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ABSTRACT: The dynamics in isotropic solvents of selectively 13C labeled synthetic melittin and three analogues 
have been investigated by using N M R  and fluorescence techniques both separately and in combination. 
In conjunction with the "model-free" approach to interpretation of N M R  relaxation data [Lipari, G., & 
Szabo, A. (1982) J. Am. Chem. SOC. 104,454645701, the availability of steady-state fluorescence anisotropy 
and lifetime data augment T1,T2, and N O E  data to provide quantitative information about fluorophore 
dynamics in these peptides. A method is presented for using combined fluorescence and N M R  data to obtain 
technique- and model-independent values for parameters describing local motion of 13C-labeled fluorophores 
in peptides and proteins. The dynamics of melittin and melittin analogues are found to be consistent with 
structural characteristics inferred from CD, fluorescence, and N M R  spectral information presented in the 
preceding paper (Weaver et al., 1989). In particular, the mobility of the random coil peptide monomers 
is shown to be quite similar, while side-chain as well as peptide backbone motion in the aggregated or 
oligomeric species differs markedly among the analogues. For melittin itself, experimentally determined 
overall rotational correlation times for the monomer and tetramer agree very well with values predicted 
on the basis of solvent-accessible protein surface area. The local dynamics of selectively W-labeled Trp- 19 
and Gly-12 residues of melittin are also found to be consistent with peptide structure. In random coil melittin 
monomer, a specific model for the motion indicates that the Trp side chain moves through an approximate 
angle of f 7 1 °  about the (3-r bond with a correlation time of 159 f 24 ps. In melittin tetramer, the indole 
moiety is spatially more confined with a flip angle of i 3 7 O ,  yet demonstrates an increased rate of motion 
with a correlation time of 56 f 8 ps. The constrained mobility of the Trp-19 side chain is consistent with 
motional constraints inferred from the X-ray structure of melittin tetramer. These results show that protein 
side-chain motion, even of moieties as large as indole, can occur on the picosecond time scale and that these 
motions are reasonably similar to those inferred from molecular dynamics simulations. 

%e advent of molecular dynamics simulations of biomolecule 
dynamics [for reviews, see Karplus and McCammon (1981) 
and Levy (1986)l has generated a need for experimental de- 
tection and quantitation of picosecond motions in macro- 
molecules. This realization, taken with the likely significance 
of such motions to protein structure and function, provides 
ample justification for the development of experimental 
methods able to demonstrate the existence of, and to quantify 
the amplitude and time scale of, local motions in peptides and 
proteins. Recent publications demonstrate the usefulness of 
fluorescence (Petrich et al., 1987; MacKerell et al., 1987) and 
NMR (Weiner et al., 1987; Rice et al., 1987; Rule et al., 1987; 
Brown et al., 1988) spectroscopies for the study of internal 
motions in proteins. One limitation inherent in the application 
of these methods is the uncertainty regarding the accuracy of 
the experimental data when only one technique is employed. 
In principle, however, NMR and fluorescence can be used 
conjointly to study the dynamics of a fluorescent group in a 
macromolecule. 
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A major goal of this and previous work (Weaver et al., 1988) 
thus has been to combine fluorescence and NMR data for 
synthetic peptides containing a single tryptophan residue in 
an effort to generate a consistent description of side-chain 
motion. The feasibility of such an approach was demonstrated 
in an earlier study of tryptophan side-chain dynamics in two 
single-tryptophan hydrophobic oligopeptides (Weaver et al., 
1988). In that as well as the present study, the approach was 
to incorporate tryptophan selectively labeled with I3C at the 

position (i.e., the 2-position) of the indole ring (Branchini 
et al., 1987) into the peptides by direct peptide synthesis. 
Although the earlier studies on hydrophobic oligopeptides 
demonstrated the general validity of the combined use of NMR 
and fluorescence data, confirmation of the applicability of this 
approach to more complex peptides and proteins is a logical 
second step. Specific aims of this work therefore included (a) 
the detection of local tryptophan side-chain and peptide 
backbone mobility in a variety of isotropic solvents, (b) the 
demonstration of a practical method, for accurately quantifying 
picosecond motions in peptides and proteins using combined 
fluorescence and NMR data, and (c) the correlation of 
motional information collected for a set of peptide analogues 
with existing structural or dynamical data for the same or 
similar systems. The cytolytic peptide melittin provides a 
particularly useful and well-studied model for such investi- 
gations due to its diverse behavior in a variety of solvent 
environments. 

In this work, the dynamics of synthetic I3C-labeled melittin 
and three analogues in isotropic solvents have been studied by 
I3C NMR and fluorescence techniques. While all of the 
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analogues retain the cytolytic activity of the native sequence, 
only melittin itself forms a soluble protein-like tetramer in 
aqueous media (Weaver et al., 1989). At least for melittin 
itself, it was reasoned that the Trp residue, which is freely 
accessible to solvent in the monomer, but partially buried in 
the tetramer (Terwilliger & Eisenberg, 1982a,b), would display 
a different rate and amplitude of indole side-chain motion in 
the two forms. Moreover, the random coil to helix transition 
that occurs upon tetramer formation or in the presence of 
methanol makes these peptides attractive models for the study 
of peptide chain mobility as well. 

The "model-free" approach of Lipari and Szabo (1982a,b) 
has proved useful in extracting motional parameters from 13C 
NMR relaxation data in several macromolecular systems 
(Hughes et al., 1984; Henry et al., 1986; Schmidt et al., 1987; 
Weaver et al., 1988; McCain et al., 1988). In the present 
work, this methodology was adopted for studies of I3C-labeled 
synthetic melittin and analogues in water as a function of ionic 
strength, in water/methanol mixtures, and in dimethyl sulf- 
oxide/water solutions. The mobility of the single 13C-labeled 
Trp side chain at position 19, 17, 11 or 9 in the sequence of 
MLT-Wl9,' MLT-W17, MLT-W11, and MLT-W9, respec- 
tively, was monitored by measurement of the NMR relaxation 
parameters T1-l (spin-lattice relaxation rate), T2-l (spinspin 
relaxation rate), and steady-state NOE (nuclear Overhauser 
effect). These quantities are sensitive to the motion of the 
13Ca1-H bond vector, which is coplanar with the indole ring. 
Measurements of the steady-state fluorescence anisotropy and 
lifetime were used to follow the motion of the fluorescence 
emission dipole which also moves in concert with the indole 
moiety. In addition, ["Calglycine was incorporated at position 
12 in all of the peptides to provide a consistent marker for 
quantitation of peptide backbone motion by NMR alone. 

The results of the present study are very encouraging from 
both a descriptive and quantitative viewpoint. It is shown that 
local motion of the Trp side chain does occur on a picosecond 
time scale and that the faster motions are generally of more 
restricted amplitude. Moreover, side-chain and peptide 
backbone motion are found to be quite sensitive to the solvent 
environment, conformation, and aggregation state of the 
peptide. The dynamics of the analogues are found to be 
consistent with structural features inferred from spectroscopic 
studies (Weaver et al., 1989). The model-free approach ap- 
plied to analysis of combined fluorescence and NMR data 
yields values for rotational correlation times of the random 
coil or a-helical peptides that closely agree with values pre- 
dicted on the basis of solvent-accessible surface area. In 
general, the model-free analysis of combined fluorescence and 
NMR data appears to be an excellent method for determining 
the amplitude and time scale of fluorophore mobility in pep- 
tides and proteins while also providing accurate overall cor- 
relation times. 

MATERIALS AND METHODS 
Amino acid sequences and peptide synthetic methods are 

given in the preceding article (Weaver et al., 1989). Details 
of the cytolytic assay, gel filtration methods, and spectral 
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characterization of the synthetic peptides are also described 
therein. 

Steady-state fluorescence anisotropy values were measured 
on an SLM 4800 fluorometer with excitation at 295 nm (1-nm 
excitation band-pass), a vertically polarized excitation beam, 
and a cut-on filter (Schott WG 345) in the emission path. 
Fluorescence lifetimes were determined by multifrequency 
phase fluorometry (Gratton & Limkeman, 1983). The in- 
strument used employs a mode-locked and frequency-doubled 
output from a Spectra-Physics 3000 Nd:YAG laser to syn- 
chronously pump a rhodamine 6-G dye laser. Output from 
the dye laser was cavity-dumped and then frequency-doubled 
to yield ultraviolet excitation tunable from -285 to 320 nm. 
The multifrequency measurement exploits the harmonic con- 
tent of the mode-locked laser as originally described by Gratton 
and Lopez-Delgado (1 980). All fluorescence measurements 
were carried out at a peptide concentration of 20 pM in 10 
mM Tris, pH 7.5, at 20 ( f l )  OC. 

13C NMR samples were prepared as described in the pre- 
ceding article (Weaver et al., 1989). T I ,  T2, and steady-state 
NOE measurements were performed at 75.4 MHz on a Ni- 
colet NT-300 FT spectrometer and at 50.3 MHz on a Varian 
XL-200 FT spectrometer. Relaxation measurements at 75.4 
MHz used 12" NMR tubes containing -2.5 mL of sample 
solution. Measurements at 50.3 MHz were performed on the 
same samples transferred to 20-mm NMR tubes with a coaxial 
cylindrical insert containing the sample. Broad-band noise 
decoupling of protons was used for T I ,  T2, and NOE mea- 
surements at 75.4 MHz; WALTZ decoupling (Shaka et al., 
1983) was used at 50.3 MHz. All Tl determinations employed 
a 18O0-r9Oo inversion-recovery pulse sequence with a delay 
set to 15TI .  Measurements of the spin-spin relaxation time 
were carried out by using a Carr-Purcell-Meiboom-Gill pulse 
sequence (Meiboom & Gill, 1958) with a composite 180° 
refocusing pulse to correct for field inhomogeneity and off- 
resonance fall off of field strength. T I  and T2 were extracted 
from the data by using either two- or three-parameter expo- 
nential fits. Gated decoupling was used to measure the NOE, 
alternate scans (with and without NOE) being collected into 
adjacent memory blocks. A delay of 19T1 was used between 
observation pulses in the NOE experiments due to the non- 
exponential decay of this relaxation parameter. At 75.4 MHz, 
relaxation data were typically collected as 8K data points with 
a spectral width of f4505 Hz by using quadrature phase 
detection. At 50.3 MHz, relaxation data were collected as 
6K data points with a spectral width of f7758 Hz. All sam- 
ples were maintained at a probe temperature of 20 ( f l )  OC. 

