Biophysical Journal Volume 96 June 2009 4853—-4865 4853
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ABSTRACT A 52-residue membrane protein, phospholamban (PLN) is an inhibitor of an adenosine-5'-triphosphate-driven
calcium pump, the Ca®*-ATPase. Although the inhibition of Ca®*-ATPase involves PLN monomers, in a lipid bilayer membrane,
PLN monomers form stable pentamers of unknown biological function. The recent NMR structure of a PLN pentamer depicts
cytoplasmic helices extending normal to the bilayer in what is known as the bellflower conformation. The structure shows trans-
membrane helices forming a hydrophobic pore 4 A in diameter, which is reminiscent of earlier reports of possible ion conductance
through PLN pentamers. However, recent FRET measurements suggested an alternative structure for the PLN pentamer, known
as the pinwheel model, which features a narrower transmembrane pore and cytoplasmic helices that lie against the bilayer. Here,
we report on structural dynamics and conductance properties of the PLN pentamers from all-atom (AA) and coarse-grained (CG)
molecular dynamics simulations. Our AA simulations of the bellflower model demonstrate that in a lipid bilayer membrane or
a detergent micelle, the cytoplasmic helices undergo large structural fluctuations, whereas the transmembrane pore shrinks
and becomes asymmetric. Similar asymmetry of the transmembrane region was observed in the AA simulations of the pinwheel
model; the cytoplasmic helices remained in contact with the bilayer. Using the CG approach, structural dynamics of both models
were investigated on a microsecond timescale. The cytoplasmic helices of the CG bellflower model were observed to fall against
the bilayer, whereas in the CG pinwheel model the conformation of the cytoplasmic helices remained stable. Using steered
molecular dynamics simulations, we investigated the feasibility of ion conductance through the pore of the bellflower model.
The resulting approximate potentials of mean force indicate that the PLN pentamer is unlikely to function as an ion channel.

INTRODUCTION

Muscle cells respond to external nerve stimuli by releasing
Ca”" jons from a storage organelle called the sarcoplasmic
reticulum (SR). The Ca*" exposes myosin binding sites on
actin filaments, which allows myosin to ratchet along actin
and cause the muscle fibers to contract. For muscle fibers to
relax, Ca®>" must be transported from the cytoplasm back
to the SR. Sarco(endo)plasmic reticulum Ca’"-ATPase
(SERCA) resides in the membrane of the SR and transports
two Ca”" ions against a concentration gradient by using the
energy of adenosine-5'-triphosphate hydrolysis. The uptake
of Ca®" by SERCA is regulated by the 52-residue membrane
protein phospholamban (PLN), which acts as an inhibitor.
The inhibition of SERCA by PLN is relieved upon phosphor-
ylation of PLN at residue Ser'® by protein kinase A or at
residue Thr'” by Ca®"/calmodulin-dependent protein kinase
(1). In the heart, inhibition of SERCA by PLN regulates
muscle contraction, and mutations that alter PLN inhibitory
function lead to degenerative cardiomyopathy (2). Because
the PLN-SERCA complex regulates heart contraction, PLN
is a target for the treatment of degenerative cardiac diseases
and, hence, is of considerable interest to medicine (2).
Although >75% of PLN in a lipid bilayer membrane is
pentameric (3), the only known function of PLN—SERCA
inhibition—involves a PLN monomer and not a pentamer.
One study reported Ca®" ion conductance through PLN
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(4), suggesting that a PLN pentamer might form a Ca*"
ion channel. Another study found Cl™ ion conductance
through an unidentified protein channel that could be
blocked by the presence of a monoclonal anti-PLN antibody
(5), suggesting that PLN could form a C1™ ion channel. It has
also been suggested that the PLN pentamer can store PLN
monomers, thereby providing a mechanism for the cell to
control inhibition of Ca®*-ATPase (6).

Each protomer of the PLN pentamer consists of an amphi-
pathic cytoplasmic helix (residues 1-16) and a hydrophobic
transmembrane helix (residues 22-52) connected by an
unstructured loop. It has been proposed that the flexibility
of the cytoplasmic helix facilitates recognition of PLN by
the regulators protein kinase A and Ca®"/calmodulin-depen-
dent protein kinase, and by Ca”>"-ATPase (7). The binding
mechanism between SERCA and PLN is not fully under-
stood, though mutagenesis studies indicate that some frag-
ments of the cytoplasmic and upper transmembrane helices
must unwind for binding to occur (8,9).

Several all-atom (AA) molecular dynamics (MD) studies
(10-13) have been performed using a high-resolution NMR
structure of the PLN monomer (Protein Data Bank access
code IN7L) (14). The studies revealed that the cytoplasmic
helix of the PLN monomer is highly dynamic and can exhibit
large collective motion. The studies also demonstrated that
phosphorylation promotes unwinding of the C-terminus
side of the cytoplasmic helix. The simulation results are in
agreement with NMR measurements that indicate enhanced
unwinding of the C-terminal end of the cytoplasmic helix
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and faster, less restricted dynamics through the entire protein
upon phosphorylation of Ser'® (15). Before publication of
a high-resolution structure of the PLN pentamer, a computa-
tional model of its lower transmembrane region (residues
35-52) was constructed (Protein Data Bank access code
1PSL) (16) and used for an MD study of its ion conductance
and wetting properties (17). The latter study indicated the
possibility of water permeation through the pore of the pen-
tamer and the favorable presence of K™ over Cl~ ions.

The bellflower model (Protein Data Bank access code
1ZLL) (18) is a high-resolution NMR structure of the PLN
pentamer that depicts a pore-forming coiled-coil structure
with the transmembrane helix of the protomers strongly
bent away from the pore near the cytoplasmic side. The cyto-
plasmic helices are oriented nearly normal to the bilayer,
slightly inclined toward the center of the oligomer (see
Fig. 1, a and b). The pinwheel model (Protein Data Bank
access code 1XNU) (19) is a theoretical model based on
Forster resonance energy transfer measurements that depicts
transmembrane helices that are less bent and cytoplasmic
helices that lie in the plane of the bilayer (see Fig. 6, a and b).
Recent nuclear magnetic and electron paramagnetic reso-
nance measurements show that the cytoplasmic helices of the
PLN pentamer lie against the bilayer, favoring the pinwheel
model over the bellflower model (20,21).

