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Interaction of Substance P with Phospholipid Bilayers: A Neutron
Diffraction Study
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Edinburgh EH9 1QH, Scotland, United Kingdom, *Department of Biochemistry, University of Edinburgh School of Medicine,
Edinburgh EH8 9XD, Scotland, United Kingdom, and SHahn Meitner Institut, D-14 109 Berlin, Germany

ABSTRACT Neutron diffraction has been used to study the membrane-bound structure of substance P (SP), a member of
the tachykinin family of neuropeptides. The depth of penetration of its C-terminus in zwitterionic and anionic phospholipid
bilayers was probed by specific deuteration of leucine 10, the penultimate amino acid residue. The results show that the
interaction of SP with bilayers, composed of either dioleoylphosphatidylcholine (DOPC), or a 50:50 mixture of DOPC and the
anionic phospholipid dioleoylphosphatidylglycerol (DOPG), takes place at two locations. One requires insertion of the peptide
into the hydrophobic region of the bilayer, the other is much more peripheral. The penetration of the peptide into the
hydrophobic region of the bilayer is reflected in a marked difference in the water distribution profiles. SP is seen to insert into
DOPC bilayers, but a larger proportion of the peptide is found at the surface when compared to the anionic bilayers. The
positions of the two label populations show only minor differences between the two types of bilayer.

INTRODUCTION

Substance P (SP) belongs to the tachykinin family, a groupbservations that show the conformation of SP is deter-
of six small amphipathic peptides that bind to G-proteinmined by the nature of its local chemical environment (e.g.,
coupled receptors. The receptors are found in a wide rangéhuen-Shang et al., 1982; Chassaing et al., 1986; Woolley
of tissues including the central and peripheral nervous sysand Deber, 1987; Convert et al., 1991).
tems and the gastrointestinal tract. The tachykinin family of There have been several biophysical studies comparing
peptides shares a common C-terminu§&GEM-NH,,, where  the structure of SP in zwitterionic and anionic lipid envi-
X is F or V in mammals. ronments. Based on monolayer expansion measurements,
The ligand-binding sites of tachykinin receptors appear tdSeelig and MacDonald (1989) concluded that SP does insert
involve both the extracellular loops and the transmembran@éto monolayers containing negatively charged 1-palmitoyl-
domains (Yokota et al., 1992). An address-message mod@toleoyl-phosphatidylglycerol (POPG), but does not insert
(Schwyzer, 1987) has been proposed where the flexibléto zwitterionic monolayers composed of 1-palmitoyl-2-
cationic N-terminal region of SP, or “address domain,” is0leoyl-phosphatidylcholine (POPC).
responsible for receptor selectivity, while the structurally Wu and Yang (1981) have proposed that polypeptides
extended and conserved hydrophobic C-terminal deliver¥ith a helix-forming potential can only assume a helical
the message. The proposed mechanism involves an interggonformation in hydrophobic environments, such as the
tion between tachykinin and phospholipids which results incore of biological membranes, where the milieu enhances
insertion of the C-terminal amino acids into the lipid bi- the intramolecular hydrogen bonding necessary for the sta-
layer, followed by lateral diffusion of the peptide to reach bilization of these structures. This argument has been de-
the ligand-binding site of a membrane-bound receptorveloped (Wu et al., 1982) with the demonstration that such
Seelig et al. (1996) have presented an argument against thelical structures can only form by interaction with lipids
proposed membrane-mediated receptor mechanism, basé@ien the peptide carries either no charge or charges oppo-
on their observation that an SP analog with a charge@ite to those of the polar headgroup of the lipid. When this
C-terminus, which they suggest would not insert into thePrinciple was applied to SP circular dichroism (CD) spectra
hydrophobic core of membranes, still shows SP agonisgeve.aled an unord.ered structure in water or phosphatidyl-
activity. However, the central role of peptide-lipid interac- Cheline, but a partial helix in negatively charged phospha-

