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ABSTRACT. Cysteine-substituted peptides based on the membrane, calmodulin, and protein kinase C binding
domain of the myristoylated alanine rich C kinase substrate (MARCKS) were synthesized and derivatized
with a sulfhydryl reactive proxyl nitroxide. These spin-labeled peptides were used in combination with
continuous wave power saturation electron paramagnetic resonance (EPR) spectroscopy to determine the
position and structure of the peptide on membranes containing phosphatidylserine. These peptides bind
at the membrane interface, with nitroxide side chains in the central and C-terminal regions lying several
angstroms below the level of the head group. In contrast, the N-terminus of the peptide is extended out
of the membrane interface so that the two N-terminal residues are positioned on the aqueous side of the
head group. When bound to the membrane, the N-terminal segment of this peptide is sensitive to the
membrane surface charge density. Higher charge densities decrease the amplitude of side chain motions
at the N-terminus and bring this end of the peptide closer to the membrane interface. When the location
of successive residues along the bilayer normal is compared, no helical trend is seen, and no evidence for
aggregation of the peptide is found. The EPR spectra of double spin-labeled peptides also show no evidence
for a helical structure. Thus, these basic peptides are in an extended configuration at the membrane
interface with hydrophobic side chains oriented inward toward the membrane hydrocarbon.

Protein kinase C (PKC)performs a number of critical timates of the electrostatic and hydrophobic binding energies
functions in cell-signaling pathways; however, the activity of the intact MARCKS protein indicate that it likely requires
and molecular function of many PKC substrates is not well- both myristoylation and the electrostatic interaction of this
understood. In addition, the molecular interactions between basic domain to attach to the membrane interface and that
PKC and its substrates are not well-characterized. Theneither interaction alone is sufficient (Kim et al., 1994).
myristoylated alanine rich C kinase substrate (MARCKS) Phosphorylation of this MARCKS-derived peptide dissoci-
is one of the major PKC substrates in brain and a number of ates it from the membrane and also dramatically reduces its
other tissues (Taniguchi & Manenti, 1993), and itis currently affinity for CaM (Kim et al., 1993). Thus, this segment of
of interest in signal transduction because it appears to mediateMARCKS is in equilibrium between the solution, the
interactions between PKC, and calmodulin (CaM), mediated membrane, and a CaM-bound form. It has been proposed
signaling pathways. that MARCKS may act to control free CaM levels through

A 25-amino acid peptide derived from MARCKS (residues pKC-mediated pathways (Mcllroy et al., 1991). The mem-
151-175) contains both a calmodulin binding domain and prane attachment of MARCKS presumably serves to make
four sites that can be phosphorylated by PKC (Mcllroy et the CaM binding motif a good substrate of PKC, and

al., 1991). In addition, this segment has been shown to phosphorylation of MARCKS then increases cellular levels
associate electrostatically with membrane surfaces containingsf cam. In essence, MARCKS appears to be a PKC-
acidic lipids. This segment of MARCKS is highly basic, regulated calmodulin buffer.

containing a total of 12 lysines and one arginine residue with

the sequence KKKKKRFSFKKSFKLSGFSFKKNKK. Es- The electrostatic attachment of proteins to membrane

interfaces through a basic domain appears to be a general
T This work was supported by a grant from the National Science phenomena. In addition to MARCKS, other examples of

Foundation (MCB-9418318) and a grant from the National Institutes PrOteinS that may fittaCh through a positively charged region
of Health (GM 47525). include PKC (Mosior & McLaughlin, 1991; Newton, 1993),
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® Abstract published ildvance ACS Abstract&ebruary 15, 1996. e_t al., 1994), and the Src family of nonreceptor tyrosine
1 Abbreviations: CaM, calmodulin; CD, circular dichroism; DMF, kinases (Buser et al., 1994). In the case of v-Src, attachment
dimethylformamide; EPR, electron paramagnetic resonance; egg PC.through a basic domain near its N-terminus appears to be

egg yolk phosphatidylcholine; HIV, human immunodeficiency virus; -
MARCKS, myristoylated alanine rich C kinase substrate; MTSS(1- necessary for cell transformation (Buser et al., 1994). In

oxy-2,2,5,5-tetramethylpyrroline-3-methyl); NIEDDA, nickel ethylene-  SPite of the importance of this type of proteimembrane
diaminediacetic acid; MBHAp-methylbenzhydrylamine; NMMN- electrostatic interaction for cell signaling and control,

methylmorpholine; MOPS, 3\-morpholino)propanesulfonic acid; PC, ; ; ; ; ; ;
phosphatidylcholine; POPG, palmitoyloleoylphosphatidylglycerol; PKC, .relatlvel.y lile molecular |nformat|o_n IS gvallable on the
protein kinase C; PS, phosphatidylserine; v-Src, P$p80TFA, interaction of these charged domains with membrane sur-

trifluoroacetic acid; TFE, trifluoroethanol; CW, continuous wave. faces. Several studies on the electrostatic interaction of

