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The cyclic peptide SMS 201-995 (+)p-Phe'-Cys®-Phe®D-Trp"(+)Lys>-ThrCys’-Thr(ol)® is an analog of soma-
tostatin and binds to lipid membranes by an electrostatic / hydrophobic mechanism. The structural changes accompany-
ing the binding process were investigated with circular dichroism (CD), fluorescence spectroscopy, and phosphorus and
deuterium nuclear magnetic resonance. The peptide penetrates into ihe lipid bilayer and the binding is accompanied by a
small change in the CD spectrum suggesting fhe formation of B-ordered structures. The fluorescence emission spectrum
of the tryptophan side chain exhibits a blue shift and an intensity enhancement of the emission maximum, providing
evidence that this residue is located in the inner part of the phospholipid headgroup region with a dielectric constant of
€ =7, The peptide diffuses rapidly in the plane of the membrane, changing the lipid headgroup conformation. This was
demonstrated by selectively deuterating the two choline segments and measuring the deuterium spectra as a function of
the bound peptide concentrations. A linear variation of the quadrupole splitting with the mol fraction of bound peptide
was cobserved. The molecular origin of this effect is a distinct change in the orientation of the phosphocholine dipole,
moving the N* end of the dipole away from the membrane surface into the water phase. This type of headgroup
rotation appears to be the general response of the zwitterionic phosphocholine headgroup to cationic surface charges,
However, peptides appear to be the most efficient modulators of the lipid headgroup structure known to date.

Introduction namic binding data can be summarized as follows [2}:

(i) Monclayer expansion studics demonstrate that the

The cyclic peptide SMS 201-995
o-Phe’ —Cys’—Phe’—DTrp*
Thrd(ol)—Cys’— The® —Lys* —

is an analog of the hormone somatostatin. Its biological
activity is larger than that of somatostatin and the
peptide is of significant clinical interest [1]. The mole-
cule has a formal charge z = 42 and binds to neutral
and negatively charged membranes. The thermody-

Abbreviations: POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol;
DMJ'C, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPS, 1,2-di-
myrixtoyi-sn-glycero-3-phosphoserine; CD, circular dichroism; NMF.,,
nuclear magnetic resonance,

Correspondence: J. Seelig. Department of Biophvsical Chemistry,
Biocenter of the University of Basel, Klingelbergstrasse 70, CH-4056
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peptide intercalates between the membrane lipids. The
surface area requirement of the peptide is approx. 135
A? and the peptide presumably enters the membrane
with the long pcptide axis parallel to the plane of the
membrane. (i) Binding studies have been performed
with monolayers and large multilamellar bilayer vesicles.
The peptide binding isotherms and the {-potential mea-
surements can be explained by a surface partition equi-
librium

Xb = KpCM

where X, is the molar amount of peptide bound per
total lipid, K, is the partition constant (K, =75 M~!
at (.154 M NaCl), and C,; is the concentration of free
peplide immediately above the plane of binding. C,, is
distinctly enhanced compared to the equilibrium con-
centration in bulk solution if the membrane carries a
negative surface charge and must be calculated via the
Gouy-Chapman theory [3,4].



Knowledge of the thermodynamic binding parame-
ters leads to a number of structural questions. Since the
peptide intercalates between the lipids, is there a con-
formational change in the peptide structure? How deep
can the peptide penetrate into the lipid bilayer? Is the
lipid conformation modified upon peptide penetration?
We have attempted to answer these questions by em-
ploying different types of spectroscopy. The peptide
conformation in water and in the membrane was in-
vestigated with circular dichroism (CD); the penetration
of the peptide into lipid phase was assessed with fluo-
rescence spectroscopy; finally, the structural properties
of the membrane lipids were analyzed with phosphorus
and deuterium nuclear magnetis: resonance (NMR). The
membrane systems were formed from neutral 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG). For comparative purposcs,
CD and fluorescence spectroscopic measurements were
also performed with somatosiatin. While both SMS
201-995 and somatostatin have been studied in solution
(Refs. 1, 5 and 6, and references therein), we are not
aware of corresponding spectroscopic studies on the
membrane-bound peptides.

