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Abstract The adsorption of doubly lipidated full-
length N-Ras protein on 1,2-dipalmitoyl-sn-phosphati-
dylcholine (DPPC) monolayers was studied by lateral
pressure analysis, grazing incidence X-ray diVraction
(GIXD), and specular reXectivity (XR). N-Ras protein
adsorbs to the DPPC monolayer (lateral pressure of
20 mN/m) from the subphase thereby increasing the
lateral pressure in the monolayer by 4 mN/m. The pro-
tein insertion does not alter the tilt angle and structure
of the lipid molecules at the air/water interface but
inXuences the electron density proWle of the mono-
layer. Further, electron density diVerences into the sub-
phase were observed. The Fresnel normalized reXectivity
could be reconstructed in the analysis using box models
yielding electron density proWles of the DPPC monolayer
in the absence and in the presence of N-Ras protein.
The electron density proWles of the DPPC monolayer
in the presence of Ras showed clear intensity variations

in the headgroup/glycerol/upper chain region, the
so-called interface region where previous bilayer stud-
ies had conWrmed Ras binding.

Introduction

The regulation of cellular functions is controlled by
intracellular protein cascades that transmit external
signals via transmembrane receptors to the cell nucleus.
Several membrane-associated and soluble proteins are
involved in this regulation of the signal transmission
process (Hancock et al. 1990, 1991; Reuther and Der
2000). A frequently encountered feature of membrane-
associated proteins involved in signal transduction is
their post-translational lipid modiWcation, which pro-
vides them with suYcient hydrophobic character for
association with the cellular membrane (Casey 1995).
A typical example for such a lipid-modiWed signaling
protein is the membrane bound GTPase Ras. Ras
proteins are mediators in the cell signal cascade from
the receptor tyrosine kinases to the cellular nucleus
that activate downstream eVectors to stimulate cell
proliferation and diVerentiation. Failure of these regu-
lators can lead to an uncontrolled cell growth and
Wnally cancer. Mutated forms of the Ras protein have
been found in more than 30% of all human cancers
(Wittinghofer and Waldmann 2000). Membrane bind-
ing is essential for the function of all members of the
Ras family, which carry either one, two, or three lipid
anchors that insert into the membrane (Wittinghofer
and Waldmann 2000). Non-lipid-modiWed Ras proteins
are cytosolic and consequently inactive (Dudler and
Gelb 1996). Here we study the insertion of the human
N-Ras protein into lipid monolayers. The N-Ras protein
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that is subject of the current study is farnesylated at the
C-terminal recognition region (Cys186) and palmitoy-
lated at Cys181.

The lipid bilayer of biological membranes can be
viewed as two weakly coupled monolayers. Conse-
quently, Langmuir monolayers represent interesting
model systems mimicing a membrane surface (Parker
1990; Giehl et al. 1999; Seitz et al. 1999). Such systems
exhibit interesting ordering phenomena on the meso-
scopic length scale that can be studied with molecular
resolution by means of grazing incidence X-ray
diVraction (GIXD) (Helm et al. 1987; Als-Nielsen and
Möhwald 1991; Als-Nielsen et al. 1994; Spaar et al. 2004;
Maltseva and Brezesinski 2004) and specular reXectivity
(XR) (Helm et al. 1987; Als-Nielsen et al. 1994; Malkova
et al. 2005) as well as spectroscopic (Dluhy and Cornell
1985; Flach et al. 1994) and optical (Hénon and Meunier
1991; McConnell 2006) methods. In particular, adsorption
phenomena have successfully been reported on these
systems. Since monolayers reXect half of a membrane,
they are rather limited for the study of trans-membrane
processes or structural features, but they oVer relevant
models to study processes at the lipid/water interface of
the membrane (Brezesinski and Möhwald 2003). This
oVers the possibility to modify the density of the lipids at
the interface in a deWned way and alter other physico-
chemical parameters (e.g. molecular area, lateral pres-
sure, temperature, subphase composition etc.). Unlike
diVraction (Nagle and Tristram-Nagle 2000) or solid-state
NMR techniques (Huster 2005), monolayer measure-
ments are not compromised by restriction of the water
content, which make them superior techniques to study
protein adsorption phenomena.