0006-2960/96/0435-2917$12.00/0 © 1996 American Chemical Society




2918 Biochemistry, Vol. 35, No. 9, 1996 Qin and Cafiso

charged peptides with charged membrane interfaces havg AMS 422) using a rink amidg-methylbenzhydrylamine
been carried out (de Kruijff et al., 1985; Roux et al., 1988; (MBHA) resin. In addition to the native peptide, 12 peptides
Kim et al., 1991; Mosior & McLaughlin, 1992). Peptides were synthesized with a single cysteine substitution at
such as pentalysine bind strongly to membrane interfacespositions 2-5, 11-14, and 2+-24. Three double cysteine-
containing acidic lipids but show no binding to neutral substituted peptides were also produced with cysteines at
membranes containing only phosphatidylcholine. The bind- positions 12 and 14, 12 and 15, and 12 and 16. Following
ing to membranes appears to be highly cooperative and carsynthesis, the peptides were cleaved from the resin and
be qualitatively accounted for by the Geu@€hapman theory  protecting groups were removed by reaction with a solution
(Kim et al., 1991). The highly charged nature of these of 89% trifluoroacetic acid, 3% thioanisole, 2% anisol, 3%
peptides, the acidic lipid requirement for binding, aihdl dithioethanol, and 3% water for 5 h at room temperature.
NMR data (Roux et al., 1988) have led to the conclusion The peptides were precipitated in cold ether and then
that these peptides interact with the surface but do notlyophilized.
penetrate into the membrane interface. Clearly, additional The crude cysteine-substituted MARCKS peptides were
information on the molecular interactions of these highly derivatized with the sulfhydryl reactive MTSSL by dissolving
charged domains with membranes would be highly desirable.approximately 23 mg of crude peptide in 1 mM MOPS
This information would allow for more sophisticated model- (pH 7.0) containing a 510-fold molar excess of MTSSL.
ing of peptide-membrane electrostatic interactions and The label was allowed to react for approximately 4 h at room
would provide insight into the interaction of PKC with its temperature, and the derivatized peptides were purified on
substrates. a Poros perfusion reversed phase high-performance liquid
In this report, the synthesis and characterization of 15 chromatography (HPLC) column (PerSeptive Biosystem,
cysteine-substituted peptides based on the CaM binding andcambridge, MA) using a 1430% water/acetonitrile gradient
PKC substrate site on MARCKS is described. These containing 0.1% trifluoroacetic acid. EPR spectroscopy and
peptides are derivatized with nitroxide probes, and EPR €lectrospray/ionization mass spectrometry were used to
spectroscopy is used to evaluate the conformation andconfirm the identity of the isolated peptides. Mass spec-
position of these peptides when bound to membranestrometry yielded am/zfor the native MARCKS peptide of
containing acidic lipids. The results indicate that this basic 3125, and for the spin-labeled derivatives K2C-SL, K3C-
peptide is in an extended conformation at the interface exceptSL, K4C-SL, K5C-SL, K11C-SL, K14C-SL, K21C-SL,
at the N-terminus where the peptide extends into the aqueous22C-SL, and K24C-SL, the value ofi/zwas found to be
solution. The structure of the bound peptide is also observed3285. For S12C-SL, F13C-SL, and N23C-SL, values for
to be sensitive to changes in the membrane surface chargén/zof 3326, 3266, and 3299 were found, respectively. The

density. double nitroxide-labeled peptides with derivatized cysteines
at 12 and 14, 12 and 15, and 12 and 16 gawvevalues of
EXPERIMENTAL PROCEDURES 3486, 3501, and 3527, respectively.
_ Preparation of PS-Containing MembranesMixtures
Materials containing preweighted amounts of PC and PS were dried

in a vacuum desiccator overnight and hydrated using a buffer
of 1 mM MOPS and 100 mM KCI (pH= 7.0). The lipid
suspension was then freezihawed five times and extruded
through polycarbonate filters (500 A pore size) using a mini
LiposoFast extruder (Avestine, Ottawa, Canada) to produce
unilamellar vesicles. Measurements of membrane binding
of the spin-labeled MARCKS peptides were made directly
from the EPR spectra by measuring amplitude changes in
them = —1 resonance as described previously (Archer et
al., 1991). For these measurements, the total lipid concentra-
tion, which was approximately 150 mM, was accurately
determined for each experiment using a modified Fiske
Subbarow phosphate assay (Bartlett, 1959). The PS con-
centration was varied from 10 to 40 mol % for these binding
measurements, and the labeled peptide was added to a final
concentration of 100150 uM. The partition coefficients,

B, reported here for spin-labeled peptides represent the ratio
of the surface density of bound peptide to the aqueous peptide
concentration. Ifl represents the mole ratio of membrane
bound to aqueous peptide, thgns related tal by

