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Abstract 

 
Membrane proteins and antimicrobial peptides represent two diverse and 

challenging classes of macromolecules to characterize at the molecular level. They are 

linked by the interaction with the lipid bilayer of the cell membrane. Within the lipid 

bilayer, membrane proteins are involved in vital biochemical processes such as ion 

transport, signal transduction and cell adhesion. Antimicrobial peptides are a broad class 

of polypeptides produced by all living organisms, representing the first line of defense 

against bacterial infections. They work by selectively targeting the bacterial membranes 

and subsequently killing the cell by a variety of mechanisms such as membrane 

disruption, membrane potential dissipation and enzyme inactivation.  

Although very important, membrane proteins and antimicrobial peptides are 

underrepresented in terms of available high-resolution structural information compared to 

water-soluble proteins and this limits the current understanding of how they work in 

living cells. In this thesis I summarize my contribution towards the elucidation of the 

high-resolution structures of the integral membrane protein phospholamban and the 

mechanism of action of two important antimicrobial peptides (LL37 and distinctin) by a 

hybrid solution and solid-state nuclear magnetic resonance spectroscopy approach. These 

results provide new insights and methodologies to study and understand how key 

membrane proteins and antimicrobial peptides elicit their function. 
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Membrane Proteins 

Over one third of all genomes is constituted by membrane proteins (1). MPs are 

essential components of cell membranes, carrying out a variety of functions such as ion 

transport, cell signaling and energy generation (2b). Several diseases such as dilated 

cardiomyopathy, cystic fibrosis, muscular dystrophy (3b), are due to malfunctioning of 

MP. Indeed MPs represent the target for over 40% of all the prescription drugs (2). 

Although MPs can fold into only two structural motifs (Figure 1A), from a structural 

point of view, they have been neglected compared to soluble proteins and are vastly 

underrepresented in the protein data bank (http://www.pdb.org/pdb/home/home.do). Of 

the ~65,000 structures deposited in the Protein Data Bank, only 272 (less then 1%) are 

unique MPs (http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html). This disparity 

has several causes: 1) MPs are generally more difficult to obtain in large quantities by 

heterologous expression, 2) MPs require a lipid or detergent environment to be functional 

and this makes formation of diffracting crystals for X-ray crystallography extremely 

challenging (3), 3) for classical investigations by solution NMR spectroscopy, the size of 

the protein together with the detergent micelle usually limits this approach to small 

(<50kDa) MPs.  

 When characterizing the structure of MPs, an additional challenge is to determine 

their topology in lipid membranes (4). This “fourth dimension” of the membrane protein 

(Figure 1B) represents a crucial feature having important functional implications (4). 

Indeed, it is becoming increasingly clear that many biological processes involving MPs 

rely on topological changes and not just on secondary and tertiary structural 

rearrangements (5, 6).  
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Figure 1B. Definition of protein topology for a transmembrane α-helix. Angles ρ and 
θ correspond to rotation and tilt of the helical axis with respect to the bilayer normal 
(n)  

 
Figure 1A. Representative models of the two known structural motifs of 
membrane proteins (α-helix bundle and the β-barrel). Taken from Wimley WC and 
White SH (27) 
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However, using traditional techniques such as X-ray crystallography and solution NMR 

spectroscopy is not possible to determine the structure and the topology of membrane 

proteins. For this reason, in recent years there have been efforts towards the use of hybrid 

approaches that combine structural information from different techniques (6b). Among 

these approaches, one of the most powerful is to combine information deriving from 

solution and solid-state NMR spectroscopy (10).  

 

Antimicrobial peptides. 

Antimicrobial peptides (AMPs) represent another important class of medically 

relevant molecules (7,8). They are broad-spectrum antibiotics found mainly in 

multicellular organisms (7). AMPs are considered ancient weapons against bacterial 

infections and have been effective over extended period of time during evolution of 

multicellular organisms. From a structural point of view, AMPs can be broadly classified 

in four groups: α-helical, β-sheet with one or more disulfide bonds, circular (due to the 

presence of a single S-S bond) and linear. The common feature of most AMPs is the 

amphipathic character of their secondary structural domains, which allows them to 

recognize and bind to the negatively charged outer leaflet of most bacterial membranes 

(Figure 2). 

As with the structure, the mechanisms of action are diverse. According to the 

Shai–Matsuzaki–Huang model (8), AMPs bind to the charged bacterial membrane 

surface and subsequently can either function by disrupting the membrane or by entering 

the cytoplasm of the bacterial cells and binding to DNA, RNA or interfering with protein 

synthesis. 

Bacteria can acquire resistance to the most potent antibiotics such as vancomycin 

or methicillin, but do not develop resistance to antimicrobial peptides. This is likely due 

to the nature of their target: the bacterial lipid membrane. In order to circumvent the 

action of AMPs bacteria would either need to extensively redesign the lipid composition 

of their membranes or to selectively inactivate AMPs by protease digestion. The first 

approach is extremely costly from an energetic point of view whereas the second is 

hampered by absence of conserved amino acid sequences among AMPs that could serve 

as a recognition sites for potential proteases. 
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These aspects of AMPs make them extremely interesting from a medical 

perspective, especially in the light of today’s widespread multidrug bacterial resistance. 

By understanding the underling molecular principles of how AMPs interact and 

kill bacteria, it will be possible to design more potent antibiotics with a decreased chance 

of resistance. As with membrane proteins, one of the crucial features of AMPs is how 

they interact with the membrane. For AMPs, both the topology and the mechanism of 

action must be determined at the atomic level to fully understand and subsequently 

control their activity. 

 

 

 

Figure 2. Interaction between amphipathic antimicrobial peptides and prokaryotic (right) 
or eukaryotic (left) membranes. Taken from Zalsoff et al. (7) 
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The overall goal of my PhD was the development and application of solution and 

solid-state NMR approaches to the structural characterization of integral membrane 

proteins and antimicrobial peptides. This work led to the development of a “hybrid 

approach” that combines solution and solid-state NMR restraints in the classical structure 

calculation protocol (10). The methods developed allowed us to determine the high-

resolution structure of the cardiac protein phospholamban (monomeric and pentameric) 

(9) in lipid bilayers as well as characterize two medically relevant antimicrobial peptides: 

LL37 and distinctin. 

The thesis is organized into ten chapters and three appendices. Both chapters and 

appendices are reprints of journal articles that have been either published or submitted. 

In the following paragraphs I will give a synopsis of the work I have carried 

out during my PhD in the Veglia’s laboratory as documented by the published or 

submitted articles. 

The chapters have been deliberately organized following a logical rather than 

chronological approach.  

Chapter 2 gives an overview of structural and dynamic basis of phospholamban 

regulation of the Ca2+-ATPase. It introduces the challenges faced in the study of dynamic 

membrane proteins not amenable to X-ray crystallography. It also introduces the use of 

oriented solid-state NMR in the determination of membrane protein topology in lipid 

bilayers.  

Chapter 3 and 4 present the technical details for the development of the hybrid 

solution and solid-state NMR approach and its application to the monomeric PLN. As 

mentioned earlier, to fully characterize membrane proteins it is necessary to define both 

the 3D structure and topology with respect to the bilayer membrane. In this study (10), 

we modified the structure calculation protocol by introducing two new energy terms: 

ECSA and EDC. These terms are derived from the experimentally observed 15N-CSA and 
1H-15N-DC of amide groups in proteins embedded in fluid lipid bilayers.  

Although the high-resolution structure of the monomeric PLN was previously 

solved in the Veglia’s laboratory (11) by solution NMR spectroscopy, the relative 

orientation of the two helical domains with respect to each other (the topology) was only 

qualitatively assessed by paramagnetic quenching experiments. Using orientational 
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restraints derived from oriented solid-state NMR experiments incorporated in the 

calculation protocol it was possible to obtain a more accurate structural model of the 

protein in lipid membranes. 

This approach paves the way for the implementation of other restraints from other 

techniques in the attempt to provide a structural model that resembles the real 

conformation of the membrane protein in the bilayer 

In cardiac muscle cells however, the wild-type phospholamban readily 

oligomerizes to form homopentamers (12), which are in a dynamic equilibrium with 

monomers. The biological significance of the pentameric assembly is still matter of 

debate. To shed light on the role of the PLN pentamer, a number of research groups have 

carried out biophysical studies and come up with disparate structural models (13-16). The 

two most recent structures proposed are the “bellflower” and “pinwheel” models. The 

major difference between the two models is found in the orientation of the cytoplasmic 

α-helices. The structure and topology of membrane proteins can change substantially 

depending on the membrane mimicking environment (17). In order to validate which of 

the proposed models more closely represents the average structure of PLN in lipid 

membranes, In Chapter 4 we investigated the topology of the pentameric PLN by using 

solution and solid-state NMR in detergent micelles and lipid bilayers, together with EPR 

spectroscopy. The results clearly indicate that in lipids the most stable form of pentameric 

PLN has an L-shape topology, with the amphipathic helices closely embedded within the 

surface of the membrane. 

Having validated the topology of PLN, the subsequent logical step was to use the 

newly developed hybrid method to elucidate the high-resolution structure of the 

pentameric PLN in lipids. This endeavor posed some serious challenges compared to the 

monomeric PLN case. First, there is a five-fold increase in the size of the protein, which 

required extensive sample optimization to obtain high-resolution NMR spectra in both 

detergent and lipid systems. Second, to define the packing of the pentameric assembly, 

accurate inter-protomer distances must be measured. 

To accomplish this, we used solution NMR and developed a novel asymmetric 

isotopic labeling scheme to probe distances between methyl groups of up to 9 Å apart 

(18). The details of the methods are reported in Chapter 6. 
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Chapter 7 represents the culmination of all the previous efforts. In this chapter, 

the high-resolution structure of the pentameric PLN using the hybrid approach is 

presented. This constitutes the largest membrane protein whose structure has been 

determined in lipid environments by NMR spectroscopy and dismisses the previously 

proposed role as a chlorine channel the pentameric PLN. The “bellflower” topology 

supported the hypothesis of channel activity, however the hybrid structure together with 

recent electrochemical measurements (19) is not consistent with this hypothesis. Indeed 

the average pore diameter is narrower than in the “bellflower” model. Additionally, the 

pronounced bending in the transmembrane helices is absent. In a subsequent publication 

(Chapter 8), we showed that the peculiar topology of the “bellflower” model could be 

largely attributed to the reliance on residual dipolar couplings as orientational restraints 

(20). 

Chapter 9 and 10 are dedicated to the use of solution and solid-state NMR 

spectroscopy for the characterization of two important antimicrobial peptides. The first is 

distinctin, a novel antimicrobial peptide (22,23,24,26) shown to be effective as an 

antibiotic in the treatment of staphylococcal sepsis (25). The second is LL37 (21), the 

only cathelicidin-derived peptide found in humans, active against both Gram-positive and 

Gram-negative bacteria.  
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Phospholamban (PLN) and sarcolipin (SLN) are two single pass membrane 

proteins that regulate Ca2+ ATPase (SERCA), an ATP-driven pump that translocates 

calcium ions into the lumen of the sarcoplasmic reticulum initiating muscle relaxation. 

Both proteins bind SERCA through intramembrane interactions, impeding calcium 

translocation. While post-translational phosphorylation of PLN at Ser-16 and/or Thr-17 

reestablishes calcium flux, the regulatory mechanism of SLN remains elusive. SERCA 

has been crystallized in several different states along the enzymatic reaction coordinates, 

providing remarkable mechanistic information; however, the lack of high-resolution 

crystals in the presence of PLN and SLN limits the current understanding of the 

regulatory mechanism. This brief review offers a survey of our hybrid structural approach 

using solution and solid-state NMR methodologies to understand SERCA regulation from 

the point of view of PLN and SLN. These results have furthered the understanding of the 

calcium translocation process, and are the basis for designing new therapeutic approaches 

to ameliorate muscle malfunctions. 
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Introduction 

Calcium-induced calcium-release in muscle cells is primarily the task of two 

membrane proteins, sarco(endo)plasmic reticulum calcium ATPase (SERCA) and the 

ryanodine receptors (Ryr). Ryr1 and Ryr2 are responsible for releasing Ca2+ from the 

sarcoplasmic reticulum (SR) of skeletal and cardiac muscle, respectively, resulting in 

muscle contraction. Likewise, SERCA1a and SERCA2a pump calciuminto the SR in 

skeletal and heart muscle, initiating muscle relaxation. Phospholamban (PLN), a 52-

residue protein spanning the SR membrane, is an endogenous inhibitor of SERCA, 

lowering the apparent calcium affinity of the ATPase. The relief of SERCA inhibition is 

achieved by phosphorylation of PLN at Ser-16 by protein kinase A and/or Thr-17 by 

Ca2+/calmodulin-dependent protein kinase (1). In vivo studies demonstrate that 

phosphorylation at Ser-16 and Thr-17 have different roles, suggesting that these 

mechanisms act independently (2, 3). 

Sarcolipin (SLN) has a primary sequence homologous to that of the 

transmembrane domain of PLN (4, 5). Initially, SLN was thought to be the counterpart of 

PLN within skeletal muscle, playing only an ancillary role in cardiac muscle. Recently, 

however, significant expression levels of SLN have been detected in cardiac muscle, 

increasing the interest in this protein (6, 7). When SLN was initially co-purified with fast-

twitch skeletal SERCA1 (8), no post-translational modifications were identified, which 

led to the conclusion that the regulation of SLN depended on its variable expression 

levels (9, 10). Recent evidence shows that SLN is able to regulate SERCA and that its 

inhibition can be fully reversed by isoproterenol, a β-adrenergic receptor agonist,in PLN 

knock-out mice(11). These results led to the hypothesis that the inhibitory effect of SLN 

can be reversed via phosphorylation in a similar manner as PLN. In vitro experiments 

have shown that SLN can be phosphorylated at Thr-5when co-transfected with 

serine/threonine kinase 16 (STK16) (11). From the biological data, it is clear that 

phosphorylation of PLN, and possibly SLN, constitute important driving forces for 

calcium re-uptake into cardiac SR. 

Several crystal structures of SERCA in different conformations within the 

enzymatic cycle have revealed important atomic details regarding SERCA’s mechanism 

(Figure 1) (12, 13, 14, 15, 16, 17). How much is known about the molecular details of 
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PLN/SLN regulation and calcium translocation by SERCA? PLN is thought to bind and 

inhibit the low affinity calcium form of SERCA (E2) and detach from the enzyme (either 

partially or totally) upon phosphorylation at Ser-16, reversing its inhibitory effect and 

restoring the affinity of SERCA for Ca2+ ions. The only experimental structure of the 

SERCA/PLN complex is a low-resolution cryoelectron microscopy image (8-10 Å) 

obtained by Stokes and co-workers (18). Hampering the formation of large, highly 

diffracting SERCA/PLN and SERCA/SLN co-crystals is the dynamic interplay between 

the proteins. For this reason, Maclennan and co-workers have used a plethora of available 

biological data (mutagenesis studies, co-immunoprecipitation assays, and cross-linking 

experiments) in-concert with molecular dynamics simulations to model SERCA/PLN 

(19), SERCA/SLN (20), and SERCA/PLN/SLN complexes (20) (Figure 2). Hutter et al. 

have also modeled the solution structure of C41F PLN determined in 

chloroform/methanol with the E2 form of SERCA using molecular mechanics (21). 

While these models shed light into the interaction between SERCA and PLN and SLN, 

there are inconsistencies concerning the topology and structure of PLN and SLN within 

the complexes.  

This review reports on our recent progress involving the structure determination 

of PLN and SLN in the free forms and towards elucidation of the interaction with 

SERCA using solution and solid-state NMR. While many contributions to the structural 

analysis of PLN and SLN from other laboratories are cited and related to our work, this 

review is not intended to be an exhaustive overview of the large amount of structural and 

biological information on PLN and SLN within the literature. 
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Figure 1. Enzymatic cycle mimicking the four major conformational states of SERCA: 

E2 (1IWO) (13), E1-Ca2 (1SU4) (12), E1-ATP-Ca2 (1VFP) (14), E2P (1XP5) (16). PLN 

and SLN are believed to inhibit the E2 conformation as indicated within the model. The 

model was reproduced from Inesi et al. (59). 
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Figure 2. Models of SERCA/PLN (19) and SERCA/SLN (20). Coordinates of complexes 

generously provided by D.H. Maclennan. 
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Choice of membrane mimicking environments for spectroscopic studies 

For both solution and solid-state NMR, we use two major criteria for sample 

preparation: 1) functionality of proteins under NMR conditions and 2) the ability to 

acquire high quality NMR spectra. Being membrane embedded proteins, SLN and PLN 

need lipid environments to elicit their biological function. After scanning several 

different conditions, we chose dodecylphosphocholine (DPC) detergent micelles for 

solution NMR studies and a 4/1 mixture of Dioleoyl-sn-Glycero-3-

Phosphocholine/Dioleoyl-sn-Glycero-3-Phosphoethanolamine (DOPC/DOPE) lipids for 

solid-state NMR studies. Figure 3A and B shows the calcium dependence of SERCA in 

the presence and absence of PLN (or SLN) under these conditions. The hydrolysis of 

ATP by SERCA is followed directly using 31P NMR spectroscopy in DPC micelles and 

indirectly using the coupled enzyme assay in lipids (22, 23, 24). A representative 

example of the kinetic results from the 31P spectroscopic assay is shown in Figure 3C. In 

both lipids and detergents, samples for the structure and dynamics studies are fully 

functional. 

PLN Structure and Dynamics in DPC micelles 

In the SR, PLN is thought to exist as an inactive pentamer (storage form), which 

depolymerizes into functional monomers prior to interaction with SERCA (Figure 2) (25, 

26). Accordingly, we have focused our attention on a fully functional monomer of PLN 

(AFA-PLN) obtained by mutating the three cysteine residues (Cys-36, 41, 46) of the 

transmembrane domain to Ala, Phe, and Ala, respectively. Using NOE restraints in 

structural calculations, we have determined that PLN adopts an L-shaped conformation in 

DPC micelles comprised of three distinct structural domains: cytoplasmic domain Ia 

(helical from residues 2-16), loop (β-turn from residues 17-21), and transmembrane 

domain (helical from residues 22-52) (Figure 4A and B) (27). From simulated annealing 

calculations, we obtained a structural ensemble with very good convergence for each 

single structural domain (Figure 4A), but with the PLN conformers displaying an 

interhelical angle (angle between cytoplasmic and transmembrane domains) of 80 ± 22° 

(Figure 4B). Indeed, the limited number of NOEs detected in the loop did not allow us to 

constrain the two helical domains and obtain an ensemble of structures with a low RMSD 

over the entire protein backbone. Because of the lack of convergence on the orientation 
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of the helical domain Ia with respect to the surface of the micelle, we used Mn2+ and 5’ 

and 16’-doxyl stearic acids as paramagnetic probes of the topological arrangement of 

PLN in the micelle (27). Our results show that Mn2+ ions cause a reduction in the 

resonance intensities of residues located at both termini, the loop, and Ser-16 and Thr-17, 

showing that both phosphorylation sites are solvent exposed. Both 5’ and 16’-doxyl 

stearic acids caused a reduction in the resonance intensities of residues located in the 

micellar region. 16’-doxyl stearic acid affected residues in the core of the micelle 

(residues 35-45), as well as Leu-7, located in the middle of domain Ia, a residue that is 

likely buried in the hydrophobic region of the micelle. At higher 16’-doxyl stearic 

acid/PLN ratios, domain Ia is also considerably affected by the paramagnetic center, with 

Ala-11 displaying slightly reduced resonance intensity. 

Our structural ensemble of the PLN monomer is in qualitative agreement with 

studies carried out in organic solvents (28, 29), where the authors found an overall L-

shaped structure of PLN with the intervening loop in either a short flexible turn or a β-

turn type III conformation. However, we found an orientation of the cytoplasmic helix, 

which is in better agreement with the amphipathicity of the PLN sequence (27). The most 

relevant PLN conformations in PDB 1N7L are those in which the hydrophobic side 

chains in domain Ia (Val-4, Leu-7, Ala-11, and Ala-15) are oriented toward the interior of 

the micelle and the hydrophilic residues point toward the bulk solvent, rendering the two 

phosphorylation sites exposed for interaction with their respective protein kinases. 

In addition to structure determination, we performed nuclear spin relaxation 

measurements (30, 31). These results indicate that while AFA-PLN has three structural 

domains, the transmembrane domain is actually further subdivided into two dynamic 

domains, domain Ib (residues 22-31) and domain II (32-52), giving a total of four 

dynamic regions within PLN (order parameters are indicated in Figure 4A and B). Carr-

Purcell-Meiboom-Gill (CPMG) based relaxation measurements also indicated the 

presence of slow dynamics (µs-ms motion) in domain Ia, the loop, and domain Ib (30, 

31). While the slow dynamics of domain Ia and the loop were predicted based on the H/D 

exchange factors, the flexibility of residues within domain Ib was unexpected. The 

plasticity of this region supports biological evidence for the great importance of domain 

Ib and the molding necessary to fit into the binding groove of SERCA (19, 32).  
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Figure 3. Activity assays of SERCA in the presence and absence of PLN and SLN in 4/1 

DOPC/DOPE lipid bilayers (A and B) and DPC detergent micelles (D and E). SERCA 

activity in lipid bilayers was measured via the coupled enzyme assay and is reproduced 

from Buck et al. (22). The activity assays in DPC micelles were done using 31P NMR 

spectroscopy as previously reported (24), reproduced from Buffy et al. (23) and Traaseth 

et al. (24). 
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Figure 4. A) Separate overlay of PLN residues 2-16 and 22-52 from PDB 1N7L(27). B) 

Entire backbone overlay of PLN from PDB 1N7L(27). C) Backbone overlay of SLN as 

reported by Buffy et al. (23). The color-coding on the structures corresponds to the order 

parameters (S2) as previously determined (30, 31). 
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Recently, a structure of wild-type PLN (wt-PLN) was reported showing the pentamer to 

be in a bellflower arrangement, where the cytoplasmic domain helix of each monomer 

makes an ~20° angle with respect to the bilayer normal (33), substantially different from 

the topology we reported for monomeric AFA-PLN (27). Our recent studies using 

solution NMR and EPR in DPC detergent micelles also point toward a dominating L-

shaped conformation (or pinwheel model) for the pentamer (34). We also looked at the 

topology of pentameric wt-PLN in lipid bilayers using solid-state NMR, finding 

unambiguous evidence in support of the pinwheel model (see below). 

 

SLN Structure and Dynamics in Micelles 

The initial structure of SLN was determined in sodium dodecyl sulfate (SDS) 

micelles using a synthetic polypeptide (35). Under these experimental conditions, SLN 

has an α-helical conformation from residue F9 to R27 with RMSDs of 0.65 and 1.66 Å 

for backbone and side chain atoms, respectively. Both the N-terminus (M1 to L8) and the 

C-terminus (S28 to Y31) were found to be unstructured.Subsequently, we 

recombinantlyexpressed uniformly 15N labeled SLN in Escherichia coli, which enabled 

the use of higher resolution [1H, 15N] NMR experiments in order to reduce several 

ambiguities in resonance overlap. With recombinantly expressed SLN, we determined the 

structure in DPC micelles, conditions that ensured the activity of SERCA, and found it to 

remain a single transmembrane helix with approximately five unstructured residues at 

either terminus (23). The superposition of the Cα, NH and C' backbone atoms from 

residue R6 to R27 gave an RMSD of 0.4 ± 0.2 Å with an RMSD of 1.7 ± 0.3 Å for side 

chain atoms. 

In addition to structure determination, we also measured spin relaxation rates, and 

found that the backbone dynamics, similar to PLN, is more complex than the structure. 

Relaxation measurements reveal four dynamic domains: a short unstructured N terminus 

(residues 1–6), a short dynamic helix (residues 7–14), a more rigid helix (residues 15–

26), and an unstructured C terminus (residues 27–31)(23). H/D exchange factors also 

support the existence of fourdynamic domains (23). Similar N and C-terminal dynamics 

with the PLN transmembrane domain shows that sequence conservation is reflected in the 

conservation of both structure and dynamics (Figure 4C). 
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PLN and SLN Topologies and Dynamics in lipid bilayers 

Solid-state NMR in lipid bilayers has emerged as a complement to solution NMR 

studies in detergent micelles for elucidating structure, dynamics, and interactions between 

membrane proteins (36, 37).For our first solid-state NMR studies, we synthesized AFA-

PLN 15N labeled at Ala-11, Ala-15, and Ala-36, and measured the 15N chemical shift 

anisotropy in 4/1 DOPC/DOPE mechanically oriented lipid bilayers on glass plate 

supports (38). Using these solid-state NMR measurements in-concert with rigid body 

molecular mechanics, we found that the transmembrane domain is oriented 

approximately perpendicular to the plane of the bilayer with the interhelical (i.e. 

interdomain) angle ranging between 60 and 100°, ruling out the possibility of a 

continuous α-helix and also suggesting that the cytoplasmic domain of PLN interacts 

with the membrane surface. 

Similar solid-state NMR measurements on SLN oriented in mechanically aligned 

DOPC/DOPE bilayers revealed the approximate parallel orientation of the SLN 

transmembrane helix with respect to the membrane bilayer normal (35). Since the limited 

number of labeled sites did not allow us to give quantitative topological angles for SLN 

and PLN within the bilayer, we then proceeded to use [1H, 15N] 2D PISEMA (polarization 

inversion spin exchange at the magic angle) experiments (39). This separated-local-field 

experiment correlates the 15N chemical shift anisotropy (CSA) with the 1H-15N dipolar 

coupling (DC). Since the values of both CSA and DC depend on the orientation of the 

peptide plane with respect to the direction of the magnetic field, the assignment of the 

amide resonances allows for the determination of the structure and topology in aligned 

lipid bilayers. 

We determined that AFA-PLN has an overall L-shaped conformation in mixed 

4/1 DOPC/DOPE lipid bilayers, where the transmembrane helix makes a tilt angle of 

~21° with respect to the bilayer normal (40). As expected from the 1D solid-state NMR 

studies on synthetically 15N labeled AFA-PLN (35), PISEMA NMR spectroscopy clearly 

shows that domain Ia interacts with the membrane surface, making an angle of ~93°with 

respect to the bilayer normal (40). A current model of the PLN monomer is reported in 

Figure5.



 24 

 
 

Figure 5. Validation of the structural models proposed for PLN in lipid bilayers using 

PISEMA spectroscopy. The different structural and topological models are shown in 

panels A-D. The corresponding PISEMA simulations obtained from ideal helices for 

residues 1-16 and 22-52 are shown in panels F-I. Panel E displays the average minimized 

structure from the ensemble of conformers reported by our laboratory (PDB 1N7L) (27). 

The colors are coded with the regions of the protein: red for cytoplasmic, blue for 

transmembrane, and green for loop regions. The half-circular shaded region at ~117 ppm 

corresponds to those spectral patterns expected for isotropic motion. The experimental 

PISEMA spectrum is shown in panel J. The L-shaped structure and topology (panels D 

and E) and the simulations (panel I) agree best with the experimental PISEMA (panel J). 

Taken from Traaseth et al. (40). 
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In addition to the structural and topological information obtained from oriented 

alignments, tilting the aligned samples to different angles with respect to the direction of 

the static field makes it possible to investigate the rotational dynamics of the protein 

within the bilayer (41, 42, 43). Tilting the AFA-PLN sample by 90° revealed that the 

transmembrane domain undergoes fast long-axial rotational diffusion about the bilayer 

normal with the cytoplasmic domain undergoing this same motion and other complex 

dynamics, scaling both the values of CSA and DC (40). The dynamics detected in both 

our solution and solid-state NMR experiments may explain variability within the 

literature regarding the topology of the cytoplasmic domain of PLN. For example, a 

magic-angle-spinning (MAS) solid-state NMR study carried out by Baldus and co-

workers found that while cross-polarization (CP) based pulse sequences were adequate to 

detect the transmembrane domain of AFA-PLN, showing the existence of a well-defined 

helix, the cytoplasmic domain residues were too dynamic to be detected (44). Instead, J-

coupling coherence transfers, similar to those in solution NMR experiments, were used to 

detect the dynamic cytoplasmic domain, which resulted in the conclusion that the 

cytoplasmic domain was completely unstructured. While this study represents 

advancement in MAS methodology, the structure most likely represents a minor 

conformational state and is inconsistent with a wealth of data, including those from our 

laboratory, which consistently show a predominant helical cytoplasmic domain with an 

overall L-shaped monomeric structure in lipid bilayers and detergent micelles. 

A close inspection of PISEMA spectra from selectively labeled samples reveals 

the presence of two peak populations that exemplify two slightly different topologies for 

the AFA-PLN transmembrane domain (40). The two topologies have the same 

transmembrane domain tilt angle (θ) with respect to the membrane normal, but slightly 

different rotational angles around the helix axis (ρ). Multiple populations of PLN have 

also been observed by the Loriganand Middleton groups using MAS NMR experiments 

in lipid vesicles (45, 46). The detection of multiple conformers underscores the plasticity 

of PLN, and might be an important recognition mechanism for SERCA, protein kinase A, 

and protein phosphatase 1, previously shown necessary for physiological processes (32).  

As with AFA-PLN, the PISEMA spectra of SLN obtained on uniformly 15N 

labeled and selectively [15N-Leu], [15N-Ile], and [15N-Val] samples also revealed the 
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existence of two distinct topologies (47). Both the major and the minor populations of the 

transmembrane domain are oriented ~23° with respect to the lipid bilayer normal, but 

vary in the rotation angle about the helical axis by ~5° (in remarkable agreement with the 

AFA-PLN transmembrane domain). The primary sequence homology between SLN and 

PLN results in nearly identical structural and dynamic properties of these two regulatory 

proteins. 

 

Pentameric wt-PLN Topology in Lipid Bilayers 

More recently, our group has embarked in the validation of the pentameric 

structure of wt-PLNin lipid bilayers and detergent micelles (34). While monomeric PLN 

has previously been shown to bind and inhibit SERCA, a recent hypothesis proposed that 

the pentamer could also bind and inhibit SERCA (48). While there is broad consensus 

regarding the secondary structure of penameric wt-PLN, there is disagreement in the 

literature over the orientation of the cytoplasmic helix. In particular, there are four 

proposed models for pentameric wt-PLN (Figure 6). The first model (extended 

helix/sheet) shows wt-PLN to be comprised of two α-helices connected by an anti-

parallel β-sheet (residues 22-32), where the cytoplasmic domain is oriented 50-60° 

relative to the bilayer normal (49). The second model depicts wt-PLN as a continuous α-

helix with a tilt angle of 28 ± 6° with respect to the bilayer normal (50, 51). The third 

model (pinwheel) shows that the most stable pentamer has a pinwheel geometry in which 

the cytoplasmic domain helices are oriented ~90° with respect to the membrane bilayer 

normal (52). The fourth and most recent model (bellflower) shows the structure of the 

pentamer to be in a bellflower assembly with the cytoplasmic domain helices oriented 

~20° with respect to the bilayer normal (33). 

To study the topology of pentameric wt-PLN, we reconstituted the protein in 

mechanically aligned 4/1 DOPC/DOPE lipid bilayers and analyzed the protein’s 

architecture using [1H, 15N] PISEMA spectroscopy. As with the AFA-PLN monomer 

(40), we found that the wt-PLN PISEMA spectrum is composed of three different 

populations of resonances (see 1D spectrum in Figure 7A) corresponding to: a 

transmembrane domain (with the resonances located between 170-220 ppm), an in-plane 

cytoplasmic domain (with resonances located between 50-100 ppm), and a more flexible  
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Figure 6. Structural models of wt-PLN. The extended helix/sheet and continuous helix 

models shown were reconstructed from the original papers (49, 50) to give the reader a 

graphical illustration of the models. Graphics were prepared using Pymol software (60). 

The pinwheel (1XNU) and bellflower (1ZLL) pentamers were taken directly from PDB 

coordinates. Taken from Traaseth et al. (34). 
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region (loop and termini) with resonances clustered around ~110 ppm (isotropic portion 

of the spectrum). Since our 1D spectrum shows three distinct regions, indicating three 

unique wt-PLN domain alignments with respect to the membrane bilayer normal, this 

eliminates the possibility of the continuous helix model. 

To distinguish between the other models depicted in Figure 6, we performed 

PISEMA experiments using selectively [15N-Ala], [15N-Thr], [15N-Leu], [15N-Ile], [15N-

Cys], and [15N-Asn] labeled wt-PLN samples. Our experimental PISEMA spectra, 

reported as an overlay in Figure 7, show a remarkable similarity with the AFA-PLN 

monomer. In fact, the simulations for the cytoplasmic domain resonances (Leu-7, Thr-8, 

Ala-11, Ile-12, Ala-15, Thr-17, Ile-18) correspond to a helix with a tilt angle of ~90° with 

respect to the bilayer normal (Figure 7E) (34). 

Figure 8 shows PISEMA spectra simulated from the pinwheel and bellflower PDB 

coordinates for those selectively labeled sites shown in Figure 7. If the pentamer topology 

corresponded to the pinwheel model, the cytoplasmic domain residues would resonate in 

the upfield region of the spectrum (50-100 ppm) (Figure 8A). On the other hand, if the 

architecture of wt-PLN were consistent with the bellflower model, the cytoplasmic 

domain resonances in the PISEMA pattern would occupy the downfield portion of the 

spectrum (170-220 ppm), as represented in Figure 8B. Comparing the experimental 

cytoplasmic domain spectra, it is clear that in lipid bilayers the cytoplasmic domain is 

oriented perpendicular with the bilayer normal forming an overall pinwheel geometry. 

Structural fitting with an ideal helix in Figure 7D revealed that the transmembrane 

domain helix of pentameric wt-PLN has a tilt angle (θ) of ~15° with respect to the bilayer 

normal (34). Monomeric AFA-PLN has a tilt angle of ~21°(40), which requires pentamer 

formation to tilt by ~6° to accommodate the leucine/isoleucine zipper holding the 

pentamer together (53, 54). 
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Figure 7. Solid-State NMR spectra of PLN pentamer in lipid bilayers. (A) 1D cross-

polarization spectrum of [U-15N] wt-PLN in DOPC/DOPE mechanically oriented lipid 

bilayers. (B, C) An overlay of selectively labeled PISEMA spectra for the transmembrane 

and cytoplasmic helices, respectively. The residues on the structures are color coded with 

the PISEMA spectra: [15N-Ala] green, [15N-Cys] purple, [15N-Leu] orange, [15N-Ile] red, 

[15N-Asn] gray, [15N-Thr] blue. (D, E) Simulated PISA wheels for both transmembrane 

(θ=15°) and cytoplasmic (θ=92°) domains. The PISEMA simulations assumed a regular 

α-helical geometry for both helical domains. Taken from Traaseth et al. (34). 
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Figure 8. Simulated PISEMA spectra obtained for the pinwheel and bellflower models. 

The simulations for the cytoplasmic domain (A, B) assumed ideal α-helices with a helix 

tilt angle of 92° and a rotation angle (defined in Traaseth et al. (40) of 15°. PISEMA 

spectra for the transmembrane domains (tm) are calculated directly from the PDB 

coordinates (D, E). Unlike the pinwheel model, the bellflower model does not show any 

high-field resonances. Experimental PISEMA spectra show the remarkable agreement 

with the pinwheel model (C, F). Taken from Traaseth et al. (34). 
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Allosteric Activation Model 

The functionality of SERCA under NMR conditions and the quality of AFA-PLN 

spectra upon addition of SERCA enabled the unprecedented atomic mapping of the 

interactions between these two integral membrane proteins in detergent micelles (55). In 

its free form, AFA-PLN exists in a dynamic equilibrium between two conformations, T 

and R states, where the T state or L-shaped conformation is thermodynamically stable, 

and the R state or extended form is identified with a more dynamic cytoplasmic domain 

(Figure 9) (55, 56). These two states are readily detected using EPR spectroscopy in both 

micelles and lipid bilayers (55, 56), but due to the timescale of the exchange NMR can 

only imply the existence of these forms from relaxation dispersion measurements (i.e. 

conformational interconversion). However, upon addition of SERCA to AFA-PLN, 

chemical shift perturbation analyses reveal the appearance of a second population of 

peaks within domain Ia, the loop, and domain Ib, indicating a conformational switch of 

AFA-PLN from the T to the R state, a process exemplifying an allosteric activation 

mechanism (55). 

Resonances from the hydrophobic portion of the transmembrane region (domain 

II) also show chemical exchange to the R state (24). A difference plot of 1HN chemical 

shift before and after addition of SERCA for residues 32-52 shows a symmetric bimodal 

behavior where the C-terminal part of domain II shifted upfield and the residues near the 

N-terminal part downfield (24). Since upfield and downfield shifts have been correlated 

to the strength of hydrogen bonds (57), one possible explanation of the data is that the C-

terminal end of the transmembrane domain (residues 46-52) unwindsupon binding 

SERCA. This hypothesis was first proposed by MacLennan and co-workers, who 

indicated an overall change in the secondary structure of the transmembrane domain, 

with residues 49-52 unwinding upon interaction with SERCA, a process that might 

facilitatebinding (19). 

These results are echoed in the binding of SLN to SERCA (23). Overall, SLN 

behaves like the transmembrane domain of AFA-PLN, with each dynamic domain 

mimicking the behavior of the corresponding domain in AFA-PLN. Upon addition of 

SERCA, the transmembrane domain is in fast exchange between two free forms (T and R 

states). As previously indicated, spin relaxation measurements dissected the 
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transmembrane domain of SLN into two regions we named domain Ib and domain II in 

analogy with AFA-PLN. The chemical shift changes of these two regions follow the 

bimodal behavior of the transmembrane domain of AFA-PLN, indicative of a similar 

mechanism involving an unwinding of the C-terminal residues and a stabilization of the 

residues in the N-terminal portion of the protein as a result of the interactions with 

SERCA (23). This supports the hypothesis that both SLN and PLN transmembrane 

domains bind SERCA in the same site and with an identical mechanism. 

 

Effects of PLN Phosphorylation on the Allosteric Mechanism 

The inhibition of SERCA by PLN can be reversed by phosphorylation at Ser-16 

by cAMP-dependent protein kinase A (1). We solved the structure of Ser-16 

phosphorylated AFA-PLN (pS16-AFA-PLN) and found that residues 14-16, previously 

helical, became unwound upon phosphorylation, revealing an order-to-disorder transition 

(31). In addition, we found that there are pronounced changes in pS16-AFA-PLN 

backbone dynamics on both the ps-ns and µs-ms timescales (31). Although small, some 

of the changes are propagated throughout the entire protein backbone, demonstrating that 

while the structural transitions following phosphorylation are localized, the changes in 

backbone dynamics are irradiated throughout the protein.  

How can this order-to-disorder transition help in understanding the interaction 

with SERCA? To answer this question, we proceeded with the analysis of chemical shift 

perturbation of pS16-AFA-PLN induced by SERCA (24). We found that the 

conformational equilibrium between the T and R states upon addition of SERCA is 

influenced by the single phosphorylation at Ser-16; specifically, phosphorylation shifts 

the equilibrium toward the R state in a cooperative manner (24). Another considerable 

difference upon phosphorylation includes a change in both the surface and the dynamics 

of domain Ib. In particular, a remarkable change is observed for the side-chain binding 

behavior. Unlike in unphosphorylated PLN, the Gln-26 resonance in the phosphorylated 

protein is unperturbed by SERCA with other smaller changes seen for side chain residues 

Asn-27, 30, and 34. A possible mechanism to explain these results is the rotation or 

rearrangement of domain Ib upon phosphorylation that disrupts crucial intermolecular 

hydrogen bonds, resulting in relief of inhibition. Based on the molecular model by 
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Figure 9. A) Allosteric model of PLN interaction with SERCA and the effect of 

phosphorylation at Ser-16 (indicated in red). PLN monomer interconverts between the L-

shaped form (T state) and the less stable (more dynamically disordered) extended form 

(R state). B) PLN/SERCA model developed by Toyoshima et al. (19) highlighting the 

long range allosteric control phosphorylation at Ser-16 has on domain Ib. Figure adapted 

from Zamoon et al. (55) and Traaseth et al. (24). 
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Maclennan and co-workers (19), we proposed that a crucial hydrogen bond formed 

between Arg-324 and Gln-26 may be broken between AFA-PLN and SERCA after 

phosphorylation at Ser-16 (24). These findings are in agreement with mutagenesis 

studies, showing that Q26A is a loss-of-function mutant (58). In addition, cross-linking 

studies show that an N27C mutation in pS16-AFA-PLN is no longer able to cross-link 

with SERCA (19). While there are changes in the binding interface for domain Ib, the 

overall binding of the transmembrane domain to SERCA is not affected by 

phosphorylation. The overall dissociation constants (Kd) for domain II in both pS16-

AFA-PLN and AFA-PLN are ~60 µM (24). This demonstrates that the major changes are 

in domain Ia, loop, and domain Ib, with domain II only marginally affected, supporting 

the hypothesis that phosphorylation at Ser-16 does not dissociate PLN from 

SERCAcompletely. We proposed domain Ib as a bridgehead region, which transmits the 

dynamics induced by phosphorylation at Ser-16 from the cytoplasmic helix to domain Ib, 

thereby regulating the intramembrane protein-protein interaction (24). A schematic of the 

allosteric model for phosphorylation is reported in Figure 9. 

 

Perspective 

What can we learn from the analysis of the structure and dynamics of PLN? More 

importantly, how are structure and dynamics of PLN correlated to SERCA’s function, 

and can we control the extent of inhibition of SERCA by manipulating PLN structural 

dynamics? These are questions we have begun to address concerning PLN and look 

forward to answering in the upcoming years. 

Given the plethora of biochemical and molecular biology data currently available, 

it is a very exciting moment for the structural biologists involved in research on PLN and 

SLN and their interactions with SERCA. While our studies to date have focused on 

detecting the effects of PLN induced by SERCA, our future challenge involves detecting 

SERCA changes from PLN within the entire enzymatic cycle. Another important 

challenge is to study the SERCA/PLN complex in the complicated network of 

interactions involving protein kinase A and protein phosphatase 1. While solution NMR 

will help identify some important pieces of this complex puzzle, solid-state NMR will be 
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the method of choice for the elucidation of the structural dynamics and interactions in 

these large complexes. 
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To fully describe the fold space and ultimately the biological function of 

membrane proteins, it is necessary to determine the specific interactions of the protein 

with the membrane. This property of membrane proteins that we refer to as structural 

topology cannot be resolved using X-ray crystallography or solution NMR alone. In this 

article, we incorporate into XPLOR-NIH a hybrid objective function for membrane 

protein structure determination that utilizes solution and solid-state NMR restraints, 

simultaneously defining structure, topology, and depth of insertion. Distance and angular 

restraints obtained from solution NMR of membrane proteins solubilized in detergent 

micelles are combined with backbone orientational restraints (chemical shift anisotropy 

and dipolar couplings) derived from solid-state NMR in aligned lipid bilayers. In 

addition, a supplementary knowledge-based potential, Ez (insertion depth potential), is 

used to ensure the correct positioning of secondary structural elements with respect to a 

virtual membrane. The hybrid objective function is minimized using a simulated 

annealing protocol implemented into XPLOR-NIH software for general use.  
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Introduction 

Nearly all high-resolution membrane protein structures deposited in the protein 

data bank (PDB) have been determined by X-ray crystallography, solution NMR, and 

cryoEM. While these techniques offer unparalleled atomic resolution that guides in the 

interpretation of membrane protein biological function, the coordinates generated by the 

refinement procedures do not include a topological dimension. There are now several 

examples in the literature, including the mechanosensitive channels (Vasquez, et al. 2008, 

Wang, et al. 2008), the nucleobase-cation-symport-1 transporter(Weyand, et al. 2008), 

small multidrug resistant proteins(Bay, et al. 2008), or potassium ion channel, that show 

protein function to be dictated by changes in the relative orientation of secondary 

structural elements with respect to the membrane (structural topology) rather than 

changes in the protein’s secondary structure. Furthermore, other classes of membrane 

proteins do not even adopt a compact tertiary structure; rather their fold space is 

determined by the intrinsic interactions within the lipid membrane. Since membrane 

protein topology plays a fundamental role in protein function, the failure to describe such 

interactions results in incomplete structural characterization(von Heijne. 2006).  

To mimic membrane protein environments, solution NMR spectroscopists utilize 

several different hydrophobic environments, including organic solvents, short chain lipid 

micelles, detergent micelles, or more recently, isotropic bicelles(Opella and F. M. 

Marassi. 2004). The deleterious effects of organic solvents on membrane protein function 

are well-documented and researchers have now almost completely abandoned this 

avenue. On the other hand, detergent micelles present a viable alternative. There have 

been several examples of micellar reconstitutions that preserve membrane protein 

functional integrity, giving rise to high-quality NMR spectra for structural and interaction 

studies(Traaseth, et al. 2008, Zamoon, et al. 2005). However, the intrinsic curvature of 

micelles, which may impact membrane protein structure and topology, is a significant 

concern(Chou, et al. 2002). Small membrane proteins (30-200 residues), which account 

for most of the membrane proteins in several genomes, are especially vulnerable to 

changes induced by the membrane mimicking environments. While isotropic bicelles 

constitute an excellent membrane mimic and an alternative to micelles, the large size of 
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the bicelle/protein complex results in substantially broader spectra than in detergent 

micelles.(Poget and M. E. Girvin. 2007, Poget, et al. 2007, Sanders, et al. 1994) 

Solid-state NMR of membrane proteins in oriented lipid bilayers is one of the 

most accurate methodologies to directly investigate protein topology. Improvements in 

sample preparation and NMR methodology have provided higher resolution and 

sensitivity leading to topological and dynamic studies of multispan membrane 

proteins(De Angelis, et al. 2006, Durr, et al. 2007, Hallock, et al. 2002, Opella and F. M. 

Marassi. 2004, Park, et al. 2006). However, these experiments rely on backbone 

measurements of chemical shift anisotropy (CSA) and dipolar coupling (DC) using 

separated local field (SLF) experiments (reviewed in (Ramamoorthy, et al. 2004)) and 

heteronuclear correlation (HETCOR) spectroscopy(Ramamoorthy, et al. 1999). The lack 

of side chain restraints has prevented complete structural characterization of membrane 

proteins using this technique. 

A number of recent reports show that structure, topology, and oligomerization of 

membrane proteins are preserved both in lipid bilayers and in detergent micelles 

(Franzin, et al. 2007, Mackenzie. 2006, Moore, et al. 2008, Stouffer, et al. 2008). In some 

instances X-ray structures of membrane proteins are almost superimposable to NMR 

structures determined in micelles(Zhou, et al. 2008). Therefore, a logical solution to the 

structure determination problem is to combine information from different experimental 

approaches into one unique structural refinement protocol that provides structure and 

topology simultaneously. Based on these considerations, we propose a method that 

combines the high-resolution information obtained from solution NMR on membrane 

protein samples reconstituted in detergent micelles with the structural data obtained by 

solid-state NMR on proteins reconstituted into lipid bilayers. In this work, we illustrate 

how to implement both distance and orientational restraints into a single target function. 

A depth of insertion potential from Degrado and co-workers is also employed to embed 

helical segments into a virtual bilayer(Senes, et al. 2007). The energy landscape is 

explored using the simulated annealing protocol implemented in XPLOR-NIH 

software(Schwieters, et al. 2003) to determine the high-resolution structure and topology 

of membrane proteins simultaneously. We show the application of this method to 

monomeric phospholamban (PLN), a single pass membrane protein involved in cardiac 
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muscle physiology(Traaseth, et al. 2008). To obtain the full monomeric PLN, we mutated 

the three cysteines in the transmembrane domain (C36A, C41F, and C46A). These 

mutations maintain the functional integrity of the protein(Zamoon, et al. 2003). The 

solution NMR data were taken from the dodecylphosphocholine (DPC) studies from 

Zamoon and co-workers(Zamoon, et al. 2003), while the solid-state NMR restraints were 

derived from the work in oriented lipid membrane by Traaseth and co-workers(Mascioni, 

et al. 2002, Traaseth, et al. 2006, Traaseth, et al. ).  