In this study, we use computational methods to investigate
the conformational dynamics and ion conductance of the
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PLN pentamer. Through AA simulations, we evaluate the
stability of the bellflower and pinwheel models in a lipid
bilayer membrane. We use coarse-grained (CG) simulations
to observe the formation of a micelle around the bellflower
model, and AA simulations to study the dynamics of the
bellflower in a micelle. We also use multiple CG simulations
to determine structural fluctuations of the bellflower and
pinwheel models on a microsecond timescale. Lastly, we
examine the interaction of the pentamer’s pore with water
and ions to determine whether ion conduction is possible.

METHODS
MD methods

Except where specified, all MD simulations were performed using the
program NAMD (22), the CHARMM?27 force field (23) with the CMAP
correction for backbone atoms (24), periodic boundary conditions, particle
mesh Ewald full electrostatics computed over a 96 x 96 x 96 grid, and
a smooth (10-12 A) cutoff for van der Waals interactions. The temperature
was held constant by applying Langevin forces (25) to all nonhydrogen atoms
with a damping constant of 5 ps~'. The NPT ensemble (constant number of
particles (N), pressure (P), and temperature (7)) was maintained using
Nosé-Hoover Langevin piston pressure control (26) at 1 atm. A 1-fs integra-
tion time step and multiple time-stepping (27) were used. All minimization
was performed using the conjugate gradient method. Harmonic restraints,
where applied, were imposed with a spring constant of 69.5 pN/A. The
TIP3P water model was used for all AA models (28). These systems were
ionized by replacing water molecules at random positions with CI~ or K™
ions until the desired concentration was attained.

FIGURE 1 AA simulation of the bellflower pentamer
embedded in a lipid bilayer membrane. (¢ and b) The
conformation of the system at the beginning of the simula-
tion. (¢ and d) The conformation of the system after a 30-ns
MD simulation at constant pressure. The top and bottom
rows provide views of the system from the cytoplasm
and from the plane of the bilayer, respectively. The PLN
pentamer is shown in cartoon representation and as a trans-
parent molecular surface; the lipids are shown as lines;
water near the pore is explicitly shown in the vdW repre-
sentation; water molecules away from the pore are shown
as semitransparent spheres.
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CG methods

In the CGMD method, the degrees of freedom of the system are greatly
reduced by clustering groups of atoms into beads; each bead corresponds
to approximately four nonhydrogen atoms. Such clustering and the resulting
smoothing of the potential energy function allow for a larger integration time
step to be used in an MD simulation and allow for a substantial increase in
computational speed at the expense of accuracy (29). In addition, the
smoothed potential energy function results in diffusion rates that are around
four times faster than AA diffusion rates (30). We account for this factor
when reporting the duration of our CG simulations. CGMD simulations
were shown to accurately reproduce phase properties of lipid-water systems
(29). Recently, this approach was extended to protein-lipid systems (31).
In our CG simulations, we used the MARTINI force field (32) for dode-
cylphosphocholine (DPC) detergent, dioleoylphosphatidylcholine (DOPC)
lipid, and water. For the protein, we used parameters developed by the
Schulten group (31). CG systems were built by converting the corresponding
AA system using the visual MD software package VMD (33). All CG simu-
lations were performed using NAMD (22) and a 20-fs integration time step.

AA model of the bellflower pentamer in a lipid
bilayer

The lowest energy conformation of the ensemble resolved by NMR (Protein
Data Bank access code 1ZLL) was merged with a patch of a preequilibrated
DOPC bilayer membrane. Lipids clashing with the protein were removed.
The resulting system was solvated and ionized to a 0.12-M solution. The
final system contained 146,785 atoms. This system was minimized for
3000 steps, heated to 310 K in 1-K increments over 31 ps by velocity rescal-
ing, and equilibrated for 1.0 ns in the NPT ensemble, with all nonhydrogen
atoms of the protein harmonically restrained to the NMR coordinates. Equil-
ibration was continued for another 5.1 ns while applying the harmonic
restraints to the protein backbone only. The system obtained at the end of
the equilibration was used for subsequent unrestrained simulations in which
the pressure in the plane of the bilayer was maintained using different
methods (see Results and Table 1).

AA and CG models of the bellflower pentamer in
a detergent micelle

A CG model of the protein-detergent system was built from a corresponding
AA model of the bellflower pentamer (18). In the initial conformation, the
PLN pentamer was surrounded by 300 DPC molecules randomly distributed
in a 48.5-A-tall cylinder with a radius of 30 A. The system was solvated and
ionized to 0.12 M with C1~ and Na™ ions. This AA system was converted into
a CG system containing 14,886 CG beads. In the CG simulations, the protein
conformation was fixed to the NMR coordinates and the molecules of deter-
gent were allowed to self-assemble into a micelle. The CG system was mini-
mized for 20 steps, heated to 310 K using the Langevin temperature control,
and equilibrated for 23.2 ns, which was sufficient to observe the formation of
amicelle around the protein. It is known from experiment that in water, DPC
forms micelles containing 50-60 molecules (34). However, the number of
DPC detergent molecules surrounding a membrane protein such as the

TABLE 1 Summary of all simulations performed

System Model Environ. Ensemble Method Duration (ns)
Constant-ratio bellflower DOPC NPT AA 30
Constant-area bellflower DOPC NAT/Np,T AA 17
Micelle bellflower DPC NPT CG/AA 23/36
Pinwheel pinwheel DOPC NPT AA 23/48
CG bellflower bellflower DOPC NPT CG 400/2100
CG pinwheel pinwheel DOPC NPT CG  580/360/2000
SMD bellflower DOPC NVE AA 16 x 1

4855

PLN pentamer may be greater than the number of molecules in a pure micelle.
Our attempts to build a CG model of a PLN pentamer micelle containing
fewer than 300 DPC molecules (we used 65, 140, and 200 molecules)
were not successful because DPC did not completely cover the transmem-
brane surface of the pentamer in the resulting structures. This result may
have been caused by the inaccuracies in the CG force field.

