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ABSTRACT: Peptide backbone and lysine and tryptophan side chain mobilities in the synthetic, 26-residue
peptide melittin (MLT) enriched with13C were investigated in liquid solution by13C T1 and steady state
nuclear Overhauser effect measurements at two magnetic fields and by Trp fluorescence anisotropy
measurements and were analyzed using the Lipari and Szabo model-free approach. The overall rotational
correlation times at 20°C were 1.28, 1.4, 2.8, and 4.2 ns for monomeric random coil MLT, for monomeric
helical MLT (in CD3OD), for tetrameric MLT in neat D2O, and for the tetramer in 50 mM phosphate
buffer, respectively. Motion of the backbone in the interior of the sequence was most restricted in the
monomeric helix and least restricted in the tetramer. In the monomeric disordered peptide, relatively less
restricted backbone motion extending from the N terminus to the fourth residue was observed. Such
“end effects” continued only to the third residue in the monomeric helix and were observed just in the
amino terminus glycine in the tetramer. The three Lys side chains showed the least restricted motion in
the monomers and a differential restriction in the tetramers consistent with the tetramer structure. The
motion of the Trp side chain was more restricted than that of Lys side chains and generally as restricted
as that of the interior backbone atoms. The effective correlation times for the local motion of the backbone
atoms were in the motional narrowing limit and showed distinct patterns. Agreement between NMR
relaxation and Trp fluorescence anisotropy data was good for the monomer but not for the tetramer.
Implications of these results for peptide dynamics in general are examined.

There has been substantial interest, especially during the
last few years, in the dynamics of peptides (Blackledge et
al., 1993; Chen et al., 1993; Dellwo & Wand, 1989; Hu et
al., 1990; Palmer et al., 1991, 1993; Palmer & Case, 1992;
Fan & Mayo, 1995; Friedrichs et al., 1995). This is not
surprising in view of the role peptide dynamics must play,
for example, in the function of peptide hormones as the latter
approach and dock to their receptors or interact with
membrane surfaces. Additionally, as proteins fold from a
nascent polypeptide chain, peptide backbone and side chain
dynamics inevitably influence to some extent both the
kinetics of the process and the character of the final state
achieved. However, despite the measure of current research
interest and the number of studies ongoing, there are
surprisingly few definitive data regarding the details (rates
and amplitudes) of peptide dynamics or of the detailed
kinetics of secondary and tertiary structure formation [cf.
Hu et al. (1990), Palmer et al. (1991, 1993), Palmer and Case
(1992), Fan and Mayo (1995), and Friedrichs et al. (1995)].
Nor do we have, for example, a consensus view of the
transition rates between elements of secondary structure and
random coils; for example, values for helix-coil transitions

cited range between 10-8 and 10-5 s. Similarly, despite the
current popularity of the molten globule concept [for a
review, see Kuwajima (1989)], a key assumption of that
hypothesis, namely increased mobility of the peptide back-
bone and side chains, has yet to be validated convincingly
by direct measurement. How the dynamics of peptides
contribute to all of these processes remains conjecture in part,
we believe, because the requisite parameters describing
peptide main chain and side chain mobility are hard to come
by since there is as yet no single technique capable of
yielding unequivocal quantitative results.
Our own approach has been to ask first whether the rates

and amplitudes of motions of the peptide backbone and side
chains can actually be reasonably quantified in relatively
simple systems, and thereafter, we hope to probe the effects
of such motions on the evolution of secondary and tertiary
structure. To achieve these objectives, we have sought a
model system capable of undergoing structural transitions
from random form to a fully folded tertiary structure. The
peptide melittin (MLT)1 provides just such a model, and we
believe that nuclear magnetic resonance relaxation measure-
ments provide the most direct, quantitative data currently
possible experimentally. MLT, a 26-residue peptide, which
is a major component of the venom of the honey bee,Apis
mellifera, is particularly useful for dynamical studies because
(i) its conformation can be manipulated by varying the
solvent conditions, (ii) under appropriate solvent conditions
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it forms a tetramer which mimics a small globular protein,
and (iii) it contains a tryptophan residue which allows direct
comparisons of fluorescence anisotropy measurements of
dynamics with those of NMR. [See Dempsey (1991) and
Zhu et al. (1995b) for more details regarding the nature of
MLT and references thereto.]
From 13C relaxation rates (T1 and NOE at two different

magnetic fields), we have obtained values for the order
parameter (which is a measure of the amplitude of the
internal motion) and an effective correlation time for the
internal motion for several backbone and side chain (Lys
and Trp) positions in MLT synthesized with amino acids
enriched in 13C. The motional parameter values were
obtained for MLT as a monomeric random coil in aqueous
solution at pH 4, a monomeric helix in methanol, and a
tetramer at pH 9 in aqueous solution both with and without
phosphate. In addition in each case, a value for the
correlation time for the overall rotational motion of the
molecule was obtained. Furthermore, the NMR measure-
ments were compared with steady state and time-resolved
fluorescence anisotropy measurements on similar MLT
samples. Generally, motion along the backbone was more
restricted in the monomeric helix than in either the random
coil or tetramer. Peptide “end effects” were apparent in the
random coil but were reduced in the monomeric helix and
tetramer. Finally, the agreement between the Trp fluores-
cence anisotropy and NMR relaxation results was good in
some, but not all, cases.

MATERIALS AND METHODS

Materials. MLT, which has the sequence G*-I-G*-A*-
V-L*-K †-V-L*-T-T-G*-L*-P-A*-L*-I-S-W †-I-K†-R-K†-R-
Q-Q was enriched with13C at 14 different sites in five
separately synthesized peptides as described previously
(Yuan et al., 1996), where the specific backbone positions
labeled (designated with an *) were [R-13C]G1, [R-13C]G3,
[R-13C]A4, [R-13C]L6, [R-13C]L9, [R-13C]G12, [R-13C]L13,
[R-13C]A15, and [R-13C]L16 and the labeled side chain
positions (designated with a†) were [ε-13C]K7, [δ1-13C]W19,
[ε3-13C]W19, [ε-13C]K21, and [ε-13C]K23. The enriched
residues were limited to these based on their commercial
availability and cost. Different labeling patterns were used
in individual peptides to eliminate spectral overlap. The
sample conditions were as follows: random coil monomeric
MLT, 1 mMMLT in D2O at pH 4 (uncorrected); monomeric
helix, 1 mM MLT in CD3OD; tetrameric MLT, 4 mM MLT
in D2O at pH 9, 2 mM at pH 10.5 (one sample), and 1 mM
MLT in 50 mM phosphate buffer in D2O at pH 9. The
monomeric or tetrameric nature of MLT in the aqueous
solutions was verified by reference to the work of Goto et
al. (1992), by CD measurements, and directly by13C
chemical shift measurements of theR-carbons (RCs). In
particular, pH titrations ofR-13C chemical shifts of MLT
[not shown, see Zhu et al. (1995b)] reveal at pH 4 a single
peak for a givenRC (with proton decoupling) which has a
chemical shift consistent with a disordered structure (Wishart
et al., 1991; Buckley et al., 1993). With increasing pH, the
first peak does not shift but reduces in intensity and a second,
4-5 times broader, downfield-shifted peak, characteristic of
a predominantlyR-helical structure for MLT appears in slow
exchange with respect to the original peak. At high pH (g9),
the precise value depending on the MLT concentration, only
theR-helical peak, which we assign to the tetramer remains.

