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Structure and Dzynamics of the Myristoyl Lipid Modification of Src Peptides
Determined by “H Solid-State NMR Spectroscopy
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ABSTRACT Lipid modifications of proteins are widespread in nature and play an important role in numerous biological
processes. The nonreceptor tyrosine kinase Src is equipped with an N-terminal myristoyl chain and a cluster of basic amino acids
for the stable membrane association of the protein. We used 2?H NMR spectroscopy to investigate the structure and dynamics of
the myristoyl chain of myr-Src(2—-19), and compare them with the hydrocarbon chains of the surrounding phospholipids in bila-
yers of varying surface potentials and chain lengths. The myristoyl chain of Src was well inserted in all bilayers investigated. In
zwitterionic 1,2-dimyristoyl-sn-glycero-3-phosphocholine membranes, the myristoyl chain of Src was significantly longer and
appears “stiffer” than the phospholipid chains. This can be explained by an equilibrium between the attraction attributable to
the insertion of the myristoyl chain and the Born repulsion. In a 1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dimyristoyl-
sn-glycero-3-[phospho-L-serine] membrane, where attractive electrostatic interactions come into play, the differences between
the peptide and the phospholipid chain lengths were attenuated, and the molecular dynamics of all lipid chains were similar. In
a much thicker 1,2-dipalmitoyl-sn-glycero-3-phosphocholine/1,2-dipalmitoyl-sn-glycero-3-[phospho-L-serine]/cholesterol mem-
brane, the length of the myristoyl chain of Src was elongated nearly to its maximum, and the order parameters of the Src chain

were comparable to those of the surrounding membrane.

INTRODUCTION

About one third of the human genome encodes for membrane
proteins (1,2), which are essential for many important cellular
processes such as signal transduction or membrane transport.
In particular, for biological processes that are mediated by
protein-protein interactions such as biological signal transduc-
tion, membrane binding drastically increases the probability of
intermolecular contacts, because the diffusion of proteins at the
membrane surface is restricted to two dimensions. In addition
to internal membrane proteins that feature transmembrane
a-helices or 3-barrels, nature has evolved peripheral membrane
proteins that bind to the membrane surface by glycosylphos-
phatidylinisotol (GPI) anchors or covalently attached lipid
modifications. The latter are particularly common for proteins
involved in signal transduction (3), and comprise an aston-
ishing structural variety, including myristoyl or palmitoyl lipid
chains, farnesyl or geranylgeranyl modifications, or covalently
attached cholesterol (4). These motifs attach the proteins to
cellular membranes via hydrophobic interactions, often
combined with electrostatic contributions (3,5). Consequently,
the biophysics of such membrane binding is characterized by
a very complex interplay of different physical interactions.
Although lipid-modified proteins are widespread in nature
and perhaps membrane anchoring is not their only function
(roles in protein-protein interaction, protein activation, and
protein stabilization were also discussed) (6-8), only little
structural information is available about these proteins.
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A combination of lipid chain insertion and electrostatic
attraction is relevant for the membrane binding of a number
of peripheral membrane proteins (e.g., Src, MARCKS,
HIV-1 Gag, and K-Ras4B). In particular, for Src (a
membrane-bound nonreceptor tyrosine kinase from the
Rous sarcoma virus) (9), a number of interesting biological
and biophysical findings have promoted an understanding
of the molecule’s biological function. Most importantly,
nonmyristoylated mutants of the Src protein did not induce
morphological transformations of infected cells, although
wild-type levels of the phosphorylation of cellular proteins
on tyrosine were evident in these cells (10,11). Detailed
studies of the biophysics of the membrane-binding mecha-
nism of N-terminal peptides from Src (12) revealed that
the molecule comprises two distinct features that are
involved in membrane binding. Next to the myristoylated
N-terminal glycine, a cluster of basic amino acids is found
in the peptide sequence, i.e., at position 5, 7, 9, and 13-15.
Consequently, binding to membranes that contain increasing
fractions of acidic phospholipids is largely enhanced (12).
Further, the standard Gibbs free energy for binding for
simple myristoylated peptides, as well as for myristoylated
Src to zwitterionic membranes, was determined to be around
—8 kcal/mol (13). Based on partitioning experiments with
free fatty acids and lipidated peptides, it was shown that
each membrane-inserted methylene group constitutes about
—0.8 kcal/mol free energy (13—15). Consequently, Murray
et al. (5) and Buser et al. (12) concluded that only about
10 methylene groups of the myristoyl chain are inserted
into the membrane, whereas the rest of the chain is localized
in the membrane headgroup region. This structural
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arrangement is the result of the balance between attractive
coulombic and hydrophobic interactions and the Born repul-
sion (5). However, this interesting scenario, as based on
thermodynamic considerations, has never been tested by
structural methods. Here, we used quantitative ’H NMR
measurements to determine the geometry of the myristoyl
chain of Src peptides, to provide a structural basis for these
findings.