To study structural fluctuations of PLN in a micelle, the CG model was
reverse coarse-grained to an AA model using VMD (33). Before the proce-
dure, DPC molecules whose headgroups were in close proximity (12 A) to
the hydrophobic transmembrane portion of PLN (58 molecules) were dis-
carded to ensure that the micelle did not contain pathways to the interior
lined by DPC headgroups.

The reverse CG procedure produced a system comprised of 158,564
atoms. After the conversion, the AA system was minimized for 8000 steps
with all atoms of the protein fixed. Subsequently, the system was heated
from 0 to 310 K in 10 ps using the Langevin temperature control, and equil-
ibrated for 7.4 ns with all protein atoms restrained. Finally, all restraints were
removed and the system was equilibrated for another 36.4 ns.

AA model of a pinwheel pentamer in a lipid bilayer

A pair of AA systems were created by placing a PLN pentamer in the
pinwheel conformation in a preequilibrated lipid bilayer patch containing
344 DOPC molecules. In the first system, the pentamer was placed in the
bilayer by aligning its transmembrane region to the bellflower model. The
second system was produced by moving the pinwheel pentamer 8 A lower
so that its cytoplasmic helices were in better contact with the bilayer. Each
system was solvated to 0.12 M concentration of KCI electrolyte. The final
systems each contained 146,785 atoms.

Each system was minimized for 5000 steps and heated to 310 K using
Langevin temperature control. The systems were simulated with the protein
coordinates harmonically restrained to the pinwheel coordinates for 2.5 ns.
The resulting models were used as the starting conformations for production
simulations lasting 22.6 ns and 48.2 ns.

CG models of bellflower and pinwheel pentamers
in a lipid bilayer

To determine the stability of each model on a microsecond timescale, the
initial AA systems containing either the pinwheel model (two configurations)
or the bellflower model embedded in a DOPC bilayer were coarse-grained
using the procedure described above. A fourth CG system contained the bell-
flower model and was built from the final frame of the AA, constant-ratio
simulation of the bellflower model in a lipid bilayer. The resulting CG systems
contained 12,616 and 12,621 CG beads for the pinwheel and bellflower
models, respectively.

After a 4000-step minimization and 0.5-ns simulation with restraints
applied to the protein backbone, production simulations were performed
on the systems containing the bellflower and pinwheel models.

lon transport through the bellflower model

Using the equilibrated AA model of the bellflower pentamer embedded in
a lipid bilayer membrane, four smaller (81 A x 81 A x 95 A) systems
were constructed by removing lipid and water molecules from the periphery
of the system. In each system, a single Ca>" or CI~ ion was placed near the
entrance of the pore. The ion concentration in each system was adjusted to
0.1 M. The resulting system was minimized for 10,000 steps, heated, and
allowed to equilibrate in the NPT ensemble for 0.2 ns with the protein and
the ion near the pore entrance harmonically restrained to the initial coordi-
nates. The conformation of the PLN pentamer used for the ion conductance
studies was very close (root mean-square deviation (RMSD) of <1 A for
the backbone atoms) to that of the NMR model.

Following the procedure of Anishkin and Sukharev (35), steered MD
(SMD) simulations were performed in the NVE ensemble (constant number
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of atoms (), volume (V), and energy (E)) to pull ions through the pore of the
pentamer. The ion of interest was harmonically restrained (kgpying = 69.5 pN/A)
to a plane parallel to the bilayer. The plane was moved at a constant velocity of
30 A/ns along the pore of the pentamer. The force exerted on the ion was
recorded every 0.1 ps. From the dependence of the force on the location
of the ion, the potential of mean force (PMF) was estimated by assuming
that the dissipative force is directly proportional to the average ion velocity,
and that the free energy of the system before and after the ion translocation is
the same (36). The a-carbon atoms of the protein were harmonically
restrained in the direction normal to the bilayer to prevent a lateral drift of
the protein while allowing the pore to change its shape. Four separate
SMD simulations were performed on each system.

RESULTS AND DISCUSSION

We begin this section by describing simulations of a PLN pen-
tamer starting from the bellflower conformation embedded in
three different hydrophobic environments, followed by a brief
outline of the main results. Next, we provide a detailed
comparison of the dynamics seen in the three simulations.
We describe the outcome of AA simulations of the pinwheel
model in a lipid bilayer, and then microsecond CG simula-
tions of bellflower and pinwheel pentamers in a lipid bilayer.
Finally, we describe the fourth set of simulations, in which
ions were forced to move through the pore of the pentamer.
Table 1 summarizes all simulations performed.

AA simulations of the bellflower model in different
hydrophobic environments

Constant-ratio lipid bilayer simulation

Fig. 1, a and b, shows the microscopic model of the PLN
pentamer in the bellflower conformation embedded in
aDOPC bilayer. Fig. 1 b explicitly shows the water molecules
that were initially placed inside the pore of the pentamer.
Starting from this conformation, the model was equilibrated
in the NPT ensemble, with the protein restrained for 6.1 ns.
Within 200 ps from the beginning of the simulation, water
molecules exited the pore, with no water molecules entering
the pore from the bulk. Water molecules were not observed
entering the pore in any of the subsequent equilibration simu-
lations. These simulations clearly demonstrate that the pore of
the bellflower pentamer does not retain water.

After the restrained equilibration, the simulation was
continued for 30.7 ns without restraints. In this simulation,
the NPT ensemble was maintained using a barostat that con-
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strained the dimensions of the bilayer to a constant ratio.
Fig. 1, ¢ and d, shows the state of the system after the equil-
ibration. A comparison of the initial and final states reveals
that the pore of the pentamer shrank during the course of
the simulation and the overall conformation of the bellflower
pentamer became asymmetric. Using the package HOLE
(37), we found that the minimum radius of the pore was
reduced from 1.92 to 1.29 A.