Bovine brain phosphatidylserine (PS), egg phosphatidyl-
choline (PC), palmitoyloleoylphosphatidylglycerol (POPG),
head group spin-labeled PC, and spin-labeled doxyl phos-
phatidylcholines [1-palmitoyl-2-steroyi{doxyl)phosphati-
dycholinesn =5, 7, 10, or 12] were purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further
purification. The methanethiosulfonate spin-lat®{1-oxy-
2,2,5,5-tetramethylpyrroline-3-methyl) (MTSSL), was ob-
tained from Reanal (Budapest, Hungary). Nickel ethylene-
diaminediacetic acid (NIEDDA) was the generous gift of Dr.
Christian Altenbach. (Benzotriazolyloxy)tris(pyrrolidino)-
phosphonium hexafluorophosphate (PyBOP) andNgH
FmocL-amino acids were obtained from Novabiochem (La
Jolla, CA). N-Methylmorpholine (NMM) and piperidine
were purchased from Aldrich Chemical Co. (Milwaukee,
WI). Peptide synthesis grade dichloromethane (DCM) and
dimethylformamide (DMF) were purchased from Fisher
Scientific (Pittsburgh, PA). Trifluoroacetic acid (TFA) was
obtained from Applied Biosystems (Foster City, CA), and
acetonitrile was purchased from Mallickrodt Chemicals
(Chesterfield, MO). 1 1

C=AA TV (1)
Methods L

Synthesis and Labeling of MARCKS-Dexl Peptides.A whereC_ is the lipid concentrationd is the area per lipid,
series of 25 residue peptides corresponding to the CaMandV, is the volume per mole of lipid 8 has units of length,
binding and PKC substrate domain of MARCKS were and values folA_ andV, of 66 A2 and 1255 & were used
synthesized on a Gilson Automated Multiple Peptide System here, respectively.
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EPR Spectroscopy and cw Power Saturati®@PR spectra
were recorded on a Varian E-line Centuries series spectrom-
eter using an X-band loop gap resonator with a standard two-
loop, one-gap configuration. Unless otherwise indicated, the
microwave power was 2 mW and the peak-to-peak modula-
tion amplitude was 1.25 g. Quartz capillary tubes, #d.

0.6 mm and o.d.= 0.84 mm (Vitro Dynamics, Inc., 20 Gauss
Rockaway, NJ), were used to hold nitroxide samples and

were nominally filled with 5uL of sample. For power B

saturation measurements, samples were placed in gas perme-

able TPX capillary tubes (Medical Advances, Milwaukee,

WI).

Power saturation measurements were carried out on spin-
labeled MARCKS peptides that were totally membrane- 20 Gauss

bound to PC/PS lipid vesicles containing 25 mol % PS. o a1 (A) EPR spectrum of approximately 604 K11C-SL

Peptides were added at concentrations of approximately 100in aqueous solution. (B) Spectrum of K11C-SL completely bound
uM to preformed vesicle mixtures with lipid concentrations to membranes containing 25 mol % PS. The slower motion of the

of approximately 100 mM. The microwave power was Mmembrane-bound peptide is seen as an increase in the EPR line
increased from 0.1 to 100.0 mW, and the peak-to-peak width and a change in the relative amplitudes of the nitroxide
amplitude of then = 0 peak An—o, was measured at regular oo oo

power intervals. These power saturation data were fit to the
function

A

Estimates of the rotational mobility of the nitroxide probes
derivatized to peptides were made from the transverse
e relaxation rates measured from the EPR spectra as described

2 elsewhere (Keith et al., 1970; Nordio, 1976; Archer et al.,
1991). These estimates assume that the motion of the
nitroxide is isotropic and are used only to provide a
comparison of the motion between various peptide domains.

the power required to reduce the resonance ampliticke, They are not intended to represent a rigorous analysis of the

half its unsaturated value, and is a measure of the motion for the labels studied here.

homogeneity of saturation of the resonance. In thig%ik, CD MeasurementsCD measurements were made on a
¢, and| were allowed to be adjustable parameters. Power Jasco J-720 Spectropolarimeter using a 1 mm quartz cell at
saturation data were obtained for each sample under thred©0M temperature. Each spectrum was an average of 10
different sets of conditions: equilibrated with a nitrogen Scans taken at 50 nm/min with a scan rate in steps of 1 nm.
atmosphere, equilibrated with air, and equilibrated with A band width of 1 nm and a time constant of 0.25 s were
nitrogen in the presence of 20 mM NIiEDDA in the aqueous US€d. Samples were flushed for 20 min to eliminate any
phase. Values forAP:, were then obtained from the molecular oxygen in the buffer solution. PG was substituted

difference in thePy, values in the presence and absence of for PS in these e_zxperiments in order to avoid interference
the relaxation reagents §Cand Ni in this case). The from the absorption of PS that occurs at less than 200 nm.

parameterd was calculated using eq 3 from the experimen- Thg measurements were m_ade on se_lmples of small sonicated
tally measured values dfP;,, obtained in the presence of vesicles, prepared as d(_ascrlbed prewpusly (Castle & Hgbbell,
air and NiEDDA. 1976), at a concentration of approximately 2 mM lipid to
avoid light-scattering problems. Under these conditions,
virtually all the peptide is membrane-associated.

