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ABSTRACT: Phospholamban is a 52-residue integral membrane protein that regulates the activity of the
sarcoplasmic reticulum calcium pump in cardiac muscle. Its inhibitory action is relieved when
phospholamban is phosphorylated at Serl6 by cAMP-dependent protein kinase. To computationally explore
all possible conformations of the phosphorylated form, and thereby to understand the structural effects of
phosphorylation, replica-exchange molecular dynamics (REMD) was applied to the cytoplasmic domain
that includes Serl6. The simulations showed that (i) without phosphorylation, the region from Lys3 to
Serl6 takes ali-helical conformations; (ii) when phosphorylated, théelix is partially unwound in the
C-terminal part (from Serl0 to Alal5) resulting in less extended conformations; (iii) the phosphate at
Serl6 forms salt bridges with Arg9, Arg13, and/or Arg14; and (iv) the salt bridges with Arg13 and Argl4
distort thea-helix and induce unwinding of the C-terminal part. We then applied conventional all-atom
molecular dynamics simulations to the full-length phospholamban in the phospholipid bilayer. The results
were consistent with those obtained with REMD simulations, suggesting that the transmembrane part of
phospholamban and the lipid bilayer itself have only minor effects on the conformational changes in the
cytoplasmic domain. The distortions caused by the salt bridges involving the phosphate at Ser16 readily
explain the relief of the inhibitory effect of phospholamban by phosphorylation, as they will substantially
reduce the population of all helical conformations, which are presumably required for the binding to the
calcium pump. This will also be the mechanism for releasing the phosphorylated phospholamban from
kinase.

Phospholamban (PLN)s an integral membrane protein protein kinase (PKA)3J) or at Thrl7 by C&"/calmodulin-
of 52 amino acid residues and works as a reversible inhibitor dependent kinase relieves the inhibitidi Although several
of the sarcoplasmic reticulum €aATPase (SERCA) in  NMR structure studies have been published for unphospho-
cardiac muscle 1). According to recent NMR structure rylated PLN alone Z, 5), no atomic structure is available
determinations 2), the cytoplasmic part (residues-21) for phosphorylated PLN (pPLN) or those bound to SERCA,
comprises am-helix (domain la, residues-116) connected  yet extensive mutagenesi6, (7) and cross-linking studies
to the transmembrane helix (domain Il, residues-32) by (8) led us to propose an atomic model of unphosphorylated
a flexible linker (domain Ib). Binding of PLN to SERCA  PLN bound to SERCAY), based on the crystal structure of
reduces the rate of uptake ofanto the reticulum, whereas  skeletal muscle Ca-ATPase (SERCA1a) in the absence of
phosphorylation of PLN at Serl6 by cAMP-dependent C&" (10). In the model, the PLN transmembrane helix fits
into a groove formed by the M2, M4, M6, and M9 helices
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phosphate at Serl6 is unlikely. In contrast, FRET studies
suggested that pPLN takes more compact helical conforma-
tions stabilized by a salt bridge between Argl3 and the
phosphate at Ser1@®). The primary aim of this paper is to
provide a unified picture of the structural changes in PLN
caused by phosphorylation at Ser16 via all-atom molecular
dynamics (MD) simulations of PLN and pPLN.

Similar efforts have been made by two groups so far, but
only in 10-20 ns range 40, 21). MD simulations of this
time range are unlikely to be able to explore all relevant
conformations of pPLN at room temperature. In particular,
given the lack of experimentally determined atomic structure
of pPLN that can be used as the starting structure, it is
difficult to provide thermally equilibrated conformations of
pPLN by conventional MD simulations on the nanosecond

time scale. Therefore, we used replica-exchange molecular

dynamics (REMD) 22) to explore all possible conformations
of the cytoplasmic domain (residues 20) of PLN (PLN:)

and pPLN (pPLN) in solution. Like the other generalized-
ensemble algorithm28—29), this method enables sampling
of a sufficiently wide conformational space of a target protein
and likely provides a distribution of all relevant conforma-
tions at thermal equilibrium without an atomic structure
experimentally determined. We then carried out conventional
MD simulations of full-length PLN and pPLN in a lipid

bilayer and studied the effects of the trasnsmembrane domain

and the lipid bilayer itself. These simulations show that salt
bridge formation involving Arg9 and the phosphate at Ser16
is likely to be the key event that results in the relief of
inhibitory action of PLN.