Analysis of Fluorescence Data. If, in the decay of protein 
fluorescence anisotropy, r ( t ) ,  to zero as t - Q), the overall 
correlation time of the macromolecule (7,) is independent of 
the effective correlation time for hindered local or segmental 
motion of the fluorophore (7e), then the following empirical 
expression for the time-dependent anisotropy can be written: 

(1) 
The term ro is the fundamental anisotropy of the fluorophore, 
which is a function of the relative orientation of the absorption 
and emission transition dipoles at a given excitation wave- 
length, and r ,  is the limiting hindered anisotropy (Kawato et 
al., 1977; Kinosita et al., 1977; Jahnig, 1979; Lakowicz et al., 
1979; Engel & Prendergast, 1981). Equation 1 is conceptually 
identical with an expression derived by Lipari and Szabo 
(1980) in a theoretical treatment of fluorescent probes attached 
to macromolecules. Heyn (1979) has pointed out that the 
quantities ro and r- can be related to an orientational order 
parameter S given by2 

r ( t )  = [(ro - rm)e-f/re + rm]e-t/" 

I Abbreviations: Bis-Tris, [bis(2-hydroxyethyl)amino]tris(hydroxy- 
methy1)methane; CSA, chemical shift anisotropy; DMSO, dimethyl 
sulfoxide; ECEPP, empirical conformational energy program for peptides; 
MLT-W 19, [ [I3CL,]-~-Trp- 19,[13Ca]Gly- 1 21melittin; MLT-Wl7, 
[ [ 13CG1]-~-Trp-l 7, [I3Ca]Gly- 12,Leu-l9]melittin; MLT-W 1 1, [ [13C61]- 
L-Trp-1 1,[13Ca]Gly-12,Leu-19]melittin; MLT-W9, [[13CG1]-~-Trp- 
9,[13Ca]Gly-l Z,Leu-19]melittin; MODLFREE, program based on a 
"model-free" approach to analysis and interpretation of NMR relaxation 
data; NOE, nuclear Overhauser effect. 
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S = (rm/ro)1/2 (2) 
Thus, the ratio rm/ro should describe the orientational order 
or spatial restriction imposed upon local or segmental motion 
of the fluorophore by the surrounding protein matrix. 

The steady-state fluorescence anisotropy (P) is much more 
convenient to measure than is r(t). Under a given set of 
assumptions, steady-state data can be related to the orienta- 
tional order parameter for rapid internal motion of a fluoro- 
phore. The steady-state anisotropy is given by 

Weaver et al. 

f = J m r ( t )  F(t )  d r / j m F ( t )  0 dt (3) 

where F ( t )  is the time-dependent fluorescence intensity. If 
F ( t )  is assumed to obey a single exponential decay law such 
that 

F ( t )  = e-t/rf (4) 
where 7f is the fluorescence lifetime, then substituting eq 1 
and 4 into eq 3 gives 

The Perrin relation (Perrin, 1934, 1936), characterizing the 
motion of simple fluorophores in isotropic environments, 
emerges from this expression as a limiting case where local 
motion is not considered (i.e., 7;' - 0). 

From eq 2 and 5 ,  a mathematically allowed set of S and 
7, values can be derived from fluorescence lifetime and 
steady-state anisotropy data alone by the relation 

provided that one has a reliable value for the overall correlation 
time of the macromolecule in addition to a reasonably accurate 
ro value at  the appropriate excitation wavelength. Equation 
6 is the basis for analysis of Trp side-chain dynamics from 
fluorescence lifetime and steady-state anisotropy measurements 
on the synthetic peptides studied in this work. 

Analysis of NMR Data. Information about motion of 13C 
nuclei is contained in the relaxation rates T i '  and T2-' as well 
as the NOE. If the magnetic dipole-dipole interaction of the 
I3C nucleus with its directly bonded proton or protons and 
chemical shift anisotropy (CSA) are taken to dominate these 
quantities, they can be written 

The order parameter derived experimentally from fluorescence 
measurements is denoted by an italicized S, and the experimentally 
derived NMR order parameter by a script 8. When both fluorescence 
and NMR data are used in combined analyses, the composite experi- 
mentally derived order parameter is denoted by a nonitalicized, nonscript 
S. 

In these expressions, n is the number of protons directly bonded 
to the 13C nucleus, h is Planck's constant divided by 2?r,yc 
and yH are the magnetogyric ratios of I3C and 'H, respectively, 
rcH is the carbon-proton distance, wc and wH are the 13C and 
lH resonance frequencies, and J (w)  is the spectral density. The 
chemical shift tensor 6 is assumed to be axially symmetric 
about the I3C6,-H bond vector such that A6 = 6,, - 6,. CSA 
is assumed to be negligible for the Gly-12 a-carbon. Other 
potential contributions to relaxation of the indole ring 13C6, 
label that were considered, yet not included, were magnetic 
dipolar and scalar coupling with the pyrrole 14N nucleus and 
magnetic dipolar interactions with nearby nonbonded protons. 
The first two interactions were determined to be negligible on 
the basis of the relatively small I4N magnetogyric ratio and 
estimates of 14N quadrupolar relaxation times. Although a 
dipolar contribution from nonbonded protons cannot be com- 
pletely ruled out, examination of the crystal structure of 
tetrameric melittin did not reveal any nonbonded protons closer 
than -2.5 8, to Cal. Such protons would contribute negligibly 
to dipolar relaxation in comparison with a directly bonded 
proton. 

The spectral density proposed by Lipari and Szabo 
(1 982a,b) 

where 7-* = 7c1 + 7,-I is used in the preceding expressions 
for TI, T2, and NOE. In this expression, 8 is a "generalized" 
order parameter for local motion of a given I3C-H vector and 
7, and 7, are as defined previously. The spectral density is 
derived from an expression for the autocorrelation function 
of the W-H vector assuming that overall molecular motion 
is isotropic and that internal and overall motions are inde- 
pendent. For the I3C-labeled peptides of this study, the ap- 
propriate vector is either the TrpI3C6,-H bond vector or, for 
13Ca-labeled Gly-12, a mean vector lying in the plane defined 
by the two C w H  bonds. Provided that the indole ring is rigid 
and planar, the motion of the 13C6,-H vector should reflect 
that of the Trp side chain as a whole. For glycine, the motion 
of the mean I3Ca-H2 bond vector should be indicative of the 
flexibility of the peptide chain in the vicinity of the labeled 
residue. 

Given a set of TI, T,, and NOE data, the motional variables 
8, 7e, and 7, can be derived by evaluating the nonlinear system 
defined by eq 7-10. A unique solution, if it exists, requires 
the measurement of three independent relaxation values, i.e., 
T, ,  T2, and NOE at a single spectrometer frequency or other 
combinations at more than one frequency. When fewer than 
three relaxation values are known, constraints on 8, 7,, and 
7, can be established from the available data. A computer 
program (MODLFREE) was developed that finds allowed values 
for 8, 7,, and 7, given any number of experimental relaxation 
measurements obtained at  one or more spectrometer fre- 
quencies. The program employs a simple grid-search algorithm 
using parabolic interpolation to find local and absolute minima 
on the x 2  hypersurface pertaining to the system of nonlinear 
equations (Bevington, 1969). All calculations were done by 
using MODLFREE implemented on an IBM PC AT compatible 
computer . 3  

If MODLFREE is provided with only a single relaxation 
measurement, the algorithm requires specification of a fixed 

A compiled version of this program is available from one of us 
(A.J.W.) upon request. 
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7,; all S and 7, values consistent with the single observable 
and this 7, are then calculated. If two relaxation measure- 
ments are available, the spectral density is systematically 
evaluated over all 7, values specified as “physically 
reasonable”; S and 7, are adjusted at each 7, until the cal- 
culated and observed relaxation values agree. In this situation, 
the results can then be presented in the form of plots of S or 
7, as a function of 7,. Such plots are often referred to below 
as TI-NOE curves since they are generated from such data 
obtained at a single spectrometer frequency. If three or more 
relaxation values are available, a “unique” solution to the 
system of equations is sought which represents a least-squares 
fit of the calculated to the observed relaxation values. The 
statistic measuring goodness of fit is computed as 

(NOEobS - NOEca1c)2 
( N O E O ~ ) ~  

where the sum is taken over measurements at one or more 
spectrometer frequencies. In general, T1-NOE curves were 
found to be the better method for interpreting the derived 
motional parameters since exact (x2 = 0) fits of single-fre- 
quency T I ,  T2, and NOE data do not readily allow one to 
assess the probable error. Tl-NOE curves, on the other hand, 
provide a ready visual appreciation of the potential variation 
in S and 7, as a function of 7, as well as an ascertainment 
of the uncertainty in motional parameters corresponding to 
a given pair of measured relaxation values. 

The behavior of the Tl, T2, and NOE expressions with 
respect to 8, T,, 7, is not easily discerned by simple inspection 
of eq 7-10. It is therefore instructive to simulate experimental 
results by explicitly plotting the observables as functions of 
the motional parameters. In panels a of Figures 1-3, T I ,  T2, 
and NOE are each shown as a function of the overall corre- 
lation time at selected values for S and 7,. When S = 1, the 
relaxation parameters are the characteristic monotonic func- 
tions of a single correlation time (7,). However, as the order 
parameter decreases, the contribution of a faster local motion 
to the spectral density increases. For very small S values, the 
correlation time for the macromolecule influences the relax- 
ation parameters only when 7, = 7,. However, in the more 
usual situation where 7, > T,, Tl, T2, and NOE are relatively 
insensitive to 7, when 8 is small. 

Lipari and Szabo (1982b) give a set of empirical rules by 
which the accuracy of experimentally determined motional 
parameters can be assessed. The restrictions defined by those 
rules are shown as shaded regions in panels b of Figures 1-3, 
in which the amplitude (8) of the internal motion is plotted 
as a function of its rate (7,) for a wide range of T1, T2 and 
NOE values. According to the empirical rules, experimentally 
derived motional parameter values lying within the shaded area 
should be suspect. It is apparent that the rules generally 
require that regions of rapid variation of S with 7, be avoided. 
Examination of the curves themselves, in lieu of the empirical 
rules, should provide for a more accurate assessment of the 
potential error in motional parameter values determined by 
experiment. 

Analysis of Combined Fluorescence and NMR Data. 
Equation 6 posits a relationship of the steady-state fluorescence 
anisotropy and fluorescence lifetime to the model-free motional 
parameters contained in the NMR spectral density (eq 10). 
Indeed, Lipari and Szabo (1980) have pointed out the formal 
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FIGURE 1: In panel a, the spin-lattice relaxation time, T,,  is plotted 
as a function of the overall correlation time, T,, for order parameter 
(8) values of 0.0,0.25,0.5,0.75, and 1.0, at effective correlation time 
(7,) values of 0.02 ns (-) and 0.2 ns (- - -). For clarity, some curves 
are not labeled with order parameter values. In panel b, S is plotted 
as a function of T ,  for TI values of 0.16,0.25,0.35,0.50,0.75, and 
1.00 s, at T ,  = 4 ns. Shaded areas indicate regions of potentially 
unreliable experimental motional parameter values as defined by a 
set of empirical rules given by Lipari and Szabo (1982b). Experimental 
motional parameter values falling within unshaded regions delimited 
by the appropriate vertical and/or horizontal lines are accurate to 
within (i) “a few percent” when T,/T,  I 0.01 and (oc + w&, I 0.1 
(-); (ii) -25% when T J T ,  I 0.5 and 8 I 0.1 and (oc + o&, I 
0.5 (--); and (iii) -15% when 8 1 0.55 (---). In (a) and (b), n 
= 1, rCH = 1.09 A, A6 = 0 ppm, wc = 21r(75.4) MHz, and OH = 
21r(300.1) MHz. 

similarity between fluorescence depolarization and NMR 
relaxation theory which underlies the derivation of the 
fluorescence and NMR equations used here. Under certain 
constraints, these expressions provide a common formalism 
which may yield an improved description of fluorophore dy- 
namics based on the use of combined fluorescence and NMR 
data. If this approach is to be taken, the validity of certain 
assumptions is essential: (a) colinearity of the 13C61-H bond 
and the fluorescence dipole vectors; (b) motion of these vectors 
in a concerted fashion with the planar indole ring; and (c) the 
ability of the model-free approach to adequately describe Trp 
side-chain dynamics in terms of two motional parameters, 
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FIGURE 2: In panel a, the spin-spin relaxation time, T2, is plotted 
as a function of the overall correlation time, T,, for order parameter 
(8) values of 0.0,0.25,0.5,0.75, and 1 .O, at effective correlation time 
(7,) values of 0.02 ns (-) and 0.2 ns (- - -). For clarity, some curves 
are not labeled with order parameter values. In panel b, S is plotted 
as a function of T, for T2 values of 0.05,0.075, 0.15,0.25,0.5, and 
1.0 s, at T, = 4 ns. Shaded areas indicate regions of potentially 
unreliable experimental motional parameter values (see Figure 1 
caption for details). In (a) and (b), n = 1, rCH = 1.09 A, A6 = 0 
ppm, oc = 21r(75.4) MHz, and WH = 21r(300.1) MHz. 

namely S and 7,. 
Given the verity of these assumptions, implementation of 

the combined analysis is straightforward since eq 6 can be 
treated by MODLFREE in the same manner as the NMR ex- 
pressions (eq 7-1 0). The fluorescence observables were 
measured at an excitation wavelength of 295 nm. With red 
edge excitation, the fluorescence dipoles and the 13C6,-H bond 
vector are approximately colinear (Lakowicz et al., 1983). In 
analyses of combined fluorescence and NMR data presented 
below, the measured steady-state fluorescence anisotropy and 
fluorescence lifetime are substituted for the NMR spin-spin 
relaxation time since the latter was usually the least accurate 
of the NMR observables. This approach yields motional 
parameter values that agree closely with the those determined 
from NMR data alone and thus appears to be of potential use 
in augmenting the model-free description of side-chain dy- 
namics. 

