depolarisation occurs 
faster than the instrumental time resolution. The 
maximum r0 value for N-acetyltryptophanamide in 
glycerol, which has a viscosity of 1750 cp at room 
temperature and is thus immobile on the time scale 
of rotational relaxation, is 0.17 at 295 nm (Lakowicz 
et al. 1983). 

The rotational correlation times for the whole 
protein motion, ~0a, vary from 1.7 ns in dilute solu- 
tion, to 2.3 ns in the tetramer. Some increase in ~0a is 
expected as the tetramer is formed, but as the 
rotational correlation time depends on the shape of 
the rotating body, this increase can be small, as 
changes in shape can compensate for the extra 
proteins in the tetramer. The calculated rotational 
correlation time for a sphere of 13 A radius is 2.2 ns; 
similar to the lifetime measured. The monomeric 
melittin is unlikely to be spherical however (Bello 
etal. 1982; Dawson etal. 1978). The X-ray data 
(Terwilliger etal. 1981) shows an extended chain 
approximately 35 A long and about 12 A in diam- 
eter, which allows for some associated water mole- 
cules to move with the protein. A calculation for 
such a rigid rod (Barkley and Zimm 1979) gives 
rotational correlation times of 2.3 ns and 0.85 ns, 
about the long and short axes respectively. The 
longer time is similar to those listed under ~0a in 
Table 2, the shorter is about 50% larger than ~0b. The 
sensitivity of the calculated rotational correlation 
times to the assumed protein shape means that, in 
monomeric melittin or other flexible proteins, these 
type of calculations only provide a rough guide to 
the molecular dimensions. 

The fluorescence lifetime data shows how the 
mean lifetime, ~m, (Fig. 2) varies as the result of 

changes in the fraction ( f )  of Trp residues in each 
conformation or environment, rather than changes in 
the individual fluorescence lifetimes, ~1 and/or ~2. 
The T1 and r2 values are largely unaffected by pH 
and protein aggregation. The variation of fluores- 
cence lifetimes with protein concentration, and the 
decrease in mean lifetime at about pH 7 and 10.5, 
may be explained using a model in which the Trp 
exists in different environments in the protein. 

With this model we have previously argued 
(Beddard and Tran 1985), that the quenched fluo- 
rescence lifetimes of Trp residues in proteins, com- 
pared to the lifetime of the indole chromophore, can 
be explained by charge-transfer to .nearby electro- 
philic residues. Of the groups available in a protein 
the amino groups are likely to be good acceptors; 
particularly when protonated. Amide groups and 
CO0-  groups may also participate, but the peptide 
group is a poor electrophile and in the Trp residue, 
induces little charge-transfer from the adjacent in- 
dole chromophore. We further proposed that each 
fluorescence lifetime is the  result of specific inter- 
actions of the Trp residue in a distinct environment 
in the protein (Beddard and Tran 1985). In each of 
these environments the Trp is not held rigidly, but 
undergoes limited rotational relaxation. In melittin, 
the correlation time for this motion varies from 
0.5 ns to 0.8 ns, depending upon the protein concen- 
tration. 

The decrease in mean fluorescence lifetime at 
pH 10.5 and in more concentrated solutions at about 
pH 7, is explained as charge-transfer quenching in 
which Trp residues are quenched by nearby electro- 
philic groups. This q.uenching could be caused by 
movement of the Trp residue from one existing 
environment to another, such .as the result of 
pH-induced movement of the protein backbone 
- C - C O N H -  groups or a rotation of the Trp 
C~-C~ bond, or could be due to additional 
quenchers produced by changes in pH. Quay and 
Tronson (1983) have recently measured the pI~ of 
Lyszl and Lys23 to be 6.5 and 8.6 respectively in the 
monomers and about 7.4 in tetramers. Bello et al. 
(1982) measure a pI~ of 6.8 for the terminal amino 
group and observe, as we do, that the apparent pK 
changes with protein concentration and state that 
this lowering of pK accompanies a structural change. 