MATERIALS AND METHODS

REMD. Here, we briefly describe how REMD2%)
enhances conformational sampling of proteins or systems
with rugged energy landscapes. In REMD simulations, a
number of noninteracting copies of the original system (or
replicas) at different temperatures are simulated indepen-
dently and simultaneously by conventional MD. Every few
steps, pairs of replicas are exchanged with a transition
probability according to the Metropolis criteri25). This

exchange process generates a random walk of replicas in

temperature space, which, in turn, induces a random walk

in potential energy space. Because the random walk avoids

trapping at one of the local energy minima, REMD simula-
tions enable sampling of a wider conformational space than
conventional MD simulations and ensure statistically reliable

thermal averages at each temperature by using single-

histogram 80) or multiple-histogram technique81, 32).

Computational Details from the REMD Simulations of the
Cytoplasmic Domain of PLN in SolutioREMD simulations
of the cytoplasmic domain (residues 20) of PLN (PLN:)
or pPLN (pPLN.) were performed with explicit solvents
using a modified version of PREST@3—-35). The C-
termini of the proteins were blocked with &lmethyl group.
The starting structure of PLiNwas taken from the corre-
sponding region of the first conformer of the NMR structures
reported by Zamoon et al. (PDB entry 1IN7R);(for pPLN,
it was prepared by simply changing the side chain of Serl6
to the phosphorylated form. Plaind pPLN: were solvated
in a sphere with a radius of 30 A, in which 8"Kons, 11
Cl~ ions, and 3405 water molecules and 9 iéns, 10 Ct
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Ficure 1. Starting structures of pPLN. (a) In the REMD simulation,
the cytoplasmic domain (residues-20) of pPLN was solvated in
150 mM KCI. (b) In the MD simulations, full-length pPLN (residues
1-52) was simulated with 123 dioleoylphosphatidylcholine (DOPC)
molecules and solvated in 150 mM KCI. This figure was prepared
using Molscript 68) and Raster3D59).

ions, and 3399 water molecules were included, respectively
(Figure 1a). The salt concentration in each system was set
to 150 mM. Harmonic restraints were applied to prevent
solvent molecules from exiting the sphere. CHARMM27



11754 Biochemistry, Vol. 45, No. 39, 2006 Sugita et al.

1:10, 10.9 l:15,16.3

%

fo
d\% IVp: 11,7.85, 10.5 o <
§ v
- lllp: 14, 16.1

Vilip: 7, 7.8 \

po 1 E

7 ’E.o:
el i
el

Vllp: 7, 10.8
2
Mh
e p
~ ~&Vp: 9, 19.9
Vip: 16, 17.1 a;}i,, P Ip: 18, 20.9

Ficure 2: Free energy landscape of (a) PLEINd (b) pPLN at 310 K in the REMD calculations. The starting conformation of RLN

(white circle) and the representative stable conformations at local energy minima (open circles) are also shown. The values are the number
of a-helical residues and theoCdistance between Tyr6 and Met20 of the representative structure in each cluster. The side chains of Arg9,
Argl3, Argl4, and Serl6 are represented in ball-and-stick form.

CMAP potential functions36, 37) were used for proteins, 480 ns for PLN and 600 ns for pPLN Replica exchanges
and the TIP3P model3g) was used for water molecules. were attempted every 100 steps. The quality of random walks
The electrostatic interactions were computed using the cellin potential energy space was evaluated by counting the
multipole method39). All bonds involving hydrogen atoms  number of tunneling events in the respective simulations.
in proteins were constrained by LINC&Q]), and water Here, a tunneling event is defined as a trajectory from a
molecules were treated as rigid bodies by using SETTLE sufficiently high energyHy) to a low energy I, ) or from
(41). The equation of motion was integrated with a time step anE_ to anEy. Ey andE. were set to average energies at
of 1 fs by using a leapfrog algorithm. 603 and 310 K, respectively. The coordinates saved every
Sixty replicas with different temperatures (29653 K) 500 steps for the final 6 ns of the simulations were used for
were simulated for 8 and 10 ns in the simulations of RLN  conformational analysis. To monitor the sampling efficiency
and pPLN, respectively. The total simulation lengths were in conformational space, we performed a principal compo-
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nent (PC) analysis4@—44) on the simulation trajectories. 1.0
The variance-covariance matrix was calculated using all
heavy atom coordinates in each simulation and was diago-
nalized to obtain PC axes. To make the number of degrees
of freedom in PC analysis identical for PkNind pPLN,

we ignored the coordinates of the three oxygen atoms in
phosphorylated Serl16 (pSerl6) of pRLN