3.0 

2.5 

W 9 2.0 

1.5 

1 .o 
T, (ns) 

1 .o 

0.8 

0.6 

9 
0.4 

0.2 

0.0 
0.001 0.01 0.1 1 10 

7 ,  (ns) 
FIGURE 3: In panel a, the nuclear Overhauser effect, NOE, is plotted 
as a function of the overall correlation time, T,, for order parameter 
(8) values of 0.0,0.25,0.5,0.75, and 1 .O, at effective correlation time 
(7,) values of 0.02 ns (-) and 0.2 ns (- - -). In panel b, S is plotted 
as a function of T, for NOE values of 1.3, 1.7, 2.0, 2.3, and 2.7, at 
T, = 4 ns. Shaded areas indicate regions of potentially unreliable 
experimental motional parameter values (see Figure 1 caption for 
details). In (a) and (b), n = 1, rCH = 1.09 A, A6 = 0 ppm, wc = 
21r(75.4) MHz, and WH = 2?r(300.1) MHz. 

RESULTS 
The quantitative interpretation of S and 7, values was found 

to depend critically on having an accurate value for the overall 
correlation time of the macromolecule. Thus, rotational 
correlation times were calculated for the various structural 
forms of melittin in the appropriate isotropic solvents. 

deemed a prerequisite for valid interpretation of least-squares 
S and 7, values describing local motion. In cases where 
predicted and observed 7, values did not agree well, mean- 
ingful values for S and 7, could still be extracted from TI- 
NOE curves on the basis of the predicted overall correlation 
times. 

Interpretation of Overall Rotational Correlation Times. In 
general, the accuracy of protein rotational correlation times 
determined by fluorescence depolarization or NMR has been 
difficult to assess due to the fact that observed 7, values for 
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small globular proteins are typically 1.5-2.5 times greater than 
values calculated from the Stokes-Einstein-Debye relation4 
even when protein shape and hydration are considered [e.g., 
see Bauer et al. (1975) and Massey and Churchich (1979)l. 
An empirical method based on calculation of the solvent-ac- 
cessible protein surface area is introduced here which intrin- 
sically accounts for protein shape and hydration and which 
diminishes the usual discrepancy between experimental and 
predicted overall correlation time values. Rotational corre- 
lation times based on solvent-accessible surface area are 
compared below with theoretical values determined by other 
methods for (1) unstructured (random coil) melittin monomer, 
(2) a-helical melittin monomer, and (3) melittin tetramer. 

(1) Unstructured Melittin Monomer. For the unstructured 
peptide monomers in water, overall rotational correlation times 
of 4.1 and 6.0 ns were calculated from the Stokes-Einstein- 
Debye relation assuming that the peptides behave as "random 
coil" poly@-alanine) chains 26 residues in lengthS (Brant & 
Flory, 1965a,b). The lower correlation time value was derived 
for such a peptide containing two randomly placed glycine 
residues6 (Miller et al., 1967), while the larger value obtains 
for a 26-mer without glycyl residues. With the exception of 
Gly and Pro residues, the amino acid composition of a given 
random coil peptide should not greatly affect its overall cor- 
relation time; steric constraints introduced by groups beyond 
the ,&carbon of peptide side chains appear to have little effect 
on the conformational space allowed to an unstructured peptide 
chain (Brant & Flory, 1965a). It should therefore be rea- 
sonable to model unstructured melittin and analogues in this 
fashion. 

In this work, an alternative empirical method of calculating 
expected T, values from the solvent-accessible protein surface 
area was adopted. This was thought to be a reasonable ap- 
proach since stick boundary conditions relate frictional drag 
to the solvent-accessible surface area of a macromolecule. By 
use of a probe sphere of 1.4-A radius, the solvent-accessible 
surface area of the extended, fully solvent-exposed melittin 
chain was computed according to an algorithm developed by 
M. L. Connolly (unpublished results, 1986). Atomic coor- 
dinates for the extended peptide, inclusive of protons, were 
generated by using CHARMM (Brooks et ai., 1983). van der 
Waals radii used in all calculations of solvent-accessible surface 
area were values derived from ECEPP parameters for 6-12 
nonbonded potentials for pairs of like atoms (Nimethy et al., 
1983). The protein surface area inclusive of hydrogen atoms 
( A  = 2434 A2) was then used to calculate the radius of an 
equivalent sphere as r = ( A / ~ T ) ' / ~ .  Hydration was included 
by adding 2.8 8, (the thickness of a single water layer) to the 
equivalent sphere radius. By this method, effective hydro- 
dynamic volumes of 1.13 X and 1.96 X cm3 were 
determined for the nonhydrated and hydrated extended 
melittin chains, respectively. Using the Stokes-Einstein-Debye 
relation, one then finds overall rotational correlation times in 
water of 2.8 and 4.8 ns. The latter agrees with values de- 
termined above from statistical chain dynamics calculations. 
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Table I: Steady-State Fluorescence Anisotropy Values, Mean 
Fluorescence Lifetimes, Estimated Overall Correlation Times, and 
Plateau Values for the Trp Side-Chain Order Parameter and 
Effective Correlation Time for MLT-W19 and Analogues in Water 
or 2 M NaCI" 

T ,  = Vhq/kT, where Vh is the hydrated molecular volume, q is the 
bulk viscosity of the medium, k is Boltzmann's constant, and T is the 
absolute temperature. 

In this case, T ,  = 4~(r,2)~/%7/(3kT), where (r:) is the mean-square 
radius of gyration of the polymer chain. 

Glycine residues are found at positions 1, 3, and 12 in melittin and 
each of the synthetic peptides. A proline residue is located at position 
14 of each sequence. It was assumed that the increased flexibility im- 
parted by one of the Gly residues would be negated by the single proline 
residue; thus, two Gly residues were used in calculating the expected 
range of T ,  values for the random coil peptides. 

H20 0.039 2.75 4.8 0.59 - 0.53 0.19 
2 M NaCl 0.100 2.17 13.7 0.82 - 0.74 0.63 

H20 0.038 2.56 4.8 0.57 - 0.51 0.18 

H20 0.041 2.12 4.8 0.58 - 0.52 0.15 

H,O 0.044 2.47 4.8 0.62 - 0.56 0.18 

MLT- W 17 

MLT- W 1 1 

MLT-W9 

S,, - So.9 and 'T+o,9 are derived from plots of S( T ~ )  on the basis of 
eq 6 (cf. Figure 4). Steady-state anisotropy values were measured by 
using an excitation wavelength of 295 nm, at which ro = 0.175 for 
monomeric melittin (Lakowicz et al., 1983). All fluorescence mea- 
surements were carried out at a peptide concentration of 20 pM in 10 
mM Tris, pH 7.5, at 20 ( f l )  "C. 

When corrected to the viscosity of 90% DMSO/D20 (7 = 2.12 
cP), in which NMR relaxation data were also collected, the 
corresponding T, values become 5.9 and 10.2 ns. 

(2 )  a-Helical Melittin Monomer. Theoretical estimates of 
the overall correlation time depend on the particular structural 
model and the assumed molecular dimensions of a-helical 
melittin monomer. When the monomer is modeled as a prolate 
ellipsoid with an axial ratio between 3.0 and 4.0 (from crys- 
tallographic dimensions), one finds overall correlation times 
of 1.8-2.0 ns based on the molecular weight, partial specific 
volume, and estimated hydration of a-helical melittin mono- 
mer.7 However, correlation times determined from the sol- 
vent-accessible surface area of the melittin a-helix ( A  = 1984 
AZ) are substantially greater. Proton positions were calculated 
from the crystallographic coordinates for C, N, and 0 atoms 
of the A chain of melittin tetramer (Terwilliger & Eisenberg, 
1982a,b). Using ECEPP van der Waals radii, one finds ef- 
fective hydrodynamic volumes of 8.31 X IO-*' and 1.52 X 
cm3 for nonhydrated and hydrated a-helical melittin, which 
correspond to overall correlation times in water of 2.1 and 3.8 
ns, respectively, for the equivalent spheres. When corrected 
for shape,7 the predicted 7, values are 3.0 and 5.5 ns. 

(3 )  Melittin Tetramer. Recent time-resclved fluorescence 
and ESR measurements on melittin tetramer have generated 
overall correlation times for this protein ranging from 3.4 ns 
(Lakowicz et al., 1987) to 5.6 ns (John & Jahnig, 1988) to 
-20 ns (Altenbach & Hubbell, 1988). The sources of dis- 

' The volume, vh, occupied by a hydrated particle was calculated as 
V, = f ( M / N )  ( V2 + 61 VI), where M is the molecular weight, N is Avo- 
gadro's number, V2 is the partial specific volume of the nonhydrated 
protein, VI is the partial specific volume of the solvent, 61 gives the 
hydration of the particle, andfis a particle shape factor. In calculations 
for melittin monomer and tetramer, respectively, M = 2848 and 11 392 
daltons, q = 0.01 P, T = 293 K, V2 = 0.71 cm3 g-l (Terwilliger & 
Eisenberg, 1982b), = 0.4 g of H20 (g of protein)-l, which is a typical 
value for globular proteins, and VI = 1.0 cm3 g-I. For prolate ellipsoids, 
a Perrin shape. factor, 1 5 f I 2, can be related to the harmonic mean 
of rotational correlation times, T,, and Tb, of the major and minor axes 
of the ellipse, respectively, i.e., = (1/3)[~,-' + 2(Tb-l)]. The shape 
factor was defined a s f =  3F,Fb/(2F, + Fb), where Fa =fa/& and Fb 
= fb/fsph are the frictional coefficients for rotational motion about the 
major and minor axis, respectively, of a prolate ellipsoid relative to that 
of an equivalent volume sphere [cf. Cantor and Schimmel (1980)l. For 
prolate ellipsoids with axial ratios of 3-4 (a-helical melittin monomer), 
f = 1.37-1.52; for a prolate ellipsoid of axial ratio 3/2 (melittin tetramer), 
f =  1.06. 
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FIGURE 4: Fluorescence-derived order parameter (S) as a function 
of the effective correlation time (T,) for local motion of the Trp side 
chain of MLT-W19 and analogues in HzO or 2 M NaCl. MLT-W 19 
(-); MLT-W17 (--); MLT-WI 1 (---); MLT-W9 (e-.). These plots 
are based on eq 6 ,  using F and if data given in Table I. For the 
monomeric samples, a T, value of 4.8 ns was assumed. For MLT-W19 
tetramer, a T, value of 13.7 ns was used. 

parity between values extracted by the various techniques are 
not obvious. 

