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We used fluorescence energy transfer to examine the effects of solvent composition on the distribution of distances between the single 
tryptophan residue of mehttin (residue 19) to the N-terminal a-amino group, which was labeled with a dansyl residue. The 
tryptophan intensity decays, with and without the dansyl acceptor, were measured by the frequency-domain method. The data were 

analyzed by a least-squares algorithm which accounts for correlation between the parameters. A wide distribution of tryptophan to 
dansyl distances was found for the randomcoil state, with a Gaussian half-width of 25 A. Increasing concentrations of methanol, 

which were shown to induce sn a-helical conformation, resulted in a progressive decrease in the width of the distribution, reaching a 

limiting half-width of 3 A at 80% (v/v) methanol. The distance from the indole moiety of Trp-19 to the dausyl group in 80% (v/v) 
methanol/water was found to be 25 A, as assessed from the center of the distance distribution. A distance of 24-25 A was recovered 

from the X-ray crystal structure of the tetramer, which is largely rr-helical. At low ionic strength ( i 0.01) the CD spectra reveakd a 
small fraction or amount of a-helix for melittin in water, which implies a small fraction of residual structure. This residual structure 

is apparently lost in guanidine hydrochloride as demonstrated by a further broadening in the distribution of distances. These results 
demonstrate the usefulness of frequency-domain measuremcn ts of rcsonancc transfer for resolution of conformational distributions 
of proteins, 

1. introduction 

Nonradiative or resonance energy transfer 
(RET) has been widely used to measure the di- 
mensions of biological macromolecules [l-3]. The 
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high sensitivity of fluorescence methods allows 
measurements on dilute solutions of protein, and 
the characteristic distance for fluorescence reso- 
nance energy (FRET) transfer (Fiirster distance, 
R,) is typically near 30 A [4], a value comparable 
to the diameters of many soluble proteins. In 
general, resonance energy transfer has been ap- 
plied to systems where a single conformational 
state is expected, for example, in the study of 
globular proteins in their native (folded) confor- 
mation. However, it is apparent from first princi- 
ples that a single or a static distance is unlikely to 
occur, particularly if the peptide chain can adopt 
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Y 
Random-coil and a-helical melittin. 

various conformations or if there are substantial 
segmental motions occurring on the same time 
scale as the fluorescence emission. Such motions 
or conformational variability should give rise to a 
distribution of distances, which in turn should be 
recoverable from the intensity decays of the donor 
in an energy-transfer experiment. 

In the present article, we describe an extension 
of the FRET measurements to recover the distri- 
bution of distances between two sites on a protein 
which can adopt a variety of conformations. More 
specifically, we measured energy transfer from the 
single try$ofihan residue of melittin (donor, D) to 
a dansyl (acceptor, A) located specifically on the 
a-amino group of the N-terminal lysine. The con- 
formation of melittin was varied from the pre- 
sumably random coil state in water (low ionic 
strength) to the a-helical form in 80% methanol 
(scheme 1). Under these varied conditions, we 
examined the intensity decays of the tryptophan 
residue using the frequency-domain method [4-71. 
A distribution of D to A distances results in a 
distribution of rate constants for energy transfer, 
which alter the frequency response of the tryp- 
tophan emission. The distance distributions are 
recovered by a non-linear least-squares method 
which compares the frequency response of the 
donor emission, with and without the acceptor 

[8-lo]. To confirm further the recovered distribu- 
tions and to improve the resolution, we also per- 
formed a global analysis of data obtained at vari- 
ous R, values, which were obtained using coIli- 
sional quenching of the tryptophan donor [11,12]. 
Finally, the distances were compared to that ex- 
pected for melittin in the random-coil and cw-heli- 
cal states, the latter being found from the known 
X-ray structure of melittin [13]. 

It should be noted that this type of measure- 
ment is an extension of the pioneering work of 
Haas, Steinberg and co-workers. These researchers 
used time-domain fluorescence methods to ex- 
amine end-to-end distributions of peptides [14,15], 
including the estimation of end-to-end diffusion 
coefficients [16,17]. 

2. Theory 

2.1. Single exponential donor decays 

The theory of energy transfer in the presence of 
a distance distribution is complex. To simplify the 
presentation, we first describe the simpler case 
where the donor decay, in the absence of acceptor 
or collisional quenching, is a single exponential. 
Assume the decay of the donor (ID(t)), in the 
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absence of energy transfer or quenching, is a single 
exponential 

I,(r)=I:exp[-t/7;] (1) 

where T: denotes the decay time of the donor (D). 
The superscript (0) indicates the absence of 
quencher (Q). If a single acceptor is present in a 
unique distance r, then donor decay is given by 

1,,(r,t) = 1: exp[ -t/T: - kDAf]. (2) 

The rate of energy transfer is given by 

k (3) 

with R, being the Fiirster distance. For the case 
of a single acceptor at a unique distance, the 
donor decay remains a single exponential and the 
decay time is given by 

The Fbrster distance R, can be calculated from 
the spectral properties of the chromophores [4], 

R6 _ 9000&l 10)K2&, m 

0- / 128r5Nn4 o 
FD(X)cA(A)X4 dX 

(5) 

where y2 is the orientation factor, (POD the quan- 
tum yield of the donor in the absence of acceptor 
and quencher, n the refractive index, and N 
Avogadro’s number; FD( A) describes the emission 
spectrum of the donor with the area normalized to 
unity, e*(h) is the absorption spectrum of the 
acceptor in units qf M-l cm-‘, and X is the 
wavelength in nm, T$e distances recovered from 
energy-transfer measurements are uncertain due to 
the unknown extent of static and dynamic averag- 
ing of the orientation factor [18]. In our analysis 
we assume the value of ~~ is equal to 2/3 due to 
the range of conformations, the possibility of rota- 
tional diffusion, and the mixed polarization of the 
species [19]. 