Ao = IPl/Z[l + (Y — 1)Pi

1/2,

as described previously (Altenbach et al., 1994) wHere
represents the microwave poweris a scaling factor,, is

A PlIZ(OZ)

O=Inl—""—
AP, ,(NiEDDA)

®3)

RESULTS

As described previously, this parameter is directly related The N-Terminus of MARCKS Exhibits More Motion Than
to the difference in the standard state chemical potentials ofthe Middle or C-Terminus.Shown in parts A and B of

O, and NIiEDDA and varies as a function of depth in the Figure 1 are spectra for a peptide derived from MARCKS
bilayer (Altenbach et al.,, 1994). Thush provides an derivatized with a spin-label at position 11 (K11C-SL) in
estimate of the nitroxide depth in the bilayer. For the bilayers aqueous solution and in the presence of vesicles containing
used in the present study, which contain 25 mol % PS in 25 mol % PS in PC. The nitroxide spectra of these labeled
PC, a calibration curve was obtained for the paramétas peptides are typical of other nitroxide-labeled peptides that
a function of depth within the bilayer using a series of are freely diffusing in solution. The spectra in solution
nitroxide-labeled PCs. The parameteiwas measured for  correspond to isotropic correlation times of approximately
the head group spin-labeled PC and spin-labeled PCs with0.1 ns. In the presence of membranes containing PS, the
doxyl nitroxides at positions 5, 7, 10, and 12 along the alkyl EPR spectra are dramatically different, consistent with a label
chain. These spin-labels were codissolved with PS and PCthat is more dynamically restricted and undergoing aniso-
in chloroform before the lipids were dried, hydrated, and tropic motion. For this spectrum, the peptide is completely
extruded to form vesicles. For these measurements, the lipidmembrane-associated. In more dilute membrane suspen-
was at a total concentration of approximately 60 mM and sions, this peptide partitions between the membrane surface
spin-labels were incorporated at a concentration of about 0.5and the aqueous phase, leading to a composite EPR spectrum.
mol %. In this case, the partitioning of the peptide to charged lipid
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60 m'\\\
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Table 1: Correlation Timestf) and Averaged Hyperfine Coupling
Constants 4o) for Spin-Labeled Membrane-Associated MARCKS
A G Peptides
peptide 7¢ (NS) A (G)
: K2C-SL 1.1 16.9
K3C-SL 2.0 16.4
B H K4C-SL 35 16.0
K5C-SL 3.6 16.0
K11C-SL 3.0 16.0
S12C-SL 3.9 15.8
C F13C-SL 3.3 16.0
K14C-SL 3.2 15.6
K21C-SL 2.8 16.0
K22C-SL 3.8 15.8
D N23C-SL 4.3 15.8
J K24C-SL 3.6 16.1
\/’\/' 80 T T T T
E 70 .
K
L \/\/

A(m|=0)

20 Gauss
20 Gauss

! I 1 1

FiIGURE 2: EPR spectra corresponding to membrane-bound peptides
labeled at 12 different positions on the MARCKS-derived peptide.

A—D correspond to labels on residues® respectively; EH p”z(mw)
correspond to labels on residues—14, respectively; and-L
correspond to labels on residues 21 and 22, respectively. The
membranes were at a total concentration of approximately 200 mM
lipid containing 25 mol % PS, and the nitroxide concentrations
ranged from 100 to 15QM.
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FIGURE 3: Power saturation curves obtained for K11C-SL. Am-
plitudes of them, = 0O line in the absence of any paramagnetic
reagent 4), in the presence of ai®), and in the presence of 40
mM NIEDDA (#). The solid lines represent fits to the data using
eq 2.

vesicles can be extracted from the composite spectrum . . - .
terminus, all the labeled positions show a similar motional

(Archer et al., 1991). No binding of these peptides to X X b .
membranes that consisted only of PC was detected. Therate and have roughly equivalent hyperfine splittings, indicat

EPR spectra for completely membrane-associated Spin_mg that these segments lie roughly in an environment of

labeled MARCKS peptides bound to PS/PC vesicles contain—ﬁ;?;gamgéﬁztﬁngk:ﬁol\gee?'Qsaééefédt%zsirﬁégﬂge\;g’sg(?[thhan
ing 25 mol % PS are shown in Figure? Zhese nitroxide- X q P

. . g o the rest of the peptide. The hyperfine splitting)(for K2C-
I2<':11b_eI2e4d peptides include labels at positions211-14, and SL is close to that obtained for nitroxides in bulk water, while

A comparison of these spectra shows a similar degree Ofthe values for nitroxides placed in the central and C-terminal

motion and anisotropy throughout the central portion of the d_oma_lns are close to the values u_sually obtained for
peptide as well as throughout the peptide C-terminus. nitroxides in the normal alkanols (Morrisett, 1976).
However, spin-labels placed at positions 2 and 3 yield spectra MAT]KCS D(ka)rwed Peptlges Argrllnr?n Extended Structure
that reflect a higher degree of mobility than the rest of the I\rl1eart e Mem rr]ane Interr?ce W'tf the N-'I(;ermrgnté)s_ Lymo? in
peptide. A comparison of several parameters obtained from{Ne Aqug_ous Phase a@t e Interface. Hydrophobic an
these MARCKS-derived peptides is shown in Table 1. Table Nydrophilic paramagnetic agents have been used previously
1 lists the correlation times for the spin-label that are obtained " €99 PC membranes to c_alcu]ate the bilayer depth of protein
if the label motion is assumed to be isotropic as well as the 2nd alkyl chain-labeled nitroxides (Altenbach et al., 1994).
hyperfine splittings obtained for each labeled position. The TE'S,’ approach wa(ljs u.sﬁd hergdto egamlge the SEp;hKOf S'dg
label motion is clearly anisotropic, and the numbers listed ¢ la'nsd a:fssng’;e dW't _per}tl es base (;]n t e .C an
here are only used to provide a rough comparison of motion &'moaulin binding domain o MAfRCﬁS‘ Shown in E'QQred
between labels located at different side chain positions. 3 are power saturation curves for the MARCKS'. erivec
Except for the second and third positions from the N- Peptide K11C-SLin the absence of any paramagnetic species
and in the presence of (r NIEDDA. The presence of
5 - - . these paramagnetic species enhances the power required to