Materials and Methods

SMS 201-995 and somatostatin were kindly pro-
vided by Sandoz {Basel, Switzerland). The concentra-
tions were determined by ultraviolet spectroscopy using
an absorption coefficient of 5700 M~!-cm™! at 280
nm, characteristic of the tryptophan and disulfide ab-
sorption [5}. Non-deuterated 1-palmitoyl-2-cleoy-sn-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (POPG) were
purchased from Avanti Polar Lipids (Birmingham, AL,
U.S.A). For simplification of the discussion, the two
methylene segments of the choline headgroup are de-
noted a and B in the following:

0
-POCH,CH,N* (CH,)
o ﬁ: {CH,),

POPC was selectively deuterated at the a- and B-seg-
ment as described previously {7].

Preparation of lipid samples. Small unilamellar vesicles
(SUV) of POPG were required for CD and fluorescence
experiments and were prepared as follows. A lipid dis-
persion of POPG (approx. 3 mg iipid/ml) was soni-
cated under nitrogen for about 35 min (at 10°C) unt:!
an almost clear solution was obtained. Metal debris
from the titanium tip was removed by centrifugation in
an Eppendorf centrifuge for 10 min and the vesicle
suspension was used without further manipulations.

For NMR measuremenis about 8-10 mg of POPC
and POPG were mixed in dichloromethane or chloro-
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form in the molar ratio of 75:25 and the solvent was
removed first in a stream of nitrogen and then under
high vacuum. The lipids were dispersed in 200 ul buffer
containing 154 mM NaCl, 10 mM Tris-HCl (pH 7.4),
plus the desired concentration of SMS 201-995, The
samples were strongly vortexted, followed by several
freeze-thaw cycles and further vortexing in order to
ensure a homogeneous distribution of peptide. The sus-
pension was centnifuged for 120 min at 120000 g
(Beckman Airfuge) and the clear supernatant was re-
moved with a pipette. After appropriate dilution the
SMS 201-995 concentration in the supernatant was
determined with ultraviolet spectroscopy by measuring
the absorption at 280 nm. From the difference between
the initial and the finai SMS 201-995 concentration the
amount of SMS 201-995 bound per mol lipid, X,,
could be evaluated [2).

NMR measurements. All *H-NMR and *'P-NMR
experiments were performed with the coarse lipid dis-
persion as described above. The lipid pellets obtained
after centrifugation were used without further manipu-
lation. The “H-NMR spectra were recorded with a
Bruker MSL-400 spectrometer operating at 61.4 MHz,
using the quadrupole echo technique 8] *'P-NMR
spectra were recorded at 162 MHz by employing a
Hahn echo sequence with gated proton decoupling [9].
The experimental parameters were essentially the same
as described previously [10]).

Circular dichroism and fluorescence spectrascopy. Cir-
cular dichroism measurements were performed with a
Cary 61 instrument which was calibrated with d(+)-
10-camphor sulfonic acid. The optical length of the
cuvette was 2 mm. [8] represents the mean residue
ellipticity in deg-cm?-dmol™'. Fluorescence spectra
were recorded with a Schoeffel RRS 1000 spectrofluori-
meter (excitaiion at 282 nm, emission in the range
300-450 nm). The absorbance in the exciting beam was
always chosen to be smaller than 0.1.