The intensity decay of the donor becomes more 
complex if the acceptor is located over a range of 
D-A distances, as is expected for a random-coil 

protein. Since each individual D-A pair is char- 

acterized by a specific distance r, the intensity 
decay of each donor molecule is still a single 
exponential and is given by 

(‘5) 

However, the observed decay contains contribu- 
tions from D-A pairs at all accessible distances, 
and is thus more complex than a single exponen- 
tial. The intensity decay of the ensemble of D-A 
p$rs is given by the average of the individual 

decays weighted by the distance probability distri- 
bution (Z’(r)) of the D-A pairs [14,16]. 

(7) 

This expression is appropriate for a distribution in 
which the D-A distances are static during the 
donor decay, which we .assumed to be the case in 
our measurements. 

To characterize the distance distributions and 
to minimize the number of variable parameters we 
assumed that the distribution is adequately de- 
scribed by a Gaussian, 

P(r) = --& exp[-;(G)l] (8) 

where r is the average and a the standard devia- 
tion of the distribution. The standard deviation is 
related to the half-width, hw (full-width at half- 
maximum) by hw = 2.354~. 

2.2. Frequency-domain expressions 

The intensity decays of the donor emission 
were measured using the frequency-domain 
method. The experimental values are the phase 
(&) and modulation (m,) of the emission over a 
range of modulation frequencies (w). Irrespective 
of the form of the decay the frequency-response 
can be predicted for any 1(t) using 

00 

J (1 
1 r sin wt dt 

N,=’ 

J 
?(I) dt 

0 

(9) 
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/ *z(t) cos wt dt 

D,= ’ 

/ mZ(t) dt 
0 

(10) 

The calculated (c) phase and modulation values 
for the assumed decay law are given by 

+c,, = arctan 2 
[ 1 0 

(11) 

mcu= [N,#f+D:]1/2 (12) 

The frequency-domain donor decays were 
routinely analyzed using the multiexponential 
model, which reveals the mean decay time of the 
decay and the extent of decay time heterogeneity. 
In this case Z(t) is given by 

Z(t) z Cai exP[-t/7il 
i 

(13) 

where (ri are the pre-exponential factors and q the 
associated decay times. The transforms of eqs 9 
and 10 can be represented analytically [20] 

(14) 

(15) 

where the normalization factor is given by J 
= Cain. For a distribution of D-A distances the 

tra&forms are calculated numerically, using 

where the normalization factor J is given by 

J= (l,“p(d +-,%,&) dt) 

07) 

08) 

Depending upon P(r), the integral from r = 0 to 
co may not be equal to unity. This integral will be 
less than unity when part of the distribution oc- 
curs below r = 0. The use of lo-Z’(r) in eq. 18 is 
equivalent to normalizing P(r) to unity. It should 

be borne in mind that eqs. 16 and 17 contain Tag, 
which is itself dependent upon the D-A distance 

(eq. 4). 
The parameters describing the intensity decay 

(ai and T or F and u) are determined using 
nonlinear least squares [21]. The parameter values 
are estimated by minimizing xi, 

(19) 

where Y denotes the number of degrees of free- 
dom, &p = 0.2O and Sm = 0.005 being the experi- 
mental uncertainties in the measured phase and 
modulation values. 

Estimation of the uncertainties in the recovered 
parameters is a difficult problem, We used the 

method described by Johnson and co-workers 
[22,23], which accounts for correlation between 
the parameters by a directed search of the xi 
surface along directions predicted to display the 
highest degrees of correlation. 

2.3. Multiexponential donor decays 

For proteins in general [24] and melittin in 
particular [25], the intensity decays in the absence 
of energy transfer are heterogeneous and/or mul- 
tiexponential. Hence, the formalism described 
above (eqs 1-17) must be modified to account for 
the intrinsic complexity of the tryptophan donor 
decay. The donor decay may be more complex 
than a multiexponential, and can possibly be de- 
scribed in terms of lifetime distributions 125-281. 
In the presence of collisional quenching (below) 
the decays can be still more complex, and contain 
terms with varying time dependence [29-311. Irre- 
spective of the complexity of the decay, it is 
always possible to fit the data to a sum of ex- 
ponentials, which is adequate for our purpose of 
representing the intensity decay as a para- 
meter&d function. Hence, we fit the donor de- 
cays in the absence of acceptor using a sum of 
exponentials 

ZDp( 1) = CaQDi exp[ -t/&l (20) 
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- H,O (18%a-helix) 
----- 20%H$+80%MeOH 

(98%o-helix) 

-30’ I I I I I 

190 210 230 250 

WAVELENGTH 

Fig. 1. CD spectra of melittin. Spectra are shown in water 
(- ) and 80% methanol/2046 water (- - - - - -). 

where u$ are the pre-exponential factors and & 
the associated decay times. The superscript Q is 
an index for the quencher concentration (below), 

which was used to vary the Fiirster distance [1X,12]. 
At the present time, we are unaware of an experi- 
mental demonstration of the precise rates of en- 
ergy transfer for each component in a multiex- 
ponential decay. Also, such a determination may 
not be meaningful in those cases where the com- 
ponents originate with transient effects in quench- 
ing [29-311. Consequently, we assumed that the 

-4 

-8 

-12 

-16 

% MeOH 

Fig. 2. Dependence of the ellipticity at 220 run of m&tin on 
the percentage of methanol. 