Previous solid-state NMR, neutron diVraction, Xuo-
rescence, and ATR FTIR measurements have contrib-
uted to suggest an atomistic model of membrane
binding of Ras proteins (Schroeder et al. 1997; Huster
et al. 2001, 2003; Vogel et al. 2005; Reuther et al.
2006a, b). According to theses studies, the protein
backbone of the C-terminus of lipid modiWed N-Ras
protein is located in the lipid/water interface of the
membrane, while the hydrophobic side chains and lipid
modiWcations insert into the hydrophobic core of the
membrane. This structural ensemble is characterized
by intense molecular dynamics similar to what has
been known from pure phospholipid membranes. In
addition, recent work on Ras has revealed the parti-
tioning of the lipidated protein into liquid disordered
membrane domains (Janosch et al. 2004; Nicolini et al.
2006). Finally, in a pioneering monolayer study, the
insertion of Ras proteins into lipid monolayers and
their orientation on the lipid surface were determined
(Meister et al. 2006).

In this study we have examined the binding of the
lipidated N-Ras protein to dipalmitoylphosphatidyl-
choline (DPPC) Langmuir monolayers at the air/liquid
interface. The chain length of DPPC closely matches
the length of the lipid anchor region of the N-Ras pro-
tein thus providing a suitable hydrophobic environ-
ment for Ras insertion. To obtain information on the
Ras adsorption and the in-plane structure on a mole-
cular scale, both GIXD and XR measurements were
conducted.

Materials and methods

Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)
was purchased from Avanti Polar Lipids (Alabaster,
AL; purity >99%) and used without further puriWcation.
Lipid solutions of a concentration of about 1 mM were
prepared using chloroform and methanol. The protein
stock solution in buVer (10 mM Hepes, 10 mM NaCl,
1 mM MgCl2, pH 7.4) was used for the injection of
N-Ras into the subphase of the monolayer to allow
protein adsorption. The monolayer experiments were
carried out on a Hepes buVer subphase (10 mM Hepes,
10 mM NaCl, 1 mM MgCl2, pH 7.4) at a temperature
of 20°C. All aqueous solutions were prepared using
Milli-Q deionized water of a speciWc electrical resistivity
of >18 M�cm.

The synthesis of the farnesylated and hexadecylated
N-Ras lipopeptide was described before (Bader et al.
2000; Volkert et al. 2003). BrieXy, C terminally trun-
cated wildtype N-Ras (residues 1–181) was expressed in
E. coli CK600K and puriWed via DEAE ion exchange
chromatography and gel Wltration. Coupling with N-Ras
lipopeptides was performed in stoichiometric amounts
in 20 mM Tris/HCl, pH 7.4, 5 mM MgCl2 supplemented
with the detergent Triton X114. The detergent allowed
for convenient separation of lipoprotein product and
truncated educt after completion of the coupling reac-
tion. After removal of Triton X114 from the N-Ras
lipoprotein by another DEAE ion exchange chroma-
tography, the lipoprotein was concentrated and adjusted
to 20 mM Tris/HCl, pH 7.4, 5 mM MgCl2, 2 mM DTE
by size exclusion Wltration in Amicon® concentrators.
All protein batches were analyzed by SDS-PAGE and
MALDI-TOF mass spectrometry.

X-ray reXectivity on monolayers

The surface pressure area isotherms were collected
using a Langmuir Wlm balance (Riegler & Kirstein,
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Potsdam, Germany) with a TeXon trough equipped
with a Wilhelmy type pressure sensor and a single
moveable TeXon barrier that allows compression and
expansion of the monolayers by changing the area.
Monolayers were obtained after spreading a certain
volume from the stock solution on the subphase and
subsequent equilibration for about 10 min. The iso-
therms were recorded at a compression speed of about
4 Å2/molecule/min. For the lipoprotein adsorption
study the protein was injected underneath the lipid
monolayer through the air/water interface at a constant
lateral pressure using a Hamilton syringe.

