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On the Function of Pentameric Phospholamban: Ion Channel or Storage
Form?
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ABSTRACT Phospholamban (PLN) is an integralmembrane protein that inhibits the sarcoplasmic reticulum Ca2þ-ATPase, thereby
regulating muscle contractility. We report a combined electrochemical and theoretical study demonstrating that the pentameric PLN
does not possess channel activity for conducting chloride or calcium ions across the lipid membrane. This suggests that the pentame-
ric configuration of PLN primarily serves as a storage form for the regulatory function of muscle relaxation by the PLN monomer.
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Phospholamban (PLN) is a single-pass membrane protein that

reversibly binds and regulates the sarcoplasmic reticulum (SR)

Ca2þ-ATPase (SERCA) (1). The SERCA/PLN complex is

responsible for Ca2þ ion transport from the cytoplasm into

the SR lumen, causing muscle relaxation. In the heart, this

membrane protein complex contributes to the synchronous

beating of cardiac muscle cells (2). PLN exists in equilibrium

between the oligomeric (pentameric) and monomeric forms

(3). A plethora of biochemical and biological data collected

both in vivo and in vitro indicate that the PLN monomer is

the active, inhibitory species, regulating Ca2þ transport

(4–9). The function of the oligomer, however, has puzzled

biochemists and biophysicists for many years. In fact, PLN

oligomerizes into well-structured pentamers that are exception-

ally resistant to both thermal and chemical denaturations (3).

Although there is an ongoing controversy regarding the

topology of the cytoplasmic portion of PLN (10), scientists

have reached a consensus regarding the helical left-handed

coiled-coil configuration of the transmembrane (TM) domain

(11–14). The TM helix of PLN can be divided into two

domains: a more hydrophilic stretch (domain Ib, residues 22–

32), stabilized by inter-protomer hydrogen bonds (15) and

a second more hydrophobic one (domain II, residues 33–52),

stabilized by a leucine-isoleucine zipper (16). In 1988, Kovacs

et al. reported that both full-length and the 26–52 fragment of

PLN selectively transport Ca2þ through membranes, suggest-

ing a possible role of PLN in Ca2þ homeostasis (17). To the

best of our knowledge, that is the only experimental evidence

in the literature for channel activity of PLN. In the past few

years, the Ca2þ channel hypothesis has resurfaced several times

both in experimental and theoretical works (14,18). More

recently, a possible role of pentameric PLN in Cl� ion transport

(11) has been hypothesized. The Cl� ion channel hypothesis is

exciting for two reasons: first, it would give new insights on ion

regulation in the SR; second, it would suggest that completely
hydrophobic helical bundles forming pores <4.5 Å can

conduct Cl� ions through the membranes by simple diffusion.

To test these hypotheses, we probed Cl� and Ca2þ ion

conduction through membranes using electrochemical

measurements with PLN reconstituted in tethered bilayer lipid

membranes (tBLMs) in concert with molecular dynamics

(MD) and potential of mean force (PMF) simulations. As a

control for electrochemical measurements, we used sarcolipin

(SLN) (10), a PLN homolog that conducts Cl� ions in tBLMs

(19). The preparations of tBLMs and the incorporation of both

SLN and PLN are reported in the Supporting Material. Fig. 1

shows DY0 versus E plots at 0.1 Hz for both SLN and PLN,

where DY0 is the increase in Y0 (in-phase component of the

electrode admittance) at each applied potential after the incor-

poration of the given protein. The error bars are the standard

deviations from four different sets of measurements. Whereas

SLN attains a maximum conductivity at �0.600 V, corre-

sponding to an effective transmembrane potential f2¼0.72

(�0.600 þ 0.460) V ~�0.1 V, PLN causes no detectable

increase in the tBLM conductance. Remarkably, additions

of Caþ2 ions of concentration ranging from 1�10�3 to 5�
10�3 M to the aqueous solution of 0.1 M KCl have no effect

on the conductance of a tBLM incorporating PLN. These

results demonstrate that at physiological TM potentials PLN

pentamer does not conduct either Cl� or Ca2þ ions.

To substantiate our experiments, we performed theoretical

calculations on ion conductivity based on two molecular

models of PLN pentamer: the first model was the NMR struc-

ture of PLN in micelles (Protein Data Bank code: 1ZLL) (11),

whereas the second model was built based on the fluorescence
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anisotropy data (20). Both models were subjected to energy

minimization and MD simulations with identical protocols

(see the Supporting Material).

The potential of mean force (PMF), or the free energy

profile, for Cl� ion transport was determined through a series

of umbrella sampling simulations (21). The reaction coordi-

nate, which specifies the ion migration across the lipid

membrane, is the difference between the z coordinate of the

center of mass of the backbone atoms (N, Ca, C0, and O)

from residues 27 to 52 in each monomer and the z coordinate

of the Cl� ion, where the z axis is perpendicular to the

membrane plane (see the Supporting Material). After initial

MD equilibration, the TM domains for both models converge

to a similar configuration, which is maintained throughout the

entire simulation. The cytoplasmic domains move away from

the initial configurations with undefined orientations with

respect to the lipid membrane. Since the TM domains from

the two models reach a similar configuration, we have carried

out the PMF analysis based on the NMR model (1ZLL) alone.