 

Methods and Results 

1.1 Energy Terms in Structural Refinement 

The hybrid solution and solid-state NMR target function (Etotal) is formulated as 

a linear combination of geometrical (Echem), solution NMR (Esol-NMR), and solid-state 

NMR (EssNMR) terms:  

! 

E
total

= E
chem

+ E
sol"NMR + E

ssNMR       (1) 

The geometrical and solution NMR potentials were available in XPLOR-NIH 

force field version 2.18(Schwieters, et al. 2003). Echem is the sum of bonding (Ebonds, 

Eangles, Eimproper) and non-bonding (Evdw) interactions, with adjustable weighting 

factors (w), 

! 

Echem = wbondsEbonds + wanglesEangles + wimproperE improper + wvdwEvdw   (2) 

Esol-NMR is the sum of restraints from solution NMR experiments such as NOEs 

(ENOE), hydrogen bonds (EHBON), torsion angles (ECDIH), and an empirical torsion 

angle potential from a database (EDB)(Kuszewski, et al. 1996, Kuszewski, et al. 1997): 
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To include both chemical shift anisotropy (CSA) and dipolar coupling (DC) data 

obtained from separated local field (SLF) solid-state NMR experiments such as PISEMA 

(polarization inversion spin exchange at the magic angle)(Wu, et al. 1994) , we used the 

penalty function EssNMR: 
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where wr is the relative weighting between CSA and DC, wPISEMA the 

weighting of PISEMA potential both for CSA and DC. 
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To implement both CSA (ECSA) and DC (EDC) potentials, we used flat-well 

penalty functions as reported by Bertram and co-workers(Bertram, et al. 2000): 

! 
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σo,i (σError,i) and υo,i (υError,i) are the experimental data (error) for CSA and 

DC associated with residue i and σc,i, υc,i are calculated values. In our implementation, 

this potential energy function allows for structural refinement using different 

experimental errors and CSA tensor values for individual residues. Similar energy 

functions for CSA and DC have been used to refine the backbone structures of membrane 

proteins (Im and C. L. Brooks 3rd. 2004, Ketchem, et al. 1997, Ketchem, et al. 1996, Lee, 

et al. 2008, Nevzorov and S. J. Opella. 2003) 

 

1.2 Calculation Protocol (follows Figure 1) 

Step 1 - Implementation of solution NMR restraints 

In step 1, we used solution NMR data with geometrical restraints to define the 

secondary structural elements of monomeric PLN. 

A.  The starting structure of monomeric PLN  (the AFA-PLN mutant was used; 

C36A, C41F, C46A) was in an extended configuration, according to the 

simulated annealing protocol defined by Nilges et al.(Nilges, et al. 1988). 

B.  Simulated annealing was carried out using the Echem and Esol-NMR potentials 

from Eqn (1). The system was cooled from 6000 K to 0 K in 5 K increments 

using 200 steps of torsion angle dynamics at each temperature. Both 

temperature and number of steps were optimized to achieve lowest number of 

violations in the conformers generated. Note: the dihedral angle restraints for 

these calculations were generated from N, HN, Ha, C’, Ca, Cb PLN chemical 

shifts using TALOS version 98.040.21.02.(Cornilescu, et al. 1999) 
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C.  200 steps of molecular dynamics were performed in the torsion angle space 

followed by minimization in both the torsion angle and Cartesian spaces. 

D. At the conclusion of step 1, we generated 200 structures of AFA-PLN, where 

the 100 lowest energy structures were used for conformational analysis.  

Similar to the conclusions by Zamoon et al.(Zamoon, et al. 2003), step 1 

generates an ensemble of conformers with good convergence for the secondary structure 

elements, but an ensemble that lacks precision in the structural overlay (see companion 

paper in Ref. (Traaseth, et al. )).  
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Figure 1: Overview of the hybrid refinement protocol for the simultaneous determination 

of structure and topology of membrane proteins. Step 1: Starting from an extended 

structure, the simulated annealing protocol minimizes a target function containing only 

solution NMR data (NOEs, torsion angles and hydrogen bonds). Step 2: The 

orientational constraints derived from solid-state NMR are included together with 

solution NMR restraints to obtain the correct orientation along the Z direction. Step 3: 

Depth of insertion is determined using rigid body minimization in the presence of the 

depth of insertion potential, keeping the helical orientation with respect to z fixed. The 

resulting structural ensemble is refined using low temperature simulated annealing.  
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Step 2 - Implementation of solid-state NMR restraints 

In step 2, we refined the structures obtained in Step 1 with the solid-state NMR 

data (DC and CSA) using tensor 1 defined in Table I.  

A. Starting from the ensemble of 100 lowest energy structures, simulated annealing 

calculations were carried out using all potential energy terms in Eqn (1) (Echem, 

Esol-NMR, EssNMR). The initial annealing temperature was 3000 K. Here, 

only torsion angle dynamics were applied to optimize the orientation of each 

individual peptide plane of AFA-PLN with respect to the Z-axis (corresponding 

to the lipid bilayernormal). 

B. Cross-validation of CSA and DC restraints. To avoid overfitting the 

experimental data, we first optimized the solid-state NMR force constants 

(wPISEMA and wr) in Eqn (4) based on the cross-validation factor R described by 

Cross and co-workers(Kim, et al. 2001).  

! 
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1

N
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i
" observed

i

error
i

)
2

i=1

N

#      (7) 

N is the number of data points used in the refinement protocol, while 

calculatedi,observedi and experimental erroriare the calculated value, 

experimental value, and experimental error in CSA and DC for residue i. We 

fixed the weighing factors for Echem and Esol-NMR, and randomly partitioned the 

experimental data into two datasets: working (80% of data) and free (20% of 

data). The working dataset is included in the simulations, while the free dataset 

is not used and is back calculated from the model.The work R (Rwork) indicates 

the fitting quality of the data included in the refinement, while the free R (Rfree) 

indicates the agreement between experimental and calculated data for residues 

with no CSA or DC restraints in the refinement protocol. In Figure S1, we 

varied two factors: (1) wPISEMAfrom 0.1 to 1000 kcal/mol for a total of10 

independent calculations and(2) wr, the relative weight ratio of the DC/CSA 

potential,from 1/1 to 9/1.The Rwork and Rfree for CSA and DC were analyzed 

based on statistics for the 20lowest energy structures from each of the 

calculations, as shown in Figure S1. As wPISEMAbecomes too large (> 10 

kcal/mol), the quality of the structures decreases(Ebonds, Eangles, Eimproper,and  
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Table I. Different tensor values (tensor 1(Wu, et al. 1995) and 2(Page, et al. 2008)) and 

the resulting topological angles. Note that Tensor 3 is a combination of Tensors 1 and 2. 

 
Name Tensor Values Topological Angles 

 (σ11, σ22, σ33) 
(ppm) 

νNH 
(kHz) θIb,II (°) ρIb,II (°) 

Tensor 1 (64, 77, 217) 9.75 23.9 ± 
2.6 

203.1 ± 
3.7 

Tensor 2 (57.3, 81.2, 
227.8) 10.735 26.2 ± 

2.9 
203.8 ± 
3.2 

Tensor 3 (64, 77, 217) 10.735 23.5 ± 
2.6 

202.0 ± 
3.9 
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Evdw become high) and the improvement in the R-values is minimal. Similarly, 

when wr is > 3, the geometrical and solution NMR penalties increase 

dramatically without improving the PISEMA R factor. When wr = 1, there is a 

large DC Rfree factor, indicating poor correlation with the experiments. Based on 

Figure S1, the optimal force constants were found to be 5 kcal/mol for wPISEMA 

and 3 for wr, which is in agreement with the 10 kcal/mol (wPISEMA) determined 

by Cross and co-workers(Kim, et al. 2001).  

C. Using optimized force constants, a total of 400 structures were generated with 

the 100 lowest energy conformers selected for further analysis.  

 

To evaluate the effects of the solid-state NMR restraints on refinement of the 

solution NMR structural ensemble, we defined three angles shown in Figure 2: θ  (tilt 

angle with respect to the Z axis or membrane normal), ρ (azimuthal rotation angle with 

respect to Z axis), and χ(interhelical angle between domain Ia (residues 1-16) and the 

helix comprised of domains Ib and II (residues 23-52)). The distributions of θ and ρ for 

the two helical domains in the 100 lowest energy conformers are shown in Figure 3A. 

Noticeably, the orientation of the helix described by domains Ib and II is well-defined, 

with θIb,II= 23 ± 3° and ρIb,II = 205 ± 3°. The tilt angle of domain Ia is somewhat less 

defined with θIa= 95 ± 7°. While the solution NMR ensemble (Figure 3B) fails to define 

the χ angle, the incorporation of CSA and DC restraints drastically reduces the 

conformational space allowed, confining χ  between 70° and 125°. In contrast, the 

rotation angle (ρIa) for domain Ia is not well-defined using PISEMA data alone. This 

originates from several different factors: (a) helices with tilt angles ∼ 90° have inherently 

clustered CSA (65-82 ppm) and DC (4-5 kHz) values, (b) helices with θ ∼ 90° results in 

degenerate PISEMA spectra for ρ = 0 or 180°, and (c) the dynamic nature of domain Ia 

results in broad resonances(Metcalfe, et al. 2005, Traaseth, et al. 2006). While these 

spectroscopic difficulties were partially overcome using several selectively labeled 

samples (see Ref. (Traaseth, et al. )), in order to determine the depth of insertion of  
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Figure 2:A. Definition of (θ,ρ) describing the orientation of helix with respect to 

membrane normal Z. (θtm,ρtm) are the tilt and rotation angles for the transmembrane helix, 

while (θcyt,ρcyt) are the tilt and rotation angles for the cytoplasmic domain helix. The 

interhelical angle between the two domains is described byχ. B. Helical wheel 

representation of the reference orientation of cytoplasmic domain where ρcytis defined to 

be zero.  The N atom of T8 is aligned to +y axis.ρcyt rotates counterclockwise viewing 

from the top of y-z plane. At ~90 degrees, the hydrophilic residues in blue point into bulk 

solution. C. Reference orientation of transmembrane domain whereρtmis defined to be 

zero. 
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Figure 3:A. Distribution of q and r angles derived from domain Ia and domains Ib and II. 

B. Distribution of interhelical angle c and the comparison with solution NMR ensemble. 
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the protein and fully resolve the orientation of the ρIa angle, we needed toincorporate a 

knowledge-based Ez potential (Step 3).  

 

Step 3 -incorporation of the knowledge-based Ezdepth of insertion potential 

The knowledge-based Ez potential by Degrado and co-workers (Senes, et al. 

2007)was used to embed the helical domains of AFA-PLN into a virtual bilayer. The Ez 

pseudo-energy was derived from the propensity of each amino acid in helical membrane 

proteins to insert into a lipid bilayer. This knowledge-based potential is derived from the 

statistical analysis of twenty-four crystal structures of helical membrane proteins. In our 

calculation, the helical domains were independently optimized under the knowledge-

based Ez potential using rigid-body minimization, where the only degree of freedom is 

the translation of an entire domain along the Z-axis. Note that the loop connecting 

domain Ia with domain Ib was allowed to move and adjust the depth of insertion for all 

regions of AFA-PLN. The incorporation of the Ez term into the total energy function for 

simulated annealing calculations resulted erroneous insertion of the protein in the virtual 

membrane irrespective of the weighting factor used (data not shown). This results from 

the step-function shape of the knowledge-based Ez potential which acts on each residue 

only along the z axis. While this potential applied to single residues is not sufficient to 

embed the protein in the virtual membrane, the sum of the Ez potentials for all of the 

residues in a helix results in a unique minimum. Below we summarize the steps used to 

incorporate this knowledge-based potential into our calculations. 

A.  Definition of virtual bilayer. A virtual bilayer was built with the membrane 

normal parallel to the Z-axis and the origin in the center of the hydrocarbon 

core. The Z coordinate of the C.O.M. (center of mass) for each helical domain 

(using Cβatoms since Ez potential depends onlyon Cβcoordinates) describes its 

insertion into the virtual bilayer.  

B. Starting with the 100 lowest energy structures obtained after step 2, we 

minimized the domain insertion along the Z coordinate by rigid-body 

minimization using the Ez potential (i.e., the helical regions of domain Ia 

(residues 3-15) and domains Ib and II (residues 23-47) were held rigid). The use 
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of the Ez potential helped to resolve the rotation angle rIa ambiguity. Only 

structures withρIawithin the range of 60-150° gave reasonable minimized 

structures (Figure S2). These angles are consistent with results from 

paramagnetic quenching experiments and NOEs connecting the hydrophobic 

face of domain Ia to the detergent micelle(Traaseth, et al. 2008, Zamoon, et al. 

2003).  The introduction of the Ez potential confined the transmembrane helix 

into a well-defined minimum, while the orientation of the depth of insertion of 

the cytoplasmic domain was less defined with respect to the virtual membrane 

(Figure 4). Regardless, the translational degeneracy was removed, resulting in 

one population of conformers with the hydrophilic residues pointing toward the 

bulk water, in agreement with the amphipathic nature of the cytoplasmic helix. 

Note that domain Ib in the N-terminal portion of the transmembrane domain 

protrudes outside the virtual membrane. This is in agreement with the 

hydrophilic nature of this domain and explains the hydrogen/deuterium 

exchange data(Zamoon, et al. 2003). The loop is also exposed to the solvent and 

flexible, which is in agreement with the dynamics probed by NMR spin 

relaxation measurements (Metcalfe, et al. 2004). 

C. In order to relax local geometries and improve the structure quality, we subjected 

the remaining structures to low temperature (300 K) simulated annealing using 

torsion angle and Cartesian molecular dynamics with full van der Waals 

interactions and all of the other restraints (including the purely repulsive 

nonbonded repel term used in all of the prior calculations), but excluding the Ez 

potential. Although the knowledge-based Ez potential was not used during this 

annealing step, we verified that the structures did not deviate from the depth-of-

insertion minima shown in Figure 5B. From this ensemble, we selected 20 low 

energy conformers of PLN with no restraint violations and deposited in the 

protein data bank (PDB2KB7, see Ref. (Traaseth, et al. )). The biological 

relevance of structures is discussed in our companion paper(Traaseth, et al. ). A 

structural statistics is provided in Table S1. 
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Figure 4: Rigid-body minimization using the knowledge-based Ez potential. A. 

Backbone cartoon representation of a selected PLN conformer before (upper panel) and 

after rigid-body minimization. B. Comparison of the simulated CSA and DC before and 

after Ez minimization. The only discrepancies are due to residues located in the dynamic 

loop, which does not have CSA and DC restraints. C. Representation of the Ez potential 

energy function for the transmembrane (blue) and cytoplasmic (red) helices. After 

minimization, both domains reside in the minima. 
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Figure 5: A. Conformational ensemble (structures and topologies) representing the 20 

lowest energy structures in the virtual bilayer. Domain Ia is colored in red, and domains 

Ib and II are in blue. Hydrophobic side chains of domain Ia are shown in grey. Structure 

overlay is performed by rotating along Z and translating along X and Y, resulting in no 

changes in Ez energy and PISEMA data.  B. Position of the cytoplasmic and 

transmembrane domains with respect to the depth of insertion Ezpotential C. Top view of 

A. D. Distribution of q and r angles in the final structural ensemble. 
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1.3 Effects of different tensor components 

One debate in the field surrounds the 15N CSA and 1H-15N DC tensor components 

used to model solid-state NMR data obtained from PISEMA-type experiments. To 

address this issue, we carried out a systematic conformational search for AFA-PLN 

utilizing different tensor components shown in Table I. We performed Steps 1-2 with 

low temperature annealing as discussed in the Methods and Results section for each of 

the three tensors given in Table I. Following energy minimization, the 40 lowest energy 

structures showed good agreement between the experimental and calculated DC and CSA 

using the three different tensors (Figure 7). While small changes in local structure may 

occur, differences in the tensor values only marginally affect the overall protein topology. 

As shown in Table I, changing the tensor components (tensors 2 and 3) from those used 

for the majority of this work (tensor 1), caused the tilt (θ) and azimuthal (ρ) angles to vary 

by 2.3° and 1.1°, respectively. Given the approximations necessary to calculate these 

angles for both the cytoplasmic and the transmembrane domains of PLN, these variations 

are negligible. In addition to the overall orientation, we also examined effects of different 

tensors on the local structures. Due to the nature of structural calculation, the bond angle, 

bond length and peptide plane planarity are all within acceptable errors of peptide 

geometry. We thus compared the ramachandran angle (φ,ψ) for the transmembrane 

domain shown in Figure S3. Although structures remained helical from all sets of 

simulations, there were considerable variations in these angles. These are likely due to 

the inclusion of different CSA and DC tensors. 

Note that for glycine residues, different set of tensor need to be used (Straus, et al. 2003) 
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Figure 6: Effects of the resonance misassignment on the calculation of the structural 

topology of PLN. A. Plots of the distribution of the rotational angles for the two 

ensembles obtained from simulated annealing calculations. The correct assignments give 

rise to an average rotational angle of 203o, while the incorrect assignment gives rise to an 

average rotational angle of 189o. B. Experimental PISEMA spectra with the two 

equiprobable assignments for the leucine residues of PLN transmembrane domain 

derived from the combinatorial assignment procedures (see text). C. Histogram 

representing the number of violations obtained for residues 44 and 45 in the 

conformational ensemble generated with the incorrect assignments.  
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1.4 Sensitivity to PISEMA Misassignments 

Solid-state NMR methods to obtain orientational information from assigned 

PISEMA resonances are well established. However, the assignment procedures for real 

membrane protein samples are still in their infancy. Although PISA wheels are a common 

way to assign resonances in well-dispersed spectra, most experimental PISEMA spectra 

contain inhomogenous broadening of resonances (due to mosaic spread and protein 

dynamics) making the assignments challenging. In spite of several computational 

attempts, these effects have not been fully rationalized(Quine, et al. 2006, Straus, et al. 

2003). Therefore, selective labeling techniques constitute an important resource for 

resonance assignment. Unfortunately, if residues are on the same face of a helix, 

degenerate frequencies will be expected, further hampering the assignment procedure. To 

assess the sensitivity of our method to this problem, we have carried out two different 

calculations with two equiprobable assignments for the [15N-Ile] AFA-PLN PISEMA 

spectrum shown in Figure 6B (see Ref. (Traaseth, et al. )). The assignment was carried 

out using a combinatorial search routine as described by Buffy et al.(Buffy, et al. 2006). 

Using our hybrid method, we found that the two resonance assignments result in two 

conformational ensembles with similar tilt angles (24 ± 2° and 22 ± 2°), but different 

azimuthal rotation angles (203 ± 4° and 189 ± 3°). The conformational ensemble with the 

incorrect assignment (black assignment in Figure 6) displayed covalent geometry 

violations at Ile45 for more than half of the structures, while also giving consistently 

higher conformational energy. This demonstrates that our hybrid method is sensitive to 

misassignment, and that it can be used to assist the assignment process. 

 

1.5 Static Helix Approach 

PISEMA data have been used to calculate the tilt and rotation angles of helices 

based on a static ideal helix(Marassi and S. J. Opella. 2002). In Figure 8, we show the 

agreement between the tilt and rotational angles with the PISEMA data using a static 

approach. The potential energy landscape represented in Figure 8 was 
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Figure 7: A. Comparison of the experimental and calculated CSA and DC for different 

values of the CSA tensor components shown in Table I. The diagonal errors indicate 

ranges of ±5 ppm and ±0.5 kHz for CSA and DC, respectively. B. Effects of the different 

CSA tensor components on the tilt and rotation angles for the helix defined by domains 

Ib and II of PLN. Tensors 1(Wu, et al. 1995), 2(Page, et al. 2008), and 3 are shown in 

red, black, and blue, respectively. 
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obtained by calculating the least square fit between the experimental PISEMA data and 

an ideal poly-alanine a-helix. The lowest energy conformers generated with the hybrid 

method are located at the bottom of the minima for tilt and rotation angles for domains Ia 

and the helix comprised of domains Ib and II. This indicates that (1) the lowest energy 

conformers generated with the hybrid method are in remarkable agreement with the 

experimental data and (2) there is a negligible discrepancy between the static fitting of 

the PISEMA data and a more refined conformational search procedure such as simulated 

annealing. A corollary to these considerations is the ideal nature of transmembrane 

helices embedded in lipid bilayers, demonstrated in several studies by Cross and co-

workers using numerous membrane proteins (Page, et al. 2008). Nevetheless, compared 

to the fitting with a rigid, ideal helix, the hybrid approach has the advantage of obtaining 

a high-resolution structure for both the backbone and side chains. 

 

Discussion 

The correlation between structure and function of complex biological 

systems requires the combination of several different techniques (biophysical and 

biochemical) to validate any mechanistic conclusions. The combination of 

methodologies, hybrid methods, is becoming quite common in 

structuralbiology(Cowieson, et al. 2008). For instance, Clore and co-workers have 

used X-ray crystallographic data synergistically with solution NMR restraints to 

refine the structure of soluble proteins(Shaanan, et al. 1992). More recently, 

solution NMR and small angle X-ray scattering (SAXS) data have been combined 

to refine the structures of large complexes and to resolve the intrinsic ambiguities of 

residual dipolar couplings(Gabel, et al. 2006, Gabel, et al. 2008). Others have 

combined long-range distances from EPR with shorter range solution NMR 

distances for structure determination(Tamm, et al. 2007). Finally, sparse solid-state 

NMR data have been used to complement X-ray structures to orient b-barrels within 

lipid bilayers(Mahalakshmi and F. M. Marassi. 2008).  
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Figure 8:Projection of (θ, ρ) of the hybrid ensemble (20 lowest) for the two helical 

domains of PLN onto the PISEMA potentials surfaces obtained using rigid helix fitting. 
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A.

! 

score
1

= RMSD
DC

+ RMSD
CSA

"
DC

max

CSA
max

, B 

! 

score
2

= RMSD
DC
"
CSA

max

DC
max

+ RMSD
CSA

and C 

! 

score
3

=
RMSD

DC

DC
max

" DC
min

+
RMSD

CSA

CSA
max

" CSA
min

. These plots demonstrated that the topologies derived 

from the hybrid method correspond to the lowest energy minima identified in all of the 

PISEMA potential surfaces. 
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In this work, we combined structural restraints from solid-state and solution NMR 

into a global target function, which includes a depth of insertion potential(Senes, et al. 

2007). We applied this method to monomeric PLN, a small membrane protein that adopts 

an L-shaped conformation in lipids and whose tertiary fold is dictated by its strong 

interactions with the lipid membranes (see Ref. (Traaseth, et al. )). Solid-state and 

solution NMR have been previously used to study the same membrane protein systems, 

demonstrating remarkable similarities of membrane protein structures in detergent 

micelles and lipid bilayers (Franzin, et al. 2007, Gong, et al. 2007, Hu, et al. 2007, Opella 

and F. M. Marassi. 2004, Page, et al. 2007). Consistent with these findings, our 

calculations show that the structural restraints for both solution and solid-state NMR are 

compatible and can be used synergistically to define the structure and topology of PLN in 

lipid membranes. In addition, the depth of insertion potential gives a clear picture of the 

membrane location with respect to the protein that can be used as a starting point to 

embed it into an explicit lipid bilayer for further refinement. In fact, this final refinement 

step of the structural ensemble has already been adopted for soluble proteins (Calhoun, et 

al. 2008, Kordel, et al. 1997, Linge, et al. 2003, Xia, et al. 2002), and will be especially 

important for membrane proteins to (1) better define the fold space and (2) image protein-

lipid interactions at the atomic level.  Table S1 reports the statistics on the conformers 

generated with the hybrid method and a comparison with the conformational ensemble 

derived from the solution NMR data alone. It is clear that the introduction of the solid-

state NMR data does not affect significantly the covalent geometry. The changes in the 

ideal geometry are within the allowed errors and all of the conformers have passed the 

conformational filters of the PDB deposition site. Also, the resolution of each single 

helical domain does not change. However, the overall resolution of the backbone changes 

dramatically. While in the conformational ensemble generated from the solution NMR 

data alone the rmsd for all of the backbone atoms was ~4.4 Å, the introduction of the 

solid-state NMR data drastically reduces the rmsd to ~ 2.3 Å. It is apparent that the 

interactions of PLN with the lipid membranes mimicked by the solid-state NMR data and 

the knowledge-base Ez potential limit the conformational, defining the structural topology 

of PLN. Nonetheless, the resolution achieved underscore the dynamic nature of PLN, a 
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property that allows this small membrane proteins to interact with several different 

binding partners.   

Several other restraints obtained from biophysical and biochemical techniques can 

be easily incorporated in this protocol along the lines of the HADDOCK 

approach(Dominguez, et al. 2003). In particular, it is important to measure depth of 

insertion experimentally using either paramagnetic quenching (Buffy, et al. 2003) or 

protein/lipid REDOR measurements (Hong. 2006, Mani, et al. 2006, Toke, et al. 2004) to 

complete the structural and topological characterization of membrane proteins within 

lipid bilayers. Although this approach is demonstrated for a small membrane protein, we 

are currently applying this method to the PLN pentamer (30 kDa), which will 

demonstrate the applicability to other multispan membrane proteins and complexes. 

 

Conclusions 

We developed a new computational protocol that is based on a total objective 

energy function (Etotal) that incorporates solution NMR data (distances, torsion angles, 

and hydrogen bonds), solid-state NMR data (orientational information: CSA and DC) and 

a depth of insertion knowledge-based potential (Ez) to determine the high-resolution 

structure and topology of membrane proteins simultaneously. This hybrid energy 

function has been implemented into an XPLOR-NIH protocol and made available for 

general use. While this method is demonstrated for a small single pass membrane protein, 

the rapid progress made in sample preparation and spectroscopy of medium size 

membrane proteins will allow the application to larger systems. 
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Phospholamban (PLN) is an essential regulator of cardiac muscle contractility. 

The homopentameric assembly of PLN is the reservoir for active monomers that, upon 

deoligomerization form 1:1 complexes with the sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA),thus modulating the rate of calcium uptake. In lipid bilayers and 

micelles, monomeric PLN exists in equilibrium between a bent (or resting) T-state and a 

more dynamic (or active) R-state. Here, we report the high-resolution structure and 

topology of the T-state of a monomeric PLN mutant in lipid bilayers, using a hybrid of 

solution and solid-state NMR restraints together with molecular dynamics simulations in 

explicit lipid environments. Unlike the previous structural ensemble determined in 

micelles, this new approach gives a complete picture of the PLN monomer structure in a 

lipid bilayer. This hybrid ensemble exemplifies the tilt, rotation, and depth of membrane 

insertion, revealing the interaction with the lipids for all protein domains. The N-terminal 

amphipathic helical domain Ia (residues 1-16) rests on the surface of the lipid membrane 

with the hydrophobic face of domain Ia embedded in the membrane bilayer interior. The 

helix comprised of domain Ib (residues 23-30) and transmembrane domain II (residues 

31-52) traverses the bilayer with a tilt angle of ~24°. The specific interactions between 

PLN and lipid membranes may represent an additional regulatory element of its 

inhibitory function. 

We propose this hybrid method for the simultaneous determination of structure 

and topology for membrane proteins with compact folds or proteins whose spatial 

arrangement is dictated by their specific interactions with lipid bilayers. 
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Introduction 

 

Structure and topology are central to membrane protein function(1). Recently 

determined high-resolution structures reveal three-dimensional folds for several 

membrane protein classes, such as electron and proton-conducting proteins involved in 

photosynthesis and respiration(2). However, a significant population of membrane 

proteins does not possess a compact tertiary fold, but has their fold space defined through 

interactions of secondary structure elements (helices, turns, and loops) with the lipid 

membrane, i.e., thetopology(1). This is the case for phospholamban (PLN), a mammalian 

protein that is essential in the regulation of cardiac muscle contractility (3), and that has 

recently become a major target for gene therapy to ameliorate cardiomyopathies (4, 5). 

PLN is located in the sarco(endo)plasmic reticulum (SR) of cardiac myocytes, regulating 

the SR Ca2+-ATPase (SERCA) by shifting its relative Ca2+ affinity(6). In vitro and in vivo 

experiments have shown PLN to exist as a homopentamer in membranes that 

deoligomerizes into active monomers responsible for inhibiting SERCA in a 1:1 binding 

ratio (7). The monomeric form ofPLN exists in equilibrium between a dynamically 

disordered R-state and a more restricted T-state (8, 9), and has three structural domains 

(helix-loop-helix) and four dynamic domains: Ia (residues 1-16), loop (17-22), Ib 

(residues 23-30), and II (residues 31-52) (10). As measured by NMR (11, 12) and EPR 

spectroscopies (8, 9, 13, 14), the T-state is predominant (approximately 84%) in both 

micelles and lipid bilayers (15).  

The lack of PLN tertiary structure(non-compact fold) and the semi-flexible loop 

that connects domain Ia to Ib, represent major obstacles for structural studies of PLN by 

solution NMR. In particular, the paucity of NOEs, and the degeneracy of residual dipolar 

coupling solutions, prevented the complete characterization of the structural topology (16, 

17). Here, we show how solution NMR angular and distance restraints derived from 

detergent micellar studies, together with solid-state NMR orientational restraints obtained 

in uniformly aligned lipid bilayers, are used to simultaneously define the high-resolution 

structure and topology of monomeric PLN.The various restraints are combined into a 

single energy objective function,and used jointly with a membrane immersion depth 

potential(18). The average structure from the calculated conformational ensemble is then 
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embedded into an explicit DOPC lipid bilayer and equilibrated, revealing the high-

resolution T-state structure of monomeric PLN (L-shaped) and the protein-lipid 

interactions at the atomic level. The resulting fold of monomeric PLN is defined by its 

strong interactions with lipid membranes. Unlike the previously determined structural 

ensemble (16), this new ensemble more precisely specifies the position of each structural 

domain with respect to the lipid membrane, with domain Ib protruding toward the 

membrane/water interface and ready to make hydrogen bonds and salt bridges with the 

juxtamembrane region of SERCA. Domain II matches the hydrophobic surface of 

transmembrane helices M2, M5 and M9 of SERCA’s binding groove. The amphipathic 

domain Ia is helical and adsorbed on the surface of the membrane bilayer. Taken with the 

recent findings from several other groups (19, 20), we propose that the reversible binding 

of this domain with the lipid bilayer represent a further regulatory element of PLN 

function.   

 

Results 

Solution and Solid-state NMR Restraints.A previous solution NMR structure of AFA-

PLN (C36A, C36F, C41A; fully functional monomeric mutant) was determined on 

protein solubilized in 600 mM DPC, pH 4.2, 50 °C (16). Here, we have repeated these 

experiments on AFA-PLN solubilized in 300 mM DPC, pH 6.0, 37 °C, which are 

conditions that preserve SERCA’s enzymatic activity. The NOE patterns at 37 and 50 °C 

were essentially the same (data not shown). We also performed H(CCO)NH and 

C(CO)NH TOCSY experiments to fully assign the side chains, which enabled the inter-

residue NOEs to Pro21 to be identified and incorporated into the structural calculations. 

In addition, we measured 3J-coupling constants to restrain the χ1 rotamers (Table II, 

Supporting Information).  

For solid-state NMR, the AFA-PLN samples were reconstituted into DOPC lipids 

at a lipid/protein ratio of ~160/1. The solid-state NMR restraints and residue assignments 

for the 15N chemical shift anisotropy (CSA) and 1H-15N dipolar coupling (DC) of domain 

Ib and II were obtained from PISEMA experiments conducted at 30 °C (21). For smaller 
1H-15N DC values (i.e. for residues located in the PLN cytoplasmic domain), we carried 

out SAMPI4 experiments (22) with selectively labeled PLN protein. Increased hydration 
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levels and temperature optimization led to a substantial increase in resolution and 

sensitivity with respect to our previous sample preparations, without jeopardizing the 

macroscopic alignment of the lipid membranes. A uniformly 15N labeled [U-15N] AFA-

PLN sample now gives a complete PISA-wheel spectrum for the helix comprised of 

domains Ib and II (Figure 1c). To complete the resonance assignments, we also collected 

PISEMA spectra on several selectively labeled PLN samples to complete the assignment 

of domains Ib and II.Figure 1 shows PISEMA and SAMPI4 spectra for [15N-Leu, Ile, 

Ala, Met, Phe, Gln26/Gln29, Ser, Arg (15Nα), and Asn] AFA-PLN. The orientational 

restraint dataset consists of 44 assigned residues (82 total restraints), which correspond to 

~85% assignment of the backbone.  

Evidence for the dynamic N-terminus and loop region is seen in the [15N-Met] 

AFA-PLN PISEMA spectrum that shows two resonances with 15N CSA values of 123 

and 101 ppm, corresponding to Met1 and Met20 (Figure2, Supporting Information). 

These 15N chemical shifts appear at essentially isotropic values, indicating that the 

observed anisotropic chemical shifts are dynamically averaged for both the loop and N-

terminus. Based on these results and the dynamic characterization of PLN by solution 

NMR (11), the DC and CSA values for residues located in the most dynamic regions of 

PLN (Glu2, Lys3, Glu19 and Pro21) were not determined. 

The solid-state NMR assignments (Table I, Supporting Information) were 

carried out using extensive selective labeling and a combinatorial algorithm for 

minimizing the resonance positions based on the periodic nature of the helices (23). 

Figure 2 shows the CSA and DC plotted versus the residue number in AFA-PLN. As 

expected for helical proteins, both CSA and DC oscillate with a period of ~3.6 (Figure 4, 

Supporting Information). The amplitude of the oscillation is larger for domains Ib and 

II than for domain Ia, reflecting the different orientations with respect to the external 

magnetic field. These oscillations can be interpreted in terms of tilt (θ) and rotation (ρ) 

angles with respect to the membrane bilayer normal (parallel to B0) for the different 

protein domains. An approximate estimate of alignment using a static ideal helix to fit the 

PISA-wheel pattern (17, 24, 25). By means of this static approach, we extracted θ and ρ 

angles of ~24° and ~198°, respectively, for the helix comprised of domains Ib and II and 

a θ angle of ~97° for domain Ia. 
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Figure 1. Solid-state NMR spectra of AFA-PLN in lipid bilayers. (A) Primary sequence 

of AFA-PLN showing assigned residues in grey (CSA and DC assignments in Supporting 

Information Table I). (B) Assigned PISEMA (Leu, Ala) and SAMPI4 spectra (Ser, Arg) 

of domain Ia. (C) [U-15N] PISEMA spectrum of PLN domain Ib and II displaying a 

uniform intensity across the PISA wheel. (D) Selectively labeled PLN PISEMA spectra 

of domain Ib and II. 
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Figure 2. Experimental CSA (A) and DC (C) values from Figure 1 plotted versus residue 

number. (B) and (D) show correlation plots of calculated versus experimental CSA and 

DC for the hybrid ensemble, respectively. The parallel lines in (B) and (D) indicate the 

experimental errors used in the structural calculations. 
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These angles are in close agreement with those previously published using CSA 

and DC for selectively labeled [15N-Leu, Ala, and Ile] AFA-PLN alone (26), and 

reinforce the previously proposed L-shaped topology for monomeric PLN (16, 27). 

Structure Calculations. The technical details of the structure determination protocols and 

the validation methods for the hybrid approach are reported in our companion paper (see 

Ref. (28)).In the first stage of the structure calculation, we started with PLN in an 

extended configuration, and carried out simulated annealing using only the solution NMR 

restraints (NOEs, 3J-coupling, dihedral angles from TALOS (29), and hydrogen bonds). 

Since there are still very few restraints in the loop region (residues 17-22), this step 

generated 200 PLN conformers that converged into well-defined secondary structure 

elements, but lacked precision in the three-dimensional structure (Figure6b, Supporting 

Information). In the second stage of the refinement, we introduced the solid-state NMR 

orientational restraints (total of 82) using torsion angle dynamics and simulated annealing 

calculations. This protocol allowed for the secondary structural elements to be held fixed 

during the overall orientation of the protein according to the alignment tensor (Bo, the 

membrane normal is fixed along the z axis), avoiding possible integration problems of the 

simulated annealing algorithm. The third stage consisted of rigid-body minimization of 

the conformational ensemble into a virtual membrane potential (i.e. the depth of insertion 

potential, Ez) according to the energy function described by DeGrado and co-workers 

(18). A final step of Cartesian molecular dynamics refinement was used to relax the PLN 

conformers. 

 

Convergence and Validation of the Hybrid Conformational Ensemble. The conformers 

were selected according to the following criteria: NOE violations less than 0.5 Å, 

covalent bond violations less than 0.01 Å, and bond angle violations less than 5o(30). 

Figure 2 shows the agreement between calculated and experimental CSA and DC, which 

is excellent given the large number of structural restraints (solution and solid-state NMR 

restraints). Some small deviations (~5 ppm) that were observed could be due to imperfect 

CSA tensors for each amino acid residue as shown by Cross and co-workers (24), 

however, these deviations do not substantially affect the structure or domain orientation 
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(see Ref. (28)). A summary of the parameters analyzed to assess the quality of the 

structures is reported in Table I. 
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Table 1 – Summary of Structural Ensemble Statistics 

 

RMSD from solution NMR restraints 

    NOEs, Å (422 total) 0.06 ± 0.006 

    Torsion angles,° (99 total) 0.41 ± 0.22 

PISEMA R-factors 

    CSA (43 total) 0.87 ± 0.02 

    DC (39 total) 0.99 ± 0.03 

RMSD from idealized covalent geometry 

    Bond, Å 0.006 ± 0.0004 

    Angle, ° 0.70 ± 0.03 

    Impropers, ° 0.21 ± 0.02 

Measure of structural quality, % residues in 

    Most Favored Region 90 ± 2 

    Additional Allowed Region 8 ± 3 

    Generously Allowed Region 2 ± 2 

    Disallowed Regions 0 

Precision of atomic coordinates, Å 

    Backbone Atoms (4–50) 2.3 

    Domain Ia (residues 4–18) 0.6 

    Domains Ib/II (residues 24–50) 0.6 

Protein Topology (domain in subscript) 

    θIa, ° 102 ± 2 

    ρIa, ° 92 ± 3 

    InsertionIa, Å 16.2 ± 0.8 

    θIb,II, ° 24 ± 2 

    ρIb,II, ° 204 ± 4 

    InsertionIb,II, Å 5.5 ± 0.5 
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Comparison of the Hybrid Conformational Ensemble with the Conformational 

Ensemble Obtained from Solution NMR Data Alone. Since our hybrid ensemblehas an 

angular dependence, it is not appropriate to perform a simple overlay of the backbone 

atoms as the criterion to calculate the precision of the ensemble. Rather, the two 

ensembles were compared on the basis of three angles (Figure 3A): χ (the angle between 

the helix comprising domains Ib and II and the helix comprising domain Ia), ρIa (the 

rotation angle for domain Ia), and ρIb,II (rotation angle for domains Ib and II). Figure 3c 

shows a plot of ρIa versus the χ angle for the solution NMR ensemble alone and the final 

ensemble generated with the introduction of the orientational restraints of solid-state 

NMR. It is apparent that the solution NMR ensemble has a broad distribution of angles. 

Among the different conformers obtained in detergent micelles, we originally chose the 

L-shaped conformations on the basis of paramagnetic quenching experiments (16). Using 

the hybrid method, we do not have to select the structures manually; rather the 

orientational restraints derived from CSA and DC reduce the conformational space 

allowed, resulting in a structural ensemble with precise structures (Figure 6a, 

Supporting Information) and topologies (Figure 3) with respect to the lipid bilayer. It is 

important to note that the deviations of the angles (the errors reported for ρ and θ in 

Table I) reflect the quality of the fit and not the mosaic spread of the sample (dynamics). 

Equilibration of DOPC lipids Around the Average Hybrid Structure. In order to fully 

describe the atomic-level interactions of PLN with lipids, we placed the average hybrid 

structure into an equilibrated DOPC lipid bilayer using CHARMM version 33a2 (31). We 

then performed 30 ns of molecular dynamics simulation using NAMD version 2.6 (32) to 

allow the lipids to equilibrate around the PLN structure, which was harmonically 

restrained (20 kcal mol-1 Å-2) throughout the simulation. This ensured that the 

experimental restraints would be satisfied, and provided a detailed picture of the specific 

interactions the AFA-PLN monomer makes with DOPC lipids (Figure 4b). The set-up of 

the molecular dynamics calculations is reported in the Supporting Information. 
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Figure 3. Comparison between the solution NMR ensemble and the conformational 

ensemble generated with the hybrid protocol. (A) Angles used to describe the topology of 

monomeric AFA-PLN. (B) Rotation (r) versus tilt angle (q) for the 20 structures in the 

deposited ensemble. The insets better allow for variations in the angles describing the 

topology with respect to the membrane normal for domains Ib and II (left, circles) and 

domain Ia (right, triangles). (C) Comparison of the ensemble of structures generated from 

solution NMR restraints alone (squares) with the hybrid solution and solid-state NMR 

method (circles). 
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Discussion 

The complexity and challenges presented by membrane protein structure 

determination call for interdisciplinary approaches (33). X-ray crystallography and 

solution NMR have been widely used to determine high-resolution structures for several 

membrane proteins (34-37). These techniques are able to give atomic resolution 

information about the backbone and side chains, but fall short in the elucidation of 

membrane protein topology. In contrast, performing solid-state NMR with oriented 

membrane protein samples can give molecular details regarding both backbone structure 

and topology. Since a number of membrane protein structures recently determined show 

similar folds in micelles, lipid bilayers, and crystals (35, 38-42), we propose to combine 

the restraints from these techniques into a unique protocol with the goal of obtaining the 

high-resolution structure (backbone and side chains) and topology within the lipid 

bilayer. In the literature, there are several examples of backbone structure determination 

of membrane protein using solid-state NMR data alone (43, 44) and a few examples 

reported for the combined use of solution and solid-state NMR information in a 

qualitative fashion (40, 45, 46). However, there is no precedent for the combination of 

these restraints into a total energy function, which includes distance, torsion angle, and 

orientational restraints with a semi-empirical depth of insertion potential.  

We applied this hybrid approach to the monomeric active form of PLN, which, 

despite its size, is a challenging system. In fact, PLN does not possess a compact fold, but 

instead, has its three-dimensional architecture dictated by interactions with the lipid 

bilayer. Several in vivo and in vitro studies have shown that PLN adopts a remarkably 

similar structure both in micelles and lipid bilayers(9, 13, 16, 19, 20, 26, 47, 48), 

justifying the combination of restraints. In the event that restraints obtained in lipid 

bilayers and detergent micelles were incompatible, it is recommended that those from 

lipids be weighted more heavily, since a bilayer overcomes potential limitations of 

micelles. 



 89 

 

 
 

 

Figure 4. (A) Probability distribution profile for the chemical groups of DOPC in the 

molecular dynamics simulation of PLN within the bilayer. (B) Structure of monomeric 

AFA-PLN in a DOPC lipid bilayer. (C) Detailed images of the residues within the 

amphipathic domain Ia helix show that the hydrophobic residues (Val4, Leu7, Ala11, 

Ile12, Ala15) face the interior of the bilayer. (D) Structure highlighting the face of PLN 

within domains Ib and II that have been shown by mutagenesis and cross-linking data to 

interact with SERCA (56). Residues in (D) shown with side chains in sticks and labeled 

on the structure reside on the same helix of PLN, i.e., they are positioned for binding 

SERCA. In both (B) and (D), the colors reflect the hydrophobicity: light grey - 

hydrophobic, blue/red/purple - hydrophilic, green - aromatic (Phe); specifically Ser and 

Thr residues are shown in purple, Glu is shown in red, and Asn and Gln are shown in 

blue.  
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Our structural ensemble (PDB2KB7), generated from simulated annealing 

procedures, shows PLN to exist in anL-shaped conformation (T-state), while giving a 

qualitative view of its immersion depth within the lipid bilayer (Figure 4). In close 

agreement with the static fit carried out on the initial solid-state NMR data (26, 49), the 

structural ensemble of PLN shows that the membrane embedded helix (domains Ib and 

II) crosses the membrane bilayer with a tilt angle of 24±2° and an azimuthal (rotation) 

angle of 204±4°. This indicates that a specific face of the helix, i.e., residues Arg25, 

Gln29, Phe32, Ala36, Leu43, Ile47, and Met50, is on average oriented toward the SR 

lumen. Domain Ia lies on the surface of the lipid bilayer (Figure 4), adopting an angle of 

102±2° with respect to the membrane plane. While, the PISA wheel for a helix at 102° 

would be exactly the same as that for 78°, the CSA and DC plotted versus residue clearly 

show the ability to distinguish these angles within the data.The rotation angle of this 

domain is challenging to resolve using PISEMA or SAMPI4 experiments, due to the 

small dispersion of CSA and DC values for helices positioned at ~90° with respect to the 

bilayer normal, and the inherent degeneracy of these NMR parameters. However, the 

inclusion of the Ez potential (18) overcame these ambiguities by identifying two 

energetically different ensembles. One ensemble had higher energy, with the hydrophobic 

face of the helix pointing toward the bulk solvent, and a second more energetically 

favorable ensemble, which had the hydrophobic face pointing toward the hydrocarbon 

region. The latter agrees with several topological studies that we have carried out using 

various hydrophilic and hydrophobic paramagnetic probes, as well as the direct 

observation of NOEs between the detergent and the methyl groups of Val4 and Leu7 in 

domain Ia(50).  

For the final stage of refinement, we chose one of the structures from the 

conformational ensemble (model 6 from PDB2KB7), and embedded it into an explicit 

DOPC lipid bilayer for molecular dynamics calculations. Figure 4 shows a snapshot 

from the simulation, which allows for appreciation of the atomic interactions of PLN 

within the lipid bilayer. Specifically, the hydrophobic side chains of residues Val4, Leu7, 

Ala11, Ile12, and Ala15 are in contact with the hydrophobic interior (methylene region) 

of the membrane. Glu2, Lys3, and Tyr6 are positioned in the interfacial region of the 

bilayer, and make hydrogen bonds with the DOPC lipid headgroup. Of the three arginine 
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residues within domain Ia, Arg9 and Arg13 are solvent-exposed and accessible for 

interaction with PLN binding partners, while Arg14 snorkels into the lipid bilayer 

headgroup region.Preliminary studies also indicate that the Nε of Arg14 has the highest 

order parameter of all arginines within AFA-PLN (data not shown), which is consistent 

with increased solvent protection. This is noteworthy, since mutations at Arg9 and Arg14 

have been linked to the abnormal regulation of SERCA, resulting in dilated 

cardiomyopathy (51, 52). Ser16 and Thr17 (the two phosphorylatable sites) are exposed 

to the bulk solvent, prone to interact with their respective kinases (i.e. protein kinase A 

and CamKII kinase, respectively). The amphipathic interactions of domain Ia with the 

lipid bilayer are also present in the oligomeric state of PLN, as measured by solution 

NMR in detergent micelles (14, 50), solid-state NMR in lipid bilayers (14, 53), EPR 

saturation transfer experiments in lipid bilayers and detergent micelles (9, 13, 14), and 

fluorescence resonance energy transfer in intact cells (47) and detergent reconstituted 

systems (54).  