Grazing incidence X-ray diVraction (GIXD) and
specular X-ray reXectivity measurements (XR) were
performed using the liquid surface diVractometer at
the beamline BW1 (HASYLAB, DESY, Hamburg,
Germany) (Kjaer et al. 1989; Frahm et al. 1995). The
beamline features a temperature controlled Langmuir
through in a sealed container mounted on a vibration
damped Huber table. During the experiments, the
experimental box containing the trough was Wlled with
helium atmosphere to reduce the interfering scattering
from the air. The synchrotron beam was made mono-
chromatic by a Beryllium (002) crystal. Specular
reXectivity was measured as a function of the vertical
exit angle, �i that equals the exit angle, �f, of the reXected
X-rays. The experiments where performed between
0.5�c < �i/f < 35�c with �c being the critical angle on
water at the given wavelength, �c = 0.13°. The reX-
ected signal was recorded using a NaI scintillation
counter.

For the analysis of the XR data, we employed a two
step procedure. In the Wrst step the model independent
algorithm of Hamley and Pedersen (Hamley and
Pedersen 1994; Pedersen and Hamley 1994), based on
a constrained least square optimization of B-spline
functions that deWne the relevant electron density Xuc-
tuations along the interface normal was used to get a
proWle function describing the reXectivity data. As
expected, the proWles obtained resemble those of a lay-
ered structure at the interface. In a second step the
electron density proWle is modeled by a stack of homo-
geneous slabs (“boxes”), each being characterized
by a height of constant electron density. The electron
density proWle is obtained by convolution of the step
function with a Gaussian function accounting for the
roughness at the boundaries due to thermal excitation
and atomic roughness at the interfaces between the
slabs (Braslau et al. 1985). This function is Wtted to the
result obtained in a model independent algorithm (Wrst
step) to get a molecular description of the monolayer.
From the data, the total volume of each box and the
number of electrons can be calculated taking the area

per molecule from the isotherm measurements into
account. Given the number of electrons in the lipid
headgroup, the extra electrons obtained can be associ-
ated with bound water molecules.

GIXD experiments were performed at an angle of
incidence of 0.85*�c (�c is the critical angle for total
external reXection). A linear position sensitive detec-
tor (PSD) (OED-100-M, Braun, Garching, Germany)
with a vertical acceptance 0 < Qz < 1.27 Å¡1 was used
for recording the diVracted intensity as a function of
both the vertical (Qz) and the horizontal (Qxy) scatter-
ing vector components. The horizontal resolution of
Qxy = 0.008 Å¡1 was determined by a Soller collimator
mounted in front of the PSD. The analysis of the in-
plane diVraction data yields lattice parameters of the
crystalline part of the monolayer. The Qxy peak posi-
tions yield lattice spacings according to dhk = 2�/Qxy

hk

from the 2D-lattice of the alkyl chains. The peak width,
corrected by instrumental resolution, provides infor-
mation about the coherence length Lxy along the
reciprocal scattering vector Qxy. The analysis of the
out-of-plane scattering vector components along
Qz allows deriving information about the tilt angle and
the tilt direction. For this analysis, the lipid chains are
modeled by a cylinder of constant electron density. For
more information about the principles of GIXD for the
study of 2D crystalline Wlms at the air/liquid interface,
we kindly refer to detailed reviews found in the litera-
ture (Parker 1990; Jacquemain et al. 1991; Als-Nielsen
et al. 1994; Kaganer et al. 1999).

Results and discussion

The eVect of N-Ras binding to DPPC monolayers was
studied via isotherm measurements. Figure 1 depicts
the compression isotherm of a DPPC monolayer on a
buVer subphase at 20°C. The pure lipid shows the typi-
cal coexistence region between a disordered liquid
expanded phase and an ordered liquid condensed or
solid phase (McConnell 2006). The transition pressure
observed at 20°C amounts to »4 mN/m. To prove for
the monolayer insertion capabilities, the N-Ras protein
was injected into the subphase underneath the lipid
monolayer at 40 mN/m, to give a Wnal lipid/protein
molar ratio of 100:1. After 5 min of equilibration, the
monolayer was expanded to 20 mN/m and the pressure
was recorded as a function of time at constant area per
lipid molecule (see insert of Fig. 1). After a long
adsorption time of about 4.5 h, the pressure increase
�� = �2 ¡ �1 of about 4 mN/m was observed, indicating
the adsorption of the protein. Recompression of the
Wlm shows slightly larger area values per lipid molecule
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suggesting a partial incorporation of the protein. Ras
protein incorporation into monolayers at a lower lat-
eral pressure of 10 mN/m was also reported before
(Meister et al. 2006).