Results and Discussion

Peptide conformation in solution and bound to lipid mem-
branes

As mentioned above, the surface partition coefficient
for the binding of SMS 201-995 o POPC/POPG
(75:25) membranes is only K, =75 M~ (0154 M
NaCl, 10 mM Tris-HCl (pH 7.4}). In order to determine
the spectral characteristics of the membrane-bound
peptide, 2ll CD and fluorescence measurements were
hence made with pure POPG vesicles. The electrostatic
attraction between the negative membrane surface and
the positively charged peptide considerably enhances
the effective binding. In addition, a high lipid-to-protein
ratio (cf. legends 1o figures) was chosen in order to
guarantee a complete binding of the peptide to the lipid
membrane.
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Fig. 1. Circular dichroism spectra of SMS 201-995 and somatostatin

in buffer and bound to POPG vesicles. (A) solid line, SMS 201-995

(50 pM) in buffer (154 mM NaCl, 10 mM Tris (pH 7.4)); dotted line,

SMS 201-995 (50 pM) and small unilamellar vesicles of POPG (2

mM phospholipid) measured in buffer. (B) soiid line, somatostatin (50

wM) in buffer; dotted line, somatostatin (50 pM) and small unilamel-
lar vesicles of POPG (1 mM phospholipid) in buffer.

Circular dichroism spectra of SMS 201-995 in aque-
ous solution and bound to POPG vesicles are shown in
Fig. 1A. In the aqueous phase, the CD spectrum is
characterized by a minimum at 203 nm with a shoulder
at 220 nm (solid line in Fig, 1A). Upon binding of the
peptide to the membrane, the latier transition increases
in amplitude from —4500 deg: cm®/dmol to — 6500
deg - cm/dmol (dotted line, Fis; 1A), By comparison
with CD spectra of elastin (which have no overlapping
aromatic residues) in water and methanol [11] this
change in the CD specira of the somatostatin analog
suggests the formation of some f-turn structure,

The CD spectrum of somatostatin in buffer (Fig, 1B)
is characterized by a minimum at approx. 200 nm and
corresponds to published data [S). For membrane-bound
somatostatin (dotted line in Fig. 1B) this minimum is
shifted to ~ 207 nm and its amplitude is enhanced. The
molecular interpretation of this change is difficult, since
the CD absorption of the peptide backbone is masked
by contributions from the arcmatic amino acid side

chains and the disulfide bridge. Nevertheless, the ap- .

pearance of a weak shoulder at 220 nm again suggests
the formation of some f-turn structure.

The transfer of protein segments from water into a
non-polar environment leads to a drastic reorganisa.ion
of hydrogen bonds since hydrogen bonds between water
and amino acid side chains must be replaced by in-

trachain hydrogen bonds lcading to highly ordered pro-
tein structures [12]. A typical case in point is melittin
which vpon binding to lipid membranes undergoes a
transition from a random-coil structure in water to an
almost 70% a-helical structure in the lipid phase [13).
We have reestimated this value to be 80% {18]. For the
cyclic peptides described here the structural changes are
much less pronounced, and suggest alternative mecha-
nisms to satisfy the energy requirements. Presumably
hydrogen bonds of the peptides to bulk water are re-
placed by hydrogen bonds to water in the hydration
layer of the phospholipid headgroups.

Peptide penetration into lipid membranes

Both somatostatin and its smaller analog SMS 201--
995 contain a single tryptophan which can be exploited
for polarity studies since the fluorescence spectrum of
the indole ring experiences a blue shift upon trausfer
from an aqueous to a less polar solvent [14,15]. Fig. 2
displays fluorescence spectra of SMS 201-995 and
somatostatin in buffer and bound to vesicles. In water,
both molecules exhibit a fluorescence emission maxi-
mum at 351 nm. However, the fluorescence intensity
increases and the emission maximum shifis iowards
shorter wavelength in the presence of POPG vesicles.
Again a high lipid-to-protein ratio was employed in
order to completely eliminate spectral contributions of
the free peptide in solution. For both molecules the
emission maximum shifts by about 12 nm to 339 nm
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Fig. 2. Fluorescence spectra of SMS 201-995 and omatostaun 1n

buffer and bound to POPG vesicles, (A) solid line, SMS 201-995 (5

1M} in baffer; dotted line, SMS 201-995 (5 M) an¢ small unilamel-

lar vesicles ot POFG (phospholipid concentration 0.7 miM) in buifer

(B) solid line, somatostatin (5 £ M) in buffer; dotted line, somatostatin

(5 £M) and small unilamellar vesicles of POPG (phospholipid con-
centration 0.4 mM) in buffer.



