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Solution and Membrane Bound Structure of a Peptide Derived from the Protein
Kinase C Substrate Domain of Neuromodiilin

Stacey L. Wertz, Yoko Savino, and David S. Cafiso*
Department of Chemistry and Biophysics Program, dénsity of Virginia, Charlottesille, Virginia 22901
Receied May 27, 1996; Reésed Manuscript Recegd July 1, 1998

ABSTRACT. The solution, micelle, and membrane bound structure of a peptide based on the protein kinase
C and calmodulin binding domain of neuromodulin was studied using a combination of NMR, EPR, and
circular dichroism. NMR spectroscopy on this peptide indicates that there is little secondary structure in
aqueous solution or detergent micelles, but that the peptide is helical in methanol. This finding is in
agreement with EPR experiments utilizing double spin-labeled derivatives of the peptide as well as circular
dichroism. The membrane bound structure of this peptide was investigated with EPR by synthesizing a
series of spin-labeled peptides based on the protein kinase C and calmodulin binding domain of
neuromodulin. These peptides exhibit no binding to neutral membranes containing phosphatidylcholine,
but associate strongly with membranes containing negatively charged lipids such as phosphatidylserine.
The depth of penetration of the spin label was estimated using continuous wave power-saturation EPR
and demonstrates that labels at the ends of the peptide are localized slightly outside the membrane interface,
but that spin labels in the central portion of the sequence are near or within the membrane interface. In
addition, the peptide is in an extended structure when bound to membranes containing acidic lipid with
its more hydrophobic side chains interacting with the membrane interior. The results demonstrate that
the binding of these peptides to membranes is not driven by purely electrostatic interactions, but includes
the interaction of hydrophobic side chains with the membrane interior.

Many critical protein-protein interactions in cell signaling  substrate (MARCKS), associate with membranes through a
take place at the cytoplasmic membrane interface. Thecombination of acylation and electrostatic interactions.
reduction in dimensionality that occurs at the membrane Neuromodulin (also known as B-50, GAP-43, g5, P-57,
interface facilitates proteinprotein interactions (McLaughlin ~ GAP-48, pp46, and F1) is a membrane associated, 24.7 kDa,
& Aderem, 1995), and attachment to the membrane is an neurospecific calmodulin (CaM) binding protein that is a
essential step for the activation of some enzymes. Proteinssubstrate of PKC (Zwiers et al., 1978; Skene & Willard,
that are water soluble can become associated with the1981; Rodnight, 1982; Andreasen et al., 1983; Benowitz &
membrane interface through at least two different mecha- Lewis, 1983; Katz et al., 1985; Chan et al., 1986). Neuro-
nisms. Acylation of proteins, for example, myristoylation modulin is conserved in all vertebrates, and it has been
or palmitoylation, can attach proteins to membranes and isimplicated as a key player in phosphoinositide metabolism
driven by the hydrophobic effect (Towler et al., 1988). In (van Dongen et al., 1985), neurotransmitter release (van Hoof
addition, electrostatic interactions between basic residues oret al., 1988), and long term potentiation (Nelson et al., 1989).
proteins and membranes containing negatively charged lipidsNeuromodulin contains a basic domain which can associate
will also serve to anchor proteins to the interface (McLaugh- electrostatically with membranes containing acidic lipids and
lin & Aderem, 1995). bind to CaM. This basic domain is phosphorylated by PKC

Several protein kinase C (PKEgubstrates, such as &t serine 41 and dephosphorylated by the CaM-dependent
neuromodulin and the myristoylated alanine rich C kinase Phosphatase calcineurin (Liu & Storm, 1989). Unlike
MARCKS, which is myristoylated and dissociates from the
membrane when phosphorylated, neuromodulin is palmi-
. *Igist_V\lnorIRA\éVgngul%%iréed by a grant from the National Science toylated at cysteines 3 and 4, and remains permanently

O*l‘JAIIaclgrre(spondence shzj.uld be addressed to this author at the attached t9 the m_embran_e (Peitzsch & MCLQUQh“n’ 1:993)'
Department of Chemistry. A synthetic peptide derived from the basic domain of
® Abstract published i\dvance ACS Abstract#ugust 15, 1996. neuromodulin corresponding to residues—3%8 with the

1 Abbreviations: CaM, calmodulin; COSY, 2D correlated spectros- ;
copy: CD. circular dichroism: DCM., dichloromethane: DQF.cosy, Scduence KIQASFRGHITRKKLKG binds to membranes

double quantum filtered COSY:; DMF, dimethylformamide; EDT, ~Containing acidic lipids, and.is PhOSphOMated'by F’KC (Apel
ethanedithiol; MARCKS, myristoylated alanine rich C kinase substrate; et al., 1990). Membrane binding of this peptide is blocked
MBHA, p-methylbenzhydrylamine; NMM\-methylmorpholine; MTSSL, ~ in the presence of CaM and is reversed by PKC phospho-