Computational Details of the MD Simulations of Full-
Length PLN in a Dioleoylphosphatidylcholine (DOPC)
MembraneFull-length PLN and pPLN were simulated with 0.2
explicit solvent and phospholipids (DOPC) by using MARBLE
(45). CHARMMZ27 CMAP parameters were used for proteins

08

06

Helical Probability

(36, 37) and phospholipids4), and the TIP3P modeBg) O T T s 5 10 12 14 16 18 20 2
was used for water. The full simulation system (PLN or MEKVQYLTRSAIRRASTIEM
pPLN, 123 DOPC molecules, and a 150 mM KCI salt Residue Number

solution) contained approximately 60 000 atoms, including pigure 3: Averagea-helicity of each residue in PLN—) and
more than 14 000 water molecules. The initial structure of pPLN (- --) at 310 K. Ana-helical residue was defined by the

PLN was taken from the 18th NMR structure (PDB entry same criteria that were used in DSSB2)( The error bars show
1N7L) (2), because it is the closest to the atomic model of the standard error of block averages that were calculated for every
PLN bound to SERCAY). As shown in Figure 1b, when
PLN was inserted into a DOPC membrane, its transmem-
brane helix was oriented in the same way as the atomic
model. Periodic boundary conditions were used in the MD the three clusters
simulations, and the electrostatic interactions were computed " . -

without truncation using the particle mesh Ewald algorithm N contrast, the simulation of pPLd\exhibited a broader
(47). All water molecules and all CGHNHy (x = 1, 2, or 3), distribution in the free energy Iand;g:apg comprising eight
SH, and OH groups in protein and phospholipids were treatedC"_JSterS’ which were further classified into three groups
as rigid bodies45). The equation of motion was integrated  (F19ure 2b). In the first group (clusters Ip, lip, lllp, and IVp),
with a time step of 2 fs. The coordinates were saved every PPLN consisted of a Io_ngL-hellx fro_m Lys3 to pSerl6 and
500 steps. The pressure and temperature were set at 1 atfiontained, at most, a single salt bridge between pSer16 and
and 310 K, respectively, by using the constant area Arg13. In the second group (Vp and Vip), two S‘?‘IF bridges
isothermal isobaric algorithm4b, 48, 49). Before the were formed between the phosphqte and two arginines (Arg9
production dynamics, a 600 ps equilibration was performed @nd Arg13). Due to the two salt bridges, the C-terminal part
as described previously for MD simulations of the skeletal Of the o-helix was partially unwound or divided into two

muscle sarcoplasmic reticulum CaATPase 50). short helices. The third group (VIIp and Vlllp) contained
disordered conformations, in which a salt bridge was formed

RESULTS between the phosphate and Argl4. Thus, phosphorylation
of PLN at Serl6 formed salt bridges with arginines and
Performance of REMD Simulatioris. this study, we used  increased the number of conformational substates by distort-
60 replicas that were distributed between 290 and 653 K. ing the a-helix.
Replica exchanges were attempted every 100 steps only for Backbone Structures of Piind pPLN. To examine the
neighboring replicas and were accepted for-38% using structural changes between P¢Bnd pPLN: more quanti-
the Metropolis criteriaZ5). In total, 95 and 137 tunneling tatively, we calculated the-helicity of each residue at 310

the cytoplasmic domain of PLN2J, which was used as the
starting model, was located almost at the midpoint among

events took place in the simulations of P&ind pPLN, K with the same criteria as DSSBJj. In both PLN: and
respectively, indicating that the replica-exchange method pPLNc, the first two (Metl and Glu2) and last four (Thrl7
worked properly. and Met20) residues had low helicity whereas the region