Static 2H solid-state NMR is an excellent tool for studying
the structure and dynamics of lipid modifications of proteins
and peptides (16-21). Deuteration of hydrocarbon chains
allows a determination of segmental order fluctuations, cor-
responding to the amplitudes of segmental motions in the
membrane. Further, the elasticity and deformations of lipid
membranes, and detailed geometric parameters of hydro-
carbon chains, can be elucidated via ’H NMR data
(16,22,23). Switching the deuterium label between lipid
chains of the membrane and peptide *H solid-state NMR
also allows for investigations of the structure and dynamics
of the host membrane. In particular, the comparison of prop-
erties of the lipid matrix with those of lipid modifications of
the respective protein offers important insights into the
biophysics of the membrane-binding mechanism (16).

We present an investigation of an N-terminal Src peptide
(amino acids 2-19) bound to phospholipid membranes of
varying surface potentials and hydrocarbon chain lengths.
The Src peptide has a net charge of +4 at physiological
pH, and a 14-carbon myristoyl chain attached to the
N-terminal glycine. Since only three amino acids of the
peptide have a hydrophobic character, there should be no
significant contribution to the Gibbs free energy for binding
of the peptide. We compare the properties of the myristoyl
chain of this peptide and the hydrocarbon chains of the
host membrane, with a different composition to study the
influence of membrane charge and thickness.

MATERIALS AND METHODS
Materials

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dimyristoyl-sn-glycero-3-[phospho-L-serine] (DMPS), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-[phos-
pho-L-serine] (DPPS), and the analogs of these molecules with perdeuterated
acyl chains (DMPC-ds4, DMPS-ds,, DPPC-dg;, and DPPS-ds;), as well as
cholesterol, were purchased from Avanti Polar Lipids (Alabaster, AL), and
were used without further purification.

The myristoylated Src peptides (representing amino acids 2—19 of the Src
protein) with the sequence myr-GSSKSKPKD PSQRRRSLE were synthe-
sized using a standard Fmoc peptide synthesis protocol. Either the Src
peptide with a protonated (myr-Src) or a perdeuterated myristoyl chain
(myr-d,7-Src) was synthesized. Deuterated myristic acid was purchased
from Euriso-Top (Saarbriicken, Germany).

Sample preparations

The lipids and their mixtures were prepared in chloroform or chloroform/
methanol solution at the desired mixing ratios. After evaporating the solvent,
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the lipid film was resuspended in buffer solution (50 mM HEPES and
10 mM NaCl, pH 7.4). From this suspension, large unilamellar vesicles
(LUVs) were prepared by extrusion, according to standard procedures
(24). Aliquots of the Src peptide were added to the LUV preparations at
a molar peptide/lipid ratio of 1:20, and incubated overnight. During incuba-
tion, several freeze-thaw cycles were applied, to enable binding of the
peptide to the inner leaflet of the membrane. All preparation steps were con-
ducted at temperatures above the phase-transition temperature of the lipids.
After incubation, the suspension was ultracentrifuged for 1.5 h at 79,000 x g.
The pellet was lyophilized overnight, rehydrated with 35 wt % deuterium-
depleted water, and transferred into 5-mm glass vials and tightly sealed for
NMR measurements. To determine the protein concentration of the superna-
tant, a standard bicinchoninic acid (BCA) protein test (Sigma-Aldrich, Dei-
senhofen, Germany) was used.

2H NMR measurements

The *H NMR spectra were acquired on a Bruker Avance 750 MHz NMR
spectrometer (Bruker Biospin, GmbH, Rheinstetten, Germany), operating
at a resonance frequency of 115.1 MHz for ?H. A single-channel solids
probe equipped with a 5-mm solenoid coil was used. The ’H NMR spectra
were accumulated with a spectral width of +250 kHz, using quadrature
phase detection. A phase-cycled quadrupolar echo sequence (25) was
used. The typical length of a 90° pulse was 2.7-3.0 us, and a relaxation delay
of 2 s was applied. For measurement of T, spin-lattice relaxation times,
a phase-cycled inversion-recovery quadrupolar echo pulse sequence, with
11 time delays between 1 ms and 2.5 s and a relaxation delay of 2.5 s,
was used. All measurements were conducted at a temperature of 303 K.