The spectra shown in Figure 2 originate entirely from membrane- d turati f th lect - d th d
bound peptide, and there is no free peptide present in these samplesprO uce saturation ot the electron spin, an € measure
The lipid concentrations used are at least 1 order of magnitude higher P12 values are related to the frequency of collisions with
than is needed to completely bind the peptide, and further increases inthese reagents. Because the system used here contains a lipid
lipid concentration do not alter the spectra shown in Figure 2. The mixture different than that used previously (Altenbach et al
more mobile component that appears in the spectra of labels at positions, . : v
2 and 3 does not correspond to the spectrum of free peptide or the freel 994), the values ob obtained as a function of depth were
proxyl nitroxide. calibrated using a head group nitroxide and a series of chain-
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FiGure 4: Depth calibration for the values d, calculated using  Figure5: Nitroxide distances from the membrane solution interface
eq 2, versus the known depths _of the nitroxide labels. Values for 55 3 function of the position of the label on the MARCKS peptide
the depths of ther-doxyl PCs withn = 5, 7, 10, and 12 were  gaquence. The distances are obtained usingbthelues for the

obtained from Dalton et al. (1987). The head group-labeled PC gpin_jaheled MARCKS peptides shown in Table 2 and the depth
was assigned to a position ef5 A (see text). calibration shown in Figure 4.

Table 2: Values foAPy, and ® for Spin-Labeled Membrane

Bound MARCKS Peptides When the values for® obtained from Table 2 are

compared with the positions defined by the calibration curve

peptide APy (air)? APz (NIEDDA)? @ in Figure 4, it can be seen that all residues except 2 and 3
K2C-SL 8.47 18.4 -0.78 appear to lie below the level of the head group phosphate.
Ezggt %2-2 2-5132 (1’-23 Most of the residues are slightly shallower than the 5-doxyl
K5C-SL 223 650 12 PC label. Residue 3 resides near tempocholine PC, and
K11C-SL 205 3.99 2.0 residue 2 is positioned even further out into the external
S12C-SL 30.6 4.83 1.9 aqueous space. This observation regarding the N-terminus
F13C-SL 29.0 5.85 16 is qualitatively consistent with the line widths and hyperfine
Eﬁggt ;g:g 2:%2 i; coupling constants obtained above. For positions 4, 5, 11
K22C-SL 235 4.57 16 14, and 2124, the® values indicate that these side chains
N23C-SL 24.3 6.48 1.3 take up similar positions in the bilayer. Shown in Figure 5
K24C-SL 25.7 4.26 18 is a plot of the nitroxide depths, determined from tie

aValues forAPy, are given in milliwatts. Air contains approximately ~ values in Table 2 and the calibration curve in Figure 4,
20% O which is a hydrophobic paramagnetic species; NIEDDA was plotted as a function of the residue position. The nitroxide
added to a final concentration of about 40 mM. at position 2 lies significantly outside the limits of our

calibration curve and was determined by extrapolation from
labeled PC nitroxides. Figure 4 shows a plot of the values the linear behavior shown in Figure 4. Because the
of @ obtained for head group-labeled tempo-PC, and for the paramagnetic species change little in concentration at
n-doxyl PCs wheran =5, 7, 10, and 12 as a function of the significant distances from the interface, the uncertainty in
previously determined depths for these nitroxide labels the position of this residue may be quite high. For residues
(Dalton et al., 1987). As described previously (Farahbakhsh within the interface, the error is much lower. On the basis
et al., 1992), the position of the head group-labeled PC wasof the error in the power saturation measurements, the
assigned to a distance ef5 A, which places it into the  position for residues 4, 5, 114, and 2124 is accurate to
aqueous phase. As seen in Figure 4, the nitroxide depthswithin 2—3 A. It can be seen from Figure 5 that there is a
are approximately linear as a function ®f over the range  significant distance separation between positions 2 and 3
examined. We did not use doxyl PCs labeled near the end(>10 A). A large separation between these residues is
of the acyl chain as these labels have been shown to deviateeonsistent with the positions of nitroxides on an extended
significantly from the linear relationship shown in Figure 4 structure which turns out of the membrane. From Figure 5,
(Altenbach et al., 1994). the total variation in nitroxide depths among positior24

