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Fluorescence Study of Hexameric Helical Peptide Systems 
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Fluorescence and fluorescence anisotropy studies were applied in analyzing the structure of two related 
octadecapeptides which had been shown to form a-helical hexamers. Peptide W, EQLLKALEWLLKELLEKL, 
exhibits a fluorescence maximum of 345 nm in a phosphate buffer in concentration ranging from 2.8 to 228.7 
pM. However, its rotational relaxation time increases from 0.93 ns in a 2.8 pM solution to 2.37 ns in a 228.7 
pM solution. The self-association of this peptide is analyzed according to the hydrodynamic theory. The results 
are in agreement with our previous observations that the peptide forms a hexamer at higher peptide concentrations. 
Peptide F, EQLLKALEFLLKELLEKL, forms a metastable complex with terphenyl in the phosphate buffer. 
The complex exhibits a rotational relaxation time of 4.12 ns immediately following the sample preparation, but 
terphenyl begins to precipitate out of the mixture within a few hours. The dissociation is essentially complete 
after 2 days. The implication of these results on the structure of hexameric helical peptides is discussed. 

Introduction 

Amphiphilic peptides tend to self-associate in aqueous solution 
to form oligomers of well-defined secondary structures.' DeGrado 
and hiscollaboratorsshowed that peptide a1 tends toself-associate 
to form a four-helix In our recent study on the 
relationship between the amino acid composition (Le., the ratio 
of hydrophobic amino acids to polar amino acids) and the structure 
of the resulting oligomer, two related octadecapeptides, Wand 
F, were synthesized. These peptides were shown to self-associate 
to form a helical hexamer4 (Chart I). The structures of these 
peptides in both helical-net and Edmundson circle representations 
are given in Figure 1. 

Judging from the figure, the hydrophobic area of W or F is 
dubstantially larger than that of a'. In order to enhance the 
probability of helix formation, (a) and E and K residues are 
placed in the positions for salt-bridge formation and (b) E is 
placed near the N-end and K is placed near the C-end for favorable 
charge-dipole interaction. An aromatic amino acid, W (tryp- 
tophan) or F (phenylalanine), is included as an intrinsic probe 
for structural analysis. Our preliminary studies indicate that 
peptides Wand F self-associate to form a six-helix bundle or a 
helical hexamer in an aqueous phosphate b ~ f f e r . ~  The interesting 
structural feature of six-helix bundles of amphiphilic peptides is 
that they may possess a hydrophobic binding cavity in aqueous 
media or a polar core in organic solvents which may serve as a 
model ion ~ h a n n e l . ~ . ~  

Tryptophan, being the only natural a-amino acid which 
possesses a bicyclic heteroaromatic indole group, absorbs at the 
longest wavelength among common amino acids. It displays an 
intense fluorescence (4f N 0.2) and may be excited at 2290 nm 
without serious interference from other common amino acids in 
peptides and proteins.' The position of tryptophan fluorescence 
maximum is dependent on the solvent p ~ l a r i t y . ~ . ~  Furthermore, 
a study of the fluorescence anisotropy of tryptophyl groups in 
peptides or proteins will shed light on its rotational diffusion 
which is related to both the rotational freedom of the fluorophore 
and the total volume of the peptide.10 Therefore, the tryptophyl 
group has long been used as an intrinsic probe for the structures 
and dynamic motions of proteins." In our current investigation, 
we wish to study the concentration dependence of the fluorescence 
anisotropy of the tryptophyl group in peptide W and the 
fluorescence anisotropy of an extrinsic probe, terphenyl, in 
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association with peptide F. The result will be discussed in terms 
of the structure and dynamics of these peptides in solution. 

