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NMR-Based Simulation Studies of Pf1 Coat Protein in Explicit Membranes
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ABSTRACT As time- and ensemble-averaged measures, NMR observables contain information about both protein structure
and dynamics. This work represents a computational study to extract such information for membrane proteins from orientation-
dependent NMR observables: solid-state NMR chemical shift anisotropy and dipolar coupling, and solution NMR residual dipolar
coupling. We have performed NMR-restrained molecular dynamics simulations to refine the structure of the membrane-bound
form of Pf1 coat protein in explicit lipid bilayers using the recently measured chemical shift anisotropy, dipolar coupling, and re-
sidual dipolar coupling data. From the simulations, we have characterized detailed protein-lipid interactions and explored the
dynamics. All simulations are stable and the NMR restraints are well satisfied. The C-terminal transmembrane (TM) domain
of Pf1 finds its optimal position in the membrane quickly (within 6 ns), illustrating efficient solvation of TM domains in explicit
bilayer environments. Such rapid convergence also leads to well-converged interaction patterns between the TM helix and
themembrane, which clearly show the interactions of interfacial membrane-anchoring residues with the lipids. For the N-terminal
periplasmic helix of Pf1, we identify a stable, albeit dynamic, helix orientation parallel to the membrane surface that satisfies the
amphiphatic nature of the helix in an explicit lipid bilayer. Such detailed information cannot be obtained solely from NMR observ-
ables. Therefore, the present simulations illustrate the usefulness of NMR-restrained MD refinement of membrane protein struc-
ture in explicit membranes.
INTRODUCTION
NMR spectroscopy can provide high-resolution three-
dimensional (3D) structures of membrane proteins
embedded in phospholipid bilayers or bicelles, or dis-
solved in detergent micelles (1–3). A significant advantage
of this technique is that NMR observables represent time-
and ensemble-averaged structural restraints, and therefore
provide information about protein dynamics that can be
used to study collective motions relevant to protein
function (4–7). NMR studies performed in lipid bilayers
or bicelles have the most biological relevance because
they capture the structures and dynamics of membrane
proteins in their native-like membrane environment.
Membrane proteins can be reconstituted in phospholipid
proteoliposomes, planar bilayers, or bicelles, for solid-state
NMR structure determination, as described recently for
the influenza virus M2 proton channel (8), the human
chemokine receptor CXCR1 (9), and the membrane-
anchored electron-carrier protein Cytochrome b5 (10).
Furthermore, significant progress has been made in
incorporating membrane proteins in phospholipid nano-
discs for solution NMR structural studies, as described
recently for the bacterial b-barrel outer membrane protein
OmpX (11).

Computational methods for NMR protein structure deter-
mination are designed to effectively translate NMR observ-
ables into 3D structures with minimal deviations between
the calculated and the experimental observables (12). How-
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ever, with few exceptions (e.g., influenza M2 (8)), most
NMR structure calculations do not consider explicit pro-
tein-solvent or protein-lipid interactions, although the latter
has profound effects on membrane protein structure and
function (13,14). Including the proper environment in
NMR structure determination significantly influences calcu-
lations of protein structure and dynamics. For example, it
has been shown that a solution NMR-restrained molecular
dynamics (MD) simulation protocol, using either a general-
ized Born implicit solvent model or an explicit solvent wa-
ter model, yields soluble protein structures with more
favorable backbone dihedral angles (14). Furthermore, for
the solution NMR structure of an integral membrane
signaling complex (DAP12-NKG2C) determined in mi-
celles (15), NMR-restrained MD refinement in explicit mi-
celles and bilayers yields a more favorable and realistic
arrangement of a key Asp residue, compared to refinement
in vacuum (16). Notably, the results of refinement in these
more realistic environments are consistent with mutagen-
esis studies while still satisfying the NMR observables.
These improvements suggest that there could be multiple
structures that are degenerate to the NMR observables
and the proper environment must be taken into account to
extract the conformations likely adopted in the native-like
environment.