Constant-area lipid bilayer simulation

MBD simulations using the CHARMM force field sometimes
fail to reproduce the experimentally measured density of lipid
bilayers when isotropic pressure control is used (38).
Common remedies to this problem are to apply tension in
the plane of the bilayer or to fix the area of the lipid patch at
the experimental value. To verify that the observed asymme-
try of the bellflower pentamer is not an artifact of the force
field used, we performed a constant-area simulation of the
PLN pentamer. The starting conformation for this simulation
was prepared by increasing the size of the membrane patch in
small increments (0.5 A every 0.1 ns). During this procedure,
the protein conformation was restrained as the area/lipid
increased from 66 A” to the experimentally measured value
of 72 A% (39). The lipid density was measured by counting
the number of lipid headgroups inside a region that excluded
asquare patch centered around the protein (70 A on each side).
Subsequently, all restraints were released, and the system was
equilibrated for 13.4 ns. The area in the plane of the lipid
bilayer was fixed, whereas the size of the system normal to
the lipid bilayer was allowed to fluctuate according to the
NPT ensemble. In accord with our previous observations,
the pore of the pentamer shrank to an average minimum radius
of 1.41 A, whereas the conformation of the bellflower pen-
tamer became asymmetric. The upper portion of the trans-
membrane region developed three kinks around Asn’°, but
the lower transmembrane region remained stable.

Micelle simulation

To determine whether the bellflower model is stable in the
hydrophobic environment of the NMR experiment, we built
a CG model containing DPC detergent and the PLN pen-
tamer and simulated the self-assembly of DPC detergent
into a micelle about the fixed pentamer. Fig. 2, a and b, illus-
trates the self-assembly process. Fig. 2, ¢ and d, shows

FIGURE 2 AA and CG simulation of
the bellflower pentamer in a micelle. (a)
Start of the CG simulation: PLN is sur-
rounded by randomly arranged DPC
molecules. (b) The outcome of the CG
simulation: a micelle is formed around
the PLN pentamer. (¢) AA model of
the configuration shown in b after
brief annealing. (d) AA system at the
moment when all restraints are

68 ns

removed. (e) The final frame of the AA simulation. Molecules of detergent in front of the protein are not shown. The molecules of detergent inside the trans-

membrane pore of the PLN pentamer are shown in yellow.
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further evolution of the micelle after the CG model was con-
verted to an AA representation. Fig. 2, d and e, depicts the
system before and after a 36-ns unrestrained AA equilibra-
tion, during which the transmembrane helices developed
an asymmetry, and the pore shrank to an average minimum
radius of 1.48 A. Fig. 2 e also points out a kink in a trans-
membrane helix at Leu’' that developed shortly after
restraints were released and persisted for the duration of
the simulation.

During the course of the CG simulation, one DPC mole-
cule, highlighted in yellow in Fig. 2, a and b, entered the
pore of the pentamer from the lumen in a head-first orienta-
tion. This detergent molecule was removed when the CG
model was converted to AA. However, after 1 ns of the AA
simulation, a different DPC molecule (Fig. 2, c—e, yellow)
entered the pore tail first from the lumen side of the pore.
These simulations suggest that the pore of the pentamer is
likely blocked by a detergent molecule, the coordinates of
which could not be resolved by NMR.

Conformational dynamics of the bellflower model

To better understand the structural changes that took place
during the above simulations, we first characterized the
dynamics of individual protomers in the pentamer. Fig. 3 a
plots the average RMSD of the protein backbone from the
coordinates resolved by NMR for the cytoplasmic (residues
1-16) and transmembrane (residues 22-52) helices, and for
the entire protomer (residues 1-52). The RMSD was calcu-
lated by aligning each structural element of a protomer to
the NMR structure. The RMSD for each of the five protomers
was averaged to produce the data shown in Fig. 3 a. The stan-
dard deviation from the average over the five protomers was
~1, 0.3, and 0.4 A for the entire protomer, the cytoplasmic
region, and the transmembrane region, respectively.

Fig. 3 a shows that the RMSDs of both helical regions
converge to the same value in all simulations within the first
2 ns, whereas the RMSD of the entire monomer does not reach
a constant value. Thus, we conclude that individual «-helices
of PLN protomers do not undergo major conformational
changes, whereas the structure of the entire pentamer does.

Below, we provide a detailed analysis of the conforma-
tional transformations taking place in the cytoplasmic and
transmembrane domains of the protomers.

Structural changes in the cytoplasmic region

Fig. 3 b shows per residue root mean-square fluctuation
(RMSF) of the backbone’s coordinates. The RMSF was
calculated for each of the two a-helices of a protomer after
independently aligning each helix to the NMR structure.
The RMSF was averaged over the five protomers at each
residue to produce the data shown in Fig. 3 b.

Visual analysis of the MD trajectories revealed that the
largest structural fluctuations, which occurred in the micelle
simulation, correspond to the formation of kinks in the cyto-
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FIGURE 3 Conformational fluctuations of the PLN protomers. (a)
Average RMSD of the backbone atoms from the NMR coordinates shown
for the entire protomer (/ines) and the cytoplasmic (open symbols) and trans-
membrane helices (solid symbols). (b) Average RMSF of the backbone
atoms computed over the unrestrained trajectories. Cytoplasmic (residues
1-16) and transmembrane helices (residues 22-52) were independently
aligned to the corresponding NMR structures. Data resulting from four
MD simulations are shown (see text).

plasmic helices of two adjacent protomers. Residues 13—-16
of one cytoplasmic helix were observed to unwind, allowing
this helix to reach a neighboring cytoplasmic helix and form
a bound state that lasted for 14 ns. The helices crossed
almost orthogonally such that the majority of the hydro-
phobic residues were exposed to the solution. The binding
interaction was dominated by hydrophobic and coulombic
forces between Thr® and Thr®, hydrophobic forces between
Thr® and Val*, and hydrophobic forces between Gln® and
Val®,

