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Site-Specific Tryptophan Dynamics in Class A Amphipathic Helical
Peptides at a Phospholipid Bilayer Interface

Andrew H. A. Clayton and William H. Sawyer

The Russell Grimwade School of Biochemistry and Molecular Biology, University of Melbourne, Parkville, 3052 Australia

ABSTRACT The amphipathic helix plays a key role in many membrane-associating peptides and proteins. The dynamics of
helices on membrane surfaces might be of importance to their function. The fluorescence anisotropy decay of tryptophan is
a sensitive indicator of local, segmental, and global dynamics within a peptide or protein. We describe the use of frequency
domain dynamic depolarization measurements to determine the site-specific tryptophan dynamics of single tryptophan
amphipathic peptides bound to a phospholipid surface. The five 18-residue peptides studied are based on a class A
amphipathic peptide that is known to associate at the interface of phospholipid bilayers. The peptides contain a single
tryptophan located at positions 2, 3, 7, 12, or 14 in the sequence. Association of the peptides with egg phosphatidylcholine
vesicles results in complex behavior of both the tryptophan intensity decay and the anisotropy decay. The anisotropy decays
were biphasic and were fitted to an associated model where each lifetime component in the intensity decay is associated with
a particular rotational correlation time from the anisotropy decay. In contrast, an unassociated model where all components
of the intensity decay share common rotational modes was unable to provide an adequate fit to the data. Two correlation
times were resolved from the associated analysis: one whose contribution to the anisotropy decay was dependent on the
exposure of the tryptophan to the aqueous phase, and the other whose contribution reflected the position of the tryptophan
in the sequence. The results are compared with existing x-ray structural data and molecular dynamics simulations of
membrane-incorporated peptides.

INTRODUCTION

A number of studies have revealed that water-soluble proThe dynamics of the tryptophans was greater near the ends
teins undergo structural fluctuations that are believed to bef the peptide rather than at the center, despite there being
important for biological function. Less information is a microviscosity gradient in the lipid bilayer in the opposite
known about structural fluctuations within membrane-assodirection. There have been no corresponding tryptophan
ciated proteins. The importance of the latter is evident whemapping studies with peptides that contairhelices
it is recognized that approximately 30 to 40% of the proteinsaligned parallel to the lipid bilayer surface. The question of
coded in the human genome are associated with membraneghether tryptophan motional dynamics in an amphipathic
Time-resolved fluorescence anisotropy studies of memhelix are correlated with the tryptophan position with re-
brane proteins and peptides containing intrinsic or extrinsigpect to the aqueous or membrane phases has not been
fluorophores are capable of providing direct information ongddressed. Here we report the dynamics of a set of 18-
structural fluctuations occurring during the excited stateresidue amphipathie-helical peptides, each containing a
lifetime of the fluorophore. In the case of membrane-incor-single tryptophan at sequence positions 2, 3, 7, 12, or 14
porated polypeptides containing transmembrane helical segrig. 1). Recent biophysical (Clayton and Sawyer, 1999a,b)
ments, these studies have revealed the presence of logghd x-ray structural studies (Hristova et al., 1999) have
probe motions, segmental motions, and hindered helicahgicated that these peptides associate with the interface of
fluctuations about an axis parallel to the membrane normalipig pilayers to forma-helices that align predominantly
A particularly interesting example is the work of Vogel and parallel to the membrane surface. In this conformation the
coworkers, who mapped the site-specific tryptophan mOyryptophan at position 12 and near center of the polar face of
tional dynamics at different sequence positions along thene helix is located in a polar, aqueous-exposed environ-
length of a transmembrane polypeptide (Vogel et al., 1988)ant. The tryptophans at positions 3, 7, and 14 (near the

center of the nonpolar face of the helix) are in nonpolar,
water-shielded environments, and the tryptophan located
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The results are compared with existing models of amphi{Ladokhin et al., 1997), showed that this analysis procedure is capable of

pathic peptides at |ipid surfaces. describing the anisotropy dec_ay of tryptophar_l in the presence of up to 60%
background scatter. Full details of the analysis procedure will be presented
in a future publication (Clayton, Klonis, and Sawyer, unpublished results).