Assuming that melittin tetramer can be adequately modeled 
as a hydrated prolate ellipsoid with an axial ratio of 3 / z  
(Terwilliger & Eisenberg, 1982a), we calculate a value of 5.5 
ns for its overall correlation time in water. In contrast, the 
correlation time of the tetramer as determined from its sol- 
vent-accessible surface area ( A  = 5221 A*) is approximately 
2-fold larger. Proton positions were calculated from the 
crystallographic coordinates for C, N, and 0 atoms of melittin 
tetramer (Terwilliger & Eisenberg, 1982a,b). Using ECEPP 
van der Waals radii, one finds effective hydrodynamic volumes 
of 3.55 X and 5.22 X cm3 for nonhydrated and 
hydrated melittin tetramer, which correspond to overall cor- 
relation times of 8.8 and 12.9 ns, respectively, for the equivalent 
spheres. When corrected for shape,' the predicted 7, values 
are 9.3 and 13.7 ns. 

Fluorescence Studies. Steady-state anisotropy values and 
mean fluorescence lifetimes for the peptides in water or in the 
presence of 2 M NaCl are compiled in Table I. Melittin 
fluorescence lifetimes have been found to exhibit single-ex- 
ponential or multiexponential decays depending on the exci- 
tation and emission wavelengths and sample conditions 
(Georghiou et al., 1982; Tran & Beddard, 1985; Lakowicz et 
al., 1983, 1986). However, values for the mean unquenched 
fluorescence lifetime measured previously appear to be in good 
agreement with one another and with Tf values measured for 
MLT-W 19 under similar experimental conditions. In par- 
ticular, the decrease in Tr observed for MLT-W19 with in- 
creasing NaCl concentration has been noted previously for the 
naturally occurring peptide (Lakowicz et al., 1983). 

From steady-state fluorescence anisotropy and fluorescence 
lifetime data alone, S and 7, cannot be determined inde- 
pendently. However, such data can be used to generate S as 
a function of T, from eq 6 for the Trp side chain provided that 
an estimate for T, is available. S(7,) curves are drawn in 
Figure 4 for MLT-W19 and analogues in water and for 
MLT-W19 tetramer in 2 M NaCl. Experimental 7f and F 
values in conjunction with the predicted r,  of 4.8 ns for the 

hydrated random coil monomer (see above) result in very 
similar S(7,) curves for MLT-W19 and the analogues. S(7,) 
is also plotted for MLT-W19 tetramer assuming the appro- 
priate 7, value to be that of hydrated melittin tetramer (13.7 
ns) . 

From the near equivalence of the curves generated for the 
monomeric peptides in water, one can conclude that order 
parameters for MLT-W19 and analogues are likely to be 
similar if 7, values for the respective Trp side chains are also 
similar. The plateau region of these curves corresponds to 7, 
<< Tf, which is certainly valid if fluorophore motion occurs on 
a subnanosecond time scale. Figure 4 shows that the order 
parameter is relatively insensitive to r, in the plateau region. 
Thus, although a large range of T, values is allowed by the 
fluorescence data, the choice of S is limited. Still, it is useful 
to know the largest 7, value below which the order parameter 
is effectively constant valued (Le., S still within the plateau 
region). The value of T, corresponding to 0.9S,, was arbi- 
trarily chosen to represent this quantity and is designated 7%0.g. 

The corresponding order parameter value is denoted by So.g. 
In Table I, 7,,o.g values and S,,, - So.9 ranges are specified 
for each of the curves shown in Figure 4. 

Plateau S values for local Trp side-chain motion in 
monomeric MLT-W 19 and analogues in water fall between 
0.52 and 0.62, assuming T, = 4.8 ns. If this estimate for 7, 
is accurate, and the limit 7, << rf applies, then an approximate 
upper limit of T , , ~ . ~  = 0.15-0.19 ns can be placed on the ef- 
fective correlation time for Trp side-chain motion from 
fluorescence data alone. Thus, under the assumptions of a 
reasonably accurate 7, value and local fluorophore motion 
much faster than its radiative rate, values for S and 7, become 
available for comparison with their NMR-derived counter- 
parts. 

Given the estimated 7, value of 13.7 ns, Figure 4 predicts 
plateau S values of 0.74-0.82 for tetrameric MLT-W19 in 
water. Although the order parameter is clearly larger than 
in the monomeric peptides, it cannot be determined from 
analysis of the fluorescence data alone whether the effective 
correlation time for indole ring motion in the tetramer is 
shorter or longer than in the monomer. Fluorescence-derived 
S values for the peptide monomers and MLT-W19 tetramer 
are shown below to be in good agreement with NMR-derived 
values. Moreover, the NMR experiments provide additional 
motional information to yield a consistent description of 
fluorophore dynamics in these peptides. 

NMR Studies. 13C NMR relaxation data, compiled in 
Table 11, were obtained at 75.4 MHz for MLT-W19 and 
analogues dissolved in buffered DMSO-d6/D20, D20 /  
CD30D, DzO, and D20/NaCl solutions. Least-squares values 
for the model-free motional parameters derived from the data 
in Table I1 are given in Table 111. Relaxation data and 
motional parameters (not shown) were also determined at 50.3 
MHz for selected peptide samples. In general, results obtained 
at the lower spectrometer frequency were consistent with those 
determined at 75.4 MHz. 

A few general comments are in order before discussing 
specific results. First, accurate measurement of short T2 values 
< -30 ms was problematic since instrumental response time 
often represented a significant fraction of Tz. Because this 
factor was not accounted for in extracting relaxation times 
from the raw data, T2 values are very likely overestimated. 
It should be noted that T2 values were typically smaller, and 
hence more error prone, for the Gly-12 C a  than for the Trp 
C6,. Second, chemical shift anisotropy was expected to be a 
significant relaxation mechanism for the 13Cb1 label in the Trp 
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Table 11: 13C NMR Relaxation Data Obtained at 75.4 MHz for MLT-W19 and Analogues in Buffered DMSO-d6/D20, D20/CD30D, D20, 
and D,O/NaCI 

. I  

Trp Cbl Gly-12 CCY 

solvent sample [concn (mM)] T I  (s)' T2 ( s ) ~  NOEC TI (4 T2 (s) NOE 
DMSO-d6/ 10% D2O (V/V) MLT-W19 (5.55)" 0.195 0.016 1.55 0.129 0.006 1.34 

D20/ 10-30% CD30D (v/v) 

D20 

D20/0.05-1.0 M NaCl 

MLT-W17 (5.83) 
MLT-Wll (5.35) 
MLT-W9 (6.13) 
MLT-W19 (1.00)' 
MLT-W19 (0.89) 
MLT-W19 (0.78) 
MLT-W17 (1.15y 
MLT-Wll (1.29) 
MLT-W19 (4.57)s 
MLT-W19 (4.06) 
MLT-W19 (3.56) 
MLT-W19 ( l . l l )h  
MLT-W17 (0.86) 
MLT-Wl1 (1.29) 
MLT-W19 (5.08)' 
MLT-W19 (5.55) 
MLT-W19 (6.17) 
MLT-W19 (6.09)' 
MLT-W19 (5.86) 
MLT-W19 (5.40) 
MLT-W19 (4.62) 
MLT-Wl7 (l.Ol)k 
MLT-W17 (0.86) 

0.192 
0.199 
0.198 
0.222 
0.150 
0.194 
0.190 
0.238 
0.238 
0.273 
0.280 
0.182 
0.191 
0.205 
0.267 
0.273 
0.274 
0.300 
0.23 1 
0.247 
0.232 
0.232 
0.191 

0.015 
0.015 
0.024 
0.025 
0.03 1 
0.028 

0.032 
0.020 
0.020 
0.014 
0.030 
0.007 
0.028 
0.018 
0.020 
0.015 
0.017 
0.017 
0.017 
0.015 
0.021 
0.007 

1.54 
1.59 
1.51 
1.69 
1.49 
1.59 
1.45 
1.74 
1.39 
1.30 
1.45 
1.78 
1.80 
1.59 
1.32 
1.25 
1.25 
1.41 
1.27 
1.21 
1.24 
1.28 
1.80 

0.123 
0.134 
0.145 
0.101 
0.095 
0.099 
0.105 
0.111 
0.205 
0.207 
0.201 
0.101 
0.141 
0.103 
0.173 
0.157 
0.173 
0.172 
0.169 
0.187 
0.188 
0.145 
0.141 

0.010 
0.005 
0.008 
0.018 
0.008 
0.01 1 

0.013 
0.010 
0.009 
0.007 
0.017 
0.009 
0.014 
0.014 
0.013 
0.012 
0.01 1 
0.017 
0.014 
0.017 
0.015 
0.009 

1.43 
1.47 
1.59 
1.85 
1.45 
1.30 
1.44 
1.40 
1.41 
1.31 
1.43 
2.06 
1.75 
1.42 
1.16 
1.32 
1.37 
1.29 
1.16 
1.36 
1.27 
1.63 
1.75 

'Experimental uncertainty in TI  values was &0.0034.005 s. bExperimental uncertainty in T2 values was &0.001-0.003 s. CExperimental un- 
certainty in NOE values was &0.03-0.05. d50 mM Bis-Tris, pH 6.0. e10 mM Bis-Tris, pH 6.0; samples contained lo%, 20%, and 30% CD30D, 
respectively. f10 mM Bis-Tris, pH 6.0, 20 OC; samples contained 30% CD30D. T2 values were not measured for this sample. 850 mM Bis-Tris, pH 
6.0; samples contained lo%, 20%, and 30% CD,OD, respectively. * 10 mM Bis-Tris, pH 6.0. '50 mM Bis-Tris, pH 6.0; relaxation data obtained for 
two of these samples (5.08 mM and 6.17 mM) provided base-line values for subsequent titration with CD30D and NaCI, respectively. '50 mM 
Bis-Tris, pH 6.0; samples contained 0.05,0.2,0.5, and 1.0 M NaCI, respectively. 10 mM Bis-Tris, pH 6.0; samples contained 0.5 and 1.0 M NaCI, 
respectively. All pH values are uncorrected meter readings. All measurements were carried out at a probe temperature of 20 OC. 