The protein adsorption was performed at pressures
clearly above the two-phase coexistence region of the
lipid monolayer, thus under these conditions the pure
lipid exhibits a liquid/condensed phase. Therefore, it
was of great interest to study the condensed lipid struc-
tures using GIXD and the inXuence of the Ras adsorp-
tion on structural parameters. The experiments were
performed at the same experimental condition as for
the isotherm measurements, but GIXD is only sensi-
tive for the crystalline domains of the monolayers,
while in the isotherms the total area is given as sum of
condensed Wlm and defects. Figure 2 depicts selected
contour plots of the X-ray diVraction intensities of
DPPC on a buVer subphase before (left) and after
(right) protein injection. The contour plots show the
distribution of scattering intensity as a function of the
in-plane scattering vector components Qxy and the out-
of-plane scattering vector component Qz at diVerent
lateral pressures. The pure lipid shows three low-order
diVraction peaks indicating an oblique chain lattice
with the hydrophobic chains tilted in non-symmetry
direction as also found previously on water. From the
peak positions the tilt angle and 2D lattice spacings can
be calculated (see Table 1). On increasing pressure, the
peak positions shift to larger Qxy and smaller Qz values
indicating a decrease of both, the 2D spacings of the

chain lattice and the tilt of the chains from the surface
normal. However, the oblique phase with strongly
tilted chains remains present up to highest pressure
investigated. At 40 mN/m, the width of the Wtted Bragg
rods gives a molecular length of about 22.8 Å. The
diVraction pattern observed after N-Ras adsorption is
shown in Fig. 2 (right). Again, three diVraction peaks
are present in the whole pressure region. Neither
Bragg peak positions nor the full width at half maxi-
mum values were aVected by the presence of the pro-
tein (see Table 1). However, the intensities of the
Bragg peaks extracted from the 2D diVraction patterns
are slightly lower, suggesting that the protein is insert-
ing into the monolayer, thus the number of condensed
lipids in the footprint of the beam is decreased. The
structure of the remaining condensed lipid domains is
on the other hand not aVected indicating that either
the protein is excluded from the condensed domains or
the insertion of the lipid anchor from the protein
into the hydrophobic core must take place without
changing the condensed DPPC lattice. These Wndings
are supported by 2H NMR studies on lipid bilayers
(Huster et al. 2003; Vogel et al. 2005) and FTIR mea-
surements on lipid monolayers (Meister et al. 2006)
that show Ras protein insertion does not signiWcantly
aVect the structural parameters of the lipids in bi- or
monolayers, respectively.

In addition, the insertion of the protein into the
monolayer would alter the electron density proWle
across the monolayer and into the aqueous phase. To
prove the insertion of Ras into DPPC monolayers, we
carried out X-ray reXectivity studies to gain informa-
tion about the electron density distribution along the
surface normal. The XR measurements were carried
out for the pure monolayer and for the DPPC/N-Ras
system after the adsorption at 24 mN/m and subse-
quent recompression at 40 mN/m. Figure 3a shows the
Fresnel normalized reXectivity for DPPC and the
model independent Wt of the data at 24 and 40 mN/m.
The analysis of the electron density proWle obtained in
the model independent Wt is shown in Fig. 3b. For this
analysis a two-box model was Wtted to the calculated
proWle: one box representing the headgroup region and
one for the tail region of the lipid molecule. The Wnal
result is obtained by the convolution of the step func-
tion with a Gaussian function to contribute for the
roughness at the interface (Table 2). In order to limit
the number of Wtting parameters, the electron number
in the tail region was Wxed to 242 and the molecular
area was set to the experimental value during the
reWnement. For the pure lipid monolayer at 24 mN/m,
the total thickness of the Wlm amounts to 23 Å, with
hydrophobic and polar regions of 15.8 and 7.2 Å,