The topology of PLN determined with this approach also reveals that part of 

domain Ib extends outside the lipid bilayer. This reconciles the structural model of PLN 

with several data sets derived from solution NMR (12, 16, 55) and saturation transfer 

EPR measurements (9). Specifically, Gln23 and Ala24 are solvent exposed (16), while 

Arg25, Gln26 andAsn27 are located within the choline/glycerol interface of the lipid 

headgroup region,in agreement with paramagnetic quenching and hydrogen/deuterium 

exchange experiments (16). Leu28, Gln29, and Asn30 reside in the glycerol/carbonyl 

region, making hydrogen bonds with the carbonyl groups. Since this domain forms key 

inhibitory interactions with SERCA via hydrogen bonds and salt bridges (56), the depth 

of insertion may be an important mechanism regulating SERCA and PLN function. 

Domain II is the most hydrophobic and rigid part of PLN. Hydrogen/deuterium 

exchange experiments show that the amide protons of this region exchange with the 

solvent on the timescale of days (16). This domain crosses the membrane bilayer with an 

angle of 24o, with the proposed SERCA binding face pointing away from the cytoplasmic 

domain Ia and prone to the interaction with the enzyme (Figure 4d). Remarkably, 

domain II does not cross the two membrane leaflets completely; rather the C-terminal 

leucine (Leu52) stops short in the luminal leaflet with its side chain in the methylene 
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region of the bilayer and the carboxyl terminus snorkeling into the carbonyl region of the 

DOPC headgroups in contact with transient water molecules. Unlike the N-terminal 

domain Ia, the interactions of the C-terminal carboxyl group constitute the only anchor of 

domain II in the luminal leaflet of the membrane, an element that may confer the 

necessary mobility (piston-like motion) for PLN to be lifted up from the membrane to 

interact with SERCA (13). 

The presence of amphipathic cytoplasmic domains is emerging as a common 

motif forsingle-pass regulatory and viral membrane proteins. In fact, the L-

shapedmembrane architecture of PLN is reminiscent of the structures and topologies of 

the FXYD proteins (a family of membrane associated proteins that serve as subunits to 

Na,K-ATPases) (40), the fd coat protein (responsible for viral assembly) (57), the VpU 

protein from HIV-1 (58), and the M2 channel from the influenza A virus (59). 

Amphipathic helix motifs are known to be functionally important in a number of 

capacities, ranging from stabilizing protein structures to sensing changes in the physical 

properties of the membrane (60, 61).  

In our allosteric model of regulation (8), the amphipathic helix of PLN drives the 

conformational equilibrium toward the T-state (the resting state), while the transition to 

the more pliable R-state is necessary for PLN to mold into SERCA’s binding groove. The 

dynamic nature of the R-state was underscored by EPR analysis (8, 9, 13) and probably 

detected by magic angle spinning solid-state NMR experiments (48). Based on these data, 

it is likely that the interaction between lipids and the amphipathic domain Ia is modulated 

by the composition of the lipid membrane, and that these interactions may constitute an 

additional mechanism of SERCA regulation. Since PLN has at least six different binding 

partners (SERCA, protein kinase A, CamKII kinase, protein phosphatase I, A-kinase 

anchoring,and the antiapoptotic HS-1 associated protein X-1), the reversible binding to 

the membrane surface and the interplay between the T- and R-states may give the 

necessary flexibility in binding these proteins.  

 

Materials and Methods 

Sample preparation  
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[U-15N] AFA-PLN was expressed in E colibacteria and purified as previously 

described(62). Most of the selectively labeled samples were also expressed in E coli. 

PLN samples that showed isotopic scrambling,[15N-Ser] and [15N-Gln], were synthesized 

using Fmoc solid-phase peptide synthesis as reported previously(63, 64). For solution 

NMR experiment, AFA-PLN was solubilized in 300 mM DPC, 120 mM NaCl, 20 mM 

NaH2PO4 (pH 6.0). Solid-state NMR samples were prepared in either 4/1 DOPC/DOPE 

or DOPC lipid bilayers as previously described (no difference in spectra wasdiscernable 

with or without DOPE)(26). Samples were hydrated for 4-5 days at 40 °C in a saturated 

solution of Na2HPO4 (the [U-15N] AFA-PLN in D2O). 

NMR Spectroscopy 

Solution NMR experiments were collected in 300 mM DPC (pH 6) and at 37 °C. 

Solid-state NMR experimentsPISEMA (21) and SAMPI4 (22)were acquired at 30 °C. 

Spectra of [U-15N] samples were acquired with 1 k scans and 30 t1 increments, while 

selectively labeled samples required 4-12 k scans and ~8-16 increments. Experiments 

were performed at 1H frequencies of 600 and 700 MHzusing Bruker (DMX) and Varian 

(VNMRS) spectrometers, respectively, equipped with low electric field flat-coil 

probes(65).Additional details are given in the Supporting Information. 

Structural Calculations 

The structure calculations were carried out using XPLOR-NIH software(30). We 

defined a hybrid solution and solid-state NMR target function (ET), which is formulated 

as a combination of geometrical (Echem), solution NMR (EsolNMR), and solid-state NMR 

(EssNMR), terms:  

! 

E
T

= E
chem

+ E
solNMR

+ E
ssNMR

 

The potential energy functions are expressed in the form wE, where w represents the 

relative weight for each energy term, which has been optimized as reported by Shi et 

al.(28). All of the restraints are approximated by harmonic functions. Specifically, both 

CSA and DC potentials were implemented as flat-well potential functions according to 

Bertram and co-workers (66). The experimental errors for CSA and DC were set to 5 

ppm and 0.5 kHz, respectively. A total of 500 monomers were generated. 100 conformers 

displayed no violations and were selected for statistical analysis (Table I). Further details 
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regarding the calculations and molecular dynamics simulations in DOPC are described in 

the Supporting Information. 
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Supporting information 

Sample preparation  

[U-15N] AFA-PLN was expressed in E colibacteria and purified as previously 

described(1). Most of the selectively labeled samples were also expressed in E coli. PLN 

samples that showed isotopic scrambling,[15N-Ser] and [15N-Gln], were synthesized using 

Fmoc solid-phase peptide synthesis as reported previously(2, 3). The composition of each 

peptide was verified by amino acid analysis and its molecular mass was verified by 

MALDI-TOF. For solution NMR experiment, AFA-PLN was solubilized in 300 mM 

DPC, 120 mM NaCl, 20 mM NaH2PO4 (pH 6.0). Solid-state NMR samples were 

prepared in either 4/1 DOPC/DOPE or DOPC lipid bilayers as previously described (no 

difference in spectra wasdiscernable with or without DOPE)(4). Lipids (80 mg) were 

dissolved in 4 ml chloroform (Avanti Polar Lipids, Alabaster, AL) and added to PLN (~4 

mg) that was first solubilized in 100 µL trifluoroethanol. Solvents were first evaporated 

under a stream of N2(g) and then placed in a vacuum desiccator overnight to ensure 

complete removal of organic solvents. The lipid/protein film was resuspended in 40 mL 

of H2O and vortexed. Small unilamellar vesicles were prepared by extruding the lipid 

mixture through polycarbonate filters of decreasing pore size (200, 100, 50 µm) using a 

bench-top extruder (Northern Lipids Inc. Burnaby, BC Canada). This suspension was 

concentrated to 2 ml involume and placed evenly onto ~25 glass plates (Marienfeld, 5.7 

mm x 12 mm x 80 µm). Samples were hydrated for 4-5 days at 40 °C in a saturated 

solution of Na2HPO4. The [U-15N] AFA-PLN sample was hydrated in a saturated solution 

of Na2HPO4 in D2O. Solid-state NMR data were acquired at 30 °C. 

 

NMR Spectroscopy 

Solution NMR resonance assignments, NOEs, and 3J-coupling constants were 

collected under conditions of 300 mM DPC (pH 6) and at 37 °C. For solid-state NMR, 

2D PISEMA (5) and SAMPI4 (6)experiments were performed with SPINAL64 

decoupling during acquisition(7). A phase modulated Lee-Goldberg (PMLG) was used in 

thePISEMA indirect dimension to decouple proton-proton interactions while allowing for 

the evolution of 1H-15N DC (8, 9). The initial 90°1H pulse, cross-polarization, PMLG (1H 

effective field), and SPINAL decoupling during acquisition were applied at ~60 kHz RF 
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field strength. For SAMPI4 experiments, anRF field strength of 50 kHz was used. Spectra 

of [U-15N] samples were acquired with 1 k scans and 30 t1 increments, while selectively 

labeled samples required 4-12 k scans and ~8-16 increments. Experiments were 

performed using both Bruker and Varian spectrometers. The DMX Bruker spectrometer 

(National High Magnetic Field Laboratory, FL) operating at a 1H frequency of 600 MHz 

was equipped with a low-E probe built by the RF program (10).The Varian VNMRS 

spectrometers operating at 1H frequencies of 600 and 700 MHz were equipped with a 

BioStatic probe from Varian, Inc. 

 

Structural Calculations 

The structure calculations were carried out using XPLOR-NIH software(11) as 

more completely described in the companion paper(12). We defined a hybrid solution 

and solid-state NMR target function (ET), which is formulated as a combination of 

geometrical (Echem), solution NMR (EsolNMR), and solid-state NMR (EssNMR), terms:  

! 

E
T

= E
chem

+ E
solNMR

+ E
ssNMR

 

The potential energy functions are expressed in the form wE, where w represents the 

relative weight for each energy term, which has been optimized as reported by Shi et 

al.(12). All of the restraints are approximated by harmonic functions. Specifically, both 

CSA and DC potentials were implemented as flat-well potential functions according to 

Bertram and co-workers (13). The experimental errors for CSA and DC were set to 5 

ppm and 0.5 kHz, respectively.  

The hybrid conformational ensemble was generated starting from AFA-PLN in an 

extended configuration. In the first stage, we implemented only solution NMR restraints 

(NOE, torsion angles, and hydrogen bonds). The temperature was decreased from 6000K 

to 0 K in steps of 5 K. At each temperature, 20ps torsion angle dynamics and several step 

of minimization in both torsion angle and Cartesian space are performed. This step folds 

PLN secondary structure elements. The second structural ensemble was generated by 

including orientational restraints obtained from PISEMA data. Starting from this folded 

configuration, solid-state NMR restraints (both CSA and DC) are combined with the 

solution NMR data into a simulated annealing protocol. To satisfy CSA and DC data, we 

carried out simulated annealing starting from 3000K using only torsion angle dynamics. 
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The force constants for the solid-state NMR restraints were optimized using cross-

validation (14). To orient PLN with respect to the z direction (corresponding to a 

fictitious lipid bilayer normal), we used rigid body minimization under orientational 

restraints with the Ez potential. The depth-dependent potential term (Ez) has been 

described by DeGrado and co-workers, and is based on the propensity of amino acid 

residues in a helix to have depth-dependence insertions into the bilayer (15). In the final 

XPLOR-NIH refinement protocol, the calculation was performed starting from 300K 

using both torsion angle and Cartesian molecular dynamics to relax local geometries and 

improve the structure quality without significantly changing the orientation of each 

conformer generated. A total of 500 monomers were generated. 100 conformers 

displayed no violations and were selected for statistical analysis (Table I).The full 

descriptions of the target function and calculation protocols are available in the 

companion paper (see Ref. (12)). Details regarding the molecular dynamics simulations 

in DOPC lipids are described in the Supporting Information. 

 

χ1 Rotamers from 3J couplings 

In order to determine χ1 rotamers, it is necessary to measure 3JC’Cγ and 3JNCγ. To do this, 

we used quantitative 2D spin echo difference spectroscopy summarized by Bax and co-

workers (16). For Thr, Val and Ile residues 3JC’Cγ and 3JNCγ were measured using 2D 

experiments described previously (17-19). Aromatic 3JNCγ couplings for Phe and Tyr were 

measured using the pulse sequence described by Hu et al.(20). All measurements were 

acquired using a Varian DirectDrive VNMRS spectrometer operating at 1H frequency of 

600 MHz.  

 

Molecular Dynamics  

The final stage of the structural refinement was carried out using MD simulations in 

DOPC lipids with the intent of relaxing the PLN structure in an explicit environment that 

mimics the interactions of PLN within a cell membrane. The information derived from 

the Ez potential was used to embed structure#6 from PDB 2KB7 into a pre-equilibrated 

DOPC bilayer. To insert the protein in the bilayer, the overlapping lipids around the 

protein were deleted. The system was then slowly heated from 10 K to 310 K over 300 ps 
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with the protein harmonically restrained (20 kcal mol-1 Å-2). The restraints were 

decreased to 5 kcal mol-1 Å-2 during heating and maintained for 10ns of equilibration. 

Following equilibration, the restraints were removed and the system was further 

simulated for 100ns. 

The set-up and heating was done using CHARMM Version 33a2 (21), while the 

equilibration and sampling was performed with NAMD version 2.6. The PARAM27 

force field with the CMAP correction (22-24) was used throughout the simulation. The 

system consisted of AFA-PLN (+3 charge), 122 DOPC molecules equally distributed 

between the top and bottom layer and TIP3P waters. Counter ions were added to achieve 

electroneutrality and an ionic strength near physiology conditions. Hexagonal periodic 

boundary conditions were used with a unit cell of 68 Å x 68 Å x 88 Å. The particle-

mesh-Ewald (PME) method with a mesh of ~1 Å was used to describe the electrostatic 

interactions(25) Van der Waals interactions were evaluated using a cutoff scheme 

feathered to zero between 9 and 11 Å with a switching function. Constant pressure (1 

atm) and temperature (310K) were maintained during MD simulations through Nose-

Hoover Langevin piston (26, 27) and Langevin dynamics. The RATTLE algorithm was 

applied to covalent hydrogen bonds and an integration time step of 2 fs was used.  
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Figure S1 
31P spectrum of the [U-15N] AFA-PLN sample in Figure 1c. A single-pulse on 31P was 

acquired with proton decoupling to verify the alignment of the lipid bilayer. This 

spectrum is representative of the selectively labeled samples shown in Figure 1. 
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Figure S2 

Supporting information for Figure 1 in the manuscript showing full PISEMA spectra. 

Note that the Asn and Phe spectra shows resonances upfield of those plotted in Figure 1 

due to the side chain 15N resonances of Asn (the HSQC of the Phe sample showed 

scrambling to 15N Asn side chains). Due to the RF offsets (15N - 200 ppm, 1H - 5-6 ppm), 

some of the cytoplasmic domain peaks in the 2D PISEMA spectra (A) show up with 1) 

lower intensity than the peaks in domain Ib and II or 2) at zero-frequency indicating that 

those residues have an amide proton off-resonance from that used in the experiment (5-6 

ppm). For several cytoplasmic domain resonances, SAMPI4 experiments (B) were run to 

obtain these frequencies (CSA and DC) more accurately.  



 107 

 
SI Figure 3. Overlay of spectra for domain Ia (A) and domain Ib and II (B). Panel A is 

color-coded with residue-type: orange-[15N-Ala], red-[15N-Thr], blue-[15N-Val], purple-

[15Nα-Arg], light blue-[15N-Leu], and black-[15N-Ser]. The Arg and Ser spectra were 

acquired using the SAMPI4 pulse sequence, while all others were acquired using the 

PISEMA experiment. The appearance of zero-frequency peaks in the spectra of [15N-Val] 

and [15N-Thr] are due to a mismatched 1H-offset. Panel B is an overlay of all selectively 

labeled PISEMA spectra shown in Figure 1D (blue) with the [U-15N] spectrum 

equilibrated in D2O (blue). The small changes between these spectra arise from peaks 

missing in the [U-15N] spectrum due to D2O exchange, as well as slight differences in 

CSA and DC in sample-to-sample preparations. Error bars in the CSA and DC restraints 

reflect the effects. 
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Figure S4. Supplement to Figure 2 within the text. Data shown is the same as in Figure 

2A and C, except with ideal waves plotted with the experimental CSA and DC data. 
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Figure S5. Description of the angles used in Figure 3. For the domain Ia rotation angle, 

ρIa is defined to be zero when the vector described by the amide nitrogen and the center 

of the helical axis is co-linear with the y axis. Likewise the ρIb,II is similar, with the 

exception that the amide nitrogen of Ala24 is used. 
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Figure S6. Ensemble overlay of residues 4-50 for the hybrid (A) and solution NMR 

ensembles (B). (C) and (D) show side and top views of the hybrid ensemble where 

residues 24-50 in domain Ib and II are superimposed. 
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Table S1 - Summary of the NMR restraints from solid-state NMR. Note Met1 and Met20 

cannot be distinguished in the combinatorial assignment algorithm. 
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Table S2 – Summary of χ1 Restraints Used in the Hybrid Calculation 
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Table S3 – Summary of synthetic or bio-expressed AFA-PLN samples used for solid-

state NMR experiments. 
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Phospholamban (PLN) regulates calcium translocation within cardiac myocytes 

by shifting sarco(endo)plasmic Ca2+-ATPase (SERCA) affinity for calcium. Although the 

monomeric form of PLN (6 kDa) is the principal inhibitory species, recent evidence 

suggests that the PLN pentamer (30 kDa) is also able to bind SERCA.To date, several 

membrane architectures of the pentamer have been proposed, with different topological 

orientationsfor the cytoplasmic domain: 1) extended from the bilayer normal by 50-60°, 

2) continuous α-helix tilted 28° relative to the bilayer normal, 3) pinwheel geometry,with 

the cytoplasmic helix perpendicular to the bilayer normal and in contact with the surface 

of the bilayer, and 4) bellflower structure,in which the cytoplasmic domain helix makes 

~20° angle with respect to the membrane bilayer normal. Using a variety of cell 

membrane mimicking systems (i.e. lipid vesicles, oriented lipid bilayers, and detergent 

micelles) and a combination of multidimensional solution/solid-state NMR and EPR 

spectroscopies, we tested the different structural models. We conclude that the 

pinwheeltopologyis the predominant conformation of pentameric PLN, with the 

cytoplasmic domain interacting with the membrane surface. We propose that the 

interaction with the bilayer precedes SERCA binding and may mediate the interactions 

with other proteins such as protein kinase A and protein phosphatase 1. 
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Introduction 

Calcium translocation into the sarcoplasmic reticulum (SR) of cardiac myocytes is 

controlled by the sarco(endo) plasmic reticulum calcium ATPase (SERCA). 

Phospholamban (PLN) regulates the activity of SERCA by shifting the apparent calcium 

affinity for the enzyme. This activity is relieved by phosphorylation of PLN at either 

Ser16 or Thr17 or by micromolar free calcium within the cytosol. Wild-type PLN (wt-

PLN) forms stable homo pentamers in lipid bilayers and in particular detergent micelles, 

where each monomer is composed of a helical cytoplasmic domain (residues 1-16), a 

semi-flexible loop (residues 17-21), and a helical transmembrane domain (residues 22-

52)(1, 2). Mutagenesis, molecular biology, and in vivo studiesrevealed that the 

PLNpentamer depolymerizesintoactive monomers that bind and inhibit SERCA(3). 

Similar conclusions were reached by in vitrofluorescence studies (4). Recently, however, 

Young and co-workers have reported a co-crystal formed by SERCA and PLN pentamer, 

suggesting that the pentameric species is also able to bind SERCA forming a 

pentamer/SERCA inhibitory complex(5). Furthermore, Jones and co-workers 

hypothesized that the PLN pentamer may act as a chloride ion channel(6), which is 

supported by the bellflower structure recently determined by Oxenoid and Chou(2). 

There are four principal proposed structural models of pentameric wt-PLN, which 

differ primarily in the topology ofthe more dynamic cytoplasmic domain. In each of these 

models (shown in Figure 1), the transmembrane domains are in a coiled helix 

approximately parallel to the bilayer normal. The first model (extended helix/sheet 

model), based on polarized Fourier transform infrared (FTIR) spectroscopy in a 

supported lipid bilayer, showed residues 22-32 to be in an antiparallel β-sheet 

configuration with the cytoplasmic domain helix oriented ~50-60° relative to the bilayer 

normal(7). A second model (continuous helix model), based on REDOR solid-state NMR 

and polarized FTIR spectroscopy in lipid bilayers, depicts wt-PLN as a continuous 

helix(8, 9). The third structural model (pinwheel model), based on fluorescence resonance 

energy transfer (FRET) in SDS gels, revealed a pinwheel arrangement of the pentamer, in 

which each monomer within the pentamer has an L-shapedgeometry where the 

cytoplasmic domain is in contact with the lipid bilayer (10), similar to that determined 

previously for the PLN monomer(1). The most recent model(bellflower model), based on 
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Figure 1. Structural models of wt-PLN. The extended helix/sheet and continuous helix 

models shown were reconstructed from the original papers(7, 8) to give the reader a 

graphical illustration of the models. Graphics were prepared using Pymol 

software(57).The pinwheel (1XNU(10)) and bellflower (1ZLL(2)) pentamers were taken 

directly from PDB coordinates. 
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triple resonance solution NMR in dodecylphosphocholine (DPC) detergent micelles, 

reveals a bellflower structure(2). The bellflower model, like that of the pinwheel model, 

has three structural domains, but differs mainly in the pronounced bend in domain Ib 

(residues 22-31), and the cytoplasmic domain helices, which are oriented ~20°with 

respect to the bilayer normal. The ensemble for the bellflower is rather precise, having a 

root mean square difference of 0.6 Å for backbone atoms, indicating nearly no 

conformational disorder. 

In contrast, the PLN monomer has a much lower precision for the entire 

ensemble(1) due to the dynamics revealed by EPR and solution and solid-state NMR 

spectroscopies(11-15). While the structure is dynamic, extensive data in lipids and 

micelles shows that the predominant conformation of the monomer isL-shaped, with the 

cytoplasmic domain in contact with the surface of the lipid bilayer(1, 15-18).  

Recent data from the Lorigan and Middleton groups suggests that the membrane 

association of the cytoplasmic domain of PLN is present in pentameric wt-PLN as 

well(19-22). These data are in disaccord with the continuoushelix conformation, the 

extended helix/sheet model, and the bellflowerstructure. 

In this manuscript, we use a combination of solution and solid-state NMR 

methods, as well as EPR techniques in both lipid bilayers and detergent micelles, to 

determine which, if any, of the proposed models is valid for wt-PLN. 

 

Results 

Characterization of Oligomerization State 

To characterize the oligomeric states under our NMR and EPR conditions, we 

visualized PLN species using denaturing (SDS-PAGE) and non-denaturing (native) gel 

shift assays (Figure 8, Supporting Information). Both gels clearly show that in 

DOPC/DOPE lipid bilayers and DPC micelles, wt-PLN is pentameric.Note that all of 

these preparations were tested for SERCA inhibition and under both NMR and EPR 

conditions PLN causes a shift in SERCA affinity for calcium as previously reported(14, 

23). These functionally identical preparations were then subjected to structural studies 

using both NMR and EPR spectroscopy. 
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Solid-State NMR in Oriented Lipid Bilayers 

Solid-state NMR is the method of choice for the simultaneous identification of 

membrane protein structure, topology, and dynamics(24-26). Unlike solution NMR, the 
15N chemical shift in solid-state spectra is dependent on its orientation with respect to the 

magnetic field. This basic principle allows for the measurement of orientation (topology) 

information with respect to the lipid membrane. Specifically, the [1H/15N] PISEMA 

(polarization inversion spin exchange at the magic angle) experiment was used, which 

correlates 15N chemical shift with 1H-15N dipolar coupling(27). For α-helices within 

oriented lipid bilayers (B0 parallel to the membrane normal), PISEMA spectra show 

wheel-like patterns called PISA (polarization index at the slant angle) wheels(28, 29). 

From the PISA wheels it is possible to identify the tilt and rotation angles of the helix 

within the bilayer. Specifically, helices that are approximately parallel with respect to the 

membrane bilayer give 15N shifts ~200 ppm and 1H-15N dipolar couplings ~6-8 kHz, 

while those with an orientation perpendicular to the normal resonate at ~75 ppm and ~3-4 

kHz, respectively. Since there is a large orientation difference in the cytoplasmic domain 

between the four structural models, PISA wheel patterns measured in fully fluid lipid 

bilayers are able to distinguish between these models with high sensitivity. 

Figure 2 shows an overlay of six different PISEMA experiments (high and low-

field regions) acquired using selectively labeled [15N-Leu], [15N-Ala], [15N-Ile], [15N-

Cys], [15N-Thr], and [15N-Asn] wt-PLN. The full PISEMA spectrum is shown in the 

Supporting Information (Figure 9) for each selective label indicating uniform alignment 

of the samples. Selectively labeled samples are often more useful in PISEMA, reducing 

spectral overlap and allowing for more optimized experimental conditions. The overlaid 

spectra strongly show the presence of two PISA wheels for the transmembrane (Figure 

2B) and cytoplasmic domains (Figure 2C). Residue assignments were carried out using 

an in-housesoftwarethat exploits the periodic nature of the chemical shift and dipolar 

coupling for regular secondary structures(30, 31). In analogy to the approach used by 

Nevzorov and Opella(32), this program uses an exhaustive search algorithm to find the 

assignment that best matches the observed resonances with those calculated from an ideal 

α-helix for given tilt (θ) and rotation (ρ) angles within the bilayer. The PISA wheel for 

the transmembrane domain of wt-PLN (Figure 2D) is comprised of 21 assigned  



 123 

 
 
Figure 2. Solid-State NMR spectra of PLN pentamer in lipid bilayers. (A) 1D cross-

polarization spectrum of [U-15N] wt-PLN in DOPC/DOPE mechanically oriented lipid 

bilayers. (B, C) An overlay of selectively labeled PISEMA spectra for the transmembrane 

and cytoplasmic helices, respectively. The residues on the structures are color coded with 

the PISEMA spectra: [15N-Ala] green, [15N-Cys] purple, [15N-Leu] orange, [15N-Ile] red, 

[15N-Asn] gray, [15N-Thr] blue. (D, E) Simulated PISA wheels for both transmembrane 

(θ=15°) and cytoplasmic (θ=92°) domains. The PISEMA simulations assumed a regular 

α-helical geometry for both helical domains.  
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Figure 3. Simulated PISEMA spectra obtained for the pinwheel and bellflower models. 

The simulations for the cytoplasmic domain (A, B) assumed ideal α-helices with a helix 

tilt angle of 92° and a rotation angle (defined in Ref. (18)) of 15°. PISEMA spectra for 

the transmembrane domains (tm) are calculated directly from the PDB coordinates (D, 

E). Unlike the pinwheel model, the bellflower model does not show any high-field 

resonances. Experimental PISEMA spectra show the remarkable agreement with the 

pinwheel model (C, F). 
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resonances and reveals an ~15° tilt angle with respect to the bilayer normal. This tilt 

angle differs from that of the PLN monomer by ~6°(18), showing that formation of the 

leucine/isoleucine zipper between the monomers imposes a smaller tilt to each monomer 

with respect to the depolymerized monomeric species. Two previous studies reported 

pentamer tilt angle values of 28 +/- 6° using FTIR(8) and 23° using computation and 

mutagenesis(33), where the former study used DMPC as the lipid. Since DMPC and 

DOPC/DOPE differ by four carbon atoms in the acyl chains, the difference in tilt angle 

can be attributed to hydrophobic mismatch.  

 Unlike the change in tilt angle between the monomer and pentamer, the rotation 

angle of the transmembrane domain helix is very similar, indicating that the pentamer 

association primarily requires only a change in tilt angle to pack. Moreover, the regular 

PISA wheel obtained for the transmembrane domain exemplifies an unbent helix, 

excluding the pronounced transmembrane helix curvature present in the bellflower model 

as well as the proposed antiparallel β-sheet configuration for residues 22-32 in the 

extended helix/sheet model. The simulated PISA wheel in Figure 3E shows the expected 

pattern for the transmembrane domain within the bellflower structure. Note that the 

availability of PDB coordinates allows us to simulate PISEMA spectra from only the 

pinwheel and bellflower models. 

 Figure 2E shows the overlay of the upfield region (cytoplasmic domain) of the 

PISEMA spectrum (50-100 ppm). All of the expected resonances (Leu7, Thr8, Ala11, 

Ile12, Ala15, Thr17, and Ile18) are present for each selectively labeled sample, showing 

unambiguously that the cytoplasmic helix is oriented parallel to the surface of the lipid 

bilayer, as depicted within the pinwheel model. Simulations reveal an ~92° tilt angle of 

the cytoplasmic domain with respect to the bilayer normal, essentially the same as that 

previously described for the monomer(18). A bellflower structure would give rise to 

cytoplasmic domain resonances within the range of 160-220 ppm (Figure 3B). Likewise 

the continuous helix and extended helix/sheet models would show the majority of 

cytoplasmic domain resonances in the same region as those expected for the bellflower 

model. 

 Additionally, the structure of PLN is rather dynamic in oriented membranes with 

the transmembrane domain experiencing fast axial rotational diffusion with the 
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cytoplasmic domain affected by more complex dynamics(18). We interpreted these 

conformational interconversions as the ensemble defining the T and R states(13, 15, 34). 

While we have not yet repeated those experiments for the wt-PLN pentamer, EPR 

experiments confirmed the existence of these states, underlining that the T state (bent or 

L-shaped) is the most populated in both lipid bilayers and detergent micelles (see below). 

 

Solution NMR in DPC Micelles 

 Is the pentamer structure in micelles different from that in lipid bilayers? 

Following the sample preparation used by Oxenoid and Chou(2), we compared the 

TROSY-HSQC spectrum of monomer and pentamer, and tested the topology of the 

pentamer using three different paramagnetic probes: gadopentetate dimeglumine (Gd3+ 

for simplicity) and 5’- and 16’-doxyl stearic acids, which probe solvent exposed residues, 

hydrophobic residues underneath the phosphate headgroup, and those deeply embedded 

in the micellar core, respectively. 

Remarkably, the resonance positions of the protein fingerprint in the [1H/15N]-

TROSY-HSQC spectrum for residues 2-31 within wt-PLN and AFA-PLN are nearly 

identical as shown in Figure 4. The main differences (indicated by asterisks in Figure 4B) 

between the monomer and the pentamer reside around the mutated residues of the AFA-

PLN monomer(Cys36, Cys41, and Cys46), suggesting that the local chemical 

environment and the conformations of the cytoplasmic region (residues 2-31) for both 

monomer and pentamer are identical. 

 Figure 5A shows the intensity retention after adding Gd3+ to a sample of wt-PLN. 

The total quenching of residues Ser10, Gln22, Gln23, and Ala24 indicate that these 

residues are the most solvent exposed, while the absence or minimal perturbation of the 

remaining residues of the transmembrane and cytoplasmic domains suggest that these are 

somewhat protected from solvent. 

To investigate what residues were associated with or embedded within the DPC 

micelle, we used 5’- and 16’-doxyl stearic acid. Val4, Leu7, and Ala11 amide resonances 

are among the most quenched when exposed to 5’-doxyl stearic acid, while Ser10 (the 

most quenched in Gd3+ experiments) retains ~80% intensity (Figure 5B). Similarly, 16’-

doxyl stearic acid shows Leu7 to be the most quenched in the cytoplasmic domain with  
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Figure 4. Solution NMR studies of PLN pentamer in DPC micelles. (A) Overlay of 

[1H/15N]-TROSY-HSQC spectra of AFA-PLN monomer (black) and wt-PLN pentamer 

(red). (B) Difference plot of the combined 1H and 15N chemical shift variations between 

the monomeric and pentameric species (Δδ = [(ΔδH
2 +ΔδN

2/25)/2)]1/2). The three 

mutations in AFA-PLN (C36A, C41F, C46A) are indicated withasterisks. 
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Figure 5. Paramagnetic mapping of PLN topology in DPC micelles. (A) TROSY-HSQC 

intensity retention upon addition of Gd3+, (B) 5’-doxyl stearic acid, and (C) 16’-doxyl 

stearic acid. The red bars in panels B and C highlights hydrophobic residues that face the 

micelle interior (Val4, Leu7, and Ala11 in panel B and Leu7 in panel C). 
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residues 41-45 embedded in the core of the micelle. These results support the conclusion 

that Val4 and Leu7 are buried in the micellar hydrophobic core, placing the cytoplasmic 

domain helix in contact with the surface of the micelle. If domain Ia (residues 1-16) were 

fully exposed to solvent, as in the bellflower, continuous helix, and extended helix/sheet 

models, one would expect to observe uniform quenching of these domains upon addition 

of Gd3+ and no differential quenching upon addition of 5’- or 16’-doxyl stearic acid. In 

the pinwheel model, one would expect to see differential quenching in the cytoplasmic 

domain from addition of Gd3+ and 5’-doxyl stearic acid, indicating a preferential surface 

for the cytoplasmic domain helix to interact with the lipid surface.  

In summary, the similarity of spectra between the pentamer and monomer, and the 

topological mapping all establish that in DPC micelles both the monomer and pentamer 

have cytoplasmic domains that strongly interact with the surface of the micelle. 

 

EPR in DPC Micelles 

 To further test the structural models, we performed complementary EPR 

experiments. While a single EPR experiment lacks the residue-by-residue view offered 

by NMR, it has several advantages stemming from the larger magnetic susceptibility of 

the electron, including increased sensitivity, resolution of distinct conformations based on 

dynamics(35), and the ability to probe distances up to 8 nm in length(36). To measure 

intermonomer distances in the wt-PLN pentamer, a four-pulse double electron-electron 

resonance (DEER) experiment was used(36). Wt-PLN was spin labeled at Lys3 with 

TEMPO-succinimide.  

Assuming a rigid model, the shortest intermonomer distance for Lys3 is 3.8 nm in 

the pinwheel model and 2.0 nm in the bellflower model, as illustrated in Figure 6. The 

interaction between the spin labels is a dipole-dipole interaction (r-3 distance 

dependence). The closer the two spin labels are in space, the stronger the interaction 

between the dipoles and subsequently the faster the DEER decay curve relaxes. The 

results in DPC micelles are shown in Figure 6C, with the simulated decay curves based 

on the two models shown in solid lines. It is clear that the distribution of distances 

between the spin labels is in close agreement with those predicted using the 
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pinwheelmodel. If the major population in detergent micelles were the bellflower 

arrangement, a  
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Figure 6. Structural models (A, pinwheel; B, bellflower) showing the sites of spin label 

attachment (Lys3) and the predicted interprotomer distances, measured from β-carbons. 

Pulsed EPR (DEER) decays (black squares) observed for wt-PLN, spin-labeled at Lys3, 

in DPC micelles (C) and lipid bilayers (D).  Solid curves in panels C and D show 

simulated decays predicted by the bellflower model (red), pinwheel model (blue), and the 

best fit Gaussian distribution of distances (green). 
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much steeper decay would be expected, as illustrated in Figure 6C. These EPR results, 

like those using solution NMR, indicate that in DPC micelles the pinwheel model, in 

which the cytoplasmic domainsare widely separatedand in contact with the lipid surface, 

is in much better agreement with the data than the bellflower model, in which the 

cytoplasmic domains are in close proximity and rise above the lipid surface. 

 

EPR in Lipid Bilayers 

DEER measurements were also performed on wt-PLN labeled at Lys3 with 

TEMPO-succinimide in DOPC/DOPE lipid bilayers. The results (Figure 6D) are only 

slightly different from those found in detergent micelles (Figure 6C), showing a decay 

profile that agrees well with the pinwheel model (blue curve). The decay in lipids is 

slightly faster than in micelles, indicating a slightly shorter distance that is in even better 

agreement with the pinwheel model, perhaps due to the curvature of the DPC micelle(37). 

In both micelles and bilayers, at least 1 nm (half-width at half maximum, HWHM) of 

disorder in the pinwheel model (see Figures 10 and 11, Supporting Information) is 

necessary to dampen the oscillations in the decay and fit the data. However, the 

bellflower model did not fit the data regardless of the amount of disorder modeled. The 

best fit of the data to a Gaussian distributionof distances (green curves in Figure 6C, D) is 

centered at 5.4 nm (HWHM 2.3 nm) in micelles (Figure 10B, D, Supporting Information) 

and 4.7 nm (HWHM 1.9 nm) in bilayers (Figure 11B, D, Supporting Information), which 

isin good agreement with the mean distance calculatedusing the pinwheel model (4.8 

nm). In contrast, the best Gaussian fit to the bellflower model is a distribution of 

distances centered at 2.8 nm. 

 As shown previously(13, 15), EPR spectra of AFA-PLN, labeled in the 

cytoplasmic domain at either Lys3 with TEMPO-succinimide or at position 11 with 

TOAC, have two dynamically dissimilar components within DPC micelles and 

DOPC/DOPE mixed lipid bilayers (Figure 7A, B). These two components are especially 

well resolved in the case of the 11-TOAC spin label (Figure 7B), which is attached 

rigidly to the α-carbon and thus accurately reflects the dynamics of the peptide backbone. 

The two components correspond to the T and R states of the PLN cytoplasmic 

domain(15), which are detected in DPC micelles by both EPR and solution NMR(13).  
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Figure 7. EPR dynamics (A, B) and Ni2+ accessibility (C, D, E) data comparing AFA-

PLN (data shown in blue) with wt-PLN (data shown in red). EPR spectra were obtained 

from membrane-reconstituted PLN with TEMPO-succinimide (SUCSL) attached to Lys3 

(A, C) or with TOAC substituted for Ala11 (B, D). In B the two low-field peaks 

corresponding to the resolved T and R states are shown. Panels C and D are progressive 

saturation curves, showing the enhanced relaxation caused by collisions with membrane-

surface-bound Ni2+. Relative accessibilities derived from C and D are shown in E. 
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Also, a lipid anchor attached to the N-terminus of AFA-PLN stabilizes the membrane-

bound conformation of the cytoplasmic domain, eliminating the EPR peak attributed to 

the R state(34), thus confirming that the R state corresponds to the more dynamic 

extended conformation (Figure 7). 

 Figures 7A and B show that the spectra of AFA-PLN and wt-PLN in the same 

reconstituted DOPC/DOPE lipid bilayer system are nearly identical, indicating that the T 

and R states have similar dynamics and mole fractions in the PLN pentamer and 

monomer. Two small but significant differences are seen: 1) in wt-PLN the mole fraction 

of the R state is slightly greater (9%) than in AFA-PLN (7%) and 2) the resonance 

corresponding to the T state (or bent population) of wt-PLN has a larger splitting, 

indicating a slightly greater restriction of rotational motion than the corresponding T state 

in the monomer. Accessibility measurements using Ni2+ chelated to the lipid surface were 

also performed with both spin labels on AFA and wt-PLN (Figure 7C, D, E). These 

results show that both cytoplasmic spin labels interact strongly with the membrane 

surface, with little or no difference between AFA and wt-PLN. These results are in 

agreement with the solution NMR topological mapping using 5’ and 16’-doxyl stearic 

acids (Figure 5B, C). 

 In summary, all EPR results strongly support the conclusion that the predominant 

population of wt-PLN is one in which the overall geometry is a pinwheel with the 

cytoplasmic domain in direct contact with the surface of the bilayer. 

 

Discussion 

 The fully-functional monomeric AFA-PLN mutant has been well-characterized by 

the Veglia and Thomas groups using solution NMR(1, 11-14) and EPR in detergent 

micelles(13), EPR in lipid vesicles(13, 15, 34), and solid-state NMR in mechanically 

oriented lipid bilayers(18). In all of these experiments, the results are unambiguous: the 

major population of AFA-PLN is L-shaped. Our studies had focused on the monomeric 

mutant to study the complex with SERCA, given that the monomer is believed to be 

responsible for inhibition, as well as to eliminate potential complex equilibria between 

various oligomers of wt-PLN. However, recent studiessuggested that the pentameric form 

of PLN could play a larger role in SERCA regulation than was previously thought(5). 
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Therefore, we embarked in the elucidation of the structure and topology of the pentamer 

in lipid bilayers. 

Four distinct structural models proposed for pentameric wt-PLN (Figure 1) differ 

primarily in the orientation of the cytoplasmic domain. In the present study, we 

investigated the topology of wt-PLN in detergent micelles, lipid vesicles, and oriented 

lipid bilayers using EPR and solution/solid-state NMR spectroscopy, representing the 

most exhaustive structural investigation of wt-PLN pentamer to date. Our data in 

detergent micelles and lipid bilayers all support the same conclusion: the cytoplasmic 

domain of wt-PLN, like that of the AFA monomer, lies on the surface of the membrane, 

revealing an overall pinwheel geometry for the pentamer. 

The pinwheel model qualitatively describes the NMR and EPR data yetis not a 

definitive high-resolution structure of pentameric PLN. It was constructed based on the 

AFA monomer structure with the addition of three distance restraints measured using 

FRET(10). Since the data in DPC micelles and lipid bilayers are consistent, the inclusion 

of restraints from a number of different techniques, including NOEs from solution NMR, 

DEER distance measurements from EPR, REDOR distances from solid-state NMR, and 

PISEMA solid-state NMR restraints,should be used. This will reduce the ambiguity 

associated with data interpretation from one technique, further validating a structural 

model. 

Although there are differences between a lipid bilayer and a detergent micelle 

(surface curvature, dynamics, etc.), the careful choice of a micelle has been shown to be a 

good mimic for a physiological lipid environment(38, 39). Furthermore biological 

function can be tested directly under the conditions used for NMR experiments(14, 31). 

In our case, we have shown DPC to retain SERCA activity, while also showing PLN to 

inhibit SERCA under NMR conditions(13, 14). In the present study, our results in DPC 

micelles indicate that the monomer and pentamer have a very similar structural and 

topological arrangement. Using both solid-state NMR and EPR, we also show that these 

structures are essentially the same in lipid bilayers. 

A weakness of the previous studies is to rely completely on the single data sets 

provided by each technique utilized. For instance, the structure proposed by Oxenoid and 

Chou is heavily based on the use of residual dipolar couplings (RDCs). In fact, there are 
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no distance restraints that keep the cytoplasmic domains perpendicular to the plane of the 

lipid bilayers. Although RDC measurements are a well-established method for 

obtaininglong-range restraints and domain orientations (40, 41, 41, 42), protein dynamics 

modulate the observed dipolar coupling (41, 43). Also, differential domain dynamics 

further complicates the interpretation RDCs using a single alignment tensor for the entire 

protein(43, 44). Our analysis of RDC values for PLN monomer show that multiple 

orientations of the cytoplasmic domains are compatible with the RDC data, including the 

L-shaped and the bellflower conformations(30). In this case, we selected those solutions 

that satisfied structural restraints as well as paramagnetic quenching experiments, 

simultaneously(1, 30).  

In this paper, we show that only a multi-technique approach is capable of 

converging to a unique solution.Specifically, anisotropic PISEMA solid-state NMR 

(Figures 2 and 3), paramagnetic quenching data obtained by both solution NMR (Figure 

5) and EPR (Figure 7E), and the long-range distance restraints provided by EPR (DEER) 

data (Figure 6) all clearly show that only the pinwheel model is plausible in both DPC 

micelles and in lipid bilayers. Finally, as illustrated in Figure 7, the EPR dynamics data 

(Figure 7B) show that the cytoplasmic domain of PLN is just as dynamic in the pentamer 

as in the monomer. The extended R state is dynamically disordered (order parameter, S 

less than 0.1) and is a minor component (less than 10%), while the bent T state (pinwheel 

structure) is the predominant population in both monomeric and pentameric PLN. Given 

the highly structured and tight ensemble of PDB 1ZLL (bellflower structure), it is 

implausible that the dynamically disordered R state of pentameric wt-PLN detected in our 

experiments resembles the bellflower structure.One possibility, strongly indicated by the 

two-component EPR spectra of Figure 7B, is that the two states (T and R) represent the 

conformational equilibrium between a more stable, predominantly α-helical ensemble, 

and a more dynamic, less populated unfolded state (15). Interestingly, phosphorylation at 

Ser16 by protein kinase A and single-site mutations at position 21, show the R state to 

become more populated, indicating the importance of pre-existing equilibria necessary 

for SERCA recognition(12, 14, 34). Similar conformational interconversions have also 

been detected for fd coat protein, in which lipids may induce different topologies 
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consistent with either the arrangement in the virus coat or in the interaction with the lipid 

membrane(45-47). 

 In addition to our study, other spectroscopic data also suggest association of the 

cytoplasmic domains of the pentamer with the lipid membrane. In particular, membrane 

association has been detected using2H and 31P solid-state NMR with cytoplasmic domain 

peptides and full-length versions of wt-PLN by the Middleton(19, 20) and Lorigan 

groups(21, 22). The interactions with the membranes or membrane-mimicking systems 

induce a stable α-helical conformation. This process is reminiscent of the membrane 

association mechanisms proposed for small hormone or antimicrobial peptides(48) and of 

the pre-folding states of membrane proteins identified by Engelmann and co-workers(49, 

50).  

 Our results strongly support a pinwheel geometry as the predominant arrangement 

for the pentamer. In addition to this major conformation, we propose that the entire 

ensemble of conformations sampled by PLN and mediated by lipids is necessary for 

recognition by the main interacting partners: SERCA, protein kinase A, calmodulin-

dependent protein kinase II, protein phosphatase 1, and the more recently found HS-1 

associated protein X-1. 

 

Materials and Methods 

Protein Preparation 

[U-15N] wt-PLN (rabbit) was grown and purified in E. coli bacteria as previously 

described(23). Selectively labeled wt-PLN was grown in a similar manner with addition 

of the 15N labeled amino acid of interest (0.1 g/L) and the remaining 19 unlabeled amino 

acids (0.3 g/L). 

For EPR experiments, wt-PLN or AFA-PLN samples were prepared by solid-

phase peptide synthesis as described previously for AFA-PLN(15, 51). For dynamics 

measurements, Ala11 was replaced by the TOAC spin label, which reports directly the 

dynamics of the peptide backbone(15). For accessibility and distance measurements, wt-

PLN was spin-labeled with TEMPO-succinimide at Lys3. Neither spin label had any 

effect on PLN function, as determined by inhibition of SERCA(15, 52) or on pentameric 
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stability, as determined from SDS gels(53). Inhibitory function was identical for 

expressed and synthetic PLN. 

 

NMR Spectroscopy 

Solution NMR samples were prepared by dissolving PLN in 300 mM DPC, 6M 

guanidinium hydrochloride, 50 mM β-mercaptoethanol, 100 mM NaCl, and 25 mM 

phosphate buffer (pH 6.0). Samples were thoroughly dialyzed to remove all denaturant. 

PLN samples were ~0.4 mM in pentamer, and were stable over several weeks at 30°C for 

NMR measurements. 

The [1H/15N]-TROSY-HSQC assignment of wt-PLN is based on the assignment 

previously published(2) using selectively 15N labeled wt-PLN samples to resolve 

overlapping resonances. TROSY-HSQC experiments were used for the paramagnetic 

quenching experiments. Gadopentetate dimeglumine (Magnevist; Gd3+) and 5’- and 16’-

doxyl stearic acids were titrated into wt-PLN (~0.4 mM in pentamer) to a final 

concentration of 3, 2, and 1 mM, respectively. 

The oriented lipid bilayer preparations have been described previously for a 4/1 

molar mixture of 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC)/1,2-Dioleoyl-sn-

Glycero-3-Phosphoethanolamine (DOPE)(18, 54). Typical preparations used 4-8 mg of 

[15N-Leu], [15N-Ala], [15N-Ile], [15N-Cys], [15N-Thr], and [15N-Asn] wt-PLN. The final 

molar ratio of lipid/protein for all samples was ~125/1. All solid-state NMR experiments 

were acquired at 4°C. 

PISEMA data were acquired at a 14.1 T field strength (1H frequency of 600.1 

MHz) equipped with a Bruker DMX spectrometer (NHMFL, Tallahassee, FL). The 2D 

polarization inversion spin exchange at the magic angle (PISEMA) experiment(27) was 

performed at an RF field strength of ~60 kHz for cross-polarization, SEMA, and 

decoupling, using a low-E probe(55). Additional details are provided in the Supporting 

Information. 