MATERIALS AND METHODS For the membrane-associated peptides, two lifetimes were required to fit
the intensity decays; therefore, two associated correlation times were used
Materials in the fitting procedure. Another model was considered in which the

rotational correlation times were common to the set of peptides and
Egg yolk phosphatidylcholine was purchased from Lipid Products (Nut-therefore linked in the analysis. The goodness of fit was determingd by
field, UK). Peptides with the sequences listed in Fig. 1 were synthesizednalysis. A comparison of different fluorescence anisotropy decay models
using automated solid-state synthesis in conjunction with Fmoc chemistryvas made by inspection of g ratio (x?z) between the model under
as described previously (Clayton and Sawyer, 1999a). Purification was bgonsideration and a defined model. For the individual free-float sum-of-
reverse phase high performance liquid chromatography, and the purity angixponentials decay analysis, the ratf, was that between the free-float
identity of the peptides was checked by matrix-assisted laser desorptioparameter mode}? and a single exponential decay mog@l To assess the
and ionization time-of-flight mass spectrometry (MALDI-TOF). penalty associated with linking parameters globally, the global-linged

for each peptide was divided by the best fit sum of exponegfial

Methods
JRESULTS

')[ime-resolved fluorescence anisotropy

Small unilamellar vesicles were prepared by sonication of a suspension
egg yolk phosphatidylcholine in 10 mM Tris buffer, 150 mM NacCl, pH 7.4,
as described by New (1990). Peptide-lipid complexes were prepared b

addition of an aqueous suspension of vesicles to a solution containing ¥he dynamic depolarization data for the peptide-vesicle

known concentration of peptide. The final concentrations of peptide an%om lexes were fitted to a discrete associated decay model
lipid were 20uM and 4 mM, respectively, to give a lipid-to-peptide molar P Yy

ratio of 200:1. Fluorescence intensity and anisotropy titrations showed thépvowmg the sum _Of tWO exponentlal lifetime terms and two
under these conditions, all the peptide was bound to the lipid surfacéOtational correlation times.
(results not shown).

Fluorescence anisotropy decays were measured with a SPEX Flu- rt) =[ri(H)Aexp — t/m)
orolog-r2 frequency domain spectrofluorometer employing 10 to 20 fre-
quencies in the range of 5 to 150 MHz. Excitation of tryptophan was +r(H)ALXp — t/m) [Aexpl — t/T)
accomplished using vertically polarized 295 nm excitation from a 1000W
Hg-Xe lamp (Model 1909M Oriel, Stratford, CT). An emission polarizer + AZEXF( — t/Tz)]
was set to alternate between vertical or horizontal positions under computer
control, and the corresponding phase angles and AC components of the rl(t) — foleXIO( _ t/d)ll)

tryptophan fluorescence were observed through a 320-nm cutoff filter. The
data were fully corrected for polarization biases in the detection system. _ .
Intensity decays were collected as described previously (Clayton and ra(t) = roxpl( — /o)

Sawyer, 1999b), but observed through a 320-nm cutoff filter. The cell .
block was maintained at 20°C with a circulating water bath. GlobalsWhere 7, and, are the time constants,,fand A, are the

Unlimited Software (University of Illinois, Champaign-Urbana, IL) was CoOrresponding pre-exponential population amplitudes of the
used to fit the frequency domain data to an associative model in which eacluorescence decay,(t) and (t) are the lifetime-associated
specific lifetime in the fluorescence intensity decay is linked to a SpecifiCanisotropy decaysh,; andg,, are the rotational correlation
rotational correlation time. An associative component having an infinitetimes' and & and [,are the limiting anisotropies. In accord

correlation time on the fluorescence time scale (10,000 ns), a short lifetime ith blished K two ti tant det ined
(0.05 ns), and a large limiting anisotropy (0.85) was included to accountf0|WI publisheéd work, two ime constants were determine