S[(1-oxy-2,2,5,5-tetramethylpyrrolin-3-ylmethyl] methanethiolsulfonate P
spin label; NIEDDA, nickel ethylenediaminediacetic acid; NOE, nuclear rylation (Houbre et al.,, 1991). Thus the CaM, membrane,

Overhauser effect; NOESY, 2D nuclear Overhauser effect spectroscopy;and PKC interactions of this protein can be mediated by a
PC, phosphatidylcholine; PG, phosphatidylglycerol; PS, phosphati- peptide from its basic domain. Although the exact molecular
dylserine, PKC, protein kinase C; PyBOP, [(benzotriazoly)oxyl- fynction of neuromodulin has yet to elucidated, it has been
tripyrrolidinophosphonium hexafluorophosphate; SDS, sodium dodecyl o
sulfate; TFA, trifluoroacetic acid; TOCSY, total correlation spectros- Proposed to sequester CaM and release it in response to PKC

copy. activation (Liu & Storm, 1989).
S0006-2960(96)01248-2 CCC: $12.00 © 1996 American Chemical Society




Structure of Basic Peptides on Membranes

Biochemistry, Vol. 35, No. 34, 19941105

The structures of highly basic peptides such as thosediaminediacetic acid (NIEDDA) was the generous gift of Dr.

derived from MARCKS and neuromodulin are important to

Christian Altenbach. [(Benzotriazolyl)oxy]tripyrrolidino-

characterize because they will facilitate an understanding of phosphonium hexafluorophosphate (PyBOP), andNaH
PKC substrate requirements. At the present time, however,FmocL amino acids were obtained from Novabiochem (La
the membrane bound structures of these basic peptides ardolla, CA). N-Methylmorpholine (NMM) and piperidine
not well characterized, primarily because determination of were purchased from Aldrich Chemical Co. (Milwaukee,
membrane bound structures presents a number of uniquéVNl). Peptide synthesis grade dichloromethane (DCM) and

difficulties. For example, the slow rotational correlation time

dimethylformamide (DMF) were purchased from Fisher

of membrane associated macromolecules makes conventionabcientific (Pittsburgh, PA). Trifluoroacetic acid (TFA) was

high-resolution NMR impossible. Circular dichroism will

provide an indication of overall secondary structural trends,

but can be difficult to reliably use for highly charged
peptides. At lipid concentrations low enough to avoid light

obtained from Applied Biosystems (Foster City, CA), and
acetonitrile was purchased from Mallickrodt Chemicals
(Chesterfield, MO). Perdeuterated sodium dodecyl sulfate
(SDS) was obtained from Cambridge Isotopes (Woburn,

scattering problems, extremely high peptide:lipid ratios must MA).

be employed. Recent advances in microwave resonator

Synthesis and Purification of Neuromodulin Analods.

technology have improved both the sensitivity and versatility 17 amino acid peptide that encompassed residue$3df
of EPR. As a result, continuous wave power-saturation neuromodulin and a peptide having the cysteine substitution
measurements on nitroxides can be easily carried out andAla-4-Cys in this sequence were obtained from Multiple

used to determine the position of nitroxide labels along the Peptide Systems (San Diego, CA).

bilayer normal (Altenbach et al., 1994); in addition, experi-

Both peptides were
acetylated at the N-terminus and amidated at the C-terminus.

ments on double-labeled peptides have also been performed he native peptide was further purified by HPLC on a C18
and establish EPR as a tool for making secondary structurereverse phase column (POROS R2/H 46L.00mm, Per-

determinations (Millhauser, 1992).

septive Biosystems, Cambridge, MA) using a gradient of

Recently, the membrane bound structure of a peptide 15-27% acetonitrile in water run at 3 mL/min over a 10

derived from MARCKS was determined using EPR and site-

directed spin-labeling (Qin & Cafiso, 1996). In this study,
a 25 amino acid peptide derived from the PKC and CaM

min period. Twenty-one additional peptides were synthe-
sized on an Gilson Automated Multiple Peptide System
(AMS 422) using a rink amidg@-methylbenzhydrylamine

binding domain of MARCKS was shown to be an extended (MBHA) resin. To make a complete set of single spin-
conformation when bound to membrane interfaces containinglabeled peptides, every position in the peptide was replaced
PS. The peptide backbone was at the interface, with theby cysteine. In addition, five double cysteine substituted
more hydrophobic residues being buried in the interface. The peptides were also produced with cysteines at positiert 4
data suggest that several phenylalanine residues may functiod—7, 4-8, 10-14, and 1+14. For this synthesis the pro-