The a-helical structure of two other cytoplasmic helices was
observed to transiently break about Arg® during the micelle
simulation, and the helices were observed to bend about this
residue. Similar deformations of cytoplasmic helices were
observed during the constant-area simulation about residue
Thr® and during the constant-ratio simulation about Tyr®.
The latter deformation occurred while two neighboring cyto-
plasmic helices transiently formed a bound state. The above
observations are consistent with the proposal that the high
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FIGURE 4 Orientation of the PLN helices in the AA
simulations of the bellflower pentamer. (@ and b) Histogram
of the angle, 6, between the cytoplasmic (a) and transmem-

360

brane (b) helices and the axis of the pore. (¢ and d) Histo-
= gram of the angle ¢ between the axis of the cytoplasmic (¢)
and transmembrane (d) helices and the radial vector passing
from the center of the pore and the center of mass of the
helix. The insets above the graph illustrate the definitions
of the angles. The angles from the NMR structure are
labeled in the panels. The occupancy is defined as the frac-
tion of time the helix occupies a given range of angles
during each simulation. Data for the micelle and constant-
ratio bilayer simulations are shown as solid and open histo-
- grams, respectively.
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flexibility of this region facilitates recognition between PLN
and a variety of other proteins such as SERCA, protein kinase
A, and cyclic AMP-dependent protein kinase (7).

Fig. 4, a and c, characterizes the orientation of the cyto-
plasmic helices. For each helix, we plot the angle, 0, between
the helix and the axis of the pore of the pentamer. Fig. 4 a
shows that the peak of the distribution of the angle 6 in the
constant-ratio and micelle simulations is close to the value
calculated from the NMR structure (18). However, the distri-
bution is spread out, indicating that, on average, the helices
lay closer to the plane of the bilayer than suggested by the
NMR structure. None of the cytoplasmic helices laid close
enough to the plane of the bilayer to interact directly with
the lipids or detergent surrounding the transmembrane region,
as suggested by the pinwheel model.

For each helix, we computed the angle, ¢, between the
radial vector extending from the center of the pentamer to
the center of mass of the helix and the axis of the helix, both
projected into the plane of the bilayer. Fig. 4 ¢ shows that in
both bilayer and micelle simulations, the orientation of the
cytoplasmic helices resolved by NMR (18), i.e., pointing
toward the pore, is among the least likely. The cytoplasmic
helices are most likely to point away from the pore, at ~45°
to either side of the radial direction. We conclude thereby
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that the orientation of the cytoplasmic helices resolved
by NMR in Oxenoid and Chou (18) does not represent
a typical conformation of a PLN pentamer observed in our
simulations.

Fig. 5 a shows the range of conformations explored by the
cytoplasmic helices in the constant-ratio simulation. The
figure was made after aligning the transmembrane region
at each time step to the NMR structure.

Structural changes in the transmembrane region

The orientation of the transmembrane helices is character-
ized in Fig. 4, b and d, using angles ¢ and 6, defined above.
Fig. 4 b indicates that the orientation of the transmembrane
helices with respect to the pore axis in the NMR structure
(18) is quite close to the average orientation observed in
our simulations. Nevertheless, the helices in the NMR struc-
ture are oriented ~5° closer to the plane of the bilayer than in
our MD simulations. Also, the helices in the bilayer simula-
tion are oriented closer to the plane of the bilayer than in the
micelle simulation, with the exception of one helix in the
micelle system. The latter helix became kinked at Leu®'
(see Fig. 2 ¢) within the first nanosecond of the simulation
and remained kinked throughout the simulation.
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FIGURE 5 Structural fluctuation of
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constant-ratio simulation. To make the plots in b, the transmembrane region of the pentamer was aligned to the NMR structure. Coordinates of the a-carbon
atoms were projected onto the plane of the bilayer. An ellipse was fit to the set of coordinates obtained during the 0.5-ns interval immediately after the states
obtained after 0, 15, and 30 ns of the simulation. The ratio of the minor to major axes of the best-fit ellipse is shown for each time interval.

Within the first nanosecond of the constant-area simula-
tion, kinks formed around Asn’ in three protomers and per-
sisted for the duration of the simulation. In contrast, no kinks
were observed in the constant-ratio simulation. Unlike the
kinks observed in the cytoplasmic helices, the kinks in the
transmembrane helices did not contribute to the RMSF,
because the kinks remained stable. The presence of the kinks
in the transmembrane helices near residue Asn’® qualita-
tively agrees with the electron paramagnetic resonance
data, which showed that the transmembrane region above
residue Asn® is dynamic on a microsecond to millisecond
timescale and the transmembrane region below residue
Asn® is not (7).

In all simulations, the transmembrane helices that did not
form kinks straightened from a 37° bend to an average bend
of ~20° in the constant-ratio and 10° in the micelle simula-
tions. For comparison, the pinwheel model (19) depicts a
9.2° bend.

Kinks in the transmembrane helices of PLN protomers
make the conformation of the entire pentamer asymmetric.
However, careful examination of Fig. 1 ¢ reveals that asym-
metry also developed during the constant-ratio simulation
where no kinks formed in the transmembrane helices. To char-
acterize the asymmetry of the upper (residues 23-28) and
lower (residues 46-52) transmembrane regions of the pen-
tamer, an ellipse was fit to the coordinates of each region.
Fig. 5 b plots the best-fit ellipse to the coordinates of the upper
and lower transmembrane regions at various times during the
constant-ratio simulation. The ratio of the minor to major axes
of the best-fit ellipse fluctuates around 0.65 for the upper trans-
membrane part of the pentamer, indicating a strong deforma-
tion of the pore. The best-fit ellipse is nearly circular in the
lower transmembrane region. Similar analysis carried out for
the constant-area and micelle simulations revealed that the
axis along which the symmetry is broken in the upper trans-
membrane region is different in each simulation (data not
shown). Fluctuating asymmetry has also been observed in

the transmembrane region of «-hemolysin (40) and the
mechanosensitive channel of small conductance (41). The
authors of the latter article suggest that the observed asymme-
try may entropically enhance the transmembrane region’s
stability by allowing it to occupy ‘‘a larger conformational
space than a single symmetric conformation”. However, in
all simulations, the lower transmembrane region remained
highly stable and showed very little asymmetry.