vesicle scatter. Control experiments with sonicated egg phosphatidylchd"0m the intensity decay of each peptide-lipid complex: a
line vesicles and zwitterionic tryptophan, which does not bind to vesiclesmajor component of 2.5 ns and a minor component of 6.5 ns
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(Clayton and Sawyer, 1999b). The short and long timethe long lifetime component-associated fluorescence as the
constants were in the range reported previously but théryptophan is moved from position 2 to position 14.
pre-exponential amplitudes differed byl0% from previ- We questioned whether the data could be analyzed in
ous work (results not shown). The source of these smallerms of an alternative model where the set of peptide-lipid
differences most likely lies in the different emission con-complexes possessed a common set of rotational modes.
figurations used. A contribution due to vesicle scatter wasThus, in the second stage of fitting, the short and long
also included in the fitting procedure, as outlined in Mate-correlation times were assumed to be common among the
rials and Methods. In contrast, models involving unassocipeptides and were therefore linked in the analysis, whereas
ated correlation times (one or two), wherein all fluorescencehe associated limiting anisotropy values were allowed to
lifetime components share the same anisotropy decay (Egary and were floated in the analysis. We note that this
4), were unable to provide a satisfactory description of theglobal approach (Knutson et al., 1983) reduces the number
data and produced values gfy that were over 100-fold of variable parameters from 20 to 12 as compared to the
greater than the associated two-correlation time model (Tafree-float analysis for the set of five peptide-lipid complexes
ble 1). as a whole. A comparison of thg? and the calculated
_ anisotropy(r) between the two fitting procedures indicated
r(®) = rlo expl( — Ueb,) + B expl — Uepy)] that the assumption of common rotational correlation times
where , is the zero time anisotropy for the tryptophan provided an equivalent description of the dynamic depolar-
residue« andp are fractional contributions, anpl, and¢, ization for the peptide-lipid complexes. A typical global fit
are the correlation times (Globals Unlimited Software).  of the experimental data is presented in Fig. 2, and the
The analysis of the peptide-lipid complexes was carriedesults are summarized in Table 2. An additional conse-
out in two stages. In the first stage the intensity decayguence of using the global approach is that the derived
parameters were fixed at the values obtained from separat@rrelation times are determined to better precision at the
intensity decay experiments but the parameters in the ar67% confidence interval. A linked-correlation time analysis
isotropy decays were varied. A free-floating-parameterrevealed two correlation times for the peptide-lipid com-
analysis of the anisotropy parameters revealed two rotgplexes, a short correlation time of 2.5 ns (67% confidence
tional correlation times, a small correlation time in the rangeinterval 2.3-2.8 ns) and a long correlation time of 27 ns
0-3 ns and a large correlation time of 3—60 ns (Table 1) fo{67% confidence interval 21-37 ns). The short correlation
the membrane-associated peptides. The floated zero-tinfame associated limiting anisotropy valueg{rfell into two
anisotropies were in the range expected for tryptophamgroups: O (average 67% confidence intervdl.06 to 0.04)
excited at 295 nm, i.e., < 0.24 (Valeur and Weber, 1977). for peptides with tryptophans at positions 2 and 12, and
Two features are of particular note. First, with respect t00.16-0.24 (67% confidence interval 0.13-0.24) for the
¢11, the negligible values measured for peptide A (trypto-peptides with the tryptophans at positions 3, 7, and 14. The
phan at position 2) and D (tryptophan at position 12) sugdimiting anisotropies (and 67% confidence intervals) asso-
gested that at these positions, the fluorescence associateidted with the long correlation time @) showed a gradual
with the short lifetime component is almost completely decrease from 0.21 (0.20—-0.24) for the peptide with tryp-
depolarized. Second, there is a gradual decreasg,pin  tophan at position 2 (peptide A), to 0 (0—0.01) for the
peptides A-E while the  values remain fairly constant, peptide with the tryptophan at position 14 (peptide E). An
indicating a gradual sequence-dependent depolarization @fternative model employing common limiting anisotropy