Experimental Section 
Peptides W and F were synthesized by conventional solid- 

phase peptide synthesis with BOC chemistry and purified by 
reverse-phase HPLC.4 All solvents used were of HPLC grade, 
and terphenyl was of scintillation grade. Solutions of peptides 
were prepared in 0.01 M phosphate buffer at pH 7.4 containing 
0.1 5 M KCl. Four different concentrations of peptide Wat 2.8, 
28, 115.8, and 228.7 pM were used in our studies. For the study 
on the association of peptide F with terphenyl, a composite 
containing 1 equiv of terphenyl and 6 equiv of monomeric F was 
prepared by adding a 20 pL of a 4 mM solution of terphenyl in 
2-propanol to 2 mL of a 240 pM solution of monomeric F in  the 
phosphate buffer. The composite remains clear through the 
duration of the anisotropy measurement. 

Steady-state fluorescence spectra were obtained from a Perkin- 
Elmer MPF-66 spectrofluorimeter with a thermostat4 cell 
compartment set at 22 OC. Fluorescence lifetime and anisotropy 
measurements were performed using the time-correlated single 
photon counting technique previously described.12 A 295-nm 
excitation pulse with fwhm of 8-10 ps is generated using a 
frequency-doubled, cavity-dumped Rhodamine 6G dye laser, 
synchronously pumped by an argon-ion laser (Coherent Radi- 
ation), mode-locked at 514.5 nm. Sample fluorescence is 
monitored by a microchannel plate PMT (Hamamatsu R2809U) 
through a JY H20 monochromator (SA Instruments) with an 
8-nm band-pass centered at 360 nm for tryptophyl fluorescence 
and a W335 cut-off filter. The instrument function is obtained 
by scattering the excitation light off an aqueous suspension of 
nondairy creamer and has a fwhm of 55 ps. All experiments 
were performed at 22 & 0.5 OC, with the temperature controlled 
byaNeslabRTEA thermostat. Decaysarecollectedup to 10 000 
counts at the peak channels. Fluorescence anisotropy values are 
obtained from the simultaneous fitting method from the parallel 
and perpendicular fluorescence decays." The results are ex- 
pressed in sums of exponentials, and the x2  values range from 
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a1 : Ac-GELEELLKKLKELLKG-CONH2 

F: -EQLLKALEFLLKELLEKL- 
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W : -EQLLKALEWLLKELLEKL- 
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Figure 1. Helical-net and Edmundson circle diagrams of peptides q, K, and F; the dotted and dashed lines represent salt bridges between helical turns 
and the schematic representations are of a straight and a twisted six-helix bundle. Among three axes of rotation, the z-axis is the one along the length 
of the cylinder. 

When 20 pL of a 4 mM solution of terphenyl in 2-propanol 
is added to 2 mL of the phosphate buffer containing no peptide 
F, the solution immediately turns cloudy and the precipitation of 
terphenyl begins immediately. In the presence of 6 equiv of 
monomeric peptide F, the solution remains visibly transparent 
throughout the duration of fluorescence measurements. The 
terphenyl fluorescence exhibits a decay lifetime of 1.28 f 0.03 
ns and a single component in its anisotropy, rl = 4.12 f 0.03 ns 
(Figure 4). However, the precipitation of terphenyl begins slowly 
and becomes noticeable at the end of 24 h. 
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Figure 2. Fluorescence spectrum of peptide K i n  the aqueous phosphate 
buffer. 

1.03 to 1.20. Similar experimental methods were used for the 
study of terphenyl fluorescence. All results given are the average 
of duplicate runs using two different samples. 

Results 

Peptide W exhibits a steady-state fluorescence maximum at 
344 i 1 nm in the phosphate buffer throughout the range of 
concentrations investigated, 2.8-228.7 pM. The result is illus- 
trated in Figure 2 taken at 28 pM peptide concentration. There 
are three components in the magic angle fluorescence lifetime 
(44-121 ps, 1.17-1.33 ns, and 4.53-5.17 ns) which display no 
systematic dependence on the peptide concentration. The lack 
of dependence of both fluorescence maximum at 344 nm and 
fluorescence lifetime on the peptide concentration indicates that 
the tryptophyl group is in an aqueous environment.*sg The 
fluorescence anisotropy results for peptide Win the same buffer 
at four concentrations, 2.8, 28, 115.8, and 228.7 pM, are given 
in Figure 3. The anisotropy decays fit well to a double exponential, 
and their corresponding magnitudes are presented in Table I. 

