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ABSTRACT: Unlike soluble proteins, membrane polypeptides face an anisotropic milieu. This imposes restraints
on their orientation and provides a reference that makes structure prediction tractable by minimalistic
thermodynamic models. Here we use this framework to build orientational distributions of monomeric
membrane-bound peptides and to predict their expected solid-state 2H NMR quadrupolar couplings when
labeled at specific side chain positions. Using a complete rigid-body sampling of configurations relative to an
implicit lipid membrane, peptide free energy landscapes are calculated. This allows us to obtain probability
distributions of the peptide tilt, azimuthal rotation, and depth of membrane insertion. The orientational
distributions are broad and originate from an interplay among the three relevant rigid-body degrees of freedom,
which allows population of multiple states in shallow free energy minima. Remarkably, only when the
orientational distributions are taken into account do we obtain a close correlation between predicted 2H NMR
splittings and valuesmeasured in experiments. Such a good correlation is not seenwith splittings calculated from
single configurations, being either the averaged or the lowest free energy state, showing there are distributions,
rather than single structures, that best define the peptide-membrane systems.Moreover, we propose that these
distributions contribute to the understanding of the rigid-body dynamics of the system.

The global positioning of a membrane protein with respect to
the planar lipid bilayer is of great functional significance, as it
determines the protein-membrane binding mode and helps in
definition of mechanisms of action (1-4). Such a relative
placement is given by the molecular orientation of the protein
with respect to the membrane plane and its depth of insertion in
the lipid bilayer (Figure 1). For large proteins in a membrane-
bound state, a direct and precise measure of these structural
parameters is technically challenging and seldom performed (see
refs 1 and 4-6 as examples). However, for simple membrane-
active peptides and fragments of membrane proteins, detailed
molecular positioning is investigated extensively using spectro-
scopic methods, like NMR (2, 7-12), FTIR (3, 13), CD (14, 15),
fluorescence spectroscopy (16), and EPR (17).

In principle, the equilibrium state of peptide molecules or
protein fragments within a membrane can be predicted to low
resolution by taking into account simply a measure of their
relative preference for the hydrophobic bilayer versus the bulk
water solvent. For example, hydrophobicity scales of amino acid
residues allow one to search for putative transmembrane (TM)1

segments from target proteins (18-22). Some of these scales are
made of partition free energies of amino acid residues between
water and several organic solvents mimicking the hydrophobic
core of the lipid bilayer (23-25). However, partitioning of
residues to the membrane is a function of the position along
the normal axis, reflecting large gradients in polarity, hydration,
density of specific chemical groups, and fluidity across the
membrane. As this was recognized, an interfacial scale was
introduced and measured experimentally for palmitoyloleoyl-
phosphatidylcholine (POPC) (26). In a more sophisticated man-
ner, this complexity has recently been recalled in a biological
context, where the translocon membrane insertion machinery in
an in vitro translation system is deployed to determine per residue
free energies that are found to depend on the relative position
along the nascent TMhelix (27). These experimental free energies
suffer from low spatial resolution but can in principle be
complemented by detailed molecular simulation techniques.
Potentials of mean force resolved along the membrane normal
have been derived from experimental membrane protein struc-
tures (28, 29) and by umbrella sampling molecular dynamics
simulations of amino acid side chain analogues at full atomic
detail (30, 31). Additionally, implicit membrane systems have
been developed using different continuummodels (32-36). From
a different perspective, the adequacy between peptides and
membranes is often rationalized within the concept of hydro-
phobic mismatch (37, 38). This, in its most simplified geometric
version, allows prediction of the slant angle of peptides, since
adjusting the tilt is an easy way for these molecules to achieve an
optimal overlap between its hydrophobic length and the mem-
brane hydrophobic thickness. Some elaborated extensions of
these ideas have recently been employed to search within con-
figurational energy landscapes for the relative position within the
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bilayer and the expected (most stable) orientation of membrane
proteins (28, 32, 34, 39-41).