TABLE 1 Lifetime-associated rotational correlation times (¢,), apparent limiting aniostropies (r,,), and steady-state anisotropies
((ry) for 18-residue amphipathic peptides bound to unilamellar bilayer vesicles

Rotational correlation time data

x&* X&
Peptide* $q4 (NS) b,5 (NS) o1 loo ot associated unassociated
A(2) <0.1 31.679 0.240 0.213 0.102 0.006 0.8
B(3) 1.181 11.685 0.143 0.240 0.109 0.002 0.8
C(7) 0.721 10.217 0.161 0.240 0.103 0.002 0.9
D(12) <0.1 55.865 0.240 0.110 0.058 0.001 0.8
E(14) 2.535 1.585 0.187 0.159 0.065 0.001 0.7

*Position of the tryptophan residue in the peptide sequence indicated in parenthesis.

TAnisotropy (ry was calculated from time-resolved fluorescence parameters as:

N = {lraAam/(1 + (n/d1))] + [FoAomdl(1 + (Tl b)) (A1 + Ayro)

*Ratio of 2 of the associated two-correlation-time model to that of an unassociated single-correlation-time model.
SRatio of 2 of the unassociated two-correlation-time model to that of the unassociated single-correlation-time model.
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attributed to structural fluctuations of the peptide on the

50

o~ lipid surface. We now turn to a discussion of these structural
e ] fluctuations in more detail.
o
3 | |
) g:) 30 Assignment of rotational modes as
,L‘g B structural fluctuations
% g 20 1 According to the fluorescence dynamic depolarization mea-
N E surements, at least two molecular motions of the tryptophan
‘—gg 10 4 residue in the interface-associated polypeptides could be
aw® distinguished: 3 ns and 30 ns (Table 2). In addition, unre-

0 solved processes were also evident from the observation of

limiting anisotropies that were smaller than expected for an
immobilized tryptophan residue,(r 0.22—-0.24 exciting at
295 nm; Valeur and Weber, 1977). Several lines of evidence
FIGURE 2 Anisotropy decay of the tryptophan fluorescence for peptideSuggest that the short (3 ns) correlation time is associated
E complexed with egg phosphatidylcholine vesicles. The phase differencevith local fluctuations of the indole ring with respect to the
betwee.n the v_ertically polarized and h_orizontally polarized components Obolypeptide main chain. Previous studies of tryptophan an-
the emission is denoted by tiwliow circlesand the corresponding AC s yr0 v decay in membrane proteins have correlated sub-
ratio is denoted by thélled circles Thesolid linesrepresent the fits of the . . .

data carried out as described in Materials and Methods and reported iﬂanosecond'nanosecond motions with local indole fluctua-
Table 2. tions (Dornmair and Jahnig, 1989; Vogel et al., 1988;
Maliwal et al., 1986). The depolarization of tryptophan
fluorescence associated with the short lifetime component is
lﬁlso correlated with the exposure of the tryptophan residue

: to the aqueous phase. Thus, the tryptophan at position 12

produced poor fits & > 10). _ _ . o
Data were also collected for the peptides in free solutiorgPeptlde D). Wh'Ch we have shown previously resides in an
(i.e., in the absence of lipid). In general, the anisotropyfaqueous environment (Clayton and Sawyer, 1999a), exhib-

decays could be fitted to a single unassociated correlatiolt® fluores_cence associated W'th the short I|f_et|me compo-
time in the range from 0.5 to 1.5 ns. However, it is likely nent that is the most depolarized on the basis of a lgw r

that the time scale of the rotamer motion and the gIobaYalue and low steady-state p_o_lanzatmin),(TabIe 2). Con-
versely, tryptophans at positions 3, 7, and 14 are least