In the DAP12-NKG2C example, the NMR observables
consisted solely of nuclear Overhauser effect (NOE) dis-
tance restraints. However, recent methods for NMR struc-
ture determination of membrane proteins rely significantly
on orientation restraints derived from measurements of
chemical shift anisotropy (CSA), dipolar coupling (DC),
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and residual DC (RDC) signals, as well as on dihedral angle
restraints derived from measurements of isotropic chemical
shift (CS) frequencies. Such restraints are used increasingly
for membrane protein structure determination, where NOE
distance measurements are more challenging to obtain.
Orientation restraints are particularly valuable in solid-state
NMR studies performed in lipid bilayers or bicelles where
they provide information about a protein’s 3D structure as
well as its orientation with respect to the membrane. Orien-
tation restraints could be equally valuable if measured for
samples of proteins in nanodiscs by solution NMR.

In this study, we describe a restrained MD simulation pro-
tocol for membrane protein structure calculation and refine-
ment in explicit phospholipid bilayer membranes, which can
incorporate a wide range of NMR observables, including
CSA, DC, and RDC orientation restraints measured by
solid-state NMR and solution NMR. This approach over-
comes the limitations associated with NMR structure cal-
culations in the absence of solvent. NMR-restrained MD
simulations performed in explicit membranes consider pro-
tein-lipid interactions explicitly and thus maximize the in-
formation content of experimental NMR restraints
measured for membrane-embedded proteins. Furthermore,
they can facilitate structure determination and remove ambi-
guities in cases where only sparse restraints can be
measured for side-chain sites. As a first application, we
use the membrane-bound form of the major coat protein
of bacteriophage Pf1, whose structure was determined
recently by combining solid-state NMR and solution
NMR orientation and dihedral angle restraints (17). The
structure is composed of a N-terminal, amphipathic peri-
plasmic (PP) helix (residues 5–15) that aligns parallel to
the lipid bilayer surface, a short linker, and a C-terminal
transmembrane (TM) helix (residues 23–45) that adopts a
tilt of ~30� relative to the lipid bilayer normal.

Here, we refine the Pf1 coat protein structure, charac-
terize detailed protein-lipid interactions, and explore its dy-
namics by performing restrained MD simulations in
explicit lipid bilayer membranes using the NMR observ-
ables: 15N CSA and 1H-15N DC obtained by solid-state
NMR, and 1H-15N RDC obtained by solution NMR. In
addition, performing the simulations in explicit membranes
allows us to determine the protein’s depth of insertion into
the lipid bilayer, which cannot be directly characterized
from NMR observables without consideration of explicit
protein-lipid interactions. Finally, we consider the validity
of pooling structural restraints extracted from different
sample types (e.g., bilayers and micelles) for NMR struc-
ture determination. The restraints for Pf1 coat protein
were measured in two types of samples: lipid bilayers for
solid-state NMR and detergent micelles for solution
NMR. Highly converged, consistent results obtained by us-
ing only the solid-state NMR restraints and excluding the
solution NMR RDC restraints from the MD simulations
suggest that a hybrid approach, combining restraints from
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different sample types, is not valid, at least for Pf1 coat
protein.
MATERIALS AND METHODS

Restraint potentials for CSA, DC, and RDC

In this work, we used the solid-state NMR (18) and RDC restraint potentials

(19) implemented in CHARMM (20), in which a simple harmonic potential

was applied to restrain each NMR property calculated from protein struc-

ture at each time step (ccalc) to the experimental value (cexp)

Uc ¼
XNc

i¼ 1

kcðccalc
i � c

exp
i Þ2; (1)

where c is either 15N CSA, 1H-15N DC, or 1H-15N RDC, Nc is the number

of target experimental observables, and kc is the force constant; see (18,19)

for detailed calculation methods for each NMR property. Note that in the

case of 1H-15N RDC, the alignment tensor is a variable and the forces

from the alignment tensor are explicitly considered in the RDC restraint po-

tential (19,21).