Table 111: Least-Squares Analysis of Relaxation Data Obtained at 75.4 MHz for MLT-W19 and Analogues in Buffered DMSO-d6/D20, 
D20/CD30D, DzO, and D20/NaCIa 

Trp C61 Gly-12 Ca  
solvent sample [concn (mM)] 8 re ( 4  7, (ns) S 7 e  (ns) 7, (ns) 

DMSO-dG/lO% D2O (v/v) MLT-W19 (5.55) 0.82 0.56 13.5 0.77 1.68 31.7 

D20/ 10-30% CDjOD (v/v) 

D20/0.05-l .O M NaCl 

MLT-W17 (5.83) 
MLT-Wll (5.35) 
MLT-W9 (6.13) 
MLT-W19 (1.00) 
MLT-W19 (0.89) 
MLT-W19 (0.78) 

MLT-Wll (1.29) 
MLT-W19 (4.57) 
MLT-W19 (4.06) 
MLT-W19 (3.56) 
MLT-W19 (1.11) 
MLT-Wl7 (1.15) 
MLT-W 1 1 (1.29) 
MLT-W19 (5.08) 
MLT-W19 (5.55) 
MLT-W19 (6.17) 
MLT-W17 (5.74) 
MLT-W19 (6.09) 
MLT-W19 (5.86) 
MLT-W19 (5.40) 
MLT-W19 (4.62) 
MLT-Wl7 (1.01) 
MLT-Wl7 (0.86) 

MLT-W17 (1.15)b 

0.81 0.59 
0.80 0.54 
0.82 0.20 
0.75 0.19 
0.81 0.33 
0.77 0.20 

0.69 0.15 
0.86 0.12 
0.84 0.06 
0.89 0.17 
0.70 0.29 
0.67 0.21 
0.77 0.18 
0.86 0.08 
0.85 0.04 
0.93 0.1 1 
0.84 0.27 
0.84 0.09 
0.92 0.13 
0.92 0.07 
0.95 0.18 
0.87 0.08 
0.67 0.57 

13.9 
14.7 
8.5 
9.8 
6.3 
8.0 

8.9 
9.9 

10.2 
13.6 
8.7 
6.5 
8.3 

10.7 
10.1 
12.3 
10.4 
12.4 
10.2 
10.3 
10.7 
9.0 

43.7 

0.78 1.27 
0.76 1.23 
0.80 0.91 
0.61 0.68 
0.61 1.34 
0.67 2.03 

0.76 1.37 
0.95 0.25 
0.96 0.75 
0.91 0.97 
0.53 0.56 
0.87 0.44 
0.72 1.34 

0.84 0.27 
0.95 0.25 
0.75 0.88 
0.96 0.73 

0.90 0.08 
0.88 0.03 
0.88 0.36 
0.77 0.71 

>0.99 

>0.99 

18.9 
39.0 
24.4 
15.0 
38.3 
20.4 

14.9 
13.2 
14.5 
21.0 
21.6 
6.8 

14.4 
10.w 
10.4 
10.6 
16.9 
11.3 
9.7d 

10.1 
8.9 
9.9 

22.4 
"Least-squares results correspond to data collected in Table 11. In least-squares analyses of [I3CGI]Trp data, n = 1, rCH = 1.09 A, and A6 = 200 

ppm; for ['3Ca]Gly, n = 2, rCH = 1.10 A, and A6 = 0 ppm. x 2  values were zero (Le., exact fits of the observed to calculated values) unless otherwise 
noted. The estimated error in motional parameter values is &IS% (cf. Figure 1 caption). bLeast-squares analysis was not possible since T2 values 
were not measured for this sample. cxz = 0.0004. d ~ 2  = 0.0014. 

side chain-a maximal contribution of CSA to its relaxation 
was estimated to be A6 = 200 ppm (Veeman, 1984; Parhami 

& Fung, 1985), inclusion of which was found to substantially 
reduce the magnitude of the x2 error function (eq 11) in 
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least-squares fits. In general, Trp side-chain order parameters 
were increased by -5%, and 7, and 7, were lowered by 
10-50% when CSA was included in least-squares analyses. 
The contribution of CSA to relaxation of the Gly-12 a-carbon 
was assumed to be negligible. Third, least-squares analysis 
of the Gly-12 C a  data was performed with and without the 
constraint that S = 1. The latter is equivalent to the as- 
sumption that the motion of this backbone 13C label can be 
adequately described by a single correlation time. However, 
it is reasonable to suppose, certainly for the random coil 
peptides, that the peptide chain must have substantial seg- 
mental flexibility, especially at  glycine residues (Deslauriers 
et al., 1977). The mobility of the Gly-12 residue should 
therefore be better described in terms of its local motion su- 
perimposed on the diffusive motion of the entire peptide chain. 
Not surprisingly, lower x2  values and more consistent motional 
parameter values were obtained for the synthetic peptides when 
S was not constrained. 

Finally, using a least-squares fitting procedure with a small 
number of experimental measurements has the potential 
problem of yielding misleading values for the motional pa- 
rameters if even a single relaxation value is inaccurate. A 
graphical representation of S,7,, and 7, values consistent with 
T I  and NOE data obtained at a single spectrometer frequency 
was found not only to obviate the problem of T2 uncertainty 
but also to be an excellent means of evaluating peptide dy- 
namics when limited data are available. This approach has 
the benefit of allowing one to obtain a range of S and 7, values 
consistent with all physically plausible 7, values and to visually 
compare S and 7, trends across various samples. 

( 1 )  Dynamics in Dimethyl Sulfoxide/ Water Mixtures. 
Least-squares-derived dynamics were remarkably similar for 
each of the synthetic peptides in 90% DMSO/10% D 2 0  (Table 
111). In this relatively viscous solvent, the peptides were ex- 
pected to be essentially devoid of secondary structure. The 
NMR-derived least-squares 7, values of 8.5-14.7 ns agree well 
with the overall rotational correlation time of 10.2 ns calculated 
for hydratd random coil melittin in this solvent. 

Insight into the range of S and 7, values describing Trp 
side-chain mobility is gained by examining S(7,) and 7,(7,) 

plots generated from T 1  and NOE data. In Figure 5, S and 
7, were calculated for physically plausible 7, values ranging 
from 1 to 20 ns. The similarity in the dynamics of the Trp 
side chain of each peptide over this range of 7, values is 
apparent. Interestingly, the functional form of the S(7,) plot 
constrains the order parameter to values of 0.55-0.85, inclu- 
sively, for all of the peptides regardless of the chosen 7, value. 
Within the narrower 7, range delimited by the 5.9- and 10.2-11s 
values predicted for the nonhydrated and hydrated random 
coil monomers in this solvent (see above), 7, is constrained to 
0.11-0.33 ns, while the range of allowed order parameter 
values narrows to 0.68-0.85. 

The least-squares results for the Gly- 12 a-carbon suggest 
that its mobility is only slightly more limited than that of the 
Trp side chain in this solvent. Over the 7, range examined, 
T,-NOE curves show that the Gly-12 C a  order parameter 
cannot fall below 0.6 for any of the peptides (Figure 5) .  For 
7, between 5.9 and 10.2 ns, the order parameter is confined 
to 0.75-0.95. Effective correlation times for C a  motion, 
however, are not usefully constrained (0.08-1.2 ns) due to the 
steep slope of the ~ ~ ( 7 , )  plots. 

( 2 )  Dynamics in WaterlMethanol Mixtures. Titration of 
MLT-W19 with methanol (CD,OD) was carried out in an 
effort to detect changes in the Trp side-chain or peptide 
backbone mobility coincident with a-helix formation. Re- 
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FIGURE 5 :  TI-NOE curves generated from 13C NMR relaxation data 
obtained at 75.4 MHz (Table 11) displaying allowed values for the 
order parameter (8)  (a) and effective correlation time (7J (b) of the 
[13Cb1]Trp and [I3Ca]Gly labels as a function of the overall correlation 
time (7,) for MLT-W19, MLT-W17, MLT-Wll, and MLT-W9 in 

(---); MLT-W9 (-e). Regions delimited by arrows indicate the range 
of overall correlation times (5.9-10.2 ns) predicted for the peptide 
monomers in this solvent. These curves were generated b MODLFREE 

and NOE data; and n = 2, rCH = 1.10 A, and Ab = 0 ppm, with 
[13Ca]Gly TI and NOE data. 

laxation data obtained for the Trp Cal and Gly-12 C a  of 
monomeric MLT-W19, MLT-W17, and MLT-W11 in 
waterlmethanol solutions are compiled in Table 11. The effect 
of methanol on the dynamics of MLT-W 19 tetramer was also 
investigated. 

The least-squares results, given in Table 111, predict overall 
correlation times of 6.3-9.8 ns for monomeric melittin and 
9.9-13.6 ns for melittin tetramer. The least-squares 7, values 
give no evidence for methanol-induced dissociation of the 
tetramer, and the monomer T, values are essentially un- 
changed from those observed for these species in D 2 0  (see 
below). Although the predicted 7, values of 3.0 and 5.5 ns 
for nonhydrated and hydrated a-helical melittin monomer, 
respectively, are less than values observed experimentally, the 
latter must be interpreted cautiously in light of the short 

90% DMSO-d6/D20. MLT-W19 (-); MLT-W17 (--); MLT-W11 

using n = 1, rCH = 1.09 A, and Ab = 200 ppm, with [ I  Y Cbl]Trp TI 
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to monomeric MLT-W19 (Figure 6). Assuming that the 
peptides remain monomeric and therefore retain similar overall 
correlation times in the various water/methanol mixtures, 
order parameters for Gly-12 C a  increase steadily with 
methanol content (8 = 0.58 - 0.91, at T, = 4.3 ns), while 
the corresponding T, values fall (7, = 0.30 - 0.09 ns, at T, 

= 4.3 ns). A similar phenomenon is observed for motion of 
the Trp side-chain mobility upon formation of melittin tet- 
ramer (see below). 

Relaxation data were also obtained for MLT-W17 and 
MLT-W1 1 in the presence of 30% CD30D (Table 11). As 
noted for MLT-W19, least-squares T, values were larger than 
expected for a-helical monomers. TI-NOE curves (not shown) 
suggested that the mobility of the Trp-1 1 side chain may be 
slightly greater than that of Trp-17 or Trp-19, while Gly-12 
C a  mobility in the analogues was essentially identical with 
that observed for MLT-W19 in this solvent. 

( 3 )  Dynamics in Aqueous Solutions. Relaxation data 
collected for samples of MLT-W19, MLT-W17, and MLT- 
W11 in salt-free D 2 0  are compiled in Table 11. Data could 
not be obtained for a concentrated salt-free sample of MLT- 
W11 (6.45 mM) or MLT-W9 (any concentration) in D 2 0  
presumably due to peptide aggregation resulting in broad-line 
13C NMR spectra. Results of least-squares analyses are 
presented in Table 111. 

Although it was thought initially that the monomeric form 
of MLT-W 19 would predominate at concentrations slightly 
higher than 4 mM in aqueous solutions of low ionic strength 
and acidic pH (Lauterwein et al., 1980), MLT-W19 was found 
to remain monomeric only at concentrations < - 1 mM in 
salt-free D20 (see preceding paper in this issue). However, 
relaxation data were collected for tetrameric MLT-W19 (6.17 
mM) in D 2 0  containing 0.05-1 M NaC1. Each of the dilute 
peptide samples (- 1 mM) for which relaxation data had been 
collected in salt-free solution was also titrated with NaCl. In 
the case of MLT-W19 (1.1 1 mM), relaxation data could not 
be obtained for the Gly-12 C a  resonance since this peak was 
split in each of the NaC1-containing samples resulting in low 
signal to noise ratios (see preceding paper in this issue). 
However, satisfactory data were obtained for monomer- and 
tetramer-predominant samples of MLT-W 19 in salt-free D20. 