Shown in Table 2 are thAPy, values obtained in the is relatively small (within 5-6 A), and their is no indication
presence of @and NiEDDA for 12 spin-labeled derivatives ~for differences between sequential residues that would be
of the MARCKS-derived peptide. Also shown in Table 2 consistent with a helical structure. When combined with the
are the values ob calculated from eq 3. For residues 4, 5, observation that line widths and coupling constants also show
11—14, and 2124, the nitroxides show a similar acces- nNo helical periodicity, these data suggest that this peptide is
sibility to O, and NiIEDDA; however, for residues 2 and 3, in an extended conformation on the membrane surface. The
there is a decreased accessibility te &hd an increased peptides examined here appear to be monomeric as there is
accessibility to NIEDDA. The values @b are not strongly ~ Nno evidence for spinspin exchange or other interactions
affected by local atom density around the nitroxide and that would accompany aggregation (Barranger-Mathys &
provide a more accurate reflection of depth than doARe, Cafiso, 1994).
values alone (Altenbach et al., 1994). Harall the positions As a check on the membrane conformation of this basic
labeled yielded similar values except positions 2 and 3, which region of MARCKS, we synthesized three additional doubly
clearly exhibit significantly smaller values than other regions labeled peptides. Pairs of residues were switched to cysteines
of the peptide. and labeled with the sulfhydryl specific label MTSSL. This
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FiGure 6: EPR spectra of double spin-labeled MARCKS-derived
peptides bound to membrane vesicles containing 25 mol % PS in
PC. Proxyl nitroxides are derivatized onto (A) positions 12 and
14, (B) positions 12 and 15, and (C) positions 12 and 16. There is
very little spin exchange in these samples, which is roughly
equivalent for each of the labeled peptides. This result is consistent

CD (mdeg)

with this peptide being present in an extended configuration. 5300 205 210 215 220 225 230 235 240

Wavelength (nm)

included positions 12 and 1,4' 12 and 15, ar!d 12 and ,1_6’F|GURE 7: CD spectrum of the native MARCKS-derived peptide
and the spectra of these peptides bound to vesicles containinga) at a concentration of 3M in TFE and (B) in the presence of
25 mol % PS are shown in Figure 6. The spectra of these sonicated PC vesicles containing 25 mol % POPG in 10 mM Tris
peptides reveali—i+2, i—i+3, and i—i+4 side chain and 100 mM KClI (pH 7.4). The spectra indicate a largelpelical
interactions and are shown in parts—& of Figure 6 structure in TFE, but a random structure when membrane-

. . associated. These measurements are in qualitative agreement with
respectively. These spectra show only weak evidence for, Jse obtained using EPR spectroscopy.

spin exchange and are very similar in shape. This is in
contrast to spectra which are observed for doubly labeled energy for the partitioning of this peptide should be quite
peptides which are in helical conformations (Millhauser, different than that for peptides substituted in the central or
1992). Ana-helical conformation would have shown strong  C-terminus if these nitroxides are displacing the peptide into
spin exchange as a result of interactions between labeled sidghe membrane interface. In all cases that were examined,
chains in the—i+3 andi—i+4 positions. The lack of these  similarly substituted residues yielded similar partition coef-
interactions and the similarity of these three spectra are mosfficients. For example, for the second position, K2C-SL, a
easily explained if this peptide is in an extended conforma- partition coefficient of 1.6x 10~4 cm was found at 25 mol
tion. % PS. For the peptide labeled at position 11, K11C-SL, a
This result is in agreement with the results of CD partition coefficient of 1.5x 1074 cm was obtained. This
measurements on the MARCKS-derived peptide. Shown in pair provides a comparison of a nitroxide position which lies
Figure 7 are CD spectra of the native (unlabeled) MARCKS- outside the membraresolution interface with a position
derived peptide (A) in trifluoroethanol (TFE) and (B) bound where the nitroxide is buried within the interface. The
to small sonicated vesicles composed of PC and 25 mol %difference in the free energy of partitioning for these two
POPG. The spectra obtained in TFE resemble those obtainegeptides is insignificant and is less than 100 cal/mol.
in methanol, and the strong negative bands in these spectrarherefore, the placement of the nitroxide has little effect on
are those expected from a helical secondary structure. Thethe partition free energy of the peptide. The simplest
spectrum shown in Figure 7B is similar to that obtained in interpretation of this result is that the presence of a nitroxide
aqueous solution and closely resembles that expected for aloes not significantly alter the position of the peptide.
random coil. CD spectra were taken on several of the spin- The N-Terminal Peptide Conformation Is Dependent
labeled peptides,, and they produced results identical to thaton Membrane Charge DensityThe association of this
of the native MARCKS-derived peptide. It should be noted MARCKS-derived peptide with membranes is strongly
that the CD measurements require much higher membranedriven by electrostatic interactions with the membrane
densities of peptide, primarily because light scattering limits solution interface, and variations in membrane charge density
the concentration of lipid that can be used. might affect the position or dynamics of the peptide on the
On the basis of residue surface areas, a nitroxide-labeledmembrane surface. To test for this possibility, the spectra
cysteine has a hydrophobicity similar to that of phenylala- obtained for membrane-associated spin-labeled peptides were
nine. One concern regarding the use of these spin-labels iscompared over a PS concentration from 10 to 40 mol %.
the possibility that nitroxide substitutions might perturb the Spectra were obtained in the presence of high lipid concen-
position of the peptide, for example, yielding a deeper trations so that only signals associated with membrane-bound
binding position than actually occurs for the native peptide. peptide were observed. Shown in Figure 8 is a comparison
To test for this possibility, we generated membrane binding of spectra obtained at 10 and 40 mol % PS for labels at
curves for several spin-labeled peptides. Because the ni-positions 2, 3, and 13. Almost no change in line shape is
troxide at position 2 remains in the aqueous phase, the freeseen for position 13 (K13C-SL) over this range of charge
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is consistent with the N-terminal domain being drawn closer
to the membrane interface and experiencing a more restricted
motion at higher charge densities.