Fig. 1 Compression isotherm of DPPC on Hepes buVer (10 mM
Hepes, 10 mM NaCl, 1 mM MgCl2, pH 7.4) at 20°C before (solid
line) and after (dashed line) injection of N-Ras into the subphase
and subsequent adsorption of the protein to the lipid monolayer.
The pressure versus time curve obtained after injection shown in
the inset leads to a pressure increase of about 4 mN/m starting
from the initial pressure
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respectively. The thickness of the slabs increases with
pressure and at 40 mN/m 16.7 and 7.5 Å are obtained.
From the slab representing the chain region the tilt can
be calculated, which gives 34° and 29° at 24 and 40 mN/
m, respectively. Both values are consistent with the
data obtained in the GIXD measurements. Calculating
the number of electrons contributing to headgroups
gives larger values than expected from the chemical
structure, thus providing the amount of water bound
to the lipid headgroups. Assuming that the volumes of
water and lipid headgroup are additive, the volume of
the lipid headgroup (V0) can easily be calculated taking
the partial volume of one water molecule of about
30 Å3 into account. The data obtained show that the V0
values do not change signiWcantly, instead changes in
the headgroup hydration on compression must be
assumed. It should be noted that a more detailed anal-
ysis of XR data for DPPC, separating the lipid head-
group into its components and using volume restricted
distribution functions for the model description in
combination with infrared and neutron reXectivity data

(Schalke and Lösche 2000) yielded a similar pressure
dependence of the headgroup hydration (Dyck et al.
2005).

Figure 4 depicts the comparison of the reXectivity
data obtained before and after adsorption of N-Ras to
DPPC monolayers at 24 mN/m lateral pressure (a) and
the proWles obtained in the parameter free Wt (b). The
comparison of the proWles clearly indicates that both,
the head group and the chain region of DPPC are inXu-
enced by the protein adsorption. As only small elec-
tron density contrast between water and protein must
be assumed, a protein sub-layer bound to the lipid
headgroups is diYcult to detect, although it is likely to
exist. The largest contrast diVerence in this system is
expected between the lipid headgroups and the pro-
tein, while the contrast between chain region and pro-
tein and in particular the protein lipid anchor is rather
small. This should particularly manifest in the head-
group/glycerol region of the monolayer, where Ras was
shown to insert into lipid bilayers (Huster et al. 2001,
2003). This is reXected in the density proWle comparison

Fig. 2 Contour plots of the 
corrected X-ray intensities as 
function of Qxy and Qz for 
DPPC on Hepes buVer 
(10 mM Hepes, 10 mM NaCl, 
1 mM MgCl2, pH 7.4) (a, c) 
and DPPC with injected N-
Ras protein (protein/lipid 
1:100) (b, d) at 24 (c, d) and 
40 mN/m (a, b)

Table 1 Best Wt values of the in-plane (Qxy) and out-of-plane
(Qz) scattering vector components, tilt angle (t), distortion of the
unit cell from the hexagonal symmetry (�), tilt direction (�) and

projected area per hydrocarbon chain of DPPC on buVer (10 mM
Hepes, 10 mM NaCl, 1 mM MgCl2, pH 7.4) at 20°C

� (mN/m) Qxy (�Qxy) in (Å¡1) Qz (�Qz) in (Å¡1) � t (°) Tilt direction (�) Axy (Å2)

DPPC on Hepes subphase
24 1.46 (0.013) 1.33 (0.058) 1.31 (0.063) 0.03 (0.28) 0.73 (0.29) 0.76 (0.29) 0.14 34.0 21.2° from NN, oblique 24.4
30 1.46 (0.016) 1.35 (0.073) 1.33 (0.064) 0.04 (0.28) 0.69 (0.29) 0.73 (0.29) 0.12 32.4 19.9° from NN, oblique 24.0
40 1.47 (0.015) 1.36 (0.052) 1.34 (0.07) 0.05 (0.27) 0.65 (0.28) 0.70 (0.28) 0.11 30.8 18.9° from NN, oblique 23.6