to stabilize the highly charged domain of MARCKS at the tecting groups used were: pentamethylchroman-6-sulfonyl
membrane-solution interface. In the present work, we for Arg; S-trityl for Cys, GlIn, and His; Boc for Lys; and
describe the synthesis and nitroxide labeling of 22 spin- tert-butyl for Ser and Thr. Single coupling was carried out
labeled derivatives of a peptide based on neuromodulin. Thison each amino acid, and the peptides were acetylated using
peptide has the sequence acetyl-KIQASFRGHITRKKLKG- acetic anhydride before cleavage. A 5 h cleavage was
amide. EPR spectroscopy is used in combination with NMR performed in a mixture of 89% TFA, 3% EDT, 3%
and CD to determine the solution and membrane bound thioanisole, 2% anisole, and 3% water, and the peptides were
structure of this peptide. Although the peptide has the precipitated in cold ether redissolved in a mixture of 5%
capacity to adopt a helical conformation under some condi- acetic acid in water, dried down, and redissolved in buffer
tions, it is extended on the membrane interface. The central(1 mM MOPS, 100 mM KCI, pH= 7). Peptides were then
domain of the peptide appears to be strongly associated withspin-labeled using an excess of the MTSSL which was
the membrane interface with each end positioned on thedissolved in a small amount of acetonitrile and added to the
aqueous side of the membrarsolution interface. Peptides peptide in the same buffer solution. After 30 min in the
such as those derived from MARCKS and neuromodulin do dark, the mixture was purified by HPLC using the C18
not bind to membranes containing zwitterionic phosphati- reverse phase column described above. The peptide was
dylcholine; as a result, the binding of these peptides is purified on a gradient of acetonitritevater at a flow rate
thought to be dominated by electrostatic interactions with of 3 mL/min. Typically, the gradients ran from 10% to 40%
the membrane interface. The work described here demon-acetonitrile and the labeled peptides eluted in approximately
strates that this peptide binding is driven by both electrostatic 5 min. The conditions for HPLC purification of the double
and hydrophobic interactions with the membrane interface. labeled neuromodulin peptides varied, with a continuous

EXPERIMENTAL PROCEDURES

Materials. Bovine brain phosphatidylserine (PS) and
dimyristoylphosphatidylglycerol (PG) were obtained from
Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Egg phosphatidylcholine (PC) was purified
from egg yolks as described previously (Singleton et al.,
1965) and stored in chloroform under argor-&0 °C until
needed. The methanethiosulfonate spin laSgl1-oxy-
2,2,5,5-tetramethylpyrrolin-3-ylmethyl] (MTSSL) was ob-

gradient of two solvents, water and acetonitrile, which were
narrowed from 5% to 60% acetonitrile over 10 min. Fourier

transform mass spectrometry was used to verify the molec-
ular weights of the peptides both before and after spin-
labeling. The purity of these peptides was estimated from
HPLC to be at least 9899%.

Vesicle Preparation.For EPR spectroscopy, lipid mixtures
containing PC and 25 mol % PS were obtained by weighing
lipids from stock solutions in chloroform followed by
vacuum desiccation overnight. An agueous solution of 100

tained from Reanal (Budapest, Hungary). Nickel ethylene- mM KCI/1 mM MOPS, pH 7, was added to the dried lipid,
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and the suspension was vortexed and freeze-thawed fivemicrowave power was increased from 0.1 to 190.0 mW, and
times in liquid nitrogen. This solution was then extruded the peak-to-peak amplitude of tine = O peak, Ay=o, Was
ten times through 500 A polycarbonate filters using a measured at regular power intervals. These power saturation
commercially available unit (Avestin, Inc., Ottawa, Canada). data were fit to the function:
The extruded vesicles were then centrifuged at 10 000 rpm
using a Sorvall SS-34 rotor for 15 min to remove nonve- Ao = IPY1 + (2% — 1)1 e 1)
sicular lipid. The total phospholipid content was determined =0 Py
using a modified Fiske and Subarrow assay (Bartlett, 1959).
For CD measurements, lipid mixtures of 25 mol % PG in as described previously (Altenbach et al., 1994), wtere
PC were formed and hydrated as described above and wergepresents the microwave powers a scaling factoPy, is
then sonicated to form small 300 A diameter vesicles using the power required to reduce the resonance ampliwi,
a procedure described previously (Castle & Hubbell, 1976). half its unsaturated value, and is a measure of the
NMR SpectroscopyHigh-resolution NMR spectra were homogeneity of saturation of the resonance. In thisig,
obtained using a General Electric Omega 500 spectrometere, and| were allowed to be adjustable parameters. Power
operating at a frequency of 500.13 MHz. All spectra were saturation data were obtained for each sample under three
recorded at 25°C, and chemical shifts were referenced todifferent sets of conditions: equilibrated with a nitrogen
internal HO at 4.75 ppm. The sweep width was 5 kHz, atmosphere, equilibrated with air, and equilibrated with
and the water resonance was suppressed by a 1.5 s Cwnitrogen in the presence of 20 mM NiEDDA in the aqueous
irradiation at the start of all experiments. The data were phase. Values forAPy, were then obtained from the
analyzed using the program FELIX version 2.1 (Biosym difference in thePy, values in the presence and absence of
Technologies, San Diego, CA) running on a Silicon Graphics the relaxation reagents ¢Gnd Ni(ll) in this case). The
Indigo R4000 XZ. Spectra were run in methanol, 500 mM parameter® was calculated using the following equation
perdeuterated SDS micelles, and aqueous solution. For thes&om the experimentally measured valuesAdt,;; obtained
experiments the peptide was at a concentration of 5 mM andin the presence of air and NiEDDA:
a pH of 4.3.
DQF-COSY spectra were obtained as described previously AP0,
(Piantini et al., 1982; Rance et al., 1983) and contained 1024 AP, ,(NiEDDA)
and 2048 complex points in thg and t, dimensions,