AA simulations of the pinwheel model in a lipid
bilayer

Initially, the pinwheel model was placed in a DOPC bilayer
by aligning its transmembrane region to that of the bellflower
model. In that conformation, the cytoplasmic helices just
barely contacted the bilayer. During the 23 ns of unrestrained
AA simulation in the NPT ensemble, three of the cyto-
plasmic helices lost their contact with the bilayer and moved
upward, away from the bilayer.

The second AA model of the pinwheel system was built
to ensure good initial contact between the bilayer and the
cytoplasmic helices. In the initial structure, the C-terminal
a-carbons of the pentamer’s transmembrane region were
located 9 A below the phosphorus atoms of the lower
leaflet, whereas the N-terminal residues were deeply
embedded in the headgroups of the upper leaflet (Fig. 6
b). Within 20 ns from the beginning of the simulation,
the pentamer shifted by 10.5 A relative to the bilayer,
and the upper transmembrane region (residues 22-26)
emerged from the opposite side of the bilayer. Further-
more, the bilayer became curved (convex from the cyto-
plasm) so that the cytoplasmic helices, which remained
firmly tethered to the bilayer, inclined toward the bilayer
(Fig. 6 d). This simulation trajectory is used in the
following analysis.

The RMSD analysis shown in Fig. 3 a indicates that the
structure of the protomers in the pinwheel and bellflower
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models deviate from their initial conformations to the same
degree, on average. In a similar way, Fig. 3 b shows that the
RMSF values observed in the simulations of the pinwheel
model are generally lower than that of the bellflower model.
Although the pinwheel model was constructed from coordi-
nates of monomeric PLN resolved by NMR, the RMSF and
RMSD for the pinwheel model are about the same as or
smaller than those for the bellflower model, particularly in
the transmembrane region, where protein-protein interactions
are significant.

Fig. 7 shows the angles ¢ and ¢ assumed by the transmem-
brane and cytoplasmic helices in the AA simulation of the

105 120
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FIGURE 6 AA simulation of the pinwheel PLN pen-
tamer embedded in a lipid bilayer membrane. (a and b)
The conformation of the system at the beginning of the
simulation. (¢ and d) The conformation of the system after
a 48-ns MD simulation at constant pressure. The top and
bottom rows provide views of the system from the cyto-
plasm and from the plane of the bilayer, respectively.
The PLN pentamer is shown in the cartoon representation
and as a transparent molecular surface; the lipids are shown
as lines; water near the pore is explicitly shown in the vdW
representation; water molecules away from the pore are
shown as semitransparent spheres.

pinwheel model (the angles are defined in Fig. 4). The initial
orientation of the transmembrane helix was the most likely
orientation observed during the simulation. Likewise, the
radial arrangement of the cytoplasmic helices was main-
tained throughout the simulation, except in the case of one
helix (see Fig. 6 ¢). Nevertheless, the cytoplasmic helices
were observed to incline toward the bilayer (Fig. 7, e
and f). We attribute this motion to the relative displacement
of the bilayer and the transmembrane helices, which
pushed the base of the cytoplasmic helices (residue 16)
away from the bilayer. Comparing the distributions in
Fig. 7, ¢ and d, to those in Fig. 4, ¢ and d, reveals that the
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the axis of the pore. (¢ and d) Histogram
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- Typical conformations of the pinwheel
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transmembrane helices in the bellflower and pinwheel
models assume similar orientations in a lipid bilayer.
Furthermore, the transmembrane helices of the pinwheel
model bend compared to the initial structure, averaging
13.1° in the last 30 ns of simulation.

Fig. 8 illustrates the rotation of the cytoplasmic helices
about their helical axes: The axial angle (defined below) of
each helix is plotted versus time. To measure the angle, rota-
tions in ¢ and ¢ (defined in Fig. 4) were applied to the helix’s
coordinates, which aligned the helix with its conformation in
the original pinwheel model. The applied rotations were such
that the helix experienced no rotation about its own axis,
which is required for the measurement of the axial angle.
The axial rotation angle was then extracted using a least-
squares fit to the a-carbon atom coordinates in the original
pinwheel model. Fig. 8 shows that only two out of five helices
maintained the same axial orientation throughout the simula-
tion, whereas the other three helices rotate about their axes to
90-180°. Here, a positive rotation angle corresponds to
a clockwise rotation of the helix when looking down its axis
from the N-terminus. In the pinwheel model, the hydrophobic
face of each cytoplasmic helix is oriented at nearly 90° to the
bilayer. During the simulation, only three of the helices
rotated so that the hydrophobic face came in closer contact
with the lipid bilayer. These data illustrate that the interaction
between the cytoplasmic helices and the bilayer is not purely
hydrophobic; the two helices that maintained the initial angle
were tethered by electrostatic interactions between the
charged and polar residues of the protein and the polar groups
of the lipid bilayer.

Although the transmembrane region of the pinwheel
model exhibits relatively low RMSD and RMSF, the overall
conformation of the pinwheel pentamer becomes asym-
metric, as in the case of the bellflower model. The ratios of
the minor to major axes of the best-fit ellipse to the coordi-
nates of the upper and lower transmembrane regions (data
not shown) are similar to those observed in the simulation
of the bellflower model (see Fig. 5).

50
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FIGURE 8 Axial rotation of the cyto-
b plasmic helices in the pinwheel model.
(a) Time series of the axial angle for
each protomer. (b and ¢) Representative
conformations of the cytoplasmic
helices at the end of the simulation are
shown along the corresponding helical
axes. The a-carbon atoms of the hydro-
phobic residues are shown as white
spheres. The line indicates the approxi-
mate position of the bilayer defined by
the location of its phosphorus atoms
within 10 A of the protein. Note that
the bilayer is curved near the protein
(see Fig. 6 d).
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CG simulations of the pinwheel and bellflower
models in a lipid bilayer

CGMD simulations were performed so that we could
observe the evolution of the pinwheel and bellflower models
on a microsecond timescale.