tions in the proposed scheme is supported by a number didylserine or sodium dodecylsulfate (SDS).
In contrast, Woolley and Deber (1987) have reported CD

data from SP in the presence of SDS, lysophosphatidylcho-
line, and lysophosphatidylglycerol micelles that show that
Received for publication 20 January 1998 and in final form 20 May 1998.the induced helical structure is independent of the |ipid
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SP/SDS/NaCl) and found them all to be similar. The struc-artist's airbrush. The spraying solvent was methanol. The slides were
ture they determined for SP is shown in Fig. 1. placed in a vacuum desiccator for 12 h to remove all traces of the solvent
Against this background, the aim of the study describecﬁefore rehydration for 24 h at 25°C in an atmosphere of 100% relative
| . . . ~humidity.
here was to test the hypothesis that SP interacts with bio- Y
logical phospholipids in such a way that the “message”
portion of the peptide is delivered at a specific depth, orNeutron data collection
address, _Wlthm a bllayer. In order that the flndlngs mlght Neutron diffraction measurements were carried out on the V1 membrane
_also Co'nt”bUte tq the debat? on whether the me_mbranﬁffractometer at the Berlin Neutron Scattering Centre, Germany. The
interaction of SP is phospholipid-dependent, two differentsample environment was a standard aluminum can, in which temperature
bilayer compositions were used. In one system the bilayersontrol is achieved by circulating water through an integral water jacket,
were composed of the zwitterionic phospholipid dio- and humidity control by changing the solution in two Teflon water baths at
. . . the base of the can. These water baths contained pure water, at one of three
Iepylphosph.atldylchollne' (DOPC); the other system.co.n isotopic compositions: 0%, 50%, or 10081,0. Using the?H,0/H,0
tained a 50:50 (mol) mixture of DOPC and the anioniceychange technique, every sample was measured at all g con-

phospholipid dioleoylphosphatidylglycerol (DOPG). centrations. At each change of solvent, the sample was first dried out under
vacuum, then rehydrated in an atmosphere saturated with water at the new
isotopic composition for at least 24 h. All samples were run at 25°C. The

MATERIALS AND METHODS scanning protocol consisted of sequentiabcans around the predicted
i Bragg angle for each order. Each scan covered the angular rapge (
Sample preparation 0.5°) to @, + 0.5°), where6, is the Bragg angle for theth order of

DOPC and DOPG were purchased from Avanti Polar Lipids (Alabaster,lame"ar diffraction.

AL) and used without further purification. The 11 amino acid peptide
(RPKPQQFFGLM-NB) was synthesized by Albachem Ltd. (26 Craigleith N
View, Edinburgh, EH4 3JZ, Scotland, UK). The synthesis was carried out
on an Applied Biosystems 430A instrument, using Fmoc chemistry withThe 2-dimensional array of detector counts for each frame of neutron
the side chain protecting groups selected as tBu (Ser, Thr) and OtBu (Glu)jiffraction data was corrected for variations in pixel response by division
The completed peptide was cleaved with a solution of TRAH95:5)  py a corresponding array of data recorded from water. The complete set of
plus scavengers (ethanedithiol/thioanisole/triisopropanesilicane) and th@zmes from each scan was then collapsed into a linear spectrum and
solution was evaporated under vacuum. The peptide was purified by.ompined to generate a pseu@@d scan. Up to this stage of the analysis,
reverse phase HPLC and characterized by mass spectra (MALDI, PerSegyj calculations were carried out using the V1 instrument software.

tive Biosystem laserTec), amino acid analysis (LKB 4kb@mino acid The background around each peak was fitted and subtracted using
analyzer) and analytical HPLC. Two batches of peptide were producedgigmaPlot v3.0 (Jandel Scientific Software GmbH), a commercial spread-
one undeuterated and one containing deuterated leucine (10 deuterons)sieet and graphs package. Gaussian curves were then fitted to the Bragg
position 10. The purity of each peptide was above 95%, as determined bysflections and the angular position, width, and area of each peak were
analytical HPLC, mass spectrometry, and amino acid analysis. Twentyrecorded. Absorption and Lorentz corrections were applied and the inten-
milligram samples of lipid, some of which contained 3% (mol) peptide, sjties square-rooted to produce structure factor amplitudes. The relative
were deposited on quartz microscope slides (75 mm@5 mm) using an  scaling of the different data sets and the phases of each of their orders were
determined by least-squares fitting to straight line functions, as shown in
Fig. 2.