The H NMR powder spectra were dePaked (26) using the algorithm of
McCabe and Wassall (27), and the order parameter profiles of acyl chains
were determined by a numerical spectral fitting procedure, based on the
observed quadrupolar splitting Avg(n):

3 e2qQ
4 h
where ¢?>qQ/h is the quadrupole coupling constant (167 kHz for °H in a C-*H
bond), and S(n) is the chain order parameter for the nth carbon position in the
chain. The length of the acyl chain L.* (“chain extent’’) and the mean inter-
facial area (A) were calculated according to the mean torque model (16,22).
For analysis of relaxation measurements, the line shape of the ’H NMR
powder spectra with the longest delay time was simulated by a superposition
of the respective number of Pake doublets, using Mathcad 2001 (MathSoft
Engineering and Education, Cambridge, MA). The program determines the
relaxation time for each individual Pake doublet by a fitting procedure that
calculates the ’H NMR spectrum for each inversion recovery delay, and
compares it with the experimental spectrum.

Avg(n) S(n), (M

31p NMR measurements

Static *'"P NMR spectra were measured on a Bruker DRX 600 NMR spec-
trometer operating at a resonance frequency of 242.8 MHz for 3'P, using
a Hahn echo pulse sequence. A *'P 90° pulse length of 11 us, a Hahn
echo delay of 50 us, a spectral width of 100 kHz, and a recycle delay of
2.5 s were used. Continuous-wave low-power proton decoupling was
applied during signal acquisition. The measured NMR spectra were simu-
lated using a program written in Mathcad 2001 to obtain the chemical-shift
anisotropy.

RESULTS
Peptide binding

Before the NMR experiments, the amount of Src peptide
bound to LUVs was determined in a centrifugation assay.
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FIGURE 1 The 115.1 MHz solid-state >H NMR spectra of (A) pure
DMPC-dsy4, (B) DMPC-ds4/myr-Src, and (C) DMPC/myr-d,;-Src at temper-
ature of 303 K. The peptide/lipid molar ratio was <1:20.

This analysis revealed that about 50% of the Src peptide was
bound to the zwitterionic DMPC vesicles. For membranes
composed of phosphatidylcholine (PC) and phosphatidylser-
ine (PS), the amount of bound peptide increased to >80%,
confirming the importance of electrostatic interactions for
the binding of Src peptides to phospholipid membranes
(5,12,29). Therefore, the final peptide/lipid molar ratio of
the final sample was <1:20.

Src lipid chain structure and dynamics in DMPC
membranes

First, myr-Src was investigated in a simple zwitterionic
DMPC membrane. The “H NMR spectra (Fig. 1) of
DMPC-ds, in the absence and presence of myr-Src, as well
as of the myristoyl chain of myr-d,;-Src in a protonated
DMPC matrix, showed the typical powder spectrum charac-
teristics of a lamellar liquid-crystalline lipid membrane with
a superposition of the Pake doublets of the different methy-
lene and methyl groups. Interestingly, the spectrum of the
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FIGURE 2 (A) *H NMR order parameter plot for the DMPC acyl chains
in the presence (open symbols) and absence (solid symbols) of myr-Src and
the deuterated myristoyl chain of myr-d,;-Src (A ) at 303 K. (B) Dependence
of spin-lattice relaxation rate R,z on the square of the corresponding
segmental order parameter S> for DMPC membranes in the presence and
absence of Src, and for the Src myristoyl chain. Same symbols were used
as in A. Lines represent linear regressions for the phospholipid chains.
The peptide/lipid molar ratio was <1:20.

myristoyl chain of myr-d,7-Src (Fig. 1 C) clearly exhibited
larger quadrupolar splittings than did the spectrum of the
surrounding DMPC membrane (Fig. 1 B). In this spectrum,
a small isotropic peak was detected that may be attributable
to highly mobile Src peptide or residual HDO. A quantitative
analysis of this isotropic peak revealed that it contributes
much <5%, indicating that at maximum, 5% of the Src
peptide may not be associated with the membrane presum-
ably forming micelles.