The total number and types of restraints used in the calculations are listed

in Table 1. The solution NMR 1H-15N RDC restraints were derived from

two types of samples: Pf1 coat protein in micelles weakly aligned with fd

bacteriophage; and Pf1 coat protein in micelles weakly aligned with

stressed polyacrylamide gels (17). The optimal force constants in Eq. 1

were empirically determined by testing different sets of values and exam-

ining their effects on restraint violations and embedded dynamics. To avoid

an overfitting of the protein structure to the experimental data, cross-valida-

tion of restraint potentials with different force constants is commonly used

(22–24). We used a similar approach and determined an optimal set of force

constants for kCSA ¼ 0.01 kcal/(mol$ppm2), kDC ¼ 0.5 kcal/(mol$kHz2),
and kRDC ¼ 5.0 kcal/(mol$Hz2).
Restrained MD simulations in explicit bilayers

To investigate the influence of mixed restraints derived from solid-state

NMR and solution NMR experiments, we setup two simulations: simula-

tion S1 using only solid-state NMR (DC, CSA) restraints, and simulation

S2 using both solid-state NMR (DC, CSA) and solution NMR (RDC) re-

straints. In addition, we performed a third simulation S2�RDC, in which

we extended the simulation S2 after removing the RDC restraints at

25 ns of S2.

The Membrane Builder module (25,26) in CHARMM-GUI (www.

charmm-gui.org) (27) was used to insert the Pf1 coat protein structure

(average NMR structure in PDB:2KSJ) (17) into a bilayer composed of a

9:1 mixture of 108 DOPC (di-oleoyl-phosphocholine) molecules and 12

DOPG (di-oleoyl-phosphoglycerol) molecules, consistent with the experi-

mental conditions (17). Furthermore, 0.15 M KCl was used for all simula-

tions. Because NMR observables themselves do not provide direct

information about insertion depth in a membrane bilayer, we setup two

initial models (M1 and M2) of the protein embedded in lipid bilayers

(Fig. 1). In initial model M1, the TM helix was embedded in the bilayer

and the PP helix fully solvated by water. In initial model M2, the C-termi-

nus of the TM helix protrudes out of the lipid bilayer (lower leaflet) and the

PP helix is embedded in the lipid headgroup region. Initial models M1 and

M2 were each used to setup simulations with systems S1 and S2.

For each of these four simulations (S1/M1, S1/M2, S2/M1, S2/M2), the

system was replicated and assigned with different initial velocities to

generate three independent simulation systems, resulting in a total of 12

simulations. All calculations were performed in NPT (constant particle

number, pressure, and temperature) ensembles (28) at 303.15 K using

CHARMM (20) with the CHARMM all-atom protein force field (29)

http://www.charmm-gui.org
http://www.charmm-gui.org


TABLE 1 Restrained MD refinement statistics

S1/M1 S1/M2 S2/M1 S2/M2

Number of experimental NMR restraintsa

15N CSA (23 for TM helix; 3 for PP helix) 26 26 26 26
1H-15N DC (for TM helix) 23 23 23 23
1H-15N RDC phage (25 for TM helix; 18 for PP helix) 43 43
1H-15N RDC gel (23 for TM helix; 17 for PP helix) 41 41

Deviation from NMR restraintsb

15N CSA (ppm) 7.3 5 1.5 6.6 5 1.3 8.2 5 1.1 8.8 5 1.1
1H-15N DC (kHz) 1.0 5 0.2 1.0 5 0.2 1.3 5 0.2 1.3 5 0.2
1H-15N RDC phage (Hz) 1.2 5 0.1 1.2 5 0.1
1H-15N RDC gel (Hz) 1.3 5 0.1 1.3 5 0.1

Deviation from NMR structure (Å)c

Residues 5–43 4.6 5 1.2 4.4 5 1.0 3.7 5 0.5 3.8 5 0.5

Residues 5–13 (PP helix) 0.9 5 0.3 0.8 5 0.1 1.1 5 0.1 0.9 5 0.2

Residues 21–43 (TM helix) 0.9 5 0.3 1.0 5 0.1 0.9 5 0.1 0.7 5 0.1

aCSA and DC restraints were derived from solid-state NMR experiments with Pf1 in lipid bilayers oriented with njjBo. RDC restraints were derived from

solution NMR experiments with Pf1 in micelles weakly aligned with phage or stressed gels.
bEvaluated as RMSD.
cEvaluated as RMSD for backbone atoms.
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including the dihedral cross-term correction (30), the CHARMM36 lipid