Three CG simulations of the bellflower pentamer were
performed. First, two simulations were performed on a CG
system constructed from the final frame of the AA,
constant-ratio simulation of the bellflower model (Fig. 1, ¢
and d). In both simulations, the same two pairs of cyto-
plasmic helices formed a bound state, whereas the fifth helix
came into contact with the bilayer. These events occurred
within 74 ns in one simulation and 264 ns in the other.
The resulting conformations remained stable for the duration
of the simulations (580 and 360 ns, respectively). Another
2.0-us CG simulation of the bellflower pentamer was
performed starting from the coordinates of the original bell-
flower model (Fig. 9 ). Fig. 9, b and c, illustrates the confor-
mation obtained at the end of the simulation. During the first
80 ns of the simulation, four of the cytoplasmic helices came
into contact with the bilayer, arranging in a clockwise direc-
tion when viewed from the cytoplasm. Each helix that came
into contact with the bilayer also interacted with the upper
transmembrane region or the loop of the adjacent protomer,
except for one helix that interacted with the cytoplasmic
helix of the protomer that did not come into contact with
the bilayer (Fig. 9, b and ¢). The overall configuration of
the cytoplasmic helices did not change significantly through
the rest of the simulation. The transmembrane region became
highly asymmetric just after the beginning of the simulation
and tilted as a whole away from the bilayer’s normal.

The NMR studies of the PLN pentamer showed a single
set of chemical-shift resonances and suggested a symmetric
structure of the pentamer (18,21). If the asymmetric confor-
mations observed in our simulations persist over the mixing
time of the NMR measurement, multiple peaks should
be observed in a 2D NMR spectrum. This apparent
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disagreement between NMR and our MD study could be
reconciled if thermal fluctuations average the axis of the
ellipse shown in Fig. 5 b over each subunit during the course
of the mixing time in an NMR measurement. Such prominent
fluctuations were not observed during our simulations, but
have been observed in simulations of other oligomers
(40,41).

Two CG simulations of the pinwheel pentamer were per-
formed. First, a 400-ns CG simulation was carried out, start-
ing from the system that had the cytoplasmic helices of the
pentamer only loosely in contact with the bilayer (see
previous section). Within the first 56 ns, the same three cyto-
plasmic helices that lost contact with the bilayer in the AA
simulation lost contact with the bilayer in the CG simulation;
these contacts were not reestablished during the remainder of
the simulation. The second 2.1-us CG simulation was carried
out, starting from the system that had the pinwheel pentamer
deeply embedded in the lipid bilayer (Fig. 9 d). Fig. 9, e and
£, depicts the conformation of the pinwheel model at the end
of the simulation. Within the first 56 ns, the cytoplasmic
helices rotated so that each hydrophobic face came into
contact with the bilayer and remained bound to the bilayer
throughout the simulation. Unlike the transmembrane region
of the pinwheel model in the AA simulation, most of the
N-terminal side of the transmembrane region remained
exposed to the electrolyte, with the exception of one helix
(the rightmost protomer in the foreground of Fig. 9 e). This
transmembrane helix became bent in a manner reminiscent of
the bend seen in the original bellflower model. The C-terminus
of that same protomer extended by 5 A away from the
pentamer’s center. Thus, AA and CG simulations of the
same pinwheel system predict a somewhat different arrange-
ment of the lipid bilayer around the pentamer. This difference
might originate from the imperfections of the CG model; the
AA model is expected to be more accurate as it uses a consid-
erably more detailed and well-tested force field. Thus, we
advise caution when interpreting results of CG simulations.

From these CG simulations, we conclude that it is very
likely for the cytoplasmic helices of a PLN pentamer to
contact the surface of a lipid bilayer. At the same time, the
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FIGURE 9 CG simulations of the
bellflower (a—) and pinwheel (d—f)
pentamers in a lipid bilayer membrane.
(a and d) The conformation of the
systems at the beginning of the simula-
tions shown from the plane of the
bilayer. (b, c, e, and f) The conformation
of the systems at the end of the CGMD
simulations shown from the cytoplasm
(b and e) and from the plane of the
bilayer (¢ and f). The bilayer is shown
as transparent spheres and solid lines
colored according to the bead types.
The protein backbone is shown as beads
connected by bonds.

interactions between charged residues of the adjacent proto-
mers can have a considerable influence on the conformation
of the cytoplasmic region, and tangential arrangement of the
cytoplasmic helices (Fig. 9 b) is one possible conformation.

lon conductance of the bellflower model

To determine the feasibility of Ca*" or Cl™ ion transport
through the pore of a PLN pentamer, Ca®" and CI~ ions
were pulled in either direction through the pore using stan-
dard protocols of SMD (42). Fig. 10 a plots the force applied
to the ion during each SMD run against the location of the
ion in the pore. For most of each simulation trajectory, the
SMD force was observed to point along the direction of
ion transport. The maximum absolute value of the force
was on the order of hundreds of piconewtons and was
comparable for ion transport in both directions. However,
the force plots exhibit significant hysteresis because of the
pair of constrictions formed by residues Ile** (z = 0 A)
and Leu™ (z =-5 A) in the middle of the pore.

In a typical run, a trailing column of water two to four
molecules in diameter formed as an ion was pulled through
the pore. The translocation of ions was observed to halt in
the pore upon encountering the first constriction. The trans-
location resumed after the SMD force had become sufficient
to push the ion and its partial solvation shell through the
constrictions. After passing through the constrictions, the
trailing column of water narrowed to a chain of one to two
water molecules in diameter. In the final stage of the translo-
cation process, a chain of water was observed to form and
connect the ion to the bulk water at the destination side of
the membrane. As the ion exited the pore, the SMD force
was observed to point toward the ion’s starting point. Subse-
quently, the chain of water connecting both sides of the pore
was observed to break and leave the pore.