Based on these “H NMR spectra, order parameter profiles
can be calculated, as shown in Fig. 2 A. The order parameter
plots for DMPC-ds, in the presence and absence of myr-Src
are virtually identical, indicating that peptide binding does
not influence the structure and dynamics of the lipid matrix
(the typical error for the order parameter determination is
smaller than the symbol size in Fig. 2 A). Consequentially,
the calculated geometric parameters of the hydrocarbon
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TABLE 1 Calculated geometric parameters of phospholipid
and Src lipid chains: mean interfacial areas of one chain (A) and
chain extent (L.*) for deuterated hydrocarbon chains in all
investigated samples

AJA? L*/A
DMPC-dsy 29.2 10.3
myr-Src/DMPC-ds, 29.2 10.2
myr-d,7-Src/DMPC 27.9 11.5
DMPC-ds,/DMPS 27.6 10.7
DMPC/DMPS-ds, 27.7 10.7
myr-Sr¢/DMPC-ds,/DMPS 28.8 10.3
myr-Src/DMPC/DMPS-ds, 28.2 10.7
myr-d,7-Src/DMPC/DMPS 27.8 11.3
DPPC-dg,/DPPS/cholesterol 224 15.7
DPPC/DPPS-dg,/cholesterol 22.3 15.7
myr-Src/DPPC-dg,/DPPS/cholesterol 22.6 15.2
myr-Src/DPPC/DPPS-dg,/cholesterol 22.5 154
myr-dy;- Src/DPPC/DPPS/cholesterol 22.4 14.1

chain, such as mean interfacial area A and the chain extent L_*,
are nearly identical (Table 1). These results can be confirmed
in the measured static >'P NMR spectra (not shown), which
exhibit the typical line shape for a lamellar liquid-crystalline
phase. In these spectra, the same chemical-shift anisotropy
for the phosphate group of DMPC in the absence and presence
of myr-Src was measured, and indicated no influence of
peptide binding on lipid headgroup flexibility.

However, a much different picture was obtained for the
myristoyl chain of myr-da7-Src. The “H NMR order param-
eters were significantly increased for the entire lipid chain
(Fig. 2 A). Although the Src lipid chain contains the same
number of carbons as DMPC, its length L.* was increased
by 1.3 A, meaning that the hydrocarbon chain of the peptide
is more extended than the chains of the surrounding phos-
pholipids. Correspondingly, the interfacial area of one chain
A was decreased (Table 1). This means that the Src peptide
exhibits the opposite behavior compared with other lipidated
proteins such as Ras and GCAP-2, where the length of the
lipid modification is nearly perfectly adapted to the length
of the surrounding lipid membrane (16,21).

To study the dynamics of hydrocarbon chains, ?H NMR
longitudinal relaxation rates R,z were measured. The relax-
ation process is determined by random fluctuations of elec-
tromagnetic fields attributable to internal motions (23).
Although a comprehensive set of experimental data (i.e.,
field dependence, angular-dependent relaxation rates of
oriented membranes, or various relaxation rates such as Zee-
man or quadrupolar order) can provide detailed quantitative
insights into motional processes (21,30-32), we focused on
a qualitative description of lipid-chain mobility. To this
end, the correlation of Zeeman order relaxation rate R,z
with the square of the segmental order parameter S* proved
to be a useful qualitative tool (23,33). For pure saturated
phospholipid membranes, these plots exhibit a linear depen-
dence with a specific positive slope (23). Changes in the
dynamics of lipid chains alter these square law plots. For
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instance, the addition of cholesterol to saturated membranes
increases the lipid chain order by decreasing the amplitude of
order fluctuations. In the square law plot, this is expressed by
a shallower slope of the linear curve. In contrast, soft
membranes that are characterized by larger amplitude fluctu-
ations (e.g., mixtures of saturated phospholipids and deter-
gents) exhibit square law plots with a steeper slope, and
usually provide a characteristic curved shape (16,34,35).

The square law plots obtained for the Src peptide and
surrounding DMPC matrix are shown in Fig. 2 B. As anti-
cipated, the plots for DMPC-ds, in the absence and presence
of myr-Src are nearly identical, and exhibit the expected
linear behavior. The myristoyl chain of myr-d,;-Src in
a DMPC matrix does not really exhibit a linear square law
plot, but the slope of the curve is decreased compared with
DMPC. This indicates the lower mobility of the more elon-
gated hydrocarbon chain of the Src peptide.

It is tempting to argue that the square law plot of the Src
lipid modification follows a quadratic rather than a linear
behavior, although such square law plots have not been re-
ported, to the best of our knowledge. Certainly, the structural
and dynamic properties of Src myristoyl lipid modification in
the DMPC membrane are also unique, and the physical
background of this interesting behavior calls for further
exploration.