The D-repeat of each sample was calculated by least-squares fitting of
the observed values off2o the Bragg equatiomA = 2D - sin(f,. J),
wheres is the angular offset (misalignment) of the detector.

The data were placed on a “relative absolute” scale (Wiener et al., 1991;
Wiener and White, 1991; Jacobs and White, 1989) using the known
neutron scattering densities #f and H to scale the [DOPG 2H,0] —
[DOPC + H,0] differences and the [DOP& (°H,yLeu)-SP]— [DOPC
+ SP] differences. This method requires knowledge of the molar percent-
age of water in the samples, which was determined as described below.

Gaussian distributions were fitted to the deuterated leucine sites by
least-squares methods. The process was carried out in reciprocal space,
whereby each Gaussian model is tested by comparing its calculated struc-
ture factors to the differences between observed structure factors for
deuterated and undeuterated peptides.

eutron data analysis

Determination of water content

The neutron diffraction sample preparation was repeated t&Gwpabeled
DOPC and tritiated water so that scintillation counting could be used to
determine the water/lipid molar ratio. Microscope coverslipsX222 mm)

were cut in half to provide a suitable substrate which would fit into a
FIGURE 1 The structure of substance P as determined by Keire andtandard scintillation counter tube. To give the same sample thickness,
Fletcher (1996), as used in the analysis of neutron diffraction data as-5.0 mg lipid was spread on each half-coverslip. After vacuum dehydra-
described here. Both space-filling)(and wire-model B) representations  tion and rehydration for 24 h, in small batches, at 25°C, the coverslips were
are shown. Leucine 10, the residue that was deuterated in some of thguickly transferred to tubes of scintillarf’C and®H activity were mea-
peptide used in this study, is indicated in black. sured using a Packard 1900CA Liquid Scintillation Counter. Control sam-
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4 e (upto 1 A), are a potential source of error when the structure
F o ] factors, or profiles calculated from them, are subtracted
0r > - — from each other. This error is most marked in the 100%
a ] 2H,0 structure factors, where even a small difference in the
-4 - - amount of water present can represent a considerable
S i change in the scattering density of that region of the sample.
2 8f Ef; . The level of deuteration of the peptide in this study is
g— C h=3 1 relatively low when compared to tHfél,0-H,0 differences
a -12 C A h=4 7 so, in order to reduce the effect of these errors, all profiles
§ AT TN and subtractions were calculated at 8.07%0, at which
§ F , ' h =5' T isotopic composition water has a net scattering density of
o 95 + n=s ] zero.
‘3 - . E - g ] The mosaic spread of all samples used in the analysis was
3 00 ] less than 0.5° (full width at half height). There was no
® ] significant variation between the different samples. The
05L b water content of the samples, measured by scintillation
L e ] counting, was DOPC, 26.08 waters per lipid; DOPRC
i 1 DOPG, 30.49; DOPG- SP, 26.35; DOPC- DOPG + SP,
-1.0 _B. T 28.40. The maximum error in these measurements was

estimated to bet1.0 waters per lipid.
Two different model-fitting approaches were taken in
2HZO concentration (%) order to interpret the neutron data. The simpler of the two
types of model was two Gaussian distributions (and their
FIGURE 2 An example of the structure factors and their phase assignmirror images in the centrosymmetric unit cell). The Gauss-
ment using HOH,0 exchange, in this instance DOPC with 50% (mol) jan distributions were fitted to the observed differences

