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Abstract: The human N-ras protein binds to cellular membranes by insertion of two covalently bound
posttranslational lipid modifications, which is crucial for its function in signal transduction and cell proliferation.
Mutations in ras may lead to unregulated cell growth and eventually cancer, making it an important
therapeutic target. Here we have investigated the molecular details of the membrane binding mechanism.
A heptapeptide derived from the C-terminus of the human N-ras protein was synthesized including two
hexadecyl modifications. Solid-state 2H NMR was used to determine the packing and molecular dynamics
of the ras lipid chains as well as the phospholipid matrix. Separately labeling the chains of the peptide and
the phospholipids with ?H enabled us to obtain atomically resolved parameters relevant to their structural
dynamics. While the presence of ras only marginally affected the packing of DMPC membranes, dramatically
lower order parameters (Scp) were observed for the ras acyl chains indicating modified packing properties.
Essentially identical projected lengths of the 16:0 ras chains and the 14:0 DMPC chains were found, implying
that the polypeptide backbone is located at the lipid—water interface. Dynamical properties of both the ras
and phospholipid chains were determined from spin—Ilattice ?H relaxation (R;z) measurements. Plots of
Rz rates versus the corresponding squared segmental order parameters revealed striking differences.
We propose the ras peptide is confined to microdomains containing DMPC chains which are in exchange
with the bulk bilayer on the ?H NMR time scale (~107°s). Compared to the host DMPC matrix, the ras lipid
modifications are extremely flexible and undergo relatively large amplitude motions. It is hypothesized that
this flexibility is a requirement for the optimal anchoring of lipid-modified proteins to cellular membranes.

Introduction lead to uncontrolled cell growth, and ultimately cancer. It is

Posttranslational lipid modifications are a common structural
motif of membrane-associated proteins and are responsible for
their anchoring to the cell membrahén particular, proteins
involved in signal transduction often feature this type of
membrane anchdrpne prominent example being the G-Protein
ras, which is also referred to as a GTPase. Such ras proteins
are part of a signal transduction cascade responsible for cellular f
proliferation and differentiatiof.®> Mutations in the protein may

of the membrane binding C-terminus.

T Biotechnological-Biomedical Center of the University of Leipzig.

known that up to 30% of all human cancers carry a mutated
form of ras? The structure of the soluble part of ras has been
determined by X-ray diffractichand solution NMR spectros-
copy’ However, until recently litle was known about the
structure, dynamics, and details of the membrane association

N-ras consists of 189 amino acids and has a molecular weight
of ~21 kDa belonging to the important class of small guanine
nucleotide binding proteins, including ADP ribosylation factors
and other ras-related GTPase§o date many investigations

¥ Max Planck Institute of Molecular Physiology. o (5) (a) Reuther, G. W.; Der, C. Curr. Opin. Cell Biol.200Q 12, 157—165.
§ Institute of Medical Physics and Biophysics, University of Leipzig. (b) Hall, A. SC|ence1994 264, 1413-1414.
I'University of Arizona. (6) Milburn, M. V.; Tong, L.; deVos, A. M.; Brager, A.; Yamaizumi, Z.;
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have shed light on the signal transduction cascade involving The second posttranslational modification is palmitoylation of
ras®° One reaction partner of ras is Sos which is responsible Cys'8%, the cellular location where this reaction takes place is
for its activation by catalyzing the release of guanosine still under discussion. There are indications that the palmitoyl-
diphosphate (GDP) from ras and subsequently the binding of transferase is located at the cell membr&@. A kinetic
guanosine triphosphate (GTP) resulting in its activation; ras then trapping model postulates that the farnesylation is required to
further affects downstream effectors. Mutated forms of ras are induce transient binding events that establish contacts between
unable to hydrolyze GT® and therefore cannot return to the ras and the palmitoyltransfera&eBoth transferases are possible
deactivated state, which is believed to be connected to onco-targets for drug design, as ras is inactive when detached from
genesis. Sos is bound to stimulated receptor tyrosine kinaseghe cell membrane. Inhibitors for farnesyltransferase have been
via the protein Grb2 and thereby recruited from the cytoplasm found and tested with great success on mice and on human
to the membrane. Binding of proteins to the cell membrane tumor cells in cell cultured*2>
increases their effective concentration by a factor of at least Currently, there is strong interest in understanding the
10001 The reaction rate between two partners is strongly mechanism of ras binding to the membrane via lipid modifica-
increased by their localization at the membrane due to a highertions on account of their role in the development of cancer. In
apparent affinity*2 if only one reaction partner is localized at a previous study we determined the localization of the peptide
the membrane the rate is largely unaffected. When ras is alsowithin the lipid-water interface of the membraffeHere we
bound to the membrane then a high reaction rate is followed concentrate on molecular details of the lipid modifications
by transduction of the signal. By contrast, if the membrane anchoring the ras heptapeptide to the phospholipid membrane.
association of ras is disrupted then signal transduction is not Solid-state’H NMR is a powerful tool to determine motional
observed. Thus, manipulation of the membrane association ofparameters from line shape and relaxation rate anasis.
ras plays an important regulatory role in controlling its function. Moreover, the’H nucleus is well suited to study molecular

It has been shown that two posttranslational lipid modifica- dynamics by NMR, as it has very favorable properties for
tions are necessary and sufficient to obtain the active form of investigating molecular reorientations occurring over many
ras3 In these posttranslational processing events, which target®'ders of magnitude in tim&."! By application of a suitable
ras from the cytosol to the plasma membrane, the cysteine ofMotional model, details of the geometry of the molecular motion
the C-terminal—CAAX sequence (C is cysteine, A is an Can pe revealed from tHél NMR data. In particular, compre-
aliphatic amino acid, X is serine or methionine) is first hensive models have been worked out for the motions of the
famesylated and then is recognized by a specific protease thaf2¢y! chains of the phospholipids in membrafe¥: > More
cleaves the—AAX residues. Finally the new famesylated ecently, °H NMR relaxation in combination with order
cysteine at the C-terminus is converted to the methyl ester. In Parameter determination for the lipid chains has been success-
the case of N- and H-ras but not K-ras, the peptide chain is fully gnalyzed to determine elastic properﬂe; and deformations
further modified by introduction of palmitic acid thioestets? of lipid membranes®~** We have applied this approach to a
A single lipid modification apparently does not permanently Membrane-associated lipid-modified ras peptide. The ras hep-
anchor ras to the cell membrateSeveral biophysical studies 55, | ; pudier, T.; Gelb, M. HJ. Biol. Chem1996 271, 23269-23276.
have investigated the distribution of lipid-modified peptides (23) Dunphy, J. T.; Linder, M. EBiochim. Biophys. Actd99§ 1436 245~
between the membrane associated and the translocated cytosolig ) i%lmy N. E.: Omer, C. A.; Conner, M. W.: Anthony, N. J.: Davide, J. P.;
state!15°19 |t was found that the typical half-life for the deSolms, S. J.; Giuliani, E. A.; Gomez, R. P.; Graham, S. L.; Hamilton,
membrane-associated state is on the order of seconds for singly,s) *é,-m“‘earf-é’_' %';lggﬁhli\,_?gé_ﬁ?e%é Pharmacol. ScLo97 18, 437—444.
lipidated peptided®18 Addition of a second lipid modification ~ (26) Huster, D.; Vogel, A; Katzka, C.; Scheidt, H. A.; Binder, H.; Dante, S.;
. . Gutberlet, T.; Zschamig, O.; Waldmann, H.; Arnold, KJ. Am. Chem. Soc.
increases the average half-life to the order of hours to &28fs. 2003 125 4070-4079.
These conclusions are supported by the observation that singly(§7) Davis, J. HBiochim. Biophys. Actd983 737, 117-171.