indicating a polarity comparable to a dielectric constant
of about € = 7[15]. Apparently, the tryptophane residue
does not penetrate completely into the central part of
the bilayer (with € = 2) but remains in the headgroup
region. This may te contrasted with the binding of
melittin to POPC-like bilayers which is accompanied by
a much larger dispiacement in the fluorescence maxi-
mum (from 350 nm to 330 nm) suggesting a truly
hydrophobic environment in the latter case [16}. Com-
parably large shifts have also been observed for some
small pentagastrin-related pentapeptides [17}. These
latter studies provide evidence that it is not the hydro-
phobicity at the tryptophan residue but the hydro-
phobicity of the molecule as a whole which determines
the location of the tryptophan residue within the mem-
brane.

Peptide binding and lipid head group conformation
?H.NMR studies have demonstrated that melittin
binding to pure POPC [10}, mixed POPC/POPG (18]
and mixed DMPC/DMPS [19] bilayers induces a sig-
nificant change in the phosphocholine headgroup orien-
tation, A qualitatively similar result was reported for
the strongly hydrophobic, synthetic peptide K,GL,K,
A [20], which carries two positive charges on the C-
terminal and three on the N-terminal of its bilayer-
spanning helix. We have thersfare investigated the in-
fluence of the somatostatin-analog SMS 201-995 on the
phosphocholine headgroup for both pure POPC and
mixed POPC/POPG membranes. 'P-NMR and ’H-
NMR spectra were obtained for the phosphate segment
and the a- and B-methylene segments, respectively, with
and withou! peptide present. The *'P-NMR spectra (not
shown) were always characteristic of liquid crystalline
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Fig. 3. Deuterium NMR spectra of POPC membranes without peptide

(A,C) and with SMS 201-995 (B,D). POPC was selectively deuterated

at the a-segment (A,B) and the f-scgment (C,D). The amount of

bound peptide was X, = 0.09 (mol/mol) in Fig. B and X, =007
(mol/mol) in Fig.D.

et
10 kHz

81

TABLE I

Degree of peptide binding, X,,, and corresponding quadrupole splittings,
Ay,

Q
2.154 M NaCl; 10 mM Tris-HCl (pH 7.4).

Membrane Xy Ary
system {mmol/moi) (kHz)
160% POPC
a-segment 0 581
deuterated 15.7 521
42 426
66 354
196 289
90 260
B-segment 0 501
deuterated 14 545
345 58
704 6.5
75 mol% POPC +25 mol% POPG
a-segment of POPC 0 845
deuterated 73 313
148 7.89
29 126
57 6.59
104 53

bilayers with no evidence for the formation of non-bi-
layer phases {21]. Deuterium NMR spectra of pure
POPC membranes deuteriated at either the a-CH, or
B-CH, group of the choline moicty are displayed in Fig.
3. All “H-NMR spectra were characterized by a single
quadrupole splitting; under no condition did we ob-
serve separate spectra for free lipid and peptide-bound
lipid. The deuterium spectra thus indicate a single,
time-averaged headgroup conformation at all peptide
concentrations. This result requires a rapid two-dimen-
sional transiational diffusion of the peptide on the
membrane surface, affecting all lipid headgroups to
equal extent (within a time of less than 1073 s},

The addition of SMS 201-995 to POPC-containing
membranes lias opposite effects on the two choline
segments: the a-splitting decreases, whereas the B-split-
ting increases. This finding is in agrecment with the
effect of melittin and of many other positively charged
compounds which bind to the membrane surface (cf.
below). In order to quantify the observed variations of
the deuterium quadrupole splittings, we have measured
the amount of bound peptide, X, by the centrifugation
assay described above [2]; the X, values and the corre-
sponding quadrupole splittings 4, are summarized in
Table 1.