Only one signal was observed from each labeled position in
the tetramer, indicative of a nearly perfect symmetry for the
conformation averaged on the chemical shift time scale. This
behavior was observed in the presence or absence of 50 mM
phosphate, the only difference being that the tetramer signal
appears sooner with increasing pH in phosphate. The
relaxation measurements presented here were performed on
MLT near the end points of the titration. Note that theRC
chemical shifts of MLT in methanol (see later) were very
similar to those of the tetramer. This is expected since MLT
is primarily helical and monomeric in methanol (Bazzo et
al., 1988; Buckley et al., 1993).

NMR and Fluorescence Measurements. 13C NMR mea-
surements were conducted at the IUPUI NMR Center and
at the Mayo Foundation by direct detection at 75.4 and 125.7
MHz on Varian Unity (Varian Associates, Palo Alto, CA)
and Bruker AM (Rheinstetten, Germany) spectrometers. The
10 mm broad-band probes used with the Unity spectrometers
were obtained from Cryomagnet Systems (Indianapolis, IN).
Proton-decoupled13C spectra were obtained using broad-
band noise decoupling during signal acquisition. In line with
recent suggestions (Wishart et al., 1995), the13C spectra were
referenced to DSS at 0 ppm using external dioxane at 69.28
ppm (measured specifically for our experimental conditions).
Resonance assignments were made taking account of (i) the
typical range of13C chemical shift values for each amino
acid, (ii) the labeling scheme used in the individual peptides,
(iii) published chemical shifts for MLT (Buckley et al., 1993;
Yuan et al., 1996), and (iv) MLT pH titrations. The standard
inversion recovery pulse sequence, (π-t-π/2-Acq-td)n,
was used forT1 measurements with more than 10t values
from 0.1 to 5 times the estimatedT1. The delay time,td,
was at least 6T1. Proton decoupling during acquisition and
saturation of the proton magnetization before inversion and
during recovery of the13C magnetization were applied to
eliminate effects from cross relaxation and from dipolar-
CSA cross correlation (Boyd et al., 1990). The influence
of dipolar cross correlation in cases where the carbon in
question had two attached protons was minimized by deriving
the T1 values from fitting the recovery data out to ap-
proximately 3T1 to a three-parameter single-exponential
magnetization equation (Zhu et al., 1995a). A similar
procedure was followed for the carbons with a singly attached
proton using data out to 5T1. Steady state13C-1H NOE
measurements were made by alternatively collecting13C
signals with and without enhancement to account for
instrument instability. The NOE values were obtained from
ratios of the intensities or of the areas of the enhanced and
equilibrium signals. The NMR measurements were made
at a sample temperature of 20.0( 0.5 °C.
Steady state fluorescence intensity and anisotropy mea-

surements were conducted at 20°C with either a Perkin-
Elmer MPF-66 (Norwalk, CT) or an SLM 8000 (Urbana,
IL) fluorometer with excitation at 300 nm and detection at
345 nm for the monomer and 325 nm for the tetramer. Front-
face techniques were used to avoid inner-filter effects so that
the steady state fluorescence anisotropy measurements and
the NMR measurements could be made at similar MLT
concentrations. Time-resolved anisotropy and fluorescence
lifetime measurements were made on samples at lower MLT
concentrations (50µM) at 20( 3 °C using a time-correlated
photon-counting instrument with excitation at 300 nm and
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detection at 340 nm. The tetramer in this case was formed
in 50 and 150 mM phosphate at pH 9 in D2O.
NMR Relaxation and Fluorescence Data Analysis. Al-

though the equations used in the analysis have been given
elsewhere [cf. Kemple et al. (1994)], they are repeated here
for ease of reference within this paper.13C T1 and NOE
depend upon the magnetic dipolar interaction of the13C
nucleus with its attached proton(s) and upon the CSA of the
13C and are given by (Abragam, 1961)

where

with

where ωC and ωH are the carbon and proton resonance
frequencies, respectively,γC and γH are their respective
gyromagnetic ratios,rCH is the carbon-proton distance (fixed
at 1.09 Å for our analysis),δzz is the largest magnitude
principal element of the13C CSA tensor (in parts per million),
n is the number of bonded protons, andη is the CSA tensor
asymmetry parameter. [The relevant CSA parameters are
given in Yuan et al. (1996).]
The spectral density,J(ω), given by Lipari and Szabo

(1982) is used.

where S2 is a generalized, motional model-free order
parameter dependent on the amplitude of the internal motion
of a given C-H vector (0e S2 e 1), andτ-1 ) τm-1 +
τe-1, whereτe is an effective correlation time for the internal
motion which has meaning whenS2 < 1 andτm . τe is the
correlation time for the overall rotational motion which is
assumed to be isotropic.τm, S2, andτe were extracted from
least-squares fits of eqs 1-4 to the measured relaxation data
using eq 5 with the computer program tau, a home-written
C-language program which employs both Powell and Mar-
quardt fitting algorithms, and with the program Modelfree
3.1, from A. G. Palmer.τm was obtained from global fits
of data from all labeled residues for a given MLT conformer,
and identical results (i.e. values within the calculated
uncertainties) were obtained from the two analysis programs
for all of the motional parameters. The overall quality of
the fits was ascertained fromø2 ) (N - Np)-1

∑i)1
N (mi-ci)2/σi

2, with N being the number of data points,
Np the number of parameters,mi and ci the measured and
calculated experimental values, andσi, the estimated uncer-
tainties in the measured values, and from fits of data sets
generated from Monte Carlo simulations (500 in each case)

as outlined by Mandel et al. (1995). The uncertainties in
the parameters were obtained from the fits of the simulated
data as given by Modelfree 3.1. In addition, the procedure
of Mandel et al. (1995) was applied to aid in ascertaining
the appropriate number of individual (local) motional
parameters to use for a given labeled position. Apart from
a limited number of instances for the tetramer (see below),
the set{S2, τe} was optimum.
Time-resolved fluorescence anisotropy decay data,r(t),

were fitted to the expression

with the program Globals Unlimited (Beechem & Gratton,
1988), wherer0 is the fundamental anisotropy,φ1 and φ2
are the rotational correlation times which satisfyφ1 . φ2,
and f1 and f2 are their respective fractions withf1 + f2 ) 1.
Connection is made with the NMR motional parameters by
recasting eq 6 as

with f1 ) S2, τm ) φ1, andτe ) φ1φ2/(φ1 - φ2) ∼ φ2. It then
follows from eq 7 that the steady state anisotropy,rj, can be
written as

whereτf is the mean fluorescence lifetime (Weaver et al.,
1989). S2 in eqs 7 and 8 can be expected to be the same as
that in eq 5 only if the fluorescence emission (electric) dipole
vector is parallel to the specific C-H vector. For Trp, there
is uncertainty regarding the direction of the emission dipole,
but it appears that it makes a smaller angle with the Cδ1-H
vector than it does with the Cε3-H vector (Lakowicz et al.,
1983). Thus,S2 from Cδ1 in NMR should be compared with
the fluorescence value. The steady state anisotropy was
included along with the NMR data in the analysis for random
coil MLT but not for the tetramer due to discrepancies in
their predictions of the order parameters in the latter case
(see later).
As groundwork to the presentation of the results, we need

to discuss briefly the validity of the derived motional
parameters. Questions unavoidably arise concerning the
derivation ofτm values from NMR relaxation data especially
when transverse relaxation time (T2, equations not given)
data are used becauseT2 is influenced by motions such as
conformational exchange which occur on time scales con-
siderably longer thanτm and which are not accounted for in
the spectral density (eq 5). For that reason, the approach
taken in this work was extraction of motional parameters
from T1 and NOE data alone measured at two different
magnetic fields. WhenT2 values, which were measured in
isolated cases (data not shown), were included, considerably
larger τm values resulted. Recently, two groups (Jarvet et
al., 1996; Lefeˆvre et al., 1996) have examined the interpreta-
tion of NMR relaxation rates using an approach introduced
by Peng and Wagner (1992) in which values of the spectral
density are derived at specific frequencies. Jarvet et al.
(1996) concluded thatS2 values obtained in the Lipari and
Szabo model-free approach appear to be robust but thatτe
is not. Lefêvre et al. (1996) found that reasonable results

