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ABSTRACT. The tryptophans of integral membrane proteins have been suggested to play specific roles as
“interfacial anchors”, based on their preference for a location near the lipid head groups. Still, the underlying
mechanism behind this behavior remains unclear. NMR experiments can provide an important tool to
study this interaction in an actual bilayer environment. Here solid-state deuterium nuclear magnetic
resonance was used to study the tryptophans in membrane-spanning model peptides from the WALP
family (acetyl-GWW/(LAYWWA-ethanolamide witm = 5 and 6.5) in samples of mechanically aligned
dimyristoylphosphatidylcholine (DMPC) bilayers. The data indicate that the tryptophans near the C-terminal
end of the peptide display a significantly different behavior from those near the N-terminus. This is reflected
prominently in a large difference in the motion experienced by the indoles at either end of the peptide,
highlighting the directionality of the helix. Nevertheless, our observations indicate high levels of motional
freedom for all tryptophans in these membrane spanning domains that exceed the dynamics for the helix
itself. These observations signify that steric and dynamic features of the polypeptide context modulate
the tryptophan anchoring in the membrane interface. Measurements of WALP19 in the ether-linked DMPC
analogue ditetradecylphosphatidylcholine (missing the lipid carbonyls) show very similar Trp dynamics
and suggest similar orientations for some or all of the tryptophans. This suggests that the lipid acyl chain
carbonyls play at most a minor role in the anchoring interaction between these Trp residues and the
DMPC interfacial region.

Traditionally, the interactions of integral membrane pro- of a particular function for aromatic residues in transmem-
teins with the surrounding lipids have been characterized in brane domains5). In addition to general and statistical
terms of the exposure of their hydrophobic transmembrane analyses of protein sequences, available membrane protein
domains to the lipid acyl chains. It has become apparent in three-dimensional structures have shown the same pattern
the meantime that the regions directly adjacent to the of Trp localization in proteins such as the photosynthetic
hydrophobic domains play an important role in this interac- reaction centerf), the Kcsa potassium channéf),( and
tion and are often enriched in specific amino acids. Charged several bacterial porins8).

as well as aromatic residues appear to fulfill a special Tnese observations have naturally resulted in substantial
function for membrane proteins, acting as interfacial anchor- jnierest in the biophysical characterization of the interfacial
ing residues. In particular, the aromatic tryptophans have g4nchoring role of Trp residues. Several groups have studied
drawn attention. _ _ compounds homologous to the tryptophan’s indole side
The first indications of special properties come from the chain, which also display a distinct preference for a localiza-
distribution of tryptophans in membrane proteins. This amino tion near the head group or interfacial regions of the
acid is relatively uncommon in proteins in general, compris- membrane §-13). Other recent publications employed
ing only 1.2% of all residues in soluble proteins. However, experimental or computational simulations to examine the
Trpt is found to be almost three times more common in  typtophan-lipid interactions in detail{4—16). Considering
membrane proteind) and then particularly in those regions  jts predominantly hydrophobic structure, the Trp indole side
where the proteins interact with the lipid head groups3j. chain is expected to have an inherent affinity for the lipid
These kinds of observations together with considerations of pjjayer. Additional physical or chemical characteristics are
the anchoring of gramicidin subunité)(led to suggestions  required to explain its observed distinct (and significant)
preference for the membrane interface region. Small-
e '\;I 7ng|957 Xvork was supported in part by NIH Grants RR15569 and molecule and theoretical studies have yielded a variety of
v ' possible contributing factors, without reaching a final
e hom corespondence shou b addessed,SurentacdessECLC 4ot cature i the presence of  pyciogen
ogy, Cambridge, MA 02139. Telephone:1-617-2537922. Fax:+1- bond donor, in the form of the N-H bond, but various
617-2535405. E-mail: pcavdwel@mit.edu. studies suggest that it is not the main or sole cause of

! Abbreviations: DMPC, 1,2-dimyristoylphosphatidylcholine; DTPC, ; ; i i
1,2-ditetradecylphosphatidylcholine; gA, gramicidin A; NMR, nuclear anchoring. Another parameter is the rigid and bulky nature
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trifluoroethanol; Trp, tryptophan. environment of highly disordered acyl chains. Recent studies
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have highlighted a potentially dominant role for electrostatic of tryptophans near the C-terminus compared to those near
interactions between the aromatic ring and the electrostati-the N-terminus. The similar dynamics in ester- and ether-
cally heterogeneous lipid interface, with a particular focus linked lipid bilayers suggest that the lipid carbonyl groups
on cation-x interactions between the lipid headgroups and are nonessential for the anchoring of the Trp’s to the lipid
the indoles-electron distribution13—16). For a systematic ~ head groups and the resulting stabilization of the membrane
experimental examination of the various interactions, and spanning peptides in the bilayer.