However, more than precise positions and orientations, a
complete understanding of protein- or peptide-membrane com-
plexes should include knowledge of the frequency distributions of
these structural parameters. In fact, in the partially disordered and
highly dynamic lipid matrices, large molecular fluctuations of
monomeric peptides and protein fragments can be expected.
Recent studies based on molecular dynamics (MD) simulations
have proposed that such information is important for the inter-
pretation of solid-state NMR experiments, since fast orientational
fluctuations (42) can average the NMR parameters (43-46).
Supporting this view, we have shown that previously reported
2H NMR data can indeed be reinterpreted with better quality of
the fits by introduction of peptide dynamics in the form of
Gaussian fluctuations of the orientation angles (47). Notably, this
alternative analysis yields estimates of the amplitudes of the
peptide rigid-body movements (standard deviations of the tilt
and azimuthal rotation), typically at the expense of different fitted
(mean) tilt angles (47). While this has opened a new window for
the structural investigation of the peptide-membrane systems,
some important questions regarding the specific mode of peptide
rotational movement and mechanisms of fluctuation remain.
Furthermore, the proposed dynamic analysis is still not free from

uncertainty, since best fit values fall often in shallowminima of the
error functions (47). Such questions can again be addressed by
simulationmethods, like atomisticMD, that allow one to build an
explicit dynamic molecular model from which one can calculate
directly the expected experimental measures (43, 44, 46, 48).
However, compared to the small time windows that can be
accessed by simulations at atomic detail (49), membrane-peptide
reorientation is a slow relaxing process (42) that in practice limits
the possibilities of studies using these methods.

Here we calculate complete rigid-body landscapes based on the
relative stability of membrane peptides with respect to their tilt,
azimuthal rotation, and insertion depth in the bilayer. This
strategy is applied to a number of monomeric peptide systems pre-
viously investigated by 2H solid-state NMR experiments, includ-
ing the WALP/WLP and KALP/KLP model TM peptides (7, 47,
50, 51), and the amphipathic antimicrobial peptide PGLa (2, 15,
52, 53). To calculate peptide free energies, wemodel themembrane
implicitly considering both the hydrophobic and polar regions by
applying experimental whole-residue values from the double scale
of partition free energies of Wimley andWhite (WW) (23, 26, 54).
Broad probability distributions for the tilt and azimuthal rotation
angles are obtained, suggesting that extensive rigid-body dynamics
is an intrinsic property of monomeric membrane-peptide sys-
tems, as proposed fromNMR relaxation studies (42, 55). The free
energy-based configurations are further used to simulate directly
solid-state 2H NMR splittings, which compare well with values
measured in experiments. Thus, avoiding the limitations of
experimental interpretations under conditions of dynamics (47),
this study illustrates the predicting value of a relatively simple
approach and its capacity to evaluate, at very low computational
cost, peptide orientation and dynamics.

METHODS

Models of Peptide Systems. Structure coordinates in Pro-
tein Data Bank (PDB) format for the WALP23, WLP23,
KALP23, KLP23, and PGLa peptides were generated as ideal
uniform R-helices with the help of the Swiss PDB Viewer (http://
www.expasy.org/spdbv) (56). To imitate the synthetic peptides
used in the corresponding experimental studies, in all cases the
C-terminus was amidated and the N-terminus acetylated, except
for the antimicrobial peptide PGLa, for which the N-terminus
was kept as a charged amino group.
Definition of the Position and Orientation of Peptides in

Membranes. The relative placement of a rodlike R-helical
peptide in a lipid membrane is defined by a set of three
parameters, d, τ, and F (Figure 1). The parameter d defines the
peptide position as the depth of insertion in the membrane and
corresponds to the distance between the peptide center of mass
and the midplane of the bilayer. The angles τ and F express the
peptide orientation and correspond to the tilt of the peptide
principal axis vector (H, defined from the C-terminus to the
N-terminus) with regard to the membrane normal vector (N) and
its azimuthal rotation about the latter principal axis, respectively.
For the R-helix, H is determined through diagonalization of the
inertia tensor corresponding to the backbone heavy atoms. Then,
F is found in the plane perpendicular toH, as the angle between a
vector pointing in the direction of the tilt, calculated asH� (H�
N), and a reference vector pointing into the CR atom of an
arbitrary residue [here the first residue (see Figure 1)].
Construction of the Configurational Space and Calcula-

tion of Peptide Free Energies. Configurations were defined

FIGURE 1: Relative placement of a helical peptide in a lipid bilayer.
The peptide position is defined by its depth of insertion, d, and a pair
of orientational angles, tilt (τ) and the azimuthal rotation (F). Being the
membrane normal (N) aligned with the z-axis, the distance d is the z
coordinate of the peptide center of mass, with a z=0 set arbitrarily at
the center of the lipid bilayer. τ is the angle formed between the
molecular long helix axis (H, from the C-terminus to the N-terminus)
and the membrane normal. F is the angle between the direction of the
peptide tilt and a vector perpendicular toH pointing to the CR carbon
of a reference residue (here the first residue). The peptide is repre-
sented by the backbone atoms with an R-helix structure, plus Cβ