0, i .
DOPG and 3.0/o_ (mql) su‘bstance‘P. Each order has been fitted (lea: tetween deuterated and undeuterated SP, the variables be-
squares) to a straight line with negative slope for odd-numbered orders an|

positive slope for even-numbered orders. This relationship breaks down 419 _height, width, and position along the bilayer normal.
higher-order numbers, indicating that, at higher resolution, the shape of thd he fitting process was carried out in reciprocal (diffrac-
water distribution can no longer be described as a single Gaussian distrtion) space by comparing the calculated structure factors of
bution. For clarity, the eight orders are split between two plo¥; first  each model to the observed difference structure factors. The
four _orders; B), orders five to_elght on an e_nlarged vertical scale. The results of this approach are summarized in Table 2.
phasing of orders seven and eight is uncertain. All subsequent calculations . .
only used the first six orders. The second approach was used to determine the location
of the whole peptide relative to the bilayer. It was essen-
tially an elaboration of the Gaussian technique in which the
neutron scattering profile of SP was calculated by combin-
ples containing tritiated water (1/2) or **C-DOPC, equivalentt0 5.0 mg  iny the molecular coordinates of the peptide from a recent
experimental phospholipid, were used to calibrate the scintillation counteif\& R structure determination (Keire and Fletcher. 1996
channel and cross-channel response. Clean coverslips served as controls M structure . ( . ! )
the experiment, to ensure that the amount of water condensing on th&ith the coherent scattering length of its component atoms.
reverse side was negligible. A Gaussian distribution, the integral of which was equal to
the scattering length of that atom, represented each atom. In
RESULTS the case of the deuterium label distributions, the scattering
length of all atoms other than the deuteriums was set to zero.
Table 1 shows the neutron structure factors of DOPC bilayThe scattering length of the deuteriums was set at 1041
ers with 3% (mol) SP or?H,,Leu)-SP and bilayers of 1072 cm, equivalent to the difference between the scatter-
DOPC with 50% (mol) DOPG and 3% (mol) SP éH(  ing lengths of'H and®H. The best fit to the label distribu-
Leu)-SP. Fig. 2 shows an example of the structure factotion in DOPC bilayers was found to be when the center of
data, scaled and phased so that straight lines pass throutite whole peptide was 12.0 A and 24.4 A from the center of
each order of the structure factors from ea&th,O/H,O the bilayer. The axis of the peptide was parallel to the
exchange series. Neutron scattering density profiles, calcibilayer normal for the inserted peptide and perpendicular to
lated by Fourier transformation structure factors, are showtthe normal for the surface peptide. In this calculation a
in Figs. 3 to 5. smearing factor of 5.3 A was applied to each atom of the
TheD-repeats of the various samples were 58.2.4 A, inserted peptide and 4.4 A for the surface peptide. The
55.4+ 1.0 A, and 54.8+ 1.0 A for the pure DOPC, DOPC corresponding figures for the DOPC/DOPG bilayers were
with 3% (mol) SP, and 3% (mol)?,,Leu 10)-SP, and 14.2 A and 24.5 A from the center of the bilayer, with a 4.0
52.6 = 0.9 A, 55.0+ 1.0 A, and 55.4= 1.0 A for the A smearing factor for both populations of peptide. The
corresponding DOPC/DOPG samples. These differences iresults of both model-fitting approaches are summarized in
D-repeat, though well within the generally accepted rangé-igs. 4 and 5. It should be noted that the figures show a

0 20 40 60 80 100
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TABLE 1 Experimentally determined, corrected, and scaled neutron structure factors of stacked bilayers of DOPC, DOPC with
3% (mol) SP or (2H,,-Leu)-SP, DOPC with 50% (mol) DOPG and DOPC with 50% (mol) DOPG, and 3% (mol) SP or (*H,,-Leu)-SP.