the roles they play in actual membrane proteins, it is

important to closely mimic the lipid bilayer membrane MATERIALS AND METHODS

environment and examine (model) systems that can mimic  Materials. Dimyristoylphosphatidylcholine (DMPC) and
the structural variety of membrane proteins. ditetradecylphosphatidylcholine (DTPC) were purchased
This paper reports on solid-steid NMR measurements  from Avanti Polar Lipids (Alabaster, AL). Deuterated
of specifically deuterium-labeled tryptophans in macroscopi- trifluoroacetic acid (CECOOD), deuterium-depleted water,
caIIy oriented peptldelllpld Samples. The benefit of planar ring-deuterated tryptophan (Tqg), and DO were purchased
lipid bilayers is that they emulate the biological membrane from Cambridge Isotope Laboratories (Andover, MA).
more closely than detergents or lipids in non-bilayer ar- ynlabeled Fmoc-protected amino acids and peptide resins
rangements that are often used in X-ray diffraction or solution yere from Advanced ChemTech (Louisville, KY) and
NMR experiments 17, 18). Macroscopically aligned lipid  NovaBiochem (San Diego, CA). 2,2,2-Trifluoroethanol was
bilayers have provided an essential means to study membrangptained from J. T. Baker (Phillipsburg, NJ).
proteins, transmembrane peptides, and membrane-associated peptide SynthesisThe WALP16 f = 5) and WALP19
peptides by solid-state NMR. Such measurements allow peptides it = 6.5), of sequence acetyl-GWW(LAYWA-
direct determination of molecular orientations relative to the ethanolamine, were synthesized by solid-phase FastMoc
membrane environment and have yielded unique insights intomethods with a single label at each of the four Trp positions.
such issues as hydrophobic matching, transmembrane helix=ylly ring-labeled tryptophans were purchased asdgrprith
tilt, and peptide-lipid interactions. They include the well-  deuterons on all five available carbons of the indole ring,
known PISEMA experiments1Q, 20) but also a range of  and were manually protected with an N-terminal Fmoc group
other, complementary methodzl(-23). These methods have  (36). Selectively deuterated tryptophans were obtained by
a proven track record, especially when combined with other 14-2H exchange of unlabeled Fmoc-Trp with deuterateg-CF
experimental and theoretical approaches (see, for examplecOOD at 4°C, as described by Koeppe et a28|. This
ref 24). Here, we employH NMR experiments on macro-  results in the predominant deuteration of the indole C2 (70%
scopically oriented samples to study the average orientationsH) and C5 (20%?H) positions? A single labeled Fmoc-
and dynamics of tryptophans in a well-defined lipid bilayer Trp-d, was incorporated by FastMoc chemistry as described
environment. Such alignedH NMR experiments have  previously 86, 37), using 2-fold excess of the labeled residue
previously proved successful in the examination of tryp- followed by an extra coupling step with 5-fold excess of
tophans in membrane-spanning channels formed by theynlabeled Fmoc-Trp, giving 95% deuteration. The purity of
peptide gramicidin AZ5-30). The tryptophans in gramicidin  the resulting peptides was checked by reversed phase HPLC,
channels were found to be virtually immobile relative to the yielding a typical purity of 90%, and their identity was
peptide backbone, and the orientations of their side ChainSConfirmed by e|ectrospray jonization mass spectrometry (See
were successfully determined. also Supporting Information). The over 95% inclusion of the
In this study, we apply solid-stafé! NMR methods to  deuterated Trgs was observed in the mass spectrometry
examine the behavior of tryptophansiirhelical membrane-  data as a mass gain of 5 compared to the equivalent unlabeled
spanning peptides. The examined peptides are part of thepeptide.
so-called WALP family, which is characterized by an  Oriented NMR Sample Preparation. The preparation of
alternating Ala-Leu core flanked by two pairs of tryptophan  highly aligned NMR samples is essential for optimal
“anchors” @1). For instance, WALP19 is a 19-residue experimental results3g, 39) and has been optimized for
WALP peptide with the sequence acetyl-GWW (LANVWA- these samples as described previoug§).(The samples
ethanolamide, and WALP16 is acetyl-GWW/(Ls#yWA- consist of 4umol of peptide and 8Qumol of DMPC in
ethanolamide. Previous studies have shown that WALP16 aligned bilayers distributed among approximately 40 glass
and WALP19 adopt strictly transmembrane orientations in cover slides. The samples were hydrated with deuterium-
model dimyristoylphosphatidylcholine (DMPC) bilayers, depleted water to achieve 40% (w/w) overall hydration,
with the tryptophan residues located near the lipid headgroupsensuring fully hydrated bilayers4Q, 41), followed by
(31-34). Those experiments also demonstrated that the stacking of the glass slides with application of gentle pressure
DMPC bilayers remain stable in the presence of theseto encourage alignment, and finally packed in a sealed
particular WALP peptides, in contrast to the situation of other container to prevent dehydration. For optimal alignment, the
(longer) lipids that are induced to form non-bilayer phases samples were allowed to equilibrate at 4D prior to use,
by the presence of these peptidds, 34, 35). Additionally, for at least 48 h. In addition t8'P NMR tests of lipid
WALP16 and WALP19 have been studied in bilayers formed a|ignment and integrity (see be|ow)’ some a|igned samp|es
by the corresponding ether-linked lipid, ditetradecyl phos- were also checked for chemical integrity using analytical

phatidylcholine. Interestingly, the results show little differ- HPLC chromatography and mass spectrometry (see Sup-
ence in the indole behavior in these two systems. In eachporting Information).

lipid, the tryptophans maintain certain preferred (average)
orientations but simultaneously experience significant motion. 2 nqoe ring positions C2C7 correspond to Trp atoms namegh,C
The results indicate a notable difference between the behaviorC.,, C.s, Cts, C,2, and G, in the IUPAC naming scheme.
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NMR Measurements.The proper alignment of the lipid  Thus, one can expect the deuterons attached to carbons C-2,
bilayers was confirmed using phosphorus NMR experiments C-4/7, C-5, and C-6 typically to have four distinct quadru-
as described by Van der Wel et a84j. Oriented®H NMR polar splittings, resulting in four different double®5( 30).
measurements were used to study the tryptophan conforma- The assignment of the peaks to each of the deuterons is
tions 25, 34). Both the®'P and theH measurements were here partially facilitated by use of the selectively labeled
performed with the samples oriented with the normal to the tryptophans. A computer program was developed, based on
glass slides (and thus to the membranes) either along theextensions of previous methods used for the analysis of the
magnetic field direction{ = 0°) or perpendicular to it gramicidin tryptophans 26). The analysis relies on the
= 90°), as illustrated in the Supporting Information. Unless reorientation of the indole ring, combined with a simulation
indicated otherwise, the NMR experiments were performed of mation through a reduced isotropic order parameter, to
at a sample temperature of 4CQ, using a Bruker AMX2 calculate a predicted spectrum and match it to the observed
300 spectrometer. The experimental temperature and hydraspectrum. Since in many cases we observe significant overlap
tion levels were maintained to ensure that the DMPC and of signals, resulting in fewer doublets than the number of
DTPC lipids are above their respective gel-to-liquid crystal- labeled C-D bonds, the program examines and compares

line transition temperatures of 23.1 and 26Q (42). The

°H measurements involved—2 million acquisitions and
were done using a quadrupolar echo pulse sequdidrevith

an echo delay of 3675 us, a 3us pulse length, and a 30
ms interpulse time. A 100 Hz line broadening was applied
to both the?H and3!P spectra.