atoms. The N-terminus is at the top, with the first residue colored
green. The atoms colored blue represent flanking residues, like Lys
and Trp in KALP/KLP andWALP/WLP peptides. The membrane
is represented implicitly as regions defined by widths h (hydrophobic
core), to which we apply partition free energies from the WW
octanol scale (ΔGoct), and f (interface), characterized by partition
free energies from the WW POPC-interface scale (ΔGif).



Article Biochemistry, Vol. 48, No. 48, 2009 11443

depending on the relative placement of each considered peptide,
treated as a monomer, with respect to the membrane, given by
variable {d,τ,F} sets of parameters for a constant peptide structure
(rigid-body assumption) taken as a canonical R-helix. If the
membrane midplane is set to coincide with the x-y plane of the
coordinate system, d (aligned with the normal N) coincides with
the z coordinate, and themembrane is represented implicitly as the
region of space between z=-(fþ h/2) and z=(fþ h/2), where h
and f are values of thickness for the hydrophobic and interface
regions, respectively.We have used an f of 5 Å (57) and values of h
taken from the literature (58, 59): 25.4 and 27.1 Å for dimyr-
istoylphosphatidylcholine (DMPC) and dioleylphosphatidylcho-
line (DOPC), respectively. Alternative values of h, like those
determined from lipid tail segmental order parameters in 2H
NMRmeasurements (60, 61), were seen to affect the mean values
of the tilt angle up to a maximum of 5�, while leaving the mean of
the azimuthal rotation angle and the width of tilt and rotation
distributions almost unaffected. On the other hand, errors in the
f value would have the main consequence of increasing the degree
of broadening of the rotational angle distribution, and thus affect
the calculated deuterium splittings. However, as we discuss below,
the method seems already to overestimate the width of distribu-
tions (seen as an underestimation of the splittings), and variable
f and h values would just lead to worse results.
Full configurational landscapes were sampled by translating the

peptide along the membrane normal from a d of -50 Å to a d of
50 Å in 0.5 Å steps (a d of 0 Å corresponds to the membrane
center) and rotating it at each step through all τ and F angles in
steps of 1�. For each peptide configuration, the free energy is
calculated as the sum of free energies corresponding to each
residue, depending on their position in either the membrane
hydrophobic core, the membrane interface, or the bulk water.
Such relevant residue positions are taken as the z coordinates of
the Cβ atoms. Other options are possible, like CR or the center
of mass of the residue; however, the Cβ atom has the advantage of
being attached rigidly to the helix structure, while being indepen-
dent of the configuration of the side chains (which for the cases
studied is unknown). Additionally, it captures the end-to-end
asymmetry of the helical peptide, as the CR-Cβ bond points
toward the N-terminus (Figure 1). Then, the appropriate free
energy values for each residue are extracted from the empirical
whole-residue scales (side chain plus peptide bond) ofWimley and
White. These contain free energies of transfer from water to the
POPC bilayer interface (26), which we use to map residues at the
membrane interface, or from water to n-octanol (23), used for
residues falling in the membrane acyl chain region. We also
considered partition free energies for the N-terminal and
C-terminal groups (54). Additionally, we use a per-residue correc-
tion of -0.4 kcal/mol to account for peptide folding in the
membrane, corresponding to hydrogen bonding of the amide
NHandCO groups inR-helices. This value has been determined for
the coil to helix transition of melittin in membranes, and it is in
principle justified at least for values of the interface scale (62). Here
we apply it also to the octanol scale since a similar correction has
been calculated for the folding of R-helices in different alcohols (63).