3.2+------ 1 
20 40 60 80 I( 3 0 

% MeOH 
Fig. 3. Effect of methanol on the fluorescence intensity and 

mean lifetime of melittin tryptophan fluorescence. 

Fiirster distance for transfer from each component 
in the donor decay is the same, and that the rates 
of transfer are the same relative to each decay 

.05CI ! IIII I I1111111 I Ill. 

5 IO 20 50 100 200 50 

FREQUENCY (MHz) 

Fig. 4. Frequency-domain anisotropy decay of melittin in 
water (0) and 808 methanol/u)% water (0). The intensity 

decays are given in table 1. 
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Table 1 

Tryptophan and dansyl anisotropy decays for melittin and 
dansyl melittin 

Compound/solvent +i (ns) 'Ogi XZR 

Tryptophan emission 
Melittin/water 0.17 0.193 14.1 0.9 

1.73 0.126 
Dansyl-m&tin/water 0.20 0.190 

1.78 0.112 10.0 0.9 

Melittin/80% MeOH 0.23 0.120 
1.71 0.174 25.0 1.3 

Dansyl-melittin/80% MeOH 0.25 0.122 
1.80 0.174 12.6 1.2 

Dansyl emission 

Dansyl-melittin/water 0.19 0.192 8.3 1.6 
1.87 0.114 

Dansyl-melittin/SO% MeOH 0.28 0.165 3.3 1.0 

2.18 0.135 

a Values of xi are shown for the one- (1) and the two- (2) 

correlation-time fits. The anisotropy decay parameters are 

only shown for the accepted twocorrelation-time model. 

time. Hence, the transfer rates were assumed to be 
given by 

(21) 

D-A - DANSYL-MELITTIN 

- 5mM MOPS 

---- 20%H,0+80% MeOH 

WAVELENGTH (nm) 

Fig. 5. Fhrorescence emission spectra of melittitt (D) and 
darql-melittin (D-A), in water ( -) and 80% meth- 

anol/20% water (- - - - - -), Excitation at 290 nm. 

FREQUENCY (MHz) 

Fig. 6. Frequency response of the mebttin tryptophan intensity 
decays in the absence (0) and presence (0) of the dansyl 

acceptor. The solid lines show the best triple-exponential fits to 
the data. 5 rnM Mops, pH 7. 

DANSYL-MELITTIN 

FREQUENCY (MHz) 

Fig. 7. Distance distribution analysis of the frequency response 
of dansyl-me&tin in 5 mM Mops, pH 7. The solid line shows 
the best fit to. the data (0). The dashed line shows the best fit 
with the hw held constant at 1 A. The lower panels show the 

deviations with hw = 25.1 A (0) and hw = (1) A (0). 
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Table 2 

Representative multiexponential analysis of the tryptophan intensity decays of melittin (5 mM Mops, pH 7, 20° C) 

W MeOH ? (ns) b 7i (ns) a’i f, X’, 

1 2 3” 

0 3.29 0.32 0.408 0.065 

2.49 0.401 0.495 
4.64 0.191 0.400 548 5.7 1.4 

10 3.45 0.33 0.393 0.060 
2.82 0.460 0.595 
5.11 0.147 0.345 504 5.9 2.3 

20 3.62 0.42 0.365 0.062 
2.98 0.342 0.412 
4.45 0.293 0.526 438 2.1 1.3 

30 3.77 0.43 0.333 0.056 
3.04 0.526 0.626 
5.82 0.141 0.318 402 6.0 1.6 

40 3.96 0.52 0.352 0.069 
3.19 0.516 0.620 
6.25 0.132 0.310 462 6.5 2.2 

60 4.18 0.67 0.374 0.092 
2.97 0.437 0.474 
6.30 0.189 0.434 546 7.2 2.2 

80 4.19 0.67 0.375 0.092 
2.96 0.434 0.468 
6.29 0.192 0.440 551 7.1 2.8 

0+6M 4.67 0.65 0.257 0.063 
Gdn - HCl 3.14 0.698 0.831 

6.18 0.045 0.106 151 2.1 1.4 

’ Values of Xi are given for the single- (l), double- (2), and triple- (3) -exponential fits. The decay parameters are listed only for the 
triple-exponential fit. 

b ? =niq =flq +& f f&_ 

The distance-dependent donor decay times are 
then expressed as 

(22) 

where Rz is the Forster distance appropriate for a 
given concentration of quencher (below). For an 
individual D-A pair the observed decay is given 

by 

Z&(t) = /omCaSi exp 
i 

[-&- y$q]dr. 
(23) 

The sine and cosine transforms are 

N,Q = (24) 

It should be noted that a multiexponential decay 
for the donor does not introduce any additional 
parameters into the analysis. This is because the 
intrinsic decays of the donor are measured in a 
separate experiment, using samples without an 
acceptor. The data from the donor are fitted using 
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the multiexponential model, and the parameters 
(& and r$) are held constant in eqs. 24 and 25 
during the least-squares analysis. It should be 
remembered that & depends on distance (eq. 
22). 