respectively. A sine squared function shifted by’ 3@as  As described previously, this parameter is directly related
used to apodize both time domains. Thelimension was  to the difference in the standard state chemical potentials of
zero filled to 2048 points. The TOCSY spectra (Braunsch- O, and NiEDDA and varies as a function of depth in the
weiler & Ernst, 1983; Bax & Davis, 1985) were obtained bilayer (Altenbach et al., 1994). Thusp provides an
with a 100 ms clean (Griesinger et al., 1988) MLEV-17 spin estimate of the nitroxide depth in the bilayer. For the bilayers
lock, where Z filters preceded and followed the spin lock used in the present study, which contain 25 mol % PS in
(Rance, 1987). NOESY spectra (Jeener et al., 1979; MacurapC, a calibration curve obtained previously for the parameter
& Ernst, 1980) were obtained with a mixing time of 100 & as a function of depth within the bilayer was used (Qin
ms. The number of complex points collected for TOCSY & Cafiso, 1996).

()

and NOESY spectra was 512 and 2048 in theand t, Measuring Partition Coefficients Using EPR’he binding

dimensions, respectively; the spectra were apodized with aof the spin-labeled neuromodulin derived peptides to lipid

3 Hz exponential irt; and a 90-shifted sine bell irt,; the bilayers was measured using EPR as described previously

t; dimension was zero filled to 1024 points. (Archer et al., 1991). To obtain an estimate of the partition
Proton chemical shift assignments were made following coefficient, 8, 0.1-0.2 uL of a 160 mM lipid solution

a general procedure described previously thvich, 1986).  containing 25 mol % PS was added to a solution of

In the first step of this procedure, the spin systems were approximately 5:M spin-labeled peptide. The amplitude
identified using DQF-COSY and TOCSY experiments fol- of them = —1 resonance was recorded as a function of the
lowed by the use of NOESY spectra to establish sequentiallipid concentration and was then used to calculate the
assignments from NHNH cross peaks. population of membrane bound to free aqueous peptide,

EPR Spectroscopy of the Neuromodulin Analo§®R  The binding of the peptide is expected to fit the equation
spectra were measured on a Varian E-line Century seriesshown below:

spectrometer using an X-band loop gap resonator with a

standard two loop one gap configuration. A microwave i=ﬂAL;+V 3)

power of 2 mW was used with a peak-to-peak modulation C. A L

amplitude of 1.6 G. Quartz capillary tubes, iz.0.6 mm,

0.d.= 0.84 mm (Vitro Dynamics, Rockaway, NJ), were used whereC_ is the lipid concentrationd_ is the area per lipid,

to hold the nitroxide samples and were filled withulZ of andV, is the volume per mole of lipid has units of length,

sample. For power saturation measurements, samples werand values fo\ andV, of 66 A2 and 1255 & were used

placed in gas permeable TPX capillary tubes (Medical here, respectively (Flewelling & Hubbell, 1986).

Advances, Milwaukee, WI). CD Measurements on Neuromodulin Based Peptids.
Power saturation measurements were carried out on spin-measurements were made on a Jasco J-720 spectropolarim-

labeled neuromodulin peptides that were totally membrane eter using a 1 mm quartz cell at room temperature. Unless

bound to PC/PS lipid vesicles containing 25 mol % PS. otherwise indicated, samples were in Tris buffer at both high

Peptides were added to a final concentration of about 50 and low ionic strengths with a peptide concentration of 25

uM to a lipid mixture at a concentration of 50 mM. The uM. Each spectrum was an average of 10 scans taken at 50
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Ficure 1: Double quantum filtered COSY spectra of the NBa region for the neuromodulin based peptide in (A) methanol, (B) aqueous
solution, and (C) deuterated SDS micelles.