The calculated free energies were converted into probabilities as

Pðd, τ, FÞ ¼ e-½ΔGðd, τ, FÞ=RT � ð1Þ
where R is the gas constant and T the absolute temperature
(taken to be 303 K).
Calculation of Expected 2H NMR Quadrupolar Split-

tings. Virtual (experiment-like) 2H splittings that would corre-

spond to the orientation of CR-Cβ bonds of labeled residues in
our configuration space were back-calculated using the strategy
explained in a previous MD study (43). Briefly, we consider
virtual CD3-labeled Ala residues at the same sequence positions
as those used for experiments. Assuming that the membrane
normal is aligned with the magnetic field, instantaneous static
splittings (Δνins) are back-calculated for each virtual labeled
residue, in each particular state of the full configurational
space, as

Δνins ¼ 3=4ðe2Qq=hÞð3 cos2 θ-1Þ ð2Þ
where e2Qq/h is the nuclear quadrupole coupling constant, taken
to be 168.0 kHz for a CD group (50, 51), and θ is the orientation
of the CR-Cβ bond (the CR-CβD3 vector) with respect to the
membrane normal. The Δνins values are then multiplied by 1/3 to
account for fast motional averaging about the CR-CβD3 bond in
the virtual CD3 splittings. For the complete configurational
space, weighted average splittings (Δνaver) were calculated for
each labeled position, considering the probability of each
sampled state as given by eq 1. Splittings were also obtained
for the minimum free energy state and for the state defined by the
weighted average values of d, τ, and F.

RESULTS AND DISCUSSION

How Do Membrane Peptides Orient, and Why Does
Their Orientation Fluctuate? Similar to the membrane lipids,
the membrane-bound peptides are amphipathic and tend to
accommodate the different residues along their sequence, de-
pending on their physicochemical properties, in the bilayer
hydrophobic core, the interface, or the bulk water. The position
and orientation finally acquired can be rationalized as a global
optimization considering the partition free energy of each
individual residue. In our model, we have sampled all possible
configurations depending on three main rigid-body degrees of
freedom of the peptide and divided the available peptide envir-
onment into three clearly defined regions that are represented by
distinct free energy values for each residue (see Figure 1 and
Methods). The different peptide states are then represented by
sets of {d,τ,F} parameters, each one labeled by their partition free
energy (or by their probability). The global configurational
landscape exhibits an absolute minimum energy (maximum
probability) for a triad of values {dmin,τmin,Fmin}. However, other
low-energy configurations are possible, as we can appreciate
through stability-based probability distributions. For illustrative
purposes, such distributions are represented in three-dimensional
(3D) plots of pairs {τ,d}, {F,d}, and {τ,F} mapped to their
respective probabilities, shown in Figure 2 for WLP23, KLP23,
and PGLa in an implicit DMPC membrane. Alternatively, two-
dimensional distributions can be drawn for each of the three
parameters [corresponding to projections of the 3D plots (see
Figure S1 of the Supporting Information)]. The average values
for each peptide-membrane system studied are collected in
Table 1. The broadness of the 3D distributions shows that the
most probable states reside in shallow free energy minima. This is
due to the fact that variations of the three degrees of freedom
provide multiple ways of changing the relative position of
residues, particularly near the interface, which may end up
partially compensating each other in terms of the total peptide
free energy. For example, by sampling small τ values, KLP23
can easily exchange between the complete range of F values
(Figure 2D), which produces a very broad F peak [compare this
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case withWLP23 (Figure 2A)]. Such relative redundancy of struc-
tural changes occurs especially for peptides in a TM state and for
variations of the azimuthal rotation, thus giving in these cases

broad distributions for the τ dimension and very broad distribu-
tions (with non-zero probability for all angles) for the F dimension
(Figure 2A-F; see also Figure S1 of the Supporting Information).

FIGURE 2: Probability surfaces for states of peptidesWALP23 (A-C),KALP23 (D-F), and PGLa (G-I) in an implicit DMPCmembrane. The
probabilities are calculated using eq 1 from the corresponding free energies. Each pair of variables, {τ,F} (A, D, and G), {τ,d} (B, E, and H), and
{F,d} (C, F, and I), is mapped to the accumulated probability for all states given by the third variable (d for panels A, D, andG, F for panels B, E,
and H, and τ for panels C, F, and I).