Data Analysis. The observedH NMR doublets reflect
the quadrupolar splittings for the<€D bonds, which are
correlated to their orientation relative to the magnetic field
according to the following equation:

3

Zsez%Q %(3 cog 6 — 1+ y(sin’ 6)(cos 2p))

Avq =
The angled®) and ¢ specify the orientation of the indole

C—D bond within the magnetic field, whe@is the angle
between the bond and the magnetic fizlaxis andyp is the

all possible assignment patterns, including multiple bonds
assigned to a single doublet. A standatdhelical peptide
model as produced by the Insightll (Accelrys Inc., Princeton
NJ) molecular modeling program was either aligned with
the membrane normal or tilted by°4to the specific
orientation found previously for WALP1384). It was found
that the Insightll default Trp residues deviated significantly
from our determined planar indole geometry. For this reason,
the structures were modified to reflect the indole geometry
determined previously28). On the basis of this peptide
model, the orientation of a Trp side chain was defined by
the y1 and y, side chain torsion angles. For eagh, (y2)
combination, the ring €D bond orientations were deter-
mined, yielding the corresponding quadrupolar splittings (at
B = 0°) according to eq 1. The differences between the
observed and calculatgdvg| values are expressed as the
root-mean-square deviation (rmsd) to determine the best

angle between the indole ring plane and the magnetic field simulation parameters.

(also see ref29). (qQ/h) is the quadrupolar coupling
constant (QCC), which is 180 kHz for aromatie-O bonds,

in the absence of motiond4). The parameter; is the
asymmetry parameter, indicating any deviation from axial
symmetry for electric field gradient of the €D bond.
Motion of the indole rings will result in reduction of the

observed quadrupolar splittings due to motional averaging.

Recent?H NMR experiments with labeled alanines have
shown that WALP19 is tilted in the DMPC bilayer by about
4°,in a specific direction34). In the calculations presented
here, we used a structural model that was tilted accordingly.
Because of the small tilt angle, one would expect only small
deviations in the results. Indeed, reference calculations with
an untilted model yielded closely similar results, with

In the case of isotropic motion, this can be represented by avirtually identical Trp dynamics and only minor variations

reduction of the order paramet8rto a value less than 1.
(Note that this is equivalent to using an “effective” quadru-
polar coupling constant (QG§) that is reduced relative to

in (y1, x2) angles corresponding to the suggested orientations
(results not shown).
Peptide Structural Considerations.Two structural con-

the “static” value.) Such an isotropic motional model has siderations affect the range of accessible Trp orientations.
been used successfully in studies of the tryptophans of First, the indole ring tends to orient itself such that its
gramicidin A 28) and for deuterated alanines in various hydrophobic part is closer to the membrane’s hydrophobic
WALP peptides 84, 45, 46). These studies demonstrated center, and the N-H bond points toward the lipid head
that the method can be very sensitive to the exact orientationgroups, where it can form hydrogen bonds. In the particular
and conformation of the deuterated amino acid side chains.case of arn-helix, these tendencies affect the tryptophans
Recent work on tryptophan deuterium NMR has yielded a near the two ends of the helix quite differently, due to the
refined indole ring geometry and a calculation of the electric directionality of the helix and the & Cg bond direction.
field gradient (EFG) tensor elements for each [T bond As illustrated in Figure 1A, differentyf/y2) combinations
using 3-methyl-indole as a model compou2®,(29). This lead to optimal alignments toward the respective bilayer
indole structure showed a number of deviations from surfaces. In addition, including the peptide backbone in our
previously used idealized indole rings, including a noA-90 simulations allowed us to exclude side chain orientations that
angle of the C2-H bond with the central “bridging” €€9 would place the ring in steric conflict with the-helical
bond, and a slight deviation of the angle between thél€4- peptide backbone. Figure 1B,C indicates the excluged (
and C72H bonds from 186 The latter deuterons yield y,) side chain orientations, showing a difference between
virtually identical quadrupolar splittings that may however the N- and C-terminal tryptophans. The latter were found to
appear “twinned” due to their slight deviation from a 280 experience fewer steric restrictions due to the backbone (a
relative orientation. (The calculated EFG elements also result of the G—Cs bond direction and their close proximity
suggested a significant nonzero asymmetry parameter.)to the end of the peptide). Examinations of existing protein
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FiGure 1: Restrictions on Trp orientations. Panel (A) shows the
dependence of indole orientation on the and y, angles. The

B
respective areas indicate those side chain orientations in which the
indole’s N—H bond is pointing toward the N-terminus or C-
terminus of thea-helix. Panels (B) and (C) show the steric

C

hindrance that the side chain encounters with the backbone, for
0

the Trps at the N-terminus and at the C-terminus, respectively.
Dashed areas indicate an unfavorable steric hindrance, defined here
as less tha 2 A distance between any pair of atoms. Black dots

i(ndi)cate common rotamer conformations as indicated by Dunbrack
48).
structures also reveal that specific residues tend to exhibit W
only restricted sets ofy{, x2) combinations (or rotamers).