s o . . . . . 8) Brown, M. F.J. Chem. Phys1982 77, 1576-1799.
lipid modified H-ras fails to activate mitogen-activated protein (29 (a) vold, R. R.; Vold, R. L. InAdvances in Magnetic and Optical

i 3 i ity i 0/ 21 ResonanceWarren, W. S., Ed.; Academic Press: San Diego, CA, 1991;
kinase (MAPK} angst,hat its aCtIVIty is reduced by98/o. pp 85-171. (b) Vold, R. R. InNuclear Magnetic Resonance Probes of
In N-ras initially Cys$86is farnesylated by a farnesyltransferase. Molecular Dynamics Tycko, R., Ed. Kluwer Academic Publishers:

Dodrecht, 1994; pp 27112. (c) Wittebort, R. J.; Olejniczak, E. T.; Griffin,
R. G.J. Phys. Chem1987, 86, 5411-5420.
(9) Hinterding, K.; Alonso-Diaz, D.; Waldmann, HAngew. Chem., Int. Ed. (30) Seelig, JQ. Re. Biophys.1977, 10, 353-418.

1998 37, 688-749. (31) (a) Seelig, J.; Seelig, Q. Re. Biophys.198Q 13, 19-61. (b) Gftner,
(10) Barbacid, MAnnu. Re. Biochem.1987, 56, 779-827. G.; Burnett, I. J.; Glaubitz, C.; Choi, G.; Mason, A. J.; Watts,Mature
(11) Murray, D.; Ben-Tal, N.; Honig, B.; McLaughlin, Structure1997, 5, 200Q 405, 810-813. (c) Nevzorov, A. A.; Moltke, S.; Heyn, M. P.; Brown,
985-989. M. F. J. Am. Chem. Sod999 121, 7636-7643. (d) Nevzorov, A. A;;
(12) Marshall, C. JSciencel993 259, 1865-1866. Moltke, S.; Brown, M. FJ. Am. Chem. S0d.998 120, 4798-4805.
(13) (a) Dudler, T.; Gelb, M. HJ. Biol. Chem1996 271, 1154}-11547. (b) (32) Brown, M. F. InBiological Membranes. A Molecular Perspe@ifrom
Dudler, T.; Gelb, M. H.Biochemistryl997, 36, 12434-12441. Computation and Experimentlerz, K. M., Roux, B., Eds.; Birkhaser:
(14) Silvius, J. R. InPeptide-Lipid Interactions Simon, S. A., Mcintosh, T. Boston, 1996; pp 175252.
J., Eds. Elsevier: 2002; pp 3#B95. (33) Petrache, H. I.; Dodd, S. W.; Brown, M. Biophys. J200Q 79, 3172-
(15) Silvius, J. R.; 'Heureux, FBiochemistry1994 33, 3014-3022. 3192.
(16) Shahinian, S.; Silvius, J. Biochemistry1995 34, 3813-3822. (34) Nevzorov, A. A;; Trouard, T. P.; Brown, M. Rhys. Re. E. 1998 58,
(17) (a) Pool, C. T.; Thompson, T. Biochemistry1998 37, 10246-10255. 2259-2281.
(b) Janosch, S.; Nicolini, C.; Ludolph, B.; Peters, C.lkést, M.; Hazlet, (35) Trouard, T. P.; Alam, T. M.; Brown, M. R]. Chem. Phys1994 101,
T. L.; Gratton, E.; Waldmann, H.; Winter, B. Am. Chem. SoQ004 5229-5261.
126, 7496-7503. (36) Otten, D.; Brown, M. F.; Beyer, Kl. Phys. Chem. B00Q 104, 12119~
(18) Peitzsch, R. M.; McLaughlin, SBiochemistry1993 32, 10436-10443. 12129.
(19) Buser, C. A; Sigal, C. T.; Resh, M. D.; McLaughlin,BBochemistry1994 (37) Brown, M. F.; Thurmond, R. L.; Dodd, S. W.; Otten, D.; Beyer JKAm.
33, 13093-13101. Chem. Soc2002 124, 8471-8484.
(20) Schroeder, H.; Leventis, R.; Rex, S.; Schelhaas, M.; Nagele, E.; Waldmann, (38) Brown, M. F.; Thurmond, R. L.; Dodd, S. W.; Otten, D.; Beyer,RQys.
H.; Silvius, J. R.Biochemistry1997, 36, 13102-13109. Rev. E. 2001, 64, 010901.
(21) Bader, B.; Kuhn, K.; Owen, D. J.; Waldmann, H.; Wittinghofer, A.; (39) Martinez, G. V.; Dykstra, E. M.; Lope-Piedrafita, S.; Job, C.; Brown, M.

Kuhlmann, JNature200Q 403 223-226. F. Phys. Re. E. 2002 66, 050902.
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Scheme 1. Lipidated ras and ras-dss Peptides field strength of 17.6 T). A single-channel solids probe equipped with
H-Gly-Cys(R,)-Met-Gly-Leu-Pro-Cys(R,)-OMe a 5-mm solenoid coil was used. TH¢ NMR spectra were accumulated
with a spectral width o250 kHz using quadrature phase detection,
ras peptide: R,=HD, R,=Pal a phase-cycled quadrupolar echo sequ&neigh two 3.0us /2 pulses
ras-dgs peptide: Ri=HD-d33, R,=HD-d33 separated by a 60s delay, and a relaxation delay of 1 s. A phase-

cycled inversior-recovery quadrupolar echo pulse sequence was used
tapeptide contains two thioether-linked hexadecyl chains, which to measure the relaxation times for the decay of Zeeman ofdgr (
are either deuterated f8H NMR investigations in a nondeu-  spin-lattice relaxation time). A relaxation delay ® s was used, and
terated host matrix or protiated f8H NMR studies of their all other parameters were the same as those for recordirfgitNIR
influence on a deuterated DMPC host matrix. Thus, by switching SPectra. The signals were left-shifted after acquisition to initiate the
the 2H label between the peptide and the host membrane, Fourier transformation beginning at the top of the qqadrupolar egho.
structural data and elastic properties for either component of 20 nly data from the real chann_e : were proces;ed to yield symmetnzed
the system have been analyzed in detail. Our work reveals that H NMR spectra; an exponential line broadening not exceeding 50 Hz