Table 1: Summary of Systems Studied andComparison ofOrientational Parameters Obtained fromOurModel with ThoseDetermined fromMDSimulations

and from Experimental NMR Data

from experiments

from partition free energiesb from atomistic MD simulationsc fits without explicit dynamicsd fits with explicit dynamicse

peptide lipida d (Å) τ (deg) F (deg) τ (deg) F (deg) τ (deg) F (deg) τ (deg) F (deg)

WLP23 DMPC -1.0( 2.0 34( 15 180 ( 88 31( 12 173( 58 8 176 -; -;

DOPC -1.0( 2.3 28 ( 16 179( 89 -; -; 5 179 -; -;

WALP23 DMPC -1.0( 3.5 36( 19 178( 94 33( 12 153( 91 6 158 14( 15f 158( 71f

DOPC -1.0 ( 3.5 30( 19 178 ( 94 -; -; 4 154 11( 18f 154( 68f

KLP23 DMPC -0.5( 1.0 11( 10 275( 92 20( 11 206( 104 8 265 -; -;

DOPC -0.5( 1.0 10( 8 313 ( 88 -; -; 6 265 -; -;

KALP23 DMPC -0.5 ( 2.0 11( 11 277( 88 ∼22( 10 -; 8 281 -; -;

DOPC -0.5( 1.3 10( 8 314 ( 91 -; -; 5 273 -; -;

PGLa (S state) DMPC 15.0( 2.8 86( 10 181( 58 -; -; 82 175 82( 17 175( 15

PGLa (T state) DMPC 54 171 55( 11 171( 15

aThe membrane is modeled implicitly, with a hydrophobic thickness of 25.4 Å for DMPC and 27.1 Å for DOPC, and an interface thickness of 5 Å in both
cases. bFrom this work. Averages from distributions( standard deviations. cFrom refs 43 (WLP23 and KLP23), 44 (WALP23), and 65 (KALP23). Averages
from distributions ( standard deviations. dFor all systems, the experimental orientation was determined from 2H NMR quadrupolar splittings. For WALP/
WLP andKALP/KLP peptides, the values are those from refs 7 and 50 determined using a quasi-static version of theGALAmethod (S=0.88). For PGLa, the
values are from data in ref 52, using a fitted order parameter (0 e S e 1) as a way to account implicitly for peptide dynamics. Since in this latter case the
definition of angles in the original experimental studies is different from our definition, we have recalculated such angles using the reported experimental 2H
NMR data and according to our definition (see Methods). eTaken from ref 47, except for the values for WALP23 in DOPC which are calculated here as
explained in ref 47. Missing values correspond to cases with an insufficient number of measured 2H NMR splittings to allow the explicit-dynamics GALA
fits. fBest fit values fall in shallow minima of the error function (47). A wide range of angles and associated Gaussian distributions for the tilt and azimuthal
rotations (see the text) cannot be distinguished within experimental error (∼1-2 kHz).
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In our coarse grained peptide-implicit membrane systems,
anchoring is achieved exclusively depending on the preference of
residues near the hydrocarbon to interface transition (and to a
smaller extent near the interface to water transition) for either of
these regions, as dictated by their respective partition free energy
values. In such a model, the lack of specific interactions at fixed
positions between the peptide side chains and the lipid headgroups
might be seen as promoting wider distributions. However, in real
membranes, the interacting groups from the lipids also fluctuate in
position, effectively widening the orientation distributions of
membrane-bound peptides. In agreement with these ideas, dis-
tributions similar to the ones reported here were also obtained
from all-atomMD simulations (43, 44). We should also note that
the distributions reported here apply to only monomeric peptides,
which for the cases studied is supported by experiments (2, 64).

The tilts of W-flanked TM peptides are smaller in thicker
membranes (27.1 Å, in DOPC) than in thinner membranes
(25.4 Å, in DMPC), as expected from a smaller hydrophobic mis-
match in the former (see Table 1 and Figure S1B of the Supporting
Information). On the other hand, the K-flanked peptides show
clearly smaller tilts than the W-flanked peptides for the same
membrane thickness, as it corresponds to a contribution of Trp
residues to the peptide hydrophobic length. In fact, the two
K-flanked peptides appear to reach near hydrophobic matching
conditions already for DMPC (Table 1), since the average tilt
reaches the proposed minimum tilt value (∼10�) (65) and keeps
almost the same for the thicker implicit DOPC membrane. The
azimuthal rotation angle distributions are not very sensitive to the
membrane width or the nature of the peptide core (either L-based
or AL-based) but depend on the type of flanking residue (see
averaged values in Table 1). Although Trp or Lys is located at the
same angular position about the helix axes in the respective
peptides, the different partition free energies of these residues
translate into the selection of clearly different F angles. Thus,
KLP23 andKALP23 prefer mean F angles near 300�, which better
accommodates the polar Lys at the interface, while the tendency of
Trp toward the apolar core gives a preferred average F of∼180� for
WLP23 and WALP23. Nevertheless, the large width of the F
distributions shows that the peptide rotation is only weakly
constrained, which predicts strong dynamics for these systems.