The uncertainties in F and hw were evaluated 
by the method proposed by Johnson [22,23], which 
accounts for correlation between the parameters. 
The uncertainty values were somewhat variable 
among the data sets, and probably not useful on a 
case-by-case basis. The average ranges of F and 
hw values consistent with the data were f0.2 and 
f0.4 A, respectively. , 

2.4. Dependence of the Fiirster distance on colli- 
sional quenching 

The ability to recover a distance distribution 
depends upon the value of R,, which defines a 
range of distances over which the transfer is sig- 
nificantly dependent upon distance. We expanded 
the detectable range of distances using collisional 
quenching of the donor, which decreases the 
quantum yield and thereby decreases R, (eq. 5). 
We previously demonstrated that the appropriate 
quantum yields are given by the dynamic or colli- 
sional component in the quenching [11,12]. Hence, 

Table 3 

Representative multiexponential analyses of the tryptophan intensity decays of dansyl-melittin (5 mM Mops, pH 7, 20 * C) 

16 MeGH 7 (ns) b 7i (ns) % fi X: 

1 2 3 

0 2.62 0.14 0.500 0.064 
1.12 0.287 0.297 

3.24 0.213 0.639 733 7.4 2.5 

10 2.77 0.25 0.508 0.107 
1.37 0.286 0.326 
3.31 0.206 0.567 912 10.2 2.1 

20 2.87 0.29 0.506 0.117 
1.54 0.320 0.392 
3.55 0.174 0.491 866 10.2 2.3 

30 2.71 0.20 0.426 0.069 
1.13 0.328 0.300 
3.18 0.246 0.631 740 12.8 3.0 

40 3.04 0.31 0.430 0.094 
1.52 0.399 0.431 
3.91 0.171 0.415 716 13.4 2.0 

60 3.08 0.45 0.427 0.123 
2.06 0.513 0.673 
5.33 0.060 0.204 470 9.3 2.6 

80 2.% 0.37 0.345 0.083 
1.73 0.561 0.631 
4.69 0.094 0.286 368 9.5 1.2 

0+6 M 3.07 0.43 0.425 0.111 
Gdn . HCI 1.99 0.416 0.506 

3.88 0.159 0.380 466 4.0 1.7 

’ Values of & are given for the single- (l), double- (2), and triple (3) -exponential fits. The decay parameters are listed only for the 
triple-exponential fit. 

b- 
~-~%-f15+fz~z+f3~3. 
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Table 4 

Distance-distribution parameters for dansyl-melittin in methanol/water mixtures 

107 

% MeGH R, (A) T (A) hw (A) X2R 

F’ (1) (25) A 

0 19.9 17.0 25.1 2.0 143.7 2.0 

10 21.5 18.0 23.3 1.8 182.1 1.9 
20 21.9 18.4 20.6 2.1 210.5 3.84 
30 22.3 20.9 16.6 3.1 139.8 12.4 
40 23.0 22.8 14.6 2.0 93.3 12.5 
50 23.3 24.1 9.0 3.5 29.2 58.8 
60 23.5 24.5 4.6 3.0 4.7 101.9 
80 23.6 25.0 3.0 2.1 2.3 93.6 
0+6 M 

Gdn 1 HCl 19.9 16.6 30.4 1.4 129.7 2.0 

a The values of Xi are those found with the hw as a floating parameter (F) and with hw held fiicd at (1) or (25) A. 

the appropriate quantum yields are given by 

4 
& = 1 + K,[Q] 

where &, is the quantum yield in the absence of 
quenching, K, the dynamic quenching constant 
and [Q] concentration of quencher. The quench- 
ing-dependent Fiirster distances are then given by 

(27) 

Data measured at a single value of R$ can be 
analyzed using eqs. 21-26 with the appropriate 
value of Rz. These analyses reveal whether P(r) 
depends upon the distance window. Alternatively, 
the data at several R$ values (quencher con- 
centrations) may be analyzed simultaneously 
(globally) to recover a single distance distribution. 
In this case the sum in eq. 19 extends over both 
the frequencies (w) and the quencher concentra- 
tions [Q]. 

2.5. Anisotropy decays 

Anisotropy decays were obtained from the 
frequency-domain data, as described previously 
[6,7]. The measured values are the phase angle 
difference between the polarized components of 
the emission and the modulated anisotropies. 

These data are fitted to the multiexponential de- 
cay law: 

r(t) = Crogie-z/efi 
i 

where r,g, are the amplitudes of the anisotropy 
decay associated with each correlation time (f?,). 

3. Materials and methuds 

Melittin was prepared by total synthesis using 
standard solid-phase procedures with an Applied 
Biosystems peptide synthesizer [32]. Dansyl melli- 
tin was prepared from the synthetic melittin by 
chemically reacting dansyl chloride with the de- 
blocked NH, of the amino-terminal glycine resi- 
due, washing of the resin to eliminate residual 
dansyl chloride, and finally cleavage of the peptide 
from the resin and complete deblocking with HF. 
All peptides were purified by reverse-phase HPLC 
on a C,, column and eluted with a water/ 
acetonitrile gradient. Purity of the peptides was 
determined from fast-atom bombardment mass 
spectrometry (FAB/MS) by Dr. Ian Jardine, De- 
partment of Pharmacology, Mayo Foundation. To 
obtain the random-coil state, melittin and/or 
dansyl-melittin was dissolved in 5 mM Mops (pH 
7). At these low ionic strengths, melittin is known 
to be monomeric [33,34]. The a-helical state was 
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induced using methanol/ water mixtures ranging 
up to 80% methanol (v/v). Under these condi- 
tions, melittin is known to adopt an a-helical 
conformation, but to remain in the monomeric 
state [32,35]. We measured the extent of random- 
coil-a-helix in these mixtures by CD using an 
Aviv spectrophotometer. The percentage of each 
conformation was determined using a nonlinear 
least squares procedure, according to the basis 
spectra described by Chen et al. or by Greenfield 
and Fasman [36,37]. 