Statistical analysis of large numbers of protein structures has D
yielded rotamer libraries. Lovell et ak7) found that of 140

“a-helical” tryptophans, 55% had,a value of near-177°

(or 183), and 37% hag; near—65° (or 295). Black dots
in Figure 1B,C indicate the locations of the backbone-

Nuhe

e
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independent rotamers as generated by Dunbrat®. ( 100 50
Backbone-based steric considerations have led to the forma- v (kHz) v (kHz)
tion of backbone-dependent rotamer librarid§)( which Ficure 2: Deuterium NMR spectra for Trgs labeled peptides

conform to the data shown here. The white areas in FigureV\’E’.\'-)P'1\/|9'\"’x'OIS in orienred DMPC tbﬂgg;er(s /(1322 peptideipid
o . . ratio). Measurements were done a 6 (w/w) hydration an

15’(: S_hOW that one can antICIthe the Trp _S'de chal_n °C. Spectra obtained # = 0° and 90 are shown in the left and

orientations at either end of the peptide to be restricted within right columns, respectively. The label positions are, from top to

distinct subsections of the/{y2) space. bottom, W2 in spectra A, E; Win spectra B, F; W in spectra C,
G; and W8 in spectra D, H.

somewhat shorter WALP16 peptide. The spectra for WALP16

NMR Experiments. The alignment of the lipids in the are illustrated in Figure 3. The observed quadrupolar
NMR samples was checked usid® NMR. The sample  splittings for both peptides are listed in Table 1.
preparation method employe®4) yields lipids in well- Interestingly, in both WALP16 and WALP19 the spectra
aligned bilayers between the glass supports, with ap- of the Trps near the N-terminus are systematically different
proximately 90% of the lipids in an aligned conformation. from those near the C-terminus, both in signal intensity and
The presence of 5 mol% WALP16 and WALP19 peptides in the magnitudes of the observed quadrupolar splittings.
did not disturb the alignment, yieldirf§P spectra indicative  Under identical conditions, Trps 2 and 3 exhibit consistently
of highly aligned lipid bilayers (see r&¥4 and Supporting lower intensity signals. Such intensity differences could be
Information). Optimal alignment was generally accompanied a result of dynamics in the motional regime where the
by a visual transparency of the stacked samples. motional exchange reduces the deuterium signal intensity.

Subsequently, deuterium NMR spectra were recorded to To evaluate this possibility, the same samples were also
examine the’H labeled peptides imbedded in the aligned measured at elevated temperatures. As the temperature
DMPC bilayers. Figure 2 shows the spectra obtained for increases, we observed significant increases in signal intensity
WALP19 peptides containing a deuteriunds)( labeled for the N-terminal residues. The spectra for Zip both
tryptophan at position 2, 3, 17, or 18, measured at samplepeptides are shown in Figure 4. The observed changes in
orientations of3 = 0° (left column in figure) and 90(right intensity from 40 to 6(0°C are consistent with a range of
column). These experiments were recorded at a temperaturanotional exchange of the-D bond of 16—1C st in this
of 40 °C, where the lipids are in the liquid crystalline phase. temperature range. The increase in motion at higher tem-
Under these conditions, the peptides undergo rapid axial peratures also results in a consistent reduction of all observed
reorientation, resulting in a 50% reduction in the quadrupolar quadrupolar splittings, as shown in Table 2 for Trps 2 and
splittings at = 90° compared tof = 0°, as was seen 3 of WALP19. This is consistent with an increase in the
previously B4). The expected four (or under optimal range of motion of the indole rings as the temperature
conditions, five) splittings cannot be distinguished in all of increases.
the spectra. This can be due to overlap of multiple peaks or  Similarly, the difference in motion between the C-terminal
to low intensities for certain signals with large splittings. and N-terminal Trps is also reflected in very different overall
The former problem is most severefat= 90°, whereas the  widths of the?H spectra. To express this difference, we
latter mostly affects measurements performegh at 0°. calculated the maximum observed quadrupolar splitting for
Measuring at both orientations therefore provides comple- each residue. Figure 5 compares the maximum splittings
mentary information. Samples were also prepared using theobserved for the different tryptophans studied here, together

RESULTS
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FicURE 4: Temperature dependence of thé NMR spectra of
WALP16-WA-ds (left) and WALP19-W-ds (right). The experi-
100 50 0 -50 -100 100 50 0 -50 -100 mental temperatures are 40, 50, 60, and®5from top to bottom.
v (kHz) v (kHz) All spectra are based on 800 000 accumulated free-induction decays,
. ; : d gt = 90°. The central peaks indicate a residual amount
Ficure 3: Deuterium NMR spectra for Trgs labeled peptides mezasure T !
WALP16-W-ds in oriented DMPC bilayers (1:20 peptide/lipid of %H-containing water molecules in these samples.
ratio). Measurements were done at 40% (w/w) hydration and 40

==

°C experimental temperature. Spectra obtainetl at0° and 90 Table 2: Overview of Quadrupolar Splittings of WALP192%
are shown in the left and right columns, respectively. The label and WALP19-W-ds in DMPC at Varying Temperaturgs
positions are, from top to bottom, 3ih spectra A, E; Win spectra temp €C Tro-2 Tro-3
B, F; W in spectra C, G; and W in spectra D, H. P(C) P P

40 76 45 153 88 53
Table 1: Quadrupolar Splittings, in kHz, of Tds-Labeled 50 149 2 43 37 146 84 51
WALP16 and WALP19 in Model Memb t= 0° and 90 60 14269 38 33 143 82 48

an in Model Membranes At= 0° an , 65 142 68 38 33 b b b

at 40°C?2

A - - Par—
WALP16/DMPC WALP19/DMPC WALPLO/IDTPC Gggcrgple orientations are fat= 0°. ° This sample was not measured

labeled residuef=0° f=90° =0 f=90° f=0° =90

Trp-2 74 155 75 71
80 41 76 38 69 36 200+
60 28 45 28 14
26 38 11 I~
Trp-3 68 155 78 140 70 E
117 59 85 41 87 42 150+
97 53 26 42 21 é’
56 27 20 €
27 14 =1
Trp-14/17 70 77 38 72 34 %100'
62 29 62 28 42 21 ®
52 44 23 29 =
28 13 11 6
Trp-15/18 73 36 63 32 67 33 50
35 22 10 24 12
21 8 11 7 13 6
4 0
aWALP16 was studied in DMPC and WALP19 in DMPC and its indole  WALP16 WALP19  gramicidin A
ester-linked analogue DTPC. The experimental errors in the measuredggyre 5: Maximum quadrupolar splitings observed for different
quadrupolar splittings range from 1 to 2 kHz. indoles. From left to right: “free” indole in DMPC and DTPC (from