Src lipid chain structure and dynamics
in DMPC/DMPS membranes

To study the influence of surface potential of the membrane
on the structure and dynamics of the lipid chain of the Src
peptide, a lipid matrix composed of the zwitterionic
DMPC and negatively charged DMPS (molar ratio, 7:3)
was investigated. A fraction of 30% negatively charged
lipids also mimics the situation on the inner leaflet of eukary-
otic plasma membranes quite well, to which the Src protein is
bound. For ’H NMR measurements, either one of the phos-
pholipid species or the Src peptide was labeled with a perdeu-
terated 14:0 lipid chain.

The calculated order parameter plots for DMPC-ds, or
DMPS-ds, in the absence of myr-Src exhibit only marginal
differences (Fig. 3 A), indicating a homogeneous mixture
of lipids in the membrane. When myr-Src is added, a decrease
in the order parameter in the upper chain region is observed
for both lipids, whereas in the lower chain region, the plots
are very similar to the order profiles in the absence of myr-
Src. This provides an indication of the distortion of the
membrane because of peptide binding. Surprisingly, the
decrease is more pronounced for the zwitterionic DMPC-ds,
than for DMPS-ds,.

Although this difference in order between the two lipid
species is rather small, it could be an indication of peptide-
induced phase separation or lipid demixing, as observed in
other peptides such as MARCKS (36,37), P828 (38), phos-
pholamban (39), or polylysine (40).
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FIGURE 3 (A) ?H NMR order parameter plot for acyl chains of DMPC/
DMPS mixtures (7:3) in the presence (open symbols) and absence (solid
symbols) of myr-Src and the deuterated myristoyl chain of myr-d,;-Src
(A) at 303 K. (B) Dependence of R,z rates on the corresponding squared
order parameter > for the phospholipid acyl chains in the presence and
absence of myr-Src and the deuterated myristoyl chain of myr-d,7-Src.
Same symbols were used as in A. Lines represent linear regressions for
the phospholipid chains. Measurements were performed at a molar
peptide/lipid ratio of <1:20.

The differences in chain order between lipid species are
also illustrated by the geometric parameters of the acyl
chains given in Table 1. Only the chains of DMPC-ds, of
the mixture show slightly reduced chain length in the pres-
ence of myr-Src. Moreover, in the static 3lp NMR spectra
(not shown), a decrease in the chemical shift anisotropy of
about 2 ppm for DMPC and DMPS in the presence of
myr-Src reveals this influence of peptide binding on head-
group flexibility and therefore on membrane organization.

For the myristoyl chain of myr-d,;-Src in DMPC/DMPS,
the order parameters are again somewhat larger than for the
surrounding phospholipid molecules, but the difference is
not as pronounced as for a pure DMPC membrane. The
higher order parameters are mostly encountered in the
middle and lower chain regions. For the upper chain, they
are quite similar to those of the membrane in the absence
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of myr-Src. In quantitative numbers, the myristoyl chain
length L.* for myr-d,;-Src is 0.6 A longer than the chains
of DMPS in the mixture, and 1.0 A longer than the chains
of DMPC.

In square law plots (Fig. 3 B), similar behavior is evident.
Considering the error bars on the data points, it is fair to say
that these plots are comparable for all lipids in the presence
and absence of myr-Src. Only for myr-Src/DMPC-ds4/
DMPS was a slightly steeper slope observed, indicating
higher mobility, as already suggested by the decreased order
parameters. This finding suggests more similar dynamics of
the lipid and peptide hydrocarbon chains in a DMPC/DMPS
matrix than in the zwitterionic DMPC membrane. The square
law plot of the myristoyl chain of the Src peptide is closer to
the phospholipid plots than in the pure DMPC matrix.
However, a deviation from a perfectly linear behavior is
again evident.

Src lipid chain structure and dynamics
in DPPC/DPPS/cholesterol membranes

To study the structure and dynamics of the lipid modifica-
tion of myr-Src in a lipid membrane with a hydrocarbon
core that is much thicker than the length of the myristoyl
chain of myr-Src, a DPPC/DPPS/cholesterol (molar ratio,
7:3:10) matrix was investigated. This lipid mixture repre-
sents the liquid ordered (/,) phase, as observed in lipid rafts.
With a cholesterol content of 50 mol %, there will be no
phase transition or gel phase (41). The palmitoyl chains
of these disaturated phospholipids are two methylene
groups longer then the myristoyl chain of the peptide. In
addition, the acyl chains are elongated because of the lipid
condensation effect of cholesterol, which leads to condensa-
tion and the formation of the /, phase. This phase is charac-
terized by a tighter packing of the lipid molecules,
decreased lateral diffusion, and an increase in phospholipid
chain order parameters and therefore of chain length
(42-46).