Sample F(1) F(2) F(3) F(4) F(5) F(6) F(7) F(8)

DOPC, 3% (mol) Substance P, 04,0

(2) —0.68 —-3.64 1.46 2.09 —0.86 —0.65 +0.69 +0.64
+0.05 +0.11 +0.11 +0.11 +0.05 +0.05 +0.05 +0.05

DOPC, 3% (mol) Substance P, 106%,0

2) —13.27 3.02 0.75 0.20 1.03 0.58 +0.57 +0.78
+0.25 +0.10 +0.05 +0.05 +0.08 +0.05 +0.05 +0.05

DOPC, 3% (mol) tH,Leu-10)-Substance P, 08,0

3) —0.52 —2.85 0.98 0.80 —-0.72 —-0.85 +0.93 +0.82
+0.11 +0.11 +0.11 +0.11 +0.11 +0.11 +0.11 +0.11

DOPC, 3% (mol) tH,,Leu-10)-Substance P, 100%¢1,0

(4) —-13.14 3.55 0.75 -0.30 1.22 0.38 +0.55 *+0.75
+0.25 +0.10 +0.05 +0.05 +0.08 +0.05 +0.05 +0.05

DOPC+DOPG (50:50), 3% (mol) Substance P, G¢4,0

(5) —0.90 —3.45 1.28 0.38 -0.71 0.39 +0.06 +0.69
+0.05 +0.10 +0.08 +0.05 +0.05 +0.05 +0.05 +0.05

DOPC+DOPG (50:50), 3% (mol) Substance P, 1080

(6) —12.51 2.64 1.15 0.45 —-0.47 —0.38 +0.32 +0.05
+0.25 +0.10 +0.08 +0.05 +0.05 +0.05 +0.05 +0.05

DOPC+DOPG (50:50), 3% (mol)?H,-Leu-10)-Substance P, 09,0

@) —-0.43 —-4.19 —0.68 —0.93 0.00 0.68 +0.90 +0.79
+0.05 +0.15 +0.05 +0.05 +0.05 +0.05 +0.05

DOPC+DOPG (50:50), 3% (mol)%H,,Leu-10)-Substance P, 1008,0

(8) —12.05 3.03 -0.81 —0.56 0.00 -0.14 +0.01 +0.16
+0.25 +0.10 +0.05 +0.05 +0.05 +0.05 +0.05

DOPC, 0%2H,0

9) -8.14 —19.37 10.20 —3.63 —-3.33 0.00 0.00 +0.75
+0.20 +0.26 +0.20 +0.15 +0.15 +0.05

DOPC, 1009%H,0

(20) —161.48 28.29 5.58 8.51 —8.53 0.00 +5.30 +1.69
+1.00 +0.30 +0.15 +0.20 +0.20 +0.15 +0.08

DOPC+DOPG (50:50), 09%H,0

(11) —14.67 —30.93 17.80 —2.45 2.95 —6.19 +4.57 *+4.15
+0.25 +0.30 +0.26 +0.10 +0.10 +0.18 +0.15 +0.15

DOPC+DOPG (50:50), 1009%H,0

(12) —166.76 41.02 —-12.91 5.99 4.06 —-5.30 +4.31 +0.83
+1.00 +0.35 +0.25 +0.15 +0.15 +0.15 +0.15 +0.06

The measurements were made at 25°C and 100% relative humidity. The phasing of orders seven and eight is uncertain. All subsequent calculations used
only the first six orders. The errors are related to the deviations of the observed points to straight lines fitted through structure factoféis® three
concentrations, as in Fig. 2.

comparison of the calculated and observed scattering prexchanged sites on the peptide, each show a large presence

files in real space; the actual model fitting was carried out inof deuterium right across the bilayer profile.

reciprocal space. Also shown is the calculated scattering The difference profiles, showing the bilayer distribution

profile of SP, using the peptide locations and smearingf deuterated leucine on SP, clearly demonstrate two pop-

factors determined by the deuterium peak model fitting. ulations of peptide. To interpret these findings in more
detail, a model-fitting approach was employed, based on a