T1
-1 ) RDD

(1) + RCSA
(1) (1)

NOE) 1+ 1/4 nR2γH
γC[6J(ωH+ωC) - J(ωH-ωC)

RDD
(1) + RCSA

(1) ] (2)

RDD
(1) ) 1/4nR2[J(ωH-ωC) + 3J(ωC) + 6J(ωH+ωC)] (3)

RCSA
(1) ) 1/3â

2J(ωC) (4)

R )
γCγHp

rCH
3

and â ) 3/2ωCδzz(1+ η2

3 )1/2

J(ω) ) 2/5[ S2τm
1+ ω2τm

2
+
(1- S2)τ

1+ ω2τ2] (5)

r(t) ) r0[f1 exp(-t/φ1) + f2 exp(-t/φ2)] (6)

r(t) ) r0 exp(-t/τm)[S
2 + (1- S2) exp(-t/τe)] (7)

rj ) r0[ S2

1+ τf/τm
+ 1- S2

1+ τf (τe
-1 + τm

-1)] (8)
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could be expected from the model-free analysis, keeping in
mind thatS2 is related to the amplitude of motion on the
subnanosecond time scale. Our experience is that, although
the accuracy of the values ofS2 andτe may be questioned,
the general concurrence of their values with expectation
among atomic sites in a given MLT conformer and between
corresponding sites in different MLT conformers supports
their use in making physical inferences.

RESULTS

The measured13C chemical shifts are compiled in Tables
1-4 for the four MLT conformers studied: (i) random coil
at pH 4 in D2O, (ii) monomeric, primarily helical peptide in
methanol, (iii) tetramer at high pH in D2O, and (iv) tetramer
at pH 9 in 50 mM phosphate. The relaxation data, which
are also given in Tables 1-4, are averages of at least two
measurements in the majority of cases. Uncertainties in the
relaxation data were estimated on the basis of the repeated
measurements. Trp steady state anisotropy measurements
were made only on the random coil and on the tetramer in
D2O and were found to be 0.040 and 0.10, respectively. The
average fluorescence lifetime in the two cases was 3.5 and
3.4 ns, respectively. An uncertainty of(10% was used for
these in the data-fitting procedures. The motional parameters
obtained are summarized in Table 5 and described according
to the assumed MLT conformation below.

Random Coil Melittin. The globalτm value was 1.28(
0.09 ns. To verify the robustness of this value, the data also

were fitted allowing for individualτm values for each residue.
Those values agreed with the global value within the errors
in the parameters. Peptide end effects are evident in the order
parameters given in Table 5 for the backbone atoms and
illustrated in Figure 1. Specifically,S2 values are in the order
G1< G3< A4 < average of measuredRC order parameters
for L6-L16 (0.49). As will be seen to be the case for the
tetramer as well, the order parameter for theRC of G12 is
less than that for backbone positions other than the end
residues. In terms of the side chains, the order parameters
for the Cε position of the three lysines are all small (e0.05)
and are identical within the experimental errors. If the
motion of the Lys Cε-H vectors were axially symmetric
about the Cδ-Cε bond,S2, given by1/4(1 - 3 cos2 θ)2 with
θ ) 71° for tetrahedral geometry, would be1/9. That the
observedS2 values are<1/9 implies that additional motions
are influencing the order parameter (e.g. motion of the Cδ-
Cε bond itself) which is to be expected for a flexible aliphatic
side chain such as Lys. The Trp side chainS2 values are
similar to the values obtained for the interior backbone
positions.

τe values ranged from about 37 to 121 ps with no obvious
pattern among the various residues. Similar values ofτewere
found for the backbone and the side chain positions, and all

Table 1: 13C Chemical Shift and Relaxation Data for Random Coil
Melittin in D2O at pH 4a

75 MHz 125 MHz

residue δ (ppm)b T1 (s) NOE T1 (s) NOE

G1R 42.97 0.28 2.13 0.39 2.07
G3R 44.84 0.16 2.24 0.22 2.15
A4R 52.29 0.25 1.98 0.39 1.82
L6R 54.88 0.19 1.87 0.30 1.77
L9R 54.90 0.19 1.83 0.30 1.72
G12R 44.90 0.13 1.67 0.20 1.57
L13R 53.37 0.20 1.76 0.29 1.61
A15R 52.45 0.20 1.69 0.32 1.61
L16R 55.70 0.19 1.59 0.32 1.45
W19δ1 126.88 0.19 1.61 0.26 1.50
W19ε3 120.77 0.17 1.44 0.25 1.41
K7ε 41.82 0.39 2.51 0.48 2.48
K21ε 41.81 0.41 2.56 0.49 2.49
K23ε 41.72 0.37 2.65 0.47 2.63
aUncertainties inT1 and NOE were(5%. bChemical shifts are

referenced to DSS and were reproducible to(0.05 ppm.

Table 2: 13C Chemical Shift and Relaxation Data for Helical
Melittin in 100% Methanola

75 MHz 125 MHz

residue δ (ppm)b T1 (s) NOE T1 (s) NOE

G1R 43.75 0.14 1.70 0.22 1.59
G3R 47.60 0.097 1.62 0.16 1.54
A4R 55.88 0.17 1.65 0.27 1.51
L9R 58.46 0.17 1.60 0.27 1.45
G12R 46.40 0.090 1.50 0.15 1.43
A15R 55.82 0.15 1.39 0.27 1.39
W19ε3 120.97 0.16 1.58 0.20 1.44
K21ε 42.34 0.25 2.44 0.31 2.27
aUncertainties inT1 and NOE were(5%. bChemical shifts are

referenced to DSS and were reproducible to(0.05 ppm.

Table 3: 13C Relaxation Data for Tetrameric Melittin in D2O at pH
9a

75 MHz 125 MHz

residue δ (ppm)b T1 (s) NOE T1 (s) NOE

G1R 45.77 0.29 1.58 0.49 1.68
G3R 46.88 0.17 1.36 0.36 1.28
A4R 54.61 0.31 1.29 0.68 1.31
L6R 57.94 0.37 1.31 0.78 1.24
L9R 57.67 0.36 1.25 0.84 1.22
G12R 46.48 0.18 1.26 0.43 1.31
L13R 59.27 0.33 1.22 0.68 1.26
A15R 54.72 0.35 1.25 0.76 1.23
L16R 58.06 0.36 0.76 1.24
W19δ1 126.95 0.28 1.29 0.50 1.20
W19ε3 120.55 0.32 1.22 0.52 1.21
K7ε 41.75 0.36 2.49 0.45 2.22
K21ε 41.86 0.30 2.26 0.38 2.08
K23ε 41.85 0.27 2.17 0.36 2.00
aUncertainties inT1 and NOE were(5%. The missing entry

indicates that data were not available.bChemical shifts are referenced
to DSS and were reproducible to(0.05 ppm.