In contrast to the orientation angles, the distance of membrane
insertion is a well-defined parameter. For the TMmodel systems,
the peaks are placed around the center of the membrane, with an
approximate symmetry reflecting the relative end-to-end symme-
try of the peptide sequences (Figure 2B,C,E,F). However, there is
a clear tendency for a negative d (Table 1), related to differences in
partition free energies from different N- and C-terminal parts
(including capping groups) and the fact that the CR-Cβ bonds
project the side chains toward the N-terminus (Figure 1).

The natural amphipathic peptide PGLa exhibits a behavior
clearly different from that of TM peptides. Its free energy-based
distributions show a more constrained orientation, with the helix
laying almost flat in the membrane and narrower τ and F
distributions going down to zero probability outside the repre-
sentative states (Figure 2G-I). In this binding mode, the depth
position plays an important role for the adjustment of the peptide
to the membrane. The distribution of d indicates that the peptide
resides mostly immersed in the hydrophobic slab, although near
the membrane interface where the polar residues, especially the
charged Lys, can gain access. There, it appears to occupy a broad
region with two partially overlapping peaks at d values of ∼13
and∼16 Å (Figure 2H,I). Both positions are compatible with the

same tilt distribution (Figure 2H), although each one selects a
different azimuthal rotation distribution (Figure 2I), both pla-
cing the Lys residues toward the water phase and corresponding
to F values of ∼150� and ∼200�, with an average at ∼180� (see
also Figure S2 of the Supporting Information). Such a config-
uration coincides nicely with that found experimentally at a 1:200
peptide:lipid molar ratio (monomeric PGLa, S state) but is
clearly distinguishable from that assayed at a 1:50 peptide:lipid
molar ratio (dimeric PGLa, T state) (Table 1) (52).

From this analysis, we can conclude that monomeric mem-
brane-bound peptides in the two most typical configurations
(across the membrane and flat in the membrane interface) are
expected to be highly mobile. In what follows, we give a detailed
comparison to available 2H NMR experimental data, with direct
predictions of 2H splittings, and discuss implications of peptide
dynamics for the experimental interpretations.

COMPARISON WITH EXPERIMENTS

Orientation Angles. The orientations of WLP23/WALP23
and KLP23/KALP23 have been extensively studied by 2H
NMR (7). The literature values were calculated from fits of a
model assuming R-helices with limited mobility (fixed order
parameter S = 0.88, geometric analysis of labeled alanines,
GALA), listed in Table 1 (7, 51). For PGLa, the orientation has
also been elucidated from 2H NMR experiments, in this case
analyzed using a simplified dynamic model that accounts for
mobility by fitting an order parameter scaling factor 0 e S e 1
(implicit dynamicGALA) (52, 53).We have shown recently that it
is possible to perform an alternative analysis of the 2H splittings, in
most cases with improved results, by fittingmodels that consider a
mobile rigid helix via Gaussian fluctuations of the tilt and
azimuthal rotation (explicit dynamic GALA) (47). This analysis
was conducted under the assumption of fast axial diffusion and
off-axis (wobbling) motions of the peptides (on the 2HNMR time
scale) which was based on relaxation studies on similar sys-
tems (42). The alternative dynamic fits demonstrate that the tilt
is particularly model-dependent, especially for TMpeptides (small
to moderate τ) with vigorous rigid-body mobility. In contrast, the
rotation angle F is practically independent from the consideration
of dynamics in the analysis (43, 47), which means that this
structural parameter can be unambiguously determined from
experimental 2H splittings. Because the explicit dynamic analysis
uses extra adjustable parameters in the fit, a large number of
experimental splittings is needed, available only for WALP23 and
PGLa. The values obtained from explicit dynamic GALA fits for
these latter peptides are also given in Table 1.

As described previously (47), in the case of monomeric PGLa,
aligned almost flat in the membrane and with small angular
fluctuations, there is no variation of the τ and F angles if they are
determined either using the implicit dynamic or the explicit
dynamic GALA analysis. For the case of a low peptide concen-
tration (1:200 peptide:lipid molar ratio, monomeric S state)
(2, 52), both experimental angles compare nicely with the
corresponding weighted average values from our free energy-
based distributions (Table 1). Of note, even a small deviation of τ
from a completely flat alignment (<10�), which places the
amidated C-terminus in a slightly more inserted position com-
pared to the N-terminal amine group, is predicted by our model.