 

EPR Spectroscopy 

Spin-labeled PLN in lipid bilayer vesicles, containing 4/1 DOPC/DOPE (200/1 

lipid/PLN monomer), were prepared as previously described(15). Spin-labeled PLN in 
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DPC micelles were prepared by dissolving the protein in DPC as described for solution 

NMR experiments (no reducing or denaturant agent) to a final PLN concentration of 300 

µM. 

EPR spectra were acquired using a Bruker EleXsys 500 spectrometer with the 

SHQ cavity. Samples (20 µL) were maintained at 4 ºC. The field modulation frequency 

was 100 kHz, with a peak-to-peak amplitude of 1 G. Accessibility of the spin label to the 

membrane surface was determined from progressive power saturation measurements, 

using Ni2+ ions chelated to the lipid head group as previously described (15, 17). 

 Spin-spin distances were measured by DEER, using a Bruker E680 pulsed EPR 

spectrometer (Billerica, MA) at X-band (9.5 GHz)(56). 100 µl samples were contained in 

3 mm I.D. quartz tubes and flash-frozen in liquid nitrogen. The static field was set to the 

low-field resonance of the nitroxide signal. A four-pulse sequence was used with a 16 ns 

π/2 pulse (36, 56). Temperature was controlled at 65° K during spectral acquisition, 

which lasted 8-12 hours. Data manipulations and other details are provided in the 

Supporting Information. 
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Supporting Information 

Solid-State NMR 

PISEMA data were acquired at a 14.1 T field strength (1H frequency of 600.1 

MHz) equipped with a Bruker DMX spectrometer (NHMFL, Tallahassee, FL). The 2D 

polarization inversion spin exchange at the magic angle (PISEMA) experiment(1) was 

performed at an RF field strength of ~60 kHz for cross-polarization, SEMA, and TPPM 

decoupling(2), using low-E probes utilizing a doubly-tuned, low inductance resonator 

built by the RF program at the NHMFL(3). 4k scans and 12 t1 increments were acquired 

for [15N-Leu], [15N-Cys] and [15N-Ile] wt-PLN, 12k scans and eight t1 increments for 

[15N-Ala] and [15N-Asn] wt-PLN, and 20k scans and eight t1 increments for [15N-Thr], 

using a recycling delay of 4 s. Data were processed with NMRPipe(4) software and 

viewed using NMRVIEW software (5). An exponential window function was applied 

utilizing 100-250 Hz line-broadening along the 15N chemical shift dimension (t2). After 

Fourier transformation and zero-filling, the data consisted of a total matrix size of 2k x 1k 

points. 

 

EPR Spectroscopy 

Spin-labeled PLN in lipid bilayer vesicles, containing 4/1 DOPC/DOPE (same as 

solid-state NMR; 200/1 lipid/PLN monomer), were prepared as previously described (6). 

EPR samples of spin-labeled PLN in DPC micelles were prepared by dissolving the 

protein in the DPC buffer (no reducing or denaturant agent) as described for solution 

NMR experiments to a final PLN concentration of 300 µM. 

EPR spectra were acquired using a Bruker EleXsys 500 spectrometer with the 

SHQ cavity. Samples (20 µL in a 0.6 mm i.d. quartz capillary) were maintained at 4ºC. 

The field modulation frequency was 100 kHz, with a peak-to-peak amplitude of 1 G. The 

microwave power was 12.6 mW, producing moderate saturation (so that signal intensity 

was at least 50% of maximum) without significant perturbation to the spectral lineshape. 

Dynamics was analyzed using the NLSL program in terms of a two-component model for 

restricted rotational motion (6). Accessibility of the spin label to the membrane surface 

was determined from progressive power saturation measurements, as described 

previously(6, 7). In these experiments, spin-labeled PLN was reconstituted in lipid 
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bilayers as described above, except that 5 mole % of the lipids contained Ni2+ ions 

chelated to the lipid head group (DOGS-NTA-Ni(II), Avanti Polar Lipids).  Due to the 

extremely fast spin-lattice relaxation rate of Ni(II) (250 GHz)(8), the mechanism of 

relaxation enhancement is purely collisional, so this experiment measures directly the 

contact of the spin label with the membrane surface(7, 9). 

Spin-spin distances were measured by DEER (double-electron-electron 

resonance), using a Bruker E680 pulsed EPR spectrometer (Bruker Spectrospin, Billerica, 

MA) at X-band (9.5 GHz)(10). 100 µl samples were contained in 3 mm I.D. quartz tubes 

and flash-frozen in liquid nitrogen, then loaded into an over-coupled MD5 dielectric 

resonator. The static field was set to the low-field resonance of the nitroxide signal. A 

four-pulse sequence was used with a 16 ns π/2 pulse (10, 11). A 65 MHz frequency offset 

was used for the ELDOR pulse. Temperature was controlled at 65°K during spectral 

acquisition, which lasted 8-12 hours. In Figures 6, 10, and 11, echo intensity, with 

background signal subtracted (see below), is plotted as a function of evolution time. Data 

manipulations were accomplished withsoftware developed by P. Fajer, and DEER 

simulations were performed from distance distributions with a program written by E. 

Howard; both were based on the software of G. Jeschke (available at http://www.mpip-

mainz.mpg.de/_jeschke/). An exponential function fit to the tail of the raw data was used 

to subtract the homogenous background signal, so that the remaining signal reflects only 

intramolecular dipolar coupling; the evolution time was sufficiently long to ensure 

accurate observation of the background signal (12). Two kinds of simulations were 

performed.  First, discrete distance distributions were calculated directly from each of the 

two PDB models (pinwheel and bellflower), then convoluted by Gaussian functions of 

varying width (HWHM).  Second, a simple Gaussian distance distribution was assumed, 

characterized by center and width, and these two parameters were varied in a least-

squares minimization fit (Monte Carlo).  In all cases in this work, the inclusion of a 

second Gaussian did not significantly improve the fits. 

 

Blue native-PAGE 

Blue native gels with 14% acrylamide separating gel and 4% stacking gel were 

prepared as described previously (13). Cathode buffer was 50 mM tricine, 7.5 mM 
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imidazole and 0.02% Coomassie blue G-250 at pH 7.0. Anode buffer was 25 mM 

imidazole at pH 7.0. Solution NMR samples (300 mM DPC in phosphate buffer) and 

solid-state NMR samples were diluted 1:10 with phosphate buffer and loaded onto the 

dry wells. Electrophoresis was carried out at 4 °C at constant voltage (30 V) for ~12 hr.  

 

SDS-PAGE 

Tris-tricine gels were prepared as described previously (14), containing 12% 

acrylamide in the separating gel and 4% in the stacking gel. Samples were diluted 1:10 in 

SDS sample buffer before loading. Running was carried out at 40 mA at 25°C. Gels were 

stained with 0.02% Coomassie brilliant blue R250. 
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Figure 8. Gel shift assays in denaturing (A, SDS-PAGE) and non-denaturing (B, native) 

gels. A) AFA-PLN monomer in 4/1 DOPC/DOPE lipids (lane 1) and DPC micelles (lane 

3), and wt-PLN pentamer in DOPC/DOPE lipids (lane 2) and DPC micelles (lane 4). B) 

wt-PLN (lane 1) and AFA-PLN (lane 2) in DPC detergent micelles. 
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Figure 9. Supporting Information for Fig. 2. 1D 15N cross-polarization and PISEMA 

spectra of wt-PLN pentamer. A) Representative 1D cross-polarization spectrum of [15N-

Cys] wt-PLN. The three cysteine residues in the transmembrane domain (Cys36, 41, 46) 

indicate uniform alignment with no powder pattern present. The corresponding PISEMA 

spectrum is shown in the panel to the right. B) PISEMA spectra for the selective labels as 

indicated within the figure. The data are exactly the same as those shown in the 

manuscript (Fig. 2). 
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Figure 10. Supporting information for Fig. 6C, illustrating the relationship between 

distance distributions (right) and DEER simulations (left) in DPC micelles.  Left: DEER 

data (black squares, same as in Fig. 6C) and simulated decays (colored curves).  Right: 

Distance distributions used to simulate the decays at left (with corresponding colors).  

Green curve: best fit single Gaussian distance distribution.  Other colored curves 

correspond to simulations of the pinwheel model (top) and bellflower model (bottom), 

with distances shown in Fig. 6, convoluted with Gaussian functions having the indicated 

widths (HWHM).  Note that (a) at least 1 nm (HWHM) of disorder is necessary to 

dampen the oscillations in the simulated decays, in agreement with data, and (b) no 

amount of disorder in the bellflower simulations yields any overlap with the data. 
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Figure 11. Supporting Information for Fig. 6D, illustrating the relationship between 

distance distributions (right) and DEER simulations (left) in lipid bilayers.  See legend to 

Fig. 10. 

 



 150 

References - Supporting Information 

1. Wu CH, Ramamoorthy A & Opella SJ. (1994) J Mag Res109: 270-272. 

2. Bennett AE, Rienstra CM, Auger M, Lakshmi KV & Griffin RG. (1995) J Chem 

Phys103: 6951-8. 

3. Gor'kov PL, Chekmenev EY, Li C, Cotten M, Buffy JJ, Traaseth NJ, Veglia G & Brey 

WW. (2007) J Magn Reson185: 77-93. 

4. Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J & Bax A. (1995) J Biomol 

NMR6: 277-93. 

5. Johnson, B. A. Blevins,R.A.(1994) Journal of Biomolecular NMR4: 603-614. 

6. Karim CB, Kirby TL, Zhang Z, Nesmelov Y & Thomas DD. (2004) Proc Natl Acad 

Sci U S A101: 14437-42. Epub 2004 Sep 24. 

7. Kirby TL, Karim CB & Thomas DD. (2004) Biochemistry.43: 5842-52. 

8. Anisimov OA, Nikitaev AT & Zamaraev KI,Molin. (1971) Theoretical and 

Experimental Chemistry7: 556-59. 

9. Gross A & Hubbell WL. (2002) Biochemistry41: 1123-1128. 

10. Sen KI, Sienkiewicz A, Love JF, vanderSpek JC, Fajer PG & Logan TM. (2006) 

Biochemistry45: 4295-4303. 

11. Pannier M, Veit S, Godt A, Jeschke G & Spiess HW. (2000) J Magn Reson142: 331-

340. 

12. Jeschke G, Bender A, Paulsen H, Zimmermann H & Godt A. (2004) J Magn 

Reson169: 1-12. 

13. Wittig I, Braun HP & Schagger H. (2006) Nat Protoc1: 418-428. 

14. Schagger H. (2006) Nat Protoc1: 16-22. 



 151 

6. Asymmetric methyl group labeling as a probe of membrane 

protein homo-oligomers by NMR spectroscopy 
 

Nathaniel J. Traaseth, Raffaello Verardi, Gianluigi Veglia 

 

 

 

Reprinted with permission from the JACS, 2008 130 (8) 2400 - 2401 

Copyright 2008American Chemical Society 

 
 



 152 

Homo- and hetero-oligomeric membrane protein interactions are involved in 

many cellular events, including signal transduction, post-translational modification, and 

regulation of receptors, channels, and several other integral membrane proteins.1 Since 

the majority of membrane proteins are helical, these interactions often involve helix-helix 

packing, with interdigitation of hydrophobic side chains to form strong van der Waals 

interactions, i.e. knobs-into-holes model proposed by Crick.2 The leucine- and leucine-

isoleucine zipper motifs encompass several examples of these hydrophobic interactions. 

Probing hydrophobic binding surfaces is a formidable challenge for structural 

techniques. NMR is a powerful tool for investigating dynamic and functional interfaces 

of soluble proteins.3, 4 Chemical shift mapping, saturation transfer, paramagnetic 

relaxation enhancement, and cross-relaxation (nuclear Overhauser effect, NOE) are 

among the NMR methods currently used. By probing the through-space cross-relaxation 

of dipolarly coupled nuclei, NOE is considered a direct probe of molecular interfaces. 

Intermolecular NOEs are detected using isotope-filtered experiments5 in differentially 

labeled proteins.6, 7 While applied with success to several medium size complexes thanks 

to the implementation of transverse relaxation optimized spectroscopy (TROSY) and 

partial protein deuteration, these methods are very insensitive. Jasanoff introduced an 

asymmetric labeling method, where the detection of intermolecular NOEs in homo-

oligomers relies on the comparison of two 13C-edited NOESY spectra.8 As with the 

isotope-filtered experiments, this approach is severely limited by spectral overlapping of 

the aliphatic groups, the need to acquire two NOESY spectra, and the ability to detect 

only short-range distances (~6 Å). 

Recently Kay and co-workers introduced the selective methyl labeling techniques 

in conjunction with methyl-NOESY pulse sequences, pushing both sensitivity and 

resolution of NMR up to molecular weights of ~1 MDa.9-11 The isotopic labeling of [U-
2H, 13C, 15N] with 13CH3 methyl labels at Ile, Val, and Leu allowed for the identification of 

NOEs between methyl groups to give tertiary restraints in soluble proteins with 

hydrophobic cores at high-resolution. However, for hetero-oligomeric protein 

interactions, it is difficult to resolve intermolecular NOEs based on this labeling scheme 

due to severe overlap of the resonances,12 and in the case of symmetric homo-oligomers, 

this problem is exacerbated by the magnetic equivalence of the methyl groups. 
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In this communication, we present an asymmetric isotopic labeling strategy for 

probing unambiguously membrane protein binding interfaces in homo-oligomers. We 

show that by using methyl-edited NOESY spectroscopy and extensive protein 

perdeuteration it is possible to detect inter-protein distances up to 10-12 Å. This 

technique is highly sensitive, rapid, and requires only one NOESY spectrum. As a proof 

of principle, we apply this technique to the homo-pentameric membrane protein 

phospholamban (PLN), defining the leucine-isoleucine zipper interface between its 

monomers with atomistic resolution. 

PLN is an integral membrane protein embedded within the sarcoplasmic 

reticulum (SR) membrane. As a monomer (active state),13, 14 PLN inhibits the SR Ca-

ATPase (SERCA), but also exists in a pentameric storage state13. Domain II of PLN 

(residues 31-52) is helical and embedded in the hydrophobic core of the membrane. A 

leucine-isoleucine zipper is responsible for holding the transmembrane domains of PLN 

pentamer together.1a, 15 While sparse, intermolecular NOEs have been detected for PLN 

subunits involving connectivities with highly dispersed 1H chemical shifts (i.e., dHαHβ, 

dHαHγ),16 no atomistic details have been reported between the methyl groups of the zipper 

motif. 

To refine the oligomerization surface of PLN, we expressed and purified two wild 

type PLN samples: 1) [U-2H, 12C, 14N] and 13CH3 at the Ileδ1 and 2) [U-2H, 12C, 14N] and 
13CH3 at the Leuδ1/2/Valγ1/2. This labeling scheme provides well-resolved resonances for 

the two samples, where Leuδ1/2/Valγ1/2 have chemical shifts significantly different from 

Ileδ1 (BMRB data bank, http://www.bmrb.wisc.edu). After purification, the two PLN 

samples were mixed to a 1/1 molar ratio and heated to 60 °C, allowing for stochastic 

mixing (details are given in the Supplementary Materials). A constant-time HSQC and a 

modified version of the methyl-NOESY experiment (13C-ω1, 13C-ω2, 1H-ω3)11 were 

performed at 40 °C at a 1H frequency of 599.54 MHz.  

A schematic of the isotopic labeling is shown in Figure 1a, where the red 

monomer of PLN corresponds to sample 1 (13CH3-Ileδ1) and the blue to sample 2 (13CH3-

Valγ1,2/Leuδ1,2). Note that due to the isotopic labeling of the α-ketoisovalerate precursor, 

only one of the two methyl labels of Leu or Val is 13CH3, while the other is 12CD3. Figure 
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1b shows the HSQC spectrum of the mixed PLN sample, displaying the peaks 

corresponding to the Ileδ1 (red) and Valγ1,2/Leuδ1,2 (blue) monomers. 
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Figure 1. A) Isotopic labeling scheme as shown on the pinwheel model of PLN.17 The red 

monomer of PLN is labeled [U-2H, 12C, 14N, 13CH3-Ileδ1], while the blue monomer is 

labeled [U-2H, 12C, 14N, 13CH3-Valγ1,2, 13CH3-Leuδ1,2]. Due to the precursor chosen only 

one of the methyl groups in the Val and Leu sample is 13CH3. Constant-time HSQC 

experiment on the 1/1 mixed sample showing Ileδ1 (red, B) and Valγ1,2/Leuδ1,2 (blue, C) 

methyl resonances. 
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The methyl-NOESY experiment11 was used to detect intermolecular NOEs 

between the monomeric subunits within the pentamer assembly. Mixing periods of 200, 

300, and 400 msec were used to see the build-up of the NOE peaks, eliminating the 

possibility of spin diffusion. In this experiment, the NOEs (indicated in green) are given 

at resonance positions of [13Ci-ω1, 13Cj-ω2, 1Hj-ω3] with the diagonal peaks appearing at 

[13Ci-ω1, 13Ci-ω2, 1Hi-ω3] frequencies. The subscripts i and j indicate labels located on 

different monomeric subunits. Figure 2a shows strip plots indicating intermolecular 

NOEs between Ile-45δ1 and both Leu-43δ1 and Leu-43δ2. The dashed lines between the 

strip plots denote the connectivity between the diagonal (either blue or red) and NOE 

(green) peaks.  
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Figure 2. Intermolecular NOEs detected for pentameric PLN. A) 13C-ω1/1H-ω3 strip plots 

showing 13C-ω2 planes corresponding to L43d1, Ile45d1, and L43d2 (left to right). The green 

peaks are the intermolecular NOEs while the red and blue peaks are diagonal peaks. 

Dashed lines indicate connectivities between NOEs and diagonal peaks. B) Overlap of 
13C-ω2 planes for the Ile methyl region (12-14 ppm). The blue resonances are the same as 

in the Val/Leu HSQC shown in Figure 1a. Green peaks indicate all intermolecular NOEs 

from this experiment with a NOESY mixing time of 400 ms. Due to the representation of 

ω2 overlap, several of the green peaks encompass more than one intermolecular NOE. 

The asterisks indicate NOEs with the DPC detergent. 
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Since the 1H NOESY mixing period is sandwiched between two 13C editing 

blocks, any peaks detected within the Leu/Val methyl region of the spectrum (ω1 ~ 21-26 

ppm) in an Ile methyl plane (ω2 ~ 12-14 ppm) indicate an intermolecular NOE. Figure 2b 

depicts this, showing the ω1/ω3 2D Leu/Val methyl region with the ω2 dimension summed 

over the Ile methyl region (12-14 ppm). All of the green peaks shown within Figure 2b 

are intermolecular NOEs. The spectrum shown in black is that from the Leu/Val HSQC 

shown in Figure 1b. As is seen within Figure 2b, it is straightforward to distinguish the 

peaks involved in the quaternary assembly of the PLN pentamer from those that are not 

involved in the binding interface. Note that several of the green resonances within Figure 

2b have more than one intermolecular NOE to an Ile methyl group. From the resolution 

offered by these spectra, we can easily discern not only the protein-protein interface, but 

also with atomistic detail which of the Val and Leu methyl group diastereomers are 

involved in binding (Figure 2a). Finally, since the resonances of the DPC are well 

resolved, it is possible to assign the NOEs between the hydrocarbon core of the micelles 

and the methyl groups of the protein side chains. 

In addition to the unambiguous nature of the spectra, another advantage of this 

perdeuterated labeling strategy is the ability to probe long-range interactions between 

protein interfaces. From the pinwheel model of pentameric PLN,17, 18 the intermolecular 

NOEs observed within Figure 2 correspond to a range in distances from 4 to 12 Å. Such 

long distances have previously been observed by Koharudin et al.19 and Sounier et al.20 

In conclusion, we report a new labeling strategy for the determination of 

intermolecular membrane protein distances. The beauty of this method is its high 

sensitivity coupled with unambiguous and straightforward interpretation of the NMR 

spectra. While we report the application to Leu/Val and Ile, this strategy can be easily 

extended to various combinations of selective methyl labeling schemes that can include 

Met, Leu, Val, Ile, and Ala. 

Recent analysis of the genomes suggests that the majority of the proteins 

assemble into symmetric homo-oligomers.21 While the structural information of the 

monomers within the oligomeric, quaternary structures will be easily derived from the 

current NMR technology, inter-monomer distances will be possible thanks to asymmetric 

labeling strategies (such as the one presented here) in combination with segmental 
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labeling.22-24 Of course, homo-oligomers represent the worst-case scenario for 

unambiguous assignments of intermolecular NOEs. Given the recent successes of methyl 

labeling technology,9-11 this asymmetric labeling method will allow for accurate distance 

measurements as well as for rapid assessment of topological supramolecular assemblies 

of soluble and membrane bound proteins. 
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Supporting Information 

 

Sample Preparation 

Wild-type phospholamban (wt-PLN) was expressed as a fusion protein with maltose 

binding protein (MBP) in E. coli bacteria.1 Two differently labeled PLN samples were 

prepared: 1) [U-2H, 12C, 14N] and 13CH3 at the Iled1 and 2) [U-2H, 12C, 14N] and 13CH3 at 

the Leud1/2/Valg1/2. This labeling scheme provides well-resolved resonances for the two 

samples, where Leud1/2/Valg1/2 (24.4 ± 2.3 / 21.4 ± 2.5 ppm) have chemical shifts 

significantly different from Iled1 (13.6 ± 2.9 ppm; BMRB data bank, 

http://www.bmrb.wisc.edu). 

To ensure perdeuteration, PLN was grown in 99.9% D2O water and perdeuterated 

nutrients. Unlabeled 14N ammonium chloride was the sole source of nitrogen. Prior to 

expression with IPTG (30-45 min), two different precursors, 2-ketobutyric acid-4-13C, 3, 

3-d2 (for Ile sample) and 2-keto-3-(methyl-d3)-butyric acid-4-13C (for Val and Leu 

sample) were added to two separate growths (50 mg/L). Precursors were purchased from 

Isotec (Sigma-Aldrich). PLN was purified using an amylose binding resin followed by 

cleavage of MBP with tobacco etch virus (TEV) as previously described.1 Each growth 

and purification yielded ~5 mg PLN/L and resulted in ~99.9% deuteration as assessed by 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry. 

After purification, the two PLN samples were mixed to a 1/1 molar ratio and dissolved in 

6M guanidine hydrochloride, 300 mM 2H38 dodecylphosphocholine (DPC), 25 mM 

phosphate (pH 6.0), 50 mM 2-mercaptoethanol, and 125 mM NaCl. The samples were 

heated to 60 °C for 2 hours, allowing for stochastic mixing of the two differently labeled 

PLN molecules. The samples were then dialyzed to remove all denaturant. Final 

monomeric concentration of PLN was 0.7 mM. 

 

NMR Spectroscopy 

A constant-time HSQC (CT-HSQC)2, 3 and a modified version of the methyl-NOESY 

experiment (13C-w1, 13C-w2, 1H-w3)4 were performed (see Figure 1). The experiments 

were performed at 40 °C at a 1H Larmor frequency of 599.54 MHz with a Varian 
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VNMRS spectrometer. Due to the 13C labeling at only methyl groups, the methyl-

NOESY pulse sequence was simply modified to replace all shaped pulses on 13C with 

square pulses centered at 19 ppm as well as to remove pulses on deuterium or other 

aliphatic carbons. For the CT-HSQC, a matrix consisting of (100, 512) complex points, 

spectral widths of (2500 Hz, 6000 Hz) and acquisition times of (40 ms, 85.3 ms) was 

recorded. The methyl-NOESY experiment was recorded in a constant-time fashion in t1 

yielding a matrix consisting of (82, 60, 512) complex points, spectral widths of (2500 Hz, 

2500 Hz, 6000 Hz) and acquisition times of (32.8 ms, 24 ms, 85.3 ms). Mixing times of 

200, 300, and 400 ms were acquired with a recycle delay of 1.5 s and 8 scans for a total 

experiment time of 93 hr.   
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Figure S1 

Methyl-NOESY pulse sequence4 used to measure intermonomer NOEs. Narrow and wide 

square pulses correspond to 90° and 180° tip angles. Unless indicated otherwise, pulses 

have phase x. Carrier frequencies were set at 4.6 ppm (water) for 1H and 19 ppm for 13C 

(centered between Val/Leu and Iled1 methyl groups). RF B1 field strengths used were 45 

and 19 kHz for 1H and 13C, respectively. Delays used were: ta – 1.8 ms, tmix – 400 ms, T – 

17 ms. Phases were set to: f1 {2(x),2(-x)}, f2 {4(x),4(-x), f3 {x,-x}, frec {x,2(-x),x,-x,2(x),-

x}. Gradient times (strengths) were: g1 – 0.5 ms (10 G/cm), g2 – 0.4 ms (5 G/cm), g3 – 

1.0 ms (15 G/cm), g4 – 0.4 ms (18 G/cm), g5 – 0.75 ms (15 G/cm), g6 – 0.5 ms (6 G/cm), 

g7 – 1.0 ms (8 G/cm), g8 – 0.2 ms (7 G/cm), g9 – 0.5 ms (10 G/cm), g10 – 0.75 ms (-15 

G/cm), g11 – 0.7 ms (8 G/cm). 
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Figure S2 

Additional strip plots showing intermonomer NOEs detected for pentameric PLN (similar 

to Figure 2A in the communication). 13C-w1/1H-w3 strip plots showing 13C-w2 planes 

corresponding to three NOEs: Ile33d1 to L37d1, Ile47d1 to L52d2, and Ile47d1 to L44d2. The 

green peaks are the intermolecular NOEs while the red and blue peaks are diagonal peaks 

for Ile and Leu, respectively. The dashed lines connect the NOEs to the diagonal peaks. 
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Figure S3. Isotopic labeling scheme on the pinwheel model of PLN5, 6 indicating 

intermonomer NOEs with yellow dashed lines. The red monomer of PLN is labeled [U-
2H, 12C, 14N, 13CH3-Iled1], while the blue monomer is labeled [U-2H, 12C, 14N, 13CH3-

Valg1,2, 13CH3-Leud1,2]. Due to the precursor chosen only one of the methyl groups in the 

Val and Leu sample is 13CH3. For simplicity, NOEs are shown for either Leud1 or Leud2 

although in most cases both NOEs are detected. 
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Phospholamban (PLN) is a type II membrane protein that inhibits the 

sarcoplasmic reticulum Ca2+-ATPase (SERCA), thereby regulating calcium homeostasis 

in cardiac muscle. In membranes, PLN forms stable pentamers that have been proposed 

to function either as a storage for active monomers or as an ion channel. Here, we report 

the structure of pentameric PLN solved using a hybrid solution and solid-state nuclear 

magnetic resonance (NMR) method. In lipid bilayers, pentameric PLN adopts a pinwheel 

topology with a narrow hydrophobic pore, which excludes ion transport. The regulatory 

amphipathic helices (domain Ia) of the pentamer are absorbed into the lipid bilayer, while 

the transmembrane domains are arranged in a left-handed coiled-coil configuration, 

crossing the bilayer with a tilt angle of ~11° with respect to the membrane normal. The 

difference in tilt angles between the monomer and pentamer species (~13°) shows that 

intra-membrane helix-helix association forces dominate over the hydrophobic mismatch, 

driving the overall topology of the transmembrane assembly. Our data reveal that both 

topology and function of PLN are shaped by the interactions with lipids, which fine tune 

the regulation of SERCA. 
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Introduction 

The integral membrane protein complex formed by Ca2+-ATPase (SERCA) and 

phospholamban (PLN) regulates the concentration of calcium within the sarcoplasmic 

reticulum (SR), thereby controlling muscle excitation-contraction coupling (1, 2). PLN is 

a 52-residue single-pass membrane protein that is conserved across mammals with 98% 

identity between rabbits and humans(2). The helix-loop-helix structure of PLN is further 

subdivided into four dynamic domains: domain Ia (1-16), loop (17-22), domain Ib (23-

30), and domain II (31-52) (3, 4). The hydrophobic transmembrane domain II is the most 

conserved and is responsible for the inhibitory function of SERCA (5), while the 

cytoplasmic domain harbors sites for post-translational modifications. (5).  

PLN’s cytoplasmic domain Ia is a hub for communication with other binding 

partners. Specifically, domain Ia and the loop contain the recognition sequences for 

protein kinase A (PKA) and calmodulin kinase II (CaMKII) for phosphorylation at Ser 16 

and Thr 17, which relieve SERCA inhibition(5). PLN phosphorylation is mediated by the 

ancillary protein AKAP18δ, which localizes PKA in the proximity of the SERCA/PLN 

complex, directing phosphorylation in space and time(6). Dephosphorylation is carried 

out by protein phosphatase 1 (PP1), which re-establishes the inhibitory state(1). More 

recently, PLN has been shown to bind the anti-apoptotic HS-1-associated protein X-1 

(HAX-1), an interaction that is postulated to regulate cell apoptosis(7). 

PLN also has a direct role in the pathophysiology of the heart muscle, with three 

lethal mutations recently discovered in human patients (R9C-PLN, R14del, and L39-

truncated-PLN) linkedto the progression of dilated cardiomyopathy(8-10), the leading 

cause of cardiovascular morbidity and mortality (11). 

Both in cell and synthetic membranes, PLN forms relatively stable pentameric 

assemblies that dissociate into monomers upon interacting with SERCA(1, 12, 13). While 

the stoichiometry of the SERCA/PLN complex has been assessed(1, 12, 13), both the role 

and the structure of the PLN pentamer in the cell membrane remain a matter of active 

debate. Nevertheless PLN is expressed to a greater extent than SERCA in both the atria 

and ventricles of heart muscle, indicating a possible need for oligomerization in 

regulating SERCA inhibition(14). 
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Insights into PLN organization in the membrane have come from biochemical and 

biophysical data(2, 5, 13, 15). Initial electrophysiological studies indicated that PLN 

reconstituted in membranes was able to form calcium-conducting channels (16). 

However, recent electrochemical measurements carried out in model membranes have 

concluded that PLN in the unphosphorylated form does not conduct Cl- or Ca2+ ions(17). 

Divergent structural models for the PLN pentamer have been proposed in the 

literature(15). While very similar in the secondary structure content, these models differ 

in the spatial arrangement of the structural domains within the membrane, i.e. 

topology(18). Among the most recent models, there is a high-resolution solution NMR 

structure in detergent micelles (dodecylphosphocholine, DPC) with an unusual bellflower 

topology(19), and a low-resolution pinwheel structural model based on fluorescence 

anisotropy measurements(20). The importance of the geometrical arrangement of the 

PLN structure stems from the direct correlation between structural topology and 

function(18). In fact, the bellflower model with its funnel-shaped transmembrane pore 

would support an active role of the pentamer in transporting Ca2+ or Cl- ions and 

therefore contribute to the ion homeostasis in the sarcoplasmic reticulum. In contrast, the 

absence of a pore in the pinwheel topology would support the role of the pentamer 

assembly as a reservoir for active monomers. The latter would constitute a supplementary 

regulatory mechanism for SERCA dictated by the monomer/pentamer equilibrium(21).  

Here, we present the high-resolution structure and topology of the PLN pentamer 

as determined by a hybrid solution and solid-state NMR method(22, 23). The structural 

ensemble shows that PLN adopts a pinwheel topology in bilayers with the cytoplasmic 

helices making extensive contact with the lipid surface. The transmembrane helices 

traverse the membrane at an angle of ~11º with respect to the bilayer normal and are 

tightly packed, with a narrow hydrophobic (average radius ~2Å) pore, which tapers to 

~1Å at the juxtamembrane region.  

 

Results 

Structure and topology of PLN in lipid and detergent micelles. For the solution 

NMR studies, we refolded bacterially expressed PLN (rabbit primary sequence) into DPC 

micelles. In this membrane-mimicking system, PLN forms stable pentamers that have a 
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melting temperature of ~70 °C(12). Under these conditions, the pentamer gives a 

homogenous and well-dispersed 2D [1H,15N]-TROSY (transverse relaxation optimized 

spectroscopy)(24) spectrum (Figure S1A). We utilized triple-resonance TROSY-based 

experiments(24) to assign the PLN backbone and side chain resonances. The chemical 

shift assignments are in complete agreement with those reported for the human PLN 

pentamer(19), with the exception of Asn-27, which is a lysine residue in the rabbit 

sequence. Spatial correlations and other long-range distance restraints between nuclear 

spins were obtained from the quantification of a series of 3D [1H,15N]-NOESY-HSQC 

experiments. From these experiments, we detected a total of 1945 intra-protomer NOEs 

(389 NOEs per protomer) (Figure S1B).The chemical shift indices and the NOE patterns 

confirmed the existence of the helix-loop-helix structural motifs (Figure S1B and C) that 

are similar to those in the PLN monomer(25). Although micelle studies give useful 

insight into the topology of PLN, they may not reproduce the architecture of this protein 

in cell membranes(26, 27). A more rigorous approach is to use solid-state NMR 

techniques in lipid bilayers(26, 28-30) Therefore, to supplement the micelle data and 

ensure its validity, we carried out solid-state NMR using separated local field (SLF) 

experiments in mechanically aligned lipid bilayers(31). PLN was reconstituted into 

DOPC/DOPE 4/1 (mol/mol) lipid bilayers, which maximizes the activity of SERCA(32) 

and closely mimics the sarcoplasmic reticulum membrane composition(33). To avoid 

non-specific PLN aggregation, a lipid-to-protein molar ratio of 200/1 was used. 

Orientational restraints were acquired using PISEMA(34) and SAMPI4 SLF-type 

experiments(35) in order to measure dipolar couplings (DC) and anisotropic chemical 

shifts (CSA) on a series of selectively 15N labeled samples (see Supporting Information). 

Figure 1 shows the overlay of several oriented solid-state NMR spectra that show two 

distinct regions: 1) signals at 200 ppm, indicative of a transmembrane segment and 2) 

signals at 65-100 ppm, indicative of a parallel orientation with respect to the bilayer 

normal of the cytoplasmic domain Ia. A total of 29 DC and 31 CSA were measured 

(Table S2) and converted into restraints for the hybrid structure calculations, where both 

solution and solid-state NMR restraints are implemented into the target energy 

function(22, 23).  
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Figure 1. Multidimensional solution and solid-state NMR spectra defining the topology 

of PLN in both DPC micelles and planar lipid bilayers. A) Left: 2D planes from a 3D [1H, 

15N]-NOESY-HSQC spectrum showing NOEs between amide (HN) protons of PLN and 

methyl and methylene groups of DPC micelle. Only selected residues from the 

cytoplasmic helix of PLN are shown. Middle: 2D planes from 3D [1H, 1H]-NOESY-15N - 

HSQC on a mixed PLN pentamer sample containing 1:1 ratio of [2H-15N] and [2H-14N-
13CH3-Iled1] PLN. Right: 2D planes from 3D [1H, 13C]-HSQC-NOESY-HSQC 

experiment (methyl NOESY) performed on a sample containing 1:1 ratio [2H-14N-13CH3-

Iled1] and  [2H-14N-13CH3-Leud1/Valg1] PLN. B) Schematic of two monomers from the 

PLN pentamer displaying the inter-monomer contacts detected. Multiple inter-monomer 

contacts are indicated with the corresponding number of NOEs (2x or 3x). The colors in 

the schematic indicates the intensity of the NOEs between the amide groups of PLN and 

the aliphatic groups in the DPC molecule (red, orange, and green correspond to strong, 

medium, and weak NOEs, respectively.) C) Left: overlay of 2D [1H, 15N]-PISEMA 

spectra of selectively labeled PLN in oriented DOPC/DOPE (4/1) lipid bilayer. D) Plot of 

the experimental CSA (left) and DC (right) values versus residue number.  
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Inter-protomer distance restraints.  Distance restraints connecting neighboring 

protomers in the pentameric assembly were obtained by using an asymmetric isotopic 

labeling scheme, which allowed for the unambiguous assignment of methyl-methyl 

interprotomer NOEs that defined the quaternary structure(22, 25). Two different mixed 

pentamer samples were assembled. The first was a 1/1 molar mixture of [Ile-
13Cd1H3]/[Leu-13Cd1/2H3, Val-13Cg1/2H3] in a [U-2H, 12C] background, where interprotomer 

NOEs were measured between methyl protons(25). The second sample utilized a 1/1 

mixture of [U-15N]/[Ile-13Cδ1H3] in a [U-2H, 12C] background. This sample gave 

quaternary restraints between Ile methyl protons and backbone amide protons. A total of 

75 inter-protomer NOEs (15 NOEs per protomer) were used in the structure calculation 

(Figure 1 and Table S3). 

Using solid-state NMR REDOR experiments, Smith and co-workers showed that the side 

chain nitrogen of Gln-29 in the juxtamembrane region of PLN is within 4Å from the side 

chain carbonyl carbon of the same residue in the neighboring monomer (36).Since this 

distance is consistent with the intermonomer NOE we found between Ile-33δ1 and the 

Gln-29Hε in DPC, it was included in the refinement protocol.  

Finally, an EPR derived restraint between spin labels at Lys-3 in each monomer (31) was 

used in order to better define the arrangement of the cytoplasmic helices. 

 Positioning of PLN in micelle and lipid bilayers. The two helical segments from 

1-16 and 23-52 were positioned, with respect to the detergent micelle, by measuring 

NOEs between the amide backbone of PLN and the detergent hydrocarbon tails(37) 

(methylene and methyl groups) with a 3D [1H,15N]-NOESY spectrum (Figure 1A and 

S4). Since PLN was fully deuterated (except the back-exchanged amide protons), the 

presence of cross-peaks at 1-2 ppm in the 1H dimension demonstrated a close proximity 

of the amide-hydrogen to the methylene and methyl protons of the DPC micelle. Contacts 

between PLN and the micelle were observed throughout the pentamer with the exception 

of residues 21 to 23 within the dynamic loop (Figure 1A and S4). The most hydrophobic 

transmembrane region of PLN has strong cross-peaks with the micelle core (Figure S4). 

Residues in the cytoplasmic domains Ia and Ib display NOE contacts with the inner core 

of the micelle, indicating a strong association with the DPC micelle. Further 

quantification of the NOE intensities reveals a periodic pattern in domain Ia that is in 
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agreement with a helical secondary structure as well as a preferential orientation of the 

helix with respect to the micelle (Figure 1B). The latter is also supported by water 

accessibility experiments (Figure S5). These results confirm unambiguously that the 

amphipathic domain Ia is absorbed on the DPC surface, with the most polar residues 

facing the bulk water and the hydrophobic residues pointing toward the inner core of the 

micelle, mirroring the paramagnetic mapping of the PLN topology reported 

previously(31). Additionally, the results confirm the presence of the unstructured and 

highly dynamic loop (residues 21-24).  

Hybrid PLN Structural Ensemble. The calculation protocol is illustrated in 

Figure S2. To maintain the pentamer geometry in the calculations, we used symmetry 

distance restraints(38). In addition, the relative positioning of the two domains (depth-of-

insertion) was constrained through the use of planar restraints derived from 

protein/micelle NOEs.  

Figure 2A-B displays the final conformational ensemble of PLN, with a well-defined 

pinwheel topology. The low energy conformers show the convergence of the 

transmembrane domain with a RMSD of ~0.5 Å (Table S1). The PLN protomers are held 

together by a tight leucine-isoleucine zipper, which is the driving force for PLN 

oligomerization and confers high thermostability(12). The interlocking of alternating 

leucine and isoleucine residues gives rise to a left-handed coiled-coil assembly (Figure 

2C). The interior of the transmembrane domain is lined with residues that are sensitive to 

mutations (Figure 2E). Substitution of one of more of these residues cause de-

oligomerization of PLN and enhanced inhibitory function(39). Other crucial residues for 

PLN oligomerization are the three cysteines (Figure 2D and S3), which have been 

postulated to participate in quaternary contacts(40, 41). Indeed, we detected long-range 

interprotomer contacts between the amide hydrogen of Cys-41 and the methyl protons of 

Ile-40 (Figure 1). We also observed short-range intramonomer contacts between the 

sulfhydryl hydrogen of Cys-36 and the amide hydrogens of Phe-35 and Leu-37, as well 

as the sulfhydryl hydrogen of Cys-41 and the amide hydrogen of Ile-40 (Figure S3B). 

These experimental observables confirmed that Cys-36 and Cys-41 are positioned at the 

interface between the protomers, which is consistent with chemical reactivity 

measurements(41).  
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Figure 2. Pinwheel architecture of pentameric PLN in lipid bilayers. A) and B) PLN 

conformational ensemble obtained using hybrid solution and solid-state NMR restraints. 

Overlay of the 20 lowest energy structures out of the 100 conformers generated with no 

experimental violations. The conformers were aligned using heavy atoms from residues 

24 to 48. Structural statistics are reported in Table S1. C) Zoom-in of the Leu/Ile zipper 

motif in domain II of PLN. Residues are shown using space filling model with atomic 

radii. Leucines are shown in blue while isoleucines in red. D) Spatial arrangement of the 

three cysteines in the PLN transmembrane domain. The remaining hydrophobic residues 

lining the inner pore are shown in light gray. Cys-41 is positioned at the interface 

between protomers. E) Mapping of the mutagenesis studies on the PLN pentamer. 

Residues that are sensitive to mutation and responsible for PLN oligomerization (39) are 

indicated in red and coat the center of the pore and the interface between PLN protomers. 

Left: side view of the PLN pentamer with residues from Ala-24 to Leu-52 shown in space 

filling model. 
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The intramonomer NOEs resulting in hydrogen bonding distances between the Cys 

backbone amides and the (i – 4) carbonyl oxygens (Figure S3B) is in perfect agreement 

with mutagenesis experiments and computational modeling(40, 41). 

Overall, the hybrid ensemble is in agreement with a wealth of structural data gathered 

over the years by investigators using different techniques and membrane mimicking 

systems. Table S4 summarizes these data and reports the corresponding average 

distances measured for our ensemble. The only values that appear inconsistent are those 

in dynamic loop region, which could be due to slightly different reconstitution methods 

(36). 

Comparison between pinwheel and bellflower structural models. The hybrid 

PLN structure differs significantly from the previously proposed model by Chou and 

Oxenoid (19). In the bellflower model the five cytoplasmic helices are oriented almost 

perpendicularly to the bilayer normal, whereas in the hybrid structure they are embedded 

within the top leaflet of the lipid bilayer (Figure 3A and 4C). Moreover, in the hybrid 

structure the juxtamembrane region of PLN is more tightly packed, resulting in straight 

TM α-helices crossing the membrane at an angle of ~11º. Conversely, the bellflower 

model presents a peculiar bending in the TM helices, which forces them to diverge from 

one another at the juxtamembrane region (Figure 3B). Recent electrochemical 

measurements and molecular dynamics simulations (17) support the structural ensemble 

that the average width of the pentameric pore is too narrow to fit a fully hydrated ion (~3 

Å, Figure 3C). Unlike other pentameric ligand-gated ion channels, whose inner pores are 

interspersed with hydrophilic residues(42, 43), the PLN inner pore,which encompasses 

domain II (~20 Å), is coated with hydrophobic residues, making it energetically 

improbable for a hydrated ion to diffuse through it (Figure 3D). Theoretical studies 

support our findings, showing that the free energy for crossing the PLN pore for chloride 

ions is approximately 20 kcal/mol, while for calcium ions it is more than 40 kcal/mol(17). 

In addition, the three cysteine residues of the transmembrane α-helix containing 

sulfhydryl groups (Figure 2C), are not on the same face of each protomer(40), thus 

precluding the possibility that these residues would participate in the ion transport. 
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Figure 3. Comparison between 2KYV and 1ZLL structural models. A) Overlay of the 

transmembrane regions of the 1ZLL (red) and 2KYV (blue) models, defining the differences in 

the orientations of the cytoplasmic regions as well as in the transmembrane domains. Unlike the 

pinwheel model, the bellflower model shows a pronounced curvature of the transmembrane 

helices. Protein backbones were aligned using heavy atoms of residues 24 to 48. B) Top view of 

the pores for the 1ZLL and 2KYV structural models. C) Profile of the pore radius for the 20 

structures in the hybrid ensemble (blue dashed traces) and bellflower ensemble (red dashed 

traces) calculated with the program Hole2 (65). Thick solid lines refer to the structures shown in 

A). Inset: surface rendering of the pore for the 2KYV model. D) Comparison of the electrostatic 

surface potentials of known pore domains for pentameric ligand-gated ion channels (ELIC and 

GLIC)(42, 43) with that of pentameric PLN (2KYV). The electrostatic potential was calculated 

using DelPhi software(66). Unlike the other channels, the pore of PLN is coated with all 

hydrophobic residues, with a hydrophobic cavity of ~25 Å. 
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Molecular dynamic simulation of PLN embedded in DOPC bilayers. Overall the 

structure of each protomer within the pentameric assembly of PLN is similar to that of 

the monomeric PLN (AFA-PLN, 2KB7)(22). The noticeable difference between the 

oligomeric forms is in the topology, or in other words, the tilt angle of the transmembrane 

helices with respect to the bilayer normal (Figure 4A). In the monomeric PLN, the tilt 

angle is ~24°, whereas in the pentamer it is ~11°. This difference in the transmembrane 

angles for the two species is probably due to the different driving forces for folding and 

stability. For the monomer, the driving force is the hydrophobic mismatch between 

protein and lipid bilayer to optimize lipid-protein interactions, causing the 

transmembrane domain to adopt a more pronounced tilt. In contrast, the orientation of 

each monomer within the pentamer is driven by interprotomer interactions 

(leucine/isoleucine zipper in domain II and hydrogen bonds in the juxtamembrane 

domain Ib), which dominate over the hydrophobic mismatch, giving rise to a smaller tilt 

angle.  

As a final step in the structure refinement, we carried out molecular dynamic 

simulations in explicit lipid membranes. One of the conformers from the final 

conformational ensemble was embedded in a pre-equilibrated DOPC lipid bilayer (See SI 

methods for details) and the dynamics of the pentamer were analyzed for 150 ns. Unlike 

previous simulations that used the bellflower model as starting conformations, our 

calculations show that the pinwheel topology of PLN does not deviate from the initial 

configuration significantly (Fig. 4C). Figure 4B shows the analysis of the PLN topology 

during the molecular dynamics trajectory. The trajectories of the tilt angles for the 

transmembrane and cytoplasmic domains of each monomer are color-coded according to 

the model in Figure 4D. During the 150 ns of molecular dynamics simulations, the tilt 

angles of the protomers TM domains fluctuate around 13º in agreement with the 

orientational data derived from solid-state NMR. The cytoplasmic domains, however, 

undergo larger fluctuations without detaching from the surface of the bilayer. The latter is 

in agreement with the dynamic nature of these domains measured with nuclear spin 

relaxation experiments for the PLN monomer (44). The simulations of the pentamers in 

explicit environment reveal several interesting protein/protein and protein/lipid 

interactions that contribute to the stability of the pinwheel topology. Specifically, the 



 180 

guanidinium group of Arg-14 snorkeling on the surface of the membrane makes several 

hydrogen bonds with the oxygens of the lipid’s glycerol moiety (Figure 4E).  

These interactions are functionally important since the deletion of this residue 

generate a loss-of-function species that is unable to properly regulate SERCA. Also, the 

side chain of Arg-25 in domain IB forms a salt bridge with the side chain of Glu-19 

which is persistent throughout the entire simulations (Figure 4F). Several other inter-

monomer interactions take place in the juxtamembrane portion of PLN, with Gln-29 

forming a hydrogen bond with the backbone carbonyl oxygen of Asn-27 of the 

neighboring monomer (Figure 4G).  