The “H NMR spectra of the phospholipids of the mixture,
as well as that of the myristoyl chain (Fig. 4), are signifi-
cantly broader than those in the absence of cholesterol.
The NMR spectra show the typical signature of lipids in
the I, phase (47-51). The *H NMR spectra of phospholipids
in the mixture give indications of domain formation, as seen
in the additional set of quadrupolar splittings observed for
the terminal methyl group signal (47). A characteristic
feature of the >H NMR spectrum of the myristoyl chain of
Src is the significantly larger quadrupolar splitting of Avg
= 40 kHz for the methylene group next to the methyl group
of the chain end for the myristoyl chain of myr-d,;-Src
(Fig. 4 E), compared with the phospholipid chains.

The ordering effect of cholesterol is also evident in the
order parameter plots for the lipid mixture (Fig. 5). In all
plots, largely increased order parameters, compared with
the previous samples, are evident. Again, the plots in the
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FIGURE 4 The 115.1 MHz solid-state ’H NMR spectra for (A) DPPC-dg,/
DPPS/cholesterol, (B) DPPC/DPPS-dg,/cholesterol, (C) myr-Src/DPPC-dg,/
DPPS/cholesterol, (D) myr-Src/DPPC/DPPS-dg,/cholesterol, and (E) myr-
d»7-Src/DPPC/DPPS/cholesterol at 303 K.

absence of myr-Src are similar for DPPC-dg, and DPPS-dg;,
demonstrating the relatively good miscibility of these phos-
pholipids and cholesterol, even at this high cholesterol
concentration. In the presence of myr-Src, the order parame-
ters of the two phospholipids are somewhat decreased but
still quite similar, which indicates minor disturbances in
the membrane organization because of the binding of the
peptide, as already observed for the DMPC/DMPS matrix.
Again, the small differences in order in the presence of the
Src peptide could indicate nonideal mixing of the two
components of the mixture.

The conclusions based on an inspection of the order
parameter plots are mirrored in the geometric parameters
for the hydrocarbon chains in Table 1. For myr-d,;-Src
bound to the DPPC/DPPS/cholesterol membrane, the ’H
NMR chain order parameters are now quite similar to that
of the phospholipid. Only a slight increase in the middle
chain region is visible.
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FIGURE 5 ?H NMR order parameter plot for the acyl chains of DPPC/
DPPS/cholesterol mixtures (7:3:10) in the presence (open symbols) and
absence (solid symbols) of myr-Src and the deuterated myristoyl chain of
myr-dy7-Src (A).

DISCUSSION

Despite the widespread occurrence of lipid-modified proteins
in nature, only a little structural and dynamic information
about these membrane-bound molecules is available
(4,19,21). Lipid modifications in proteins may fulfill
different tasks. The most straightforward function involves
the membrane anchor that provides soluble proteins with
sufficient hydrophobic energy to associate with the
membrane. This function can be triggered to distinguish
between the cytosolic and membrane-associated states of
a protein (6). Further, lipid modifications are thought to
play a role in protein-protein interactions and protein activa-
tion (8), and in the stabilization of protein structures (7).
Perhaps the best studied system is human Ras, where chem-
ical biology approaches allowed a synthesis of fully func-
tional lipidated Ras molecules with the respective lipid
modifications (4,52-54). Both experimental and computa-
tional methods aided in the understanding of the membrane
binding of Ras (55,56). In particular, “H NMR is a method
well suited to studying the structure and dynamics of lipid-
chain modifications of lipidated Ras and other proteins
with covalently attached lipid chains (17).