Fig. 10 a shows that the force required to pull a Ca®" ion
through the pore is much larger than that to pull a Cl™ ion.
Ca”" jons are more charged and carry a larger, less flexible
solvation shell than Cl~ ions (six molecules for Ca®", three
to five for Cl7). Hence, Ca®" ions encounter greater
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FIGURE 10 SMD simulations of ion transport through the pore of PLN
(bellflower model). (@) SMD force applied to C1~ and Ca>" ions versus
distance for each of the 16 SMD simulations. () Approximate PMF for
each simulation, calculated according to the approach of Anishkin and
Sukharev (35) and using data shown in a. The center of the transmembrane
region of the protein lies at z = 0. Positive values of z indicate locations
closer to the cytoplasm. Data labeled “up” and “down” correspond to
ion transport from the SR to the cytoplasm and vice versa.

electrostatic and steric forces as they move through the pore.
Consequently, the CI™ ions were observed to move at
a steadier pace through the pore, dwelling at the constrictions
for only a short time.

Fig. 10 b shows an estimate of the PMF, which was calcu-
lated from the data of the SMD force versus location. The
PMF was calculated by assuming that irreversible work
was performed on the ion in the process of ion translocation.
The coefficient of friction for the dissipative force was tuned
to equate the free energy of the system before and after the
transport event. The average coefficient of friction was
4.9 pN ns/A for Ca*" ions and 0.66 pN ns/A for Cl~ ions.
The peak PMF for Ca*" and Cl~ transport ranged from 50
to 150 kgT and 35 to 50 kg7, respectively. Because the
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PLN pentamer does not retain water, and because the ener-
getic barriers associated with ion translocation are orders
of magnitude greater than kg7, the PLN pentamer in the
conformation resolved by NMR (18) is not expected to func-
tion as an ion channel. Although the above simulations were
performed using the bellflower model, we expect that their
main conclusion—that the potential energy barrier is too
large for the PLN pentamer to function as an ion
channel—also applies to the pinwheel model, because the
transmembrane pore of the pinwheel model is even smaller
than that of the bellflower model.

CONCLUSIONS

AA and CG models of a PLN pentamer in the bellflower and
pinwheel conformations were simulated in a lipid bilayer
membrane to investigate structural fluctuations and the
preferred equilibrium conformation of the pentamer.

In the AA simulations of the bellflower model, the cyto-
plasmic helices, which initially pointed upward and toward
the pore center (see Fig. 1 b), were found to point away
from the center at a random angle with respect to the pore
axis (see Figs. 4, a and ¢, and 5 a). Transient kinks and partial
unwinding were abundant in the cytoplasmic helices of the
bellflower pentamer, which is in agreement with mutagen-
esis studies suggesting that the cytoplasmic helices unwind
(8,9). In these simulations, the cytoplasmic helices were
not observed to come into contact with the lipid bilayer as
depicted in the pinwheel model, but this may be due to the
relatively short (~50-ns) timescale of our AA simulations.
In the CG simulations of the same model, cytoplasmic
helices were observed to come into contact with the bilayer,
but instead of extending radially, as portrayed in the
pinwheel model, the helices arranged tangentially around
the pentamer (see Fig. 9 b). This tangential arrangement
was stabilized by the interactions between the terminus of
each cytoplasmic helix and the adjacent protomer’s loop
region. In the other two CG simulations of the bellflower
pentamer, only one cytoplasmic helix came into contact
with the bilayer, whereas the other four came into contact
with one another in two pairs and remained immersed in
the electrolyte. Similar bound states between adjacent cyto-
plasmic helices were observed in AA simulations of the bell-
flower model. Thus, in our simulations, the bellflower model
did not represent the most probable conformation of the PLN
pentamer. In accordance, a recent simulation study involving
the bellflower pentamer embedded in a palmitoyloleoylgly-
cerophosphocholine lipid bilayer membrane showed that
the cytoplasmic domain of each protomer moved toward
the bilayer surface (43).

The stability of the pinwheel model in AA and CG simu-
lations depended on how deeply the pentamer was embedded
in the bilayer at the onset of the simulation. In both AA and
CG systems, when the transmembrane region of the
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pinwheel pentamer was initially aligned to the transmem-
brane region in the bellflower model, three of the cyto-
plasmic helices rose toward the cytoplasm, making the
pinwheel conformation unstable. When the pinwheel pen-
tamer was placed 8 A lower (see Figs. 6 b and 9 d), all cyto-
plasmic helices remained firmly tethered to the bilayer. Since
this was the only simulation in which the initial conformation
of the pentamer was, on average, preserved throughout the
simulation, we conclude that a pinwheel conformation of
the PLN pentamer is much more likely than a bellflower
conformation. However, our simulations of the bellflower
model suggest that the interactions between the cytoplasmic
regions of the adjacent protomers should be taken into
account in constructing a realistic model of a representative
conformation of the PLN pentamer.

The lower transmembrane regions (residues 35-52) of the
bellflower and pinwheel pentamers, which are similar
(RMSD < 1.5 A), remained very stable in our AA simula-
tions. The overall conformation of the upper transmembrane
region became asymmetric for both models (see Fig. 5 b).
The upper transmembrane region of the AA bellflower
model, which was initially curved away from the pore, was
not maintained in any of the three hydrophobic environments
used. Conversely, the transmembrane helices in the AA
pinwheel model became slightly bent. This suggests that
the most accurate conformation of the transmembrane region
is intermediate between the pinwheel and bellflower struc-
tures. However, we can expect that the exact conformation
depends on the hydrophobic environment. It is known, for
example, that hydrophobic mismatch can induce a tilt (44)
or bend (45) in membrane spanning helices; a thinner bilayer
might providea structure more consistent with the bellflower
model, and a thicker bilayer could produce a structure more
consistent with the pinwheel model.

In response to reports suggesting the possibility of ionic
conductance through PLN pentamers (4,5), we used SMD
to simulate transport of Ca*" and CI~ ions through the
pore of the bellflower pentamer. These calculations indicated
that the free-energy barrier associated with Ca>* or CI™ ion
translocation is on the order of tens of kgT. The pore’s
inability to retain water and the large free-energy barrier
associated with ion translocation indicate that in the confor-
mation resolved by NMR (18), the PLN pentamer does not
function as an ion channel.
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