. was applied.
the ras hydrocarbon and the DMPC acyl chains are closely 1o 24 NMR powder-type spectra were de-Pakedsing the

matched in their projected length along the normal to the bilayer 4igorithm of McCabe and Wasséfiand order parameter profiles were

surface. Interestingly, the microdomains containing ras chains getermined from the observed quadrupolar splittinyso} according

are extremely flexible and exhibit the properties of phospholipid to

acyl chains in the presence of a detergent. Our work represents

the first comprehensive dynamical study of the posttranslational AVl = 3 %ol SplIP,(cos )| (1)

lipid modifications of a membrane-associated peptide, providing 2

insight into the molecular details of the mechanism of protein Hereyo = €qQ/h represents the quadrupolar coupling constant (167

binding to cellular membranes linked to oncogenesis. kHz for 2H in the C-2H bond), ), = Y,[3 cog p; — 1lis the

segmental order parametéris the angle between the bilayer director

axis and the main external magnetic field, &ads the second Legendre
Materials. The glycerophospholipids 1,2-dimyristoghglycero-3- polynomial. For the de-PaketH NMR spectrag = 0° and hence

phosphocholine (DMPC) and 1,2-diperdeuteriomyristayglycero- P>(cosf) = 1. Details of the order parameter determination have been

3-phosphocholine (DMP@s4) as well as cholesterol were procured  described befor& The Pake doublets have been assigned starting at

from Avanti Polar Lipids, Inc. (Alabaster, AL) and used without further  the terminal methyl group, which exhibits the smallest quadrupolar

purification. The nonionic detergent octaethyleneglycol-moswmdecyl splitting. The methylene groups were assigned consecutively according

ether (G.,Eg) was obtained from Fluka (Taufkirchen, Germany). to their increasing quadrupolar splittings.

Protected amino acids and coupling reagents were obtained from

Novabiochem (La Jolla, CA) antHzs-labeled hexadecyl alcohol was

from Isotec (Miamisburg, OH). Calculation of Structural Parameters Using Mean Torque
Peptide SynthesisThe ras peptide with the amino acid sequence Model. The 2H NMR spectra of powder-type or oriented

H-C—_-Iy-Cys(R‘)-Met;?lly-Leu-Pro-Cys(l%-OMe was synthesized fol- - samples enable the order parameters ofithiabeled segments

indicae the Ipid modifcations nhe protated ras pepidedresenss 10 B obtained using eq 1. From tef order profes the

P : P pep average area per hydrocarbon chah) the thickness of the

a palmitoyl (Pal) thioester and?Rs a hexadecyl (HD) thioether hvd b . dth .. f h b
modification; for the deuterated ras peptide, we chose to substitute the ydrocarbon regiolc, and the average position of each carbon

palmitoyl thioester with a more stable thioether due to the limited S€gMent along the bilayer normakican be calculated. The

availability of the perdeuterated palmitogs chloride. Both R and most important value for calculating the structural parameters

R2 are perdeuterated hexadecyk thioether modifications. In the IS the instantaneous travel of each carbon seginalung the

following, these peptides are abbreviated as ras andsgaespectively bilayer normalD;, which can have a maximum value bfy =

(Scheme 1). 2.54 A. Itis defined by the projection of the vector connecting
Sample Preparation. Aliquots of phospholipid and peptide, phos-  the two neighboring carbons of the segmennto the bilayer

pholipid and cholesterol, or phospholipid ang.; (molar ratios of normap3

10:1, 1:1, and 2:1, respectively) were combined in chloroform, dried

under a stream of nitrogen, and then dissolved in cyclohexane. After D, =Dy cospB,=27_,— 7, (2)

freezing in liquid nitrogen, the samples were lyophilized under a vacuum

of approximately 0.1 mbar. Subsequently, the sample was hydrated towhere j3; is the angle between the vector connecting the

40-50 wt % (90 wt % for DMPCds4/C;,Eg) with deuterium-depleted neighboring carbons and the bilayer normal. The average travel

H.0, freeze-thawed, stirred, and gently centrifuged for equilibration. of the carbon segmerit along the bilayer normal can be

They were then transferred to 5-mm glass vials and finally sealed with g|culated from

a plastic cap and Parafilm for NMR measurements. Mixtures of

DMPC-ds; and GEg at a molar ratio of 2:1, a water content of 90 D, Dytosp,C= z_,0— [z ,0 3

wt %, and a temperature of 4C are known to spontaneously align in

magnetic field$® We exploited this effect to obtain better spectral where the brackets denote an ensemble or time average. Note

resolution. that eqs 2 and 3 imply thaD; is twice the travel of one
Deuterium Solid-State NMR Spectroscopy?H NMR spectrawere  methylene group. The values for the average positions of the

acquired with a widebore Bruker Avance 750 NMR spectrometer gitferent carbon segments also enable calculation of the average
operating at a resonance frequency of 115.1 MHz%fbr(magnetic

Experimental Procedures

Theoretical Background

(42) Davis, J. H.; Jeffrey, K. R.; Bloom, M.; Valic, M. I.; Higgs, T. Bhem.

(40) Nagele, E.; Schelhaas, M.; Kuder, N.; Waldmann,J3Am. Chem. Soc. Phys. Lett.1976 42, 390-394.
1998 120, 6889-6902. (43) Sternin, E.; Bloom, M.; MacKay, L1. Magn. Resornl983 55, 274-282.
(41) Schelhaas, M.; Glomsda, S.;t&er, M.; Jakubke, H.-D.; Waldmann, H. (44) McCabe, M. A.; Wassall, S. R. Magn. Reson. B995 106, 80—82.
Angew. Chem., Int. Ed. Engl996 35, 106—109. (45) Huster, D.; Arnold, K.; Gawrisch, KBiochemistry1998 37, 17299-17308.
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projected chain lengthLgCvia

nc—1

L= B0 2, 0= .7; 0 (4)

43 |(ﬂ)
z= ex;{ T

Here the distribution function as well as the partition function
are generated by the potential of mean torgl@i), which in

) inf; dp; (11)

Herenc is the number of carbons per chain, and the average 3 first-order approximation is given By
projected chain length is defined as the distance between the

second carbon and the terminal methyl group.
On the other hand, the structural paramef@fsandDc are

Ui(8;) =~ U, cosp; (12)

calculated from the values obtained just for the plateau region Using this framework, an analytical solution f@osg;(lcan be

carbon segmen®.Here, the case of two identical hydrocarbon

obtained by applying the approximation cotffi/kgT) ~

chains is treated. Making the assumption that the hydrocarbonleading td®
chains have the shape of a cylinder or cuboid, the average cross-

sectional area for both hydrocarbon chains can be expressed

by
WNep,
D

1
A= %OS ﬁﬂ (5)
where Ve, is the volume of a single methylene group. For
disaturated lipids the volume of a single methylene gragg,
which is a function of absolute temperatufe can be ap-
proximated byWcp,(T) ~ Vcr,® + acm(T — 273.15 K), with
the empirical parametendci,,’ = 26.5 A° and acy, = 0.0325
A3/K. For the calculation of eq 5, the value @ficosSls also
needed, which can be approximateddy

&%ﬁﬂ% 3 — 3ltospH o AL

If the hydrocarbon chain has the shape of a cylinder or cuboid
then the hydrocarbon thickneBg is related to[ACby