10% PS DISCUSSION

Previous work on a peptide derived from the PKC
substrate and CaM binding domain of the MARCKS protein
has shown that it binds strongly to bilayers containing acidic
lipids as a result of electrostatic interactions (Kim et al.,
1993). The data obtained here provide evidence that this
peptide lies near the membransolution interface in an

40% PS extended, nonhelical configuration with the N-terminus

bending out into the aqueous phase. In addition, the

B N-terminal domain of the peptide is sensitive to the density
10% PS of negative charge at the membrane interface. The N-

terminus moves closer to the interface, and it becomes more
restricted in its motion as the surface charge density becomes
more negative. Although these peptides are extended when
bound to the membrane, they apparently take up a helical
20 Gauss configuration when bound to CaM (Z. Qin and D. S. Cafiso,
unpublished). This is also the case for a related peptide we
have studied based on the PKC and CaM binding domain
of neuromodulin (S. Wertz and D. S. Cafiso, unpublished).

Approaches similar to the one used here have been used
to examine the configuration and placement of membrane-
bound peptides. For example, the membrane structure of
the cytochrome oxidase signal sequence was recently ex-
amined using site-directed spin labeling (Yu et al., 1994).
This peptide was also found to be in an extended configu-
ration parallel to the membrane interface in the presence of
_ ~acidic lipids. An earlier EPR study found a quite different
FIGURE8: EPR spectra for membrane-associated MARCKS-derived conformation for melittin, where clear evidence for an

eptides labeled at (A) position 2, (B) position 3, and (C) position . . . ; .
gspi)n PC membrane(s ():c?ntaining P(S.)TF\)NO spectra for éa():r?positiona'he“cal configuration was obtained from an analysis of both

are shown, one at 10 mol % PS and the other at 40 mol % PS in the line widths and the power saturation data of spin-labeled
PC. Positions 2 and 3 are unique in that they show a decreasedpeptides (Altenbach et al., 1989).
spectral amplitude and increased line width with an increase in  pravious work utilizing?H NMR has indicated that

charge density. All other positions are similar to position 13 in haraed peptides such as pentalvsine do not produce chanaes
that they show little or no change as the membrane charge density®"'a'9€d PEP pentaly p g

is varied. For these spectra, lipid concentrations were 150 mM at in the quadrupolar splitting of head group-labeled PCs in
10 mol % and 160 mM at 40 mol %. Spin-labels were at a mixtures of PC and PS (Roux et al., 1988). Even though

40% PS

10% PS

concentration of approximately 1Q(M. these peptides affect the quadrupolar splittingrédabeled
_ — PS, these results were taken as evidence that these charged
Table 3: Dependence of Rotational Correlation Time} &nd peptides do not penetrate within the head group when

Averaged Hyperfine Coupling Constant#ol on Membrane Charge  ,qqqciated with the membrane. Although these measure-

Density? L . .
, . 70 PS 10% PS 20% PS ments are indirect, the placement of these highly basic
peptide  7c(10% PS) 7c(40%PS) Ao (10% PS) Ao (40% PS) peptides outside the membrane solution interface appears to
K2C-SL 0.13 0.27 17.0 16.6 be reasonable because of the high energy associated with

K3C-SL 0.22 0.35 16.5 16.0 ; s - . . .

K13C-SL 0.35 039 16.0 159 burying charges within a low dielectric domain. This
— _ conclusion is consistent with surface pressure measurements

_ *Values ofrc are given in nanoseconds, and valueswére given  \yhich do not show any indication for the penetration of

in gauss.

pentalysine into PC/PS monolayers upon binding (V. Bo-
density (Figure 8C), and this result is reproduced for other guslavsky and S. McLaughlin, unpublished).

positions in the central portion of the peptide as well as for  The 12 lysines and one arginine in the MARCKS-derived
the C-terminal domain of the peptide. However, for positions peptide studied here make it a highly positively charged
2 and 3, significant changes in line width and amplitude are peptide (-13) at neutral pH. However, unlike pentalysine,
seen. In both cases, an increase in the charge density resulthie MARCKS-derived peptide contains a number of hydro-
in a decrease in signal amplitude and a broadening of thephobic residues including 5 phenylalanines. As seen above
EPR line widths. Shown in Table 3 are rotational correlation in Figure 5, each labeled position, with the exception of the
times and hyperfine splittings associated with positions 2, N-terminus, shows bilayer depths that are several anstroms
3, and 13 at 10 and 40 mol % PS. Except for position 13, below the membranresolution interface. This result can be
which shows little change im; or Ay at the two extreme interpreted in two different ways. First, these residues may
charge densities, positions 2 and 3 exhibit an increased be buried because the peptide backbone itself lies below the
and a decreased} as the charge density is increased. This level of the membranesolution interface. Alternatively, the
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Aqueous Phase

with PKC in an extended conformation and it is even possible
that the membrane may function to present this substrate to
the enzyme in this conformation. The interfacial location
for this domain suggests that the PKC catalytic site may also
be localized at the interface, since this position would
optimize the enzyme for substrate reactivity.