nm/min in steps of 1 nm. A band width of 1 nm and a time oal W T
constant of 0.25 s were used. Samples were flushed with
N, for 20 min to eliminate any molecular oxygen in the S 02
buffer solution, and the data were not smoothed. PG was =
substituted for PS in these experiments in order to avoid E 0
interference from the absorption of bovine brain PS that
occurs at less than 200 nm. The measurements were also 02
made in small sonicated vesicles at a concentration of 1 mM fE—’ 0.4
lipid to avoid light scattering problems. The CD spectrawere 2
then analyzed for secondary structure content using the © 3¢
program PROSEC (Chang et al., 1978).
- | | 1 | | L L i | | I | L 1 | |
RESULTS 08 1234567 891011121314151617

. . . Residue Number
Solution and Micelle Structure of a Neuromodulin Based Ficure 2: A summary of thexH chemical shift indices (Wishart

I?eptide by NMR Shown in Figure 1 are dou_ble qua_mtur_n et al., 1992) for the neuromodulin peptide in methanol (solid bars),
fitered COSY spectra of the neuromodulin peptide in SpPS micelles (striped bars), and aqueous solution (open bars).
methanol, aqueous solution, and SDS micelles. ResonancesSpectra were obtained using solutions of pH 4.3 atQiusing a

are well separated in methanol and less well resolved in SDS,GE Omega 500 NMR spectrometer.

and there is much less chemical shift dispersion and much 1 23 4567 8 9 10111213 1415 16 17
more overlap in aqueous solution. From these spectra and ac LysTe Gln Ala Ser Phe Arg Gly His Tle Thr Arg Lys Lys Leu Lys Gly Amide
the NOESY spectra of the peptide in methanol and SDS, HN-HNu
assignments were made as described above. Nuclear Over*HNun == = =
hauser effects were relatively weak in SDS, but were not Mo _
detected for the peptide in aqueous solution using a range "N .
of mixing times from 50 to 300 ms. A partial set of  HeHNuw —
assignments for this peptide in aqueous solution were wenNg., ———
obtained. HB-HNs2 - ——

From these assignments, we determined the chemical shiftHB_HNM

index for the a-carbon protons as described previously
(Wishart et al., 1992), and these are shown in Figure 2. FOuUr Ho-HNgs.s SSSS . J
or more Co_nsecutlve_ resonances with indices less . FAGURE3: A summary of the NOE data for the neuromodulin based
are indicative of helix, wherea; threg or more consecutive peptide (5 mM) in CQOH at 25°C at a pH of 4.3 using a GE
resonances greater tha.1 are indicative of #-sheet. The ~ Omega 500 NMR spectrometer operating at a frequency of 500.13
data shown in Figure 2 provide a strong indication that the MHz. Strong NOEs are represented by solid bars, weak NOEs are
peptide is helical in methanol, but the chemical shifts suggestepresented by clear bars, and medium NOEs are represented by
that the peptide is largely unstructured in water and SDS Shaded bars.
micelles, an observation that is consistent with the weak conditions under which all the peptide would be membrane
NOEs and poor chemical shift dispersion in these solvents. bound for the EPR and CD measurements described below,
The helical assignment in methanol was confirmed by and to ensure that nitroxide substitutions did not make
examining the intraresidue NOEs for the neuromodulin dramatic changes in the membrane binding of this peptide.
peptide, and the interresidue connectivities are shown in The binding of spin-labeled peptides based on neuromodulin
Figure 3. The presence of HNHN(i,i+1), Hoo—HN(i,i+3), was determined by EPR spectroscopy as described above.
and Hu—HN(i,i+4) seen in Figure 3 is strongly indicative No binding of these peptides to neutral PC membranes was
of an a-helical secondary structure. detected, but these peptides did bind strongly to membranes
Binding of Spin-Labeled Peptides to PS Containing containing some negatively charged lipid such as PS or PG.
Membranes Binding measurements were made on the spin- In 25 mol % PS, these peptides bound with partition
labeled neuromodulin based peptides to determine thecoefficients,3, of between 0.1 and km, close to that
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K1C-SL

R7CSt K13C-SL
12C-SL

G8C-SL K14C-SL

H9C-SL

L15C-SL

A4C-SL
M0C-SL
K16C-SL
~—
T11C-SL
ssC-sL
G17C-SL
FocSL R12C-SL

Ficure 4: EPR spectra of spin-labeled neuromodulin peptides-@0uM) in PC/PS (25:75) vesicles of 500 A in 100 mM KCI/1 mM
MOPS, pH= 7 buffer. Lipids were at a concentration of 50 mM. Spectra were taken &€2gith a scan width of 100 G for 8 min.