(6)

2V,

0 (7)

D.=
whereVc is the volume of a single hydrocarbon chain. Assuming
that the methyl volume is twice the methylene voluigy, ~
2Vch,, Dc can be expressed using eqs 5 and 7 by

D= % NcDy aoisﬁﬂl

Now, for the calculation ofzby means of eq 3Alusing
egs 5 and 6, anfDc in terms of egs 6 and 8, one needs the
values of the moment&tos SiJand [@og B[] They can be
obtained from the measure}, order parameters. The calcu-
lation of [¢o Bi0is straightforward and is given by

1- Q)D
3

8)

[Bos B,0= (9)
However, the calculation dtospillis more complicated since
[dog Bi¥2 = [tos Bill To correlateld¢os Bi0with [Go Bila
model describing the population of all possible tilt angless
required. For a model in terms of a mean torque, the distribution
function fi(8;) describing this population is defined by

f(ﬁ)__ep( .(ﬂ))

kT (10)
where the partition function is

12266 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005

_ 8$)D _ 1)
3

This equation is only applicable to certain values of the order

parameters, as the radicand is real only $J5 < —%g, with

relatively high deviations for values close @D ~ —1g. To

calculate [¢os g1 for smaller order parameters, one can
numerically solve the following coupled equations:

Bos .= % 1+ (13)

[Gosp, = % 1 * L CoP, ex;{%_?sﬁi)d cosp; =
cotr(%) + %r (14)
[Gos B, % 1 * L oS B, exr{_u%_?sﬂi) d cosp; =

—kgT\2  2kgT u
ST ST )

The first-order model for the mean-torque potential used for
the calculations in this article has been shown to be superior to
other descriptions such as the diamond lattice mé&tel.

1+2(

Results

2H NMR Spectra and Order Parameter Profiles. In this
work we have compared the properties of the acyl chains in
three different samples: (i) pure DMP@z,, (i) DMPC-ds4/
ras at a 10:1 molar ratio, and (iii) DMPC/rdss at a 10:1 molar
ratio. Thus, structural and dynamical information about the ras
hydrocarbon chains in comparison to the phospholipid chains
can be extracted from th&H NMR data. Furthermore, this
combination of samples allows one to determine the effect of
the ras peptide on the bilayer properties of the host DMPC
matrix. Although the lipid to peptide molar ratio is relatively
low, from our previous studies we have no indication for peptide
aggregatiorf®4®We have used magic-angle spinning to detect
the high-resolutiodH NMR spectrum of the ras peptide in a
perdeuterated lipid matrix under identical conditions. THe
NMR spectra showed very good resolution suggesting that the
peptide is highly mobile in the lipid membrane. Since the ras
peptide providedH MAS NMR line widths that are only

(46) Petrache, H. I.; Tu, K.; Nagle, J. Biophys. J.1999 76, 2479-2487.

(47) (a) Koenig, B. W.; Strey, H. H.; Gawrisch, Riophys. J1997, 73, 1954~
1966. (b) Petrache, H. I.; Tristram-Nagle, S.; Nagle, JCRem. Phys.
Lipids 1998 95, 83—94.

(48) Huster, D.; Kuhn, K.; Kadereit, D.; Waldmann, H.; Arnold, Kngew.
Chem., Int. Ed2001, 40, 1056-1058.
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Figure 2. Profiles of the segmental order parame@d as a function of

—40 _2'0 0 20 4'0 _"10 _2'0 0 20 40 reverse chain segment indéxvhere the position of the terminal methyl
s group is designated as. Data are shown for DMP@s, (O), DMPC-ds4/
quadrupolar splitting / kHz ras (10:1 mol/mol) @), and DMPClrasks (10:1 mol/imol) @). Note that
Figure 1. Representative solid-statel NMR spectra of (A) DMPCdsg, the order parameters of rags are much smaller than those of DMRIgr

(B) DMPC-ds4ras (10:1 mol/mol), and (C) DMPC/raks (10:1 mol/mol) which remain almost unchanged upon binding of the peptide.
in theL, phase recorded at a temperature oP@0The samples contained

40 wt % deuterium-depletelH,O. The corresponding de-Pakéd NMR Table 1. Summary of Structural Results for DMPC-0ba,
spectra are shown in partsE. DMPC-dss/ras, and DMPC/ras-dss in the Liquid—Crystalline (L)
State at 30 °C

slightly broader than those of the phospholipids, we concluded [Alhe = Do/A® ek
that the ras peptide is well incorporated in the membrane asa  DMPC-tss 59.5 12.9 10.1
monomer. DMPC-dsyras 58.3 132 103

: DMPC/raselse 67.0 13.1 10.1

In Figure 1A-C, 2H NMR powder-type spectra of randomly

oriented multilamellar samples of DMP@z, DMPC-ds4/ras, 2 Cross-sectional area of both hydrocarbon chains (e§\8lumetric
and DMPC/ragdgs at a temperature of 30C are shown. All hydrocarbon thickness (eq 8)Chain extent (eq 4y 10:1 molar ratio.
spectra show good resolution with several resolved sets of aiom of the cysteine residues of the ras peptide, respectively.
quadrupolar splittings. Striking differences betweer?théIMR The assumption was made that the order parameters decrease

spectra of DMPGiss and rasdss are observed. Itis noteworthy  yonotonically for the carbon segments proceeding toward the
that the spectrum of radss is much narrower than that of  terminal methyl group of the chain. As can be seen, the order
DMF_’Cd54. This indicates that the order parameters of the ras profiles for DMPCélss in the presence and absence of ras peptide
peptide are much lower than those of DMPC. However, the 416 very similar. The only differences are the slightly higher
differences between DMP@s, in the presence and absence of - orqer parameters in the presence of the ras peptide, indicating
ras peptide are rather small, the main difference being that theynat it influences the surrounding lipids only to a very small
?H NMR spectrum in the presence of ras peptide is slightly exent. It is striking that the order parameter profile for das-
wider indicating slightly higher order parameters. in a DMPC matrix is quite different. Dramatically lower absolute
Note that in Figure 1 théH NMR spectra consist of a  order parameters are calculated from the narrower spectrum of
superposition of multiple Pake doublets, which can be assignedthe rasdgss chains. This indicates that the hydrocarbon chains
to the different carbon segments of the deuterated acyl cHains. of the ras peptide occupy a substantially greater conformational
A Pake doublet shows an orientation dependence described byspace than the DMPC hydrocarbon chains.
the second Legendre polynomi&h(cos ) weighted by a It is worth recalling that the upper end of the chains comprises
random spherical powder distribution. These Pake doublets cana region where the order parameter values of the different carbon
be deconvoluted using a numerical inversion procedure (called segments are very close to one another. IrPthBIMR spectra
“de-Pakeing”)}* which calculates an oriented spectrum at a this results in large peaks corresponding to a high quadrupolar
certain sample orientation. In the case of the= 0° sample  splitting, encompassing a superposition of several Pake doublets
orientation this results in a spectrum with considerably improved belonging to methylene groups close to the glycerol or peptide
spectral resolution, illustrated by Figure -B. In principle, backbone, respectively. This region is called the plateau region,
the same observations as for the powder-type spectra can beind the obtained order parameter is used for calculation of the
made, which are facilitated by the improvement in the spec- average area per hydrocarbon chakiland the thickness of
troscopic separation of different quadrupolar splittings by de- the hydrocarbon regioB¢ (vide infra).
Pakeing. Each of the separated quadrupolar splittings can be Determination of Interfacial Molecular Areas, Hydrocar-
converted into order parameters using eq 1. bon Thicknesses, and Projected Chain Lengths Using the
Order parameter profiles of DMP@s, DMPC-ds4ras, and Mean-Torque Model. The values of A[] D¢, and[ILgCcalcu-
DMPCl/rasdss showing the dependence on the position of the lated for DMPCeés, in the presence and absence of ras and for
carbon segment in the acyl chain are presented in Figure 2. Therasdss in @ DMPC matrix are summarized in Table 1. The
segments are numbered consecutively starting at the carbonyhydrocarbon thickness for DMP@, is in good agreement with
group of the lipid or the carbon directly connected to the sulfur the values observed by X-ray scatterifidhe higher absolute
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Table 2. Segmental Order Parameters |SJ,| and Spin—Lattice —r - r T r . 1 1T T
Relaxation Rates RY) for DMPC-dss, DMPC-ds4/ras, and DMPC/ 10 .
ras-dss Obtained at a Magnetic Field Strength of 17.6 T (115.1
MHz) at 30 °C