The variation of Ary with X, can be explained by
the following model [22,23]. The penetration of n, mol
of peptide into a membrane coraposed of n; mol of
lipid leads to an increase of the membrane suiface area
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[2]. The total area, A, after peptide insertion is given
by

Ar=Na(n AL +npdp) )

where N, is Avogadro’s number and A, and Ap are the
surface area requirements for a single lipid and a single
peptide molecule, respectively. At the same time, the
electric surface charge, 0, of a pure POPC membrane is
d.termined oniy by the amount of bound peptide

Q= Nago2,01, )

where z¢, is the effective charge of the peptide (as seen
by the membrane). The surface charge density, g, ic
then calculated according to

0=0/Ar=(z8/AL}r @)
where r is defined as
r=X,/[1+(Ap/AL) Xy} )

The denominator in the last expression takes into
account the bilayer expansion due to peptide intercala-
tion and vanishes for A, =0 {no penetration). In ti}e
following we assume A, =135 A? {2] and 4, = 68 A’
[24). Previous studies have indicated that a change in
the membrane surface charge density o entails a re-
orientation of the phosphocholine dipole with a con-
comitant change of the deuterium quadrupole splittings
[25]. Since o = r, we have plotted the variations of the
quadrupole splittings As, and 4y, for pure POPC
bilayer weisus » {Fig. 4;. For both segments a linear
dependence on r was observed with (Fig. 4A)

4v,=59-419r (3)

Apg=51+229r (6)

(4»y measured in kHz; r given as mol/mol). We have
also studied a mixed POPC/POPG (7525, mol/mol}
bilayer in which the a-segment of the choline moiety
was deuterated. The quadrupole splitting of the pure
POPC/POPG membrane was 8.4 kHz due to the pres-
ence of negatively charged lipid (26]. Addition of the
positively charged somatostatin analogue reversed the
effect of PG; again a linear decrease of Aw, with r was
observed (Fig. 4B):

Av,=84-361r M

The slope m, is almost identical for pure POPC (Eqn.
5) and mixed POPC/POPG (Eqn. 7) membranes.
Linear relationships between the quadrupole split-
tings Ap, and Ay and the mol fraction of membrane
bound agents X, (or r) have been observed previously
for a variety of chemically different compounds. Table
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Fig. 4. Variation of the quadrupole splittings of a- and A-deuterated
POPC with the amount of bound peptide r (Fqn. 4). (A) pure POPC
membranes with either a-segment () or B-scgment (O) deuterated.
The equilibrium concentration of pepiide free in solution is 7.3 mM
for r=0.076. (B) mixed POPC/POPG (75:25, mol/mol) with the
a-segment of POPC deuterated. The equilibrium concentration of
peptide free in solution is 0.21 mM for r=0051. For details
see Ref. 2.

11 provides a survey of the available data for the phos-
phocholine headgroup. The experimentally observed
quadrupole splittings were evaluated according to Av; =
my;r -+ Ay and Table 11 summarizes the slopes m;. We
note that differences in the binding constants are
eliminated by this approach, since X (or r) refers to the
bound agent only. The slopes m; thus provide a
quantitative measure of the efficacy of membrane-bound
molecule to change the quadrupole splittings and, in
turn, the orientation of the phosphocholine headgroup.
Among the four peptides listed, SMS 201-995 has the
smallest effect; nevertheless, its headgroup efficacy is
even larger than that of the most efficient hydrophobic
local anesthetic. Fig. 5 summarizes the data of Table II
in terms of a m.-~mg plot, i.e. the efficacy of a mole-
cule to change the a-segment (characterized by m,) is
plotted versus its efficacy at the B-segment (charac-
terized by mp). The surprising result of this plot is a
linear correlation between m, and mp, independent of
the chemical structure of the molecules involved, with

mg=-048m, (8)