Principal Component Analysis of Pichand pPLN. We from GIn5 to Arg9 took amx-helical conformation with high
first studied free energy landscapes of Riahd pPLN by probability (Figure 3). A marked difference was found with
analyzing PCs of the simulation trajectories. The first (PC1) the region from Ser10 to Alal5: the-helix in this region
and third PC (PC3) axes were used to draw the landscape®f PLNc remained stable but unwound in pPEN
at 310 K, as different local minima appeared more clearly We next analyzed the & distance between Tyr6 and
in the PCX-PC3 plane than in the PE&PC2 plane. Contri- Met20 to compare the simulation results with the FRET
butions to the mean square fluctuation from the second (PC2)measurementslg, 17). Figure 4 shows that the distribu-
and PC3 were similar (8.6 and 8.4%, respectively). Three tion for PLNc has a sharp peak around 21.5 A, whereas that
major clusters were found in the free energy landscape offor pPLN; has a broader distribution with a peak as short
PLNc (Figure 2a). In cluster I, PLNconsisted of a long as 10.5 A. At 310 K, the average distance in pRLN
a-helix from Glu2 to Glu19, whereas the C-terminal part of (16.1+ 0.8 A) was~2 A shorter than that in PLN(18.1+
the a-helix was unwound in clusters Il (between Thr17 and 0.8 A). As shown in Figure 2, the structure with the sharp
Glu19) and Il (between lle12 and Glul9), suggesting that peak around 21.5 A corresponds to an extendeelix
the structural ensemble of PLN in solution contains the (clusters I, Ip, and Ilp), whereas partially disordered ones
conformations similar to that of the atomic model of PLN (lll, IVp, VIp, Vlip, and VllIp) have shorter distances {8
bound to SERCAY). Interestingly, the NMR structure of 17 A).
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Table 1: Salt Bridges Observed in REMD Simulations of PLN and
pPLN at 310 K

negatively charged positively charged Probability of the formation
residue involved  residue involved _ ©f the salt bridge (%)

in the salt bridge in the salt bridge PLN pPLN
Glu2 Lys3 21 24
Glu2 Arg9 3.8 35
Glu2 Arg9 2.9 0.0
Glu2 Argl4d 0.0 14
pSerl6 Lys3 - 6.9
pSerl6 Arg9 - 28.2
pSerl6 Argl3 - 63.4
pSerl6 Argl4 - 21.5
Glu19 Lys3 0.5 3.1
Glu19 Arg9 9.3 135
Glu19 Argl3 16.3 13.8
Glu19 Argl4 11.6 25.1

a Phosphorylated Serl6.

Side Chain Interactions in the Cytoplasmic Domain of
PLN. As described earlier, unwinding of the-helix was
correlated with salt bridge formation involving the phosphate

Sugita et al.

the phosphate at Ser16 formed salt bridges with Arg9, Arg13,
and/or Argl4. Of these, the salt bridge between Arg13 and
the phosphate was the one most frequently observed.

We next examined how salt bridges between the phosphate
at Serl6 and the three arginines are related to the confor-
mational disorders observed in pP&NTable 2 lists the
relationship between the frequency of salt bridges involving
the phosphate and the average numbetr-bklical residues
in pPLNc. We identified four major groups for the salt bridge
formations in pPLN: (i) a single salt bridge with Arg13
(38.1%), (ii) dual salt bridges with Arg9 and Arg13 (23.3%),
(i) a single salt bridge with Arg14 (12.9%), and (iv) no
salt bridges (13.3%). A pPLNin groups (i) and (iv) has
more than 14x-helical residues similar to PLNIn contrast,

a pPLN: in groups (ii) and (iii) has fewer than 1&@-helical
residues, indicating that the salt bridges involving Arg9 and
Argl4 act as helix breakers in pPENThe temperature
dependence of salt bridge formation between the phosphate
at Ser16 and Arg13 correlated with thatoehelix formation,
whereas those with Arg9 and Argl4 correlated with that of
the Gu distance between Tyr6 and Met20 (Figure 5),
confirming the different roles of the salt bridges.

MD Simulations of Full-Length PLN and pPLN in
MembranesWe next performed MD simulations of full-
length PLN and pPLN with explicit solvent and a DOPC
lipid bilayer to examine how lipid molecules affect the results
obtained in the REMD simulations. For this purpose, we
carried out MD simulations of full-length PLN and pPLN
for 30 ns each, starting from the NMR structure. In another
simulation of pPLN, to reflect the structures in the second
group of pPLN (clusters Vp and Vip in Figure 2b), we
restrained the distance for the first 10 ns between the
phosphorus oxygen atoms in pSer16 and the amide nitrogen
atoms in Arg9 and Argl3. After the distance restraint was
removed, the simulation was continued for an additional 20
ns. Hereafter, we refer to this simulation of pPLN as
pPPLN_rest.