Table 4: 13C Relaxation Data for Tetrameric Melittin in 50 mM
Phosphate Buffer at pH 9a

75 MHz 125 MHz

residue δ (ppm)b T1 (s) NOE T1 (s) NOE

G1R 45.62 0.23 1.49 0.51 1.65
G3R 47.06 1.20 0.37 1.35
A4R 54.85 0.31 1.23 0.65 1.23
G12R 46.32 0.18 1.22 0.44 1.33
L13R 59.36 0.71 1.26
A15R 54.78 0.29 1.24 0.74 1.30
L16R 58.06 0.33 1.24 0.81 1.19
W19δ1 127.78 0.30 1.20 0.49 1.35
W19ε3 120.58 0.26 1.35 0.46 1.17
K7ε 41.75 0.34 2.43 0.48 2.46
K23ε 31.63 0.27 2.15 0.35 2.16
aUncertainties inT1 and NOE were(5% apart from the Trp data,

where the uncertainties were(10%. Missing entries indicate that data
were not available.bChemical shifts are referenced to DSS and were
reproducible to(0.05 ppm.
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were in the NMR motional narrowing limit (ωτe < 1 at the
relevant frequencies).τe values of similar magnitude were
found in a Zn-finger peptide (Palmer et al., 1991).
MLT Helix in Methanol. As was the case for the random

coil monomer,τm for the monomeric helix in methanol was
well-defined with the value 1.4( 0.1 ns. Inspection of the
results in Table 5 and Figure 1 reveals some significant
differences between the MLT monomeric helix and the
random coil monomer, the most obvious being the consis-
tently larger order parameters found in corresponding posi-
tions of the monomeric helix. This is certainly a reasonable
result for the backbone given the inherently greater order
given to the helical form by the hydrogen-bonding network.
End effects are also clearly less pronounced in the helix.
G1 and G3 still have smaller order parameters than other
backbone sites, but the putative end effect does not extend
as far as A4. Interestingly, theτe values of the helix are
similar to those of the random coil, the only pronounced
differences being the occurrence of larger values ofτe for
Lys-21 and W19ε3 in the helix.
The approximate cylindrical symmetry of the monomeric

MLT helix makes anisotropic motion inevitable. The extent
to which such anisotropic motion influences the recovered
motional parameters must be considered. This can be
assessed by still expressing the motional autocorrelation

function as a product of terms representing the overall and
the internal motions, but with the former modified to include
three terms [cf. Barbato et al. (1992) and Mackay et al.
(1996)]. Each term contains a rotational correlation time
and is weighted by a factor which depends on the angle of
a particular C-H vector and the symmetry axis of the
molecule. There is a numerical relationship among the three
correlation times, so if the geometric factors are known, this
amounts to adding one additional parameter. For a relatively
flexible peptide such as melittin, it is by no means certain
that these factors are well-defined. We nonetheless estimated
the effects of a modified correlation function on our results
as follows. First, although MLT forms a bent helix in
methanol (Bazzo et al., 1988), we approximated it as a prolate
ellipsoid with an axial ratio of 3:1 from the coordinates of
the MLT helix obtained from the structure of MLT in MLT/
micelle complexes (Ikura et al., 1991). (The coordinates for
MLT in methanol are not available.) Second, the effective
overall correlation time (Barbato et al., 1992) was put equal
to τm (Table 5). Third, the calculations given by Small et
al. (1991) were used to derive specific numerical values for
the three overall correlation times, and fourth, the geometric
factors were evaluated using the coordinates noted above.
We found that themaximumspread of calculatedT1-1 values
across the labeled positions averaged 5.6% at 7T and 11T
and that the maximum difference between the isotropic and
anisotropic spectral densities at any one position averaged
6.6%. There is thus no advantage to using a more complex
and additionally parameterized spectral density in the analysis
of these data.

MLT Tetramer. For this conformer,τm was found to be
2.8( 0.2 ns. Intuitively, one would expectτm to be larger
for the tetramer than for the monomers, as was observed,
how much larger being dependent on the structures and their
associated rotational friction. Effects from anisotropic
overall motion should be even smaller for the tetramer than
for the monomeric helix since the tetramer more closely
approximates a spherical shape, and thus, they were ne-
glected.

Some interesting initial observations can be made from
the motional parameters in Table 5. First, the end effect is
now apparent for G1 only (see Figure 1). Second, the order

Table 5: Motional Parameters for Monomeric, Helical, and Tetrameric Melittin from NMRa

monomer helix tetramer phosphate tetramer

τm ) 1.28( 0.09 nsø2 ) 0.98 τm ) 1.4( 0.1 nsø2 ) 0.88 τm ) 2.8( 0.2 nsø2 ) 2.2 τm ) 4.2( 0.5 nsø2 ) 1.6

S2 τe (ps) S2 τe (ps) S2 τe (ps) S2 τe (ps)

G1R 0.13( 0.01 37( 4 0.36( 0.02 36( 7 0.19( 0.01 18( 2 0.29( 0.02 18( 3
G3R 0.19( 0.02 89( 10 0.54( 0.03 58( 15 0.37( 0.02 7( 3 0.48( 0.03 10( 4
A4R 0.35( 0.03 77( 11 0.63( 0.03 88( 25 0.40( 0.02 8( 4 0.53( 0.02 8( 4
L6R 0.46( 0.04 121( 21 - - 0.34( 0.02 4( 3 - -
L9R 0.48( 0.03 104( 19 0.65( 0.03 66( 24 0.34( 0.01 1( 2 - -
G12R 0.40( 0.02 38( 9 0.62( 0.03 38( 17 0.33( 0.01 4( 3 0.42( 0.02 7( 3
L13R 0.52( 0.03 89( 18 - - 0.39( 0.02 4( 3 0.52( 0.03 7( 7
A15R 0.51( 0.03 66( 15 0.74( 0.04 30( 17 0.37( 0.02 3( 2 0.51( 0.02 8( 4
L16R 0.58( 0.03 37( 15 - - 0.36( 0.02 3( 3 0.47( 0.02 2( 2
W19ε3 0.56( 0.03 35( 16 0.59( 0.04 100( 26 0.36( 0.02 6( 4 0.54( 0.05 14( 11
W19δ1 0.53( 0.03 63( 17 - - 0.44( 0.02 7( 4 0.52( 0.04 21( 10
K7ε 0.05( 0.01 41( 4 - - 0.07( 0.01 43( 3 0.09( 0.01 45( 3
K21ε 0.05( 0.01 41( 3 0.10( 0.01 62( 5 0.13( 0.01 47( 4 - -
K23ε 0.04( 0.01 46( 3 - - 0.14( 0.01 46( 4 0.16( 0.02 54( 4
aResidues for which data were not available are indicated by dashes. The errors listed in the parameters were derived from Monte Carlo

simulations based on the uncertainties in the measured quantities. The number of degrees of freedom used in theø2 calculations was 29, 15, 27,
and 20 for the monomer, helix, tetramer, and phosphate tetramer, respectively.