Correlation times of 2.8 and 4.8 ns were predicted above 
from the solvent-accessible surface area of nonhydrated and 
hydrated random coil monomer, respectively. The discrepancy 
between the experimental least-squares T, value of 8.7 ns for 
MLT-W19 monomer value and the predicted range of T, 

values (2.8-4.8 ns) is most likely due to error in the measured 
T2 value, although other explanations are possible (see Dis- 
cussion). T1-NOE curves generated from Trp-19 Cal and 
Gly-12 C a  relaxation data, shown in Figure 7, illustrate dis- 
tinctive Trp- 19 dynamics in melittin monomer and tetramer. 
For T, between 2.8 and 4.8 ns, Trp-19 side-chain motion is 
characterized by an order parameter of 0.52-0.59 and an 
effective correlation time of 0.144.17 ns. For Gly-12 a-carbon 
motion, one finds 8 = 0.55-0.59 and T, = 0.23-0.30 ns over 
this same range of T, values. It is worth noting, however, that 
due to the functional form of the Gly-12 C a  S(T,) plot, es- 
sentially no limits need be placed on T, for monomeric 
MLT-W19 in order to constrain the a-carbon order parameter 
to a relatively narrow range of values. 

For melittin tetramer, least-squares analyses of Trp- 19 C6, 
data yielded T, values ranging from 10.1 to 12.4 ns, irre- 
spective of NaCl concentration. By comparison, T, values 
derived from Gly-12 C a  relaxation data varied from 8.9 to 
11.3 ns. These experimental results are in accord with the 

0.01 1 ;  1 1 

c , I,' I A 
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4 a 12 16 20 
0.01 " ' ' ' 
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FIGURE 6: Tl-NOE curves generated from I3C NMR relaxation data 
obtained at 75.4 MHz (Table 11) displaying allowed values for the 
order parameter (8) (a) and effective correlation time (re) (b) of the 
[13C11]Trp and [13Ca]Gly labels as a function of the overall correlation 
time (T,) for MLT-W19 in D20/CD30D solutions. 0% CD30D (-); 

Regions delimited by arrows indicate the range of overall correlation 
times (3.0-5.5 ns) predicted for a-helical melittin monomer in this 
solvent. MODLFREE parameters are as stated for Figure 5 .  

spin-spin relaxation times. Even shorter T2 values all but 
preclude a meaningful interpretation of least-squares motional 
parameters derived from Gly-12 C a  data. In this case, TI- 
NOE curves provide a preferable means of interpreting the 
NMR data. 

The lack of an obvious trend in least-squares S and T, values 
for the Trp-19 side chain as a function of methanol content 
is borne out by examination of the corresponding TI-NOE 
curves in Figure 6. For T, values between 3.0 and 5.5 ns, 
the Trp side-chain order parameter takes on values of 
0.5 1-0.80, while the effective correlation time for indole ring 
motion is constrained to 0.09-0.25 ns. Compared with the 
dynamics observed for the Trp side chain in DMSO, the rate 
and amplitude of indole ring motion are increased in 
water/methanol solutions, the former by a factor roughly equal 
to the relative viscosity of the solvents. 

T,-NOE curves indicate a marked change in local motion 
of the Gly-12 a-carbon in response to the addition of methanol 

10% CDpOD (--); 20% CDpOD (---); 30% CD,OD ( *a * )  (v/J). 
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FIGURE 7: Tl-NOE curves generated from I3C NMR relaxation data 
obtained at 75.4 MHz (Table 11) displaying allowed values for the 
order parameter (8) (a) and effective correlation time (TJ (b) of the 
[13C61]Trp and [I3Ca]Gly labels as a function of the overall correlation 
time (7,) for MLT-W19 monomer (1.11 mM) (-)or tetramer (6.17 
mM) (- - -) in D20. Regions delimited by arrows indicate the range 
of overall correlation times predicted for unstructured melittin mo- 
nomer (2.8-4.8 ns) and for melittin tetramer (9.3-13.7 ns) in DzO. 
MODLFREE parameters are as stated for Figure 5. 
predicted values of 9.3 and 13.7 ns for the nonhydrated and 
hydrated tetramer. 

As one might expect, titration of tetrameric MLT-W19 with 
NaCl had little effect on Trp-19 side-chain mobility (Table 
111). Assuming that the dynamics are similar in each of the 
samples of MLT-W 19 tetramer, this series of experiments 
afforded the opportunity to statistically evaluate the derived 
motional parameters. The mean and standard deviation of 
motional parameter values collected for six samples of tet- 
rameric melittin were found to be S = 0.89 f 0.04, T, = 0,101 
f 0.044 ns, and T, = 10.72 f 0.77 ns. 

Between the predicted T, values of 9.3 and 13.7 ns for the 
tetramer, TI-NOE curves (Figure 7) yield S values of 
0.82-0.96 and T, values of 0.03-0.38 ns for Trp-19 13Ca1; 
least-squares S and T, values fall within these ranges. While 
the larger order parameter for the Trp side chains of the 
tetramer is assured by the functional form of the S(T,) plot, 
the steep slope of the T,(T,) plot for MLT-W19 tetramer does 

not allow a similar conclusion in regard to the relative T, values 
for indole ring motion in the monomer and tetramer. However, 
the least-squares motional parameters extracted from several 
sets of relaxation data support the notion that the Trp-19 side 
chain moves more rapidly, yet with a smaller amplitude, in 
the tetramer than in the monomer. 

Least-squares motional parameter values determined for the 
Gly- 12 a-carbon demonstrated no readily interpretable trends. 
T1-NOE curves, however, suggest that Gly-12 C a  mobility 
is more constrained in the tetramer with S = 0.91-0.95 and 
T, = 0.09-0.90 ns, while in the monomer S = 0.55-0.59 and 
T, = 0.23-0.30 ns (Figure 7). 

In summary, changes in the NMR-derived motional pa- 
rameters that accompany tetramer formation are as follows: 
(a) the overall correlation time T, increases; (b) the Trp-19 
C6, order parameter increases; (c) the correlation time for 
Trp- 19 side-chain motion decreases; and (d) the Gly- 12 C a  
order parameter increases. 

Relaxation data were obtained for both salt-free and 
NaC1-containing samples of MLT-W 17. Least-squares 
analysis of Trp-17 C6, relaxation data revealed a 7, of 6.5 
ns for the presumedly monomeric species and 10.4 ns at higher 
peptide concentration in D,O (Table 111). On addition of 
NaCl, T, increased from 6.5 to 9.0 ns, and then to 43.7 ns. 
Compared with MLT-W19, these T, values suggest that in- 
creases in NaCl or peptide concentration promote self-asso- 
ciation, resulting in progressively longer overall correlation 
times. Although T, values for two of these samples are similar 
to that of MLT-W19 tetramer, it should not be inferred that 
this analogue forms a tetramer, or, for that matter, any 
structurally stable oligomer; nonspecific peptide aggregation 
is equally plausible. Indeed, in contrast to MLT-W19, the 
very large T, observed for MLT-W17 in 1 M NaCl implies 
that addition of salt only promotes the formation of increas- 
ingly larger aggregates. 

Least-squares analysis of MLT-W 17 Cal data reveals that 
indole ring motion in this monomeric melittin analogue is 
similar to Trp side chain motion in MLT-W19 under like 
conditions. TI-NOE curves generated from T r p l 7  b,-carbon 
relaxation data (not shown) also indicate that the mobility of 
the Trp side chain is nearly identical in monomeric MLT-W17 
and MLT-W19. In the more concentrated salt-free sample 
of MLT-W17, S and T, both increase. This behavior contrasts 
with the decreased T, noted for the Trp-19 side chain under 
conditions where the tetramer predominates. In the presence 
of 0.5 M NaCl, however, Trp-17 side-chain mobility appears 
to resemble that of the Trp-19 side chain in tetrameric melittin. 
Overall, the Trp-17 side-chain dynamics suggest that this 
analogue does not form a stable, structurally defined oligomer 
at higher peptide concentrations or in the presence of NaCl. 
Moreover, in contrast to the motional behavior of the Gly-12 
a-carbon(s) of MLT-W19 tetramer, the C a  order parameter 
of MLT-W 17 does not increase, nor are larger T, values ob- 
served in either the NaCl-containing or concentrated salt-free 
samples of this analogue. This result is again consistent with 
the absence of a defined oligomeric structure for MLT-W17 
under these sample conditions. 

Relaxation data were obtained for MLT-Wll only at lower 
concentration (1.29 mM) in salt-free D20. Least-squares 
analysis of Trp- 1 1 C6, data yielded order parameter and ef- 
fective correlation time values that were quite similar to those 
noted above for monomeric MLT-Wl7 and MLT-W19. 
Tl-NOE curves (not shown) demonstrated that the amplitude 
of Trp-1 1 side-chain motion may be slightly less than that of 
T r p l 9  or Trpl7,  while having a slightly greater motional rate. 
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dynamics should be reported by both techniques. For random 
coil peptides and proteins, T, values derived from theory have 
shown good agreement with experiment (Brant & Flory, 
1965a,b; Miller et al., 1967; Miller & Goebel, 1968); yet for 
small globular proteins, theoretical T, values are typically 
2-fold less than observed values (Bauer et al., 1975; Massey 
& Churchich, 1979). In an attempt to resolve this problem, 
an empirical method of calculating T, from the solvent-ac- 
cessible surface area of a macromolecule has been developed 
in this paper. By this method, overall rotational correlation 
times predicted for the various structural forms of melittin in 
aqueous solution are as follows (hydrated values are given 
parenthetically): random coil monomer, 2.8 ns (4.8 ns); a- 
helical monomer, 3.0 ns ( 5 . 5  ns); and melittin tetramer, 9.3 
ns (13.7 ns). It is interesting that the correlation times ex- 
pected for the unstructured and a-helical monomer are es- 
sentially the same. Also, the predicted T, value for the tet- 
ramer is only 2-3 times larger than that of the a-helical 
monomer, reflecting the displacement of solvent-accessible 
monomer surface area into helix-helix contacts within the 
solvent-inaccessible interior of the tetramer. 

NMR-derived T, values of 6.5-8.7 ns (unstructured mo- 
nomers), 6.3-9.8 ns (a-helical monomers), and 9.9-13.6 ns 
(melittin tetramer) compare favorably with the expected 
values. In particular, the predicted similarity between overall 
correlation times for the unstructured and a-helical monomeric 
species is observed experimentally. Although the experimental 
correlation times for the monomeric peptides are - 1.5 times 
greater than values calculated for the hydrated molecules, it 
is interesting to note that NMR-determined diffusion coef- 
ficients for a-helical poly@-lysine) and poly@-glutamic acid) 
in water/organic solvent mixtures (Hanssum & Ruterjans, 
1983; Hahn et al., 1985) predict correlation times of 8.0-9.2 
ns for peptides with a-helical dimensions comparable to those 
of melittin*-the NMR-derived T, values for a-helical melittin 
in water fall within this range. On the other hand, T, values 
determined for the unstructured peptides in DMSO/D20 
ranged from 8.5 to 14.7 ns, which agree well with the expected 
value of 10.2 ns for hydrated random coil peptide monomers 
in this solvent system. 

Possible sources of error in the experimental or predicted 
overall correlation time values include the following: (a) ex- 
perimental error in determination of relaxation values; (b) 
uncertainty in the CSA contribution to relaxation of the Trp 
13C6, label; (c) partial aggregation of the peptides in the NMR 
experiments; (d) electrostatic repulsion between positively 
charged C-terminal residues of melittin resulting in a greater 
persistence length for the random coil peptide-this effect 
would lengthen the expected overall correlation time; and (e) 
underestimation of protein hydration in calculations of ex- 
pected T, values. 