T

. . . 40 T T T
observed for the native unlabeled neuromodulin derived ' ' '

peptide under similar conditions (Kim et al., 1994). With 35[ 1
the exception of the first position, replacing a charged residue
with a nitroxide reduced the binding of the peptide to PS

containing membranes by a factor of 5- to 10-fold compared 5[ i
to the native peptide. Generally, substitution of hydrophobic < 20f 8
residues with the nitroxide label produced the smallest
changes in binding from that of the native peptide. This is

30 7

15 ]

not surprising, since the nitroxide substitution is expected 1or T

to be nearly as hydrophobic as residues such phenylalanine stk

(Qin & Cafiso, 1996). . L
Membrane Structure and Topographghown in Figure o 1 2 8 4 5 6 7

4 are the membrane bound EPR spectra of 17 spin-labeled P2 (mw)

nal f the neuromodulin i ncom in
analogs of the neuromodulin based peptide encompass q:IGURESZ Power saturation curves for spin-labeled K13C-SL (50

the PKC and calmodulin binding domains of the protein. ', 10 25% PS in PC vesicles at 25 in 100 mM KCI/1
These spectra exhibit motional broadening relative to the mm MOPS, pH= 7. Nitrogen ®), air (a), and NiEDDA (¥)

aqueous peptide, with effective correlation times of ap- curves are shown. Solid lines represent fits to the data using eq 1.
proximately 3 ns. Most of the labeled peptides exhibit
spectra that are quite similar to each other and spectra foundrable 1: Values ofAP;, and ® for Spin-Labeled Membrane
for other membrane bound peptides (Altenbach et al., 1989; Bound Neuromodulin Peptides

Qin & Cafiso, 1996); however, at several, particularly at peptide airAP? NiEDDA APy P
positions 6, 7, and 8, nitroxides are more restricted in their — k1oL 228 17.7 0.25
motion. This could reflect either differences in backbone  12C-SL 21.3 5.0 1.4
dynamics in this portion of the peptide or additional tertiary =~ Q3C-SL 33.6 3.2 2.35
contacts of the labeled side chain. In this sequence of spectra é‘;g:gt %‘% 88'77 1152
there are no clear patterns in label motion as a function of pgc.g1 29.9 9.9 11
side chain position that would indicate the presence of either R7C-SL 426 2.7 2.8
o-helical or aggregated sheet structures. G8C-SL 28.6 8.9 12
) . H9C-SL 26.2 5.1 1.6
To characterize these labels further, the power-saturation |19c-sL 22.4 4.2 1.7
behavior of the EPR signal was examined to provide an  T11C-SL 19.1 2.9 1.9
estimate of the nitroxide depths. Shown in Figure 5 are  R12C-SL 23.0 6.5 1.3
power-saturation curves for K13C-SL in the presence Hf N ﬁiggt zg.g gg %g
air, and NiEDDA. The power required to saturate the | i5c.g 15.9 9.0 06
nitroxide spectrum increases in the presence of air or Ki6C-SL 18.5 10.1 0.6
NiEDDA. As described elsewhere, this is a result of the = G17C-SL 29.1 15.1 0.7
enhanced electron relaxation rakgd that occurs as a result aValues for APy, are given in mW. Air contains approximately

of collisions between paramagnetic oxygen or Ni with the 20% O which is a hydrophobic paramagnetic species; NIEDDA was
nitroxide. Shown in Table 1 are thePy,; values determined ~ added to a final concentration of about 20 mM.

for each nitroxide labeled peptide in air and in the presence

of NiEDDA. From Table 1, the accessibility to oxygen values than do the C-terminus. Th&P;, values for
appears to similar for most of the labels, except that NIEDDA are also fairly uniform, except at the N- and
nitroxides on the N-terminus generally have highd?,,, C-termini where they are higher. The power-saturation data
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FiIGURe 6: Nitroxide distances from the membrane solution interface
as a function of the position of label on the neuromodulin peptide
sequence. The distances are obtained u$inglues for the spin- . .
labeled neuromodulin peptides shown in Table 1 and a depth Ficure 7: EPR Spectra for the double labeled neuromodulin

L ; ; : ; : derived peptides46, 4—7, and 4-8 at a concentration of 50M
gilhfgg“ggg%t;tamed previously for Ni(I)EDDA in PC/PS (Qin & in (A) 500 A vesicles composed of PS/PC (25:75) in a buffer of

100 mM KCI/1 mM MOPS, pH= 7, and (B) methanol. Spectra

. . . were taken at 28C using a scan width of 100 G.
for positions 6, 7, and 8 show that these nitroxide labels have

similar accessibilities to oxygen and paramagnetic metals as 25 T
do the more mobile nitroxides. Therefore, it is unlikely that 20 I, .
the slower motion seen for these positions is a result of 5N i

aggregation or contacts of the nitroxide with other side chains |
(Altenbach et al., 1994).