agylchan  DMPC-ake DMPC-dhifas™ ooyl chain ~ DMPCHas-the*® < T
segment BN Rlst sl Rijs™t  segment 1S, Rjs =
c
1-5 0.1613 32.39 2 64 -
2—4  0.2182 26.82 0.2283 2834 6 0.1512 26.35 >
5 0.2102 24.11 0.2191 22.91 7 0.1415 26.41 c
6 0.2036 21.67 0.2105 20.02 8 0.1294 23.11 S 44 B
7 0.1861 18.15 0.1930 19.09 9 0.1166 26.16 &
8 0.1724 15.87 0.1782 16.16 10 0.1062 24.11
9 0.1519 15.76 0.1578 16.36 11 0.0958 25.22 24 i

10 0.1429 1439 0.1482 1401 12 0.0846 22.00

11 0.1294 11.39 0.1344 11.02 13 0.0763 16.27

12 01142 870 01183 848 14 0.0673 13.89 04 , , e —
13 0.0955 10.20 0.0999 11.19 15 0.0553 10.23 5 4 6 8 10 12 14 16
14 0.0279 3.18 00287 3.17 16 0.0160  3.23

n—i+2
a 04 1 b . i
50 wt % *H20. > 10:1 molar ratio. Figure 3. Chain extension profiles showing the cumulative projection of

the acyl segments onto the bilayer normal. The average distance of the
magnitudes of the order parameters of DM&gin the presence carboni from the terminal methyl groug & nc) is shown for DMPCés,
of the ras peptide indicate a slightly thicker hydrocarbon core, (©) DMPCsras (10:1 mol/mol)®), and DMPC/rasiss (10:1 mol/mol)
. . L (a). The indexing of the chain is identical to Figure 2 where the terminal
so that the interfacial area per chain is somewhat smaller ey group corresponds te — i + 2 = 2 and is at the origin. Although
compared to pure DMP@s4. For rasess in a DMPC matrix the hydrocarbon chains of ralss each contain two additional methylene

the hydrocarbon thickness is very close to the values for 9roups versus the DMP@s chains, the distance between the C-2 carbon
DMPC-dss, while the average area per hydrocarbon chain is and the terminal methyl group is almost the same in each case.

much larger. This is in good agreement with our former methylene groups compared to a DM@&G-acyl chain. This is
investigations, which also showed ras and DMPC to have very in good agreement with the observation that the thickness of
similar hydrocarbon chain lengtA&This chain length matching  the hydrocarbon core of the membrane is very similar for all
is not a result of a tilt of the ras acyl chains since no transverse three samples (Table 1). The deviation of thedgszhains from
order is observed in FTIR studies (results not shown). Further-the packing curves of the DMPC matrix is a characteristic
more, a tilt would lead to an increase in thg NMR order feature of the former system. It has been shown previously that
parameters that is not observed. In fact, the large cross-sectionamembranes composed of identical phospholipid species with
area of the ras hydrocarbon chains and the matching to thevarying hydrocarbon chain lengths fall exactly on the same
projected length of the DMPC chains is caused by their strong packing curve exhibiting the same chain extension profiles.
tendency to disorder. The large cross-sectional area of the radBy contrast, phospholipids with different headgroups exhibit
chains provide space for the peptide backbone that occupies anodified slopes in these plots. Specifically phospholipids with
substantial area in the lipidvater interface. The free volume ~ Smaller headgroups exhibit steeper slopes in the chain extension
in the membrane core is “filled” by the hydrophobic peptide proﬂles?f _ . .
side chains Leu and M&tand by the large amplitude motions ~ Investigation of Chain Molecular Dynamics by?H Relax-
of the ras lipid chains covalently bound to the Cys residues. &tion- To provide dynamic informatiorfH NMR spin-—lattice
Therefore, the matching of the length of the ras hydrocarbon relaxation U'lz_) measur_ements were performed f_or the various
chains is a result of several interactions: first, energetically sa_mples_studled. T_he inverse of t_he relaxatlon time (_jefmes the
spin—lattice relaxation rat&;z, which is also summarized for

favorable hydrophobic contacts between the hydrocarbon chains

of the ras peptide and DMPC and, second, the accommodationthe various hydrocarbon chain §egments in Table 2. In Flg_LJre
. . . 4 the dependence of the relaxation rate on the segment position
of the interfacial area of the ras hydrocarbon chains to the area.

. T - . is plotted. The relaxation rates for rdss are generally higher
that the peptide backbone occupies in the lpicater interface. than those for DMPQ@s, The differences are particularly

Values of the segmental order parameters are plotted in Figurepronounced in the lower middle region of the chains, whereas
2, and the numerical values are provided in Table 2. Thesethey are smaller at the beginning and the end of the chains.
quantities can be used to calculate the average positions of th@emarkamy, the dynamic properties of DMPC seem to be barely
carbon segments along the bilayer normal starting from the influenced by the incorporation of the ras peptide.
terminal methyl group, for which the positidg [is set to zero. In previous analyses of pure phospholipid membranes, it has
The resulting chain extension profiles are shown in Figure 3. been found that the relaxation rate often exhibits a linear
Again, the difference between DMP@s, in the presence and  dependence on the square of the order pararffeté?>*WWhile
in the absence of ras peptide is barely noticeable. However, forthe physical reason for this interesting behavior is still under
the 16:0 chains of radss in @ DMPC matrix the slope of the  discussion, it has been shown to be a common feature for
chain extension profile is dramatically altered. Our analysis leads disaturated phospholipids. The square-law plots for DMBL-
to the remarkable conclusion that the average distance betweern the presence and absence of the ras peptide as well as
the C-2 carbon segment in the beginning of the chain and thefor rasdes in @ DMPC matrix are shown in Figure 5. For
met_hyl endD]_’g[is very close for a”_three sa_mples, deSp?t_e that (49) Brown, M. F.; Ribeiro, A. A.; Williams, G. DProc. Natl. Acad. Sci. U.S.A.