 

Discussion 

Both the intramembrane interactions between the PLN protomers and lipid-

cytoplasmic domain interactions contribute to the overall stability of the pentamer. The 

cytoplasmic domains in the structural ensemble contain a well-defined secondary helical 

structure with the hydrophobic face absorbed into the membrane surface, spanning a wide 

portion of the surface of the lipid membrane (Figure 2B). The latter agrees with the 

previous observation of the rotational dynamics of the cytoplasmic helix probed by 

EPR(45) and solid-state NMR(4). In fact, our molecular dynamics calculations in explicit 

membrane environments show that the pinwheel pentameric structure of PLN does not 

deviate significantly from the initial topology, with the cytoplasmic domain Ia 

maintaining a tight association with the lipid bilayer (Figure 4C-E). In contrast, several 

molecular dynamics studies showed that the bellflower topology(19) of PLN in explicit 

lipid environment is highly unstable, with the cytoplasmic helices (constituting the 

putative cytoplasmic vestibule of the bellflower channel) bending after a few 

nanoseconds and interacting readily with the lipid bilayers(17, 46, 47). Additionally, 

these molecular dynamics simulations also showed that the PLN pore of the bellflower 

structure closes in a few nanoseconds excluding water and ions and preventing transport 

across the bilayer. 
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Figure 4. Molecular dynamic simulation of PLN in explicit DOPC lipids. A) Average 

structure of PLN from the hybrid NMR conformational ensembles indicating the 

transmembrane domain (red) tilted by 11o. B) Time course of the tilt angles of both the 

transmembrane and cytoplasmic helices of PLN pentamer. The system was equilibrated 

for 10 ns under harmonic restraints for atomic positions, then it was let evolve. On 

average the topology of the pentamer is quite stable throughout the entire simulation, 

reproducing the NMR experimental parameters. C-D) Snapshot of the pentameric PLN 

from the molecular dynamics trajectories taken at 10ns and 150 ns. E-F-G) Details of the 

interactions taking place during the simulation. In E) is shown the orientation of the three 

arginines in domain Ia. The guanidinium group of Arg-14 is within hydrogen bond 

distance from several DOPC lipid molecules. F) Details of the Arg-25 and Glu-19 salt 

bridge. G) Intermonomer contact between the side chain of Gln-29 and Asn-27 and Asn-

30. 
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What is the function of the pentameric assembly? Are the interactions with lipids 

significant for PLN biological function? Both in vivo and in vitro data show that 

promoting PLN de-polymerization increases SERCA inhibition(12, 13, 39, 48). However, 

the PLN pentamer actively participates to the regulatory mechanism, tuning the extent of 

monomeric species available for SERCA inhibition. The latter is supported by cardiac-

specific simultaneous over-expression studies of pentameric and monomeric PLN (49). It 

was found that the PLN monomeric species (C41F) was able to reduce Ca2+ affinity of 

SERCA to the same extent as the PLN pentamer, but it was not able to reduce the rate of 

myocardial relaxation(49). The PLN monomer/pentamer equilibrium is crucial for 

optimal regulation of muscle contractility: PLN phosphorylation enhances the population 

of the pentamer(13), while an increase in the SERCA/PLN ratio shifts the equilibrium 

toward the monomeric species(50). However, this equilibrium plays an important role 

also in muscle pathophysiology. In fact, our recent studies demonstrate that an increased 

stability of the pentamer caused by the lethal R9C mutant results in a decreased inhibition 

of SERCA and hampers β-adrenergic control over PLN, preventing PLN phosphorylation 

at Ser 16 by PKA, a situation that is exacerbated by oxidative stress common in heart 

failure (see companion manuscript). The pinwheel topology emphasizes the role of the 

lipids in regulating the monomer/pentamer equilibrium(51) that is required for optimal 

regulation of SERCA activity(32). 

The association of the regulatory cytoplasmic domain Ia with the membrane 

surface exemplifies the T-state of PLN, which is the most populated in vitro and in living 

cells(21). Recent studies from our laboratory and other research groups show that the 

interactions of PLN with the lipid membrane are important for both oligomerization(51) 

and SERCA regulation(52). In fact, by tuning the extent of membrane interactions of the 

cytoplasmic domain Ia it is possible to modulate the inhibitory power of PLN(53) and can 

potentially be a new avenue to designing therapeutic PLN molecules for intervention in 

heart failure (54) 

Lipid-mediated clustering and oligomerization is one of the emerging aspects 

defining the biological function of membrane proteins. These mechanisms are 

responsible for allosteric signaling, ion channel formation, and enzyme regulation(55, 

56). The pinwheel topology of PLN found in this study dismisses the previous models 
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and agrees with a plethora of structural, biophysical, biochemical, and mutagenesis 

data(31, 36, 57-59). The narrow pore within the transmembrane domain is not consistent 

with the proposed ion-channel function of PLN, but instead supports a self-

association/regulation mechanism proposed by MacLennan and co-workers(39). The 

ground state of the pentamer determined is in a quiescent T-state, with the amphipathic 

helix absorbed into the membrane. Upon detachment from the membrane, the 

cytoplasmic domains unfold (60) into a higher energy R-state potentially acting as a 

mechanism by which the PLN pentamer dissociates one or more subunits to interact with 

SERCA(61).  

From a biophysical standpoint, our study reveals a novel aspect of transmembrane 

oligomerization that in the case of PLN prevails over the hydrophobic mismatch of the 

lipid membrane, causing a change in the topology of the transmembrane domain relative 

to the monomer. Given the dynamic nature of lipids, changes in transmembrane topology 

within the greasy bilayer may be energetically favorable over folding and unfolding of 

secondary structure domains, and may represent the way protein-protein interactions take 

place within lipid membranes. 

 

Materials and Methods 

Sample preparation and NMR spectroscopy 

PLN was expressed in E. coli bacteria and purified as previously described (31, 

62). For solution NMR experiments, PLN was solubilized in 300 mM deuterated DPC, 

120 mM NaCl, 20 mM NaH2PO4 (pH ~6), 50 mM 2-mercaptoethanol. Forsolid-state 

NMR spectroscopy, PLN was reconstituted in 4/1 DOPC/DOPE lipid bilayers and spread 

onto glass plates as previously described (31).  

NMR experiments were performed at 1H frequencies of 600 and 700 MHz using 

Bruker (DMX) and Varian (VNMRS) spectrometers, respectively, equipped with low 

electric field flat-coil probes (63). Additional details are given in the Supporting 

Information. 

Structural Calculations 

 Structure calculations were carried out with XPLOR-NIH (v.2.23) software, using 

the hybrid solution and solid-state NMR methods reported in Refs. (23, 64).The details 
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regarding the structure calculations and molecular dynamics simulations are described in 

the Supporting Information. 
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Supporting information 

 

Pentameric PLN expression and purification.  

Expression and purification were carried out as previously reported (1, 2). Briefly, 

PLN was expressed in E. coli BL21(DE3) (Novagen) as a fusion protein with maltose 

binding protein in a pMal plasmid (New England Biolabs). After purification of the 

fusion protein by amylose affinity chromatography, PLN was cleaved from MPB by 

incubation with tobacco etch virus (TEV) protease with the final protein purified by 

reverse phase HPLC. After lyophilization, protein masses were checked by SDS-PAGE 

and MALDI-TOF mass spectrometry. Proteins were stored at -20 ºC until use.  

For uniformly 15N and 13C labeled PLN, cells were grown in M9 media containing 
15NH4Cl (Cambridge Isotope Laboratory) and 13C-glucose (Sigma-Aldrich) as the sole 

nitrogen and carbon sources, respectively. To selectively label residues in PLN, cells 

were grown in media containing amino acids at natural abundance (~99.6% 14N) with the 

exception of the amino acid of interest, which was 15N labeled at the backbone amide 

nitrogen. For the preparation of the two mixed samples, the protocol in Ref. (2) was 

followed. The first sample used two different growths in deuterated glucose incorporating 

the precursors (1) 2-keto-3-(methyl-2H3)-butyric acid-4-13C, 3-2H1 (Leu and Val) and (2) 

2-ketobutyric acid-4-13C, 3, 3-2H2 (Ile) (3). This led to the following labeling 

incorporation: 

(1) [U-2H, 12C, 14N] and 13CH3 at the Leuδ1/2 and Valγ1/2 methyl groups 

(2) [U-2H, 12C, 14N] and 13CH3 at the Ileδ1 methyl group 

The two fusion proteins above were purified separately and then mixed at a 1:1 

molar ratio before cleaving with TEV protease. Mixed pentamers were then purified as 

described above. In the second sample, 50% of the fusion was [U-2H, 15N] and the other 

50% was [U-2H, 12C, 14N] with methyl groups 13CH3 labeled at Ileδ1, Leuδ1/2, and Valγ1/2 

utilizing both precursors described above in the same growth. This sample was mixed and 

purified in the same manner as the first sample.  

 

NMR sample preparation.  
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Solution NMR. Samples were prepared according to (2). PLN was reconstituted 

in a phosphate buffer (120 mM Na2HPO4 pH 6.0, 120 mM NaCl, 3 mM NaN3, 50mM 2-

mercaptoethanol, and 5% D2O) containing 300 mM dodecyl-phosphocoline (DPC) 

(Sigma-Aldrich) (or protonated DPC for the protein-DPC NOESY experiment). To avoid 

aggregation, all samples were denatured with 6 M guanidine-HCl and extensively 

dialyzed against NMR buffer prior to acquisition of the NMR spectra. For all samples, 

concentration of pentameric PLN was ~0.3 mM.  

Solid-State NMR. Mechanically oriented samples were prepared as described 

previously (2). Small unilamellar vesicles (SUVs) of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) 

(Avanti Polar Lipids, Alabaster, AL) at 4/1 molar ratio (DOPC/DOPE) were prepared by 

sonication. For all samples 2-4 mg of PLN were dissolved in 10% SDS and added to the 

SUVs, followed by one freeze/thaw cycle. SDS was removed by extensive dialysis 

against water in the presence of 250 µM DTT. Lipid vesicles containing PLN were 

subsequently concentrated to ~2 mg/mL and transferred onto 40 glass slides (5.7 mm × 

12 mm × 0.030 mm) (Matsunami Glass Ltd, Osaka, Japan). Glass slides were incubated 

at 45 ºC for 3 hours and subsequently stacked on top of each other and re-hydrated for 3-

4 days in a humidity chamber at 45 ºC and 99% humidity. Samples were then sealed in 

glass cells and used immediately for NMR measurements. For all samples, the final 

lipid/protein molar ratio was ~200/1.  

NMR experiments.  

Solution NMR. For the assignment of intramonomer NOEs, two 15N-edited 

NOESY spectra were acquired on a Varian spectrometer operating at 800 MHz (1H 

Larmor frequency, NMRFAM; Madison, WI) and equipped with a cold probe. Each 

experiment was recorded as a matrix consisting of (512, 80, 60) complex points, spectral 

widths of (9000 Hz, 9000 Hz, 1560 Hz) and acquisition times of (57 ms, 9 ms, 38 ms) in 

t3, t2, and t1, respectively. NOE mixing times of 90 and 220 ms were acquired with a 

recycle delay of 1.5 s and 8 transients for each increment. For all experiments, the 

temperature was set to 30 ºC.  

For the assignment of inter-monomer NOEs, two NOESY spectra were used. The 

first is described in Ref. (4), whereas the second consisted of a simple 15N-edited NOESY 
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in which the w1-spectral window (indirect 1H dimension) was reduced to 1300 Hz, 

resulting in aliasing of the resonances and a substantial improvement in resolution 

without increasing the experimental acquisition time. This was possible because of the 

absence 1H resonances due to the deuterated background of the protein. Unambiguous 

assignment of the inter-monomer NOEs was achieved using chemical shift assignments 

of 13CH3-Ileδ1 and 15NH groups. The experiment consisted of a matrix with (787, 70, 28) 

complex points, spectral widths of (10000 Hz, 4000 Hz, 1300 Hz) and acquisition times 

of (79 ms, 18 ms, 21 ms) for t3, t2, and t1, respectively. A mixing time of 400 ms was used 

with a recycle delay of 1.3 s utilizing 24 transients for each increment. 

The topology of the pentamer was probed by measuring NOEs between PLN and 

the DPC detergent. In this experiment PLN was [U-2H, 15N] with the detergent fully 

protonated. NOEs were detected using a 15N-edited NOESY with (852, 60, 30) complex 

points, spectral widths of (10000 Hz, 6600 Hz, 1300 Hz) and acquisition times of (85 ms, 

9 ms, 23 ms) in t3, t2, and t1, respectively. Several 2D (1H-1H planes) experiments were 

acquired to select the optimal mixing time of 400 ms used in the 3D experiment. Four 

transients were acquired for each increment and a recycle delay of 1.5 s was used. 

Solid-State NMR. Oriented solid-state NMR data were acquired at a 14.1 T 

magnetic field strength (1H frequency of 600.1 MHz) using Bruker DMX (National High 

Magnetic Field Laboratory, NHMFL; Tallahassee, FL) and Varian VNMRS 

spectrometers. The 2D polarization inversion spin exchange at the magic angle 

(PISEMA) experiment (5) was performed at γB1 strength of 60 kHz for the 1H 90° pulse, 

cross-polarization, and SPINAL64 decoupling (6). Low-E probes with a doubly tuned, 

low-inductance resonator built by the RF program at the NHMFL were used (7). 

PISEMA experiments were acquired with 4k scans and 12 t1 increments for [15N-Leu], 

[15N-Cys], [15N-Ile], and [15N-Val] wt-PLN, 12k scans and 8 t1 increments for [15N-Ala], 

[15N-Asn] and [15N-Arg] wt-PLN, and 20k scans and 8 t1 increments for [15N-Thr]. All 

experiments used a recycle delay of 4 s. Data were processed with NMRPipe software (8) 

and viewed with NMRVIEW software (9). An exponential window function was applied 

by using 100-300 Hz line-broadening along the 15N chemical-shift dimension (t2). No 

window function was used to process the data in the indirect dipolar coupling dimension. 
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After Fourier transformation and zero-filling, the data consisted of a total matrix size of 

2k x 1k points in the direct and indirect dimensions, respectively. 

 

Structure Calculation of Hybrid Pentamer 

Structure calculations were carried out with XPLOR-NIH (v.2.23) software, using 

the hybrid solution and solid-state NMR methods reported in Refs. (10, 11) A target 

function (ET) was formulated as a combination of geometrical (Echem), solution NMR 

(EsolNMR), and solid-state NMR (EssNMR) terms: 

! 

E
T

= E
chem

+ E
solNMR

+ E
ssNMR  

The hybrid energy ET function was minimized with several sets of annealing 

protocols using combined minimization and molecular dynamics.  

To generate the pentamer ensemble, a four-step structure calculation protocol was 

used as in Figure S2.  

 

Step 1: A hybrid monomer ensemble was generated starting from a solution-NMR 

structure ensemble. After using solution NMR restraints to fold the secondary structure 

elements, solid-state NMR restraints (both CSA and DC) were combined with the 

solution NMR data into a simulated annealing protocol at 3000 K using only torsion 

angle dynamics. The force constants for the solid-state NMR restraints were optimized 

using cross-validation as described previously (12). A total of 200 monomer structures 

were generated. 

 

Step 2: An initial symmetric pentamer was assembled with five monomer 

replicates, each of which was rotated by 72° and placed 50 Å away. The initial monomer 

was also rotated along the z-axis until the adjacent N-terminal distances between 

monomer segments i and i+2 was maximized. The initial pentamer was subjected to a 

rigid-body minimization protocol, in which the inter-monomer NOEs drove the 

pentameric assembly of the five monomeric segments. 

 

Step 3: Starting from the initial pentamer model from step 2, solid-state and 

solution NMR restraints were combined in the high-temperature annealing protocol 
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similar to step 1. An initial temperature of 5,000 K was used in the simulated annealing. 

The initial temperature was determined by the quality of helix-helix packing. In addition, 

non-crystallographic symmetry (NCS) was used to ensure each monomer is identical in 

the pentamer with a force constant of 50 kcal/mol. To maintain five-fold symmetry, 832 

symmetry restraints (available in Xplor-NIH) was added as NOE-like distance constraints 

with a force constant of 10 kcal/mol (13). Planar distance restraints were added to ensure 

the relative positioning between the two helical domains of PLN. 

 

Step 4: Starting with the structures derived from step 3, additional calculations 

were performed starting from 500 K using both torsion angle and Cartesian molecular 

dynamics to relax local geometries and improve the structure quality without 

significantly changing the orientation of each conformer generated. A full VDW potential 

was introduced, resulting in better packing compared with the non-bond interactions 

using the repel function. 20 pentamer structures were selected for structural analysis 

based on energy and conformational heterogeneity. 

 

Step 5: Molecular dynamics refinement in explicit membrane. 

The hybrid PLN pentamer structure (first model) from step 4 was used for the 

subsequent MD simulations in explicit DOPC lipid bilayers. To place PLN with respect 

to the z-direction (corresponding to a fictitious lipid bilayer normal), we used rigid body 

minimization with the Ez potential with the orientations fixed with respect to the z-axis. 

The depth dependent potential term (Ez) is based on the propensity of amino acid 

residues in a helix to have depth-dependent insertions into the bilayer. The system was 

then set up using CHARMM-GUI (14, 15) utilizing the PARAM27 force field with the 

CMAP correction (16, 17). Equilibrium dynamics were performed using NAMD version 

2.6 (18).  

First we determined the optimized number of lipids per leaflet using P21 periodic 

boundary conditions (PBC) with a tetragonal unit cell (19), in which the lipids can freely 

equilibrate their number between the two layers. Starting with 176 on the bottom leaflet 

and 151 on the top leaflet, the number of lipids per leaflet converged to 167 at the bottom 

(non-cytoplasmic domain side) and 160 on top after 3.5 ns of equilibration. In the second 
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step of the setup, the system (with lipid number determined from previous step) was 

rebuilt following the method of Woolf and Roux (20) with traditional P1 tetragonal 

periodic boundary conditions (112 x 112 x 112 Å). The PLN pentamer was embedded in 

a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayer, consisting of 327 lipid 

molecules. In addition, we included 75 K+ and 90 Cl- ions to model an ionic strength of 

150 mM and to maintain electroneutrality. Both simulation systems consisted of 140,667 

atoms. Periodic boundary conditions along with the isothermal-isobaric ensemble at 310 

K and 1 atm were used in MD simulations. The temperature was controlled through 

Langevin dynamics algorithm and the pressure of the system was controlled 

anisotropically, allowing the z-axis to fluctuate independently from lipid plane X-Y, 

which is restrained to a constant ratio of 1:1. The particle-mesh Ewald (PME) (21) 

method was used to treat long-range electrostatic interactions, while the Lennard-Jones 

terms are feathered to zero in the range of 9 to 11 Å. Hydrogen atom covalent bonds were 

restrained using the RATTLE algorithm using a multiple integration time-step approach 

with 6 fs for full electrostatic evaluation and 2 fs for all other energy terms. In total, we 

performed 10 ns of equilibration with PLN backbone atomsharmonically constrained (set 

to 0.5 kcal mol-1 Å-2), followed by 140 ns of unconstrained MD simulations. 
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Figure S1. A) 15N-Trosy spectrum of [U-15N] labeled PLN reconstituted in 300 mM 

deuterated DPC as reported in (2). B) Summary of the backbone NOEs obtained from 
1H/15N NOESY-HSQC experiments. C) Histogram representing Hα chemical shift index 

for PLN. 
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Figure S2. Overview of the hybrid refinement protocol for the simultaneous 

determination of structure and topology of pentameric PLN. (See SI-Methods for details). 
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Figure S3. NOE pattern for Cys residues in PLN. A) Strip plots from a 3D 15N-edited 

NOESY experiment on a sample of [U-15N] PLN reconstituted in 300 mM 1H-DPC taken 

at the 15N frequencies for the indicated residues. Since Cys-36 and Cys-46 have a very 

similar 15N chemical shift, residues nearby were used for assignment. This shows that the 

Hγ chemical shifts are different for the three Cys residues, supporting the differential 

involvement in pentamer packing shown in panels B and C. (Residues L37 and I40 are 

partially overlapping). 
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Figure S4. NOE strip plots from the 15N-edited 3D NOESY of [U-2H, 15N] PLN in 300 

mM 1H-DPC. Overlapping residues are not shown.  
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Figure S5. Results from solvent exchange measurements from a CLEANEX experiment 

(22). Residues whose backbone amide hydrogens show fast exchange with water 

molecules (a measure of solvent exposure) are indicated in blue for the side view (panel 

A) or the top view (panel B). Water exchange rates vary between 0 (no exchange) and 1 

(maximum exchange). C) Three representative residues showing differential water-amide 

exchange rates. E22, belonging to the highly solvent exposed loop, shows the fastest rate. 
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Table S1. Summary of structural ensemble statistics 

RMSD from solution NMR restraints 

   NOEs, Å  (389 per monomer, 75 inter-monomer) 0.05 ± 0.003 

   Torsion angles, º (85 per monomer) 0.46 ± 0.16 

PISEMA RMS  

    CSA (31 per monomer, ppm) 2.8   

    DC (29 per monomer, kHz) 0.3 

RMSD from idealized covalent geometry  

    Bond, Å 0.005 ± 0.0005 

    Angle, º 0.6 ± 0.01 

    Impropers, º 0.16 ± 0.006 

Measure of structural quality, % residues in  

    Most Favored Region 93.9 ± 2.5 

    Additional Allowed Region 5.8 ± 2.2 

    Generously Allowed Region 0.3 ± 0.7 

    Disallowed Regions 0 

Precision of atomic coordinates, Å  

    Backbone Atoms (1-52) 4.2 

    Domain Ia (residues 2-18) 3.6 

    Domains Ib/II (residues 24-50) 0.5 

Protein Topology (domain in subscript)  

θIa, º 96 ± 3 

ρIa, º 78 ± 16 

θIb,II,º 11 ± 1 

ρIb,II,º 223 ± 6 
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Table S2. Summary of the NMR 
restraints from solid-state NMR 

Residue CSA (ppm) DC (kHz) 
1   
2   
3   
4 70.5 4.5 
5   
6 80.2 4.5 
7 66.8 4.5 
8 71.0 4.1 
9 72.8 4.5 
10   
11 82.0  
12 65.6 4.7 
13   
14 68.1 4.4 
15 77.0 4.2 
25 219.1 7.8 
26   
27 190.6 7.9 
28 216.6 6.3 
29   
30 202.1 9.5 
31 207.4 5.8 
32 223.5 8.2 
33 201.7 8.6 
34 198.3 9.0 
35 215.8 6.9 
36 214.9 9.0 
37 194.5 8.7 
38   
39 220.3 6.9 
40 215.8 8.9 
41 193.0  
42 211.4 6.3 
43 226.3 8.3 
44 202.7 9.2 
45 187.8 8.1 
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46 215.3 7.1 
47 215.8 8.9 
48 194.6 8.3 
49 203.7 7.5 
50 218.9 6.5 
51   
52   
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Table S3. Inter-monomer restraints (NOEs) 

Monomer i Monomer i+1 Distance (A) 

Gln 29 Hε2# Ile 33 Hδ1# 1.80 - 5.00 

Ile 40 Hδ1# Ile 40 Hδ1# 1.80 - 5.00 

Ile 40 Hδ1# Cys 41 HN 1.80 - 5.00 

Leu 43 Hδ# Ile 48 Hδ1# 1.80 - 5.00 

Leu 43 Hδ# Ile 45 Hδ1# 1.80 - 5.00 

Leu 43 Hδ# Ile 45 HN 1.80 - 5.00 

Leu 43 Hδ# Ile 45 HΑ 1.80 - 5.00 

Leu 44 HN Leu 44 Hδ# 1.80 - 5.00 

Ile 47 Hδ1# Leu 44 Hδ# 1.80 - 5.00 

Ile 47 Hδ1# Leu 44 Hβ# 1.80 - 5.00 

Ile 47 Hδ1# Ile 48 HN 1.80 - 5.00 

Ile 47 HN Ile 48 Hδ1# 1.80 - 5.00 

Ile 47 Hδ1# Leu 51 Hδ# 1.80 - 5.00 

Ile 47 Hδ1# Leu 52 Hδ# 1.80 - 5.00 

Gln 29 Nε2 Gln 29 Cδ 1.80 - 5.00* 

* Distance from REDOR-NMR experiments by Smith OS and co. (23) 

 





 207 

Table S4. Experimentally measured distances in PLN 
Ref. Technique Atom pair Distance (Å) Lipid System Temp (ºC) Hybrid 
Smith et al. (24) Rotational 

Resonance 
1-13C-L7/3-13C-A11 4.6 ± 0.2 DMPC -10 4.6±0.1 

  1-13C-P21/3-13C-A24 4.3 ± 0.2   6.7±1.3 
  1-13C-L42/2-13C-C46 4.7 ± 0.2   5.0±0.1 
 REDOR 1-13C-I18/15NH-Q22 4.7 ± 0.2   8.3±0.9 
Liu W et al. (23) REDOR 5-13C-Q22/15Ne-Q22 >5.5 POPC/POPS -10 16.2±2.8 
  5-13C-Q26/15Ne-Q26 ~5.5   5.5±1.3 
  5-13C-Q29/15Ne-Q29 4.1 ± 0.2***   3.6±0.5 
Ahmed Z et al. 

(25) 
Rotational 

Resonance 
1-13C-F32/2-13C-A36* 4.3 ± 0.2** DMPC  -50 4.8±0.1 

Middleton et al. 
(26) 

REDOR 1-15N-L39/1-13C-L37 3.2 ± 0.2 DMPC -50 3.2±0.02 

Hughes E and 
Middleton AD  
(27) 

REDOR 2-13C-A24/15NH-Q26 >5.0 DMPC -40 4.2±0.1 

 Rotational 
Resonance 

1-13C-P21/2-13C-A24 4.65 ± 0.25 DMPC -40 6.3±1.1 

Robia et al. (28) Fluorescence 
Energy Transfer 

N-terminus/N-terminus 46.1 ± 2.1 Insect Cells microsomes RT 45.4±3.8 

  IA/IA 37.9 ± 3.8   33.3±3.4 
  IB/IB <24   11.5±0.9 
Traaseth et al. (2) DEER Tempo-K3/Tempo-K3 47 ± 10*** DOPC/DOPE -208 45.0±4.9 
 
* In this sample Cys-36 was substituted with Alanine. ** Rotational resonance condition n=1. *** Included as restraints in the structure 

calculation protocol.
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Residual dipolar couplings (RDCs) give orientational dependent NMR restraints 

that improve the resolution of NMR conformational ensembles and define the relative 

orientation of multidomainproteins and protein complexes. The interpretation of RDCs is 

complicated by protein dynamics and the intrinsic degeneracy of solutions that lead to ill-

defined orientations of the structural domains (ghost orientations). Here, we illustrate 

how paramagnetic-based restraints can remove the orientational ambiguity 

ofmultidomain membrane proteins solubilized in detergent micelles. We tested this 

approach for the monomeric form of phospholamban (PLN), a 52-residue membrane 

protein, which is composed of two helical domains connected bya relatively flexible loop. 

We show that the combination of classical solution NMR restraints (NOEs and dihedral 

angles) withRDCs and PREs resolve topological ambiguities, improving the convergence 

of the PLN structural ensemble and giving the depth of insertion of the protein within the 

micelle. This combined approach will be necessary for membrane proteins, whose three-

dimensional structure is strongly influenced by interactions with the membrane-

mimicking environmentrather than compacttertiary folds common in soluble proteins. 
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Introduction 

Residual dipolar couplings (RDCs) constitute an excellent source of structural and 

dynamic information 1-4. Their use spans from structural refinement1, 5, 6 to the 

characterization of unfolded proteins7, 7-11 and excited states of biomolecules12, 13. RDCs 

are also an invaluable NMR parameter to orient multidomain proteins and protein 

complexes, where the detection of inter-domain or inter-protein nuclear Overhauser 

effects (NOEs) are very challenging 4, 14, 15.  

However, the inherent degeneracy of RDCs (ghost orientations) complicates the 

extraction of orientational information16. It was originally thought that the RDC equation 

resulted in eight-fold degeneracy for peptide plane orientations16, but recently, it was 

shown that the analytical solution of the RDC equation contains a 16-fold degeneracy 17. 

This degeneracy is reduced to four if one considers the regular patterns of the dipolar 

couplings (i.e. dipolar waves) for secondary structure domains 8, 18-22. In favorable cases, 

this RDC inherent degeneracy is resolved using two or more alignments media23. 

Nonetheless, local geometry can still be ill-defined17 and further confounded by the 

presence of conformational dynamics 24-27.  

Therefore, a major issue is to eliminate ghost orientations from the true 

orientations. Bertini and co-workers have proposed the use of paramagnetism-based 

NMR restraints 28. These authors have developed a new analysis of the paramagnetic-

based restraints to give a comprehensive view of the different conformations and 

dynamics of calmodulin as well as the calmodulin-α-synuclein complex28. A similar 

approach has been utilized for resolving the solution conformation of the ternary complex 

of the E. coli Hsp70 chaperone 29. 

Membrane proteins solubilized in detergent micelles are not immune to these 

challenges. Polytopic (integral and/or peripheral) membrane proteinsare often organized 

in multiple domains (independent or partially independent) that facilitate intra- and inter-

cellular communication30. Flexibility of protein domains canprevent the formation of 

compact tertiary structures, which results in the structure being defined by domain 

interactions with the lipid membrane, i.e. topology31. Several small and medium size 

membrane proteins involved in regulatory function of ion pumps fall into this category31. 
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While membrane proteins are amenable to modern solution NMR techniques, it is still a 

challenging task to obtain long-range distance restraints from nuclear Overhauser effect 

(NOEs) data32, especially for helical membrane proteins. Side chain methyl labeling 

schemes can help determine the overall fold of membrane proteins, and new protocols 

have been developed to introduce a variety of different probes on proteins33-35. RDCs 

constitute a viable alternative to obtaining long-range distance restraints, and accordingly 

have beenan important source of constraints for membrane proteins. To measure RDCs, 

membrane proteins need to be aligned in an anisotropic media 36-38or bound to a 

lanthanide ion either through adventitious sites39 or engineered tags40, 41. In several 

instances, RDCs were crucial to improving the resolution of the conformational ensemble 

of membrane proteins solubilized in micelles32, 42, 43.  

In this article, we show that the ghost orientations generated after RDC 

refinement of the detergent solubilized protein phospholamban (PLN) can be eliminated 

by using paramagnetism-based restraints derived from site-directed spin-labeling using 

MTSSL (1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl methanethiosulfonate).  

 

Materials and Methods 

PLN expression, purification, and mutagenesis. The overexpression and 

purification of AFA-PLN (i.e. cysteine-null monomer, C36A, C41F, C46A) was carried 

out as described in Buck et al. 44. For the A24C mutant, the plasmid containing fully 

functional cysteine-null PLN was used as a template to introduce a single point mutation 

(A24C) by site directed mutagenesis using Quick-change kit (Stratagene, San Diego, 

CA). PCR was carried out as previously described44. The primers were designed as 

follows: forward 5’-GCCGCAGCAGTGCCGCCAGAACCTGC-3’, reverse 5’-

GCAGGTCTGGCGGCACTGCTGCGGC-3’ (the mutated codon is underlined).  

The mutated plasmid was amplified in XL1-blue competent cells (Stratagene, San 

Diego, CA) and purified using QIAprep Spin kit (Qiagen, Carlsbad, CA). The sequence 

was confirmed by DNA sequencing (ABI PRISM 3130xl Genetic Analyzer. Biomedical 

Genomic Center, Minneapolis, MN). BL21(DE3) (Stratagene, San Diego, CA) E. coli 

cells were transformed with 100 ng of purified plasmid and selected on LB agar plates 

containing ampicillin (100 mg/mL). The L7C mutant was designed in a similar 
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way.Protein expression and purification were carried out using a combination of affinity 

chromatography and HPLC 44. 

A24C-PLN and L7C-PLN spin-labeling with MTSSL. MTSSL (1-oxyl-2,2,5,5-

tetramethyl-D3-pyrroline-3-methyl methanethiosulfonate, Toronto Research Chemicals, 

North York, ON) spin label reacts with the terminal SH of cysteine residue to form a 

covalent bond. A stock solution of 200 mM MTSSL in DMF was prepared. The labeling 

reaction protocol was derived from Kirby et al.45. One mg of lyophilized A24C-PLN (or 

L7C-PLN) protein was solubilized in 1 mL of spin labeling buffer (60 mM Tris-HCl at 

pH 7.0 and 0.2% SDS). The final concentration of PLN was ~0.2 mM. A 10-fold molar 

excess of MTSSL was added to the reaction mix and incubated overnight at 4 °C in the 

dark. The unreacted spin label was removed by HPLC with the PLN peak collected and 

lyophilized after removal of organic solvent. Lyophilized MTSSL spin labeled A24C-

PLN (or L7C-PLN) was dissolved in 300 mM DPC, 20 mM phosphate buffer (pH = 6.0, 

120 mM NaCl, 0.01% NaN3, and 10% D2O). The final concentration of A24C-PLN was 

~0.1 mM.  

Sample preparation for RDC measurements. AFA-PLN [U-13C, 15N] was 

reconstituted into 100 mM deuterated DPC (Cambridge Isotope Laboratories), 25 mM 

phosphate buffer (pH 6.0), 125 mM NaCl, 10% D2O, and 0.1% NaN3 to give a final 

protein concentration of ~0.8 mM. The stretched gels were polymerized from a 5.7 mm 

diameter cylinder under the following conditions: 100 mM Tris-HCl (pH 8.0), 5.1% 

acrylamide, 1.3% bis-acrylamide, 0.1% ammonium persulfate, and 0.33% TEMED. The 

gels were thoroughly washed twice with 50 mM NaH2PO4/Na2HPO4 pH 6.5 (8 hr/wash) 

and then twice with H2O (8 hr/wash) as described previously 46. The protein/detergent 

mixture was added to the dried polymerized gel and incubated at 37 °C for ~24 hr. After 

stretching in a 5 mm Shigemi tube, the length of the gel increased by a factor of ~1.7. 

The stretching apparatus was purchased from New Era Enterprises, Inc. and has been 

previously described 46. 

NMR Spectroscopy 

RDC measurements.Experiments were carried out at 37 °C using a Varian 

spectrometer operating at a 1H Larmor frequency of 599.54 MHz. 2D TROSY based (1H, 
15N) pulse sequences described by Permi and Annila 47 were performed to measure 13C’-
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13Cα and 1H-15N one-bond couplings. Each 2D experiment was acquired in the presence 

and absence of the stretched gel where the difference in splitting allowed for the 

calculation of the residual dipolar couplings. The total acquisition times in t1 and t2 were 

62 and 77 ms with spectral widths of 1300 and 6600 Hz in the 15N and 1H dimensions, 

respectively. In order to measure the 15N-13C’ one-bond couplings, we performed a 3D 

uncoupled HNCO experiment in the presence and absence of stretched gel. Experiments 

utilized 64 scans, spectral widths of 10000 Hz (1H), 1000 Hz (13C) and 1200 Hz (15N) 

with total acquisition times of 83.2, 40, and 26.7 ms in the 1H, 13C, and 15N dimensions, 

respectively. Experiments were acquired at 37 °C with a recycle delay of 1.3 s. All data 

were processed with NMRPipe48 and viewed using NMRVIEW 49. The1H-15N, 13C‘-15N, 

and 13C‘-13CαRDCs versus residueare shown Figure 1A. 

PRE measurements. [1H, 15N] heteronuclear single quantum coherence (HSQC) 

spectra were acquired in the presence of MTSSL (paramagnetic) and the diamagnetic 

analog at positions 7 and 24 of PLN. The intensity reduction (Iox - diamagnetic, Ired- 

paramagetic) of the amide resonances were converted into R2
sp values and then to 

distance restraints using Eq. 150: 
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where r is the distance between the nuclear spins and the unpaired electron, τc is 

the correlation time for the electron/nuclear spin interaction, ωh is the proton Larmor 

frequency, K is a constant that depends on the gyromagnetic ratio, electronic g factor and 

the Bohr magneton and is set to 1.23 x 10-32 cm6 s-2.  

For PLN, we used two different correlation times (τc): 8.2 ns for the cytoplasmic 

domain and 15.4 ns for the transmembrane domain 51. For peaks with intensity retention 

greater than 90%, no upper limits were used. For the other peaks, the intensity retentions 

were converted into distances according to equation [1], and implemented with upper and 
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lower bounds of ± 4 Å 50. The PRE quenching data and the converted distance restraints 

for PLN are shown in Figure 2. 

Calculation protocol.We used the standard energy target function that has been 

implemented in XPLOR-NIH52: 

 solutionempirical EEE +=   [2] 

where Eempirical is the sum of the energy terms of the covalent geometry (bond 

stretching, bond bending, improper angle vibration) and short-range repulsion (repulsive 

VDW interaction):  

 

vdwvdwimpropersimpropersanglesanglesbondsbondsempirical EwEwEwEwE +++=   [3] 

Esolution includes the penalty functions due to distance restraints from NOEs, 

dihedral angles, RDCs, and PREs: 

PREPRERDCRDCDBDBCDIHCDIHNOENOEsolution EwEwEwEwEwE ++++=  [4] 

All of the NOE-derived distance restraints used in the present study are taken 

from the previously published structure of PLN in DPC micelles53. A total of 373 

distances (142 intra-residue and 231 inter-residue) are included. In addition, 58 

hydrogen-bonds derived from H/D exchange measurements are used to constraint the 

helical amide groups (HN-CO [i, i+4]) of PLN. Finally, we have obtained 38 dihedral 

angle restraints using the program TALOS54based on the chemical shifts of Hα, Cα, Cβ, 

C’, N, and HN
55. A summary of all of the restraints used in the calculations is listed in 

Table S1. 
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Figure 1. RDC versus residue for PLN weakly oriented in stretched gels. (A) Top: 13C’-
15N RDCs; middle: 13C’-13Ca RDCs; bottom: 1H-15N RDCs. We reported only the RDC 

values for well resolved peaks. (B) RDC histogram with all the data in (A) scaled to the 
1H-15N RDCs. 
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Figure 2. PRE data obtained from A24C-PLN (black) and L7C-PLN (red) cross-linked 

with MTSSL. (A) Intensity retention plot for A24C-PLN and L7C-PLN labeled with 

MTSSL. Unresolved peaks are not reported and are indicated with points. (B) Distances 

derived from PREs (see materials and methods). Note: only peaks with intensity retention 

ratio less than 0.95 were used in the calculations. Also some residues lacking R2 values 

were omitted. (C) Cartoon representation of PLN with MTSSL label at C24 and C7. 
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To illustrate the significance of RDC and PRE restraints in the structural 

refinement of the membrane protein PLN, we used three protocols in the simulated 

annealing optimization to generate three structural ensembles 56. In the first protocol, we 

used the restraints derived from typical solution NMR experiments, including NOE-

derived distances, dihedral angle restraints generated from chemical shifts (TALOS), and 

hydrogen-bonding interactions from H/D exchange experiments53. The second protocol 

includes the restraintsfrom the first protocol plus RDCs derived from the partial 

alignment of PLN instretched gels. Finally, the third protocol was constructed by adding 

MTSSL distance restraints determined from PRE data to all constraints used in the first 

two protocols.  Details for the calculation are presented in the supporting material. 

 

Results 

Structural refinement with NOE and dihedral angle restraints (protocol one). To 

test our approach, we used phospholamban (PLN), a 52-residue integral membrane 

protein in the sarcoplasmic reticulum (SR) that regulates the SR Ca2+-ATPase 

(SERCA)57. PLN exists as an inactive pentamer in the SR and depolymerizes into active 

monomers upon encountering SERCA58, 59. To mimic the monomeric state, we mutated 

the three transmembrane Cys residues (C36A, C41F, C46A)to obtain a stable monomer 

with activity identical to that of wild type PLN60. The NMR structure of PLN monomer in 

dodecylphosphocholine micelles has been solved by our group53. For the structure 

determination, we used distance restraints from 15N-edited NOESY spectra, dihedral 

restraints from chemical shifts54, and hydrogen bonds derived from exchange factors61. 

Based on the results of the calculations and subsequent backbone dynamics studies, we 

identified four dynamic domains: α-helical domain Ia (residues 1-16), α-helical region 

spanning domains Ib (residues 23-30) and II (residues 31-52), and a loop connecting the 

two helical regions (residues 17-22)51.  

Given the limited amount of distance and angular restraints found between the 

loop and its adjacent domains, the final structural ensemble resulted in many different 

conformers with poor convergence for the overall backbone conformation and topology. 

In our previous paper, we mapped solvent accessibility using Mn2+ ions and the insertion 
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of PLN in the micelles using 5- and 16-DSA, and manually eliminated structures that 

contradicted the paramagnetic mapping. We concluded that PLN adopts a helical L-

shaped conformation with the cytoplasmic amphipathic domain Ia adsorbed on the 

surface of the micelle. These results were also supported by solid-state NMR experiments 

carried out in the lipid membrane62. While these studies represent the initial 

characterization of PLN in membrane mimicking environments, they were limited by two 

factors: (a) the absence of topological restraints with respect to the micelle (the selection 

was carried out manually), and (b) the absence of the relative orientation of the two 

helical domains.  

Structural refinement with RDCs plus NOE (protocol two). Since the publication 

of our first paper on PLN, several groups have obtained orientationally dependent 

information utilizing RDC data for both membrane bound and soluble proteins. 

Therefore, our first step to improve the solution NMR structural ensemble of PLN was to 

introduce restraints from three sets of RDCs obtained from the partial alignment of PLN 

in a stressed gel system36, 63. Figure 1 shows three sets of RDCs versus the PLN residue 

number: 1H-15N, 13C‘-15N, and 13C‘-13Cα. As expected from the helical secondary structure 

of PLN, the values of the RDCs oscillate periodically. There is a significant change in the 

pattern from residues 20 to 30 for the 1H-15N RDCs. These residues belong to domain Ib, 

a helical region that is more dynamic and solvent exposed than the transmembrane 

domain II51. When fitting these dynamically averaged RDCs to an average structure, a 

pronounced kink is observed between domain Ib and domain II. In fact, CPMG relaxation 

dispersion measurements obtained from PLN in DPC indicate the presence of chemical 

exchange (at least two conformations) for domain Ib 51, 64, and for this reason we 

excludedRDCs from domain Ib during our structural calculation. Dynamic model or 

ensemble simulations are needed to explain the discontinuity of RDCs patterns in this 

domain. 

One of the difficulties during structural refinement with RDCs is to accurately 

determine the axial (Da) and rhombic (R) components of the alignment tensor. Several 

methods are available to estimate these values such as the maximum likelihood method 

by Moore and Warren65 and the histogram method by Bax and co-workers 66. To use these 

methods, large numbers of RDCs are needed and their reliability is dependent on the 
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accuracy of the experimental measurements. Due to the increased size of the membrane 

proteins within the detergent micelle, the experimental RDCs have larger errors than their 

soluble counterparts. Therefore, the errors of heavy atom RDCs such as 13C’-15N and 13C’-
13Cα are much larger after scaling to the15N-1H RDCs. To overcome this, Da and R were 

allowed to vary in the simulated annealing procedure 6. This introduced two extra 

parameters into the structural fitting in addition to the tensor orientations. The refined 400 

structures are clustered based on two groups of Da and R values (Figure 3). The solutions 

with Da = -8 Hz and R= 0.667 resulted when RDCs were not properly fitted; these 

structures were excluded from further analysis. The structures generated from the second 

group (shown red in Figure 3) were used in the following calculation whereDa= 8.6 (± 

0.3) and R = 0.52 (± 0.04). The high rhombicity R is consistent with the RDC histogram 

shown in Figure 1B.Note that all of the RDCs were implemented in the simulated 

annealing protocol using a flat-well potential52. 

The force constants for RDCs during the structure refinement were determined 

using the R factor method (RRDC) as described by Clore and co-workers56. In this method, 

two factors are monitored as a function of the RDC force constant: (1) the R factor for 

different sets of RDCs and (2) the energy penalties from energy terms other than RDCs. 

During the force constant ramping, the tensor values Da and Rwere fixed (determined 

above to be Da = 8.6 and R = 0.52). We found that the best value for the force constant 

was 0.5 kcal mol-1 Hz-2 (see Figure S1), which can give reasonable RDC agreement 

without large penalties from other structural and experimental restraints.  

After optimizing Da, R, and the force constants, we generated ~300 structures and 

selected the lowest 100 structures for further analysis. The resulting structures 

wereclustered into four distinct families (I-IV) when the transmembrane domain II was 

overlaid. As expected, these structures differ in the relative orientation of the two helical 

domains giving rise to a four-folddegeneracy (Figure5B). Each structural ensemble 

shows a backbone RMSDless than 1.6 Å, with good correlations between experimental 

and calculated RDC values (Figures S2). 
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Figure 3. (A) Definition of orientation angles (θ, ϕ) of helical rigid body in the alignment 

frame. (B) (θ, ϕ) plot of cytoplasmic (Cyto, red) and transmembrane (TM, blue) domain 

orientations in the alignment frame. (C) Detailed orientation of TM and Cyto with each 

letter corresponding to (θ, ϕ) in (B). Different combinations of orientations result in 

different families (labeled in the bottom). 
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Figure 4. (A) Comparison between representative structures from each family refined 

from protocol II.  Sidechains of MTSSL label (yellow) and hydrophobic residues (A12 

and A13, orange) are shown and labeled. (B) ENOE and ERDC of the four families of 

structures from protocol II. (C). Similar to (A) except for  protocol III. (D) EPRE and ERDC 

of the three families of structures from protocol III. 
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When viewed in the alignment tensor frame (Figure 3C), 16 different solutions 

for two helical domain structures are resolved when only one alignment medium is used. 

A similar result has been obtained by Bax and co-workers67 for the monomeric subunit of 

KcsA solubilized in detergent micelles. For PLN, however, several of these solutions are 

degenerate, and the reason the structures could be groupedinto fourunique structural 

families (I, II, II and IV in Figure 5B). 

The solutions can be distinguished by analyzing the orientation angles (θ, ϕ) for 

each helical domain in the alignment tensor frame (Figure 3A) as well as the inter-helical 

angle χ (angle between domains Ia and II). For both the transmembrane (blue) and 

cytoplasmic (red) helices, the orientations correspond to the following angles: (θ, ϕ), (θ, 

π+ϕ), (π−θ, π −ϕ), and (π −θ, 2π −ϕ) (Figure 3B). The same solutions were found using 

theoretical equations by Wang and co-workers 21. The hydrophobic residues ofthe 

cytoplasmic domain Iaare approximately oriented toward the transmembrane domain for 

families I and II and away from it for families III and IV. As for the interhelical angle, 

family I hasaχangle of ~90°, while families III and IV display χ angles of ~70°. Family II 

has a nearly anti-parallel orientation between the two helical domains (χ~140°). This 

orientation is similar to the monomer unitobtained using RDCs for the bellflower model 

of pentameric PLN by Oxenoid and Chou68. 

 

Structural refinement with RDCs and PREs (protocol three). To reduce the 

degeneracy from the RDCsolutions and remove the translational degree of freedom 

between the two domains, we measured PRE distance restraints. Specifically, we 

implemented PRE distance restraints from MTSSL-PLN constructs. These restraints were 

included in the calculations using the convention introduced by Battiste and Wagner 
50(see Materials and Methods). To restrict the flexibility of the spin label, we used a 

dihedral angle potential (sinusoid potential) to restrict the χ1, χ2 and χ3 angles of the spin 

label, which have been identified to adopt defined values from crystal structures 69. 

Even with these long-range distances, families I, III and IV remained in the 100 

lowest energy structures. However, these three solutions can easily be distinguished 

based on the PRE energies (EPRE). In protocol two (RDC+NOE refinement), the four 
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families are energetically degenerate (ERDC and ENOE) (Figure 4A, B), while in protocol 

three, each of the three families clearly have different values of EPRE (Figure 4C,D). The 

structures within family I display the lowest PRE and NOE energies, and thus was 

selected as the final structure ensemble (Figure 5C), giving a backbone RMSD of~ 1.2 Å 

and good agreement with experimentalRDCs (Figures S4)and PREs(Figure S5). 