Discussion 

Concentration Dependence of Fluorescence Anisotropy of 
Peptide W. Our results reveal that there are two components in 
the rotational relaxation of fluorescence anisotropy of peptide W: 
a short-lifetime component which is concentration independent 
within experimental uncertainty and a long-lifetime component 
which increases with increasing peptide concentration. 

The fluorescence anisotropy measures the time evolution of 
the correlation between the absorption and emission dipole 
moments. It should, therefore, include the contribution from the 
overall tumbling of the macromolecule, Co(t), and also from the 
transitions between the rotational conformers of the fluorophore, 
CT(t) 

where TM is the overall rotational relaxation time of the 
macromolecule and th e coefficient A, contains the contribution 
of each transition to the randomization of k ( t )  depending on the 
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Figure 3. Fluorescence anisotropy decay s p t r a  of peptide Win the aqueous phosphate buffer at (A) 2.8 pM, (B) 28 pM, (C) 115.8 pM, and (D) 
228.7 pM concentration. The upper curve in the graphs is for the fluorescence decay with polarizers set in parallel positions, and the lower one is for 
the decay with polarizers set in perpendicular positions. The corresponding residuals between fitted curves and data points are given at the top of each 
graph. Each channel in the abscissa is 20.8 ps. 

TABLE I: Fluorescence Anisotropy Data for 
Octadecapeptide at Four Concentrationso 

2.8 0.04 113 0.08 93 1 658 
28 0.02 128 0.12 1821 1579 

115.8 0.02 182 0.13 2035 1788 
228.7 0.02 131 0.09 2369 1962 

,I Typical error in T ,  50ps; typical error in r, <0.01. Mean reorientation 
time ( id  = [ ~ I ( O ) T ~ I  + r2(0)~~21/[r1(0) + rz(0)l. 

molecular geometry. The Cr(t)  term is properly normalized such 
that EA, = 1. 

Short Anisotropy Decay. The internal dynamics of a protein 
may be related to transitions between various conformations, 
resulting in a fast component in the anisotropy decay. Unless the 
fluorophore, the indole group in tryptophan, is involved in the 
self-association of our peptide, its internal motion is not likely to 
be affected. Examination of Figure 1 shows that W is in the 
middle of the hydrophilic phase of the amphiphilic peptide. It is 
expected that the peptide will self-associate through the hydro- 
phobic interaction between the leucyl groups in the hydrophobic 
phase. Thus the conformational environment of Win peptide W 

will not be affected appreciably by the self-oligomerization. Our 
experimental data are in agreement with this prediction; Le., the 
short component in the fluorescence anisotropy varies irregularly 
from 113 to 182 ps, averaging 138 ps. The variation is within 
the instrument response time of -70 ps. 

The indole fluorophore connects to the peptide backbone 
through two side-chains bonds, C,CB and C & .  From 
examination of the CPK model of a helical peptide, it is clear that 
the rotation about the C,-C, bond is hindered appreciably more 
than the rotation of the C,&, bond by the steric restriction of 
the neighboring side-chain groups; therefore, the rotation of the 
former may contribute little to the internal flexibility indicated 
by this 130-ps component. 

We may estimate the transition between rotational conformers 
by using the well-known Kramers rate expression 

where El is the activation energy and kBT the Boltzmann factor. 
Since the rotational barrier between conformations is on the order 
of 12-18 kJ/mol, and parameters 6 and w for 3-alkylindole are 
15 and 11 ps-l respecti~ely,'~ these values give a transition rate 
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Figure 4. Fluorescence anisotropy spectrum of terphenyl in the presence 
of peptide F in the aqueous phosphate buffer taken immediately after 
sample preparation. 
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Figure 5. Concentration dependence of molar ellipticity of peptide Wat 
222 nm. The solid line describes the calculated monomer:hexamer 
equilibrium, the dotted line describes the calculated monomwtetramer 
equilibrium, and the +'s are the experimental points. 

in the range of 0.41 X 1010 to 4.55 X 1010 s-l, implying a lifetime 
in the range 22-244 ps. This demonstrates that the conformation 
transitions can give rise to anisotropy decay with a lifetime of 
approximately 130 ps. 