For TM peptide WALP23, the main effect of including
dynamics in the experimental analysis is a substantial increase
in τ, now a mean of a Gaussian distribution (47). However, the



11446 Biochemistry, Vol. 48, No. 48, 2009 Esteban-Martı́n et al.

tilts predicted from our partition free energy landscape appear to
be larger than the experimental values, even if these latter values
are determined using the dynamic GALA fits (Table 1). Never-
theless, we have shown that in the case of highly mobile TM
peptides the use of Gaussian distributions of the orientation
angles appears still to be insufficient to remove the uncertainty of
the extracted tilts, since the best fit values fall in shallow minima
of the error functions (47). For example, in the case ofWALP23,
good fits to experimental splittings (rmsd < 1 kHz) can be
obtained for mean τ values in a wide range from 8� to 24� in
DMPC, and from 4� to 24� in DOPC. In contrast, when
experimental F angles are compared with results from the
partition free energy landscapes, the agreement is generally good
(Table 1), especially considering the complexity and large width
of the F distributions. Note also that in this study the difference
between the F angles for W-flanked and K-flanked peptides
originates exclusively from the free energy values of Trp and Lys
(as all the rest is the same for the two types of peptides). This
stresses the importance of the flanking residues in determining
the F structural parameter and supports as well the validity of our
strategy, despite the absence of specific interfacial interactions.

2HNMRSplittings.A direct comparison with measured 2H
NMR splittings, instead of angles determined from these data,
avoids the problems related to limitations of the method chosen
for the experimental analysis (43, 47). For that we back-calcu-
lated averaged splittings corresponding to our free energy-based
distributions, assuming fast reorientational motions of the pep-
tide compared to the 2H NMR scale (42, 66). The comparison is
made in a correlation plot using experimental splittings from the
literature [for WLP23, WALP23, KLP23, and KALP23 in
membranes of either DMPC or DOPC (7, 50) and for PGLa in
DMPC (53, 52)] and predicted splittings calculated from the free
energy-based distributions (Figure 3). The few negative splittings
are from PGLa, for which the sign is know through a parallel
19F NMR study (53). For the rest, we represent absolute values.

Notably, for splittings calculated considering the complete
configurational space, the correlation with experimental values is
very good (Figure 3A, filled circles). The slight underestimation
of the predicted splittings might be due to a somewhat over-
estimated peptide dynamics in our model, probably because of
the lack of specific interfacial interactions (mentioned above). In
contrast, a poor correlation was found for splittings calculated

from single states, being either the minimum free energy state or
the averaged state (Figure 3B). This result supports the possibility
that it is the complete distribution of position and orientation
states that best represents dynamic peptide-membrane systems,
instead of unique states. Additionally, it strengthens the impor-
tance of considering distributions for the NMR analysis of such
systems. Because these are direct comparisons to measured
2H NMR quantities, the correlation in Figure 3A overall indi-
cates that the frequency distributions of positional and orienta-
tional parameters, calculated from experimental partition free
energies, represent good approximations to the real distributions
and are then useful for describing the rigid-body orientation
and dynamics of membrane peptides. For example, the predicted
2H splittings in the case of PGLa compare much better with
experimental results obtained at a 1:200 peptide:lipid molar ratio
[Figure 3A (b)] than at a 1:50 molar ratio [Figure 3A (/)]. This is
also observed in a comparison of the orientation angles (Table 1)
and is in agreement with the reported conclusion that the
monomeric state of PGLa (as modeled here) corresponds to
the case of a low peptide concentration (so-called S state), in
contrast to a tilted (T) state, found at a higher concentration and
described as a dimer (2, 52).