Fluorescence emission spectra were recorded 

on all samples and blanks, and were found to 
indicate the absence of signals due to impurities in 
the solvent. Quantum yields of the donor were 
measured relative to a value of 0.13 for tryptophan 
in water at 20 a C [38]. 

Frequency-domain measurements were per- 
formed using the instrument described previously 
in detail [7]. The excitation source was a 3.79 MHz 
train of pulses, about 7 ps wide, obtained from the 
cavity-dumped output of a synchronously pumped 
rhodamine 6G dye laser. The rhodamine 6G and 

DANSYL-MELITTIN I” 

bleOH~80%l+Hp20%) 

FREQUENCY (MHz) 

Fig. 8. Distance distribution analysis of the frequency response 
of dansyl-melittin in 80% methanol/20% water. The solid line 
shows the best fit to the data (0). The dashed line shows the 
best fit with the hw held constant at 25 A. The lower panels 

show the deviations with hw = 3 A (0) and hw = (25) A (0). 

‘T---- 
6 60% MeOH 

rtA, 
Fig. 9. (Top) Distance distributions of dansyl melittin in Hz0 
(5 mM Mops), 6 M Gdn.HCl and 80% methanol/20!% water. 
(Bottom) Distance distributions in methanol/water mixtures. 

pyridine 2 dye lasers were frequency-doubled to 
290-300 and 350-370 nm for excitation of the 
tryptophan and dansyl residues, respectively. 
These sources are intrinsically modulated to several 
gigahertz, and are used directly to excite the sam- 
ple. The modulated emission was detected using a 
microchannel plate photomultiplier tube (R1564U, 
Hamamatsu Corp.), which was externally cross- 
correlated. All intensity decays were measured 
using rotation-free polarization conditions. The 
donor emissions were selected using an inter- 
ference filter with a 10 run bandpass, centered at 
360 nm. The data are initially transferred ,to a 
dedicated Mint 11/23 for storage, then to a Dee 
11/73 for analysis [39,40]. For all analyses the 
estimated uncertainties were 0.2’ in the phase 
angle and 0.005 in the modulation. 

4. Results 

4.1. Effects of methanol on the conformation of 
melittin 

Prior to measuring the distance distributions of 
melittin, we examined the effects of methanoi/ 
water mixtures on its intrinsic spectroscopic prop- 
erties. CD spectra in water (--- ) and 80% 
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methanol/water (- - - - - -) are shown in fig. 1. 
The CD spectrum in 80% methanol is characteris- 
tic of an a-helix [36], and in fact predicts 98% 
a-helix under these conditions. This spectrum is 
similar to that observed for melittin in water at 
high salt concentrations [38], a solvent condition 
which is also known to induce a-helix formation. 
However, the extent of helix formation is ap- 
parently not as high for melittin in solution of 
high ionic strength as for the peptide in 
methanol/water mixtures with a high mole frac- 
tion of methanol [35]. The CD spectrum in water 
(5 mM Mops) is predominantly that of a random- 
coil peptide with a small amount of a-helix, i.e., 

approx, 18%. This is consistent with previous 
NMR data which suggest some residual structure 
in the monomeric state of melittin in water [41]. 

We used the negative band at 222 nm to follow 
the progressive effects of methanol on the confor- 
mation of melittin (fig. 2). These data suggest that 
the random-coil to a-helix transition is 50% com- 
plete at 30% methanol, and is essentially complete 
at 60% methanol. This transition was corroborated 
by measurements of the fluorescence intensity and 
mean decay time (fig. 3) which also indicated 
midpoints and endpoints of 30 and 60% methanol, 
respectively. We also examined the frequency-do- 
main anisotropy decays of the intrinsic tryptophan 
emission of melittin (fig. 4). At both extremes of 
solvent composition (0 and 80% methanol), the 
anisotropy decay contains a correlation time near 
1.7 ns (table l), which is characteristic of mono- 
meric me&tin [42]. Similar correlation times were 
obtained using the dansyl emission from dansyl- 
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Fig. 10. Effect of methanol on F and hw of dansyl-mellitin. 

melittin. If tetrameric melittin were present then 
one would expect a longer correlation time near 
3.4 ns. It is interesting to note that the extent of 
segmental mobility displayed by the tryptophan 
residue is larger in the random-coil state (H,O) 
than in the a-helical form (80% methanol), as 
would have been predicted from first principles. 
In the random-coil state the subnanosecond corre- 
lation time accounts for 61% of the total ani- 
sotropy decay, whereas in the a-helical state this 
component contributes 41% of the anisotropy de- 
cay. It should also be noted that the short correla- 
tion time recovered in this experiment for m&tin 
in water is somewhat longer than that reported 
previously [42]. This is not a discrepancy, but 
rather reflects the lower time resolution of the 

present anisotropy measurements, which were not 
performed in the presence of collisional quenching 
in order to obtain maximal resolution of the rapid 
motions. We also examined the tryptophan an- 
isotropy decays of dansyl-melittin. These an- 
isotropy decay parameters (table 1) are essentially 
identical to that found for unlabeled melittin, 
suggesting that the dansyl label does not interfere 
with the random-coil to a-helical transition. In 
summary, the data in figs l-4 demonstrate that 
melittin undergoes a random-coil to a-helix transi- 
tion in the methanol/ water mixtures, remains in 
the monomeric state in methanol, and that the 
conformational transition is not perturbed by the 
dansyl label. 