The energy differences between families I, III and IV is very small. In fact, this 

explains why structures blindly selected based on total energy (and not EPRE) cannot 

adequately decipher between the three families present. PREs were helpful, because the 

major differences between structural families was in the positioning and facing of the 

cytoplasmic helix. Only family I hadthe hydrophobic residues facing toward the 

transmembrane helix, i.e., facing the micelle interior (Figure 4C). As an attempt to 

further support our justification of using PRE energies to eliminate families III and IV, 

we tried to label PLN with MTSSL at a different position. When engineered at position 9 

(R9C-PLN), however, the spin label inserts into the hydrophobic core of the micelle 

(Figure S6C), while the backbone amide of R9C points toward the solvent (Figure S6D, 

Gd2+ quenching pattern). When the MTSSL is engineered, the long chain of MTSSL 

cross-linked to Cys 9  inserts in the detergent micelle (see quenching of the resonances in 

the transmembrane domain in Figure S6C), resulting in an incorrect positioning of the 

side chain and faulty interpretation of the structural topology of the protein. Therefore, 

the flexibility and hydrophobic nature of the MTSSL spin label calls for special care 

when engineering site-specific mutantsin membrane proteins when those sites are 

proximal to the membrane 70. 

 

Application to the PLN Pentamer. The structure of the PLN pentamer heavily 

relied on the use of RDCs in the structure refinement 68. In fact, monomer structures were 

built prior to assembly in the symmetric pentamer. In the monomer calculation, the 

alignment tensors (Da=9.00, R=0.33) were determined from singular value 

decomposition (SVD)71 using 15N-1H, 13C-15N and 13C’-13Cα RDCs. The alignment tensor 

was slightly different from the value in our monomer case. 
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Figure 5. Structure overlay of different ensembles AFA-PLN.  The overlay is done by 

overlaying backbone atoms from residues 24-50 using MOLMOL. (A) Protocol one: 

solution-only ensemble (20 monomers) with NOEs, torsion angles and hydrogen bonds. 

(B) Protocol two: RDC ensemble (15 monomers) with additional 1H-15N, 13C’-15N and 
13C’-13CαRDCs. Four families of structures result. (C) Protocol three: PRE ensemble (20 

monomers) that utilizeRDCs and PREs from MTSSL. 
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Figure 6. (A) Structure overlay of monomer structures using published RDC data from 

wt-PLN using non-symmetric tensor. (B) Orientation angles (θ, ϕ) of helical rigid body 

in the non-sysmmetric alignment frame. (C) Structure overlay of monomer structures 

using published RDC data from wt-PLN using symmetric tensor. (D) Orientation angles 

(θ, ϕ) of helical rigid body in the sysmmetric alignment frame. 
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A comparison of RDC restraints between the pentamer (Oxenoid and Chou68) and 

monomer (this paper) showed a good correlation (Figure S7), especially with the N-H 

RDCs. We then performed the similar structural calculation using their tensor values and 

data. Similarly we also obtained four degenerate solutions (Figure 6A, B) as in our AFA-

PLN monomer calculation. Without help from long-range distance PRE restraints, only 

one of the families was selected to build the high-resolution pentamer. 

Aside from the degeneracy issue, the choice of the tensor value is also debatable 

for a symmetric pentamer (or another symmetric oligomeric protein). It is well-known in 

the literature 15 that the symmetry axis should coincide with the long axes of the 

alignment tensor, resulting in R=0 (zero rhombicity). It was argued that non-symmetric 

tensor values could result from protein dynamics 68, however the dynamic averaging of 

RDCs needs to be interpreted using a dynamic ensemble rather than fitting data to an 

average structure. We performed structural calculations of the monomer using RDCs 

measured by Oxenoid and Chou 68 and implemented a symmetric tensor (R=0), as would 

be expected from a symmetric pentamer. The Da value was determined to be 6.5 using 

the methods described earlier (Figure S1). The structure analysis is shown in Figure 6C 

and D. Note that the φ angle does not have defined minima as in Figure 6B. This is also 

in agreement with a theoretical study, which showed that an infinite number of solutions 

existed for cases where R=0 17.  

 

Discussion 

To address the challenges of high-resolution structure determination of membrane 

proteins complexes in micelles, the classical NOE-driven approach has been 

supplemented with RDCs. However, internal protein dynamics and intrinsic degeneracy 

of the RDC solutions complicate the data interpretation, resulting in ghost orientations. 

Here, we show that the degeneracy problem can be addressed by supplementing RDC 

restraints with PREs from covalent attachment of the MTSSL spin label, which provides 

a fast and efficient method both for determination of membrane protein structure and its 

topology. 
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Figure 7. (A) Overlay of residues 31-52 from the micelle ensemble (Red) with the hybrid 

ensemble (Blue). (B) Plot of the interhelical angle (χ)with rotation angle of domain Ia 

(ρ)from the NOE-only ensemble (grey), RDC-degenerated families (f1-red, f2-cyan, f3-

green and f4-blue), pre ensemble (Red) and hybrid ensemble (Blue). The definitions of 

the χ and ρ angles are shown in the inset of panel B. 
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We applied this method to a small multi-domain membrane protein, PLN, which 

regulates the enzymatic activity of the SR Ca2+-ATPase in cardiac muscle. While 

structural biologists agree on the secondary structure content of PLN, there is an active 

debate about the topological arrangement of this protein in the lipid membrane. The 

structure calculations carried out with NOE based distance restraints do not provide for a 

high-resolution picture of PLN due to the lack of restraints between the helical domains. 

The correct orientation of the helical domains of PLN were selected manually based on 

the PRE data from Mn2+ and doxyl stearic acids 53. The introduction of RDCs improves 

the resolution of the ensemble, but exemplifies four different solutions, with ghost 

orientations of the cytoplasmic domain Ia. The combination of paramagnetic-based 

restraints PREs with RDCs and NOEs enabled us to resolve the orientation that agrees 

best with all available data. This solution (family I) is similar to the recently determined 

structural ensemble of monomeric PLN in lipids55, 72. This is not surprising since several 

recent reports have shown that the structures of membrane proteins in micelles are similar 

to those determined in lipid bilayers73. The slight discrepancy in the average rotation 

angles between the hybrid ensemble and that determined by combining NOEs, RDCs, 

and PREs (Figure 7) has several possible origins. First, there are several approximations 

used for the determination of the alignment tensor. Second, the cytoplasmic domain of 

PLN is rather dynamic51, 64 and our data treatment does not take this into account. Third, 

the non-planar surface of the micelle can cause bends and curvature to malleable domains 

of membrane proteins and peptides46, 74. Last, RDC provides information of bond 

orientations with respect to three alignment tensor axes in a non-symmetric tensor. 

PISEMA only encodes bond orientations with respect to one of the tensor axis (z axis), 

similar to RDC with a symmetric tensor. Moreover, as with all the NMR parameters, the 

PREs are affected by protein dynamics75 and our approach does not take into account 

these effects. 

Since the studies of membrane proteins in detergent micelles are likely to 

continue to offer insightful information, we conclude that for multidomain membrane 

proteins the use of RDCs is not sufficient to define their conformational space and 

topology. Rather, orientational restraints need to be supplemented with long-range 
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paramagnetic restraints from spin labels covalently linked to proteins to uniquely define 

their topology32, 76. 

Finally, we would like to point out that this paper address only the geometric 

ambiguities derived from RDCs. In fact, intrinsic dynamics complicates the use of both 

PRE and RDC for structure determination. To overcome these problems, molecular 

dynamics methods are being developed to for the variability of alignment tensors 77, 78 as 

well as for the modulations of the PRE effects on long-range interactions75, 79. A more 

comprehensive approach for flexible domains of membrane proteins would require the 

combined use of PRE and RDCs using ensemble molecular dynamics methods75.  
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Supporting Information 

 

Structure calculation 

In the first protocol, we started from a fully extended structure of PLN and carried 

out simulated annealing calculations starting at 6000 K and cooled to 0 K in Cartesian 

and torsion-angle space. The NOEs were modeled using a soft-square potential with a 

force constant ramping from 2 to 50 kcal Å-2, while torsion angles were restrained by a 

square-well potential with a force constant of 200 kcal rad-2. In addition, the torsion angle 

database potential ‘RAMA’ was used to bias the conformational search in the most 

allowed regions of the Ramachandran plot. 

For the second protocol, residual dipolar coupling data were introduced during the 

lower temperature simulated annealing (3000 K) starting from the folded PLN structures 

obtained from protocol 1. The system was cooled down to 0 K with a cooling rate of 5 

K/step using 4000 steps of internal dynamics and 4000 steps of Cartesian dynamics. Only 

RDCs derived from residues in the helical regions with order parameters were used (S2> 

0.6). The force constants for RDC restraints were ramped from 0.05 to 0.5 kcal Hz-2, 

which is determined by compromising RDC agreement and geometrical penalties. After 

obtaining the tensor magnitude, onlytensor orientations were allowed to vary during the 

internal dynamics and Cartesian dynamics.  

For the third protocol, additional MTSSL derived distance restraints are added to 

the restrains used in the second protocol. The MTSSL restraints were imposed by a force 

constant ramped from 2 to 50 kcal Å-2. The parameter and topology files for MTSSL 

were taken from the library available in XPLOR-NIH.  All the calculations were 

performed on a Linux cluster at the Minnesota Supercomputing Institute. 
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Figure S1. The (Da, R) clustering (black) of structures refined with NOE and RDCs with 

variable tensor magnitude. Structures with Da> 0 and R> 0.4 are selected for further 

structural calculation and analysis (red). 
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Figure S2.  RDC R factors and energy value as functions of force constant used in the 

simulated annealing. The force constant for RDC was ramped from 0.25 kcal mol-1 Hz-2 

to 4.5 kcal mol-1 Hz-2, while the force constants for other energy terms such as NOEs and 

torsion angles were fixed. RDCs are modeled using flat-well potentials and the relative 

weight between 1H-15N, 13C’-15N and 13C’-13Cα was set to be 1:1:1. The energy values 

are summations from different terms in Equation 1 other than RDCs and the magnitude 

indicates penalties from other solution NMR data (NOEs and torsion angles) and ideal 

geometry (bond, angle etc.). 
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Figure S3. Correlation of experimental versus calculated RDCs of RDC ensemble family 

I,II, III and IV (15 monomers). Experimental errors of 0.5 Hz, 3.0 Hz and 4.5 Hz are used 

for 13C’-15N (A), 13C’-13Cα (B) and 1H-15N (C) respectively. 
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Figure S4. Correlation of experimental versus calculated RDCs from PRE ensemble (20 

monomers). Experimental errors of 0.5 Hz, 3.0 Hz and 4.5 Hz are used for 13C’-15N (A), 
13C’-13Cα (B) and 1H-15N (C) respectively. 
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Figure S5. Correlation of experimental distances obtained from PREs (A24C MTSSL in 

black and L7C MTSSL in red) with calculated distances measured from the PRE 

ensemble (20 monomers). Experimental errors of 4 Å are plotted and calculated distances 

are shown with average and one standard deviation. 
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Figure S6. (A) Cartoon representation of R9C-MTSSL labeled AFAPLN in a simplified 

micelle model. The model is supported PRE data from NMR (B). The PRE quenching 

pattern in (C) indicates that the hydrophobic spin label prefers to insert to the micelle, 

quenching deeply inserted residues around 35. The Gd2+ quenching, however, showed 

that the cytoplasmic domain lays on top of the micelle with preferential orientation for 

the hydrophobic residue (such as LEU7) and hydrophilic residues  (such as ARG13). 
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Figure S7. Comparison of the N-H, Ca-Co and N-Co RDCs of AFA-PLN (monomer, 

red) with those of wt-PLN (pentamer, black) by residue number (left), with their 

correlations shown on the right. 
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Table S1. NMR and Structural Refinement Statistics 

 
 NOE+DIHE RDC Ensemble PRE Ensemble 

Family I Family 
II 

Family 
III 

Family 
IV 

R.m.s. deviations from experimental restraints       

NOE/H-bond (Å) (431) 0.058 0.043 0.043 0.043 0.043 0.047 

Torsion angle (º) (38) 0.072 0.739 0.724 0.746 0.741 1.160 

MTSL PRE (Å) (43) N/A N/A N/A N/A N/A 0.039 

       
RDC R-factors (%)       

1DNH (33) N/A 10.23 10.19 9.20 9.88 10.68 

1DNC’ (36) N/A 22.04 22.16 21.97 22.13 23.55 

1DCCA (33) N/A 24.75 22.68 25.33 25.09 25.86 

       
R.m.s. deviations from idealized covalent 
geometry 

      

Bond (Å) 0.003 0.005 0.005 0.005 0.005 0.005 

Angle (º) 0.397 0.655 0.647 0.648 0.650 0.736 

Impropers (º) 0.278 0.629 0.612 0.619 0.621 0.684 

       
Measure of structural quality       

% Residues in most favored region 92.5 90.7 91.7 87.1 90.1 85.3 

%Residues in additional allowed region 7.5 9.1 7.5 12.3 9.6 10.2 

%Residues in generously allowed region 0 0.2 0.8 0.6 0.3 4.5 

%Residues in disallowed regions 0 0.0 0.0 0.0 0.0 0.0 

       
Precision of atomic coordinates (Å)       

Backbone all (3-50) 4.402 1.6 1.5 0.9 0.9 1.6 

Helix1 (residue 3-18) 0.621 0.2 0.1 0.1 0.1 0.2 

Helix 2 (residue 24-50) 0.657 0.5 0.3 0.3 0.3 1.0 

       

All the statistics were carried using Xplor-NIH software package {{219 Schwieters,C.D. 2003; }}. Ramachandran 
analysis was carried out using PROCHECK_NMR ("Laskowski R A, MacArthur M W, Moss D S & Thornton J M 
(1993). PROCHECK: a program to check the stereochemical quality of protein structures. J. Appl.  Cryst., 26, 283-
291."). Atom superposition was carried out using MOLMOL (Koradi, R., Billeter, M., & Wuthrich, K. MOLMOL: a 
program for display and analysis of macromolecular structures. J Mol Graphics, vol. 14, pp. 51-55). 
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Distinctin is a 47-residue antimicrobial peptide, which interacts with negatively 

charged membranes and is active against Gram-positive and Gram-negative bacteria. Its 

primary sequence comprises two linear chains of 22 (chain 1) and 25 (chain 2) residues, 

linked by a disulfide bridge between Cys19 of chain 1 and Cys23 of chain 2. Unlike other 

antimicrobial peptides, distinctin in the absence of the lipid membrane has a well-defined 

three-dimensional structure, which protects it from protease degradation. Here, we used 

static solid-state NMR spectroscopy in mechanically aligned lipid bilayers (charged or 

zwitterionic) to study the topology of distinctin in lipid bilayers. We found that this 

heterodimeric peptide adopts an ordered conformation absorbed on the surface of the 

membrane, with the long helix (chain 2), approximately parallel to the lipid bilayer (~5º 

from the membrane plane) and the short helix (chain 1) forming a ~24º angle with respect 

to the bilayer plane. Since the peptide does not disrupt the macroscopic alignment of 

charged or zwitterionic lipid bilayers at lipid-to-protein molar ratio of 50:1, it is possible 

that higher peptide concentrations might be needed for pore formation, or alternatively, 

distinctin elicits its cell disruption action by another mechanism. 



 
250 

Introduction 

Naturally occurring anti-microbial peptides (AMPs) are becoming a new weapon 

in the fight against bacterial drug resistance [1-7]. Traditional approaches for the 

treatment of bacterial infections rely on the use of compounds that become quickly 

ineffective due to the genetic plasticity of pathogenic microorganisms. AMPs represent a 

promising alternative to common antibiotics because of their ability to directly interact 

with the bacterial membrane causing cell lysis [1-3]. Resistance to AMPs is an unlikely 

event since it would imply severe modification of the lipid composition and architecture 

of the cell membrane. 

Multicellular organisms produce AMPs as a defense against microbial pathogens. 

AMPs have been isolated from fungi, insects, amphibians, mammals and plants [4], with 

their expression triggered as a response to external stress or alternatively secreted from 

storage by superficial glands [8]. Due to their impact on pathogenic cells, they have also 

been shown to be effective against tumors, HIV infection, and pulmonary infections, as 

well as a role in modulating the immune system [4]. Over the past few decades, there 

have been many studies aimed at isolating and characterizing novel AMPs peptides with 

the potential to be used as new therapeutic agents against bacterial infections [5]. These 

studies have shown that AMPs do not possess any common amino acid motif, but do 

share some common structural features, including the presence of an amphipathic helix 

[9]. Several models have been proposed to explain how AMPs interact with bacterial 

membranes to cause cell lysis, although the molecular details on the mechanism of action 

have proved extremely challenging to elucidate [4, 10]. This is largely due to difficulty in 

studying these peptides in the presence of lipid membranes with conventional techniques 

such as X-ray crystallography.  

Because of the potential therapeutic use of antimicrobial peptides, it is 

fundamental to understand the structural details of peptide/membrane interactions in 

order to design more specific and potent variants [11]. Solution NMR spectroscopy has 

been applied to a myriad of small and medium size antimicrobial peptides [12-17], giving 

important insights into the mechanism of insertion into micelles. However, micellar 

systems are only a coarse approximation of membrane bilayers; synthetic lipid bilayers 

(vesicles or planar bilayers) are the preferable system to test lipid/peptide interactions. 
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The large size of the lipid/peptide complexes requires solid-state NMR (ssNMR) 

techniques. Specifically, ssNMR spectroscopy of peptide and proteins in mechanically 

and magnetically aligned lipid bilayers is able to provide structural and dynamic 

information [18-20]. First, it is possible to measure the degree of lipid bilayer alignment 

using 31P NMR spectroscopy [21]. Second, the orientation of peptide planes using 

selective or uniformly 15N or 13C labeled proteins can be determined [18, 22]. As a result, 

it is possible to interpret the changes in topology of these proteins by following the 

perturbations to chemical shifts. Recent reports summarize the application of these 

methods to small membrane proteins as well as antimicrobial peptides [22-27].  

In this work, we analyzed the topology of distinctin in both zwitterionic and 

charged oriented lipid bilayers by ssNMR spectroscopy. Distinctin is an antimicrobial 

peptide extracted from Phyllomedusa distincta, a tree frog that lives in the forests of 

Brazil [28]. It is active against Gram-positive and Gram-negative bacteria, but shows 

very little hemolytic activity against human erythrocytes [28, 29]. In a recent study [30, 

31], distinctin was shown to be effective in the treatment of a severe staphylococcal 

infection (sepsis) in a murine model, underlying the potential role of this novel peptide 

for therapeutic purposes. These researchers found that distinctin can be associated with 

other antibiotic compounds, reducing the number of infections drastically [30].  

Compared to other well-studied AMPs, distinctin presents some interesting 

peculiarities. It is a heterodimer composed of two polypeptide chains: chain 1 (22 

residues) and chain 2 (25 residues) linked by a disulfide bridge between Cys-19 of chain 

1 and Cys-23 of chain 2(Figure 1A). Solution NMR studies in aqueous environment 

revealed that both chains are amphipathic a-helices (Figure 1B). It was also shown that 

distinctin, unlike other antimicrobial peptides, adopts a well-folded conformation in 

aqueous buffer, with a parallel four-helical bundle (Figure 1C) [29, 31]. This 

conformation confers an increased stability and a marked resistance to proteolytic 

degradation [29].   
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Figure 1. (A) Amino acid sequence of distinctin heterodimer. 15N labeled amino acids 

are highlighted in blue. Residue Cys-19 of chain 1 and Cys-23 of chain 2 are involved in 

a disulfide bridge. (B) Helical wheel plots showing the amphipathic nature of each chain. 

Hydrophobic residues are in red. (C) Three-dimensional structure of distinctin in aqueous 

buffer [29]. The four-helical bundle is stabilized by hydrophobic interactions of the 

residues, forming a hydrophobic core in the interior of the structure.  
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When incorporated into phosphatidylcholine/phosphatidylethanolamine planar 

bilayers, distinctin gave rise to voltage-dependent behavior typical of ion-channel 

formation [29]. Addition of negatively charged phosphatidylserine to the lipid 

preparations did not change this behavior, suggesting that the membrane composition 

does not play a major role in distinctin’s function. Based on these data, different 

structural models were built to describe the pore formation in membranes. Molecular 

dynamics calculations based on structural and conductivity data suggested that distinctin 

could form pentameric pores in membranes with at least one of the helices crossing the 

lipid bilayer [31].  

Recently, the topological preferences of distinctin in zwitterionic lipid bilayers 

were investigated by Bechinger and co-workers [32]. Using a combination of site specific 

labels (15N and 2H) and ssNMR spectroscopy, these researchers showed that distinctin in 

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid bilayers adopts an 

orientation with the two helical domains approximately parallel to the surface of the 

bilayers. This orientation is persistent both at lipid:protein ratios of 100:1 and 250:1. 

Although acquired in the absence of charged lipids and lipid:protein ratios higher than the 

limits observed for the formation of putative ion channels, the data from Bechinger and 

co-workers [32] do not support the mechanism of action proposed by Dalla Serra et al. 

[31].   

In order to shed light on the topology of distinctin in charged and zwitterionic 

lipid membranes and its mechanism of action, we used 31P and 15N ssNMR spectroscopy 

in mechanically aligned lipid bilayers. We found that distinctin is absorbed on the surface 

of the lipid bilayers and that the charge of the lipid headgroups does not perturb its 

topology.  

Materials and Methods 

Peptide Synthesis. Distinctin peptide chains were independently synthesized by 9-

flourenyl-methoxycarbonyl solid-phase chemistry as previously described [29]. Four 

different samples of distinctin labeled with 15N at the amide nitrogen were prepared: a) 

Phe-9 of chain 1 b) Ala-9 of chain 2 c) Ala-11-Leu-12-Ile-13-Leu-16 of chain 1 and d) 

Gly-5-Leu-6-Tyr-12-Leu-13 of chain 2. For the 15N isotopic enrichment, Fmoc-15N-Phe-

OH, Fmoc-15N-Ala-OH, Fmoc-15N-Leu-OH, Fmoc-15N-Ile-OH, Fmoc-15N-Gly-OH, and 
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Fmoc-15N-Tyr-OH (Sigma-Aldrich, St. Louis, MO) were used. To form the disulfide 

bond, the two peptide chains, dissolved in basic aqueous solution, were slowly mixed and 

dried under air flow [29]. All peptides were purified by reversed phase HPLC (98% 

purity) with the molecular masses confirmed by MALDI-TOF mass spectrometry (m/z 

5482). 

Solid-state NMR sample preparation. Forzwitterionic lipid bilayers, we used 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1,2-dioleoyl-sn-glycero-3-phospho-

ethanolamine (POPC/DOPE); while for charged bilayers we used 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine/1,2-dioleoyl-sn-glycero-3-phosphate (POPC/DOPA) lipid 

mixtures. Briefly, a stock solution of 1 mg/mL in doubly distilled H2O (ddH2O) of each 

distinctin sample was prepared and kept at -20 ºC. For mechanically aligned samples, a 

mixture (4:1 mol:mol) of POPC:DOPE or a mixture (1:1) of POPC:DOPA from Avanti 

Polar Lipids (Alabaster, AL) was dried from chloroform in a glass vial to a thin film; then 

ddH2O (0.2% w/v) was added to the dried lipids and the resulting suspension was 

extruded ten times through a polycarbonate filter (Millipore, Billerica, MA) with 0.05 µm 

pore diameter using a Lipex extruder (Northern Lipids, Inc., Vancouver, BC, Canada). 

Ten passes were necessary to ensure that small unilamellar vesicles (SUVs) of 

homogeneous size were obtained. The suspension of SUVs was concentrated to 2 mL 

using an Amicon ultra-concentrator with a 10 kDa cutoff membrane. Distinctin was 

added to the lipids and the mixture was stirred for two hours at 25 ºC. The mixture was 

then transferred onto 25 glass plates (5.7 mm × 12 mm × 0.030 mm; Marienfeld GmbH, 

Lauda-Königshofen, Germany) with water slowly evaporated by incubation for four 

hours at 40 ºC. The plates were stacked, rehydrated for 96 hours in a humidity chamber to 

reach the liquid-crystalline phase, and finally sealed in a glass cell. POPC:DOPE samples 

of Ala-9 and Phe-9 were prepared with a final lipid/protein (L:P) ration of 200:1, whereas 

distinctin labeled at chain 1 (Ala-11-Leu-12-Ile-13-Leu-16) and distinctiin labeled at 

chain 2 (Gly-5-Leu-6-Tyr-12-Leu-13) were reconstituted at a L:P ratio of 50:1. For the 

POPC/DOPA sample of Ala-9, the L:P ratio was 50:1. 

Solid state NMR spectroscopy. All spectra were acquired on a Varian 

spectrometer operating at field strength of 14.1 T (1H frequency of 600.1 MHz). 31P 

single pulse experiments were performed for all the samples in order to evaluate the 
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macroscopic orientation of the lipid bilayers [21]. A doubly tuned flat coil probe (Varian 

Inc., Palo Alto, CA, BioStaticTM) was used with the temperature for all experiments 

regulated at 5 ºC. The following parameters were used: spectral width 100 kHz, 

acquisition time 5 ms, recycle delay time of 4 s, SPINAL64 [33] decoupling field 

strength of 50 kHz, and a 90º pulse length of 6 µs. All spectra were processed with a 50 

Hz line broadening window function. For each 31P spectrum, a total of 64 scans were 

collected and zero filled to 2048 points. 
15N cross-polarization (CP)spectra of static aligned samples were acquired 

withthe same low-E double resonance flat-coil probe (Varian Inc., Palo Alto, CA) using 

the following parameters: spectral width 100 kHz, acquisition time 5 ms, CP contact time 

1 ms, a SPINAL64 heteronuclear decoupling [33] field strength of 50 kHz, and 5 µs 1H 

90º pulse length. For each spectrum, a total of 24,000-56,000 scans were recorded and 

zero filled to 2048 points with a 100 Hz line broadening window function applied. The 

two-dimensional 15N chemical shift/1H-15N dipolar correlations were acquired using the 

SAMPI4 experiment [34] with 6,400-7,200 scans in the direct dimension and 8-10 

increments used to evolve the dipolar coupling. All of the spectra were referenced to the 
15NH4Cl signal solid (41.5 ppm) as an external standard. 

 

Results and Discussion 

The first step in the present study was to assess the effect of different 

concentrations of distinctin peptide on the planarity of the lipid bilayers. Figure 2 shows 
31P spectra of mechanically aligned POPC/DOPE lipid bilayers in the presence of 

distinctin at 200:1 L:P molar ratio. The presence of a single peak at ~30 ppm is indicative 

of well-aligned lipid bilayers with the normal parallel to the external magnetic filed. This 

is consistent with a recent report by Bechinger and co-workers [32] that shows no effect 

of distinctin peptide on the alignment of zwitterionic (POPC) lipid bilayers. Since 

distinctin interacts more strongly with membranes containing charged lipids (PA, PS, and 

PG) [29, 31], we investigated the effects of charged lipids by adding DOPA to the lipid 

preparations up to a molar ratio of 1:1, POPC:DOPA.  
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Figure 2. (A) and (C) One dimensional cross-polarization spectra of 15N Ala-9 (chain 2) 

and 15N Phe-9 (chain 1) distinctin, respectively in POPC/DOPE (4:1 mol:mol) at 200:1 

lipid:protein. (B) and (D) One dimensional 31P spectra of aligned lipid bilayers for 15N 

Ala-9 (chain 2) and 15N Phe-9 (chain 1) distinctin, respectively. Asterisks indicate natural 

abundance 15N from lipid head groups. 
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Both the presence of the charged lipid and the low lipid:peptide ratio used (up to 

50:1) did not cause a disruption of the lipid bilayers. Figure 3A shows the presence of a 

single resonance at ~30 ppm, confirming the macroscopic orientation and integrity of the 

lipid bilayer. These data are consistent with the static 31P experiments carried out in lipid 

vesicles under the same lipid composition (POPC:DOPA) and lipid:peptide molar ratio 

(50:1) [29]. In those experiments, no changes in the 31P powder pattern were detected, 

ruling out detergent-like mechanism of action of distinctin or other major perturbations of 

the lipid membranes.  

In order to ascertain the ability of each distinctin chain to penetrate the membrane, 

several selectively 15N labeled samples were prepared (Fig. 1A). The 15N chemical shift 

of amide groups in helical segments is very sensitive to the orientation of the amide 

group with respect to the external magnetic field, which in our experimental set-up is 

collinear with the membrane normal. Qualitatively, chemical shifts greater than 200 ppm 

indicate that the helix is nearly perpendicular to the lipid bilayer plane (transmembrane). 

Conversely, chemical shifts smaller than 100 ppm entail that the helix is almost parallel 

to the membrane plane. Shifts around ~110-120 ppm are usually indicative of isotropic or 

disordered regions of the protein.  

Figure 2A and 2C show the proton decoupled cross-polarization spectra for the 

two singly labeled distinctin samples (15N Phe-9 of chain 1 or 15N Ala-9 of chain 2) in 

POPC/DOPE bilayers at a lipid:peptide molar ratio of 200:1. Assuming both distinctin 

chains are in a helical configuration, the Ala-9 amide nitrogen shift of ~72 ppm 

corresponds to an almost parallel orientation of chain 2 with respect to the membrane 

plane, while Phe-9 resonates at 92 ppm, also indicating a parallel configuration for chain 

1. The slight change in chemical shift can be attributed to a somewhat altered tilt angle of 

chain 1 with respect to chain 2, a different relative position of Phe-9 on the helical wheel, 

or alternatively, a difference in dynamics between chain 1 and chain 2, which would 

cause a scaling of the chemical shift toward the isotropic value (~110-120 ppm). The 

extra peak at ~30 ppm present in the Phe-9 spectrum can be assigned to the natural 

abundance 15N of the phospholipid head-groups [35]. 

The experiments were repeated in POPC/DOPA oriented lipid bilayers. Figure 

3B shows the proton decoupled cross-polarization spectrum of 15N Ala-9 (chain 2). In 
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this case, we were able to reach a L:P molar ratio of up to 50:1, without disturbing the 

macroscopic orientation of the lipid bilayer (see Figure 3A). Predictably, the signal-to-

noise ratio of this 15N spectrum is much higher than the previous spectra obtained at 

200:1 molar ratio. However, the chemical shifts did not change substantially (~74 ppm 

for distinctin in POPC/DOPE at L:P of 200:1 and ~72 in POPC/DOPA at L:P of 50:1). 
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Figure 3. (A) 31P spectrum of POPC/DOPA (1:1 mol:mol) containing 15N Ala-9 

(chain 2)  distinctin at 50:1 lipid:peptide; (B) 15N proton decoupled cross-polarization 

spectrum of 15N Ala-9 (chain 2)  distinctin at 50:1 lipid-to-peptide. 
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This demonstrates that the addition of the DOPA in the lipid preparations does not 

substantially modify the topological orientation of distinctin. The higher concentration of 

peptide reached under these conditions made it possible to carry out a two-dimensional 

separated local field experiment that resolves 15N chemical shifts with 1H-15N dipolar 

couplings. Given the predicted orientation based on 15N chemical shifts, we opted for the 

SAMPI4 experiment, which has a smaller 1H offset dependence on the measured dipolar 

coupling values [37]. Figure 4B shows the SAMPI4 spectrum of Ala-9 in mechanically 

oriented POPC/DOPA lipid bilayers. The measured dipolar coupling for Ala-9 is 2.0 

kHz, a value typical of well-structured alpha helix absorbed on the lipid bilayer surface 

[38]. In order to ensure homogeneity of our sample preparations, we show the solution 

NMR [1H,15N]-HSQC spectrum of Ala-9 15N labeled distinctin in phosphate buffer at 

37ºC in Figure 4A, indicating homogenous linewidths and the isotropic chemical shift 

values for both 1H and 15N of Ala-9. 

To determine the topology of the distinctin heterodimer more accurately, two 

other samples were prepared: 1) 15N labels at Ala-11, Leu-12, Ile-13, Leu-16 of chain 1 

and chain 2 unlabeled (Distinctin1) and 2) 15N labels at Gly-5, Leu-6, Tyr-12, Leu-13 of 

chain 2 and chain 1 unlabeled (Distinctin2).  
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Figure 4. (A) Solution NMR [1H,15N]-HSQC spectrum acquired in phosphate buffer 

pH=6.5, showing the isotropic chemical shift of the 15N Ala-9 (chain 2) distinctin. (B) 

Solid-state NMR [1H,15N]-SAMPI4 spectrum of 15N Ala-9 (chain 2) distinctin 

reconstituted in oriented POPC/DOPA lipid bilayers.  
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Both samples were reconstituted in POPC/DOPE lipid bilayers at a L:P ratio of 

50:1. Figures 5A and 5B show the SAMPI4 spectra of Distinctin1 and Distinctin2, 

respectively. Distinctin1 has four resolved resonances ranging from ~75 to ~110 ppm. 

The four resonances are well dispersed in the nitrogen dimension, indicative of slightly 

tilted orientation of the helical axis.  

Distinctin2, corresponding to the longer chain, presents only two clearly resolved 

resonances at ~74 and ~86 ppm, which were assigned to Tyr-12 and Leu-13, respectively. 

Although the sample had four labeled sites, two of them (Gly-5 and Leu-6) are located at 

the beginning of the a-helix [29], therefore highly dynamic resulting in inefficient cross-

polarization. In contrast, the more structured residues Tyr-12 and Leu-13 are efficiently 

cross-polarized in the SAMPI4 specturm. 

In order to determine the tilt and rotation angles of the two distinctin chains in 

lipid bilayers more quantitatively, we implemented the chemical shift anisotropy values 

in the simulated annealing protocol according to Shi et al. [39] and refined the published 

solution structure of the distinctin heterodimer [29]. After refinement, the anisotropic 

chemical shifts for each residue were back-calculated from the energy minimized 

structure. Figure 6A and B show the results calculated from the minimized structures 

(black traces) and the experimental values determined by oriented solid-state NMR (red 

points). Almost all of the experimental points are within the error of ± 5 ppm, following 

the periodic pattern typical of a-helices [40-44]. By fitting the chemical shift values we 

obtained tilt angles of ~24º and 5º with respect to the bilayer plane, for chains 1 and 2, 

respectively.  
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Figure 5. SAMPI4 spectra of distinctin 15N selectively labeled at (A) Ala-11, Leu-12, Ile-

13, Leu-16 of chain 1 and (B) Gly-5, Leu-6, Tyr-12, Leu-13 of chain 2. 
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To elicit antimicrobial activity (cell lysis), the two distinctin amphipathic helices 

need to interact strongly with bacterial membranes. This interaction is modulated by 

negatively charged lipids (DOPA1,2-dioleoylphosphatidylglycerol, phosphatidylinositol 

and phosphatidylserine) [29, 31]. However, our measurements show that lipid 

interactions occur even with the neutral lipids POPC and DOPE [31], without disrupting 

the lipid membranes. At a molar ratio of 50:1, the peptide is still absorbed on the surface 

of the membrane and there is no evidence of a transmembrane orientation of the longer 

distinctin chain (chain 2). This would support a “carpet-like” model of interaction with 

lipid bilayers [4]. 

A possible reconciliation of these observations is that distinctin might adopt a 

mixed mechanism of action between two extremes represented by the all-or-none [47, 

48] and graded[9]antimicrobial mechanisms, an intermediate situation that Almeida and 

co-workers defined as the “grey zone” [9]. In other words, while distinctin may form 

transient pores even at lower concentrations, there is a substantial population of the 

peptide present on the surface of the lipid membrane, which is absorbed in a “carpet-like” 

fashion (see Figure 7). Increases in peptide concentration may drive the system to the 

formation of more organized structures similar to pores [31]. This ambivalence of 

distinctin may find a justification in its affinity for both zwitterionic and charged lipids. 

The latter does not fully justify the selectivity of distinctin for bacterial membranes 

versus erythrocytes and suggests that more experiments for the characterization of the 

thermodynamics and kinetics of membrane binding of distinctin need to go along with 

the structural studies in order to elucidate the mechanism of action of this important 

peptide. 
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Figure 6. Calculated (black circles) and experimental (red circles) chemical shift 

anisotropy of distinctin chain 1 (A) and distinctin chain 2 (B). Error values in the 

experimental values are ± 5ppm. The chemical shift of Leu-16 in chain 2 is taken from 

ref [32]. Refined molecular structures of distinctin chain 1 (C) and chain 2 (D) obtained 

using the energy minimization protocol of Shi et al. [41].  
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Figure 7. Proposed model of distinctin interacting with cell membranes: (A) in the 

soluble form, distinctin forms well-structured helical bundle (dimer of dimers) that are 

resistant to proteases, (B) The helical bundle deoligomerizes in the presence of the 

membrane to interact with the surface of the lipid bilayer; (C-F) aggregation of the 

peptide on the surface of the bilayer, and possible models to explain the channel-like 

behavior. 
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Conclusions 

In conclusion, we report the ssNMR investigation of the distinctin peptide in three 

model membranes. We found that this peptide is absorbed on the surface of either 

zwitterionic or negatively charged lipid bilayers at a peptide to lipid ratio as high as 50:1. 

In agreement with previous studies [31], 31P spectra show that these high peptide 

concentrations do not disrupt model lipid bilayers (POPC/DOPE or POPC/DOPA). Two 

dimensional 15N chemical shift/ 1H,15N dipolar correlation spectra of several residues in 

chain 1 and chain 2 show a dipolar coupling of ~4.0 kHz, confirming that distinctin, 

behaves as a typical amphipathic peptide, with the helical domains absorbed on the 

surface of the membrane and the helical axes approximately perpendicular to the normal 

of the membrane. In particular, the short chain 1 has a tilt angle of ~24º with respect the 

plane of the bilayer, whereas chain 2 is almost parallel (~5º). Taken with the recent 

electrochemical data on single-channel conductivity [29], this study suggests a mixed 

mechanism of action of distinctin, which is intermediate between the all-or-none and 

graded antimicrobial mechanism identified by Almeida et al. [9].Even at low 

concentrations, distinctin can form stochastic pores that justify the ion conductivity; 

however, the peptide has high propensity to interact with the lipid membranes in a carpet-

like topology.  

Finally, our ssNMR investigation was carried out in mechanically aligned lipid 

bilayers spread onto glass plates. Although this system is widely employed in the 

structural biophysics of membrane proteins, further studies on distinctin with model 

membranes having a higher degree of hydration are preferable. The latter will be part of 

our future endeavors.  
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LL-37 is the only cathelicidin-derived polypeptide found in humans. Its eclectic 

function makes this peptide one of the most intriguing chemical defense agents, with 

crucial roles in moderating inflammation, promoting wound healing, and boosting the 

human immune system. LL-37 kills both prokaryotic and eukaryotic cells through 

physical interaction with cell membranes. In order to study its active conformation in 

membranes, we have reconstituted LL-37 into dodecylphosphocholine (DPC) micelles 

and determined its three-dimensional structure. We found that under our experimental 

conditions, this peptide adopts a helix-break-helix conformation. Both the N- and C-

termini are unstructured and solvent exposed. The N-terminal helical domain is more 

dynamic, while the C-terminal helix is more solvent protected and structured (high 

density of NOEs, slow H/D exchange). When it interacts with DPC, LL-37 is absorbed 

on the surface of the micelle with the hydrophilic face exposed to the water phase and the 

hydrophobic face buried in the micelle hydrocarbon region. The break between the 

helices is positioned at K12 and is probably stabilized by a hydrophobic cluster formed 

by I13, F17, and I20 in addition to a salt bridge between K12 and E16. These results 

support the proposed non-pore carpet-like mechanism of action, in agreement with the 

solid-state NMR studies, and pave the way for understanding the function of the mature 

LL-37 at the atomic-level. 
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Introduction 

The increasing bacterial resistance to conventional antibiotic compounds is an 

urgent problem to be addressed.  Natural antimicrobial peptides are one of the first 

evolved chemical defense mechanisms of eukaryotic cells against bacteria, protozoa, 

fungi, and viruses (1, 2).  The broad spectrum antibacterial activity, high selectivity, and 

the disruption of bacterial cell membranes exhibited by hundreds of antimicrobial 

peptides suggest that these molecules are potentially useful as antibiotics;  therefore, it is 

important to investigate their structure and function at high resolution in order to increase 

their potency and selectivity.  Interestingly, there is no amino acid sequence homology 

among these peptides.  On the other hand, their ability to interact with lipid membranes 

depends highly on their secondary and tertiary structures.  Therefore, high-resolution 

structures of these peptides in a suitable membrane environment are essential to 

understand their mechanism of action.  While X-ray crystallography can be used to solve 

the structures of these peptides when they can be prepared as a single crystal, it is 

difficult to obtain a single crystal of these short AMPs in a membrane environment.  

Therefore, solid-state NMR spectroscopy in lipid bilayers and solution NMR 

spectroscopy in micelles are the most suitable techniques to solve the structures of AMPs 

at high resolution.  In this study, we have solved the high-resolution structure of the only 

cathelicidin-derived human antimicrobial peptide, LL-37, using solution NMR 

spectroscopy in detergent micelles.   

Cathelicidins are a well-known family of structurally diverse antimicrobial 

peptides that are linked at the carboxyl terminus to a 15-18 kDa highly conserved 

cathelin-like domain (cathepsin L inhibitor) (3).  LL-37 is expressed as a pro-peptide 

(hCAP18) within neutrophils and testes and then cleaved into a 4.5 kDa mature peptide. 

The primary sequence of LL-37 is reported in Figure 1. LL-37 has cytotoxic activity 

against both Gram positive and Gram negative bacteria, demonstrating synergistic effects 

with lactoferrin and human defensin HNP-1. Electron micrographs of bacteria exposed to 

LL-37 show typical cell death profiles, with membrane blebbing and lysis at the peptide 

minimal inhibitory concentration (MIC). However, for some eukaryotic cell lines LL-37 

displays a cytotoxicity at MIC greater than 5 times that of the bacterial cells. 
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LL-37 has also been detected in human wounds and blister fluids, and more 

recently the gene coding for LL-37 was found to be induced in human keratinocytes 

during inflammation (4, 5, 6). LL-37 may play a critical role in cystic fibrosis 

remediation, where inactivation of human b-defensin-1 compromises the innate immunity 

of the lung, leading to frequent bacterial infections (7). Under these pathologic 

conditions, LL-37 is able to restore normal levels of P. aeruginosa and S. aureus killing 

(8, 9). More recently Söderlund and co-workers evaluated the ability of LL-37 to inhibit 

HIV-1 infection in vitro (10). These researchers found that LL-37 inhibits HIV-1 

replication in primary CD4(+) T cells, showing that this peptide may contribute to the 

local protection against HIV-1 infection. All these biological data suggest that LL-37 

function may extend beyond its antimicrobial activity, including wound healing, 

chemotactic attraction of leukocytes, and modulation of the inflammatory response (11). 

More details on various biological functions and physicochemical properties of this 

intriguing molecule are well covered in a recently published review article by Durr et al 

(11). 

Unlike defensins, LL-37 retains a broad-spectrum bactericidal activity with a high 

rate of microbial killing at both physiological and elevated salt concentrations. In 

addition, LL-37 is devoid of disulfide bridges and forms stable oligomers protected from 

proteolytic degradation. Unlike other antimicrobial a-helical amphipathic peptides, LL-37 

binds and permeates both zwitterionic and negatively charged membranes and is resistant 

to proteolysis when bound to phospholipids either in monomeric or oligomeric states. 

These features make LL-37 an excellent lead for drug design. Using a minimalist 

approach, several groups studied truncated versions of LL-37 with the goal of improving 

its antimicrobial action and identifying a small template to design new therapeutic 

approaches (11). Originally, the most active region limited to about 20 residues, while 

more recent studies using a TOCSY-trim approach permitted further reduction of the 

active polypeptide down to 13 residues without jeopardizing the peptide activity(12) 

(Figure 1). 

Given its small size, LL-37 has been the target of several structural and 

spectroscopic investigations. In particular, circular dichroism (CD) studies helped 

characterize LL-37 secondary structure as well as its oligomerization state. It was found 
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that LL-37 assumes a random coil conformation in aqueous solutions and adopts a helical 

structure in both organic solvents and membrane mimicking environments such as 

detergent micelles. Using CD in conjunction with activity assays, Johansonn et al. found 

that both the helical conformation and oligomerization of LL-37 are important for 

cytotoxic action of the peptide(13). In addition, recent solid-state NMR studies provided 

an initial characterization of the conformation, dynamics, orientation and oligomeric 

nature of LL-37 in membranes (14). The mechanism of membrane disruption by LL-37 in 

model membrane bilayers with various lipid compositions was also reported (15).  The 

helical propensity of LL-37 has been reiterated by a few recent papers, describing fully 

functional fragments of this peptide solubilized in SDS as well as D8PG micelles (12). 

Taken with structural predictions, these studies identified the helical nature of LL-37 and 

the possibility of breaks into the secondary structure. To date, however, the lack of 

resolution in the NMR spectra and the inability to crystallize this peptide prevented the 

determination of the complete high-resolution structure. 

Here, we present the high-resolution structure and the topology of LL-37 in 

complex with dodecylphosphocholine (DPC) micelles as a membrane mimicking 

environment. Taken with the recent solid-state NMR results, these new data offer a more 

realistic picture of how this peptide interacts with membranes.  

 

Materials and Methods 

Materials. All thereagents for peptide synthesis and cleavage were purchased 

from Applied Biosystems (Foster City, CA) and Aldrich (Milwaukee, WI), respectively. 

Fmoc-protected amino acids were from Advanced ChemTech (Louisville, KY), and 

isotopically labeled Fmoc-amino acids and perdeuterated DPC were from Cambridge 

Isotope Labs (Cambridge, MA). Chloroform and methanol were from Aldrich 

(Milwaukee, WI), and all other reagents were from Fisher (Pittsburgh, PA). 

Peptide Synthesis. LL-37 was synthesized on an ABI-431A (Applied Biosystems, 

Foster City, CA) peptide synthesizer using FastMoc chemistry with double coupling and 

double deprotection. The peptide was the cleaved from the Ser(t-Bu)-Wang resin 

(Peptides International, Louisville, KY) to produce a free carboxylate at the C-terminus. 

Removal of protecting groups was accomplished using trifluoroacetic acid (TFA) and 
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scavengers. The peptide was purified using reversed-phase high pressure liquid 

chromatography on a C8 column (Vydac). The residual TFA was washed out using a 

solution with 1% acetic acid.It was essential to remove the residual TFA from the sample 

as its presence altered the property of lipid bilayers as determined from 31P solid-state 

NMR experiments. The molecular weight and the purity of the samples were 

characterized by mass spectrometry and analytical HPLC (molecular weight of ~4.5 kDa 

with >96% purity). 

NMR sample preparation. Before preparing NMR samples, LL-37 was dissolved 

in a chloroform-methanol-water (4-4-1 v/v) solution. The solvent mixture was evaporated 

under Nitrogen flux and the peptide was lyophilized.  The NMR samples were prepared 

by dissolving the lyophilized peptides in an aqueous solution (10% 2H2O, 90%H2O) 

containing 300 mM perdeuterated DPC (Cambridge Isotope Labs) and 20 mM phosphate 

buffer at pH ~6 at a final concentration of 1.5 mM. To detect the NOEs between LL-37 

and detergent molecules, the NMR sample was doped with 10% protonated DPC.  