Table 1 also lists the depth paramet@r for these labels,
which was calculated using eq 2 from the,,; values. Using
a depth calibration obtained previously for air and NIEDDA
in PS/PC membrane mixtures (Qin & Cafiso, 1996), dis-
tances were obtained for the nitroxides on the spin-labeled -15 ‘ L ' '
neuromodulin peptides from the lipid phosphate, and these 2000200020 0 230 240
depths are shown in Figure 6. Nitroxides at the ends of the .  Wavelength (nm) _
peptide lie on the agueous side of the membreswution Ficure 8: Circular dichroism spectra of the 3 neuromodulin
: . - o peptide in methanol (dashed line) and aqueous solution (100 mM
m_terface, _an_d nltrox_ldes at most other_ positions are near ory ;1 mm Tris, pH= 7.2) (solid line). Measurements were made
slightly within the interface. At positions 3 and 7 the on a Jasco J-720 spectropolarimeter using a 1 mm quartz cell, a
nitroxides are deep in the bilayer hydrocarbon domain. As band width of 2 nm, and a response time of 0.25 s.
discussed below, this may be a result of the substitution of
a polar or charged residue for a spin-label in a region that is ~ i,i+3 ~ i,i+4). Similar spectra are also obtained for
relatively hydrophobic. Unlike peptides that form helical double-labeled peptides at positions—1% and 1114.
structures on membrane surfaces (Altenbach et al., 1989),Thus, the peptide when bound to membranes appears to be
there is no evidence for a helical pattern from the power in an extended conformation in both the N- and C-terminal
saturation and depth data shown in Table 1 and Figure 6.domains. Spectra of double labeled peptides in water also

Evidence for an Extended Structure on Membranghe show no helical pattern and appear to be in an extended
lineshapes and power-saturation data provide a strongstructure. In comparison, the spectra for peptides labeled at
indication that the peptide is in an extended conformation positions 4-6, 4-7, and 4-8 in methanol are shown in
with most of the nitroxide substitutions lying slightly below Figure 7B. The exchange pattern in methanol clearly
the membranesolution interface. As an additional check provides evidence for a helical structure, and these spectra
on the secondary structure, a series of double spin-labelecare very similar to those seen for the peptides in trifluoro-
peptides were synthesized. Shown in Figure 7A are spectra€thanol (ji+2 < i,i+3 ~ i,i+4). These EPR results are
from double labeled peptides at positions&} 4—7, and gualitatively identical to those found using NMR described
4—8 bound to the membrane. When nitroxides on these sideabove.
chains are in close proximity, they can interact through a  The CD spectra of the native neuromodulin derived peptide
collisional or dipole-dipole mechanisms, a process that has were also obtained in membranes and in the solvent systems
been shown to provide an indication of peptide secondary described above. Shown in Figure 8 are CD spectra in
structure (Miick et al., 1992; Millhauser, 1992). In an methanol and in buffer. Table 2 lists the secondary structure
o-helical configurationj,i+3 andi,i+4 side chain interac-  analysis of CD spectra obtained using the program PROSEC
tions are equally likely, and greater thaint-2 interactions. (Chang et al., 1978) in these solvents, in buffer, and bound
In 3,0 configurations,i,i+3 interactions are much stronger to bilayers. In methanol and trifluoroethanol, the secondary
than eitheii,i+2 ori,i+4. From the data in Figure 7A each structure appears to be primarily helical. In aqueous solution,
of the three labeled positions produces identical spectra, andhe secondary structure is largely random coil or extended
there was no evidence for collisional or dipeldipole as judged by CD. The spectra and structural analysis in
exchange that would be expected for a helical structiired sonicated vesicles containing PC and PG indicate that the

CD[mdeg]
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and at the interface, hydrogen bonding to water or other polar

Table 2: Estimate of Peptide Secondary Structure front CD . ) - : o
groups in the interface is possible. An additional factor

solvent %helix  Yosheet Htumn % random coll which could clearly drive these peptides into an extended
{ﬂﬁfﬁgg{ham gg-;—) g-g 8-8 gg-g conformation is electrostatic repulsion between lysine and
buffer 0.0 10.2 18.1 717 arginine amino acid side chains. An extended structure
PG vesicles 2.6 19.1 5.2 66.1 would minimize these electrostatic forces, which would be

a Secondary structure was estimated from the CD spectra in Figure enhanced at the membrar,'e interface.
8 using the program PROSEC. Errors in the percent structure content From the pOV}/?r'Saturauon data presented here, .mOSt of
are estimated to range from5% to +£15% based on the reproduc- the labeled positions are at or near the membrawdution