rotational motion overlaps in this region and cannot be . o
resolved, and the analysis was not pursued. exposed to th_e aqueous phase but their short Ilfet|mg com-
ponent-associated fluorescence shows the largest anisotropy
values of f, and(r).
DISCUSSION The 30-ns correlation time may be assigned to a combi-
nation of helix fluctuations and rotational diffusion on the
surface of the lipid bilayer. Two arguments may be pre-
sented to support this assignment. First, a value of 30 ns is
The observed decays of fluorescence anisotropy could result the range reported for helix fluctuations of other helical
from two main sources: First, excited state decay of differ-peptides in bilayer vesicles. For example, the single trypto-
ent rotationally frozen states, with each state possessing@han in melittin (John and Jahnig, 1988; Maliwal et al.,
unigue and associated transition moment orientation, limit1986) and in polypeptide analogues of alamethicin (Vogel
ing anisotropy and fluorescence lifetime. Second, rotationaét al., 1988; Doring et al., 1997) undergoes slow relaxation
dynamics of the indole fluorophore arising from structuralprocesses in the range from 10 to 50 ns. Second, the mag-
fluctuations of the peptide on the lipid surface nitude of the long correlation time is in agreement with
The first effect can be discounted on the basis of twotheoretical estimates based on rotational precession of the
observations. First, rotationally frozen populations would behelices on the lipid surface and/or hindered helix fluctua-
expected to yield a residual anisotropy at long times. This idions. To obtain an order-of-magnitude estimate for the
not observed experimentally. Second, the decay of anisotrotational correlation time, we consider two models based
ropy would be affected by the limiting anisotropies, fluo- on rigid body rotational diffusion and rigid body fluctua-
rescence lifetimes, and pre-exponential amplitudes (see Etjons within an ordering potential. Considering the polypep-
1). This would imply a correlation between the intensity tide helix as a cylinder of length 27 A and diameter 10 A the
decay and the anisotropy decay for the set of peptide-lipidotational diffusion coefficient associated with precession
complexes. This is not observed. Therefore, we concludabout the cylinder short axis (Pis given in terms of the
that the primary source of the anisotropy decays can bé&ngth of the cylinder (L), the cylinder translational diffu-

Frequency (MHz)

values but floated correlation times was also considered b

Origin of the dynamic depolarization
phenomenon
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1070 Clayton and Sawyer

TABLE 2 Lifetime-associated and globally-linked rotational correlation times (¢,), apparent limiting anisotropies (r,;), and
steady-state anisotropies ((r;)) for 18-residue amphipathic peptides bound to unilamellar bilayer vesicles

Global-linked Rotational Correlation Time Data

Peptide* ¢11 (nS) ¢22 (NS) o1 lo2 "' X&
A(2) 2.545 27.903 0.000 0.217 0.102 1.0
B(3) 2.545 27.903 0.159 0.161 0.109 1.6
C(7) 2.545 27.903 0.170 0.146 0.105 1.7
D(12) 2.545 27.903 <0.03 0.119 0.057 1.0
E(14) 2.545 27.903 0.241 <0.01 0.065 1.0

The chi-squared ratiofR) is defined as the ratio of the chi-squared from the global fit to that of the chi-squared from an unlinked lifetime-associated fit.
The parameters in Table 2 result from an analysis assuming common rotational modes among the set of five peptides (correlation times are linked for the
set of peptides) and differ from that of Table 1.

*Position of the tryptophan residue in the peptide sequence indicated in parenthesis.

TAnisotropy (ry was calculated from time-resolved fluorescence parameters as:

N = {lreArm/ (1 + (1)) + [rePoml (1 + (TP (AT + Agmo).