: : : ; ; ref 12); the tryptophans of WALP16, WALP19, and gramicidin A,
with the r_esults Qf Previous _studles on_highly .mOb”e respectively. (*) The dotted lines indicate the decreased motion of
deuterated indole rings in lipid bilayersZ 13) and on highly - rpe that accompanies the acylation of gramicidin 26

restricted tryptophans of gramicidin &%, 27). The “free”

indole rings—not linked to any peptideshow spectra with  restriction, the tryptophans of gramicidin A channels have
a relatively small maximum quadrupolar splitting, indicating significantly larger maximum quadrupolar splittings. Interest-
a residual spontaneous orientation of these highly mobile ingly, Trp® of gramicidin A is closest to the bilayer center

rings within the membrane. At the other extreme of motional and exhibits a slightly smaller maximum quadrupolar split-
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Ficure 7: Deuterium NMR spectra for peptides with selectively
labeled tryptophans, which are deuterated primarily at indole
positions 2 and 5. The samples consist of WALP19 in DMPC, with
a selectively labeled Trp at sequence position 2 (A), 3 (B), 17 (C),
or 18 (D). Spectra shown were obtained /At= 90° and a
temperature of 40C (C&D) or 60 °C (A&B).
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to typical angular deviations of 0-51°) for at least some of
the residues (see Supporting Information). These results show
that the indole ring dynamics (and possibly orientation) are
remarkably insensitive to the removal of the carbonyl groups
from the lipid headgroups, despite their apparent proximity
to this part of the membran&2).

Orientational Analysis. In Figure 5, we already referred
to the similar studies on gramicidin A tryptophans and free

.50 -100
Z)

Ficure 6: 2H NMR spectra of ether-linked DTPC bilayers
containing WALP19-W-ds peptides. Measurements were done at
40 °C, and 1/20 peptide/lipid ratio. Sample orientationgef 0°
and 90 are shown in the left and right columns, respectively. The
label positions are, from top to bottom,AM spectra A, E; Win
spectra B, F; W in spectra C, G; and W in spectra D, H.

ting compared to the other gramicidin Trps. Remarkably,
Trp® becomes slightly more motionally restricted when a fatty

indoles. In gramicidin A, the tryptophans were found to
experience relatively little motion, which allowed accurate
simulations of the?H NMR data using a fairly simple
motional model. Conversely, in the case of the membrane-
imbedded free indoles, such a quantitative analysis of the
indole ring alignment is impossible due to the unknown
nature of the ring motion. The present results suggest that
motion of the tryptophans in the-helical WALP peptides

acyl chain is esterified to the C-terminal aminoethanol group is in an intermediate regime. It is unclear whether the
(Figure 5), presumably reflecting increased steric interactions approximation of isotropic motional averaging (reasonably
as a result of the acylation. Within this framework, the Trps successful for the gA tryptophans, which exhibit little

in the WALP16 and WALP19 peptides seem to experience motion) will suffice in cases of more pronounced motion of

intermediate motion between the extremes of unattachedboth the peptide and its Trp side chains, as indicated for the
indole and gramicidin A. Striking is also the clear and WALP tryptophans. In the next sections, we attempt to apply
consistent difference between the “N-terminal” and “C- similar methods to WALP19. For this peptide, we have the

terminal” Trps of the two WALP peptides.
Ether-Linked Lipids. To investigate the role of the lipid

benefit of detailed information on its orientation within the
bilayer (34), and the availability of a slightly “better” data

head group structure, WALP19 was also incorporated into set with more identifiable peaks.

bilayers of ditetradecyl phosphatidylcholine (DTPC), the
ether-linked analogue of DMPCG!P NMR spectra showed
that these lipids form well-aligned bilayers similar to the
DMPC samples. Remarkably, th# NMR spectra of
Trp-ds labeled WALP19 peptides in this lipid are very similar
to those obtained in DMPC (Figure 6, Table 1). This finding

Selective Labeling.To aid in the peak assignment required
for a more quantitative analysis, we selectively labeled
tryptophan side chaingH NMR measurements of four
WALP19 peptides containing a selectively labeled Trp are
shown in Figure 7, @ = 90° sample orientation. On the
basis of the temperature-dependent data shown above, these

indicates that at least the dynamics of the indoles is largely peptides with the label at sequence position 2 or 3 were
unaffected by the change in the lipid head group. Becausemeasured at higher temperatures to improve the signal to
of the extent of overlap, it is hard to establish with certainty noise ratio. In each case, we observe one dominant doublet,
how the assignments of the observed splittings relate to onefor which the quadrupolar splitting is attributed to a deuteron
another and therefore how the average orientations of theat the ring C-2 position. In three cases, a weaker second
indole rings may change. We have examined the minimal doublet is seen, due to the partial incorporation of a deuteron
orientational change required to account for the changed peakat the C-5 position. These data allowed partial assignment
positions, if we assume the peak assignments to remain theof the observed doublets.