a single ragdss hydrocarbon chain contains two additional 1983 80, 4325-4329.
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BT T T T 7 Table 3. Segmental Order Parameters |SY;| and Spin—Lattice
T T Relaxation Rates R{), for DMPC-ds4/C12E and DMPC-dsa/
30 B Cholesterol Obtained at a Magnetic Field Strength of 17.6 T
] ] (115.1 MHz)
257 ] acyl chain DMPC-0k/CoEq?? acyl chain DMPC-ds/cholesterole
5 20 _ _ segment 1S9, Rjs segment 1S9 Rjs
2 7] ] 2-6 0.4344 17.62
SN 154 i 7 0.4031 17.59
x | 2-8 0.1389 22.80 8 0.3306 13.58
9 0.1213 20.64 9 0.3181 12.20
10 iy 10 0.0981  16.34 10 0.2745 11.99
] 11 0.0736 11.18 11 0.2495 12.27
54 1 12 0.0595 7.13 12 0.2004 10.73
1 1 13 0.0517 6.29 13 0.0632 4.75
0 L L L L L D L
15 12 ®-9 -6 -3 © a40 °C; 90 wt % 'H,0; 2:1 molar ratio? Experimental values were

obtained from magnetically oriented sampl@s< 90°). ¢ 30 °C; 50 wt %

segment position (/) 1H,0; 1:1 molar ratio.

Figure 4. Profiles of spin-lattice relaxation rate&) as a function of

reverse chain segment indéxvhere the position of the terminal methyl 45
group is designated as. Data obtained for powder-type samples at 115.1 1
MHz (17.6 T) are shown: DMP@s4 (O), DMPC-ds4ras (10:1 mol/mol) 40
(@), and DMPC/rasdss (10:1 mol/mol) @). While the relaxation rates of 1
DMPC-ds4 remain almost unchanged upon binding of the peptide, the 35__
relaxation rates for radss are generally higher. 304
35 T T T T T T T T g T ‘TU) 5 _-
4 S~ 4
30 PP
o 20 ]
254 154
- 10
‘v 20 ]
su 5
[ 15
0 T T T T T T T
104 0.00 0.05 0.10 0.15 0.20
0 2
; [Scol
) ] Figure 6. Plot of R} versus the square of the order parameter obtained at
0 115.1 MHz (17.6 T) showing the effect of membrane flexibility. Data are
' ! " ’ ' ' ' J ' ’ shown for DMPCéls4 (O) and DMPCés4/cholesterol (1:1 mol/mol)) at
0.00 0.01 002 003 0.04 0.05 30°C and DMPCehy/CioEs (2:1 mol/mol) at 4C°C (v). The inset shows
|Sé?3 2 an expansion of the data for DMP®, and DMPCds4/C1:Es. The square-

) ) ) law plots can be used as a reference to estimate the flexibility of
Figure 5. Dependence oR{) rates on the corresponding order parameter phospholipid membranes over relatively short distances approaching the
squared for DMPQ3s4 (O), DMPC-ds4ras (10:1 mol/mol)@®), and DMPC/ molecular dimensions.

rasdss (10:1 mol/mol) @) at 115.1 MHz (17.6 T). Lines are drawn to guide

the eye. Assuming the relaxation is governed by order fluctuations, the the membrane, addition of the detergent renders the membrane
flexibility of DMPC-ds4 is almost unchanged upon binding of ras, while '

ras itself exhibits a much larger flexibility. softer. These elastic properties should be visible in thB;in
versus Sp|? plots. Indeed, as shown in Figure 6, characteristic
DMPC-dss in the presence as well as in the absence of ras results are obtained for the respective samples, which confirm
peptide, the dependence is linear which is in good agreementgng extend previously published datas® The slope for the
with the previously obtained data. However, tR§) versus  DMPC-ds/cholesterol sample is much shallower compared to
|§C')D|2 plot for the rasdss hydrocarbon chains departs from the pure DMPCés,. By contrast the slope for the DMP@;/C12Es
linear dependence and shows a bent shape with a steeper slopgample is steeper and the dependence is nonlinear. It is known
Previous investigations of phospholipids have shown that the that DMPCds, in the presence of cholesterol and at a temper-
slope of the square law plots is correlated with the elastic ature of 30°C is in the liquid-ordered staf®.This phase is
properties of the membran&s34°Since the macroscopic elastic  characterized by a high order and a reduced segmental mobility
properties of membranes are a consequence of the moleculaconcomitant with a reduction of the rate @fans-gauche
dynamics and packing, combined measurements of relaxationisomerizations of the phospholipid chains. On the other hand,
times and order parameters are well-suited to relate atomic-DMPC-ds4 in the presence of GEg is known to have lower
level properties to the macroscopic behavior of biological order parameters due to motions with larger amplitifdé&s52

materials. This seems to exactly describe the situation for the hydrocarbon
To understand the steeper slope and the bent shape of the
square-law plots of the ras chains, we have determined order(50) (2) Vist, M. R.; Davis, J. FBiochemistry199Q 29, 451-464. (b) Thewalt,

X . R X J. L.; Bloom, M. Biophys. J.1992 63, 1176-1181. (c) Ipsen, J. H.;
parameters and relaxation rates of DMB$zin mixtures with Mouritsen, O. G.; Bloom, MBiophys. J.199Q 57, 405-412.

. (51) Schneider, M. J.; Feller, S. H. Phys. Chem. B001, 105 1331-1337.
cholesterol and the nonionic detergeniEs. The values 250 \ioc”a™ \raier B - Schiter, H.: Schneler. K.-P). Phys. Chem. 8999
obtained are summarized in Table 3. Whereas cholesterol stiffens ~ 103 3022-3029.

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12269



ARTICLES Vogel et al.