To determine the location of LL-37 with respect to the micelle, the sample was 

doped with gadopentetate dimeglumine (Gd3+ for simplicity).  

Dynamic Light Scattering 

The size of the micelle/LL37 complex was evaluated by dynamic light scattering 

(DLS). All of the measurements were carried out at 298 K using a DynaPro™(Protein 

Solutions™) Titan (Wyatt Technology Corporation) with a vertical polarized light of 488 

nm wavelength. Samples both in the absence of peptide and in the presence of different 

DPC/peptide molar ratios were prepared in 20 mM phosphate buffer at pH 6.0 and 

centrifuged for 10 min at 5000 rpm prior to each measurement.  

NMR Spectroscopy.  

All of the NMR experiments were performed at 300 K on a Varian Inova 600 

MHz spectrometer. The 2D [1H, 1H] total correlation spectroscopy (TOCSY)(16) (50 and 

65 ms mixing time) and 2D [1H, 1H] NOESY(17) (50 - 300 ms mixing time)experiments 

were run in the phase-sensitive mode using time-proportional phase incrementation 

(TPPI) for quadrature detection in the indirect dimension. All of the pulse sequences 

utilized a WATERGATE pulse scheme (18) for solvent suppression. The experiments 

were acquired with 256 and 1024 complex data points in the ω1 and ω2 dimensions, 
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respectively. A DIPSI-2 pulse sequence (19) was used for isotropic mixing in the 2D 

TOCSY experiments. The spectral widths were 8000 Hz in both the ω1 and ω2 dimensions. 

To determine the location of LL-37 with respect to the micelle, three 2D [1H, 1H] NOESY 

experiments (70 ms mixing time) were collected: one in the absence of Gd3+, the second 

in the presence of 1:2 peptide/Gd3+ molar ratio, and a third NOESY in the presence of 1:4 

peptide/Gd3+ molar ratio. The intensity retentions of the peptide fingerprint were reported. 

Proton chemical shifts were referenced to internal 3-(trimethylsilyl)-propionic acid. The 

NMR data were processed and analyzed using NMRPipe (20) and SPARKY (21) 

software packages. The 2D data from all of the experiments were zero-filled to 4096 

points in ω2 and to 1024 points in ω1 and then processed with a sine-bell squared window 

function shifted between 60° and 90° as appropriate before Fourier transformation. A 

polynomial of 6th order was used for baseline correction in both frequency dimensions. 

Spectra were assigned using a standard assignment approach described by Wuthrich (22). 

A table with all of the assigned resonances is provided in the Supporting information.  

Structure calculations. NOE cross-peaks from the 250 and 300 ms mixing time 

NOESY experiments were integrated and used for the structure calculations. The NOE 

volumes were calibrated using the average NOE volume from resolved aromatic vicinal 

protons of F27 and classified as strong, medium, and weak, corresponding to distance 

restraints of 1.8-2.9, 1.8-4.5, and 1.8-5.0 Å, respectively. Solvent accessibility of the 

amide backbone signals was determined by proton/deuterium exchange studies. Samples 

were prepared by dissolving the lyophilized protein sample in fully deuterated DPC into 
2H2O and solvent accessibility was monitored by following the disappearance of the Hα-

HN cross peaks by 2D NOESY spectra. After a period of 24 h, most of the resonances of 

the N-terminal portion of the polypeptide had disappeared, while the most solvent-

protected residues (residues 9 and 29) were still detectable after several days. 

Final structures of LL-37 were calculated starting from an extended conformation 

using the simulated annealing (SA) protocol available in XPLOR-NIH (23). A total of 

100 conformers were generated using random seed at an initial temperature of 5000 K 

with 6000 high temperature steps, 3000 cooling steps and a step size of 5 fs. The final 

target function included a total of 348 NOEs (130 intra-residue and 218 inter-residue 

distances). In addition, 17 hydrogen bond constraints were implemented using NH-CO (i, 
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i+4) distance restraints fromI13 through R29. The final stage of refinement of the 

structural ensemble was carried out starting at an initial temperature of 500 K and using 

30,000 cooling steps with a 1fs step size. The 70 refined structures had no NOE 

violations > 0.5 Å, no bond violations > 0.05 Å, and no bond angle violations > 4º. The 

40 lowest energy conformers were then selected for further analysis. The analysis of 

Ramachandran angles for the 50 lowest energy structures was carried out using 

PROCHECK-NMR (24). For the final conformers, the occurrence of the φ and ψ angles 

for all of the residues in the Ramachandran plots was 83.6% in the most favored region, 

11.1% in the allowed, 1.6% in the generously allowed, and 3.7% in disallowed regions. 

The residues located in the N- and C-termini, which had fewer structural restraints, 

account for those residues found in the disallowed regions of the Ramachandran plots. 

The orientation of LL-37 with respect to the micelle was determined using a 

pseudo-micelle potential (25). In short, we first estimated the size of the DPC micelle 

from DLS data (see above). We calculated an average of ~60 monomers per micelle in 

the presence of the peptide. According to Tieleman and co-workers 

(http://www.ucalgary.ca/~tieleman/download.html), this correspond to a micelle radius of 

~20 Å. To model the distances obtained from Gd3+ paramagnetic quenching experiments 

and the detergent-peptide NOEs, we assumed a spherical size of the micelle with a 

pseudo-atom positioned in the center of micelle. Upper and lower bounds of 4 Å were 

defined using the classical convention for paramagnetic relaxation enhancement (PRE) 

data established by Battiste and Wagner (26). For residues located outside the micelle 

(see Gd3+ data) we imposed harmonic distance restraints for their alpha protons greater 

than 24 Å from the center of the micelle.For residues located inside the micelle, we 

imposed harmonic distance restraints less than 24 Å from the center of the micelle.We 

will refer to these distances as pseudo-micelle restraints. Indeed, we used a conservative 

approach, considering outside the micelles only those residues with ~100% of intensity 

retention and inside the micelle those residues with intensity retention less than 50%. 

 

Results 

Previous NMR investigations focused on functional fragments of LL-37 

solubilized in SDS or D8PG micelles. However, the 2D spectra of full-length unlabeled, 
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synthetic LL-37 under these experimental conditions were poorly resolved and did not 

allow for full structure determination (12).  For our structural analysis, the full-length 

synthetic LL-37 was reconstituted in DPC micelles. We chose DPC as a detergent 

because of the high affinity of LL-37 for zwitterionic membranes containing 

phosphatidylcholine (11, 14). Peptide concentration, pH, ionic strength, as well as 

peptide/detergent ratios were carefully scanned to obtain a high resolution peptide 

fingerprint. The size of the micelle/peptide complex was estimated by DLS. In the 

absence of peptide, we found that the hydrodynamic radius (HR) for DPC micelles in 

absence of LL37 is 24±2Å with a molecular weight of~26 kDa. In the presence of 

peptide, we observed only a slight increase of HR (~ 26±2Å). However, the estimated 

molecular weight was 30 kDa, which fits well with the increase in molecular weight upon 

addition of LL-37. 
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Figure 1. Primary amino acid sequence of LL-37. The regions defined by the arrows 

indicate the active polypeptides identified by different research groups.  
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Figure 2. Fingerprint region of LL-37 extracted from a 2D-[1H-1H] NOESY experiments 

at 300 ms mixing time. The sample consisted of 1mM LL-37 reconstituted into phosphate 

buffer containing 300 mM DPC at pH 6.0. 
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To assign the backbone and side chain resonances, a combination of 2D [1H, 1H]-

TOCSY and NOESY spectra at different mixing times was used. As an example, the 

fingerprint region of the NOESY spectrum at 300 ms of mixing time is shown in Figure 

2. The complete resonance assignment is given in Table 1 reported in the supplementary 

materials. With the exception of the Hα-HN correlations for L1 and P33 residues,which 

are absent in the spectra, all of the resonances in the fingerprint region were assigned. 

However, due to the inefficient relay of the magnetization in the TOCSY experiments 

only a few residues displayed complete spin systems, while the Hα-NH cross peaks were 

detected for most of the residues. The latter allowed us to ‘walk’ through the polypeptide 

backbone and perform most of the sequential assignment (22). From the analysis of the 

2D NOESY spectra, we identified and assigned a total of 348 NOEs (130 intra-residue 

and 218 inter-residue). Figure 3 shows a summary of the backbone NOEs for the 

secondary structure assignment with a histogram, indicating the number of NOEs per 

residue. We detected several dNN(i, i+1), dαN(i, i+1), as well as dNN(i, i+2) throughout the 

entire peptide backbone. Also, several dαN(i, i+3) and dαN(i, i+4) NOE correlations 

diagnostic of α-helical conformation were detected from residues G2 through P33. While 

the highest density of NOE correlations was located between K15 and N30, there were a 

significant number of NOEs in the N-terminal portion of the peptide. In particular, three 

dαN(i, i+4) correlations between D4 and K8, F6 and K10, and K10 and G14 suggest that 

the N-terminal region adopts a α-helical conformation. However, this is a weaker, more 

dynamic helix, based on the values of the Hα chemical shift index reported at the bottom 

of Figure 3 and the H/D exchange experiments. In fact, after 24 hours from the sample 

preparation only the resonances from I13 through R29 remained solvent protected, 

showing Hα-HN correlations in the 70 ms NOESY experiments. The C-terminal residues 

from 30 through 37 are unstructured and more dynamic as demonstrated by the H/D 

exchange experiments and the lack of long-range backbone NOEs.  

Like pardaxin (27), magainin 2 (28, 29) and other peptides and proteins 

reconstituted in detergent micelles (30, 31), the quality of the spectra allowed us to assign 

most of the resonances, but not to measure the J-coupling constants. All of the NOEs and 
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the H/D exchange data were converted into distances and modelled using the classical 

simulated annealing protocol built into XPLOR-NIH (23). Of the 70 structures 

calculated, 40 were selected for the final analysis. The overlays of backbone and side 

chain heavy atoms for the final selected conformers are reported in Figures 4A and 4B. 

As reported in Figure 4C, the most structured region (RMSD < 1 Å) spans from residue 

4 through residue 33. The superposition of the heavy backbone atoms from residues 4-33 

gives an RMSD of 0.9±0.2 Å, while the superposition of all of the heavy atoms gives an 

RMSD of 1.7±0.4 Å. The highest structural precision is attained if the RMSD is 

calculated by overlaying the backbone atoms of residues 12-33 (RMSD of 0.4±0.1 Å for 

the backbone and 1.0±0.2 Å for all of the heavy atoms). Taken with the H/D exchange 

measurements, these calculations support the existence of a helix-break-helix 

conformation of LL-37, with a more dynamic N-terminal helix, a break at K12, and a 

more stable conformation from residue 13 through 33. The hydrophobic residues reside 

in the concave face of the peptide, perhaps contacting the interior of the lipid bilayer.  
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Figure 3. Summary of the backbone NOESY cross peaks, Hα CSI, and H/D exchange 

experiments.  
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Figure 4. (A) Histogram of NOEs versus residues for LL-37. (B) Histogram of the 

backbone RMSD versus residues for the final 40 LL-37 conformers. The superpositions 

of the conformers from residue 4 to 33 and from 12 to 33 are reported. 
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The absence of a side chain at G14 facilitates the physical contacts between I13 

and F17 that form a tight cluster with I20 located in the hydrophobic face of the peptide 

(Figure 6). The kink induced by this hydrophobic cluster may be further stabilized by the 

presence of a salt bridge between K12 and E16 located on the hydrophilic face of the 

peptide. The presence of the salt bridge can be inferred by the close proximity of the side 

chains of these residues in most of the structures analyzed (Figure 6). In addition to the 

dαN(i, i+4) interactions, some of the structures of the final conformational ensemble show 

that the side chains of K8 and E11 are also close in space, forming a salt bridge. Both 

dαN(i, i+3) and dαN(i, i+4) glutamate-lysine interactions have been reported to stabilize α-

helicesthrough ion pairing, with an energy contribution of ~1 kcal/mol for solvent 

exposed salt bridges (32). Given the occurrence of lysines in antimicrobial peptides (33, 

34, 35, 36, 37, 38), these types of interactions might play an important role in helix 

formation for amphipathic peptides upon interaction with membranes. 

The topology of LL-37 in detergent micelles was obtained using a) Gd3+ 

paramagnetic mapping, and by direct detection of NOEs between the peptide and the 

detergent micelles. Figure 7A shows a plot of the intensity retention for the Hα protons 

of LL-37 in the presence of Gd3+. The oscillatory behavior of the intensities in the 

presence of the paramagnetic agent further support the helical conformation of the 

peptide in interaction with DPC micelle. In addition, to orient the hydrophobic phase of 

the peptide we doped the NMR sample with 10% protonated DPC. A careful analysis of 

NOESY spectra reveal the presence of cross peaks between the DPC resonances at ~1.4 

ppm and the well-resolved resonances of delta protons of F5, epsilon protons of F6, and 

delta protons of F17 and F27 (Figure 7B). Both the paramagnetic quenching experiments 

and the NOEs were modeled using a pseudo-micelle potential (see Material and 

Methods). Figure 8 shows the orientation of LL-37 with respect to the micelle. As 

predicted from the analysis of the peptide’s amphipathic nature and the secondary 

structure, the concave face containing the hydrophobic residues points toward the 

micellar interior, whereas the hydrophilic residues are oriented toward the bulk solvent. 

 

Discussion 
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Previous structural studies by CD spectroscopy (13, 14) revealed that LL-37 

assumes a random coil conformation in pure aqueous solution but a helical secondary 

structure in common structure inducing environments like TFE or lipid bilayer vesicles. 

These studies correlated the helical content to the observed antibacterial activity of the 

peptide. Therefore, the accurate knowledge of the three-dimensional structure of the 

mature peptide is crucial to understand its function. Unfortunately, organic solvents can 

not substitute for the bilayer structure of lipid membranes and the data acquired so far on 

LL-37 in membranes did not allow for the determination of a high-resolution structure of 

the full-length peptide. On the other hand, DPC micelles are a reliable membrane 

mimetic modeland have been utilized extensively for solution NMR studies of 

antimicrobial peptides (27, 28, 39, 40, 41, 42, 43, 44, 45, 46, 47) as well as integral 

membrane proteins (30, 31, 44, 48, 49, 50, 51). In selected cases, DPC micelles preserve 

not only the native conformations of membrane proteins (30), but can also preserve 

membrane enzyme activity (52, 53).  
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Figure 5. (A) Representative structure of LL-37, showing the angle between the two 

helical domains and the break point centered at K12. (B) Ensemble of conformers for LL-

37, showing the convergence of the conformers for backbone atoms. (C) heavy atom 

representation of the final calculated ensemble of conformers showing the convergence 

of the side chains. The structures were fit onto the relaxed average conformation.  
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Figure 6. Kinked region of LL-37. The proximity of K12 and E16 side chains in most of 

the conformers generated using the simulated annealing procedure suggests the presence 

of a salt bridge between these residues. Also, the hydrophobic cluster formed by I13, F17, 

and I20 stabilizes the kink between the two helices 
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The activity of LL-37 has been measured by solid-state NMR experiments on 

model membranes containing LL-37 and lipids with phosphocholine head groups (14). 

This not only justifies the choice of DPC, but allows for further experiments 

characterizing membrane protein binding interfaces (31, 52, 53). Under our experimental 

conditions, LL-37 assumes a helix-break-helix conformation, with K12 located at the 

break point between the N-terminal and the C-terminal helices. The overall NOE pattern 

of LL-37 is reminiscent of that of pardaxin, another antimicrobial/toxin peptide that we 

studied in DPC micelles (27). As with pardaxin, most of the dipolar correlations are 

localized in the central region of LL-37, with several long-range NOEs present in the N-

terminal region and very few NOEs in the C-terminal part of the peptide.  In addition to 

the helix-break-helix motif, both peptides have the hydrophobic face of the amphipathic 

helix positioned toward the concave side. The central hinge region is a common motif in 

many antimicrobial peptides and is thought to provide for the conformational flexibility 

required for the formation of ion channels (54, 55). The N-terminal portion of both 

pardaxin and LL-37 are not ideal amphipathic helices and both terminate with a pair of 

phenylalanines (27). These residues are usually located at the water/lipid interface and 

may facilitate the insertion of the antimicrobial peptide in the lipid membranes. In 

pardaxin, the two phenylalanines make the N-terminal region structured, probably 

through π−π interactions (27). On the contrary, the N-terminal domain of LL-37, which is 

necessary for the antimicrobial action, is not stabilized by the two phenylalanines andhas 

a higher structural disorder, as demonstrated by the presence of sparse NOEs and H/D 

exchange experiments. In fact, if it is truncated, the peptide loses most of the 

antimicrobial potency against E. coli bacteria. In spite of the structural and sequence 

similarities, the mechanisms of action for pardaxin and LL-37 are significantly different. 

While pardaxin is thought to operate through a “barrel-stave” model at a low peptide 

concentration and via a carpet model at higher concentrations (27, 56), recent solid-state 

NMR data suggest that LL-37 interaction with the membranes do not involve a “barrel-

stave” mechanism; rather the carpet-toroidal-type mechanism of action was proposed 

(14). The structure and the topology of LL-37 that we obtained in detergent micelle 
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support the latter mechanism with LL-37 in a helical conformation that is absorbed on the 

surface of the micelle. 

Another important structural feature of LL-37 in DPC micelles is the pronounced 

curvature of the structure (see Figures 5 and 7), which we also observed in two variants 

of magainin peptides (MSI-78 and MSI-594) (28). The structural determinants for the 

curvatures in transmembrane and amphipathic helices are unknown. However, a recent 

paper by Koeppe and co-workers (60) identified lysines as possible cause of curvatures in 

membrane associated peptides. All these polypeptides (LL-37, MSI-78, and MSI-594) are 

lysine-rich, and the curvature may be due to the interactions that the lysine side chains 

make with the interfacial region of the micelle. Interestingly, a marked curvature of the 

two amphipathic helices was also observed for α-synuclein (57, 58), a membrane binding 

protein that has been associated with Parkinson’ s disease. α-synuclein has six repeat 

regions that contain lysine residues (KTKEGV).  A model of LL-37 interacting with DPC 

micelle is depicted in Figure 8. It should be kept in mind that these studies in micelles 

represent only a starting point for our understanding of the interactions of LL-37 with 

membrane bilayers. 
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Figure 7. (A) Intensity retention (IR) plots for Hα of LL-37 in the presence of 1:2 (blue 

trace) and 1:4 (red trace) peptide to Gd3+ ratios. (B) Selected region of the NOESY 

spectrum, showing the NOEs between the aromatic residues and the methylene detergent 

resonances. 
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Figure 8. Molecular model of LL-37 embedded into a DPC micelle. (A) LL-37 

orientation obtained from the pseudo-micelle restraints. The black sphere represents the 

target distance (20 Å) the outer and inner spheres represent the lower and upper bounds 

(±4 Å). (B) LL-37 docked to a DPC micelle. The coordinates of the micelle consisting of 

65 DPC lipids and equilibrated with molecular dynamics in the presence of 6305 water 

molecules were downloaded from the Biocomputing web site at the University of Calgary 

(Department of Biological Sciences at the University of Calgary, 

http://moose.bio.ucalgary.ca/) and overlayed to the coordinates of the pseudo-micelle 

sphere. 
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In fact, a significant problem with detergent micelles is that the curvature of the 

micelle surface may induce structural deviations. To give a more realistic view of the 

interactions between LL-37 and lipid membranes, solution NMR data must be interpreted 

in the light of solid-state NMR results acquired in lipid bilayers. Assuming there are only 

slight deviations of the LL-37 structure in micelles from that in lipid bilayers (59) and 

including the PISEMA solid-state results obtained in mechanically oriented lipid bilayers 

(15), LL-37 appears to be adsorbed on the surface of the lipid membrane. Therefore, it is 

possible to hypothesize that LL-37 is mostly unstructured in solution and becomes helical 

upon interaction with lipid membranes. From the surface position, LL-37 can be depicted 

diffusing into the bacterial inner membrane and destroying it upon reaching MIC (11, 

14). This is consistent with the non-pore carpet-like mechanism of action (56) 

In conclusion, we have solved the three-dimensional structure of the mature LL-

37 peptide embedded in DPC micelles. While the overall structure of LL-37 (helix-break-

helix) is reminiscent of pardaxin, the different structural and dynamic details in the N-

terminus might explain the different selectivity and mechanism of action of LL-37. Taken 

with the solid-state NMR results on phospholipid bilayers with varying composition (11), 

this study of LL-37 in micelles will help pave the way for a detailed understanding of its 

interaction with lipid membranes and its role in human biochemical defense. Since 

knowledge of the structures of naturally occurring peptides such as LL-37 is essential to 

design more potent and selective antimicrobial peptides, the present study will be of 

significant value for designing efficient peptide fragments or de novo peptides for 

pharmaceutical applications.  In addition, a comparison of the structural features and 

mechanism of LL-37 with other well-studied amphipathic α-helical antimicrobial 

peptides such as pardaxin (27, 56) and magainins (28) will lead to further insights for the 

development of new antimicrobial compounds of pharmaceutical importance to 

overcome the increasing bacterial resistance problem.  
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The regulatory interaction of phospholamban (PLN) with Ca2+-ATPase (SERCA) 

controls the uptake of calcium into the sarcoplasmic reticulum, modulating heart muscle 

contractility.  A missense mutation in PLN cytoplasmic domain (R9C) triggers dilated 

cardiomyopathy in humans, leading to premature death. Using a combination of 

biochemical and biophysical techniques both in vitro and in live cells, we show that the 

R9C mutation increases the stability of the PLN pentameric assembly via disulfide bridge 

formation, preventing its binding to SERCA as well as phosphorylation by protein kinase 

A. These effects are enhanced under oxidizing conditions, suggesting that oxidative stress 

may exacerbate the cardiotoxic effects of the PLNR9C mutant.  These results reveal a 

regulatory role of the PLN pentamer in calcium homeostasis, going beyond the 

previously hypothesized role of passive storage for active monomers.   
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Introduction 

Heart failure (HF) is the leading cause of morbidity and mortality worldwide(1, 

2). The most prominent disorder leading to HF is dilated cardiomyopathy (DCM), a 

disease characterized by left ventricular dilatation and impaired systolic function (1 , 2). 

DCM has both acquired and genetic etiologies(1, 2). Recent genome sequencing has 

revealed a high incidence of DCM-associated mutations in cytoskeletal, nuclear, as well 

as sarcomeric proteins (3).  A number of mutations have been indentified in calcium 

handling proteins, which play a central role in the mechanics of heart muscle 

contractility(3-5) (6). 

Cardiac muscle contraction (systole) begins when an action potential causes 

membrane depolarization, activating the sarcolemmal L-type calcium (Ca2+) channels.  

Ca2+ flows through the L-type Ca2+-channels into the sarcoplasmic reticulum (SR). This 

increase in Ca2+ concentration induces a large-scale release of Ca2+ into the cytosol from 

intracellular stores by the SR Ca2+-release channels (or ryanodine receptors). Ca2+ then 

moves toward the contractile apparatus, where it binds the troponin complex and initiates 

contraction. Muscle relaxation (diastole) occurs when Ca2+ is sequestered into the SR by 

the SR Ca2+-ATPase (SERCA)(7) a membrane embedded Ca2+ pump(8). SERCA is 

regulated by phospholamban (PLN), which reduces its apparent Ca2+ affinity(9, 10). 

PLN’s inhibition is reversed by cAMP-dependent protein kinase A (PKA), which 

phosphorylates PLN at Ser16, enhancing cardiac contractility and re-establishing Ca2+ 

flux (11).   

PLN is a single-pass membrane protein, which comprises three structural 

domains(12-14), further subdivided into four dynamic domains (cytoplasm: domain Ia 

(residues 1-16), loop (residues 17-22), domain Ib (residues 23-30); transmembrane: 

domain II (residues 31-52))(15) (Fig. 1S). In membranes, PLN forms homo-pentamers 

arranged in a pinwheel topology that are in equilibrium with monomers(16, 17) that bind 

SERCA with 1:1 stoichiometry(6, 18-21). It has been proposed that the PLN monomer-

pentamer equilibrium plays a central role in SERCA regulation(6). 

Several naturally occurring mutations in the PLN gene have been linked to 

hereditary DCM(5), including a substitution of Arg9 for Cys (PLNR9C) located in the 

cytoplasmic domain Ia of PLN (Fig. 1S), which has been identified in several cases of 
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familial DCM (22). R9C cardiotoxic effects are correlated with inefficient Ca2+ handling 

(23) and show a dose-dependent inhibition of SERCA(24). Schmitt et al. hypothesized 

that PLNR9C leads to DCM by binding irreversibly to the catalytic subunit of PKA (PKA-

C) and preventing PLNR9C and/or PLNwt phosphorylation at Ser16(22). To date, however, 

there are no firm conclusions on the molecular mechanisms that link PLNR9C to DCM.  

Here, we used an array of biochemical and biophysical techniques both in vitro 

and in live cells to establish the molecular determinants of the cardiotoxic effects of 

PLNR9C. Specifically, we focused on the effects of this aberrant mutation on a) the 

recognition and phosphorylation by PKA-C, b) the PLN monomer-pentamer equilibrium, 

and c) SERCA regulation. We found that the R9C mutation stabilizes the pentameric 

assembly, hindering PLN de-oligomerization, phosphorylation by PKA-C, and SERCA 

regulation. Importantly, we discovered that these effects are exacerbated under oxidative 

environments, which are related to  both physiological and pathophysiology conditions of 

cardiac myocytes that are a result of myocardial ischemia(25, 26). 

 

Results  

Our immediate objectives were to determine the effects of R9C mutation on a) the 

PKA-C recognition and phosphorylation, b) the PLN monomer-pentamer equilibrium, 

and c) SERCA regulation. Toward these goals, we utilized three different PLN constructs 

with and without the R9C mutation: 1) synthetic peptides spanning cytoplasmic residues 

of PLN ( wt
201PLN − or R9C

201PLN − ), 2) full-length recombinant pentamers (PLNwt and PLNR9C), 

and 3) recombinant monomeric PLN (AFA-PLN), where the three transmembrane 

cysteines (Cys36, Cys41, Cys46) were mutated into Ala, Phe, Ala, respectively. This 

triple mutation abolishes PLN oligomerization without altering PLN’s inhibitory function 

(27). We carried out these experiments in the presence of dithiothreitol (DTT ranging 

from 1 to 20 mM) or hydrogen peroxide (H2O2 ranging from 1-100 µM), chemicals 

commonly used to mimic physiological redox conditions and oxidative stress(28, 29). 

Effects of the R9C mutations on the phosphorylation kinetics by PKA-C. Under 

reducing conditions, phosphorylation kinetics of synthetic PLN peptides were monitored 

using a coupled enzyme assay (30) standardized with a synthetic peptide corresponding 

to the minimal recognition sequence for the kinase (Kemptide) (31).  
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Under our conditions, recombinant PKA-C shows a catalytic efficiency typical for 

Kemptide (kcat/KM~0.78)(30, 32). Interestingly, we found that PKA-C is able to 

phosphorylate both wt
201PLN −  and R9C

201PLN − peptides with similar catalytic efficiencies (Fig. 

1A and Table S1). Moreover, we carried out competitive kinetic assays in the presence of 

products phosphorylated at Ser16 (p wt
201PLN − or R9C

201pPLN − ). Our measurements did not 

show any substantial product inhibition (Fig. 1A). Also, we performed the experiments 

under oxidative conditions, varying the concentration of H2O2 from 1 to 100 mM. Since 

the coupled enzyme assay is incompatible with oxidizing agents, we monitored peptide 

phosphorylation using electrophoretic mobility shift assay (EMSA) and identified the 

products with electrospray ionization mass spectrometry (ESI-MS). We found that the 

PLN peptides are phosphorylated under both oxidizing and reducing conditions (Fig. 

1B), but under oxidizing conditions, R9C
201PLN −  forms dimers, which can still be fully 

phosphorylated by PKA-C.  Phosphorylation reactions were repeated with full-length 

PLNR9C and PLNwt. Interestingly, we did not detect any phosphorylation for pentameric 

PLNR9C under either reducing or oxidizing conditions (Fig. 1B). The absence of 

phosphorylation of pentameric PLNR9C was confirmed by EMSA and MALDI-TOF mass 

spectrometry (Fig. S2). In contrast, we found complete phosphorylation for the PLNwt 

and monomeric AFA-PLNR9C. The observed gel shift (Fig. 1B) is typical of AFA-PLN 

phosphorylation at Ser16(33). Based on these results, we conclude that phosphorylation 

by PKA-C is impaired only for the R9C pentamer. 

SERCA Activity Assays. To characterize the efficacy of PLNR9C to bind and 

reduce SERCA’s apparent Ca2+ affinity (pKCa), we performed coupled enzyme activity 

assays in reconstituted lipids.  In agreement with Schmitt et al. (24), we found that 

monomeric AFA-PLNR9C is a loss-of-function (LOF) mutant, with a partial inhibitory 

effect on SERCA, i.e., slight reduction in pKCa (Fig. 1C, left). Phosphorylation at Ser16 

relieves the inhibitory effect for both AFA-PLNwt and AFA-PLNR9C (Fig. 1C, middle). 

Remarkably, the PLNR9C pentameric species is a total LOF (Fig. 1C, right). Taken 

together, these results suggest that if PLNR9C were to de-oligomerize, it would be able to 

reversibly inhibit SERCA. 
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Figure 1. PKA-C phosphorylation reaction and SERCA inhibition assays for wild-type 

and R9C constructs of PLN. (A) Steady-state phosphorylation kinetics of wt
201PLN −  and 

R9C
201PLN −  and competition assays Left: Plot of the initial rates as a function of substrate 

concentration. Right: Plot of the apparent KM as a function of phosphorylated products 

(p wt
201PLN −  and R9C

201pPLN − ). (B) SDS-PAGE gels for the phosphorylation reactions of 

wt
201PLN − , R9C

201PLN − , AFA-PLN, AFA-PLNR9C, PLNwt, and PLNR9C carried out under 

oxidizing (100 µM H2O2) and reducing (10 mM DTT) conditions. The number of 

phosphates per peptide was detected by ESI mass spectrometry. (C) Histograms showing 

the change in apparent Ca2+ affinity (ΔpKCa) of SERCA in the presence of 

phosphorylated and unphosphorylated PLN monomers (AFA-PLN and AFA-PLNR9C) 

and pentameric PLNwt and PLNR9C constructs.
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Stability of PLN pentamer and Cys accessibility. Based on the results above, we deduced 

that PLNR9C could in principle regulate SERCA, although with a reduced degree of 

inhibition. However, EMSA and mass spectrometry data show that the pentameric 

species is not phosphorylated at Ser 16. Therefore, the cardiotoxic species is possibly the 

pentameric assembly, which prevents phosphorylation and hampers the monomer-

pentamer equilibrium necessary for the regulation of SERCA. To further test this 

hypothesis, we measured the stability of the pentamers (PLNwt and PLNR9C) using 

thermal unfolding and gel electrophoresis. At 25 °C and with 10 mM DTT, the pentamer 

to monomer ratio detected by SDS-PAGE for PLNwt is approximately 4:1 (78% 

pentamer) and densitometric analysis of the SDS gels were used to measure a  melting 

temperature (Tm) of 45 ± 1°C for the pentamer. Under the same conditions, the 

pentamer/monomer ratio for PLNR9C increases noticeably (92% pentamer) and its Tm is 

51 ± 1°C (Fig. 2). The thermostability of the mutant is even more pronounced under 

oxidative conditions (100 µM H2O2). We measured Tm values of 52 ± 2°C and 67 ± 6°C 

for PLNwt and PLNR9C, respectively. The SDS gels of the oxidized pentamers (Fig. 2) 

show some important features: a) PLNR9C pentamers have slightly less mobility than the 

PLNwt, which suggests a change in the protein structural topology (i.e., hydrodynamic 

radius), and b) the presence of heat-resistant dimers. The latter was also observed in the 

oxidation studies of PLNwt carried out by Froehlich et al. (34)(Fig. 2). To test whether the 

formation of the dimers is due to the cytoplasmic (Cys 9) or transmembrane (Cys36, 

Cys41, Cys46) cysteines, we carried out the same experiments with AFA-PLNR9C. Under 

reducing conditions, AFA-PLNR9C runs as a monomer on an SDS-PAGE gel; while under 

oxidizing conditions it forms dimers (Fig. 3A). R9C
201PLN −  behaves in a similar manner, 

suggesting a tendency of Cys9 to form intermolecular disulfide bridges. To further 

support the formation of disulfide bridges, we probed the presence of free thiols for the 

PLN variants with Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic) acid; DTNB). For 
R9C
201PLN − , we detected the formation of disulfide bridges even in the presence of moderate 

amounts of reducing agent (DTT <1 mM). Under stronger reducing conditions (DTT >10 

mM), however, the R9C
201PLN −  runs as a monomer (Fig. 3A) and forms a 1:1 adduct 

(DTNB: R9C
201PLN − ) after ~80 min (Fig. 3B).  
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Figure 2.  Thermostability of PLNwt and PLNR9C pentamers using electrophoretic gel 

shift assay. (A) SDS-PAGE gels for PLNwt and PLNR9C incubated at different 

temperatures under reducing (top) and oxidizing (bottom) conditions. (B) Plots of the 

percent pentamers obtained from densitometry analysis versus temperature for both 

PLNwt and PLNR9C under reducing (top) and oxidizing (bottom) conditions 
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Figure  3. Electromobility shift assay and DTNB cysteine accessibility assays for wild-

type and R9C constructs of PLN. (A) SDS-PAGE gels in Tris buffer, 1 mM DTT, and 

100 µM H2O2 of R9C
201PLN −  (left), and AFA-PLNR9C (right); (B) Plots of cysteine reactivity 

over time. Cysteine reactivity is measured by moles TNB produced per peptide or full-

length protomer from the reaction with DTNB under reducing and oxidizing conditions.  

Top: Black squares, wt
201PLN − in Tris buffer; red squares, R9C

201PLN −  in Tris buffer, open red 

squares, R9C
201PLN − in 1 mM DTT; red crosses, R9C

201PLN −  in 100 µM H2O2. Bottom: Black 

squares, PLNwt in Tris buffer; red squares, PLNR9C in Tris buffer; open black squares, 

PLNwt in 100 µM H2O2; open red circles, PLNR9C in 100 µM H2O2. 
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Under oxidizing conditions (ranging from 1 to 100 µM H2O2), R9C
201PLN −  forms 

dimers, with the Cys residues becoming completely inaccessible to DTNB. We repeated 

these measurements with PLNR9C and PLNwt and found that under reducing conditions 

PLNR9C is much more reactive with DTNB than PLNwt. We monitored the DTNB 

reaction up to ~90 min. To reach completion, however, the reaction requires more than 

18 hours (35). Since the membrane-embedded Cys residues of PLNwt react with DTNB 

very slowly (> 300 min), we assigned the fast rise of the binding curve for PLNR9C to the 

reaction with Cys 9 (Fig. 3B), which is more exposed to the soluble DTNB. Under 

oxidizing conditions, both PLNR9C and PLNwt behave identically, with very sluggish 

kinetics of reaction with DTNB. The latter is in quantitative agreement with previous 

cysteine accessibility measurements carried out by Karim et al. (35). Overall, these data 

suggest that oxidation of Cys 9 results in formation of stable dimers and confers greater 

thermostability to PLNR9C oligomers. 

Probing PLN oligomerization and SERCA binding using quantitative fluorescence 

resonance energy transfer (FRET). We probed the oligomerization of the PLNwt and 

PLNR9C pentamers in live AAV-293 cells using quantitative FRET measurements 

between fluorescent protein tags fused to PLN’s cytoplasmic domains (36, 37). 

Specifically, to detect intra-pentameric FRET (i.e. FRET between protomers in each 

pentamer), we engineered PLNwt or PLNR9C with cerulean fluorescent protein (Cer) and 

yellow fluorescent protein (YFP), respectively, in and co-expressed them in AAV-293 

cells(36, 37). For SERCA binding assays, we tagged SERCA with cyan fluorescent 

protein (CFP) and measure FRET with YFP-PLN constructs. To quantify the dependence 

of FRET on PLN expression levels, we carried out a cell-by-cell survey of quantitative 

FRET and fluorescence intensity (an index of protein concentration). For both PLN 

constructs, we found that intra-pentameric FRET increased with protein concentration to 

a maximum value (FRETmax) (Fig. 4A). For PLNR9C, FRETmax is slightly higher than 

PLNwt (p < 0.05). This corresponds to a modest decrease in the average distances between 

the Cer-YFP probes within the PLNR9C pentamer relative to PLNwt, which may reflect the 

formation of disulfide bridges in the pentameric mutant (Table S2). The curve 

representing the concentration dependence for PLNR9C is left-shifted with respect to that 

of PLNwt (Fig. 4A).  
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Figure 4. In cell FRET measurements of the pentamer stability and SERCA regulation 

for wild-type and R9C constructs of PLN. A) Intra-pentameric FRET versus protein 

expression level for Cer-PLNwt/YFP-PLNwt and Cer-PLNR9C/YFP-PLNR9C (B) Percent of 

FRET efficiency from CFP-SERCA to YFP-PLNwt and YFP-PLNR9C. (C) Percent of 

intra-pentameric FRET efficiency for Cer-PLNwt/YFP-PLNwt homoligomers and Cer-

PLNR9C/YFP-PLNwt heteroligomers. (D) Plot of FRETmax versus competitor to quantify 

non-specific FRET. (E). Plot of Cer F/F0 versus time for YFP-PLNR9C and Cer-PLNR9C. 

Arrows indicates the time of addition of 100 µM H2O2. (F) YFP/Cer FRET ratio versus 

time. Arrows indicates the time of addition of 100 µM H2O2. (G) Plots of Kd1 (Arbitrary 

Units) and FRETmax upon addition of 100 µM H2O2 (arrow). (H) Fluorescence 

microscopy images of cells expressing Cer- PLNR9C and YFP-PLNR9C.  Scale bar = 20 

µm.  Ratio color scale = 0.4-2.6. 
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The calculated dissociation constant (Kd1) was approximately 53% lower than that 

of PLNwt, suggesting the formation of more stable pentamers for the R9C mutant (Table 

S2). Interestingly, the left-shift of the intra-pentamer FRET curve for PLNR9C 

corresponds to a right-shift of SERCA/PLNR9C binding curve (Fig. 4B), with the 

calculated apparent dissociation constant (Kd2) approximately 130% greater than that for 

PLNwt. We conclude that the PLNR9C has much lower affinity for SERCA than PLNwt 

and SERCA is not able to de-oligomerize PLNR9C as efficiently as PLNwt(18, 19). This 

explains the LOF character of PLNR9C measured by ATPase activity(22). Notably, we did 

not observe a significant difference in FRETmax for SERCA complexes with either PLNwt 

or PLNR9C, which suggests that probably both species bind SERCA in a similar manner.  

Since patients with DCM carry both the wild-type and the mutant alleles, with the 

latter showing a dominant inheritance pattern (22, 24), we also tested the stability of 

mixed PLNwt/PLNR9C pentamers. We co-expressed Cer-PLNR9C and YFP-PLNwt and 

measured FRET between them.  Fig. 4C shows that FRETmax is reduced for the mixed 

pentamers compared to PLNwt homo-pentamers. The latter is consistent with a clustering 

of Cer-PLNR9C cytoplasmic domains away from YFP-PLNwt oligomers. Notably, mixed 

pentamers showed a small but reproducible reduction of Kd1 compared to that PLNwt, 

suggesting that the interactions between the R9C mutants within the mixed pentamers 

prevent de-oligomerization. To determine FRET specificity, we carried out competition 

assays using unlabeled PLN as a competitor. We found that by increasing the competitor 

concentration we obtained a reduction in FRETmax to a minimum value of 4% (Fig. 4D). 

This value represents the amount of non-specific FRET that is subtracted from total 

FRET for inter-probe distance calculations (Table S2). 

In vitro assays reported in the preview sections and work from other groups (26, 

34) demonstrate that both PLNR9C and PLNwt are sensitive to oxidation. Therefore, we 

treated the AAV-293 cells with 100 µM H2O2. Upon addition of H2O2, Cer-PLNR9C 

fluorescence decreased by approximately 4% over the course of 5 minutes (Fig. 4E), 

which was accompanied by approximately 5% increase in the emission of YFP-PLNR9C. 

The FRET ratio YFP/Cer increased by 10% for PLNR9C (Fig. 4F and Supplementary 

Movie), while no increase was detected for PLNwt and AFA-PLN (Fig. 4F). To quantify 

the relative contributions to the observed FRET ratio of protein oligomerization and 
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changes in distance between the fluorescent probes, we measured FRETmax at regular 

intervals and estimated Kd1 after H2O2 treatment. Fig. 4G shows that both FRETmax and 

Kd1 changed after addition of H2O2, with a ~40% reduction in Kd1 and a ~10% increase in 

FRETmax. These suggest an increase in PLN oligomerization with a slightly more 

compact conformation of the pentameric assembly. Note that we did not detect any large-

scale aggregation of PLNR9C either before or after treatment with H2O2. Such aggregation 

would appear as fluorescent puncta, which would be visible by wide-field fluorescence 

microscopy (Fig. 4H) or TIRF (Fig. S3)  

 

Discussion 

Based on co-immunoprecipitation experiments, Schmitt et al. (22) proposed that 

PLNR9C binds PKA-C irreversibly, creating dead-end complexes that deplete the local 

reservoir of kinase. The latter would reduce phosphorylation levels of PLN, with 

concomitant dysregulation of SERCA leading to DCM. This interpretation accounts for 

the observed weak adrenergic responsiveness and dominant effect of PLNR9C in 

heterozygous patients (22). In the present study, we directly tested this hypothesis using 

both in vitro and in cell experiments. We found that PKA-C was able to phosphorylate 

both a truncated peptide and monomeric AFA-PLNR9C, which is still able to reversibly 

inhibit SERCA, although with lower efficacy than PLNwt or AFA-PLN. Most 

importantly, kinetic assays under reducing conditions show that PKA-C is able to 

quantitatively phosphorylate R9C
201PLN − with the same catalytic efficiency of wt

201PLN − .  

Under oxidizing conditions, R9C
201PLN −  is able to be phosphorylated in a similar manner to 

wt
201PLN − . Thus, we did not find evidence that this single mutation at the P-7 site of the 

recognition sequence of the PKA-C interferes with the chemical step of the 

phosphorylation reaction. However, we found that phosphorylation of pentameric 

PLNR9C is significantly impaired, which is consistent with previous reports (24). 

Therefore, the stabilization of the pentamer by this Arg to Cys substitution prevents PLN 

phosphorylation. This finding emphasizes the role of monomer-pentamer equilibrium in 

the SERCA regulatory mechanism by PLN. The latter is supported by in vivo studies 

carried out by Kranias and co-workers in mice models, which demonstrate the 
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importance of PLNwt over the monomeric mutant PLNC41F for the optimal relaxation of 

cardiomyocytes(38).  

Disulfide bridges in the cytoplasmic domains of PLNR9C stabilize the pentamer, 

making it practically inaccessible to PKA-C and unable to de-oligomerize and regulate 

SERCA. An important aspect of our analysis is the presence of dimers in oxidized 

PLNR9C. The latter has been previously observed by Froehlich et al. upon PLN oxidation 

by nitroxyl radicals, which promote the formation of disulfide bonds, generating non-

inhibitory oligomers which prevent SERCA regulation (34). Under oxidative conditions, 

PLNR9C oligomerization is enhanced. This is important given that ischemic oxidative 

stress conditions are prevailing features of pathological states such as heart failure (39, 

40). Additionally, oxidative stresses are also frequent under acute b-adrenergic 

stimulation and even in non-pathological conditions, where transient oxidative stress 

could cause cumulative damage (41). Therefore, it is possible that deteriorating redox 

conditions in PLNR9C-induced heart failure would reinforce anomalous PLN 

oligomerization and exacerbate the mutation’s effects on calcium cycling. Furthermore, 

we found that for mixed PLNwt/PLNR9C pentamers enhanced oligomerization is a 

dominant effect. This is consistent with the observed R9C phenotypes for both 

heterozygous mice (24) and human patients (22).  

Based on the above considerations, we propose a model for PLN-SERCA 

disruption by the R9C mutation (Fig. 5). The principal effect of R9C is the formation of 

interprotomer disulfide bonds in the cytoplasmic domains, which is transient under 

reducing conditions and increases upon oxidation, stabilizing the PLN pentamer and 

rendering the recognition site for the kinase inaccessible. This also prevents PLN 

dissociation into monomers and formation of the regulatory complex (PLN:SERCA). 

These effects (enhanced SERCA activity and insensitivity to phosphorylation) are 

reminiscent of ablation of PLN observed by Kranias and co-workers(42). The formation 

of the disulfide bridges in the pentamer hinders PLN phosphorylation by PKA, and  

possibly induces conformational or topological changes in PLN. We propose that these 

combined effects are involved in the development of DCM. An important corollary of 

this study is the emerging role of the PLN pentamer and the monomer-pentamer 

equilibrium(43).  
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Figure 5. Proposed model of the effects of R9C mutation on the SERCA regulatory 

cycle. The cardiotoxic effects are due to the stability of the PLNR9C pentameric assembly, 

which prevents de-oligomerization, phosphorylation by PKA-C, and regulation of 

SERCA by the monomeric species. Oxidative stress pushes the equilibrium toward the 

pentamer, making the PLNR9C pentamer more stable and causing the formation of dimeric 

species for both PLNwt and PLNR9C (not shown in the model) that are probably unable to 

regulate SERCA.  
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This lethal mutation revealed that oligomerization and de-oligomerization of the 

PLN pentamer within the membrane is directly involved in the SERCA regulatory 

process. 

Experimental Procedures  

Sample preparation and kinetic assays.  Recombinant PKA-C was expressed, 

purified, and assayed as previously reported (32, 44). All peptides ( wt
201PLN − and R9C

201PLN − ) 

were synthesized on a Liberty 12-channel Automated Microwave Synthesizer from CEM 

(Matthews, NC) (see Supplementary Information). Phosphorylation reactions were 

performed at 25 °C and monitored by following coupled enzyme (12 units lactate 

dehydrogenase and 4 units pyruvate kinase) mediated consumption of NADH at 340 nm 

using a Spectromax microplate reader (Molecular Devices) (30)as previously reported 

(32, 44). Reaction solutions contained 50 mM MOPS (pH 7.0), 64 nM PKA, 5 mM ATP, 

and 10 mM MgCl2, with substrate concentrations ranging between 20-300 mM(32, 44). 

Inhibitor studies were performed with the addition of phosphorylated wt
201PLN −  or 

R9C
201PLN −  (0.5 or 1.0 mM) to the reaction solution.  For phosphorylation reactions in the 

presence of H2O2, 300 mM of substrate was incubated for 10 min in the reaction solution 

before initiating phosphorylation with 64 nM PKA-C.  The reactions were stopped after 

10 min by the addition of 0.5% TFA, and analyzed by EMSA (25% SDS-PAGE gels) 

stained by Coomassie Blue and ESI-MS afterdesaltingwith C8 Zip-Tip (Millipore).  

Thermostability of the pentamer. PLN pentamer thermostability was monitored by 

SDS-PAGE gels. For the reducing conditions, PLNwt and PLNR9C samples contained 100 

mM Tris buffer, pH 6.8, 3% sodium dodecyl sulfate, 8% (v/v) glycerol, using a range of 

5 to 10 mM DTT; while for oxidizing conditions the samples were incubated with 100 

µM H2O2 for 20 minutes at each temperature. Each sample (3 µg total mass) was loaded 

into 5% Next Gels (Amresco) or a 14% Tris-tricine SDS-PAGE gels. The coomassie-

stained gels were quantitated using ImageJ software (45). 