FIGURE 1: CR order parameters for melittin by sequence number
from Table 5.O represents the random coil monomer,× the helical
monomer, and[ the tetramer. The error bars are based on the
uncertainties listed in Table 5.
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parameter for G12 is less than the average value ofS2 of the
other backbone order parameters (0.37), excluding G1.
Third, the Trp side chain order parameters were comparable
to the backbone order parameters. And fourth, the Lys order
parameters fell in the sequence K7< K21 e K23. Except
for G1 and G3, the backbone order parameters are smaller
individually in the tetramer than in the random coil monomer.
For the side chains, the tetramer order parameters are smaller
for Trp, larger for K21 and K23, and of comparable value
for K7 as compared with those of the random coil. A notable
difference between the random coil and the tetramer was
that the latter consistently gave smallerτe values except for
the Lys side chains.
Sinceτe is small for several of the residues, it might be

expected that the data could be fit well enough usingS2 only.
However, using theF statistic, we found that inclusion ofτe
was statistically significant for the majority of the labeled
positions. Accordingly, for purposes of consistency and
comparison,τe values were given in Table 5 for each
position. We also found that, while inclusion of an additional
order parameter (Clore et al., 1990) for the Lys-21 and Lys-
23 side chains reduced noticeably the differences between
their measured and calculated relaxation data, the improve-
ment was not statistically significant.
MLT Tetramer in Phosphate Buffer. The best fit of the

relaxation data for the tetramer in 50 mM phosphate yielded
a τm of 4.2( 0.5 ns which is larger thanτm found for the
tetramer formed in D2O alone. Although fewer positions
were examined for the phosphate tetramer, the trends in the
S2 andτe values were similar to those observed in the tetramer
in D2O as is evident in Figure 2. The tetramer in phosphate
did manifest largerS2 values, however, than did the tetramer
in D2O, whereas theτe values were generally similar for the
two. The comments made in the preceding paragraph
concerning the appropriate number of local parameters for
the tetramer also apply here.

DISCUSSION

This discussion covers items specific to MLT and to
peptide dynamics in general. Since the order parameter has
been consistently the most commonly considered indicator
of mobility, we begin with a consideration of howS2 behaves
in the structures we have studied. First, the backbone C-H
vectors for the N terminus residues through A4 of the random
coil show increased mobility relative to that of C-H vectors

of residues more centrally located in the sequence. Introduc-
tion of secondary structure (R-helix) reduces the extent of
these end effects in that G1 and G3, but now not A4, show
an increased mobility relative to other backbone residues in
the monomeric helix. In the MLT tetramer, only G1 retains
a substantially increased mobility showing the restraining
effect of tertiary interactions on peptide backbone motion.
Interestingly, although G12 is near the center of the MLT
sequence, it had a smaller order parameter than did the other
backbone positions beyond A4 in the random coil and the
tetramer, presumably reflecting the inherent flexibility of Gly
residues.
The extent to which end effects penetrate the peptide chain

has not apparently been investigated systematically with
peptides of different lengths. Friedrichs et al. (1995) reported
such effects for only the amino and carboxy terminal residues
in a nine-residue,â-hairpin-forming peptide, but theirS2

values were generally larger than those observed here.
Palmer et al. reported end effects in two residues at the
carboxy terminus of a 25-residue Zn-finger peptide, whereas
Frank et al. (1995) reported effects four residues in for the
urea-denatured state of a small protein. Fan and Mayo
(1995), who studied a 27-residue peptide in trifluoroethanol,
saw only small effects onS2 for either terminal residue,
probably in keeping with the helical form of their peptide.
In an interesting application of fluorescence anisotropy
measurements, using an optimized Rouse-Zimm model, Hu
et al. (1990) theoretically predicted slightly more extensive
end effects in a 17-residue peptide than we found. Their
experiments involved putting Trp residues at three different
locations along the peptide chain and interpreting their
fluorescence anisotropy decay data in terms of an average
correlation time. They detected some apparent end effects,
but the coincidence of theory with the experimentally derived
motional parameters was not good. The failure may reside
in the relative insensitivity of Trp side chain motion to
peptide backbone mobility, an issue likely to affect any side
chain-based assessment of main chain motion [cf. Miick et
al. (1993) and Mchaourab et al. (1996)]. Note that end
effects have been observed also in proteins [cf. Buck et al.
(1995)].
Somewhat surprisingly, the monomeric helix in methanol

had the most restricted internal motions. Consistently larger
values for backbone order parameters were obtained relative
to those seen in the random coil and the tetramer in neat
D2O, apart from the end effects just noted. If there are
similar patterns of motion of the backbone C-H vectors in
the different conformations, then largerS2 values for the
monomeric helix would indicate that the C-H vectors
sample a smaller region of space in the monomeric helix
than in the random coil peptide or the tetrameric structure.
There is no easy way to rationalize this result intuitively,
particularly in view of the fact thatS2 increases in the order
tetramer< random coil< monomeric helix for the interior
residues. For example, the stabilizing effect of the hydrogen-
bonding network in the monomeric helical form provides,
in principle, a reasonable explanation for a change in end
effects and for the increased rigidity of that form relative to
the random coil. But the peptide is also fully helical in the
tetramer, and additionally, peptide motion should be stabi-
lized further by the tertiary (interhelical) interactions in the
oligomer, all of which points intuitively to the likelihood of
higher, not lower, order parameters in the tetramer than in

FIGURE 2: Comparison of CR order parameters for melittin by
sequence number from Table 5 for the tetramer ([) and the
phosphate tetramer (0). The error bars are based on the uncertainties
listed in Table 5.
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either of the monomeric species. In pH titrations of the
monomer and tetramer, we have observed exchange between
them that is slow on the chemical shift time scale. Although
subnanosecond dynamics do not relate directly to this
exchange process, the smaller than expected order parameters
in the tetramer do indicate a potential flexibility of the
tetramer that ultimately would enhance the monomer-
tetramer interconversion. The readiness of the tetramer to
interchange with the monomer may imply that the tetramer
structure is rather loose.

The values ofτe clearly are smaller at backbone positions
and for the Trp side chain in the tetramer formed at high pH
in D2O and the tetramer in phosphate relative to those of
the monomers (see Table 5). As outlined by Lipari and
Szabo (1982), if the correlation function of the internal
motion represents Markovian processes and is expressed as
a sum of exponential terms,∑i)1

n ai exp(-t/τi), where the
sum is overn internal correlation times,τi , τm weighted
by the coefficientsai, thenτe is just the average of the internal
correlation times,∑i)1

n aiτi/∑i)1
n ai. Thus, a larger value for

τe such as those found for the backbone in the monomers
does not imply that faster motions are necessarily absent in
the monomer but rather the reverse, namely that slower
motions are absent or of less importance in the tetramer
whereτe was small. The lack of significant internal motion
on a longer time scale for the backbone in the tetramer in
turn implies that there is reduced internal friction in the
tetramer relative to the monomer which is consistent with
the expected more tightly packed structure of the tetramer
and a reduced solvent exposure. A similar reasoning applies
to the Trp residue as well. Smallτe values have also been
seen for backbone positions in a complex of a peptide with
a protein (Chen et al., 1993). Interestingly, for a given MLT
sample, including the tetramers, the Lys side chains as well
as the amino terminal Gly residue gave distinctly larger
values forτe. This is plausibly attributable to the net effects
of counterions (especially in the phosphate) and electros-
tricted water, both of which would effectively add bulk to
the cationic side chains and to the effects of viscous drag
imposed by the solvent.