4.2. Emission spectra af melittin and dansyl-melittin 

Emission spectra of melittin and dansyl melit- 
tin are shown in fig. 4. For easier comparison we 
normalized the peak intensities of the unlabeled 
sample (D) to the same peak value. The presence 
of the dansyl acceptor results in about 30% energy 
transfer in water, which increases to 53% in 80% 
methanol. The increase in energy transfer in 80% 
methanol is evident from both the decrease in 
donor intensity and an increase in acceptor inten- 
sity. -These data can be used to calculate an ap- 
parent distance (r,,,) from the tryptophan residue 
to the dansyl group using 

r 
aPP 

l/6 
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where E is the efficiency of energy transfer. Using 
the R, values appropriate for these conditions, the 
apparent distances are 22.9 and 24.1 A in water 
and 80% methanol, respectively. However, it 
should be emphasized that these apparent .values 
only have physical significance if there exists a 
single distance between the donor and the accep- 
tor. 

4.3. Frequency-domain tryptophan decays 

To obtain more detailed information on the 
donor-to-acceptor distance distributions we ex- 
amined the donor intensity decays using the 
frequency-domain method. Representative data for 
unlabeled (0) and labeled (0) melittin are shown 
in fig. 6. The presence of the dansyl acceptor 
results in a shift in the tryptophan frequency 
response to higher frequencies, which is the result 
of its shortened lifetime due to energy transfer. In 
both cases the data can be fitted using the triple- 
exponential model, as can be seen from the over- 
lap of the data (0, o) with the calculated frequency 
responses (- ) and from the small and random 
deviation between the data and the calculated 
phase and modulation values (fig. 6, lower panels). 

For all melittin samples, with and without 
acceptor and at all methanol concentrations, it 
was necessary to use the triple-exponential model 
to account for the data, This is seen from the large 
values of x”, obtained from the single-exponential 
fits (tables 2 and 3), which range from 150 to 900. 
Even the double-experimental model is inade- 
quate, since the value of xi decreased 1.6-7-fold 
for the triple-exponential fits. In the case of un- 
labeled melittin the intensity decay parameters are 
characteristic of the native protein It is interesting 
to note that the tryptophan decay of melittin 
appears to be closest to a single exponential when 
the peptide is dissolved in 6 M Gdn - HCl. This 
result is consistent with our previous suggestion 
that conformational heterogeneity is one cause of 
decay time heterogeneity in proteins [43]. 

Tables 2 and 3 summarize representative inten- 
sity decays for melittin and dansyl-melittin, re- 
spectively. In the present paper the frequency 
response of the emission was used to recover the 
distance distributions. However, we cannot be cer- 

tain that our assumed Gaussian model (eq. 8) is 
unique or correct. The parameter&l decays in 
tables 2 and 3 provide one basis for comparing the 
present frequency-domain results with future 
time-domain measurements on the same system or 
model calculations of the distance distribution 
based on assumed rotational potential energy 
functions for the melittin peptide. It should also 
be borne in mind that the intensity decays of 
melittin contain different types of information in 
the absence and presence of the dansyl acceptor. 
In the absence of acceptor (table 2) the decays are 
determined by the structure and dynamics of na- 
tive melittin. In the presence of acceptor (table 3) 
these same factors are present, with additional 
complexity induced by the distant-dependent en- 
ergy transfer from tryptophan to dansyl. 

4.4. Distance distribution analysis of dansyl-melittin 

The intensity decays of dansyl-melittin could 
be analyzed in several ways, including the multiex- 
ponential (tables 1 and 2, refs 6 and 20) and 
lifetime distribution models [25-281. However, 
parameters contained in these models do not re- 
flect the molecular feature of interest, which is the 
distribution of tryptophan to dansyl distances. 
Hence, the intensity decays were analyzed in a 
pairwise manner (D vs D-A pair) to recover the 
mean (F) and half-width (hw) of the distance 
distribution (eq. 8). In this analysis the parameters 
(ai and 3) which describe the intensity decay 
(table 2) are held constant in the fitting procedure. 
The values of ? and hw are varied to obtain the 
best fit to the frequency response of the D-A pair. 
A representative case is shown in fig. 7 for 
dansyl-melittin in water. The data (0) are in agree- 
ment 9th the frequency response predicted for 
F = 17 A and hw = 21.6 A, as can be seen from the’ 
overlap of the calculated curve ( -) with the 
data (0, top panel), the small and random devia- 
tions (lower panels), and the acceptable value of 
xi. In this case the data indicate that there exists 
a wide distribution of tryptophan to dansyl dis- 
tances. 