same. Using estimated motional averaging based on the Motion of the Tryptophans. Using assignments for those
WALP19/DMPC results (see below), the changes in bond peaks that could be identified by selective labeling, we
orientations are found to approximate the variation due to performed a series of calculations based on a model that
experimental error (&\vq change of +2 kHz, equivalent assumes isotropic averaging. This procedure involved sys-
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A 1 C Table 3: Assigned Quadrupolar Splittings from WALP19 Peptides
o 1 ) in DMPC at 40°C, Based on Results for Selectively Labeled
T "\ - Tryptophand
a 5 | 51 bond C-2 bond C-5
VT —40°C
E — -Tro2 \v" ——- 50°C labeled AVq A’Vq
— 153 — 8¢ Tp  (kH) 6 () (kH2) o)
0 v T v r -
) 025 05 075 1 00 025 Trp-2 76 40.2: 0.4 155 23.3£ 0.5
10 10 73.2+0.7
B V4] D Trp-3 53 446+ 0.4 155 23.3+ 0.5
a \ 66.5+ 0.5
I ' Trp-17 62 38.5:05 b b
S5 5] 76.4+ 1.1
7] Trp-18 11 51.8£ 0.5 63 38.3+ 0.5
= —40°C 57.8+ 0.6 77.0+1.2
— =Trp17 -=-50°C N
0 —Trp18 —80°C a2The 6 columns list the averaged angle between theDCbond
0 025 05 075 0 ) 025 05 075 1 and the membrane normal (assuming isotropic order parameters of 0.75

(Trp-2&3) and 0.55 (Trp-17&18)), along with the error associated with

Isotropic Order Parameter Isotropic Order Parameter

o . . . an estimated experimental error of 2 kHzAn,. ® No weaker C-5 peak
FiGURE 8: Variation of rmsd error with the isotropic order parameter ¢ould be identified for Trp-17.
used in the fitting procedure for WALP19 in DMPC. The figure

shows the rmsd associated with the best fit for each order parameter

value, for Trp-2 (blue) and Trp-3 (black) (panel A), and Trp-17 A, L o o s e
(blue) and Trp-18 (black). Panels (C) and (D) show the decrease =, i ¢ 11 3 g
in order parameter at (565 °C) on Trp-2 and -3. 240 ""‘\.----..‘:.l. 20 I"-..r"'-.::“ 1240, . s
tematic calculations of the deuterium quadrupolar splittings ok, . 7-:',1 129 PRS- PP L
at all possible indole ring orientations. Because of the small ~ 1. e ¢ L A o
number of available data points for each indole ring, o i . W e, o 9 X

. . . . bt 120 240 360 120 240 360 120 240 360
molecular motion wasof necessity-treated in a highly e TS G ke 1 ST T
approximate manner. For the initial modeling, we assumed o gl . 2 i " 1 1 ;
a simplistic partial isotropic averaging, expressed as an order 2407, .. R e Q.,A--.:‘;‘ 12401 ”
parameter of less than 1.0. Within this scheme, the calculated N : ) N :
sets of quadrupolar splittings were compared to the observec 20 -‘/i 120 IS alr
values, evaluating all possible assignment patterns consisten (e "‘ 3‘."*._ "_“ .9
with the selective labeling experiments. The minimum error 00 120 240 300 " 120 2030 0 120 240 30

that could be achieved for each Trp as a function of the % ()
isotropic order parameter is shown in Figure 8. At40) FIGURE9: Contour plots from data-fit of WALP19 in DMPC. The
the minima for the tryptophans at positions 2 and 3 were panels show the error (rmsd) over the-y, range accessible to
found to be near an order parameter of 0.75, while tryp- e?ChZT('fAP), %t%efgf’t}r?”?(i;‘)’”g"l{g %l’r?;fopsegaffgfﬁﬁ f1J-77‘(1é0Ib)
tophans 1.7 and 18 hf"ld o.r.der pargmeters betvyeen 0.5 anacl—n% 0.48 and 0.60 forpTrp-lé (E, F). Arrows indicatg orientations
0.6. In spite of the simplified motion assumptions, these \yith the lowest rmsd (below 2.5 kHz) and having the properN
relative motion parameters are consistent with the qualitative orientation (for Trp-3 the best solution with rmsd 3.4 kHz is
observations discussed above, indicating that all of the indicated).
WALP indole rings experience significant amounts of motion
and that those near the C-terminus are most mobile. Theboth consistent with proper alignment of the indole ring
effect of higher temperatures is shown in panels C and D, group and have an equivalently low rmsd are indicated with
indicating a decrease of the optimal order parameter to 0.60arrows. Typical rmsd values for these minima are-130t
for Trp-2 at 65°C and to 0.68 for Trp-3 at 6€C. kHz. Note that the experimental errors in the measured
Table 3 lists the estimated average angles that the varioussplittings are +2 kHz in value (at any given temperature).
assigned &D bonds would have based on the assumed In many cases, the optimal fits include deviations of one or
optimal motion averaging. When Trp-2 and Trp-3 near the more particular quadrupolar splittings that significantly
N-terminus are compared, the corresponding values are veryexceed the experimental error. The latter finding contrasts
similar (within 5 degrees). The residues near the C-terminuswith the high sensitivity and accuracy of similar previous
seem more distinctly different from each other. Finding the deuterium-based experiment88( 29, 34). An additional
side chain orientationg{,y») that are consistent with these problem is the presence of various equivalently good
angles (or more precisely, with the observed quadrupolar solutions that cannot be sufficiently distinguished based on
splittings) is perhaps more insightful (especially considering the present data. The available data combined with the
the inherent degeneracy of the single @ bond orientations  isotropic motion model turn out to be insufficient to reliably
listed in Table 3). At each of the optimal isotropic order and accurately determine the behavior of the Trp indole rings
parameters, one can map out the rmsd for theyd) in WALP peptides. We suggest that this is predominantly
combinations, to locate the side chain orientations providing due to a lack of detailed knowledge of the peptide dynamics.
the minimum rmsd values. For each of the minima in the If this is indeed the case, the actual averaged angular values
charts in Figure 8, such a contour plot is shown in Figure 9. (and their associated errors) could deviate from the values
Areas known to exhibit steric hindrance due to the backbone estimated from the basic isotropic model (e.g., those listed
are excluded (see also Figure 1). Those orientations that arén Table 3). We have explored a number of different, more
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advanced models with more explicit simulations of the Trp  Another consequence of the inequivalence of the two
side chain dynamics, including modest excursions of the sidetermini is reflected in the level of steric hindrance that the
chain around a singlg./y» orientation and calculations of indole rings experience (Figure 1). It seems somewhat
the averaged splittings that would result from larger jumps paradoxical that the Trps at positions 2 and 3 are less
between the accessible rotamer orientations for the Trp siderestricted by their peptide environment, yet experience
chain (instead of the assumption of an isotropic reduction smaller and slower motions compared to the tryptophans near
of the splittings). Unfortunately, none of these approaches the C-terminus. Apparently, the respectiva, (v2) angles
provided significant improvement to the fits between the and the indole/lipid anchoring interactions are compatible
calculated and the measured data. In the absence of furthewith more motional freedom for C-terminal Trps than for
experimental information, the application of complex models N-terminal Trps in thesex-helices. The lipid interactions