chains of the ras peptide in lipid membranes. Not only are the between the atomistic interactions that lead to the formation of
ras chains more loosely packed as expressed by low orderthese structures, the partitioning of the ras lipid chains, and the
parameters, they also appear to be highly flexible and dynamic, high molecular dynamics of the chains of the phospholipids and
undergoing motions with large angular amplitudes. From the ras peptides forming the membrane.
elasticity point of view, the lipid modifications of the ras peptide Packing Properties of the ras Hydrocarbon Chains in a
thus correspond to a soft and elastic material. DMPC Matrix. The significant differences in chain order
observed between the ras hydrocarbon chains and the phospho-
lipid acyl chains provide a basis for understanding binding of
The main goal of this study was to investigate the packing the ras peptide to phospholipid membranes. Using a recently
properties and dynamics of the lipid chain modifications of a derived model that applies a potential of mean torque to relate
membrane-bound lipidated ras peptide. In former research molecular order parameters with hydrocarbon thickness, chain
several spectroscopic techniques have been applied to obtainengths, and are@8,we have shown that the ras hydrocarbon
information on the structure, dynamics, and location of a chains and the phospholipid acyl chains almost perfectly match
lipidated heptapeptide comprising residues 1886 of the in their length. This is in excellent agreement with a former
C-terminus of N-ras in membranes consisting of dimyris- investigation on the same peptide, whéitd magic-angle
toylphosphatidylcholine (DMPCY#8 The resulting model  spinning nuclear Overhauser enhancement spectroscopy and
shows the ras peptide backbone to be at the-ipidter interface  neutron diffraction methods were applied to localize the ras
of the membrane, whereas the lipid modifications and hydro- peptide in the lipid water interface of the phospholipid mem-
phobic amino acid side chains penetrate deeply into the brane?® Therefore, if the peptide backbone is inserted ap-
hydrophobic core of the membrane. This model raises the proximately at the level of the lipid glycerol backbone, one
question of how such an arrangement influences membranewould assume that the peptide hydrocarbon chains would adopt
packing properties. There is considerable interest in understand-a length very similar to that of the phospholipid acyl chains.
ing the structural details of this membrane-binding mechanism This has been suggested on the basis of the diamond-lattice
of proteins involved in signal transduction events. This par- model?® which was applied to calculate the hydrocarbon
ticularly concerns the molecular dynamics of the ras chains in thicknes® Molecular dynamics simulations using the same
comparison to the acyl chains of the host matrix. peptide and lipid matrix support our experimental findifys.
From a physicochemical perspective it is known that each | addition to the hydrocarbon thickness we have calculated
methylene segment of a hydrocarbon chain that partitions into chain extension profiles for both the ras and the DMPC chains.
a membrane contributes-3.45 kJ/mol to the binding en-  For the ras peptide the distance between the terminal methylene
ergy1517.18530r a single acyl chain, a unitary Gibbs free energy group and the C-2 group is only 0.2 A smaller than that for
for partitioning into n-heptane ofAG® = (17.81 — 3.45¢) DMPC. Despite this small difference, the similarity between
kJ/mol has been determinélThus, a significant membrane  the ras and DMPC hydrocarbon chain length is evident and
binding energy of almost-70 kJ/mol arises from the two  somewhat unexpected, since a ras hydrocarbon chain contains
hexadecyl chains covalently attached to the ras peptide. Despitayo additional methylene groups compared to the DMPC chains.
this large favorable energy for chain partitioning, the binding As a result, the similarity in the projected chain lengths of the
energy of the entire protein is significantly lower. For instance, a5 peptide and DMPC necessitates the low order parameters
an entropy price must be paid when the ras peptide binds toof the ras hydrocarbon chain in the DMPC matrix. If one
the membrane since it loses translational and rotational degreeissumes that the terminal methyl groups of the hydrocarbon
of freedom'® It has been estimated that only about 20% of singly chains of DMPC and ras are on average located at the same
palmitoylated protein molecules would be associated with the z.coordinate, a location of the peptide backbone in the lipid/

membrane, explaining the necessity of the second lipid modi- ater interface of the membrane can be concluded, which has
fication for stable membrane bindidg.In addition, the lipid indeed been determined previoudly.

membranes are in a fluid state, which means that the acyl chains Considering the significant differences in packing between
of these molecules undergo rapid isomerizations, large amplitude
motions, and changes between a huge number of conformational
2,54,55 i 1 . . . . . . . .
states? Moreover, chain upturns and backfolding have been for the insertion of lipidated peptides arises. Typically, biological

observed in these systems as a relatively common fedfitfe. membranes are composed of lipids with longer acyl chains (16
These effects due to the thermal energy of the system lead to %r 18 carbons) and varying degrees of unsaturation. In this

rothness of the m_embrane surface with a broad ”Pid water regard, POPC is considered as a more relevant phospholipid,
interface that occupies about half of the membrane thickhess in comparison to DMPC, as its chain length is about 1.4 A

andd.fr.nlght be.|mp(§)rtant ;or the quia)lstlon why fsmgly. ::p'ﬁ longer. However, due to the long measuring times required for
modified proteins do not form a St? € a;schﬂon wit j['e the determination of the relaxation times of the ras peptide, we
membrane. In consequence, there is an intriguing OPPOSILION Yo cided to use a DMPC matrix, which is more stable and not

(53) Tanford, CThe Hydrophobic Effect: Formation of Micelles and Biological

Discussion

he DMPC acyl chains and ras hydrocarbon chains, the question
bout the biological significance of the disaturated lipid matrix

MembranesJohn Wiley & Sons: New York, 1980. (57) (a) White, S. H.; Ladokhin, A. S.; Jayasinghe, S.; Hristova,JKBiol.
(54) Huster, D.; Arnold, K.; Gawrisch, KI. Phys. Chem. B999 103 243— Chem. 2001, 276, 32395-32398. (b) White, S. H.; Wiener, M. C. In
251. Biological Membranes. A Molecular Perspe&ifrom Computation and
(55) Petrache, H. I.; Gouliaev, N.; Tristram-Nagle, S.; Zhang, R.; Suter, R. M.; ExperimentMerz, K. M., Roux, B., Eds.; Birkhaser: Boston, 1996; pp
Nagle, J. FPhys. Re. E. 1998 57, 7014-7024. 127-144.

(56) (a) Huster, D.; Gawrisch, K. lhipid Bilayers: Structure and Interactions (58) Nagle, J. FBiophys. J.1993 64, 1476-1481.
Katsaras, J., Gutberlet, T., Eds. Springer-Verlag: Berlin, 2000; pp-109  (59) (a) Gorfe, A. A.; Pellarin, R.; Caflisch, Al. Am. Chem. SoQ004 126,
125. (b) Huster, D.; Gawrisch, KI. Am. Chem. Sod.999 121, 1992- 1527715286. (b) Feller, S. E., Vogel, A., Waldmann, H., Arnold, K.,
1993. Huster, D.Biophys. J.2005 88, 422A.
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prone to acyl chain hydrolysis or oxidation. Also, DMPC can a completely different picture is obtained for the hydrocarbon

be investigated in the liquidcrystalline phase state at 3C chains of the ras peptide. The dynamic properties of the ras
as opposed for instance to DPPC, which has its phase transitiorhydrocarbon chains in fact resemble those of phospholipid
at about 41°C. chains at high concentrations of detergents in the membrane.