DISCUSSION recc_antly published NMR st_ructu_re of micell_e—b(_)u_nd SP
] ) (Keire and Fletcher, 1996), in which the peptide/lipid ratio
DOPC with DOPG bilayers was similar to that used in the neutron work. The NMR

Figs. 4 and 5 and Table 2 clearly show that the interactiorptructure was positioned on the bilayer normal, its exact
of SP with the phospholipid membranes employed in thidocation being determined by fitting the calculated neutron
study takes place at two locations. One involves insertion ofcattering from the deuterium label sites to the observed
the peptide into the hydrophobic region of the bilayer, thescattering in difference profiles. This approach is particu-
other is much more peripheral. The penetration of the peplarly appropriate for the deeper location, as it positions the
tide into the hydrophobic region of the bilayer is reflected inpeptide relative to the surrounding phospholipids in a very
a marked difference in the water distribution profiles (Fig. similar manner to that described in the NMR work. The

3) in the presence of peptide. These profiles which, moreonformation of SP in the peripheral location is much less
correctly, represent not just the water, but also deuteriumeertain, but for want of a better alternative, we have again
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F RRRRS e A ss R T ™ less. Thus any of a number of surface peptide conformations
20¢ — — DOPC ] could have been used in the calculation without seriously
E —— DOPC+SP E 0.7 affecting the results. A comparison of the profiles shows
15 A R DOPC+H-sP /1 that the majority of the scattering difference comes from
“ 10 5 E 06 neither the peptide nor the water, since the profile corre-
T : ] 05 sponds to a bilayer with 8.07%H,0, at which isotopic
5;_’-1 05E e 1 composition water has a net coherent neutron scattering
% : \ / 104 density of zero. The differences between the profiles can
. 00F ~ — Al only, therefore, represent rearrangements of the phospho-
% b H-HH e lipid. Wu and co-workers (1995) have reported membrane
€ 20F ] thinning as a direct result of peptide incorporation into
] F — — DOPC/PG ] MR . . . . .
'g‘ 5 \— DOPC/PG+SP / 407 phospholipid bllayers. !t is quite possible that. the insertion
e 15F V... DOPC/PG+2H-SP ] of SP may have a similar effect on phospholipids.
5 [ Jos
Fg ) _ \\/—j E
] [ 405 .
05F N o ] DOPC bilayers
00 . ~_ - B_: 0.4 To contribute to the discussion on whether SP inserts into
T T zwitterionic membranes, neutron measurements were also
30 20 10 0 10 20 30 performed on DOPC bilayers, some of which contained SP
z(A) at 3.0% (mol). The results, summarized in Table 2, show