would also be hard to verify. and anchoring roles of these residues could be responsible
for the motional differences.
DISCUSSION Motional Complexity. Despite the partial labeling and

lid d . q extensive modeling of the system and the data, it is not yet
Solid-state deuterium NMR spectroscopy was used 10 ,egiple to predict a single, averaged ring orientation. We

examine the behavior of the tryptophan interfacial anchors ¢aq| this situation is due predominantly to uncertainty

of a-helical peptides spanning model lipid bilayer mem- .,ncerning the precise extent and type of motions that the

branes. Similar to what was observed previously in the e ; i R
; ) . yptophans undergo. Within the highly dynamic lipid bilayer,
f-helical peptide gramicidin A, each of the tryptophans was ase residues experience combinations of simultaneous

found to be have distinct_ spectral chargcterist@cs. The motions, including an overall “wobble” of the peptide and
narrowness of the peaks indicates that the ring motions must, ..«ions about the;; and y» side chain torsion angles.

be fast on the NMR time scale. The overall magnitudes of ¢,ngigering the anchoring role of the tryptophans, there is
the quadrupolar splittings for all WALP Trp residues are |qy to be intricate interplay between these various types

intermediatebetween what was observed for the cases of ¢ qtion within the peptide, which could very well be linked
the essential rigidityof the gramicidin tryptophans and the to the dynamics of the lipids.

weakly alignedstate of unattached indoles or indole ana- Disentangling the diverse modes of motion for each

logues in Iipid bilayers (Figure 5),' In addition to its inherently labeled tryptophan is not trivial. The existing data set could
larger motion as a whole, thehelical backbone allows more be enhanced by the availability of other experimental

mobility for the individual side chains than the gramicidin P
A ) . . . : . parameters. In the case of gramicidith NMR data proved
p*2helix. Still, the Trp ring motions in these WALP peptides  ,sof,| for determining the indole orientations and were for

are highly reduced relative to the unconnected (peptide-free);qiance aple to indicate that the (smaller) librational motions

indolgs, especially for the resid_qes hear the N—tgrminus of those tryptophans occur mostly abgutather than about
cons'lstent with a muc'h more sp_ecmc alignment of the indoles 21 (27). Compared to the gA analysis, the present situation
relative to the lipid bilayer environment. is also complicated by the extensive overlap of the more
Helix Direction. Under most conditions, we find narrow  averaged quadrupolar splittings, making an analysis in the
peaks, indicating fast ring dynamics on the NMR time scale. absence of complete assignments difficult.
However, the reduced intensities for the N-terminal Trps near  Qur results highlight the structural differences between the
40 °C suggest that their motions are near the intermediate steric environments of thé-helical gramicidin channel and
exchange regime (near 3010° s™). This is the case for  theq-helical WALP transmembrane segments. Extrapolation
both the WALP16 and WALP19 tryptophans. Another to the general membrane-spanning domainsudfelical
indication of different dynamics between tryptophans at the membrane proteins should be done with caution since the
respective ends of these helices is found in their averagetryptophans near the N-terminus could be influenced by their
quadrupolar splittings. The larger average splittings for the close proximity to the end of the peptide. Figure 1B,C shows
N-terminal residues suggest that these Trp indole rings arethat, compared to tryptophans in the center ofcahelix
experiencing a smaller extent of motion than their counter- (or near the C-terminus), the side chains of both tryptophans
parts at the opposite end of the peptide. near the N-termini of these WALP peptides experience much
The observed difference in spectral properties betweenless steric hindrance from the rest of the peptide. In a longer
Trps at the N- and C-terminal ends of anhelix is not peptide, or a complete membrane protein, the helix would
completely unexpected. Even though these WALP peptidestypically continue beyond the bilayer, resulting in a more
have primary sequences that appear quite “symmetric,” therestricted local environment. It is possible that such changes
structures of amino acids and of the assemblédtklix are in environment would change the observed Trp orientations,
inherently and distinctly directional. The directional feature in particular for the N-terminal residues.
is for instance indicated by the helix dipole moment and is  Considerations for Interfacial Anchoring. The main
also seen in the “arrowhead-like” orientations of the side purpose for this study has been to examine the functioning
chains along the helix axis. The backbone structure of of tryptophans as membrane anchors, as reflected in their
o-helical peptides dictates that thg-6C; side chain bonds  orientations and motion. Molecular dynamics (MD) simula-
make an angle of~58° with the helix axis, measured with  tions can provide useful insights into the physical principles
respect to the N-terminu84). This G,—C;s bond orientation involved, especially when complementing experimental
causes the Trps closer to the C-terminus to require differentNMR results 24). Recent MD simulations of membrane-
x1 andy, angles, compared to the Trps near the N-terminus imbedded “KALP” peptides have examined the tilting and
(Figure 1A), to direct each of the indole-NH bonds toward interfacial anchoring of analogous-helical peptides with
a water/membrane interface. lysine residues as interfacial ancho49,(50). These studies
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highlighted the flexible nature of the Lys anchors and carbonyl groups. This finding is likely related directly to the
suggested the presence of extensive motions afithelical covalent connection to the “fixed” peptide backbone and the
peptides as a whole. It was suggested that the “snorkeling” concomitant restriction on the conformational space available
lysines may interact specifically with the lipids, thereby to the indole ring (Figure 1). Our observations are consistent
restricting the direction of tilt but still allowing fluctuations  with recent studies13—16) suggesting that electrostatic
in the extent of tilt 49). At the same time, the Lys side chains interactions (including cationsr interactions) could be
appeared to “follow” the fluctuations of the highly mobile among the prominent anchoring mechanisms. Contributions