sion coefficient (), and some constants which take into parallel to the membrane surface. Using these results, we
account end effects, as formulated in the model of Tirado ebbtain a correlation time value corresponding to hindered
al. (1984), viz.: whole body fluctuations of the order of 34 ns. It is noted that
D. — 4D, /(L2 although both models presented above are in reasonable
r = 4DU(LY agreement with the experimental data, they are presented
We believe the present formulation in terms of the lateralonly for the purpose of gaining a crude estimate of the
diffusion coefficient is physically reasonable for the case oféxpected correlation time. Many molecular details of the
a surface-associating peptide, because peptide rotationBeptide and membrane are neglected in these models that
precession and peptide lateral diffusion involve transfer ofvould be required in a more sophisticated theoretical treat-
matter along the same plane, i.e., the membrane surface. Weent of the polypeptide dynamics. For example, we have
have no experimenta| measurement Q_f for the present not taken into account the pOSSIbI'Ity of rlgld bOdy rotation
peptides. However, a value for, f 8 X 10 8 cn? s~ * has of the helix about its long axis. As will be discussed later,
been measured for a surface-associated 25-residue peptie@ation of the peptide about its long axis on the lipid
on fluid hydrated 1-palmitoyl 2-oleoyl phosphatidylcholine surface would be energetically unfavorable and, if it oc-
multilayers (Frey and Tamm, 1990). Using this value fer D
and the cylinder length given above, a value foy @ 4 X
10° st is obtained. If it is assumed that the absorption or
emission moments of the indole ring are fixed parallel to the
cylinder axis, the rotational correlation time associated with C >
cylinder precession is given by 1/(§D corresponding to a water ¢2 =30ns
value of 42 ns. Another possibility is that the long correla-
tion time represents hindered motion of the helix on the

membrane surface. In this case the correlation time for ~=777" 77 TTTTTTTTTTTTTITTT T
rotational diffusion in the limit of highly hindered motion is . . A_
given by bilayer interface ) S,=-0.3

b=0AD,

(Dornmair and Jahnig, 1989). Here?) denotes the mean
square fluctuations about an angldetween the long axis
of the helix and its mean orientation, anqd @enotes the
coefficient for rotational diffusion about the helix short axis,
as discussed above. The value of the mean-squared flUCtHIGURE 3  Interpretation of helix dynamics on the membrane surface
ation of the helix can be estimated from recent orientedncorporating a combination of helix precession and tilting motions. The
circular dichroism measurements (Clayton and Sawye@xperimentally determined long relaxation time is shods, = 30 ns) and
2000) which show that the helical peptide 18A has an ordeforresponds closely to that calculated from theory (see Egs. 4 and 5). The

B . . . . helix orientation order parameter of peptide A in fluid dimyristoyl phosphati-
parameter 0f=0.30 in hydrated fde-phase dlmy”Stoyl dylcholine multilayers (= —0.3) was taken from oriented circular dichro-