In the simulations of PLN and pPLN, the cytoplasmic and

at Serl6. We therefore more quantitatively examined how transmembrane helices remained stable (Figure 6a,b and
often such salt bridges are formed. Here, we define that aFigure 1 of the Supporting Information). In pPLN, the salt
salt bridge is formed when the distance between an amidebridge between pSer16 and Argl3 formed spontaneously at
nitrogen atom and a carboxyl or phosphorus oxygen atom ~7 ns and remained stable until the end of the simulation.
is <3.0 A. Table 1 lists the probability of each salt bridge After the distance restraints in pPLN_rest were removed, the

formation in the REMD simulations. PL{Nhad only two

dual salt bridges between the phosphate at Serl6 and Arg9

salt bridges between Arg13 and Glul9 and between Argl4and Argl3 remained intact (Figure 6c). Due to the salt
and Glul9. These salt bridges are likely to act as terminatorsbridges, the C-terminal part of the cytoplasmitelix was

of the cytoplasmiax-helix. In addition to these, in pPLN

partially unwound and divided into two short helices. Other

Table 2: Classification of pPLN with the Number of Salt Bridges Involving the Phosphate at Serl6 Observed in the REMD Simulation of

pPLN at 310 K

no. of salt residues that form probability of the formation average no. of corresponding clusters
bridges salt bridges with pSer®6 of salt bridges (%) o-helical residues in Figure 2b
0 - 13.3 141 lip, lllp
1 K3 0.2 6.3 -
1 R9 2.7 13.0 -
1 R13 38.1 14.2 Ip, llp, Nip, IVp
1 R14 12.9 9.7 Vlip, Vllip
2 K3, R14 6.0 6.7 Vlip, Vllip
2 R9, R13 233 115 Vp, VIp
2 R9, R14 14 0.5 -
2 R13, R14 12 5.3 -
3 K3, R9, R13 0.7 0 -
2 The salt bridge patterns with occurrences<df.1% are not listed here.
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brane helices fluctuated rapidly between open and closed
(L-shaped) conformations (Figure 7a). Starting from an open
conformation of PLN, which is the closest to the atomic
model of PLN bound to SERCA, we observed the L-shaped
conformations (interhelix angle of less than 120 Figure

7a) twice in the simulation of PLN and in pPLN_rest. In
these conformations, Lys3 or Argl4 interacts strongly with
the phosphate of a lipid molecule (see Figure 6c), suggesting
that these positively charged residues act as membrane
anchors. This observation is consistent with the fact that the
positively charged amino acid residues are frequently
observed in the lipiesolvent boundary of membrane
proteins 62). Figure 7b shows that pPLN_rest took confor-
mations represented by the L-shaped structure, whereas
pPLN took the most open conformations in the three 30 ns
MD simulations. Considering that both simulations were
conducted for the pPLN, it is clear that conventional MD
simulations for several tens of nanoseconds do not provide
equilibrium structures of PLN or pPLN in membranes.

DISCUSSION

Consistency of the Simulation and Experimental Déta.
this study, we made the following observations about the
structure of pPLN. (i) The C-terminal part of the cytoplasmic
o-helix is partially unwound by phosphorylation of PLN at
Serl6. (ii) The @ distance between Tyr6 and Met20 in
pPLN is~2 A shorter (16.1+ 0.8 A) than in PLN (18.1:

0.8 A). (iii) The phosphate at Ser16 in pPLN forms salt
bridges with Arg9, Argl3, and/or Argl4, and of these, the
salt bridges involving Arg9 and Arg14 act as helix breakers.
Although the first observation has previously been mads (
the latter two are new and made possible only by utilizing
REMD simulations. As already pointed out, it is highly
unlikely that conventional MD simulations can sufficiently
sampls the conformation of a target protein within several
tens of nanoseconds. The structures obtained here readily
explain experimental results by NMR and FRET and remove
the apparent discrepancy between them.