At this juncture, some comments on recoveredτm values
should be made. For a peptide that has little or no defined
secondary structure, i.e. it is in all intents and purposes a
random coil, then while its translational hydrodynamic
behavior may be described in terms of a radius of gyration,
there is really no analogous parameter for describing its
rotational diffusion or rotational correlation time. However,
the use ofτm, S2, andτe to describe the relaxation data was
quite robust here for the random coil monomer. On the other
hand, in disordered proteins, such has seemingly not been
the case (Alexandrescu & Shortle, 1994). From our experi-
ence, and information available in the literature, it appears
that an unstructured peptide will generally manifest aτm of
∼1 ns with essentially equalS2 values along the backbone
far enough from the ends of the peptide, provided the peptide
is sufficiently large (massg 2.5 kDa). In disordered
proteins, the situation is more complex, with the system
apparently behaving like a collection of peptide segments.
From the results reported in this paper, it is clear that random
coil melittin is not acting as a molecule composed of
uncoupled segments since end effects were apparent and none
of the backboneS2 values was near zero. In any event, there

is no simple way to compareτm for a random coil toτm for
the monomeric helix, the latter having roughly cylindrical
symmetry, toτm for the compact, largely ellipsoidal tetramer.
The roughly 2-3-fold increase inτm as one goes from
monomer to tetramer thus may be mostly fortuitous and
essentially unrelated to the 4-fold increase in molecular mass.
In the NMR method, one is measuring the apparent motion
of individual vectors; i.e. one is determining the motion
essentially of a single atom along the peptide chain or in an
aromatic ring in the case of Trp. In the latter instance,
because of the orientation of the C-H vectors relative to
the essentially planar, effectively rigid ring, the motion of
either the Cδ1-H or Cε3-H vectors reasonably reflects
motion of the entire ring. An analogous situation obviously
cannot hold for atoms in the peptide chain. Nevertheless,
current theory and our somewhat limited data lead us to use
the Lipari and Szabo formalism (Lipari & Szabo, 1982) to
analyze the relaxation data of the peptide backbone.

This said, it is interesting thatτm is larger for the phosphate
tetramer (4.2( 0.5 ns) than for the tetramer formed at high
pH and concentration in D2O (2.8( 0.2 ns). The difference
in these numbers is consistent with the presence of phosphate
groups “bound” to MLT. In particular, at pH 9, each MLT
monomer composing the tetramer should have a charge of
+5 (Zhu et al., 1995b). Thus, on the order of 10 phosphate
ions per tetramer would be required to neutralize the charge
at that pH [cf. Podo et al. (1982), who inferred the existence
of five or six bound phosphate ions per monomeric unit of
MLT at pH 7]. The presence of 10 phosphate ions would
add an additional mass of∼1 kDa which would increase
the rotational correlation time of the phosphate tetramer by
an estimated 0.4 ns, calculated from the Stokes-Einstein
relationship strictly on the basis of mass increase without
the addition of hydration water. This increase is consistent
with our results. There were also other signs of differences
between the two tetrameric forms, namely that the backbone
order parameters were consistently larger in the phosphate
tetramer (Figure 2) and roughly the same size as the order
parameters observed in the random coil monomer. Appar-
ently, the tetramer formed in phosphate has a more rigid
structure than that formed in the absence of phosphate.

Molecular Models.Although it is not possible to construct
a single-parameter model that directly reflects the motion
of the peptide backbone, it is still possible to obtain a notion
of the amplitude of the motion by using a simple model. In
particular, we will make use of the restricted diffusion model
(London & Avitabile, 1978; Weaver et al., 1989) in which
the motion is constrained to an angular range of(ê about
the CR-C′ bond (the traditional angleψ) or the N-CR bond
(the traditional angleφ) to estimate the range of motion
consistent with the order parameter values for a tetrahedral
geometry. In this case,S2 ) 1/9 + 0.297 [(sinê)/ê]2 + 0.592
[(sin 2ê)/2ê]2, and we find that forê ) 45, 50, and 60° the
correspondingS2 values are 0.59, 0.53, and 0.42 which are
in the range of order parameters found in the interior of the
sequence of random coil MLT. G1, G3, and A4 give a
somewhat larger range of motion, their respectiveê values
being 155, 115, and 65°, respectively, giving an idea of the
magnitude of the end effects which in keeping with intuition
decrease as one moves away from the amino terminal residue.
While a jump model for G1, which would have to consist
of three or more jumps sinceS2 is near 1/9, may be
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appropriate, it gives no additional insight into the nature of
these end effects.
Our results for the monomeric helix can be compared

directly with molecular dynamics simulations of a polyala-
nine helical peptide (Daggett et al., 1991) which gave mean
square fluctuations of both theφ andψ dihedral angles of
11-13°. For A15 and G12,S2 ) 0.74 and 0.62, respectively,
which represent the range of order parameter values for the
interior backbone residues and correspond toê ) 34 and
43°, respectively. The smallerS2 for G1 yields aê of 66°
to be compared with dihedral angle fluctuations of 23-34°
in the simulation for terminal residues. Considering that the
restricted diffusion model only accounts for motion in one
angular variable, the roughly doubled experimental numbers
are in good agreement with the numbers from the simulation.
Similar calculations can be done for the tetramer. As an

illustration, the mean order parameter for the tetramer in
Table 5 for G3-L16 (0.36) gives aê of 66°, while the
corresponding mean order parameter for the phosphate
tetramer in Table 5 (0.49) gives aê of 53°. Clearly, from
our data, or for that manner any data extant in the literature,
one cannot prove a particular model of the motion. The
values we calculate here are, however, fundamentally
compatible with the so-called “crankshaft model” of peptide
bond motion (Daggett et al., 1991). Other mathematical
models applied to the data will yield different numbers, but
the pattern of implied mobility along the melittin backbone
must be consistent.
In a like manner, differences in the order parameter values

of the Cε-H vectors of the Lys residues from one form of
MLT to the next can be rationalized. In the monomer,S2

was the same for K7, K21, and K23 as would be expected
in the disordered environment, and the values were substan-
tially smaller than those of K21 and K23 in the helix and
tetramer. For the tetramer,S2(K7) < S2(K21) ∼ S2(K23).
Inspection of the structure of the MLT tetramer obtained from
X-ray crystallography (Terwilliger & Eisenberg, 1982a,b)
shows clearly that the K7 side chains have few packing
constraints on their motion; each of the four in the tetramer
protrudes into the solvent. On the other hand, the K21 and
K23 side chains are more sequestered. Thus, it is appropriate
that the smallest value ofS2 is associated with K7 in the
tetramer. The larger value ofS2 for K21 in the monomeric
helix relative to its value in the random coil is in keeping
with the more generally ordered environment in the helix.
As was the case for the backbone, it is difficult to construct

a physically precise model that is entirely suitable for the
Lys side chains since the Cε-H vector is at the penultimate
position in the side chain and the Lys side chain has several
degrees of freedom; nonetheless, a useful visualization can
be achieved. If the motion of the Cε-H vector is axially
symmetric about the Cδ-Cε bond, then for tetrahedral
geometry, the measured order parameter can be written as
S2 ) 1/9SAXIS2, whereSAXIS2 is the order parameter describing
the motion of the Cδ-Cε bond. This sort of motion implies
S2 <1/9 which holds for K7, K21, and K23 in the monomer
and for K7 in the tetramer. First, just considering those
cases, we findSAXIS2 to be 0.45 for the monomer (using an
average order parameter of 0.05 for the three Lys residues)
and 0.63 for K7 in the tetramer. It then follows that, if the
Cδ-Cε bond (axis) is constrained to move within a cone of
half-angleR (Kinosita model, Kinosita et al., 1977),SAXIS2