phosphatidylcholine multilayers (Fig. 3), corresponding tOism experiments of peptide A in fluid hydrated dimyristoylphosphatidylcho-
an effective fluctuation ofv?) = 0.27 radians about an axis line multilayers (Clayton and Sawyer, 2000).
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curred, would be severely hindered. A rigid cylinder modeltophan residue being located in (at least) two distinct envi-
of rotational diffusion also neglects fluorophore depolariza-ronments differing in exposure of the tryptophan to the
tion processes due to segmental fluctuations and local mgeolypeptide main chain and solvent. We previously attrib-
tions of the fluorophore about its point of attachment to theuted the lifetime heterogeneity in the intensity decays to
macromolecule. tryptophan rotamers created via rotation of the indole ring
The question now arises as to the origin of the associatedbout the G—Cg; bond. The present results add to our
anisotropy decays in the present systems. Associated anisqtrevious data and provide additional evidence for this
ropy decays have been reported previously in protein-lipidnodel. In terms of the rotamer model, the short lifetime/
systems. Peng and coworkers (1990) attributed the anomahort correlation time fluorescence originates from a sol-
lous anisotropy decay of the single tryptophan of bacteriovent-exposed tryptophan conformer/rotamer, whereas the
phage M13 coat protein associated with lipid vesicles to theorresponding associated long lifetime/long correlation time
location of the tryptophan residue in two different sitescomponent represents a tryptophan conformer that is in
differing in fluorescence lifetime, anisotropy, and orienta-closer contact with the polypeptide main chain and reorients
tion with respect to the protein and lipid environments. Theas a result of main chain segmental fluctuations and rota-
relationship between tryptophan environment and tryptotional diffusion. An alternative model proposes a distribu-
phan dynamics is further exemplified by molecular dynam-tion of environments and/or rotational correlation times
ics simulations of aromatic residues in protein-lipid com- (Alcala et al., 1987; Alcala, 1995). In this case the discrete
plexes. In one such study it was found that exposed aromatiietime and rotational correlation times presented in Tables
ring conformations underwent rapid relaxation processesl and 2 would represent the approximate modes of the
whereas conformers in close contact with the polypeptidelistribution in question (Peng et al., 1990). Although the
main chain were less mobile and exhibited more restricteghhotophysics of tryptophan-containing peptides and indole
motion on the simulation time scale (Tieleman et al., 1998)derivatives are extremely complex (Millar 1996), and in
The distance between the indole ring and quenching groupgarticular may involve contributions from solvent dipolar
in the polypeptide and external medium is also an importantelaxation effects (Ladokhin, 1999), the total fluorescence
determinant of excited state lifetime and suggests that aand anisotropy decays of the amphipathic peptides dis-
association between conformer lifetime and associated argussed here and previously (Clayton and Sawyer, 1999a,b)
isotropy might be predicted. Indeed, one prediction of theare consistent with lifetime-associated anisotropy decays
rotamer model of tryptophan photophysics (Chen et al.and the rotomer model of tryptophan dynamics.
1991; Szabo and Rayner, 1980) is that two or more indole
rotamers are populated but do not interconvert on the fluo- . .
rescence time scale, implying distinct lifetimes and associ—C omparison W't!‘ X-ray c_ia_ta for (.:Iass A
. . ._amphipathic helices in lipid multilayers
ated anisotropies. X-ray surveys of tryptophan rotamer dis-
tributions in peptides also point to the possibility of The results of the site-specific tryptophan dynamics in the
tryptophan rotamer-dependent dynamics. Inspection of joinpeptide analogues studied here can be discussed in relation
x-1;x-2 distributions (reflecting indole rotations about the to the recently determined x-ray diffraction study of peptide
C,—Cg and G—C, bonds, respectively) from x-ray crys- A in fluid multilayers. Hristova et al. (1999) found that a N-
tallographic surveys of peptides show that tryptoplyah  and C-terminally-blocked peptide A was located, on aver-
rotamers that are farthest from the polypeptide main chaimge, approximately parallel to the lipid surface with the
populate a wider range of-2 angles thany-1 rotamers, center of the peptide distribution located near the carbonyl
which are more proximal to the peptide main chainregion of the bilayer. Accordingly, the side chains on the
(Benedetti et al., 1983). This suggests that steric constraingsolar face of the helix would experience mainly the phos-
imposed by the polypeptide main chain might resuljith ~ phate headgroups of the phospholipid and water molecules,
rotamer-dependent dynamics, and by inference, associatechereas on the nonpolar face of the helix, the side chains
anisotropy decays. Furthermore, tryptophan conformers owould be closer to the carbonyl groups and hydrocarbon
rotamers that differ in the orientation of the absorption/chains of the phospholipid. Thus, suitably exposed trypto-
emission transition moments with respect to the main chaiphan rotamers at positions 2 and 12 (i.e., on the polar face
may preferentially sense different anisotropic motionalof the helix) would be expected to exhibit different local
forms. This is expected on the basis of theory (Belford et al.rotational dynamics than tryptophans on the nonpolar face
1972) and has been observed experimentally (Beechem @&t positions 3, 7, and 14) as a result of differences in
al., 1986) for various protein-dye conjugates. microviscosity, hydrogen bonding, and electrostatics. These
The aforementioned considerations are in accord with ouconsiderations are in good agreement with our dynamic
results on the present peptide-lipid systems. The differencedepolarization measurements of the peptide-lipid com-
in the magnitude of the two correlation times and in theirplexes. The pattern of limiting anisotropies of the short-
relative dependence/independence on tryptophan micropa@orrelation time-associated fluorescence (global analysis,
larity and associated lifetime are consistent with the tryp-Table 2) correlates approximately with the position of the
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tryptophan residue relative to the lipid and aqueous phases g 120
according to the helical wheel representation shown in Fig. z g
1. Rotation of the peptide about its long axis on the lipid & 70 4 T g
surface would be energetically unfavorable and, if it oc- 2 - 100 g
curred, would be severely hindered. The difference in theg 60 Lo 2
dynamics of tryptophan side chains on different sides of the @ x
helix would, therefore, be preserved. However, this does notS 50 - 80 2
preclude the possibility of segmental motions, hinderedg 70 %
helix-tilting motions, and rotational precession on the lipid ¥ 407 L 60 &
surface in other directions. o 30 4 E