The “H NMR data of this study clearly show that the myr-
istoyl group of Src is inserted in the membrane. This repre-
sents the major binding mechanism of those peptides. Our
binding measurements confirmed that ~50% of the Src
peptide binds to zwitterionic membranes, which corresponds
to a AG for partitioning from the aqueous phase to the
membrane of approximately —35 kJ/mol. This value is rela-
tively close to the value of —30 kJ/mol for the partitioning of
a free myristic acid into n-heptane (14). Our results also
agree well with the precise measurement of myristoylated
peptide partitioning into lipid membranes that revealed
a unitary Gibbs free energy of approximately —33.5 kJ/mol



Structure and Dynamics of Lipid Modification of Src Peptide

(13). As discussed by Murray et al. (5), electrostatic interac-
tions can enhance the binding of myristoylated peptides. In
our preparation, the 30 mol % PS in the membrane increased
the Gibbs free energy to approximately —39 kJ/mol, which
means that more than 80% of the peptide is bound to the
membrane. Therefore, to provide stable binding of Src to
phospholipid membranes, both the hydrophobic interaction
of the N-terminal myristoyl chain and the electrostatic inter-
actions of the charged amino acids are necessary (12,29).
In this study, we investigated the structure and dynamics
of the myristoyl chain of myr-Src(2-19), compared with
the hydrocarbon chains of the surrounding phospholipid
molecules. It was previously suggested that less than the
entire myristoyl chain of Src peptides is inserted into
membranes, and that the remaining carbons are located in
the membrane headgroup region, whereas the polar
N-terminal glycine remains outside the bilayer, just above
the lipid headgroups (5,12,29). This would be caused by
the complex interplay of different physical interactions
between the peptide and the lipid membrane. The position
of the peptide is determined by the minimal free energy
balanced between the attractive long-range hydrophobic
and electrostatic forces between the clusters of basic amino
acids of myr-Src and the lipid headgroups, and the short-
range Born repulsion. Born repulsion arises from the image
charge that repels the peptide from a low dielectric
membrane surface. There are also weaker attractive electro-
static interactions with zwitterionic membranes, because the
lipid headgroups represent permanent electric dipoles. More-
over, entropic contributions to the Gibbs free energy must be
considered, because the entropic losses attributable to the
binding of a lipid-modified peptide to the membrane can
already compensate for the energy gained because of the
insertion of a hydrocarbon chain into the membrane (37).
Our “H NMR measurements allow for a precise determi-
nation of the length of the peptide’s myristoyl chain,
compared with the chains of the surrounding phospholipids
in the membrane. Fig. 6 provides a visual summary of this
study’s experimental findings. The “H NMR measurements
confirm that the myristoyl chain of Src is longer than the
surrounding phospholipid chains, as suggested by Murray
et al. (5). Such a situation is new in the literature, and
contrary to what is known for Ras and guanylate cyclase-
activating protein (GCAP), where lipid modifications adapt
to the length of the surrounding membrane (16,21). Interest-
ingly, the largest chain mismatch is observed in zwitterionic
DMPC membranes. Here, the Src myristoyl chain is ~1.3 A
longer than the DMPC chains. This corresponds approxi-
mately to the length alteration induced by one fewer gauche
defect, which typically reduces an acyl chain by 1.1 A (57).
Of course, this chain conformation is not static. Rather, the
situation is brought about by the molecular dynamics of
the myristoyl chain with frequent trans-gauche isomeriza-
tions, as conveyed by the “H order parameters. Because
the Src chain is longer than the myristoyl chain of the
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FIGURE 6 Schematic representation of the membrane position of the Src
peptide and length of the hydrocarbon chain in different lipid matrices.
Arrows indicate the chain-length mismatch between the Src myristoyl chain
and the acyl chains of the host membrane. Acidic phospholipid headgroups
are highlighted. Basic amino acids are shown in black.

surrounding lipids, it appears “‘stiffer’’ than the surrounding
DMPC chains in the square law plots that provide a measure
of the elasticity and molecular dynamics of the membrane.

Zwitterionic membranes can add only a small contribution
to attractive electrostatic forces. When negatively charged
phospholipids are included in the lipid matrix, the binding
of Src peptides increased noticeably (12,29). Our *H NMR
measurements revealed that in a DMPC/DMPS membrane,
the differences in peptide versus phospholipid chain lengths
is attenuated to ~0.6—1 A. Further, the molecular dynamics
of all chains, i.e., phospholipid and peptide, are more similar.
Because of the increased attractive electrostatic interactions
between the membrane and the peptide, the free energy
minimum is shifted, and the myristoylated N-terminus of
the peptide inserts deeper into the headgroup region of the
membrane. This, in turn, may disturb lipid-membrane orga-
nization, which explains the small decrease in the order
parameters of phospholipids and in the chemical-shift aniso-
tropy in 3P NMR spectra in the presence of myr-Src.