While the m; values of the meinbranc-cciiv: igents vary
considerably, with melittin (effective charge 2=122)
exhibiting the largest (m, = —93.5 kHz) and Ca®* the
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smallest value (m, = —20.5 kHz) the ratio mg/m, is
always close 12 —0.5 *. This provides evidence for a
strongly coupled motion of the two choline segments.
Experiments with bilayer forming cationic and
anionic amphiphiles (which can be mixed with POPC at
almost any ratio) have shed light on the molecular
nature of the headgroup reorientation [27): positively
charged amphiphiles move the N* end of the "P-N*
dipole towards the water phase, negative chasge moves
the N* end towards the hydrocarbon interior. The
cationic amphiphiles are also included in the m,-mj
plot and their slopes it closely into the general scheme

* The only exception known so fas is melittin bound 1o mixed
POPC/POPG {18] and mixed DMPS/DMPC membranes j19).
While m, is identical to the value determined for pure POPC
mcmbranes, the ratio mg/m, is —G.78 for POPC/POPG mem-
branes and -0.22 for DMPC/DMPS membranes.

Efficacy of membrane-hound agents to change the quadrupole splittings of the choline head group segments

Effective m, N =(mg/m,) Membrane Ref.
charge (kHz) (kHz) composition
Metal ions
Ca®* +2 -205 +100 0.49 POPC |24}
-167 nd. POPC/POPG 126}
(80/20)
-i73 nJd. POPC/POPG
(50/50)
-145 nd. POPC/cardiolipin  [29]
(90/10)
La** +3 -50.1 +216 0.43 POPC 130}
Local anesthetics
Etidocaine +1 -403 +15.8 0.49 POPC 1231
Dibucaine +1 -288 +140° 0.49 POPC 123
Tetracaine +1 -29.05 +1382¢ 048 egg PC 131
Peptides
Melittin +22 -933 +444 0.48 POPC {10)
-939 +723 0.78 POPC/POPG 118}
(80/20)
-920 +200 022 DMPC s}
SMS 201-995 +13 -419 4229 055 POPC this work
K,GL»xK;A +5° =-663°  =+330° 9.52¢ DMPC [20]
-515 +36.9 0.63° DMPC/DMPS [20]
80/20
Gramicidin § +2° ~614 +382 0.60 POPC 132
133
Amphiphiles
(CH,),N*(C},Hy), +1 -214 +154 0.56 POPC 27
(CH,);N* (CysHy), +1 -299 +209 0.70 POPC f2m
(CHy):N*(CyyHy), +1 -314 +213 068 FOPC 7]
(CH3);N* (CpoHasXCigHyy) +1 -309 +209 0.68 POPC 21

* Estimated from Fig, 3 of Ref. 34,

® Formal charge; effective charge not determined.
¢ Evaluated from Table I of Ref. 20.

4 Calculated from Fig. A and SA of Ref. 31.
n.d., not determined.
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of Fig. 5. We therefore conclude that the response of
the phosphocholine headgroup to cationic peptides,
metal ions, and iocal anesthetics can be described by
the same molecular picture as established for the charged
amphiphiles. The binding of the somatostatin-like
peptide SMS 201-995 hence also induces a rotation of
the “P-N* dipole into the water phase.

This dipole movement has significant implications
for the electric properties at the membrane surface. If
the headgroup is parallel to the membrane surface in
the absence of peptide, the peptide induced reorienta-
tion will generate a considerable dipol: moment per-
pendicular to the membrane surface. The alterations in
the transmembrane electric field could be streng enough
to trigger conformational changes in neighboring pro-
teins, producing, in turn, gating currents due to the
movement of charged amino acid side chains [28]. The
binding of SMS 201-995 to the membrane surface will
thus not only enhance the rate of peptide-receptor inter-
actions but, at the same time the molecule is an efficient
modulator of the membrane surface electric properties.
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