With respect to peptide disorder in the direction normal to & - %0 9]
the bilayer, White and coworkers (Hristova et al., 1999) g 20 | - 40 E
found that x-ray diffraction data were not compatible with a & L0 &
model in which the peptide helix was parallel to the mem- £ 10 - Q
brane surface. Other factors, such as helix disorder or helix2 20 é
tilting, were required to fit the observed diffraction data. In 0 T T T T T 10
terms of the present study, the decrease in the long rota- 6 2 4 6 8 10 12 14 16 18
tional time constant anisotropy, @ as the tryptophan is SEQUENCE POSITION

moved progressively from position 2 to position 14 (Table _ 3 o
2) suggests a gradient of dynamics along the peptide. SudﬂGURE 4 Comparison of position dependent polypeptide disorder de-

a aradient ise f . disorderi f th termined from tryptophan dynamics of the peptide (A-E)-lipid complexes
gradient may arise irom a progressive disordering o ?ﬁlled circles) and from two disordered helix models determined from

he'_ix_ as the C'tem_]inus is approacheq, Or_it may be due_ tQ-ray diffraction studies of blocked 18A peptide in phospholipid multilay-
a tilting of the helix such that the microviscosity experi- ers (hollow circles) The filled circles represent the semi-cone angle for
enced by a tryptophan rotamer gradually decreases. Thedwptophan rotation derived from the anisotropy decay associated with the
observations are in agreement with two x-ray models preI_ong time constant in Table 2 and the wobbling-in-cone model of Kinosita

. .. _etal. (1982). Thénollow circlesdenote the mean deviation of polypeptide
sented by Hristova et al. (1999) that show backbone dlhet')ackbone dihedral angles from ideghelical values for two membrane-

dral angles dependent on thg @osition in the chain, such incorporated peptide structures proposed by White and coworkers (Hris-
that increased fraying of the helix occurs as the C-terminugova et al., 1999).
is approached. Fluctuations of the polypeptide main chain
will be partially coupled to the motions of the indole ring ent in the context of class A helix-lipid interactions is not
and allow free space for indole ring reorientation about theclear at present but may be important in mediating polypep-
Cpz—C, and/or G—C; bonds. To make this connection tide-lipid and helix-helix interactions on lipid surfaces.
more explicit, we have plotted in Fig. 4 the mean deviation In summary, dynamic depolarization measurements in
of backbone dihedral angle from the ideahelical values the Class A amphipathic peptides studied indicates that the
for the two x-ray models presented by Hristova et al. (1999)main effect of tryptophan position is not on the magnitude
together with the tryptophan dynamic depolarization dateof the correlation times per se but on their associated am-
for the present peptide-lipid complexes. The dynamic deplitudes and, therefore, on the degree of restriction of the
polarization data are represented in terms of the semi-corfduorophore motion. Specifically, the amplitude associated
angle for indole ring rotation as formulated in the wobbling- with the short correlation time is affected by the position of
in-cone model (Kinosita et al., 1982; Chang et al., 1988) andhe tryptophan on the hydrophilic or hydrophobic side of the
calculated from the apparent limiting anisotropy values  helix, whereas that associated with the longer correlation
in Table 2. Although caution must be exercised in directlytime reflects the position along the sequence. Further work
comparing two quantities which refer to different aspects ofwill be required to understand the coupling between the
the peptide-lipid structure/dynamics, the increase in thenembrane-associated structure and the dynamics of these
level of polypeptide disorder and indole dynamics with and related systems.
sequence position points to the possibility of a motional
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