surrounding lipids. from N.—H hydrogen-bonding would appear to involve
For the more bulky and more rigid tryptophans, the (  partners farther from the bilayer center than the acyl chain
%2) space that avoids steric clashes with the rest ofithelix ester groups, consistent with the observed indole ring location

is significantly more restricted than for lysine. The steric within the interface §2).
restrictions should result in a decreased Trp mobility, Overall, we conclude that the interfacial Trp residues have
consistent with earlier MD simulations on WALP peptides a strong tendency to adopt specific (averaged) orientations
(51). A lower Trp mobility was also indicated by earlier that are different at the N- and C-terminal ends of WALP19
experiments where Trp interfacial anchors instilled a peptide and WALP16. Presumably, the Trp indole rings fulfill
with a more precisely defined anchoring depth than the (more specific interactions with the lipid interfacial region, but their
flexible) Lys counterparts5Q). In contrast with previous  behavior is strongly modulated by the local peptide context.
gramicidin data, we observe significant mobility of Trp Interestingly, while the steric interactions suggest a somewhat
interfacial anchors in the WALP peptides. The gramicidin decreased steric hindrance from the local peptide backbone,
A tryptophans experience restrictions due to steric interac- the Trp side chains near the N-terminus appear to be less
tions with nearby residue$8) as well as a very immobile ~ mobile than those near the C-terminus. Comparing the 16-
backbone structuresf). This situation contrasts with the residue and 19-residue peptides, indoles at comparable
WALP peptides, where the Trps might have a “buffering” positions relative to the membrane surface adopt similar
effect on the motions of the peptides within the highly average orientations and have similar mobilities. This feature
dynamic membrane environment. In a fashion analogous tomight reflect the inherent directional structure ofcadhelix,
the observations on the Lys-anchored peptides, the anchoringn which the G—C; bonds are fixed in an orientation that
Trp residues could partially “follow” the fluctuations of the points toward the N-terminus, in an angle-©58° (34). This
lipid headgroup component to which they are anchoring. bond orientation inherently directs the indole rings near the
Unfortunately, these complex, non-isotropic motions do N-terminal end of a transmembrane helix in the direction of
prevent a detailed analysis of the reported NMR spectral the lipid bilayer “surface.” By contrast, indoles near the
results in terms of specific side chain orientations, as was C-terminal must reorient to achieve optimal orientations of
possible for the more rigid gramicidin channels. Nevertheless, the N—H groups. The proper alignment of the indole rings
a simplified approximation of the motion does provide an appears to be the basis for the anchoring characteristics of
initial estimate of the dynamics. tryptophans in membrane spanning peptides and proteins.
Within these limitations, we have found th# NMR The present results highlight how the protein environment
measurements do provide a convenient and sensitive probecan modulate the behavior of the tryptophans and may tweak
of the tryptopharrlipid interaction, as demonstrated by the the interplay between various interfacial anchoring mecha-
comparison of DMPC and DTPC membranes, the latter nisms. Clearly, for a detailed understanding of their function-
lacking the lipid carbonyl groups. Despite the significant ing in complex membrane proteins and the surrounding lipid
chemical difference between the ester and the ether lipids,environment, it is important also to examine these interac-
it has been found that bilayers comprised of DTPC are tions in the proper polypeptide context. Important aspects
structurally similar to DMPC bilayers. One notable difference to be addressed in more detail could include the effect of
is that the dipole moment across the head group region isfurther protein folds and associated changes in motional
100 mV smaller in ether lipid bilayers compared to DMPC flexibility and also issues such as lipid headgroup identity
(55). Our data suggest that hydrogen bonding of the Trp and hydrophobic matching effects.
N.—H groups to the lipid cgrbonyl; is unhkel_y to constitute ACKNOWLEDGMENT
a dominant factor for the indole ring behavior, despite the
fact that indoles are typically found in close proximity to ~ We thank Anna E. Daily for help with the measurements
the carbonyl groupsi(, 32, 56). The hydrogen bonding and Sigrid E. Hayden-Schmutzer for valuable comments on
acceptors for the indole N-H bonds could alternatively be  the manuscript.
the lipid’s phosphate oxygens and/or the water molecules g yppORTING INFORMATION AVAILABLE
that hydrate the head groups. It also appears that the change ) ) .
in dipole moment does not seriously affect the tryptophan (1) lllustration of the macroscopic sample alignment; (2)
behavior, arguing against a central role for specific dipole HPLC data showing peptide purity; (3) data demonstrating
dipole interactions between the indole rings and the lipid cheémical integrity of aligned NMR samples; (4) table of
head groups. Our data correspond well to the previously estimated changes in Trp orientation for the WALP19 peptide

published study of “free” indoles in DMPC and DTPC, where N the ether-linked lipid DTPC. This material is available

the N—H hydrogen-bonding represented only a small free of charge via the Internet at http:/pubs.acs.org.
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