Overall Rotational Relaxation Time. We have shown pre- 
viously that our amphiphilic peptides self-associate to form helical 
hexamers.4 The long component in the fluorescence anisotropy 
of peptide W is concentration dependent, and it increases from 
0.93 to 2.37 ns as the concentration increases from 2.8 to 228.7 
pM (Table I). This behavior correlates to the dependence of 
molar ellipticity of the peptide measured at 222 nm and is shown 
in Figure 5, where it is evident that the peptide exists as a monomer 
at 2.8 p M  and largely as an oligomer at higher concentrations. 

We have shown previously that the overall rotational relaxation 
time ranges from 0.73 to 1.08 ns for three tryptophan-containing 
heptadecapeptides in their random coil form.15 The measured 
relxation time value of 0.93 ns for peptide Wfalls into this range, 
providing us with additional evidence about its random coil 
structure at this concentration. 

The peptide undergoes a transition in its secondary structure 
with increasing concentration. The dissociation constant of the 
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hexamer to the monomer of peptide Whas been measured by CD 
spectroscopy to be 5.72 X 10-26 M5.4 Even at the highest 
concentration used in this work, 228.7 pM, an appreciable amount 
of the peptide still exists as the monomer. The monomer 
concentration is calculated to be 11.3 pM or 5% of the peptide 
present. The hexamer to monomer ratio is thus (95 /6:5)  or 3.17: 
1. Since our instrument function is not capable of resolving two 
closely spaced anisotropic lifetimes, e.g., 0.93 and -3 ns, the 
observed 2.37-11s anisotropic lifetime may be treated as a composite 
of two lifetimes from the hexamer and monomer proportionally. 
The calculated hexameric anisotropic lifetime is thus 2.83 ns. 
Using the same procedure, we have calculated the hexamer to 
monomer ratio at the two intermediate peptide concentrations, 
and the ratios are 416 at 28 p M  and 6:4 at 115.8 pM. These 
ratios lead to the values for hexameric anisotropic lifetimes of 
3.16 and 2.77 ns, respectively. Although these lifetimes scatter 
over a range of -1576, their average of 2.92 ns is a reasonable 
value for the hexameric anisotropic lifetime, considering the 
number of operations involved in our measurements and calcu- 
lations. 

We may, therefore, use hydrodynamic theory to estimate the 
rotational diffusion constant according to the geometry of the 
helical hexamer. There has been theoretical development in 
modeling the rotational diffusion of rodlike molecules. Difficulty 
arises largely from the effect of the sharp ends of the rod which 
becomes a dominant factor in the calculation as the ratio of rod 
length L to diameter d, p = L/d, becomes smaller. Tirado and 
Garcia de la T ~ r r e l " ~ ~  have circumvented some of the difficulties 
associated with the end effect corrections for small rods by 
assuming a spherical hydrodynamic subunits model for the rods. 
They have provided an analytical form that fits their calculations 
down to p = 2. Elmer and PecoraZo applied this theory to their 
depolarized dynamic light scattering of a series of double-strand 
oligonucleotides in B-conformation and found it self-consistent 
for as small as 1.4. Briefly, the rotational diffusion coefficients 
of and about the symmetry axis of rigid rods may be written in 
the forms 

0," = (3k~T/*~,-&')(h p + 6,) 

where& = 3.841. 6* and 611 represent the end effect corrections. 
A polynomial approximation for 6, is given below 