force field (31), and a modified TIP3P water model (32). To consider poten-

tial difference in the number of lipid molecules at the top leaflet depending

on the location of the PP helix (i.e., M1 or M2), we have used the P21 pe-

riodic boundary condition (33) to allow the lipid molecules to move be-

tween the top and bottom leaflets of the bilayer during the simulations. A

time step of 1 fs was used with the SHAKE algorithm (34). Each initial sys-

tem was equilibrated for 300 ps with the nonbonded and dynamics options

in the Membrane Builder input; the van der Waals interactions were

smoothly switched off at 10–12 Å by a force-switching function (35),

and the electrostatic interactions were calculated using the particle mesh

Ewald method (36) with a mesh size of ~1 Å for fast Fourier transformation,

k ¼ 0.34 Å�1, and a sixth-order B-spline interpolation. After equilibration,

a 40-ns production run was performed for each system. All the results are

presented as an average of three independent simulations and the variations

are the standard deviations from the average.
FIGURE 1 Initial structural models, M1 and M2, used for MD simula-

tions of Pf1 coat protein in explicit lipid bilayers. (A) Model M1 has the

TM helix well embedded in the lipid bilayer and the PP helix fully solvated

by water. (B) Model M2 has the C-terminus of the TM helix protruding out

of the lipid bilayer and the PP helix well embedded in the lipid headgroup

region. Water molecules are shown as blue dots, the protein is shown in

green, lipid hydrocarbon chains are shown as gray sticks, and lipid

headgroup phosphorus atoms as orange spheres. Ions are omitted for

clarity.
RESULTS AND DISCUSSION

Validation of restrained simulations

The average root mean-squared deviation (RMSD) between
calculated and experimental NMR observables provides a
direct measure of restraint violations in the MD-refined
structures. The data in Table 1 and Fig. S1 in the Supporting
Material show that the MD-refined structures in all four sim-
ulations satisfy the NMR observables and have a precision
that is comparable to those reported for the structure of
membrane-bound Pf1 coat protein determined by NMR
and refined with XPLOR-NIH (17). The typical experi-
mental errors for these NMR data are <0.5 Hz for RDCs,
0.3 kHz for DCs, and 5–10 ppm for CSAs.

For the individual TM and PP helices, the average back-
bone RMSDs from the average NMR structure are around
1 Å in all simulations (Table 1), indicating that these seg-
ments of the protein are stable. However, when the entire
structure is considered, the RMSDs are >3.5 Å in all simu-
lations, suggesting that the relative orientations of the TM
and PP helices are less well defined, potentially due to a
flexible linker and/or difficulties in determining a helix-
helix orientation using only orientation-dependent NMR
observables. Nonetheless, the MD-refined structures in lipid
bilayers can provide more information about protein-lipid
interactions and protein dynamics (see below).
Depth of membrane insertion

To quantify the protein’s depth of insertion in the lipid
bilayer, the membrane insertion depth is defined as the z co-
ordinate of TM center of mass (zTM-COM), with the phospho-
lipid bilayer normal aligned parallel to the z axis and
centered at z ¼ 0. Fig. 2 shows the change in zTM-COM

with time during the MD simulations. At the start of the
Biophysical Journal 105(3) 691–698



FIGURE 2 Depth of TM helix membrane insertion. Distribution of the

position of the TM helix’s heavy atom center of mass along the membrane

normal (i.e., the z axis) obtained at different times of MD simulation for sys-

tem S1 (A–D) and S2 (E–H) starting from models M1 (red) and M2 (black).

Distributions were calculated for MD trajectories of (A, E) 0–0.2 ns, (B, F)

2–3 ns, (C, G) 5–6 ns, and (D, H) 6–40 ns.
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simulations, the values of zTM-COM reflect the depth of mem-
brane insertion of the initial models M1 and M2 (Fig. 1); the
TM helix of M1 is well embedded in the bilayer hydropho-
bic core region and has a larger zTM-COM value, whereas the
TM helix of M2 is not well embedded and has a smaller zTM-

COM value (Fig. 2, A and E). However, within 6 ns of MD,
the TM helix of M2 moves toward that of M1 (Fig. 2, B–
D, F–H), showing a rapid convergence of TM helix solva-
tion in the membrane environment.