We questioned whether the data could be 
accounted for by an acceptor located at a single 
distance. Hence, the analysis was repeated with 
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Table S 

Representative intensity decays of melittin and dansyl-melittin tryptophan fluowscencc with 0.4 M aaylamide 

56 MeOH 7 (ns) 7; ai A, Xi 

1 2 

Mel&tin 
0 0.09 0.598 0.155 

0.66 0.384 0.718 
0.79 2.43 0.018 0.127 478 14.8 

30 0.10 0.374 0.054 
0.87 0.434 0.531 

1.10 1.54 0.192 0.414 206 3.7 

80 0.15 0.442 0.103 
0.98 0.542 0.829 

1.01 2.65 0.017 0.068 280 3.7 

Dansyl-m&tin 
0 0.09 0.663 0.212 

0.55 0.316 0.647 
0.63 1.81 0.021 0.141 136 13.7 

30 0.11 0.435 0.092 
0.62 0.404 0.497 

0.84 1.28 0.161 0.411 385 6.0 

80 0.11 0.422 0.093 
0.73 0.527 0.755 

0.80 1.53 0.051 0.152 253 4.1 

111 

3 

1.7 

1.5 

1.9 

2.3 

1.1 

1.9 

the hw held constant at 1 A while f was permitted 
to vary to minimize &. In this case, the calcu- 
lated curve (- - - - - -) did. not overlap with the 
data (e), the deviations being large and systematic 
(o, lower panels), and the value of xi = 143.7 
unacceptable. Tbis result demonstrates that there 
is increased heterogeneity in the donor decay due 
to energy transfer, which we believe is due to a 
distribution of D to A distances. 

A similar analysis is presented in fig. 8, except 
for the use of 8OSg’methanol as the solvent. In this 
case melittin is expected to be in the a-helical 
state. The frequency response is now consistent 
with a narrow distribution of tryptophan to dansyl 
distances, viz., hw = 3 A. We attempted to fit the 
data to a wide distribution of distances (F = 25 A) 
but this resulted in an unacceptable fit (- - - - - -) 
and an elevated value of xk = 93.6. Hence, the 
data for dansyl-me&tin in methanol are not con- 
sistent with a wide distribution of distances. 

The distance distributions in water and 80% 

methanol are shown schematically in fig. 9. There 
is already a dramatic shift towards a single dis- 
tance in the presence of 80% methanol. We were 
encouraged by these results and addressed the 
question of whether we could detect a progressive 
shift in conformation at various concentrations of 
methanol. 

As the concentration of methanol is increased 
the distance distribution shifts progressively to- 
wards that of the a-helical state (fig. 9, bottom]. 
The average distance 7 increases from 17 to 25 A, 
and the hw decreases dramatically from 25 to 3 A 
(fig. 10 and table 4). This transition is evident 
from attempts to fit the data using fixed half- 
widths of 1 or 25 A (table 4). The values of xi for 
a constant hw = (1 A> decrease progressively with 
increasing concentrations of methanol, and the 
values of xk for a constant hw = (25 A) increase 
progressively. Our ability to detect this progressive 
conformational change (fig. 10) illustrates the reli- 
ability of the recovered distribution and the gen- 



112 J.R’ Lzkowicz et al./ Conformational distribufions of melittin in water/methanol mixtules 

era1 usefulness of this method for studies of con- 
formational changes and/or folding pathways for 
proteins. Interestingly, a still wider distribution 
was observed in 6 M Gdn . HCI (fig. 9, top; and 
table 4), indicating the disruption of residual 
structure by this denaturant. 

4.5. Variation of the Fkter distance by quenching 

In any energy-transfer experiment the measura- 
ble range of distances is limited by the Fiirster 
distance for transfer. In previous publications we 
described the use of collisional quenching to de- 
crease the quantum yield of the donor and thereby 
decrease R, [l&12]. We used acrylamide quench- 
ing [44] of the tryptophan emission to vary R, for 
transfer to the dansyl acceptor. The intensity de- 
cays of melittin and dansyl-melittin are sum- 
marized in table 5. It should be recalled that such 
quenching induces increased heterogeneity in the 
decay, but that this heterogeneity is accounted for 
by our fitting algorithm. 

The distance distributions at each Rz value 
(each acrylamide concentration) are summarized 
in table 6 and fig. 11. The values of F and hw are 
not dependent upon the value of R$, at least over 
the limited range accessible by quenching. Also, 
the data at all three acrylamide concentrations are 
equally well fitted by a global analysis as by the 
individual analyses. These results’suggest that the 

Table 6 

Distance-distribution parameters of dansyl-melittin obtained 
with various Fiirster distances 

X MeQH [Acryktmide] (M} R. (r6) ? (A) hw (A) xi 

0 0 19.9 17.0 25.1 2.0 
0.2 17.6 18.4 27.4 2.8 
0.4 16.6 18.3 23.6 2.4 
o-o.4 18.1 24.4 4.3 

30 0 22.3 20.9 16.6 3.1 
0.2 20.2 21.2 16.7 1.4 
0.4 19.1 21.8 15.6 1.3 
o-o.4 21.4 15.9 2.3 

80 0 23.6 25.0 3.0 2.1 
0.2 20.8 24.7 3.6 2.6 
0.4 19.8 24.9 0.1 2.1 
o-o.4 24.7 2.3 4.8 

40 

t 

DANSY L -MELITTIN I 20°C 
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Fig. 11. Evaluation of ? and hw with different Farster dis- 
tances for energy transfer. 

distribution model is adequate for the present 
data. Attempts to fit the data to a more complex 
skewed Gaussian did not result in a significant 
decrease in xi (not shown). 

5. Discussion 

What is the physical origin of the distribution 
of distances observed for tryptophan to dansyl 
energy transfer? We believe that the dominant 
factor is the flexibility of the peptide, with other 
effects being less significant. The latter effects 
include lack of resolution, local mobility of the 
donor and acceptor moieties, effects of the orien- 
tation factor ICY on the rate of transfer, and Trp- 
to-dansyl diffusive motions of the peptide chain. 
The fact that we observed an hw of only 3 A in 
80% methanol suggests our data are probably ade- 
quate to resolve a distribution as narrow as 3 A. 
Hence, lack of resolution is unlikely to be the 
origin of the wide distributions observed for melit- 
tin at low ionic strength. Also, the tryptophan side 
chain and dansyl moiety are not directly involved 
in the u-helical structure, so their local mobility is 
likely to be similar in the putative random-coil 
and a-helical states. Hence, these factors (resolu- 
tion and local motion freedom) are unlikely to 
contribute more than 3 A to the width of the 
distribution. 