The increase in the degree of conformational disorder by

FiGURE5: Temperature dependence of (a) the number-bélical phosphorylation of PLN at Serl6 agrees with measurements
residues, (b) the & distance between Tyr6 and Met20, and (c) by NMR (13). Specifically, the . chemical shifts and the

salt bridge formation. In panels a and b, solid and dashed lines hackhone NOE data for AFA-pPLN indicated that the loop

represent the averaged values obtained in the REMD simulations__ . : .
of PLNe and pPLNs, respectively. In panel ¢, the probabilities of region around the phosphorylation site becomes longer after

salt bridge formation between the phosphate at Serl6 and ArggPhosphorylation. In addition, the backbone order parameters

(--+), Argl3 (), and Argl4 (- - -) obtained in the REMD simulation (&) of AFA-pPLN indicated that the flexibility of pPLN

of pPLNc are shown. The error bars show the standard error of increases compared with that of PLN. The heteronuclear

block averages that were calculated for every 1 ns. NOE value of the Ser16 amide backbone in AFA-pPLN was
less than 0.6, indicating that a stable salt bridge is unlikely.

structural parameters (e.ghelicity of each residueR of The free energy landscape of pPLt 310 K (Figure 2b)

the cytoplasmic domain, and thex@istance between Tyr6 ~ shows that pPLN likely has several conformational substates
and Met20) observed in the MD simulations of PLN and containing different salt bridges, consistent with the small
pPLN in membranes were similar to those in the REMD NOE value.

simulations, although the distributions in the MD simulations  Squire et al. reported that the distance between Tyr6 and
were much narrower than those in the REMD simulations. a fluorophore N-(1-pyrenylmaleimide), attached to Cys24
This is as expected because the structures in conventionatecreasedy3 A on phosphorylation. They interpreted the
MD simulations are likely trapped at local energy minima decrease as an elongation of the cytoplasmibtelix
near the starting conformations. The structural changes instabilized by formation of a salt bridge between Arg13 and
the cytoplasmic domain appear to be hardly affected by thethe phosphate at Serl6. Although a direct comparison

events in the transmembrane domain and lipid bilayer.
In simulations of full-length PLN and pPLN in a lipid

between FRET measurements and REMD simulations is not
possible, REMD simulations showed that the. @istance

bilayer, the angle between the cytoplasmic and transmem-between Tyr6 and Met20 (the C-terminal residue in the



11758 Biochemistry, Vol. 45, No. 39, 2006 Sugita et al.

(@) (b) (c)

FiGure 6: Snapshots obtained at 30 ns in MD simulations for (a) PLN, (b) pPLN, and (c) pPLN_rest. The cytoplasmic domains are
enlarged in the inset. The side chains of Arg9, Arg13, Argl4, and Serl6 are shown in ball-and-stick form. Salt bridges are represented by
dotted lines. This figure was prepared using Molscri8) (and Raster3D59).

simulation) decreased by2 A by phosphorylation (Figures  transmembrane domain is fixed and altered by the salt bridge.
2 and 5), consistent with FRET measurements. However, Thus, although the change in the distribution of different
this was due to a break rather than the elongation of the conformations as revealed by REMD simulations may appear
helix. Thus, our picture on pPLN is consistent with both to be rather small at first glance, it is probably not so. It is
NMR (13) and FRET resultsl). likely that only pPLN in cluster Ip retains the ability to
Role of the Conformational Changes in the Cytoplasmic interact with SERCA in a manner similar to that of
Domain of PLN upon Phosphorylation at SerM@e have unphosphorylated PLN. Then, because cluster Ip is a minor
studied how the phosphorylation at Ser16 alters the structureone, relief of inhibitory action of PLN will be explained
of PLN in solution and in membrane, but we do not know immediately. We should also consider that there must be a
yet how the phosphorylation relieves the inhibitory effect dynamic equilibrium among different conformations. Then,
of PLN. The current simulation study suggests that the pPLN in clusters Ip and llp at one moment will take distorted
phosphorylation of PLN at Serl6 unwinds the cytoplasmic conformations at least for some time. If SERCA can bind
helix by forming salt bridges between pSerl6 and three C&" during that period, the reaction will proceed.
arginines and thereby reduces the interaction between Mutagenesis studies on PLN support this idea. A Serl6Glu
SERCA and PLN (Figure 8a). Even though pPLN that retains mutation in PLN greatly reduces the inhibitory effect of PLN
the long cytoplasmiat-helix may still be able to interact  (53), suggesting that the salt bridges between Glul6 and
with SERCA in a similar way, the population of PLN in  Arg9, Arg13, and/or Arg14 induce conformational disorder,
such conformations is substantially reduced (clusters Ip-Illp resembling those in pPLN. In contrast, single mutations of
in Figure 2b). Because the face of the helix available for Arg9, Argl3, and Arg14 to Ala do not substantially reduce
interaction with SERCA appears to be different between the inhibitory effect of PLN %4).
clusters | and Il, if we assume PLN in cluster | is able to  The interaction between PLN and PKA is also essential
bind to SERCA, PLN in cluster Il will not. Although pPLN  for understanding the relief of the inhibitory effect of
in one of the most prominent groups (lllp, Figure 2b) phospholamban by phosphorylation, because Serl16 in PLN
contains a long helix, the path of the loop connecting to the is phosphorylated by PKA3]. Although the X-ray structure
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) Ficure 8: Schematic diagram illustrating the functional role of
Interhelix Angle [degree] phosphorylation of PLN at Ser16. (a) The binding of PLN to
FiGURe 7: Angle between the cytoplasmic (residues1B) and SERCA is inhibited due to the distortion of the helical structure of