Interestingly, a relatively large range (~8 Å) of TM helix
thermal motion along the membrane normal is observed in
the last 34-ns MD, reflected as a greater distribution of
zTM-COM ranging from ~0 to �8 Å (Fig. 2, D and H).
Even at the limits of this large distribution (�8 Å and
TABLE 2 TM helix orientation calculated from last 10 ns of restrain

S1/M1 S1/M2

TM helix tilt (deg)a 28.2 5 1.7 29.2 5 1.4

TM helix rotation (deg)b 188.7 5 11.9 185.5 5 10.0

aDefined as the angle between the helix principal axis and the lipid bilayer nor
bDefined as the angle between the perpendicular vector (rs) from the helical axi

made by the second and third principal axes. The sign of the rotational angle be

negative otherwise (41).
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0 Å), only a few TM hydrophobic residues near the mem-
brane interface interact with water molecules occasionally
(Fig. 3) because both the protein and the contact lipid mol-
ecules can dynamically adjust to each other. This observa-
tion emphasizes the fluidity of the membrane and the
dynamics of the protein-environment interactions. Instead
of statically staying in the membrane, the protein constantly
moves together with several proximal lipids within ther-
mally allowed extents, at least for a single-pass TM helix
such as Pf1 coat protein.
TM helix orientation, dynamics, and lipid
interactions

In all MD-refined systems, the TM helix orientations are
similar with small fluctuations in terms of the tilt angles
with respect to the membrane normal and the rotation angles
along its principal axis (Table 2). These orientations are also
very similar to those measured from the NMR (PDB:2KSJ)
structure.

Solid-state NMR CSA and DC observables provide infor-
mation about the protein’s orientation in the lipid bilayer. In
a recent study with solid-state NMR ensemble dynamics
simulations of VpuTM, the TM helix of the HIV viral pro-
tein Vpu, the fluctuations in helix orientation are larger in
the ensemble dynamics simulations than those determined
from single conformer simulations restrained by solid-state
NMR data (22,38). With less strict restraints in the former,
the variations in helix tilt and rotation increase to 9� and
50� in terms of standard deviations, respectively, similar
to the values observed for restraint-free MD simulations.
Therefore, the smaller variations observed for Pf1 coat pro-
tein in this study (Table 2) are possibly due to the strong in-
fluence of the applied solid-state NMR restraints.

All four MD-refined systems display a similar pattern of
interactions between the TM helix and the lipid molecules
(Fig. 3). In general, the hydrophobic match between the hy-
drophobic lipid bilayer thickness and the length of the TM
domain contributes to the TM helix orientation (39–43).
Specifically, there are five polar or charged residues (Y25,
Y40, S41, R44, and K45) located at the water-membrane
interface of the TM helix, (Fig. 3 E), which interact exten-
sively with the lipids (Table 3) and help stabilize the TM he-
lix orientation and depth of membrane insertion. Indeed,
after 10 ns of MD simulation, the TM helix orientation,
ed MD

S2/M1 S2/M2 PDB: 2KSJ

29.0 5 1.3 29.4 5 1.4 27.0 5 1.2

190.8 5 8.4 190.8 5 8.6 192.1 5 13.2

mal.

s to G28 Ca atom and the projection vector (zp) of the z axis onto the plane

comes positive if zp � rs is in the opposite direction to the helical axis, or



FIGURE 3 Interactions between residues and solvent. The graph shows the frequency with which each one or more atoms of a specific residue is found

within 4 Å of a lipid hydrocarbon site (gray), lipid headgroup site (orange), or water molecule (blue), after MD simulations with system (A) S1/M1, (B) S1/

M2, (C) S2/M1, and (D) S2/M2. Data are from the last 10 ns of MD trajectory. The PP and TM helices are designated by green boxes and dashed lines. (E)

Residues important for stabilizing TM and PP helix orientations relative to the membrane. Some residues, i.e., A7 and S10, cannot be seen in this side view.
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depth of membrane insertion, and pattern of protein-envi-
ronment interactions are converged to similar values.
Periplasmic helix orientation, dynamics, and
interactions

Although the TM helix orientations are similar in all sys-
tems, the PP helix behaves differently with strong depen-
dence on the types of NMR restraints as well as the
starting model used in the MD simulations. Compared to
the 10 structures in the NMR ensemble of PDB:2KSJ, which
show small variations of the PP helix tilt angle (68� 5 3�),
the restrained MD simulations produced structures with
larger flexibility (Fig. 4).