If in the tetramer, the charged amino group on 
the terminal glycine or on the lysine residues, is 
directly responsible for the fluorescence quenching, 
(Fig. 2) then on amine deprotonation the fluores- 
cence lifetimes and yields should increase - as 
happens in tryptophan and simple derivatives 
(Beddard et al. 1980) - not decrease as is observed. 
At low pH and at the highest concentration studied, 
the decrease in mean fluorescence lifetime from 
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dilute solution (2.4 ns to 2.2 ns, Fig. 2) may reflect 
quenching by distant charged amino groups. 

To explain our data we propose that the struc- 
tural change, recognised by Bello etal .  (1982) to 
occur at around pH 7, brings either the unprotonated 
terminal amino-group or the unprotonated Lys2~ 
away from the protein surface and nearer to the Trp, 
which is in a more hydrophobic  environment on the 
apolar side of the melittin helix. The X-ray studies 
(Terwilliger etal .  1981) show that the terminal 
-NH3+ group in the crystal is distant f r o m t h e  Trp 
and should not contribute to the quenching. N MR 
studies show that the e - N H 2  of Lys23 is close to the 
C6 and C7 protons of  the indole ring of  the Trp19 
residue (Brown et al. 1982). This positioning would 
be energetically unfavourable if the Lys were 
charged. In the tetramers, as both the LyS2l and 
Lys23 have a pK of  about  7 (Quay and Tronson 
1983), either could interact with the Trp. For  exam- 
ple, the N M R  data suggest that Lys23 is nearest to 
the Trp, but  the pK data show that in the monomer 
Lys2~ has its pK at 6.6, the same as the fluorescence 
quenching, whereas Lys23 has its pK at 8.6. 

A blue-shift (to 337 nm from 353 nm) was also 
observed in the Trp emission maximum on forming 
tetramers. This has been interpreted as the Trp 
residue moving into an environment  with a lower 
dielectric constant (Burstein et al. 1973) and this shift 
was used by Quay and Condie (1983) to obtain 
monomer- te t ramer equil ibrium constants. As was 
observed in human serum albumin (Munro et al. 
1979) and dry keratin (Smith et al. 1980), the blue 
shift is accompanied by an increase in fluorescence 
lifetime. In melittin the data in Fig. 2 show the 
opposite trend and the mean lifetime is, at each pH 
except pH 11, lower in the aggregated protein than 
in the monomer. This reflects the additional specific 
quenching by nearby groups in the tetramer over 
that in the monomer and illustrates that, in a hydro- 
phobic environment, the Trp residue need not neces- 
sarily exhibit a long fluorescence lifetime. 

The quenching measured at pH 10.5 is more 
difficult to explain than that at lower pH as none of  
the groups present in the protein appear  to have a 
pK near this pH. The indole excited, singlet state 
deprotonates at pH 11.5 in t ryptophan and in simple 
peptides. Lysine7 is ionised at pH 9.6 (Quay and 
Tronson 1983), which is too low to account directly 
for the quenching at pH 10.5 even if  allowance is 
made for the fact that melittin could fold at the 
LeUl3 and Pro14 groups (Dawson et al. 1978) and this 
would bring the Lys7 near to the Trp residue. The 
positive charges on the protonated Arg residues at 
positions 22 and 24 could also influence the Trp and 
lower the pH for deprotonation. This can occur in 
the same manner as the pK for the Lys21 and Lys23 

residues is lowered from the usual value of 10.53 to 
6.6 and 8.6 respectively (Quay and Tronson 1983). In 
monomeric  melittin only quenching at pH 10.5 is 
observed, the flexible extended chain will ensure 
that no pH specific quenching occurs, and the 
fluorescence lifetime is similar to that measured in 
other small proteins. 

4. Summary 

The fluorescence from the Trp residue in melittin 
decays bi-exponentially between pH5.5  to pH 11. 
As melittin tetramers are formed additional quench- 
ing at pH 6.5, as well as quenching at pH 10.5, was 
observed. Quenching at the lower pH is attributed 
to charge-transfer between the Trp and nearby 
deprotonated lysine residues as a result of pH- 
induced conformational changes. The two fluores- 
cence lifetimes are explained in terms of  a con- 
former model in which limited rotational diffusion 
is allowed in each site. Fluorescence anisotropy 
measurements show that the Trp is very mobile on 
the nanosecond time scale both in the monomer  and 
in the tretramer. 
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