that SP does indeed insert into DOPC bilayers, but it is
FIGURE 3 The distribution of deuterium, introduced in the form of 50% interesting that more of th.e pept!de Is found at the surface
2H,0, within and between bilayers oA{ DOPC (@ashed line, left hand when ComparEd to the anionic bilayers. .
scald, DOPC with 3.0% (mol) substance Bo{id line, right hand scale In comparison to the DOPC results, the positions of the
and DOPC with 3.0% (mol)’H,Leu-10)-substance Rigtted line, right  two label populations show only minor differences. Indeed,
hanld S;?)'i C(B)_'?]OS'ZE Withfgg ngol) dDngO(aSqed "t:‘e, left ;#nd it is noticeable in Fig. 3 that the water distribution between
scalg, wit| o (MO an .0% (mol) substancesdli H H H H H H H"
Iine,eright hand scalg anél DO)PC with 50% (mol)(DOF)>G and 3.0% (gml) adjacent b||§\ygrs 'S wider in thosg bl'layejrs contammg.only
(2H, -Leu-10)-substance Rigtted line, right hand scaje DOPC @), mdpatmg that the anionic bilayers are wider
than the zwitterionic ones. For practical reasons, the loca-
tion of the label sites in Table 2 is expressed in terms of
used the Keire structure in our interpretation, but orientedlistance from the center of the bilayer. Were it possible to
with its long axis parallel to the bilayer. In support of this, present the results as distance from the bilayer surface, it is
it should be noted that the work by Keire and Fletcher onlylikely that the difference between the two lipids would be
presents one structure for the peptide, while it is quiteeven smaller.
feasible that their samples also contained two populations of Keire and Fletcher (1996) have reported that the confor-
peptide. mation of SP, as determined Bi-NMR, does not differ
An alternative explanation for the two deuterium peakssignificantly between anionic and zwitterionic micelles. In
would be to suggest that the peptide aggregates in an antpoth systems they observed a similar conformation for
parallel manner. Three arguments refute this suggestiormssociation of the QQFFGLM residues with lipid micelles.
Firstly, the relative sizes of the two populations of label areThe only variations in structure were observed in the N-
not stoichiometric and differ between the two types ofterminal residues, RPKP. This was interpreted as indicating
bilayer studied. Secondly, in order to insert in the alternativethat the structure of SP at a micelle surface is determined
(antiparallel) direction, the peptide would need to introduceargely by hydrophobic forces, while the electrostatic inter-
its N-terminus, together with its three positive charges, intoactions determine the amount of SP that is bound. This
the hydrophobic core of the bilayer. Finally, the Fourier-interpretation is in close agreement with the neutron results
transform infrared study of Choo and co-workers (1994)reported here.
reported that SP aggregates in the presence of chargedHowever, the neutron data do not appear to agree with the
lipids, but not in an anti-parallel manner. monolayer expansion measurements of Seelig and Mac-
Once the peptide structures had been located and orient&bnald (1988), who concluded that SP does not insert into
using the deuterium label information, it was a straightfor-zwitterionic monolayers. It should be noted, however, that
ward matter to calculate the contribution of scattering fromboth the lipids used (DOPC instead of POPC) and their
all peptide atoms to the neutron scattering profiles. FiB. 5 arrangement (bilayers instead of monolayers) differs be-
illustrates the comparison of such a profile to the corretween the two studies. It is arguable that monolayers do not
sponding profile derived from observed data, using thepresent an accurate representation of bilayers, especially
difference method. Reference to the figures shows that theshen considering the insertion of molecules into the bilayer
calculated scattering profile is relatively low and feature-center, or beyond. Conversely, it is possible that the nature
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TABLE 2 Gaussian models of deuterium label distribution of 3.0% (mol) (°H,,-Leu-10)-Substance P in bilayers of DOPC or
DOPC+DOPG (50:50)

Site Parameter DOPC Distribution DORDOOPG Distribution

1 Position* 6.61+ 0.22 A 57.5+ 5.5% 8.82+ 0.22 A 65.6+ 5.5%
Width* 9.18+ 0.88 A 6.99+ 0.33 A

2 Position* 22.04+ 0.22 A 42.5+ 5.5% 22.34+ 0.83 A 34.3+ 5.5%
Width* 8.27+ 0.83A 7.54+ 0.66 A

The position, width, and size of Gaussian distributions were fitted, in reciprocal space, to difference neutron structure factors. Six ohcetsoof \dire
used in the fitting procedure.

* The position of each label site is expressed as distance from the center of the bilayer.

#The width is the full width at half height.

of the neutron samples, in which adjacent bilayers ardivered at the correct address, the C-terminal portion of the
separated by a narrow (15-20 A) water channel, artificiallypeptide must be located at a specific depth within the
increases the concentration of peptide close to the surface bflayer, irrespective of its phospholipid composition. While
the bilayers. This contrasts with the monolayer expansionthe neutron measurements reported here can neither support
system, in which the peptide was introduced into the aquenor refute such a model, they clearly demonstrate that SP is
ous layer. The binding of SP to the monolayer surface was