Increased T, values were noted for MLT- W 17 and MLT- 
W11 in NaC1-containing solutions, and for MLT-W11 at high 
concentration in D 2 0  alone. In these cases, peptide aggre- 
gation is probably nonspecific. Overall correlation times for 
these analogues did not respond to increasing peptide or salt 
concentration in the discrete fashion exhibited by MLT-W 19. 
Due to differences in peptide concentration between fluores- 
cence and NMR samples, one must be wary of possible dif- 
ferences in the degree of peptide self-association as well as 
potential effects on internal dynamics. This is particularly true 

Table IV: Least-Squares Analysis of Combined Fluorescence and 
NMR Data Taken from Tables I and I1 for Comparable D20 or 
D,O/NaCI SamDlesa 

Monomers in Water 
MLT-W 19b 0.56 0.159 4.0 
MLT-W 17' 0.56 0.146 3.5 
MLT-w 1 i d  0.58 0.091 3.3 

Melittin Tetramer 
MLT-W 19' 0.83 0.056 9.3 

a For these calculations. n = 1 .  rru = 1.09 A, A6 = 200 mm. and 
r0(295 nm) = 0.175. The estimatedgiror in motional paramek values 
is f 1 5 %  (cf. Figure 1 caption). bData taken from Table I,  MLT-W19 
(H20), and Table 11, MLT-W19 (1.11 mM, D20).  cData taken from 
Table I, MLT-Wl7 (H,O), and Table 11, MLT-W17 (1.15 mM, 
D20).  dData taken from Table I, MLT-Wl1 (H20), and Table 11, 
MLT-W11 (1.29 mM, D20). CData taken from Table I, MLT-W19 
(2 M NaCI), and Table 11, MLT-W19 (average of T, and NOE values 
for six MLT-W19 tetramer samples: T, = 0.261 s, NOE = 1.28). 

MLT-W 11 C a  mobility also appeared to be comparable to 
that of dilute samples of MLT-W17 and MLT-W19 (-1 
mM) in D20 .  

Combined Fluorescence and NMR Results. Least-squares 
analyses of combined fluorescence and NMR data were 
performed for monomeric MLT-W19, MLT-W17, and 
MLT-W11, as well as for MLT-W19 tetramer in water. 
Results are compiled in Table IV. Compared with the 
NMR-derived least-squares T, value of 8.7 ns for MLT-W19 
monomer, the T, of 4.0 ns extracted from the combined 
analysis is in much better accord with values of 2.8 and 4.8 
ns calculated from the solvent-accessible surface area of 
random coil melittin. The T, values determined for monomeric 
MLT-W17 and MLT-Wl1 also agree very well with the 
predicted overall correlation times. For tetrameric MLT-W 19, 
the combined analysis T, value of 9.3 ns agrees exactly with 
the correlation time expected for the nonhydrated melittin 
tetramer and is also in good accord with the NMR-derived 
value of 10.7 ns. Order parameter and effective correlation 
time values of S = 0.56 f 0.08 and T, = 0.159 f 0.024 ns, 
respectively, were found for the Trp-19 side chain of MLT- 
W19 monomer, compared with S = 0.83 f 0.12 and 7, = 
0.056 f 0.008 ns for MLT-W19 tetramer. The Trp-17 and 
T r p l  1 order parameters are comparable to that of MLT-W19 
monomer, while the rate of Trp 11 side-chain motion is slightly 
greater than that of MLT-W17 or MLT-W19. 

In general, motional parameter values determined by 
least-squares analyses of combined fluorescence and NMR 
data are less than values extracted from NMR data alone. 
However, the description of Trp side-chain motion that 
emerged from analysis of 13C NMR relaxation data alone is 
corroborated in the combined analysis of steady-state 
fluorescence anisotropy, fluorescence lifetime, and NMR re- 
laxation data. Specifically, the experimental result, that in 
melittin tetramer the amplitude of Trp side-chain motion 
lessens while its motional rate increases relative to that seen 
in the monomeric peptides, is again apparent. 

DISCUSSION 
Overall Rotational Correlation Times. It is apparent that 

quantitation and interpretation of the rate and amplitude of 
internal motions depend critically on having a reasonably 
accurate value for the overall rotational diffusion rate of the 
macromolecule. This is often problematic since NMR ex- 
periments require protein concentrations 2-3 orders of mag- 
nitude greater than fluorescence studies. In the absence of 
concentration-dependent peptide aggregation, however, similar 

* That is, for a-helical peptides having axial ratios between 3.0 and 
4.0. These overall rotational correlation time values were calculated as 
T, = f/(6FaD,), where D, is the experimentally determined rotational 
diffusion coefficient. 
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for NMR samples in which nonspecific aggregation was im- 
plicated. Thus, for concentrated or NaC1-containing samples 
of the melittin analogues, interpretation of motional parameters 
derived from combined analyses of fluorescence and NMR 
data is hazardous. However, since NMR data collected for 
melittin tetramer showed no evidence for more extensive 
peptide aggregation, a combined analysis is justifiable. Overall 
correlation times of 4.0 and 9.3 ns determined in this fashion 
for melittin monomer and tetramer, respectively, were in very 
good agreement with T, values calculated from solvent-ac- 
cessible protein surface area. 

Tryptophan Side-Chain Dynamics. Some generalizations 
can be made regarding the conformation and dynamics of 
MLT-W19 and analogues in DMSO and in DzO (the latter 
at concentrations of - 1 mM or lower). Under these condi- 
tions, motion of the Trp side chain appears to be essentially 
identical in all of the peptides; no significant differences in the 
rate or amplitude in indole ring motion were observed. Be- 
tween the expected T, values of 5.9 and 10.2 ns for the un- 
structured monomers in DMSO, TI-NOE curves predict order 
parameters of 0.65-0.85 and effective correlation times of 
0.1 1-0.33 ns for indole ring motion (see Figure 5). For the 
corresponding expected T, values of 2.8-4.8 ns in D20, all of 
the peptides (excepting MLT-W9, which could not be studied 
due its poor solubility) again show similar Trp side-chain 
dynamics with S values of 0.52-0.59 and T, values of 0.14-0.17 
ns. The mean correlation times for local motion of the Trp 
residue in DMSO and DzO are in the ratio of the solution 
viscosity values (as are the overall correlation times), a result 
that emphasizes the important effect of solvent viscosity on 
the dynamics of solvent-exposed regions of protein structure. 
Finally, a combined analysis of fluorescence and NMR data 
for monomeric melittin yields motional parameter values of 
S = 0.56 f 0.08, T,  = 0.159 f 0.024 ns, and T, = 4.0 f 0.6 
ns. These values would appear to characterize Trp side-chain 
mobility in the absence of peptide secondary structure (cf. 
predceding paper in this issue). While the experimentally 
derived order parameter values might appear to be rather large 
for random coil peptides, it should be emphasized that the 
generalized order parameter pertains strictly to local motion 
of the Trp side chain (i.e., librational motion about side-chain 
a-/3 and 0-7 bonds). Even for random coil polymers, con- 
straints to side-chain mobility certainly exist; thus, apparently 
large S values are not untoward. Indeed, in the model for 
indole ring motion proposed below, the covalent geometry of 
the side chain dictates a minimum possible value for S of 0.36, 
which corresponds to complete rotational freedom about the 
0-7 bond. 

In water/methanol mixtures, the mobility of the Trp side 
chain in the respective peptides does not change significantly 
with methanol content, nor do the dynamics differ much from 
those observed in DzO alone (see Figure 6). This result is not 
surprising since solvent exposure and steric interactions of the 
Trp side chain would not be expected to be much different in 
the a-helical peptide than in the unstructured species. Al- 
though self-association of the melittin analogues alters Trp 
side-chain mobility, the observed changes follow no obvious 
pattern. For melittin itself, however, distinctive changes in 
indole ring motion do occur upon tetramer formation. From 
NMR data alone, indole ring and overall rotational motion 
of melittin tetramer are described by motional parameter 
values of S = 0.89 f 0.04, T,  = 0.101 f 0.044 ns, and T, = 
10.72 f 0.77 ns. By comparison, analysis of combined 
fluorescence and NMR data collected for the tetramer reveal 
S = 0.83 f 0.12, T,  = 0.056 f 0.008 ns, and T, = 9.3 f 1.4 
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ns. Contrasted with the unstructured monomer in water, indole 
ring motion in the tetramer is characterized by a shorter 
effective correlation time and an increased order parameter. 
The latter is intuitively consistent with increased steric con- 
straints to Trp side-chain motion accompanying partial in- 
ternalization of the indole moiety upon formation of the tet- 
ramer. The decreased effective correlation time implies a 
diminution in interactions of the indole moiety with solvent 
(i.e., collisions or hydration) that would otherwise attenuate 
the rate of motion of the solvent-exposed side chain. 

Peptide Chain Dynamics. TI-NOE curves suggest that the 
mobility of the Gly-12 a-carbon is quite similar for each of 
the synthetic peptides in DMSO solutions (see Figure 5 ) .  
Moreover, C a  order parameters are only slightly larger than 
those observed for Cal of the Trp side chain. This observation 
is consistent with the presumed unstructured state of the 
peptide chain in this solvent. Between the expected T, values 
of 5.9 and 10.2 ns for the peptide monomers in DMSO, chain 
dynamics in the vicinity of the Gly-12 residue are characterized 
by order parameters of 0.75-0.95 and effective correlation 
times of 0.08-1.2 ns. The wide variation in T, values is a 
consequence of the steep slope of the T,(T,) curve and also 
reflects the experimental uncertainty in T, at a given T, within 
this range. In contrast, in D 2 0  solutions, the effective cor- 
relation time for Gly-12 C a  motion is confined to 0.23-0.30 
ns for 7, values between 2.8 and 4.8 ns; order parameter values 
are similarly well defined (8 = 0.55-0.59). 

The mobility of the Gly- 12 a-carbon proved quite sensitive 
to methanol-induced changes in peptide backbone conforma- 
tion. For 7, values between 3.0 and 5.5 ns, T,-NOE curves 
revealed larger order parameters and shorter correlation times 
for the Gly-12 C a  of MLT-W19 with increasing methanol 
content (see Figure 6). Similar a-carbon dynamics were ob- 
served for MLT-W17 and MLT-W11 in the presence of 30% 
methanol. The reduced amplitude and greater rate of peptide 
chain motion appear to coincide with the formation of a 
relatively more rigid structure (cf. Trp side-chain dynamics 
in melittin tetramer).g The data presented here indicate that 
the peptide chain dynamics of MLT-W19 and analogues 
change markedly even with partial (20-3076) a-helix forma- 
tion. 

The predominantly helical peptide chains of the tetrameric 
particle yield an order parameter for the Gly-12 C a  that 
approaches unity. Depending on the precise overall correlation 
time of the oligomer, the T,(T,) plot demonstrates that the rate 
of a-carbon motion could be greater than or less than that of 
the monomer (see Figure 7). However, at the least-squares 
T, of 10.7 ns for the tetramer, T, is less than that obtained 
for the monomer. In any case, the mobility of the a-helical 
peptide chains of melittin tetramer is clearly distinct from that 
of the unstructured backbone. The dynamical changes ob- 
served in the present study would appear to complement the 
sensitivity of the Gly-12 Ca chemical shift to the helix-coil 
transition described in the preceding paper in this issue. 