In system S1, where simulations were performed using
only solid-state NMR restraints, the PP helix tilt angle
ranges from 40� to 90� regardless of which initial model,
M1 or M2, was used (Fig. 4 A). The average PP helix tilts
obtained in these cases are consistent with the 68� tilt ob-
tained for the NMR structures calculated previously.
Furthermore, for both M1 and M2 initial models, the PP he-
lix displays a similar pattern of interactions with the mem-
brane lipids (Fig. 3), even though in model M1, the PP
helix started out fully solvated by water with little lipid in-
TABLE 3 Frequency of interaction between TM helix polar or

charged side chains and phospholipid headgroups observed

in the last 10 ns of restrained MDa

S1/M1 S1/M2 S2/M1 S2/M2

Tyr-25 0.91 0.92 0.89 0.93

Tyr-40 0.81 0.73 0.61 0.95

Ser-41 0.95 0.90 0.62 0.82

Arg-44 1.00 1.00 1.00 0.96

Lys-45 0.77 0.96 0.77 0.93

aThe interaction occurs when any heavy atom of a particular residue’s side

chain is within 4 Å of a lipid headgroup atom.
teractions (Fig. 1). This indicates good convergence of the
solid-state NMR restrained MD simulations.

In system S2, where simulations were performed using
both solid-state NMR restraints and solution NMR RDC re-
straints, the simulations with starting models M1 and M2 do
FIGURE 4 Orientation and depth of membrane insertion of the PP helix.

(A–C) Distribution of PP helix tilt angle relative to the membrane normal

(i.e., the z axis). (D–F) Distribution of PP heavy atom center of mass posi-

tion along the z axis. Distributions were calculated from the last 10 ns of

MD trajectory for systems S1, S2, and S2-RDC starting with models M1

(red) and M2 (black). The dashed lines mark the average helix tilt angle ob-

tained for the NMR structure (PDB:2KSJ).
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FIGURE 5 Snapshots showing the interactions between Pf1 coat protein

PP helix and lipid molecules in (A, B) system S1 and (C, D) system S2. The

protein is shown in green. Residues in PP helix are shown as sticks. Lipids

are shown as gray lines; those contacting with PP helix are drawn as sticks.

Lipid headgroup phosphorus atoms are presented as orange spheres. Water

molecules and lipids blocking the views are omitted for clarity.

696 Cheng et al.
not converge to a single tilt angle distribution. Instead, each
simulation yields a separate helix tilt distribution, as evi-
denced by the presence of two distinct peaks each associated
with either model M1 or M2 (Fig. 4 B). Simulations that
were initiated with model M1 converge to a PP helix tilt
of 55� with a range of 45� to 65�. By contrast, simulations
initiated with model M2 converge to a PP helix tilt of 75�

with a range of 65� to 80�. To examine the contribution of
the RDC restraints to this bimodal distribution of tilt angles,
we removed the RDC restraints from the system S2 at 25 ns,
and continued the MD simulations for an additional 10 ns
with models M1 and M2 (Fig. 4 C). Within 5 ns of MD
simulation with this new system (S2�RDC), the PP helix re-
oriented toward the membrane and its orientation converged
toward the 68� tilt angle observed for simulation S1, regard-
less of the initial model. After removing the RDC restraints,
the population of structures with small PP helix tilt angles
(>60�) diminished rapidly.

Therefore, this result in system S2 (Fig. 4 B) may be due
to the presence of degenerate orientation solutions possible
for RDC restraints, and also indicates the conflicting influ-
ences of solution NMR RDC and solid-state NMR CSA re-
straints on the PP helix orientation. It is important to note
that solution NMR and solid-state NMR restraints are
measured on samples with dramatically different physical
properties. Micelles used in solution NMR experiments
are highly dynamic and very different from biological mem-
branes (44). Notably, micelles do not provide a proper mem-
brane-water interface as that found in bilayers. By contrast,
lipid bilayers used in solid-state NMR experiments provide
an environment that closely matches the physical and chem-
ical properties of biological membranes. Indeed, structures
determined in detergent micelles can exhibit notable differ-
ences from those determined in lipid bilayers (45).