transmembrane (residues 222) helices observed in the MD  PPLN. SERCA, PKA, and PLN are colored green, orange, and
simulation of full-length PLN in' membranes. (a) Time series and Yellow, respectively. (b) Electrostatic interactions between PKA

(b) distributions of the angles in PLN (black), pPLN (cyan), and 2and an inhibitor peptide observed in the X-ray structure (PDB entry
pPLN_rest (magenta). The solid lines represent the durations whenlJLU). A white dashed line represents the salt bridge between PKA

PLN or pPLN takes an L-shaped conformation in membranes. Here,and the inhibitor peptide; cyan arrows represent the interactions

an L-shaped conformation is defined as that with an interhelical that are likely to be required for the release of pPLN from PKA,
angle of<120°. and the position of ADP in an X-ray structure of the PKA complex

with an unphosphorylated inhibitor peptide (PDB entry 1JBP) is
shown as a dashed oval. This figure was prepared with Molscript

of PLN bound to PKA is yet to be determined, an X-ray (58), Raster3D §9), and PyMol 0).
structure for PKA containing an inhibitory peptide is ) )
available, the amino acid sequence of which is similar to it appears that the formation of a salt bridge between pSer16
that of PLN 65, 56). The inhibitory peptide also has three and Arg9 (between Ser377 and Arg371 in the inhibitory
arginines (Arg371, Arg374, and Arg375) preceding the peptide) is essential for PLN to be released from PKA after
phosphorylation site (Ser377); they likely play the same Phosphorylation. The Arg9Cys mutant traps PKA presumably
functional roles as Arg9, Arg13, and Argl14 of PLN. In the because it cannot form the salt bridge (Figure 8b), which
X-ray structure of PKA with the unphosphorylated form of Works to take different conformations of pPLN in solution.
the peptide, Arg371 (equivalent to Arg9 in PLN) and Arg375 To see if this hypothesis is valid, we need the atomic
(equivalent to Arg14 in PLN) in the inhibitory peptide form  structure of PLN bound to PKA.
salt bridges between Glu230 and Glu203 of PKA, respec- In conclusion, our simulation study has reconciled seem-
tively (Figure 8b), whereas Arg374 (equivalent to Arg13 in ingly opposing results from NMR and FRET studies and
PLN) in the inhibitory peptide forms a hydrogen bond with proposed a detailed atomic picture on the effects of phos-
ADP. The corresponding arginines in PLN likely form phorylation at Serl6 of phospholamban.
similar salt bridges with PKA before phosphoryl transfer.

pPLN must be released from PKA after phosphorylation ACKNOWLEDGMENT
by breaking the interaction with PKA and rearranging the
salt bridges involving the arginines and pSerl6. Recently, h
an Arg9Cys mutation in PLN was found to cause dilated
cardiomyopathy qnd he_art.failuréq 57). ,_’-\Ithough the SUPPORTING INFORMATION AVAILABLE
mutant does not directly inhibit SERCAZ2a, it traps PKA and
blocks PKA-mediated phosphorylation of wild-type PLN, Simulation data of full-length PLN or pPLN in mem-
resulting in a delayed decay of calcium transients in myocytes branes, average-helicity of each residue in PLN, pPLN,
(57). With the available structural and functional information, and pPLN_rest, and animations of 30 ns MD simulations of

We thank T. Tsuda and D. H. MacLennan for many
elpful discussions.
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PLN, pPLN, and pPLN_rest with a DOPC lipid bilayer. In
the animations, solvent molecules are omitted for clarity. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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