The effects of (c2 on the measured distances 
and distance distribution have been the subject of 
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considerable controversy [18,19]. The. formalism 
developed by Dale et al. [18] probably represents 
the maximum uncertainty in the distance due to 
the unknown value of K’. This theory assumes the 
absorption and emission is due to single transition 
moments. According to Dale et al., the maximum 
and minimum values of tc* can be calculated from 
the depolarization of the donor and acceptor which 
is due to segmental motion of these residues, 

K$n3$[1-(d;,+d;)/2] 

2 
K,, = 5 [ 1 + d:, + d; + 3&f;] 

where 

(30) 

131) 

df = ( ‘;/r0)1’2 (32) 

The value of ri should represent the fractional 
depolarization due to segmental motion of the 
residue (d,), but not the depolarization due to 
overall rotational diffusion of the protein (d,). 

These values are related to the steady-state an- 
isotropy (r) by 

r = rOdidp 

where 

(33) 

d,‘=l +7/O, (34) 

and r designates the decay time of the probe and 
0, the rotational correlation time of the protein 
[47]. The theory of Dale et al. [18] assumes single 
transition moments, which implies the use of r, = 

0.4 for both the donor and acceptor. However, we 
chose the more conservative approach of using the 
values of r, recovered from the anisotropy decay 
measurements (fig 4). We assumed that the dansyl 
residue displayed similar local mobility to that of 
the tryptophan residue. These assumptions result 
in depolarization factors of (d;) = (di) = 0.78 
and 0.64 for random-coil and a-helical melittin, 
respectively. These values lead to lower and upper 
limits of K’ of 0.15 and 2.92, respectively (eqs 
30-32). These values of K’ indicate that the dis- 
tances can range from 0.75 to 1.29 of the apparent 
distance (F). For instance, for the average distance 
of 17 A found for a-helical melittin, the distances 
could rangeOfrom 13.2 to 21.9 A, which is a width 
of nearly 9 A. However, the distribution recovered 

for a-helical melittin was only 3 A wide, which 
suggests that in reality ~~ contributes no more 
than this amount to the widths of the distribution. 

The accuracy of the procedures just described 
was particularly well demonstrated in this work 
because of the unique conformational tendencies 
of melittin. We used molecular graphics to mea- 
sure the distance of the amino moiety at the 
N-t~minal to the indole ring and found this to be 
24 A, in excellent agreement with the value of 25 
A determined from the fluorescence resonance 
energy transfer measurements. The very small dif- 
ference is probably fortuitous and in any event is 
quite insignificant. Nevertheless, differences be- 
tween measured and estimated distances in melit- 
tin might reflect: (i) the error inherent in the 
method; (ii) the fact that the crystal structure is 
that of tetrameric melittin [13] in which each 
melittin monomer is apparently less helical and 
less extended than melittin in methanol-water 
mixtures [35]; and (iii) that the distance measured 
by FRET is from the dansyl moiety not from the 
amino group to the tryptophan side chain. 

For a fully extended me&tin monomer, the 
distance from the ammo terminal to that Trp side 
chain could be in excess of 54 A. Interestingly, 
this is the approximately maximal distance sug- 
gested by the distribution analysis of the FRET 
data for the assumed random-coil form of the 
melittin monomer. However, the data on this form 
of the peptide also raise some interesting ques- 
tions regarding this putatively ‘random’ form of 
melittin in water. First, it is apparent from the 
effects of Gdn . HCI that melittin retains a small 
amount of residual (a-helix) structure at low ionic 
strength, an inference in keeping with the results 

from CD measurements [45]. Second, the width of 
the apparent distribution suggests a large number 
of conformational substates for the peptide in 
water but the data do not allow us to distinguish 
between a static and dynamic distribution of sub- 
states. A priori, given the viscous drag imposed by 

the solvent, and the short decay time of the tryp- 
tophan donor near 3 ns, it seems improbable that 
the conformational substates would all intercon- 
vert on a nanosecond time scale. Admittedly, the 
time-resolved anisotropy data have shown clearly 
that the indole moiety has mobility on the picosec- 
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ond time scale [42]. This inference is corroborated 
strongly by recent %-NMR relaxation data [46]. 
In addition, the amino- and carboxy-terminal re- 
sidues are expected to exhibit nanosecond mobil- 
ity even for the helical peptide (‘end effects’). 
Thus, the broad distribution most likely reflects a 
complex mixture of static and dynamic (intercon- 
verting) conformations. Third, the significance of 
the position of the apparent center of the distribu- 
tion for the random form of the peptide is not 
clear. The proline moiety at position 14 of the 
sequence could conceivably so influence the con- 
formation as to invalidate the assumption of a 
Gaussian distribution in which case the value of 
18 A obtained here for the center of the distrib- 
uted states would have less physical significance. 
Nonetheless, it is of interest to compare the dis- 
tance distribution recovered from these experi- 
ments with that predicted from theory based on 
the putatively known rotational potential func- 
tions for the amino acids in the peptide chain. 
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