) 1/4 cos2 R(1 + cosR)2, whereR ) 40 and 31° for the

monomer and tetramer (K7), respectively. The more re-
stricted motion of K21 and K23 in the tetramer is undoubt-
edly a combination of restriction of motion about the Cδ-
Cε bond and of the Cδ-Cε bond itself. To obtain an
estimate of the motion, we will assume that the main
restriction is about the Cδ-Cε bond and make the ap-
proximation thatS2 ≈ SAXIS2SAA2, whereSAA2 is the order
parameter describing motion about the Cδ-Cε bond. Using
the value ofSAXIS2 found for K7 in the tetramer along with
a restricted diffusion model for the motion about the axis as
we did above for the peptide backbone, we calculate the
angular extent of motion about the axis to be on the order
of (100°.
Motional models can also be developed for the Trp side

chain whose motion we found to be considerably more
hindered than that of the Lys side chains as reflected in the
higherS2 values for Trp. In this work,S2 of W19 in the
random coil was larger than that in the tetramer and of
comparable value to that in the monomeric helix (Table 5).
A distinction among the samples concerns the relative values
of the order parameters for the Trp Cδ1 and Cε3 positions.
For the tetramer in D2O,S2(Cδ1) > S2(Cε3) which is similar
to what we found for MLT in a micellar environment (Yuan
et al., 1996), but for the random coil monomer and the
phosphate tetramer,S2(Cδ1) ≈ S2(Cε3). This could imply a
change in the nature of the Trp side chain motion in the
different circumstances or may simply indicate increased
freedom of motion of the indole moieties in the tetramer
formed without the use of phosphate.
The simplest models for Trp involve motion only about

the â-γ bond. However, a restricted diffusion model in
which the indole ring rotates about theâ-γ bond in an
angular range of(ê gives inconsistent results for the
monomer and tetramer. Specifically, since the Cδ1-H and
Cε3-H vectors make different angles with respect to theâ-γ
bond, namely∼72 and 26°, respectively, in tetrameric MLT
with similar values presumably holding for the monomeric
species, their order parameters are quite different for the same
value ofê. Or, conversely, similar order parameter values
imply much different values ofê. For example, using the
values ofS2 for the random coil monomer in Table 5, we
find thatê ∼ 49 and 130° from S2 for Cδ1-H and Cε3-H,
respectively; clearly, these are not compatible. Motion about
the R-â bond could reduce the Cε3-H order parameter
relative to that of the Cδ1-H vector depending on the angle
the vectors make with respect to theR-â bond and could
reduce the above discrepancy. Interestingly, a model in
which the indole ring jumps about theâ-γ bond between
two equally populated sites separated by∼145° is consistent
with the results for the random coil monomer, but models
involving 180° jumps are not. On the other hand, a two-
site jump model is not compatible with the data for the
tetramers no matter what the jump angle.
If, instead, motion about theâ-γ bond is ignored and

motion about only theR-â bond is considered, a three-site
jump model in which the Trp moiety makes jumps of 120°
about theR-â bond, whereS2 ) 1/4(3 cos2 θ0 - 1)2 +
3/4(sin4 θ0 + sin2 2θ0)(p12 + p22 + p32 - p1p2 - p2p3 -
p1p3), [p1, p2, andp3 are the relative populations of the three
sites (p1 + p2 + p3 ) 1), andθ0 is the angle the vector makes
with theR-â bond], gives relatively consistent results for
the tetramer where we have values forθ0 available from the
X-ray crystal structure (Terwilliger & Eisenberg, 1982a,b)
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of 85.4 and 62.4° for Cδ1-H and Cε3-H, respectively.
Relative populations of the three sites of 0.7, 0.2, and 0.1
give S2(δ1) ) 0.48 andS2(ε3) ) 0.33 to be compared with
the experimental values for the tetramer in Table 5. Clearly,
the actual motion of the Trp ring must involve rotations about
both theR-â andâ-γ bonds. The order parameter does
not factor, however, because the motion aboutâ-γ is not
axially symmetric on the basis of the order parameter values.
Thus, we are constrained to examining either/or situations.
These results stress the importance of devising independent
notions of what the motion could be from other avenues such
as molecular dynamics simulations, fluorescence lifetime
measurements, or measurement of scalar coupling constants.
Order parameters from relaxation measurements could be
used subsequently to test the hypotheses.
Difficulties in choosing an appropriate model notwith-

standing, we can use the Kinosita model (Kinosita et al.,
1977) simply to give a physical “feel” for the range of
motions available to the Trp ring. In particular, from the
order parameters in Table 5 for the random coil monomer,
the helical monomer, the tetramer in D2O, and the phosphate
tetramer, respectively, we find cone half-angles of 36, 33,
43, and 36° which do not differ greatly from one another,
where in each conformer, where appropriate, the angles
obtained from the Cδ1 and Cε3 order parameters are
averaged.
Comparison with MLT/Micelle Complexes. Given the

apparent similar helicities of MLT in its complexes with
detergents and in lipid monolayers (Ikura et al., 1991), a
comparison of the dynamics of the soluble and micelle-bound
MLT (Yuan et al., 1996) is useful. We stress six specific
points. First, no end effects in MLT were apparent in the
micelle complexes; thus, evenS2 for the G1 CR-H vector
was comparable to the values at other backbone sites. A
similar observation was made for a small peptide when bound
to calmodulin (Chen et al., 1993). Second, the backbone
order parameter values in the micelle complexes were
distinctly larger than those of the MLT random coil monomer
and the tetramer but very interestingly were generally
comparable toS2 of the MLT monomeric helix. Given the
much larger molecular mass of the MLT/micelle complexes,
this latter similarity ofS2 values is either a consequence of
anomalies in the analysis of the spectral densities or, more
likely, reflective of an intrinsic property of the stably helical
peptide. Again, the contrasting results for backboneS2 values
in the tetramer need to be recalled. MLT tetramer does not
denature but exchanges with the monomer as noted above;
i.e. there is a (“random coil”) monomer to tetramer equilib-
rium with no detectable evidence of intermediate dimer or
monomeric helical forms (S. Venyaminov and F. G. Pren-
dergast, unpublished data).A priori, we expect that exchange
between free and micelle-bound MLT is likely to be slower;
perhaps this is reflected in theS2 values. Third, in the lipid
complexes, order parameter values of the backbone positions
in the latter part of MLT (G12, L13, A15, and L16) were
smaller than those in the front. Such a pattern was not
observed in any of the forms of MLT examined here. Fourth,
the mobilities of the Lys side chains were more restricted in
the micelle complexes than in the MLT monomers and the
tetramers, although the same order of relative mobility
prevailed [S2(K23)> S2(K21)> S2(K7)] in the tetramer and
the MLT/lipid mixed micelle. Fifth, the Trp side chain order
parameters generally were larger in the lipid complexes.