The thermodynamic measurements by Buser et al. (12)
suggested that only ~10 methylene groups of the myristoyl
moiety of the Src peptide inserted into the membrane. Our
“H NMR chain-length difference between the Src myristoyl
chain and the chains of the surrounding membrane can only
account for about one CH, group, which would not be in-
serted into the membrane. However, neither NMR nor ther-
modynamic measurements can reveal whether the terminal

Biophysical Journal 96(9) 3663—-3672



3670

methyl groups of the chain are localized at the same z coor-
dinate in the membrane center. For optimal membrane
packing, one would assume that the myristoyl chain has to
be elongated, to reach down into the hydrophobic membrane
core. However, an incomplete insertion of the Src chain may
also be possible, albeit energetically more costly. This
energy penalty, however, would be traded for the attenuated
Born repulsion of a polar peptide backbone that is localized
more distantly from the membrane surface.

For a better understanding of this issue, we studied an
extreme case: the partitioning of the myr-Src peptide into
DPPC/DPPS membranes in the presence of 50 mol %
cholesterol. Because of cholesterol-induced condensation,
the phospholipid chains are even longer than the two extra
methylene groups in each chain. Further, the lipids are found
in the liquid-ordered phase state, and the phase transition is
abolished. Although the liquid-ordered phase state of the
membrane represents the biological raft phase, the DPPC/
DPPS/cholesterol mixture used here was more physicochem-
ically than biologically motivated. It was intended only to
prepare a membrane with very long, elongated lipid chains,
to see how the Src peptide would adapt its length to this
hydrophobic thickness. In this situation, the molecular
dynamics of the lipid chains were again altered to provide
an adaptation to the alleged chain-length mismatch. First,
the phospholipid chains increased their motional amplitudes,
resulting in a decrease of their length in the presence of Src
peptide. This effect may even be more pronounced for phos-
pholipids directly surrounding the Src peptide, but NMR
only measures the ensemble average. Second, the chain
length of myr-Src in the DPPC/DPPS/cholesterol membrane
was almost 3 A longer than in DMPC/DMPS membranes.
However, the measured 14.1-A length of the myristoyl chain
of Src is still shorter than the length of an all-frans 14:0
chain, which would be 15.2 A. The all-trans chain would
actually be closer to the length of the surrounding palmitoyl
chains. However, the length difference that corresponds to
just one gauche defect may represent a necessary entropic
contribution to the free energy minimum of the entire
ensemble. Third, the question remains as to whether the N-
terminus of the peptide now inserts more deeply into the
membrane, to allow for an alignment of the methyl groups
of the chains, or if it remains at the same position as in the
DMPC/DMPS membrane, and the positions of the methyl
groups vary (Fig. 6).

It is also well known that cationic peptides can induce
phase separation in mixed membranes (36—40). It was not
within the scope of this study to investigate this issue system-
atically. Some indications for phase separation in
membranes, such as pairs of quadrupolar splittings (47,50)
and differences in quadrupolar splittings between lipid
species (58), were evident. It remains to investigate this
phenomenon further, particularly in membranes containing
PIP,, as it was shown to be highly relevant for the binding
of MARCKS (59).

Biophysical Journal 96(9) 3663-3672

Scheidt and Huster

In conclusion, we studied the structure and dynamics of
the lipid anchor of myristoylated Src. Because of the repul-
sive forces between the charged amino acids adjacent to
the myristoylated N-terminus of the peptide and the
membrane surface, the Src chain has higher order parameters
than the surrounding lipid membrane composed of the same
lipid chains. Even in a much thicker membrane, the order
parameters of the Src chain are comparable to those of the
surrounding membrane. This is in notable contrast to other
lipidated proteins such as Ras, GCAP-2, or the surfactant
protein SP-C, where the perfect adaptation of lipid modifica-
tions to the length of the surrounding membrane was
observed (16,21,60). Because the full insertion of the Src
myristoyl chain into the membrane would excessively
increase the Born repulsion between charged peptide and
low dielectric membrane, even the exposure of hydrophobic
chain segments to the more hydrophilic headgroup region is
tolerated, insofar as this structural arrangement provides the
minimum in free energy. The length of the lipid-chain modi-
fication of a protein and its adaptation to the surrounding
membrane is governed by the dynamics of the lipid chain.
The amplitude of segmental motions in a protein’s lipid chain
is the decisive parameter that determines its adaptability to
the surrounding membrane and membrane compartments.
These biophysical results on the structure and dynamics of
protein lipid chains, compared with these properties in the
surrounding membrane, may aid in understanding why
protein myristoylation might induce raft formation, or target
lipidated proteins to preexisting rafts (61).
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