The N-terminal sequence of the MARKCS-derived peptide
begins with six positively charged residues, and this end of
the peptide has the highest density of charge. Electrostatic
image forces may in part account for the aqueous exposure
and enhanced motion at this terminus. As seen in Figure 8,
only the N-terminal domain shows changes in dynamics and
position as a function of membrane charge density. The

FiIGURe 9: A CPK model showing the MARCKS-derived peptide Gouy-Chapman theory does an excellent job of accounting

in an extended structure with its N-terminus turned perpendicular for the ene_rgy of a ra_”ge _Of charged .amphiphiles at _the
to the membrane interface. Two molecules of dimyristoylphos- Membrane interface (Winiski et al., 1986; Hartsel and Cafiso,

phatidylcholine are shown for comparison. The dashed lines indicate 1986; McLaughlin, 1989; Langner et al., 1990). In this

C-terminus

%’C‘ N-Terminus

1

Membrane Hydrocarbon

the position of the membraneolution interface as defined by the
position of the phosphate groups. The fully extended peptide is
approximately 70 A in length. Nitroxide substitutions on this peptide
are likely to take up a position similar to that seen for the
phenylalanine residues.

theory, the electric field from the interface does not extend
into the bilayer but resides only across the external aqueous
solution. As a result, charged segments lying in the external
solution and in the ionic double layer should be more strongly

affected by surface charge density than charged segments

nitroxide side chains may be twisted and inserted into the lying at or within the membrane interface. This is consistent
membrane interface, leaving the backbone and charged sidevith the finding that only the N-terminal end of the peptide,
chains at the interface. The distances in Figure 5 are notwhich lies outside the membransolution interface, is
inconsistent with this possibility, and we believe that this affected by surface charge density. Unlike the central portion
latter possibility is the correct one for the MARCKS-derived of the MARCKS-derived peptide, there are no phenylalanine
peptide. Measurements in PC/PS monolayers yield only residues at the N-terminus. These residues may help stabilize
small surface pressure changes upon the binding of thethe peptide on the membrane interface by providing a small
MARCKS peptide (V. Boguslavsky and S. McLaughlin, hydrophobic contribution to the binding.
unpublished). These small changes are consistent with the In summary, a series of spin-labeled derivatives of the
insertion of several phenylalanine residues but are nothighly basic CaM and PKC binding domain of MARCKS
consistent with the insertion of the entire peptide into the have been used to determine its structure bound to lipid
interface. Because this peptide is in an extended configu- bilayers. This peptide is in an extended but nonaggregated
ration, the peptide backbone and side chains are relativelyconformation at the membrane interface, with its hydrophobic
unrestricted in their motion. It is entirely reasonable that side chains buried below the level of the head group. The
more hydrophobic residues, such as phenylalanine or aN-terminus of this peptide extends into the aqueous phase,
nitroxide side chain, are twisted inward toward the membrane but its dynamics and position are dependent upon the
hydrocarbon with the charged hydrophilic residues lying at membrane charge density. In our laboratory, we are now
the membrane interface. As indicated above, an estimateusing these spin-labeled derivatives to examine the structure
of the accessible surface area of the nitroxide side chainand dynamics of these peptides bound to CaM and PKC.
indicates that it should have a hydrophobicity similar to that
of phenylalanine. Thus, the nitroxide is likely to probe the ACKNOWLEDGMENT
position that a ph.enylala}nine or other hydrophobic residue \ye thank Profs. Wayne L. Hubbell and Julianne Sando
would have on this peptide. , , for helpful comments during the course of this work. We

On the basis of the above considerations, a rough modelyiso are indebted to Prof. Stuart McLaughlin for many
for the MARCKS-derived peptide at the membraelution  jntormative discussions and for providing us with unpub-

interface in an extended structure is shown in Figure 9. jisheq data on monolayer pressure changes produced by basic

Phospholipids are also shown for comparison. 'E & COM- pentides. Finally, we thank Dr. Jeffrey Shabanowitz and
pletely extended structure, this peptide is over 70 Along. In p.of Donald Hunt for their assistance with the mass

Figure 9, phenylalanine residues are turned into the MeM-ghecirometry of these spin-labeled peptides.
brane. It should be noted that this peptide may assume a

different configuration than the corresponding segment in REFERENCES
the intact protein. Nonetheless, the peptide examined here

interacts with membranes, PKC, and CaM in a manner
similar to that for the native MARCKS, and it therefore
provides a useful model for the molecular function and
interactions of MARCKS (Kim et al., 1994). In addition,
relatively little structural information is available on the
interaction of basic peptides with membrane interfaces, and
this peptide provides a good model for the membrane
electrostatic association of this important class of peptides.
In the case of MARCKS, the substrate domain may interact
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