Overall, the results in Fig. 4 suggest that the simultaneous
use of solution NMR and solid-state NMR restraints for
membrane structure determination may not be universally
valid. Such hybrid approaches are based on the assumption
that membrane proteins adopt the same structure in micelles
as in bilayers (23). However, for many proteins this is not
the case, especially for membrane proteins with mem-
brane-water interfacial domains (45). In the case of Pf1
coat protein, the greater degree of fluctuations associated
with the RDC restraints measured in detergent micelles ap-
pears to be incompatible with the solid-state NMR restraints
measured in phospholipid bilayers, and with the structure of
the amphipathic PP helix located at the membrane-water
interface.

As shown in Fig. 3, A and B, the structures with large PP
helix tilt angles resulting from simulations performed exclu-
sively with solid-state NMR restraints display significantly
more extensive interactions of the PP helix with the lipid
bilayer. These structures satisfy the amphiphatic character
of the PP helix, enabling hydrophobic interactions to occur
between lipid molecules and apolar residues (A7, V8, A11,
Biophysical Journal 105(3) 691–698
I12), and hydrophilic interactions to occur between water
and polar residues (T5, S6, E9, S10, T13, D14) on the oppo-
site side (Fig. 3 E, Fig. 5, A and B). By contrast the structures
resulting from MD simulations that include RDC restraints
measured from micelle samples show little or no interaction
of the PP helix with the membrane surface (Fig. 3, C and D,
Fig. 5, C andD); in these cases the result is highly dependent
on the starting model and the PP helix remains highly sol-
vated by water.
CONCLUSIONS

The results of NMR-restrained MD simulations of Pf1 coat
protein in explicit phospholipid bilayer membranes show
that it is possible to generate stable MD trajectories using
NMR orientation restraints. These restrained simulations
provide a powerful refinement tool for membrane protein
structure determination by NMR spectroscopy. The NMR
restraints are well satisfied and the simulations provide
rich structural and dynamics information about the protein
embedded in a realistic membrane environment, including:
detailed side chain-side chain and side-chain lipid interac-
tions, depth of membrane insertion, and protein dynamics
in the context of the experimental restraints. Such detailed
information cannot be obtained solely from NMR observ-
ables. Thus, the present simulations illustrate the usefulness
of the NMR membrane protein structure refinement in
explicit membranes.

The results also highlight the importance of performing
both the calculations and the experiments in the proper envi-
ronment. MD simulations performed in explicit lipid
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bilayers are fully compatible with experimental restraints
also measured in lipid bilayers. By contrast, the incorpora-
tion of structural restraints measured in a dramatically
different setting (such as RDCs measured in detergent mi-
celles) lead to conflicting and ambiguous structural results,
which do not converge to a stable structure. This effect is
particularly evident for the PP amphipathic helix of Pf1
coat protein. Indeed, the influence of environment is likely
to be very important for those structural elements of proteins
located at membrane-water interfacial regions, as noted
recently for the influenza M2 ion channel (45). Additionally,
as reported for paradaxin, even in the bilayers, other mem-
brane components, such as cholesterol, can alter the protein
structure (46).

Finally, we have recently shown that solid-state NMR-
restrained ensemble dynamics, performed in implicit mem-
brane models, are very effective for rendering the structural
and dynamics information that is embedded in solid-state
NMR restrains (22,38). In solid-state NMR ensemble dy-
namics, an ensemble of structures is simulated in parallel
MD calculations, and ensemble-averaged solid-state NMR
observables across the ensemble, rather than a single indi-
vidual structure, are restrained to the experimental values.
This approach is valid because the observables measured
in solid-state NMR experiments are time- and ensemble-
averaged properties. Therefore, it will be of particular inter-
est to perform solid-state NMR ensemble dynamics of Pf1
coat protein in explicit bilayers and compare the result
with this study.
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FIGURE S1. Correlation between experimental and back-calculated CSA, DC, and RDC set 1 and 2 for 
Pf1 coat protein in (A, B) S1/M1, (C, D) S1/M2, (E, F, G, H) S2/M1 and (I, J, K, L) S2/M2.  
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