The orientation and dynamics of model TM peptides with
emphasis on the distributions of τ and F angles and their
implication forNMRexperimental analysis has been investigated
before byMDstudies at atomic resolution (43, 44). For these and
other simulations reporting average τ and F angles, the values are
also given in Table 1. The agreement with values from our
stability-based distributions is very good in the case of the two
W-flanked peptides, both for the averaged values of τ and F and
for their standard deviations. With respect to the K-flanked
peptides, the widths of distributions also agree well; however, the
averaged tilts from the free energy landscapes are clearly smaller
than the averages fromMD trajectories, and there is a significant
offset in the case of F [available from only MD for KLP23 in
DMPC (43)]. Nevertheless, the angles from the free energy
analysis agree better with the experimental angles (Table 1),
which may indicate insufficient sampling in the case of MD
simulations. For the analysis of peptide reorientation, atomistic
MD simulations are limited by the time scale available, today on
the order of hundreds of nanoseconds, which is still small
compared with typical relaxation times of the peptide rotational

FIGURE 3: Correlation plots between experimental 2H NMR splittings and virtual splittings back-calculated (predicted) from free energy
landscapes. Only splittings that were well resolved in experiments are included in the figure. In panel A, the predicted splittings are weighted
averages considering the probability of each sampled state from the full configurational space. The black line is a linear fit of points represented as
filled circles (black and gray colored). The gray filled circles correspond to data formodel transmembrane peptides, for which experimental values
are from 2H solid-state NMR measurements of D3C-Ala-labeled WLP23, KLP23, KALP23 (from ref 7), and WALP23 (from ref 50), in
membranes of eitherDMPCorDOPC. For none of these studies is there experimental information about the sign of the splitting (as it is normally
the case), and thus, the predicted splittings are taken as absolute values. The black filled circles correspond to data for D3C-Ala-labeled PGLa in
DMPC at a 1:200 peptide:lipid molar ratio (experimental values from ref 52). In this case, the sign is known from a parallel 19F NMR study (53).
Stars correspond to data for PGLa inDMPC at 1:50 peptide:lipid molar ratio (52) (not used for the linear fit). In panel B, the predicted splittings
are values calculated for single states corresponding to either the average state (white circles) or the minimum energy state (black diamonds).
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motions (42, 67). However, for the free energy-based distribu-
tions, the sampling of rigid-body configurations is complete. It is
then interesting that such global distributions overlap well with
the MD distributions. Similarly, recent coarse-grained MD
simulations, where the time limit is easily broken, have shown
regular tilt distributions that superimposewith those from a set of
comparable atomistic MD runs and compare well with the ones
described here (68).

Most encouraging is the fact that, despite their particular
limitations, both MD (43, 44, 46, 48) and the free energy-based
analysis reproduce fairly well experimental solid-state NMR
parameters, meaning that they both yield good descriptions of,
at least, monomeric peptides in membranes. However, compared
to the atomistic MD studies, the free energy analysis described in
this work has the additional advantage of allowing exploration of
a complete orientational space and being easily affordable at a
very low computational cost. Such computational simplicity and
good prediction capacity make it a good auxiliary method for
experimental analysis, at least of 2H NMR data.

CONCLUSIONS

The positional and orientational order of lipids in biological
membranes defines a complex environment that conditions the
binding mode (relative position and orientation) of membrane
peptides and proteins. We have demonstrated that, at least for
monomeric peptides, such relative placement obeys simple rules
and can be predicted from a global free energy landscape as a
function of the tilt, azimuthal rotation, and insertion depth, based
on empirical partition free energies of individual amino acid
residues. Each of these parameters governs the total peptide free
energy in a different manner, although they are coupled to each
other. This, and the broad distributions of the tilt and azimuthal
rotation, illustrate the dynamic character of these monomeric
membrane peptides, for which large rigid-body fluctuations
appear to be an intrinsic property (especially for the TM cases).

The comparison with experimental orientation angles is diffi-
cult, because of the importance of the distributions, which are
unknown in reality, for the experimental analysis. However, a
more direct comparison using measured 2H NMR splittings and
corresponding virtual values back-calculated from our free energy
landscapes shows a very good correlation of both sets of values,
provided the complete distributions, rather than single minimum
energy or averaged states, are chosen. This stresses the importance
of considering dynamics for the NMR experimental analysis and
shows that for the case of membrane peptides such dynamics can
be predicted using simple and fast approaches. Finally, we have
also seen that an optimized placement and orientation makes a
clear difference in the relative stability of the protein fragments in
membranes. Thus, we can expect that implementing such an
optimization in the algorithms used for the prediction of TM
fragments should have the capacity to improve their results.

SUPPORTING INFORMATION AVAILABLE

Two figures showing the probability distributions (two-dimen-
sional plots) of the depth of membrane insertion (d), tilt (τ), and
azimuthal rotation (F) of studied peptides. This material is
available free of charge via the Internet at http://pubs.acs.org.
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