DPPC on Hepes subphase, N-Ras injected
24 1.46 (0.013) 1.33 (0.049) 1.31 (0.049) 0.03 (0.27) 0.73 (0.27) 0.76 (0.27) 0.14 34.2 21.0° from NN, oblique 24.6
40 1.47 (0.015) 1.38 (0.075) 1.35 (0.078) 0.04 (0.27) 0.66 (0.28) 0.70 (0.28) 0.10 30.8 18.9° from NN, oblique 23.4
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showing largest deviations in the polar region of
DPPC. In addition, limited insertion into the hydro-
phobic chain region is also evident. For the description
of the proWle obtained after adsorption of N-Ras
we employed a three box model; one box accounting for
the headgroup modiWed by the inserted protein anchor,

the protein anchor inserting into the hydrophobic
region of the lipid layer and the remaining part of the
lipid chains (see Table 3; Fig. 5). In this description, the
headgroup thickness remains constant, and the sum of
both chain contributions roughly gives the dimensions
of the chain slab obtained for the pure lipid. The reduc-
tion of the electron density in the headgroup slab can
be explained by dilution of the headgroups either due

Fig. 3 a Fresnel normalized XR data for DPPC on Hepes buVer
(10 mM Hepes, 10 mM NaCl, 1 mM MgCl2, pH 7.4) and the Wt re-
sult (solid lines) of the parameter free description of the experi-
mental data obtained at 24 and 40 mN/m, respectively. b The
Wtted electron density proWles (solid line) corresponding to the
parameter free description (dots) along with the Wtted two-box
models; one box describing the lipid head groups and one box for
the tail regions

0 10 20 30 40
10-4

10-3

10-2

10-1

100

101

102

R
/R

F

q/q
c

40 mN/m

24 mN/m

a

b

Table 2 Structural parameters for DPPC on buVer (10 mM Hepes, 10 mM NaCl, 1 mM MgCl2, pH 7.4) at 20°C at diVerent lateral pres-
sures derived from X-ray reXectivity data

� (mN/m) Headgroup region Tail region � (Å)
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24 7.2 1.46 (190) 2.6 310 15.8 0.91 (242*) 3.5
40 7.5 1.51 (176) 1.2 300 16.7 0.90 (242*) 4.1

Fig. 4 a Fresnel normalized XR data for DPPC on Hepes buVer
and the Wt result (solid lines) of the parameter free description of
the experimental data obtained at 24 mN/m before and after N-
ras adsorption. The lower panel b compares the electron density
proWles obtained from the parameter free description of the XR
data for pure DPPC (solid line) and DPPC/N-Ras (dashed line)
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to insertion of the N-Ras lipid chains or by partial
insertion of the protein. However, the increased elec-
tron density in the tail slab connected to the headgroup
cannot be explained only by the insertion of the two
Ras chains, since they have about the same electron
density than the lipid chains from DPPC. Therefore, a
partial incorporation of the protein with an anchor sec-
tion must be assumed. This protein anchor adsorbs to
the lipid headgroups and penetrates into the lipid chain
region with a total depth of penetration of 14.9 Å. This
insertion creates free space in the monolayer that
needs to be Wlled by the hydrophobic chains, either by
cooperative tilting of the lipid molecules or by inser-
tion of the lipid chains connected to the protein. Given
the results from the GIXD measurements that showed
no alteration of the chain lattice, the increased space in
the headgroup region must be compensated by the
insertion of the hydrophobic chains from the Ras
protein into the hydrophobic membrane core, thereby
stabilizing the protein at the interface. Indeed, for Ras
binding to lipid bilayers, a number of techniques have
shown that the backbone of the C-terminus of lipid

modiWed Ras is located in the lipid water interface of
the membrane, while the lipid modiWcations and the
hydrophobic side chains of the protein deeply insert
into the hydrophobic core of the membrane (Huster
et al. 2001, 2003).

On increasing lateral pressure at 40 mN/m, the
reXectivity data obtained for the DPPC/N-Ras system
are within experimental errors the same as found for
the pure lipid (data not shown), suggesting a squeeze-
out of the protein from the monolayer as also reported
before (Meister et al. 2006). It should be noted, that
this large pressure value is above the lateral pressure
assumed to be relevant for lipid bilayers (Blume 1979).
Therefore, we conclude that the insertion of the C-ter-
minal region of N-Ras into DPPC under in vivo pres-
sure conditions is a crucial event being essential for the
function of the signal transduction.
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