reported to be dominated by electrostatic interaction. There-

-30 20 10 0 10 20 30

0.04 - (A}

scattering density: p(X)*S*10*
5

FIGURE 5 Model-fitting (2). A) The distribution of deuterium in 3%
(mol) (*H,-Leu-10)-substance P in DOPC/DOPG bilayers (50:50), shown
as difference neutron scattering density profiles calculated from six orders
of diffraction. Also shown are the calculated neutron scattering density
distributions for deuterium in 3% (molfK,-Leu-10)-substance P, using
R NN NS R WS RN EEE the NMR structure for SP of Keire and Fletcher (1996). In Model 1 the
30 20 10 0 10 20 30 peptide is arranged perpendicular to the bilayer and in Model 2 parallel to

the bilayer, as indicatedBJ Predicted neutron scattering profile of 3%

Z(A) (mol) substance Psglid line) calculated using the whole Keire and

Fletcher structure, with the peptide arranged in two populations arranged as
FIGURE 4 Model-fitting (1). Difference neutron scattering density pro- in (A). The dotted line is the observed neutron scattering density profile at
files, calculated from six orders of diffraction, showing the distribution of 8.07%2H,0, calculated by subtracting the DOPC/DOPG profile from the
deuterium in 3% (mol)3H,Leu-10)-substance P i\ DOPC bilayers  (SP + DOPC/DOPG) profile. The two profiles shown are very different,
and B) DOPC/DOPG bilayers (50:50). The subtraction was carried outindicating that the dotted line includes scattering contributions from
using structure factors representing 8.07R0, to reduce the effect of sources other than the peptide alone. Since the dotted profile represents a
slight differences in hydration level between the samples. Each panel alsbilayer at 8.07%¢H,0, at which isotopic composition water is effectively
shows @lashed ling the sum of two pairs of Gaussian distributions, fitted invisible to neutrons, the difference between the predicted and observed
to the difference data in reciprocal space (six orders of diffraction). profiles can only be caused by rearrangements of the phospholipids.

fore, an anionic surface would be predicted to attract the 0.07 S AR i >
positively charged peptide much more readily than would a 006 F o ;‘jj;gﬁd-;
zwitterionic surface. 0.05 F modaia2
The message-address model of Schwyzer (1987) requires 0.04 £ E
that each tachykinin interacts in a tightly controlled manner ':e 0.03 E 3
with phospholipid membranes. For the message to be de- :c’o i 3 E
X001 f 1
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able to interact with both zwitterionic and anionic mem- Keire, D. A., and T. G. Fletcher. 1996. The conformation of substance P in
branes in such a way that the C-terminus of the peptide is 'Pid environmentsBiophys. J.70:1716-1727.
positioned ata tightly controlled depth below the mernbraneSchwyzer, R. 1987. Membrane-assisted molecular mechanism of neuroki-

. . . nin receptor subtype selectioBMBO J.6:2255-2259.
surface. Moreover, in agreement with other studies, the C
Seelig, A., T. Alt, S. Lotz, and G. Holzemann. 1996. Binding of substance

proportion of peptide that penetrates th? _membran.e. IS P agonists to lipid membranes and to the neurokinin-1 recepior.
shown to be dependent upon the phospholipid composition chemistry 35:4365-4374.

of the bilayer. Seelig, A., and P. M. MacDonald. 1989. Binding of a neuropeptide,
substance P, to neutral and negatively charged lipBischemistry
28:2490-2496.

The experiments at BENSC in Berlin were supported by the Europeanyijener, M. C., G. I. King, and S. H. White. 1991. Structure of fluid DOPC
Commission through the TMR (Training and Mobility of Researchers) bilayer determined by joint refinement of x-ray and neutron data-
Programme, “Access to large-scale facilities” (Contract: ERB CHGE CT phys. J.62:2762-2772.

920014). S.M.A.D. holds a Wellcome Trust Veterinary Research ScholarshipWiener' M. C., and S. H. White. 1991. Fluid bilayer structure determina-

tion by the combined use of x-ray and neutron diffractiBiophys. J.
59:162-185.
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