Fig. 2 depicts two snapshots of PLN from the initial stage of

MD simulations. The central pore of PLN initial configuration

is sufficiently large to be filled with water molecules (Fig. 2 ,
left). After 700 ps of equilibration, the water molecules escape

from the TM region, leaving domain II dehydrated throughout

the entire course of the initial MD simulations (37 ns). Note

that during this time we observed no spontaneous Cl� ion

transport. Fig. 3 reports the computed PMF profiles for Cl�

and Ca2þ translocation across PLN. The error bars correspond-

ing to one standard deviation are estimated using the bootstrap

method, with a decorrelation time of 5 ps and 50 Monte Carlo

trials. The statistical fluctuations give rise to ~1 kcal/mol errors

near the top of the free energy barrier, suggesting that the free

FIGURE 1 Plots of DY0 against E at 0.1 Hz obtained at tBLMs

bathed by aqueous 0.1M KCl and incorporating SLN from its

0.7 mM solution or PLN from its 0.4 mM solution; DY0 is the

increase in Y0 at each applied potential after the incorporation

of the given protein. The error bars are the standard deviations

from four different sets of measurements.
energy profile converged adequately. The convergence of the

calculations is also revealed by the nearly equal free energy

values for the ions on both sides of the PMF profile.

Fig. 3 shows a snapshot from the MD simulations with the

chloride ion near the center of the bilayer. When the Cl� ion is

located in the middle of PLN domain II, a chain of water mole-

cules aligns along the entire pore, with hydrogen atoms point-

ing toward the ion. The free energy barrier for the passage of

the Cl� ion across the pore is 19 kcal/mol. This high free

energy barrier indicates that PLN is unable to transport Cl�

ions. We repeated the calculations with Ca2þ ions and found

that the free energy barrier for the transport is much higher

(~40 kcal/mol). As a comparison, Allen et al. (22) obtained

a free energy barrier of ~15 kcal/mol for Cl� conduction

across gramicidin A, a Naþ ion channel, using a similar

computational protocol. This is ~10 kcal/mol greater than

that for a Naþ ion. Corrections for finite size and membrane-

induced polarization lower the barrier by 4 and 15 kcal/mol

FIGURE 2 MD snapshots of PLN in lipid membranes. (Left)

Initial configuration built from 1ZLL. Water and lipid molecules

within 2.5 Å of PLN have been removed for clarity. (Right) PLN

configuration after 700 ps of MD simulations.

FIGURE 3 (Left) MD snapshot with the Cl� ion approximately at

5 Å with respect to the center of the membrane. (Right) plots of

the PMF for Cl� and Ca2þ ions. In the most hydrophobic region

of the pore the energy barrier plateaus out at ~19 and 40 kcal/mol

for Cl� and Ca2þ ions, respectively.
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for mono and divalent ions, respectively (22). Thus, even with

these corrections, the free energy barriers for ion permeation

through PLN are still too high. Indeed, the absence of any

hydrophilic group in PLN domain II causes strong desolvation

effects, resulting in a large free energy barrier for both ion and

water transport. We did not observe any evidence of ion stabi-

lization via the Cys sulfur atoms in position 36 and 41. Taken

with the electrochemical data, these calculations show that it is

highly improbable that the conformations of the TM domain

of PLN exemplified by the two models can conduct ions.

In conclusion, both electrochemical measurements under

membrane potentials close to physiological conditions and

free energy calculations provide strong evidence that both in

the bellflower or pinwheel configurations PLN does not

conduct Cl� or Ca2þ ion. The high free energy barrier is due

to the hydrophobicity and the geometry of the PLN pore, in

agreement with the recent computational studies, showing

that hydrophobic pores with a diameters <4.5 and 6.5 Å are

impermeable to water and ions, respectively (23). Similar

conclusions were reached by Kim and co-workers using molec-

ular dynamics calculations (24). These findings reinforce the

hypothesis that PLN pentamer is a storage form that depolymer-

izes upon encountering SERCA and binds with the enzyme in

a 1:1 complex (4–9). Cluster formation and oligomerization are

a common theme for membrane proteins. Recently, Lang and

co-workers have characterized the organization and dynamics

of the plasmalemmal protein syntaxin 1, which forms well-

defined clusters (25). Giving the crowding of the SR membrane

(~80% is constituted by membrane-embedded proteins),

similar mechanisms of self-association/regulation are likely

to occur for PLN, SERCA, as well as ryanodine receptors.

SUPPORTING MATERIAL

Text and two figures are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(09)00749-8.
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