ibility of the spectra. The buffer contains 100 mM KCI/1 mM MOPS,  interface, which is consistent with a location expected for a
PH=7. highly charged peptide. Locations deeper in the interface
) ) _ . would not be expected due to the large Born charging energy
peptide also has a low helical content when bound to lipid yequired to place charged side chain within the low dielectric
bilayers. of the membrane interior. Several nitroxide positions such
as those at 9, 10, and 11 are deeper and appear to be buried
DISCUSSION within the interface. This likely reflects the position that
The solution and membrane bound structure of a basicwould be taken up by a more hydrophobic residue, as the
peptide based on the PKC and calmodulin binding domain nitroxide is comparable in hydrophobicity to more apolar
of neuromodulin has been examined using several differentamino acids such as leucine (Yu et al., 1994). In the case
spectroscopic approaches. NMR, site-directed spin-labelof MARCKS, the peptide backbone lies on the membrane
EPR, and CD measurements described above are all ininterface with only its more hydrophobic residues buried
agreement and indicate that this peptide is in an extendedwithin the interface (Qin & Cafiso, 1996), and this is likely
structure in aqueous solution, but can adopt helical configu- the case with neuromodulin as well. Nitroxide substitutions
rations in methanol or trifluoroethanol. EPR experiments at positions 3 and 7 are unusually deep and not consistent
on single and double nitroxide labeled peptides provide with the depths that are obtained at adjacent positions. These
information on the position and secondary structure of the residues are unlikely to be buried within the hydrocarbon in
nitroxide when the peptide is membrane bound. The datathe native peptide, and substitution of the more hydrophobic
are consistent with an extended peptide structure, where thenitroxide for a polar or charged residue has likely altered
ends of the peptide appear to lie just outside the membranethe position of the peptide backbone. This effect of nitroxide
in the aqueous solution. CD measurements in PG containingsubstitution is not seen at the C-terminus or in peptides
membranes also indicate that the peptide adopts a nonhelicatlerived from MARCKS which are more highly charged than
secondary structure when membrane bound, as do NMRthe N-terminus of neuromodulin.
measurements in SDS micelles. It is well-known that basic, hydrophilic peptides bind to
The results obtained here indicate that charged peptidesmembranes containing acidic lipids (Dufourcq et al., 1981;
having strong electrostatic interactions with membrane de Kruijff et al., 1985; Roux et al., 1988; de Kroon et al.,
surfaces do not necessarily adopt helical secondary structured990; Kim et al., 1991; Mosior & McLaughlin, 1992).
when membrane bound. An extended membrane boundGenerally this interaction can be accounted for by a
structure was recently found for a highly basic peptide based combination of mass action and the Getghapman-Stern
on the PKC and CaM binding domain of MARCKS (Qin & theory (Kim et al., 1991; Thorgeirsson et al., 1995), and more
Cafiso, 1996), and for a basic peptide based on the cyto-sophisticated theoretical approaches are being taken that
chrome oxidase signal sequence (Yu et al., 1994). lItis notinclude the molecular structures of the peptides and the
presently clear whether an extended secondary structure isnembrane interface (Ben-Tal et al., 1996).
important to facilitate the interactions of PKC with substrates A number of these basic peptides, including those derived
such as neuromodulin or MARCKS. Although the peptide from MARCKS and neuromodulin, fail to bind to zwitter-
described here is extended on the membrane interface, it doenic membranes and bind only to membranes containing
have the capacity to adopt a helical structure in methanol or some acidic lipid. One conclusion from this observation is
TFE and it adopts a helical configuration when bound to that the interaction of these peptides is mainly due to
calmodulin as determined using EPR (Qin et al., 1996).  electrostatic interactions with the membrane interface. This
Many peptides that associate with membranes appear toseems to be case for peptides such as pentalysine, which
take on helical secondary structures. This is not unexpectedappear to lie on the aqueous side of the interface, and do
because the low dielectric and diminished water activity in not interact hydrophobically with the membrane (Roux et
the membrane should promote internal hydrogen bondingal., 1988; Kim et al., 1991; Montich et al., 1993). However,
within the peptide (Engleman et al., 1986). Melittin is a the work carried out here and elsewhere (Ito et al., 1993;
charged peptide that interacts electrostatically with negatively Yu et al., 1994; Qin & Cafiso, 1996) clearly indicates that,
charged membrane interfaces, and it assumes a regular helicdbr some of these peptides, the hydrophobic side chains can
structure when membrane bound (Altenbach et al., 1989).interact with the membrane interior. In these cases, the
However, melittin also forms a strongly laterally amphipathic binding must include significant hydrophobic as well as
helix that interacts hydrophobically with the membrane electrostatic contributions.
interface. This is not the case for peptides derived from the If these peptides interact hydrophobically, why do they
PKC substrate and CaM binding domains of MARCKS and fail to bind membranes containing zwitterionic lipids? We
neuromodulin, which are not strongly amphipathic in a speculate that they fail to bind neutral membranes because
helical form. Because they are not buried deeply in the the hydrophobic interactions alone are insufficient to over-
interface, an extended structure is possible for these peptidescome a large Born repulsion that is experienced as they
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