Based on the results éf solid-state NMR spectroscopy the  In the presence of detergents, membranes increase their softness,
ras hydrocarbon chains occupy a combined cross-sectional areavhich is brought about by very flexible and mobile acyl chains
of 67 A2in the membrane. Since the backbone of the ras peptidecharacterized by low order parameters and large amplitude
is localized in the lipid water interface of the membrahee motions36:52This leads to the important conclusion that the ras
peptide backbone must cover the area of its chains to avoid hydrocarbon chains that insert into the bilayer and attach the
exposure of the hydrocarbon interior of the membrane to the protein to the membrane surface are characterized by a high
aqueous phase. To understand this issue it is useful to estimatemount of flexibility. The question then arises of whether a more
the area that the peptide backbone occupies in the membranerigid arrangement of the ras chains would not provide a more
To this end, we have estimated the surface area of the peptidestable chain insertion and anchoring of the ras peptide to the
backbone to be roughly about 133 By approximating itasa  membrane. From our data alone, this question cannot be
cylinder, which seems to be a fair approximation regarding the completely answered; however such a highly flexible arrange-
data of other experimental and computational stu#e%%°This ment of the hydrocarbon chains in the membrane may provide
value is appreciably higher than the interfacial area of the two several important advantages for inserting a lipidated peptide
peptide hydrocarbon chains. However, the hydrophobic side into membranes.
chains of the ras peptide also insert into the membrane thereby Order fluctuations, meaning modulation of the local order
occupying an additional cross-sectional area. It follows that the parameter by slower motions, can in principle originate from
peptide backbone covers the hydrocarbon interior of the collective motions of the acyl segments or motions of the
membrane but at the same time arranges itself at theipid molecular center of mass. Generally, either could give rise to a
water interface such that the packing of the DMPC host matrix squared dependence of the relaxation rates on the local order
is barely influenced. This would be in agreement with the parameter, which would be a square law if the amplitude is the
experimental observatiéhthat the ras peptide backbone does same along the entire chaihHowever, if the motions are more
not form a secondary structure but remains flexible and can global as we propose here then the question arises as to why
thus be located at the lipievater interface without influencing  the relaxation rates of the peptide chains and the host matrix
the packing properties of the membrane. are not identical. From our data and molecular dynamics

Dynamic Properties of the ras Hydrocarbon Chains in a simulations (Scott Feller, unpublished results) we can clearly
DMPC Matrix. Besides helping to understand the packing exclude the influence of geometrical contributions to the low
properties of the hydrocarbon chaind{ solid-state NMR order parameters of the ras chains.
provides further insight into the molecular dynamics of the = The?H NMR data show that the host DMPC chains are only
various chain segments by relaxation measurements. The spirslightly affected by the ras peptide, whereas the ras peptide
system relaxes to equilibrium by stochastic processes on thechains evince a high degree of flexibility. The DMPC chains
molecular level, such as internal motions, molecular reorienta- are in a fluidlike bilayer environment whose elasticity is
tions, or bilayer collective deformations. Measurements of approximately the same as that in the absence of ras peptide.
anisotropic®H relaxation rates have significantly contributed By contrast, if the ras peptide chains are observed directly with
to the understanding of fluid membrari@§435616The analysis ~ 2H NMR, they appear to be in a microenvironment similar to
of the angular-dependent relaxation rates of the ras peptide isphospholipids in the presence of a high amount of detergent.
the subject of ongoing research in our laboratories. In this work, These observations can be simply explained in terms of two
the spin-lattice relaxation rates of randomly oriented powder- environments within the bilayer, one corresponding to the bulk
type samples of radss and the DMPGds4 host matrix are bilayer lipids and the other representing microdomains with the
studied. From theR;z spin—lattice relaxation rates of the ras peptide. The host DMPC component is free to exchange
powder-type samples alone, comprehensive information aboutbetween the bulk bilayer and the ras peptide microdomains on
the molecular dynamics of the hydrocarbon chains requires thethe?H NMR time scale €107 s). On the other hand, the ras
introduction of motional models for hydrocarbon chains con- peptide is confined to microdomains which include a small
taining several parameters that can only be determined bynumber of DMPC chains exchanging with the bulk lipids as
acquiring extensive sets of experimental déthlevertheless, indicated above. The presence of two different types of chains
by correlating the spinlattice relaxation rates with the seg- is analogous to mixed chain phospholipid systems, e.g., phos-
mental order parameters, important information about the pholipids containing detergedfsor mixed-chain saturated-
molecular dynamics can be obtained. It has been shown thatpolyunsaturated bilayef8.An enhanced flexibility within the
Riz versus|Scp|? plots are a sensitive measure for the elastic microdomains is manifested by the square-law plots. In addition,
properties of phospholipid membranes over relatively short time the ras peptide is larger than a lipid and has a different shape
scales by combining packing properties with dynamic proper- with a larger moment of inertia. The molecular contribution may
ties37-39 be larger for the ras peptide chains since they pick up the slower

Our work has uncovered significant differences between the motions of the entire molecule. Influences of relatively slow
elastic properties of the C.hams Of.the DMPC hOSt mam?( and (61) Jarrell, H. C.; Smith, C. P.; Jovall, P. A.; Mantsch, H. H.; Siminovitch, D.
the ras hydrocarbon chains. While the elastic properties of J.J. Chem. Phys1988 88, 1260-1263.

DMPC are only insignificantly altered by the presence of ras, Egg (Ma‘;'gretf;cr%hﬂeﬁ%am&e AC_*;- grg‘m-' Phys1986 ?:55339%3%31

123 12611-12622. (b) Rajamoorthi, K.; Petrache, H. I.; Mcintosh, T. J.;
(60) Zamyatin, A. A.Prog. Biophys. Mol. Biol1972 24, 107—123. Brown, M. F.J. Am. Chem. So@005 127, 1576-1588.
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motions of the entire ras peptide molecule may thus provide an This would suggest that these side chains insert into the
additional contribution tdR;z, which would be superimposed membrane and drag the peptide backbone into the-tiypialter
on the collective disturbances of its microenvironment. interface of the bilayer.

Regarding the biological significance of our findings, we note  One should also recall that the flexible ras hydrocarbon chains
that the flexible peptide hydrocarbon chains can most easily occupy a rather substantial cross-sectional area in the membrane
insert into a fluid membrane that is characterized by a large that needs to be covered by the polypeptide backbone. Thus,
amount of molecular disorder. Instead of the membrane adjust-the peptide backbone can penetrate the membrane and insert
ing to a rigid molecule by local curvature, which costs free into the lipid—water interface of the bilayer. In this way not
energy, the peptide chains insert into the hydrophobic membraneonly the hydrocarbon chains are inserted into the membrane
interior with almost no energy cost, thereby increasing their interior but also the hydrophobic side chains such as Met and
configurational entropy and leaving the host matrix largely Leu can contribute to the binding energy, which has been found
unchanged. This is in contrast to other lipidated proteins that experimentally?® Evidently the dynamic and flexible arrange-
bind to the membrane by a combination of electrostatic and ment of the hydrocarbon chains of the lipidated ras peptide may
hydrophobic interactions, such as K-ras, Src, NAP-22, or represent a specific requirement for the interaction with other
MARCKS 1464-66 For stable membrane insertion, these proteins proteins such as palmitoyltransferases that regulate membrane
require one myristoyl lipid modification and a nearby cluster binding and desorption. Clearly, much more work is required
of basic amino acids that interact with the negatively charged to fully understand these structurally and functionally important
cytosolic membrane surfaée®” From model studies it has been questions regarding the binding mechanism of lipid modified
estimated that about four methylene segments are localized inpeptides and proteins. Besides experimental work, further
the aqueous environment because the neighboring basic residuegetailed insight is possible by conducting molecular dynamics
are confined to the volume immediately above the membrane simulations in conjunction with the packing parameters derived
surface?® This energetically unfavorable scenario is possible in this study. Such studies are currently in progress.
since the Src peptide contains several positively charged residues
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