Apparently, the Trp ring is more strongly anchored in the
micelle complex. Sixth, the values ofτe in the micelle are
on the same order as those in the random coil and helical
monomers but larger than the corresponding values found
for the tetramer. Although overall the internal motion of
MLT is more restricted in the micellar complexes, the
similarity of the CR order parameters in the micelles and
the helical monomer could be indicative of similar hydrogen-
bonding networks in the two cases.
NMR Relaxation and Fluorescence Anisotropy Compari-

sons. The results of Trp time-resolved anisotropy measure-
ments are summarized in Table 6. The anisotropy decay
data were fit to eq 6, and the parameters given in Table 6
are calculated from eq 7. The initial anisotropy (r0) was
either fixed at 0.31 (Valeur & Weber, 1977) or allowed to
vary, the latter circumstance yielding only slightly better fits
(a reduction inø2 of 0.1 or less). As mentioned previously,
we expected the fluorescence order parameter to correspond
more closely to the NMR order parameter for the Trp Cδ1-H
vector since the fluorescence emission vector is closer in
orientation to that vector than it is to the Cε3-H vector. For
the MLT random coil and helical monomers, there is good
agreement of the motional parameters from NMR (Table 5)
and fluorescence (Table 6), especially for the apparentτm.
However, for tetrameric MLT (in phosphate), the fluorescence-
derivedτm values were consistently smaller than the NMR
values. A similar discrepancy inτm values was reported for
a partially structured Zn-finger peptide (Palmer et al., 1993).
Trp steady state anisotropy data measured on samples at

“NMR concentrations” were included in the fitting of the
NMR data for the random coil monomer, but it is also
possible to use eq 8 to estimate the order parameter from
the steady state anisotropy data alone givenτm, τe, and the
fluorescence lifetime (τf). As long asτe , τm, this procedure
yields a value forS2 that is only weakly dependent onτe.
Values ofS2 calculated usingr0 ) 0.31 andτf ) 3.5 ns were
0.45 and 0.72 with uncertainties on the order of(15% for
the random coil monomer and the tetramer formed in neat
D2O. The agreement with the results from Table 5 is good
in the former case and poor in the latter.
Overall, both the time-resolved and steady state Trp

fluorescence anisotropy results agree reasonably well with
the NMR relaxation results for the random coil monomer,
and time-resolved fluorescence anisotropy is consistent with
NMR for the helical monomer. For the tetramer, the results
from the two techniques do not agree, especially with regard
to τm and the tendency for the fluorescence data to give
higher S2 values. Why do these differences exist? One
possibility is the MLT concentration. The steady state
anisotropy and the NMR experiments were carried out at

Table 6: Summary of Motional Parameters for Trp-19 in Melittin
from Time-Resolved Fluorescence Anisotropy Measurementsa

sample r0 τm (ns) S2 τe (ps)

random coil monomer 0.31 (fixed) 1.2 0.65 71
0.25 1.0 0.69 160

helical monomer in methanol 0.31 (fixed) 1.2 0.66 40
0.25 1.4 0.75 214

tetramer in phosphate 0.31 (fixed) 2.2 0.55 38
0.23 2.5 0.66 232

a Values presented are averages from three (random coil monomer)
and two (helical monomer and tetramer) different samples. Standard
errors in the fitted parameters are(10%.
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similar MLT concentrations, but the time-resolved anisotropy
data were taken at considerably lower concentrations. The
nature of the tetramer itself is solvent- and concentration-
dependent which could be reflected in the dynamics. Dif-
ferences in order parameters between the two techniques may
relate to misorientation of the fluorescence emission vector
and the Cδ1-H vector. Other potential problems relate to
the degree of anisotropic motion of the tetramer which could
affect the parameters unevenly in the two techniques. The
question of whether the fluorescence and NMR measure-
ments of dynamics are quantitatively consistent is thus still
not answered from these experiments. On the other hand,
there is a qualitative conformity in the results derived from
the two approaches.

SUMMARY

Although all of our work has focused on MLT, we believe
that a number of the results will be applicable substantially
to (unstructured) peptides. General and specific aspects of
the work are summarized below.
(1) In peptides devoid of secondary structural elements,

the peptide backbone will show higher mobility for residues
in as far as the third or fourth amino acid. Beyond that, the
apparent mobilities at any internal site will probably be about
equal (i.e. have approximately the sameS2 and τe) except
for glycine residues which will invariably be more flexible.
(2) We believe that anapparentτm of approximately 1 ns

will be the typical value found for randomly structured
peptides, although we cannot predict the peptide length
dependence of this value. Thisτm most likely reflects not
the motion of the peptide as a whole but the value recovered
for a randomly flexing peptide chain.
(3) Adoption of secondary structure (in our caseR-helix)

in the monomeric peptide with no increase in molecular mass
led to distinctly higher order parameters. Similar observa-
tions have been made in other systems [e.g. see Farrow et
al. (1995) and Buck et al. (1995)]. In such a case, the
recoveredτm is probably related to the particular geometry
of the peptide induced by the secondary structure.
(4) Although intuitively one might expect the motions of

an aromatic side chain such as that of Trp to show largely
unrestricted motion, it seems that the relatively apolar
character of the indole moiety promotes interactions either
with adjacent side chains or with the main chain which
reduce mobility as is evident in theS2 values we have
described.
(5) In contrast, mobilities of charged side chains such as

lysines are nearly unrestricted as expected.
(6) We have no consistent evidence that side chain motion

in peptidesreadily reflects local backbone mobility (cf. Trp
in the random coil monomer and the helical monomer). This
conclusion raises concerns regarding attempts to define or
quantify peptide backbone motion from measurements
(fluorescence, EPR, or NMR) done on peptide side chains
per se or on chemically labeled peptide side chains.
(7) Despite the obvious inherent limitations of the Lipari

and Szabo model for calculating mobility parameters for
intrinsically anisotropic motions such as those of a flexible
peptide, the parameters recovered are internally consistent
and the values (forS2 and τe) seem physically reasonable.
Here, when MLT assumed tertiary structure in the tetramer,
the results from the analysis are, interestingly, not necessarily

less problematic, perhaps because of the “looseness” of the
tetramer. Credence in the values recovered forS2 and τe
requires a robust (reliable) value forτm, perhaps obtained
from another technique such as fluorescence anisotropy.
However, for reasons we do not understand, the value for
τm recovered from fluorescence and NMR data for compact
(folded) proteins is frequently substantially different, a result
that we have noted hitherto (Kemple et al., 1994). Given
the inescapable interplay betweenτm andS2 in the analysis,
we believe that this “problem” withτm has not been
adequately addressed.
(8) There is as yet no good physical or mathematical model

to adequately and simply describe peptide backbone motion.
This fact makes it difficult to propose the pattern of motion
of atoms in the backbone corresponding to the values derived
for S2 andτe in peptides. It is clear, however, that peptides
are intrinsically less flexible than typical linear organic
polymers, and hence, it may not be fully appropriate to use
typical polymer theory to describe peptide mobility. Ad-
ditionally, although the notion of a crankshaft type motion
of the peptide bond which derives from molecular dynamics
simulations (Daggett et al., 1991) provides a physically
attractive model, there has not yet been any attempt to
compare experimental values forS2 andτe in particular with
the predictions based on such a model.
(9) Finally, the studies of other model peptides of variable

length but similar secondary structures, e.g. those developed
by Marqusee and Baldwin (1987) or Merutka and Stellwagen
(1990), might yield particularly useful information. It is also
possible that two-dimensional FTIR methods might provide
insights into the nature of conformational exchange between
different forms of peptides (B. Pastrana-Rios, D. Graff, S.
Venyaminov, and F. G. Prendergast, manuscript in prepara-
tion).
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