6, = -0.662 + 0 .917~- '  - 0.050p-2 

and 611 at small p may be extrapolated from Table I1 of ref 16. 
If the peptide self-associates to a cylindrical hexamer, we may 

estimate that, using the CPK molecular model, the cylinder will 
have a diameter of 24 A and a length of 26.5 A, resulting in p 
= 1 .l. Inserting this p into the equations above and applying the 
Stokes-Einstein-Debye relation, 7, = 1 / 6 4 ,  result in relaxation 
times for rotations along three axes of symmetry of the rod-like 
helical bundle, 2.77 ns along the diameter of the rod (x and y 
axes) and 3.54 ns along the length of the rod (I axis), respectively. 
We know from the hydrodynamic theory that the anisotropy 
relaxation rate of a molecule probe is a complicated function of 
rotational diffusion constants about three principal axes, and the 
rate depends on the orientation of the absorbing and emitting 
dipoles of the molecular frame.21 Given 2.77, 2.77, and 3.54 ns 
as the relaxation times about three principal axes of rotation, the 
estimated overall molecular rotation lifetime will be 3.03 ns for 
the hexamer, which is within the experimental uncertainty of 
2.92 ns obtained from our experimental results. If we apply the 
same theory to a cylindrical tetramer of these peptides having a 
calculated diameter of 18 A and a length of 26.5 A, the calculated 
rotational relaxation time along the three principal axes would 
be 1.43, 1.43, and 2.45 ns, and the estimated overall molecular 
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rotation lifetime would be 1.77 ns, which is far short of our 
experimental value. 

We wish to point out that, on the basis of the results of the 
NMR studies, our helical hexamers most likely exist in the form 
of a twisted bundle with a constricted middle (Figure l).4 
Nevertheless, experimental and theoretical results in our current 
study still remain in good general agreement with each other; Le., 
our amphiphilic octadecapeptides self-associate to form helical 
hexamers. 

Metastable Fluorescence Anisotropy of a Molecular Complex 
of Peptide F with Terpbenyl. It has been previously suggested 
that helical hexamers of amphiphilic peptides will form a bundle 
in aqueous medium which may possess a hydrophobic cavity. 
Therefore, the association of our peptide F in the hexameric form 
(240 pM) with a hydrophobic fluorescence probe, terphenyl, was 
investigated. Our result indicates that peptide F forms a 
metastablecomplex with terphenyl. Its rotational relaxation time 
may be expressed as a single exponential of 4.12 ns (Figure 4). 
Since a 1:l complex of the helical hexamer and an inserted 
terphenyl would have a rotational relaxation time not substantially 
different from that of the helical hexamer itself, the result suggests 
that the observed fluorescent species is not a 1 : 1 complex between 
the helical hexamer and terphenyl. 

Among the two models of helical hexamers (Figure l), the 
annular space in the straight cylinder is estimated to have a 
diameter of 5.5 A or an area of 23.8 A2; the annular space in the 
constricted cylinder is estimated to have a diameter of 3.5 A in 
the middle or an area of 9.62 A2 (which flares out to have a 
diameter of 7.5 A at each end). The phenyl ring has an estimated 
area of 20 A2 across the ring; thus, terphenyl will not be able to 
insert into the interhelical cavity of the constricted cylinder, the 
form supported by our previous work using NMR spectroscopy.4 
However, each end of terphenyl may interact with a helical 
hexamer to form a 1 :2 complex, resulting in an increased rotational 
relaxation time. Unfortunately, the system is metastable, the 
complex dissociates, and the precipitation of terphenyl is essentially 
complete over a period of 2 days. Although we are not able to 
obtain a definitive conclusion on the structure of the helical 
hexamer from this experiment, our result does suggest that the 
application of fluorescence probes for the study of the structure 
of helical bundles is to be treated with caution.22 

Conclusions 
Our fluorescence and fluorescence anisotropy studies clearly 

support our previous results that amphiphilic peptides Wand F 

form oligomers in aqueous solution. By applying the hydrody- 
namic theory, one finds that the fluorescence anisotropy results 
strongly indicate that the oligomer formed is a helical hexamer, 
not a tetramer. Furthermore, we have shown that the molecular 
complex formed between peptide F and a fluorescent probe, 
terphenyl, is metastable. The result implies that the application 
of fluorescent probes in the analysis of the structure of helical 
bundles is to be treated with caution. 
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