Model-Free Analysis of Combined Fluorescence and NMR 
Data. It should be emphasized that interpretation of motional 
parameters derived from combined fluorescence and NMR 
data must allow for potential problems associated with the 
relative sensitivity of the techniques. With current instru- 
mentation and experimental procedures, a 2 order of mag- 
nitude difference in sample concentration is often required. 
Over this range of concentrations, substantial differences in 

In the preceding paper in this issue, CD and NMR spectra showed 
that the fractional helicity of MLT-W19 and analogues increases linearly 
with methanol content. 
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peptide dynamics might arise due to peptide aggregation. 
Hence, motional parameters at odds with those determined 
from NMR or fluorescence techniques alone might in part be 
due to the concentration variance. For this reason, motional 
parameters derived from combined analysis cannot be mean- 
ingfully interpreted for those samples of MLT-W17 or 
MLT-W1 1 which showed evidence of peptide aggregation by 
NMR (e.g., increased 7, values). On the other hand, order 
parameter values derived from analysis of fluorescence or 
NMR data alone agreed well for samples in which the peptides 
were presumedly monomeric. One can infer from such results 
that a combined analysis of fluorescence and NMR data is 
then reasonable. 

Similarly, since MLT-W 19 tetramer occurs as a discrete 
species over a wide range of peptide concentrations and sample 
conditions appropriate to both fluorescence and NMR ex- 
periments, a combined analysis is justifiable. The agreement 
of order parameter values determined by fluorescence and 
NMR methods separately also appears to validate this ap- 
proach. Indeed, the same conclusions regarding Trp-19 dy- 
namics in melittin follow from analysis of combined fluores- 
cence and 13C NMR data as from either method alone. 
However, the combined approach does markedly improve 
agreement between predicted and observed 7, values. 
Moreover, effective correlation times for Trp side-chain motion 
in the monomer (0.159 ns) and tetramer (0.056 ns) are, re- 
markably, identical with values of 0.16 and 0.06 ns, respec- 
tively, reported by Lakowicz et al. (1987) from time-resolved 
fluorescence anisotropy data. Together, these experimental 
results strongly support the physical validity of picosecond 
correlation times for Trp side-chain motion. 

Clearly, more study into the appropriateness of combining 
fluorescence and NMR data to extract motional information 
is warranted. The observation in this work of an indole ring 
correlation time as short as 56 ps has important implications 
with regard to molecular dynamics calculations since this value 
is approximately within the time frame suggested for motion 
of the Trp side chain from such simulations (Levy, 1986; 
Axelsen et al., 1988). That the apparent correlation time is 
shorter for Trp side-chain motion in the tetramer than in the 
monomer is also an encouraging validation of assumptions that 
local motion of the fully solvent-exposed side chain may be 
slowed significantly by viscous drag. Side chains buried in 
the protein matrix might thus be expected to show a restricted 
amplitude but a greater rate of motion. 

Physical Interpretation of Order Parameter Values. Given 
the experimental values for 8, it is possible to propose a model 
for motion of the Trp side chain and to place limits on the 
extent of that motion. Form Lipari and Szabo (1982a), the 
generalized order parameter can be written 
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librium orientation, then it follows from eq 12 that 
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where C, are the modified spherical harmonics of Brink and 
Satchler (1968), and the broken brackets (( )) designate an 
equilibrium average within a macromolecule-fixed frame over 
all possible orientations of the 13C61-H bond that are accessible 
on a time scale shorter than the correlation time for overall 
reorientation of the macromolecule. The indole moiety of the 
Trp side chain can rotate about a-@ and @-y bonds. A sit- 
uation whereby the planar aromatic ring moves only about the 
0-7 bond allows direct calculation of a flipping angle about 
this bond given an experimental order parameter value for 
motion of the Trp 13C6,-H vector. If one assumes that any 
angle is equally probable in a range of fqo about an equi- 

where Bo is the fixed angle between the Cal-H vector and the 
@-, bond, taken here to be 72.3’ (Momany et al., 1975). This 
expression is equivalent to that derived by London and Avi- 
tabile (1978) in considering a specific model for relaxation in 
I3C-labeled methionine. 

For the MLT-W19 tetramer, the observed order parameter 
of 0.83 (f0.12) corresponds to a flipping angle of f37’ 
(19-51’) about the e-, bond. Comparing this with the X-ray 
structure of the tetramer, in which the Trp-19 indole ring lies 
in a relatively constrained pocket defined by several apolar 
amino acid side chains, this estimate seems reasonable. In 
MLT-W19 monomer, an order parameter of 0.56 (fO.08) 
gives a flip angle of f71’ (60-90’). Any motion about the 
a-@ bond would lead to a smaller flip angle about the @-y 
bond for a given 8. Extension of this model to extract flip 
angles about both the a-@ and @-y bonds would require ad- 
ditional information regarding the orientational order of the 
Trp y-carbon. Nonetheless, from experimental measurement 
of a generalized order parameter for the indole ring I3C6,-H 
vector, plausible limits can be placed on the amplitude of Trp 
side-chain motion. 

Conclusions. In this work, the model-free approach to 
analysis of 13C NMR relaxation data has been expanded to 
allow the use of steady-state fluorescence anisotropy and 
lifetime data in selected systems. The availability of 
fluorescence data provides an excellent alternative to less 
precise T2 measurements. In lieu of fluorescence or T2 data, 
however, the use of T1 and NOE data to construct S(T,) and 
~~(7,) plots offers an easily accessible and quantitative method 
of evaluating rapid local motions in proteins. The use of 
TI-NOE curves also encourages the interpretation of side- 
chain dynamics in terms of a probable range of S and 7, values 
as opposed to the calculation of “unique” values for these 
parameters from T I ,  T2, and NOE data obtained at a single 
spectrometer frequency. 

The utility of the model-free approach in providing accurate 
quantitative information about rapid local motions in proteins 
is evident. Overall correlation times determined by these 
methods for melittin and melittin analogues agree well with 
values predicted on the basis of solvent-accessible protein 
surface area. In the case of melittin tetramer, motional pa- 
rameters for the single Trp side chain verified the existence 
of spatially restrained motion which can be characterized by 
a flip angle of f37’ about the @-y bond with a correlation 
time of 56 ps. In contrast, indole ring motion in the monomer 
is of greater amplitude with a flip angle of f 7  1 ’ with a cor- 
relation time of 159 ps. The importance of these correlation 
times derives from their agreement with the results from 
time-resolved fluorescence anisotropy measurements and from 
the fact that the method described here provides an accessible 
alternative or complement to that technique. Further, the 
results support the existence of motions on the time scale 
predicted by molecular dynamics simulations. With advances 
in NMR techniques for measuring 13C relaxation rates (e.g., 
13C to ‘H polarization transfer), fluorophores might not need 
to be selectively I3C-labeled to achieve the benefits of the 
combined approach presented here. 

Ongoing studies with other peptides and with larger proteins 
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will attempt to better correlate experimental results with 
molecular dynamics calculations. It will also be important to 
more precisely delineate the relative contributions of magnetic 
dipole-dipole, CSA, and other potential interactions to re- 
laxation of I3C-labeled fluorophores used in such studies. 
Further work on modification of the fluorescence and NMR 
expressions to allow for noncolinearity of the I3C-H vector 
and the fluorescence dipoles as well as for nonaxially sym- 
metric CSA is also in progress. 
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ABSTRACT: The complete amino acid sequence of human liver NADPH-cytochrome P-450 reductase has 
been determined by microsequence analysis and mass spectrometry. The total sequence consists of 676 amino 
acids initiated by an amino-terminal acetyl group. There is no evidence for posttranslational modifications, 
including Asn-linked glycosylation. The human enzyme exhibits sequence homology in the range of 92-95% 
with other mammalian enzymes. Sequence differences were mainly confined to several hydrophilic regions 
in the NH2-terminal and COOH-terminal domains. Since the human enzyme is immunochemically distinct 
from the rabbit enzyme despite similar enzymatic properties, it is likely that these variable hydrophilic regions 
are  potential antigenic determinants. The NADPH-depleted enzyme is inactivated by either fluorescein 
isothiocyanate, a lysine-specific reagent, or 5-(iodoacetamido)fluorescein, a cysteine-specific reagent. In 
both cases, protection by NADP(H) prevents enzyme inactivation by the reagents. Isolation of fluorescent 
peptide from 5-(iodoacetamido)fluorescein-inactivated enzyme identified Cys 565 as the specifically 
NADPH-protected residue. 

T e  flavoprotein NADPH-cytochrome P-450 reductase (EC 
1.6.2.4) is an integral component of the cytochrome P-450 
xenobiotic metabolizing system (Williams, 1976; Schwab & 
Johnson, 1987). This enzyme system is found in both hepatic 
and extrahepatic tissues (McManus et al., 1987a; Hall et al., 
1989) and is localized in the endoplasmic reticulum and nu- 
clear membrane of cells (Kasper, 1971). Together with cy- 
tochrome P-450, NADPH-cytochrome P-450 reductase is 
essential for reconstitution of xenobiotic metabolizing activity 
in purified systems. The reductase functions by catalyzing 
electron transfer from NADPH to the hemoprotein during 
catalysis (Lu & West, 1978). In addition to providing re- 
ducing equivalents to cytochrome P-450, the reductase is also 
involved in electron transfer from NADPH to heme oxygenase 
(Yoshida & Kikuchi, 1978) and cytochrome b5 (Ilan et al., 
1981). The reductase has been purified from a variety of 
eucaryotic and procaryotic tissues (McManus et al., 1989) 
including human liver (Guengerich et al., 1981; Abraham et 
al., 1986; McManus et al., 1987a, 1989) and placenta (Osawa 
et al., 1981; Muto & Tan, 1986). By contrast with cytochrome 
P-450, which is comprised of a family of isozymes, only one 
form of NADPH-cytochrome P-450 reductase has been 
identified in each species investigated, and in the mouse, this 
enzyme is located on chromosome 6 (Simmon et al., 1985). 
Each form of NADPH-cytochrome P-450 reductase isolated 
has been shown to contain one molecule each of FAD and 
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FMN per polypeptide chain. A cDNA for rat reductase was 
cloned by Gonzalez and Kasper (1982), while Black and Coon 
(1982) published protein sequence data on rabbit reductase. 
Since then, the amino acid sequence of pig liver reductase has 
been reported from protein sequence analysis (Haniu et al., 
1984, 1986; Vogel et al., 1985; Vogel & Lumper 1986), and 
the cDNA-deduced sequences of the rat enzyme (Porter & 
Kasper, 1985; Murakami et al., 1986), rabbit enzyme (Katagiri 
et al., 1986), and yeast enzyme (Yabusaki et al., 1988) have 
been reported. Partial sequence of trout enzyme has been also 
reported (Urenjak et al., 1987). The amino acid sequence 
homology between the pig, rat, and rabbit enzymes is ap- 
proximately 90%. 

Except for two reports giving the amino acid composition 
(Muto & Tan, 1986; McManus et al., 1989), no structural 
information on the human NADPH-cytochrome P-450 re- 
ductase is available. However, indirect evidence from im- 
munological studies suggest that there are structural differ- 
ences between human reductase and its animal counterparts 
(Guengerich et al., 1981; Osawa et al., 1981; McManus et al., 
1989). The reductase contains two prosthetic groups, FAD 
and FMN, and interacts with NADPH, cytochrome P-450, 
cytochrome b5, and cytochrome c, suggesting the presence of 
up to six binding domains on the molecule (Porter & Kasper, 
1986; Nisimoto, 1986). Since important binding regions on 
enzymes such as NADPH-cytochrome P-450 reductase exhibit 
sequence conservation across species, determination of the 
amino acid sequence of the human reductase is an important 
first step in understanding its structurefunction relationships. 
We have therefore determined the complete amino acid se- 
quence of the human NADPH-cytochrome P-450 reductase 
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