SERCA activity assays. PLN variants were co-reconstituted with purified SERCA 

(46, 47) in lipid bilayer membranes (1,2-dioleoyl-sn-glycero-3-phosphocholine: 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine, DOPC:DOPE, 4:1) at molar ratios of 10:1 

PLN:SERCA and 700:1 lipids:SERCA. The Ca2+ dependence of the ATPase activity was 
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measured using a coupled enzyme assay at 37°C (48) and monitored as for the PKA-C 

assays. Initial rates of SERCA was measured as a function of calcium concentration 

(pCa), and data were fit to the Hill equation (48). 

Cysteine accessibility measurements. Free thiols were assayed via titrations with 

5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) (49). Samples (typically 100 µM) were 

dissolved in 60 mM Tris buffer (pH 8.0) and 1 mM EDTA and added to a reaction vessel 

containing 100 mM Tris and 0.3 mM DTNB. The reactions were monitored by UV at a 

wavelength of 412 nm (49). For oxidized and reduced conditions, we incubated PLN 

samples for 20 min in 100 µM H2O2 and 1 mM DTT, respectively. The excess of 

reducing agent was eliminated with NaAsO2 (50). 

Dynamic FRET. Transfected cells were washed with phosphate buffered saline 

(PBS) and imaged by epifluorescence imaging at 1 minute time intervals with excitation 

at 427/10 nm and emission at 472/30 nm (for Cer) or 542/27 nm (for YFP). After 5 

minutes of acquisition, the buffer was replaced with 100 µM H2O2 in PBS and acquisition 

continued for 15 minutes. Mean F/F0 of all cells (± SE) at each time point was calculated 

for each filter configuration. The FRET ratio was calculated as the quotient of (Cer 

F/F0)/(YFP F/F0), with a combined error of 2
YFP

2
CFP )(se)(se + . Images of YFP 

fluorescence were divided by images of Cer fluorescence (both 427/10 nm excitation) 

using ImageJ software (45). 

Quantitative FRET. FRETmax and dissociation constants for the complexes were 

determined as described previously (36, 37). The observed FRET was calculated for each 

cell from the extent of donor fluorescence enhancement after acceptor photobleaching, 

according to E = 1- (Fprebleach/Fpostbleach). For repetitive, non-destructive measurements, 

FRET was quantified with a “3-cube” method (E-FRET)(36, 51). FRET efficiency of 

each cell was compared to that cell’s starting YFP fluorescence (an index of protein 

concentration). FRET concentration dependence was fit by a hyperbolic curve (36). 

Regulatory complex probe separation distance was calculated using R = 

(R0)[(1/FRETmax)-1)]1/6 (52). The distance between fluorescent probes in PLN pentamers 

was calculated according to a ring-shaped oligomer model as previously described (36), 

with a Förster radius (R0) of 49.2 Å for Cer-YFP energy transfer (53, 54).    
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Supplementary Information 

Peptide synthesis. wt
191PLN −  and R9C

191PLN −  were synthesized using standard Fmoc 

synthesis on an 12-channel Automated Microwave Synthesizer from CEM (Matthews, 

NC), starting with Fmoc-Glu(OtBu)-PEG-PS resin (0.4 g, 0.5 mmol/g).  The crude 

peptide was purified by preparative HPLC using a Waters C18 reversed-phase cartridge 

with 0.1% TFA and CH3CN as mobile phase.  The purity of pooled fractions was >97% 

as determined by analytical HPLC with C18 column (Vydac) and confirmed by ESI-

TOF. Stock solutions of all the peptides were prepared in double distilled water and the 

concentrations were assayed by amino acid analysis. 

Quantitative phosphorylation of AFA-PLNR9C and PLNR9C.  Phosphorylation 

of recombinant AFA-PLNR9C and PLNR9C was carried out as previously described{{4 

Metcalfe,E.E. 2005}}. The extent of phosphorylation was confirmed by mass 

spectrometry on a MALDI-TOF Bruker BiFlex spectrometer (Center of Mass 

Spectrometry and Proteomics of the University of Minnesota) using α-cyano-4-

hydroxycinnamic acid (CCA) as the sample matrix.   

Cell culture.  Transfection of AAV-293 cells with plasmids encoding cyan 

fluorescent protein (CFP) Cerulean (Cer) yellow fluorescent protein (YFP), or mCherry 

fusion constructs was performed as previously described{{1854 Hou,Z. 2008; 1855 

Kelly,E.M. 2008}}.  The ratios of plasmids for donor- and acceptor-labeled proteins were 

1:1 for dynamic, 1:5 for equilibrium measurements of intrapentameric, and 1:20 for the 

CFP-SERCA:YFP-PLNwt complex FRET measurements.  

Dynamic FRET.  Transfected cells were washed with phosphate buffered saline 

(PBS) and imaged by epifluorescence imaging at 1 minute time intervals with excitation 

at 427/10 nm (for Cer) or 504/12 (for YFP) and emission at 472/30 nm (for Cer) or 

542/27 nm (for YFP).  For each experiment, 6 different fields of cells were observed, 

using a computer-controlled motorized stage (Prior Scientific, Rockland, MA) to navigate 

to preset positions.  Sample z-position was maintained by automatic focus (Nikon Perfect 

Focus System).  After 5 minutes of acquisition, buffer was replaced with 100 µM H2O2 in 

PBS and acquisition continued for 15 minutes.  The average fluorescence of each cell 

was quantified with Metamorph software (Molecular Devices Corp., Downingtown, PA) 

and normalized to that cell’s starting fluorescence prior to H2O2 addition, yielding values 
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of F/F0.  Mean F/F0 of all cells (± SE) at each time point was calculated for each filter 

configuration.  The FRET ratio was calculated as the quotient of (Cer F/F0)/(YFP F/F0), 

with a combined error of 2
YFP

2
CFP )(se)(se + .  For visual presentation of FRET ratio 

changes, images of YFP fluorescence were divided by images of Cer fluorescence (both 

427/10 nm excitation) in ImageJ.  Through-objective total internal reflection fluorescence 

(TIRF) microscopy was performed with a diode laser (449 nm) by way of a Nikon TIRF 

illuminator and a 100X 1.49 NA objective as previously described10. For repetitive, non-

destructive measurements, FRET was quantified with a “3-cube” method (E-FRET)11 

according to the relationship 
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 where IAA is the intensity of fluorescence emission detected in the donor channel 

(472/30 nm) with excitation of 427/10 nm;  IAA is acceptor channel (542/27 nm) emission 

with excitation of 504/12 nm;  IDA is the “FRET” channel, with 542/27 nm emission and 

excitation of 427/10 nm;  a and d are cross-talk coefficients determined from acceptor-

only or donor-only samples, respectively.  We obtained values for a of 0.72 and 0.67 for 

ECFP and mCerulean respectively, and a value for d of 0.056 for EYFP.  G is the ratio of 

the sensitized emission to the corresponding amount of donor recovery.  The measured 

value of G was 2.6 for both mCerulean-EYFP and ECFP-EYFP pairs.   

Statistics.  We compared the difference in the estimated values with the pooled 

standard error associated with that parameter, according to 

2
2

2
1
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+

−
=       (5) 

where A1 and A2 represent the values of the control and test parameters, 

respectively.  Z values were compared to the standard normal distribution to determine 

whether the observed changes in the fit parameters were statistically significant (p < 

0.05).   

Quantification of Non-specific FRET.  Non-specific FRET between unbound 

donors and acceptors was determined by measuring the reduction in FRET from YFP-

PLNwt to mCherry-PLNwt in cells coexpressing various amounts of competing CFP-

PLNwt.  The dependence of YFP-mCherry FRET on the proportion of CFP-PLNwt 
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competitor was fit with an exponential decay to determine the minimum value of residual 

(non-specific) FRET.  The measured value of non-specific FRET was subtracted from 

total FRET signals when calculating probe separation distances of protein complexes. 
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Table S1. Kinetic parameters for PKA-C phosphorylation of PLN substrates and product 
inhibition. 
Substrate  kcat (s-1) KM (µM) kcat/KM (M-1 s-1) 
  

wtPLN 191−  17.5 ± 1 66.2 ± 12 0.18 x 106 
CRPLN 9
191−  16.4 ± 1   58.1 ± 9 0.22 x 106 

    
  
Inhibitor (0.5 mM)     

wtpPLN 191−  17.6 ± 1 57.5 ± 6  
CRpPLN 9
191−  17.7 ± 1 55.3 ± 5  

    
Inhibitor (1.0 mM)     

wtpPLN 191−  13.4 ± 1 50.7 ± 7  
CRpPLN 9
191−  13.1 ± 1 45.5 ± 9  
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Figure S1.  MALDI-TOF spectra of PLNR9C before (left) and after treatment with PKA-

C. Note that the peptides are 15N labeled for further NMR studies. The observed masses 

(6193 Da and 6197 Da) correspond to the expected m/z for PLNR9C (6190 Da) within the 

error.  
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Table S2. Summary of quantitative FRET results. 
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Figure S2.  Total internal reflection fluorescence (TIRF) microscopy images of AAV-

293 cells expressing Cer- and YFP-PLNR9C.  FRET was increased by 100 µM H2O2.  

Scale bar = 20 µm.  Ratio color scale = 0.3-0.9 
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Figure S3. FRET competition assays. YFP-PLNwt to mCherry-PLN FRET 

decreased with increasing molar ratio of a competitor PLNwt (CFP-PLNwt) which 

cannot be a FRET acceptor for YFP. 
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Cardiac contraction and relaxation are regulated by conformational transitions of 

protein complexes that are responsible for calcium trafficking through cell membranes. 

Central to the muscle relaxation phase is a dynamic membrane protein complex formed 

by Ca2+-ATPase (SERCA) and phospholamban (PLN), which in humans is responsible 

for approximately 70% of the calcium re-uptake in the sarcoplasmic reticulum. 

Dysfunction in this regulatory mechanism causes severe pathophysiologies. In this paper, 

we use a combination of nuclear magnetic resonance, electron paramagnetic resonance, 

and coupled enzyme assays to investigate how single mutations at position 21 affect PLN 

structural dynamics and, in turn, its interaction with SERCA. We found that it is possible 

to control SERCA’s activity by tuning PLN structural dynamics. Both increased rigidity 

and mobility of the PLN backbone cause a reduction of SERCA inhibition, affecting 

calcium transport. While the more rigid,loss-of-function (LOF) mutants have lower 

binding affinities for SERCA, the more dynamic LOF mutants have binding affinities 

similar to that of PLN. Here, we demonstrate that it is possible to harness this knowledge 

to design new LOF mutants with activity similar to S16E (a mutant already used in gene 

therapy) for their possible application in retro-adenovirus gene therapy. As proof of 

concept, we show a new mutant of PLN with improved LOF characteristics in vitro. 
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Introduction 

Calcium translocation is a major signaling mechanism for mammalian cells (1). In 

cardiac myocytes, calcium regulates contractility and relaxation through a “calcium 

induced calcium release” cycle (2-4). At low concentrations, calcium ions enter the 

myocytes through voltage-dependent L-type calcium channels that are embedded in the 

sarcolemmal-sarcoplasmic reticulum (SR) junctions, acting as a trigger for the release of 

calcium ions by the ryanodine receptors. Subsequently, free intracellular calcium ions 

bind the myofilaments, initiating muscle contraction. Relaxation of the muscle fibers 

occurs when calcium ions dissociate from the myofilaments and are transported out of the 

cytosol into the SR vesicles, a process that is primarily controlled by SR Ca2+-ATPase 

(SERCA) and phospholamban (PLN) (5-7). 

SERCA (a 110 kDa integral membrane enzyme) transports two calcium ions into 

the SR by hydrolyzing one molecule of ATP (8, 9). This ATP-driven calcium pump has a 

large cytoplasmic region (divided into actuator, nucleotide-binding, and phosphorylation 

domains) and a transmembrane domain that constitute the calcium channel (9, 10) 

(Figure 1). 

PLN, a single-pass transmembrane protein, is the endogenous inhibitor of SERCA 

in the cardiac muscle (7). PLN has three structural domains: cytoplasmic helix (domain 

Ia, residues 1-16), loop (residues 17-21), and transmembrane helix, which was further 

divided into two dynamic domains (domain Ib, residues 22-31, and domain II, residues 

32-52). Proline 21, situated in the dynamic loop, breaks the helicity of the transmembrane 

domain, determining the L-shaped topology of both monomeric and pentameric PLN in 

lipid bilayers (Figure 1) (11-14). 
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Figure 1. Map of PLN dynamics onto the SERCA/PLN complex as modeled by 

MacLennan and co-workers (16). The color gradation of the backbone of PLN reflects 

the [1H-15N] heteronuclear NOE values measured by solution NMR(44). The amino acid 

sequences correspond to the regions 16-27 of all the mutants analyzed in this study.   
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Growing evidence suggests that PLN acts as a subunit of SERCA (15), with its 

transmembrane helix bound in the hydrophobic groove between transmembrane domains 

M2, M4, M6, and M9 of the enzyme and its cytoplasmic helix interacting with the 

cytoplasmic domains of SERCA (16) (Figure 1). b-adrenergic stimuli activate protein 

kinase A (PKA), resulting in PLN phosphorylation at S16 (pS16-PLN) with complete 

relief of inhibition and restoration of the calcium flux into SR vesicles (7). S16 

phosphorylation is necessary and sufficient to relieve the inhibitory effect of PLN (17, 

18), although T17 and S16/T17 double phosphorylation are also present in intact 

myocardial tissue (19, 20). 

Defective cellular calcium handling by the SERCA/PLN complex is responsible 

for the progression of heart failure (5). In fact, aberrant mutations in the PLN primary 

sequence have been directly linked with specific heart conditions. R9C mutation, R14 

deletion, and L39 truncation of PLN have been detected in patients affected by dilated 

cardiomyopathy (DCM) (21-23). One promising therapeutic strategy is to augment 

cardiac contractility by inducing a positive inotropic effect, targeting PLN function 

directly (i.e., reducing its inhibitory effects) (24).  This can be accomplished by a) 

decreasing PLN’s expression level, b) increasing phosphorylation of PLN, c) using PLN 

inhibitors that interfere with the SERCA/PLN complex formation (e.g. quercitin, tannin, 

and ellagic acid), or d) using mutants with dominant negative effects, loss-of-function 

(LOF) mutants, that compete with endogenous wild-type PLN (24). This last approach 

has received significant attention after the success of Chien and co-workers in the design 

and delivery of a pseudo-phosphorylated mutant of PLN (S16E-PLN). Using a new 

recombinant adeno-associated virus vector (rAAV), these researchers were able to 

reverse the effects of progressive dilated cardiomyopathy(25, 26). In particular, they 

showed that expression of S16E-PLN in animal models with chronic heart failure and 

DCM as well as with post-cardiac infarction resulted in a substantial increase of both 

cardiac diastolic and systolic functions (27). More recently, using percutaneous cardiac 

recirculation-mediated gene transfer with S16E-PLN, the Power and Chien groups 

demonstrated the reversal of heart failure progression even in large animals(28).  

Prompted by the success of the S16E-PLN mutant, we began our structural 

investigation of PLN mutants with a view toward rational design of improved LOF 
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mutants. Previous mutagenesis studies (29, 30) gave invaluable insight into PLN 

function. However, they did not distinguish whether a point mutation causes changes in 

the interaction surface between SERCA and PLN, in PLN structural dynamics, or both. 

As a consequence, rational designs of single or double mutations with increasing or 

decreasing inhibitory effects have been quite difficult to achieve (31-33). From these 

studies, Young and coworkers concluded that the inhibitory properties of each amino acid 

are context-dependent (34). 

For our rational design of mutants, we postulated that by manipulating PLN 

structural dynamics it could be possible to regulate SERCA’s function. This hypothesis is 

substantiated by a compilation of studies that we have carried out in the last few years on 

PLN (phosphorylated and unphosphorylated) free and bound to SERCA and culminated 

in the formulation of the allosteric mechanism of regulation of SERCA by PLN(13, 35-

37). This model assumes that PLN exists in a dynamic equilibrium between T and R 

states, with SERCA shifting the equilibrium toward the R state prior to forming the 

inhibitory complex. Phosphorylation at S16 affects PLN structural dynamics and, in turn, 

the allosteric equilibrium, causing the formation of the non-inhibitory SERCA/PLN 

complex (13, 35-37). 

In this paper, we demonstrate that it is possible to tunePLN structural dynamics 

and mimic PLN phosphorylation to gain control of SERCA’s function. As proof of 

concept, we present a new PLN mutant, P21G-PLN, with improved in vitro 

characteristics with respect to S16E-PLN for a possible use in rAAV gene therapy. 

 

Experimental Procedures 

 

NMR Sample Preparation 
15N-labeled monomeric PLN mutants were expressed as a fusion protein with 

maltose binding protein and purified as described previously (38). Primer synthesis and 

DNA sequencing were performed at the BioMedical Genomics Center of the University 

of Minnesota. Sequences of the forward and reverse primers consisted of the optimized 

codons for E. coli for 3 residues before and after the target residue to be mutated.  

Polymerase chain reaction (PCR) was performed with a total volume of 50 µL containing 
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0.06 µM of each oligonucleotide, 80 µg of parental template, 200 µM dNTP mix 

(Promega), 10x buffer (10 µL per reaction), and 5.0 U Pfu Turbo DNA polymerase 

(Stratagene).  PCR was carried out in a Perkin-Elmer GeneAmp PCR system 2400 at 95 

ºC for 3 minutes followed by 16 temperature cycles of 95 ºC for 15 seconds to denature 

the DNA, 55 ºC for 1 minute to anneal, and 68 ºC for 12 minutes to elongate. PCR 

products were then digested with Dpn-I (Stratagene) in order to remove non-mutated 

methylated dsDNA. After digestion, the products were transformed into XL-1 Blue 

competent cells (Stratagene) and grown on Luria Bertani medium (LB)/ampicillin plates. 

DNA purification was performed with Quick-Spin Minipreps (Qiagen). The purified 

DNA was quantitated by measuring the UV absorption.  DNA sequencing confirmed the 

single site mutations on the PLN background. Purified plasmid constructs were then 

transformed into the BL21 (DE3) strain of E.coli and protein purification was performed 

as previously described (38). Phosphorylation at S16 by protein kinase A of the P21G 

mutant was performed as previously described (36). NMR Samples were prepared by 

dissolving the lyophilized proteins (PLN, P21A, S16E, P21G, P21L, P21I, S16EP21G, 

pS16 PLN, pS16-P21G) in 300 µL phosphate buffered saline solution, pH 6.0, containing 

300 mM dodecylphosphocholine (DPC) (Avertec) and 10% D2O. The protein final 

concentration in the NMR samples was ~0.25 mM as estimated by gel densitometry.  

SERCA was extracted from rabbit skeletal muscle, purified and tested for activity 

as reported previously (13, 35). A solution containing 0.45 mM of SERCA, 5 mM DPC, 

1 mM CaCl2, 1 mM MgCl2, 20 mM MOPS, 20% glycerol, 0.25 mM DTT, 0.4 mM 

ADP, pH of 7.0 was used for titration experiments (see below). 

 

NMR Experiments 

NMR experiments were carried out on a 600 MHz Varian INOVA spectrometer 

operating at 1H Larmor frequency of 600.13 MHz and equipped with an inverse detection 

triple resonance and triple axis probe. All of the experiments were performed at 37° C. 

[1H,15N] heteronuclear single quantum coherence (HSQC) spectra (39) were acquired 

with 6000 Hz spectral width in the direct dimension (1H)  and 1500 Hz in the indirect 

dimension (15N). 1024 and 128 complex points were collected for the direct and indirect 

dimensions, respectively. 2D data were processed to a final matrix size of 2048 x 256 
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after zero filling and Fourier transformation. Resonance assignments for all the mutants 

were carried out using a combination of 3D [1H,15N] TOCSY-HSQC (70 ms mixing time) 

and [1H,15N] NOESY-HSQC (70 ms mixing time) experiments (40, 41). The 3D 

experiments were acquired with 6000 Hz spectral width in both 1H dimensions and 1500 

in the 15N dimension. The 3D matrices were acquired with 1024x160x80 complex points 

with 2048x320x160 after final processing. The recycling delay used was 1.2 s for all of 

the experiments.  Data processing was carried out using NMRPipe software (42). The 

secondary structure was assessed using Hαchemical shift index (CSI), which is the 

difference between the PLN Hα chemical shifts and those from random coil values(43). 

Because of the high rotational anisotropy of PLN and its mutants, the analysis of the 

order parameters (the customary index for protein internal dynamics, ps-ns timescale) 

does not give good convergence; therefore, we limited our analysis to heteronuclear NOE 

data (44). [1H,15N] steady-state NOE enhancement experiments were acquired using 

standard pulse sequences based on Farrow et al. (1994) (45) using a spectral width of 

6000 Hz in 1H, 1500 Hz in 1H with 1024 points collected in the direct (1H) dimension and 

64 points collected in the indirect (15N) dimension.   For the saturated spectrum, a 3 sec 

1H presaturation period was used. Peak intensities were analyzed and quantified using 

NMRView software (46).  

 

Analysis of the correlations between mutations and structural dynamics 

The local and long-range perturbations caused by each mutation (or 

phosphorylation) on the structural (CSI) and dynamical (NOE) properties (P) of PLN 

were analyzed for each residue by computing the correlation coefficients (ρPM) between 

the property P and each mutation M(47): 
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where µand σ are the average values and standard deviations forP and M, 

respectively, and nM is the total number of species. To assign M, we ordered the different 

PLN mutants based on increasing average NOE values for residues 17 to 30, 
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corresponding to the loop and domain Ib. The heteronuclear NOEs for the specified range 

change from 0.50 to 0.69 in the following order: pS16-PLN< pS16-P21G < P21G < PLN 

< P21A < P21I < P21L. Then the incremental values of the heteronuclear NOE across the 

species were associated to the variable M for a total of 7 samples (nM=7). In the 

histogram of Figure 3 we report all the correlations calculated. The gradation of gray in 

the figures indicates the relevance of each correlation. Meaningful correlations respond to 

the following criteria: a) have an absolute value much greater then the corresponding 

error (greater than one standard deviation, and b) show a significant change in CSI (>0.05 

ppm) or heteronuclear NOE (>0.1). Given the small sample size (nM=7), the errors are 

computed using the nonparametric bootstrapcalculated with the R software package 

(http://www.R-project.org) with a number of bootstrap samples of 200. 

 

NMR titrations of PLN mutants with SERCA: determination of Kdand T to R transitions  

NMR titration were carried out monitoring the chemical shifts of the amide 

fingerprint regions of PLN variants using [1H,15N]-HSQC experiments. A total of 13 

different experiments were acquired after each SERCA addition up to a final molar ratio 

of 1:1 (SERCA:PLN). The Kd values were determined by following the disappearance of 

the resonances corresponding to the transmembrane domains of PLN upon addition of 

incremental amounts of SERCA as described previously (13, 35). Assuming 1:1 ratio 

between SERCA and PLN, the intensity reduction (Iretention) of transmembrane domain 

residues is directly related to the fraction of PLN bound to SERCA (fb), 

retentionb
I1f !=  [2] 

Then Iretention is correlated to a dissociation constant (Kd) through the following 

derivation (13, 35). 

SERCA]-[PLN[PLN]

SERCA]-[PLN
f

f
b +
=  [3] 
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 [4] 

SERCA]-[PLN[SERCA][SERCA] ft +=  [5] 

SERCA]-[PLN[PLN][PLN] ft +=  [6] 

b
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f
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dK
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Taking the negative quadratic solution, the fraction bound is: 
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=
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Finally, the Kd values were calculated using a best-fit non-linear regression of 

Eqn. 8. The transitions from T to R state for each mutant were quantified by following 

the disappearance of the T state and the appearance of R state in the [1H, 15N]-HSQC 

spectra(13, 35). The percent of R state was then plotted as a function of the SERCA:PLN 

molar ratio. The resulting curves were fitted using the Hill equation. Hill coefficients 

were used to estimate the degree of cooperativity of each construct. Buffer titrations 

(PLN titrations with SERCA buffer only) were used as a control to account for the effects 

of dilution to peak intensity and chemical shifts (13, 35). 

 

Preparation of EPR samples 

PLN and mutants were prepared with the spin-labeled amino acid 2,2,6,6-

tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) substituted for A11, 

using solid-phase peptide synthesis, as reported previously (48, 49). Unlike conventional 

spin labels attached flexibly to cysteine side chains, this spin label couples the nitroxide 

moiety rigidly to the alpha carbon, providing direct detection of peptide backbone 

dynamics. This spin label has no effect on PLN function (48).  Phosphorylation of spin-

labeled PLN at S16 was accomplished as described previously (37).  For EPR 

experiments, TOAC-PLN was reconstituted into lipid vesicles containing DOPC/DOPE 

(4:1, 200 lipids per PLN).  EPR experiments were conducted in low Ca (pCa 6.5) buffer 

(50mM KCl, 5mM MgCl2, 0.5mM EGTA, 210µM CaCl2, 50mM MOPS, pH 7.0), where 

the inhibitory effect of PLN is maximal. 

 

EPR Experiments on PLN in lipid bilayers 

EPR spectra were acquired using a Bruker EleXsys 500 spectrometer with the 

SHQ cavity. Samples (20 µL in a 0.6 mm i.d. quartz capillary) were maintained at 4ºC 

using the Bruker temperature controller with a quartz dewar insert.  The field modulation 

frequency was 100 kHz, with a peak-to-peak amplitude of 1 G. The microwave power 

was 12.6 mW, producing moderate saturation (so that signal intensity was at least 50% of 

maximum) without significant effect on the spectral lineshape. Spectra were analyzed in 
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terms of peptide backbone rotational dynamics and mole fractions of two resolved 

conformations using computational simulation as described previously (37) 

 

Activity Assays 

The inhibitory potency of PLN and its mutants was measured in lipid bilayers 

(EPR conditions).  To measure activity in membranes, each PLN mutant was co-

reconstituted in lipid bilayer membranes (DOPC:DOPE 4:1) with purified SERCA at 

molar ratios of 10:1 SERCA:PLN and 700:1 lipids/SERCA. The calcium dependence of 

the ATPase activity was measured at 25 °C using coupled enzyme assays (50). The 

consumption of NADH was monitored by the decrease in its absorbance at 340 nm using 

a Spectromax microplate reader (Molecular Devices).  The initial ATPase rate V was 

measured as a function of pCa (calculated as described previously), and the data were fit 

using the Hill equation, 

 

V = Vmax /[1 + 10 n (pKCa– pCa)] [9] 

 

to determine Vmax , pKCa (the pCa value when V = Vmax/2), and n (Hill coefficient). 

Vmax was obtained from the fit, and the data were plotted as V/Vmax.vs pCa. Since the 

maximal velocity is not reproducible for the SERCA/PLN complex, we used the pKCa 

values to quantify the inhibition caused by PLN mutants. 

 
Results 

 

NMR structural dynamics of PLN mutants 

Our central hypothesis is that PLN regulates SERCA through an allosteric 

mechanism(35). According to this mechanism, free PLN exists in a dynamic equilibrium 

between Tand Rstates, where the T state is the predominant L-shape topology and the R 

state is more dynamic. SERCA selects and binds the R state. Phosphorylation at S16 by 

protein kinase A reverses PLN inhibition. This single phosphoryl transfer introduces a 

negative charge in the cytoplasmic domain, partially unwinding the helix, increasing its 

ps-ms dynamics, and promoting the transition from the T to the R state. This order-to-
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disorder transition causes the disruption of the SERCA/PLN interaction surface. (13, 36). 

Can mutations mimic the effects of phosphorylation?  

To answer this question, we designed a series of PLN mutants with a gradation of 

helicity and structural rigidity. These mutagenesis studies were carried out on monomeric 

PLN in which the three non-essential cysteines 36, 41, and 46 were mutated into Ala, 

Phe, and Ala (51). The monomeric species is biologically relevant for two reasons: first, 

it has been shown that monomeric PLN is the inhibitory species (31, 52), and second, it 

retains the same activity as wild-type PLN (51).   

As a starting point for our mutagenesis studies, we chose P21, a pivotal residue 

that breaks the transmembrane helix of PLN, determining its L-shaped conformation (12) 

and the dynamic partition into four dynamic domains: domain Ia, loop, domain Ib, and 

domain II (Figure 1A)(44). Nuclear spin relaxation measurements revealed that P21 

bridges the two most dynamic regions: loop and domain Ib (Figure 1A). The new 

mutants were designed using JUFO (53) and PrDOS (www.prdos.hgc.jp) software 

packages that predict both secondary structure and dynamics based on protein primary 

sequences. From the JUFO and PrDOS scores, we selected the following mutants with 

increasing propensity to form a continuous, more rigid helix throughout the entire PLN 

sequence: P21G< P21A< P21I< P21L. 

We probed the structural dynamics of the different mutants reconstituted in 

dodecylphosphocholine (DPC) micelles, a membrane mimicking system that preserves 

SERCA activity (35). Using a combination of [1H,15N] TOCSY and NOESY (40, 41) 

spectra and [1H-15N] heteronuclear NOE experiments (45), we assessed both the 

secondary structures and internal dynamics of all of the mutants. Specifically, we use Hα 

CSI, an indicator of protein secondary structure (43) and heteronuclear NOE values to 

probe PLN backbone ps-ns dynamics (54)The CSI for the Hα protons and the [1H,15N] 

heteronuclear NOE values for all the mutants are reported in Figure 2. 
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Figure 2. Secondary structures and dynamics of all the PLN mutants in DPC micelles.  

Chemical Shift Indices (CSI) and [1H-15N] heteronuclear NOE experiments are shown for 

all the mutants analyzed.  Black and red traces correspond to PLN and pS16-PLN, 

respectively, and are used as guidance for the reader.  The gray shaded region indicates 

the residues considered for the structural-dynamics-function correlations (see Figure 4). 

The heteronuclear NOE data and CSI for monomeric PLN both phosphorylated and 

unphosphorylated are reproduced with permission from Zamoon et al (2003) and 

Metcalfe et al. (2005) (12, 36, 44). 
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The red and black traces correspond to unphosphorylated (inhibitory form) and 

phosphorylated (non-inhibitory form) PLN that we have previously published (36, 44). 

These are shown in each panel to guide the reader. Visual inspection reveals a gradation 

of structural dynamics of PLN mutants going from the most flexible and least helical 

P21G to the most rigid and helical P21L. However, to rationalize the effects of the point 

mutations on the structural dynamics, we analyzed our data using a correlation function 

as described in the Experimental Procedures. Figure 3 shows the correlation plots for 

CSI and heteronuclear NOE for all of the different mutations.  

In black are those residues with an absolute value of the correlation coefficient 

greater than one standard deviation and in dark-gray are those between two and three 

standard deviations. In addition, the extent of the variations of CSI and heteronuclear 

NOE are indicated on top of the most significant residues.  A negative correlation (or 

anticorrelation) for the CSI graph in Figure 3A indicates that moving from P21G to P21L 

the resonance for a given residue shifts upfield (the residue becomes more helical), a 

positive correlation indicates a correlated shift downfield toward random coil values. As 

expected, the residues adjacent or in the immediate proximity of the mutated site show 

strong anti-correlations (see residues 18, 19 and 20). Interestingly, residue 27 (and to a 

lesser extent residue 30) exhibits a noticeable positive correlation or decrease in helical 

content. Note that these residues are neighbors to Q26, which we identified as the 

bridgehead between the cytoplasmic and the transmembrane domains and is responsible 

for the transmission of the phosphorylation signal at S16 down to the membrane-

embedded region (13).  Figure 3B displays the correlations between the heteronuclear 

NOE values versus residue number as a function of the different mutations. In this case, a 

positive correlation indicates that mutations at P21 increase the residue rigidity, while an 

anti-correlation indicates that the residue becomes more dynamic. Most of the residues in 

the loop and domain Ib show positive correlations, while smaller anti-correlations are 

present for residue 37 and 46. Overall, mutations at position 21 induce both short- and 

long-range effects.  
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Figure 3. Correlation plots for both CSI and heteronuclear NOE. A. CSI correlation plot 

(CSI correlation coefficients versus residue number). Negative correlations 

(anticorrelations) indicate that mutations induce a helical conformation. Positive 

correlations indicate that mutations cause a shift toward the random coil. B. [1H-15N] 

heteronuclear NOE correlation plot (NOE correlation coefficient versus residue number). 

Positive correlations indicate that the residues are more restricted, negative correlations 

indicate that the residues become more mobile. The error bars represent one standard 

deviation. The inset in panel A shows an example of the chemical shift correlation 

obtained for N27. 
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Structural Dynamics of S16E-PLN 

The analysis of the CSI and heteronuclear NOE plots indicates that the strength 

and the dynamics of the cytoplasmic helix of this mutant are intermediate between those 

of P21G and P21A mutants (Figure 2). The CSI of the S16E mutant has a profile similar 

to that of PLN for both domains Ib and II, while showing significant differences from E2 

to M20. The heteronuclear NOE values also follow this trend, showing values that are 

intermediate between the unphosphorylated and phosphorylated forms of PLN. 

Therefore, the structural dynamics of S16E pseudo-phosphorylated mutant of PLN is 

similar but not identical to that of pS16-PLN.  

 

EPR of selected mutants in lipid bilayers 

In order to test whether the effects of PLN mutation on dynamics in DPC micelles 

are similar to those observed in lipid environment, we carried out EPR experiments on 

selected TOAC-spin-labeled PLN reconstituted into lipid bilayers (Figure 4), of the same 

lipid composition used to measure functional regulation of SERCA by PLN. In all four 

PLN variants tested, the EPR probe, reporting the backbone dynamics at position 11 in 

the cytoplasmic domain, shows clear evidence for two resolved states, a broad component 

corresponding to the ordered T state, and a narrow component corresponding to the 

dynamically disordered R state (48). The vertical dashed lines in Figure 4 show that the 

spectral line positions, thus the rotational dynamics, of the T and R states are essentially 

unaffected by phosphorylation or mutation.  Therefore, the principal effect observed is a 

change in the distribution (i.e. mole fractions) between the two states. 
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Figure 4. EPR spectra of TOAC-labeled PLN in lipid bilayers.  Color coding is same as 

in Figure 2: black and red spectra correspond to PLN and pS16-PLN, respectively.  Top: 

Yellow is S16E.  Bottom: Green is P21A. Vertical dashed lines indicate the well-resolved 

spectral positions of low-field lines of the T and R components (conformations). Mole 

fractions of the R component are 0.31 ± 0.02 (pS16-PLN), 0.23 ± 0.03 (S16E), 0.11 ± 

0.02 (PLN), and 0.06 ± 0.02 (P21A).  Spectra are normalized to the double integral, so 

they all correspond to the same spin concentration.  The baseline is 120 G wide. 
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Phosphorylation at S16 induces a dramatic increase in the mole fraction in the R 

state, at the expense of the T state, while the S16E mutation produces an intermediate 

effect (Figure 4, top) and the P21A mutation produces an opposite effect – decreasing 

the mole fraction in the R state (Figure 4, bottom). Thus, the effects of mutation on these 

conformational transitions are consistent with the NMR observations in DPC micelles 

(Figure 2). 

 

Structural Dynamics-Function correlations: Effects of mutations on SERCA activity 

In order to characterize the functional effects of these mutations, we reconstituted 

each mutant with SERCA in lipid membranes and measured ΔpKCa, which corresponds to 

the difference between the pKCa measured from the normalized calcium affinity curve in 

the absence and presence of PLN. Typical PLN inhibition of SERCA is characterized by 

ΔpKCa (change in calcium affinity) ~0.30 for unphosphorylated PLN (inhibitory 

complex) and a value of 0 for phosphorylated PLN (pS16-PLN; non-inhibitory complex), 

indicating no inhibition of the enzyme (29). Optimal enzyme inhibition is obtained with 

PLN (a proline at residue 21), which gives a ΔpKCa shift of 0.30. We found that either 

increased rigidity or increased flexibility of the loop and cytoplasmic regions of PLN 

decreases SERCA’s apparent affinity for calcium (Figure 5). Increasing PLN rigidity 

results in smaller ΔpKCa values, i.e. a LOF mutant. Both P21A and P21I were found to 

have a ΔpKCa shift of 0.21, while P21L, the most rigid mutant, displayed the greatest loss 

in function with a ΔpKCa shift of 0.17. Increasing PLN mobility also causes decreased 

inhibitory potency, lowering ΔpKCa with respect to PLN. For instance, the P21G mutation 

showed a decrease in ΔpKCa similar to that of P21A and P21I. S16E, which is 

dynamically very similar to P21G, also showed a decrease in ΔpKCa to 0.15, while pS16-

PLN (the most dynamic PLN form) shows complete relief of inhibition (ΔpKCa ~ 0). 

Therefore, similar to the structure and dynamics (see CSI and NOE values) the inhibitory 

potencies of S16E-PLN and P21G-PLN are intermediate between those of PLN and 

pS16-PLN. 
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Table 1. Summary of the dissociation constants (Kd), Hill coefficients (n), and calcium 

affinity shifts of SERCA for the different mutants and phosphorylated PLN species. The 

Kd values were obtained from NMR titrations by fitting Iretention of the transmembrane 

domain resonances as a function of SERCA additions. The Hill coefficients were 

calculated by fitting the appearance of the R state in the [1H, 15N]-HSQC spectra upon 

addition of SERCA using the Hill equation. The ΔpKCa values from the coupled assays 

were calculated as the difference between the pKCa for SERCA in the presence of each 

mutant and that of SERCA in the absence of inhibitor (see Experimental Procedures). 

 

 

 Kd (µM) n ΔpKCa 

P21L-PLN 173 ± 24 2.44 ± 0.25 0.17 ± 0.02 

P21I-PLN 157 ± 6 2.43 ± 0.27 0.21 ± 0.01 

P21A-PLN 132 ± 2 2.69 ± 0.39 0.21 ± 0.01 

S16EP21G-PLN 79 ± 7 2.34 ± 0.34 0.18 ± 0.02 

PLN 67 ± 4 1.92 ± 0.21 0.30 ± 0.04 

S16E-PLN 70 ± 6 2.21 ± 0.27 0.15 ± 0.02 

P21G-PLN 70 ± 4 2.18 ± 0.28 0.22 ± 0.05 

pS16P21G-PLN 71 ± 4 2.40 ± 0.34 0.00± 0.02 

pS16-PLN 62± 4 3.54 ± 0.77 0.00± 0.02 
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Figure 5. Structure-Dynamics-Function correlations diagrams for the different mutants of 

PLN. A. 2D projection of the change in activity correlated with change in dynamics. B. 

3D diagram showing the increasing Kd with backbone rigidity of the different PLN 

species. The diagrams are divided into two regions: high affinity (with Kd comparable to 

that of the monomeric PLN) and low affinity (Kd values higher than that of the 

monomeric PLN). Note that heteronuclear NOE data and CSI for monomeric PLN both 

phosphorylated and unphosphorylated are taken with permission from Zamoon et al 

(2003) and Metcalfe et al. (2005) (12, 36, 44).  
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Effects of SERCA on the structural transitions of PLN mutants 

To map the effects of each mutation on the T to R state transitions of PLN upon 

interaction with SERCA, we carried out a series of NMR titrations by adding purified 

SERCA incrementally to each mutant. Addition of SERCA causes the appearance of two 

different populations (states) of PLN amide resonances in the [1H,15N]-HSQC spectrum 

(Figure 6A). In analogy with our previous work (13, 35), the resonances that exchanged 

between two states were assigned to the free T and R states of PLN. While qualitatively 

the behaviors of the fingerprint resonances in the [1H,15N]-HSQC of the different mutants 

upon addition of SERCA were similar, there were marked quantitative differences in the 

allosteric transition for each mutant. Figure 6B shows the percentage of the R state for 

the cytoplasmic residues present with increasing amounts of SERCA (13). For PLN, we 

found that the transition from the T to R state is gradual, while for pS16-PLN this 

transition occurs in a cooperative manner, with a combined Hill coefficient of ~3-4 (13). 

For the more dynamic mutants (S16E and P21G), we observe an increase in cooperativity 

with respect to PLN, but a substantial reduction in cooperativity with respect to pS16-

PLN (see Hill coefficient in Table 1). Interestingly, the more motionally restricted 

mutants (P21L, P21I, and P21A) show cooperativity similar to that of pS16-PLN, 

meaning that [SERCA]:[PLN] molar ratios smaller than those required for PLN are 

sufficient for triggering the T to R transition. 
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Figure 6. T to R transitions for PLN, pPLN and the different mutants. A. Portions of [1H, 
15N] HSQC spectra showing the T to R state transition of A11 for P21L-PLN and PLN 

upon addition of incremental amounts of SERCA. B. Plots of the % of R states derived 

from the HSQC spectra at different SERCA/PLN ratios. The experimental points were fit 

using the Hill equation. Note that smaller SERCA:PLN ratios are sufficient to cause the 

transitions for pS16-PLN and all the motionally restricted mutants. Higher ratios are 

necessary for PLN, while S16E and P21G show an intermediate behavior. 
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In addition to characterizing the transition to the R state, the reduction in 

transmembrane domain intensities allowed for the determination of a dissociation 

constant (Kd) for each mutant (Figure 5B). This was accomplished using the decrease of 

the signal intensity of domain II upon titration with SERCA (13). While the more flexible 

variants of PLN display Kd values ~60 mM (in agreement with our previous NMR and 

EPR data in DPC micelles(35)), the values of Kd increase with increasing helicity and 

rigidity up to ~170 µM for P21L-PLN. This supports our earlier hypothesis that PLN 

molds into the hydrophobic core of the enzyme and its plasticity is an essential 

requirement for binding (44). 
 

The gatekeeper role of the Q26 side chain 

When analyzing the effects of phosphorylation at S16, we proposed that the side 

chain of Q26 located in domain Ib is crucial for PLN inhibition (13). Using site directed 

mutagenesis MacLennan and co-workers (33) showed that Q26A mutation generates a 

LOF mutant, supporting our original hypothesis that alanine is unable to form 

intermolecular hydrogen bonds. Recent molecular modeling calculations carried out by 

the same group support the involvement of Q26 side chain in the SERCA/PLN binding 

interface(33). Figure 7 shows the intensity retention of the Q26 NH2 groups at the end 

point of SERCA titrations with all PLN species. Upon addition of SERCA, the majority 

of the mutants analyzed retain ~50% of the intensity of the Q26 NH2 groups, while the 

intensity retention is much greater (up to 100%) for both phosphorylated species (pS16-

P21G-PLN and pS16-PLN). This suggests that changes in the dynamics induced by 

mutations are not sufficient to affect the gatekeeper role of the Q26 side chain and only 

phosphorylation causes this side chain to swing away from the protein-protein interface. 
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Figure 7. Intensity retention for Q26 side chain resonances in the [1H,15N]-HSQC spectra 

of each mutant upon titration with SERCA. Full intensity retention corresponds to no 

perturbation upon binding SERCA (i.e. the residue is not involved in the binding 

interface). Upon phosphorylation almost full intensity is retained, showing that Q26 side 

chain upon phosphorylation is no longer involved in the binding interface (13).  

 



 
397 

Phosphorylation of P21G mutant 

We also tested whether P21G still has post-translational control, a crucial factor in 

the view of developing a new generation of LOF mutants. Indeed, we found that P21G 

can be fully phosphorylated by PKA (Figure 8) and like pS16-PLN is a complete LOF 

species. Figure 8 shows that the calcium affinity curves for pP21G-PLN and pS16-PLN 

are superimposable, demonstrating the complete reversal of the residual inhibitory effect 

of P21G. Interestingly, pS16P21G-PLN is not as dynamic as pS16-PLN. However, the 

dynamic-function correlation graph shows that it must have passed the mobility threshold 

to become a complete LOF species.   

 

P21GS16E double mutant 

Are the effects of mutations additive? What is the role of electrostatics in PLN 

phosphorylation? To answer these questions, we cloned a monomeric mutant of PLN 

with both P21G and S16E mutations. If the effects of the double mutation were additive, 

we would expect an augmentation of the LOF effects with respect to the single P21G 

mutation, with a relief of inhibition similar to that of pS16-PLN. On the contrary, we 

found that this double mutant still has a residual inhibitory potency, which is intermediate 

between those of P21G and S16E single mutations. While this behavior is 

counterintuitive at first, this double mutant is slightly more rigid and helical than both 

P21G and S16E, and has a lower affinity for SERCA (Kd ~ 80 µM), making its inhibitory 

activity similar to that of P21A. We conclude that (a) the effects of the two mutations are 

not additive, and (b) PLN dynamics has a dominant effect over electrostatics at S16.
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Figure 8: Functional assays in lipid bilayers for P21G and phosphorylated P21G. Note 

that phosphorylated P21G has the same effect as phosphorylated PLN. Data sets were fit 

by equation 2 and plotted as V/Vmax.Each point represents the mean (n > 6); in most cases, 

the error measured was smaller than the plotted symbol. 
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Discussion 

In our previous work, we hypothesized an allosteric control mechanism for 

SERCA by PLN (35). We showed the existence of a dynamic equilibrium between two 

states of PLN: T state, which is more static and L-shaped, and R state, which is more 

dynamic. Based on the effect of phosphorylation at S16, we also suggested that the 

structural dynamics of PLN may have a direct influence on the calcium affinity and the 

allosteric transitions of the enzyme (13, 37). In the current work, we demonstrate that (a) 

the structural dynamics of PLN plays a crucial role in the allosteric regulation of SERCA, 

and (b) it is possible to gain control of SERCA function through the modulation of PLN 

structural dynamics. NMR data provides detailed insight into the conformational 

dynamics of PLN in DPC micelles, while EPR data (Figure 4) confirms that similar 

conclusions are valid in lipid bilayers and shows clearly that the principal effect of 

phosphorylation or mutation in the loop region of PLN is to regulate the equilibrium 

between R and T states. 

In agreement with previous studies (55), we found that proline 21 is pivotal for 

optimal inhibition of SERCA. Point mutations in this site induce long-range changes in 

PLN structural dynamics, affecting PLN interactions with SERCA (Figure 3). 

Interestingly, the changes in the structural dynamics observed have short- and long-range 

correlations.  In other words, single point mutations not only affect residues in the 

immediate proximity of the mutated site (loop), but also distant residues with a direct 

relation to the overall PLN structural dynamics. In particular, CSI correlation plots show 

a strong positive correlation for N27 and a weaker positive correlation for N30, in 

antithesis with the trend observed for the other residues around the P21 site. Both 

residues are proximal to Q26, a key residue that was predicted to swing away from the 

SERCA/PLN interface upon phosphorylation at S16 (13, 16). It is possible that a less 

structured domain Ib with concomitant breakage of intermolecular hydrogen bonds is 

necessary for complete relief of inhibition. 

These changes in structure and dynamics of PLN induced by single mutations 

have direct effects on its inhibitory potency. To interpret the complex energy landscape 

of SERCA/PLN interactions, we built a simplified energetic diagram that summarizes the 

behavior of the mutants analyzed (Figure 9). In the absence of SERCA, PLN is in 
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equilibrium between a more populated T state where the cytoplasmic domain is in direct 

contact with lipid membranes and a less populated R (activated) state. In the presence of 

SERCA, this equilibrium is shifted toward the R state. Unphosphorylated PLN binds 

SERCA to form an inhibitory complex (low energy), while S16 phosphorylation leads to 

a non-inhibitory complex (high energy) without completely dissociating from the 

enzyme. Our results indicate that this transition from an inhibitory to a non-inhibitory 

complex is strongly influenced by structural dynamics.  

Mutations change the activation energy for the T to R transition, a primary 

difference between pS16-PLN and PLN (Figure 9). In the presence of SERCA, the most 

rigid mutants (P21A, P21I, and P21L) have a lower activation energy to transition from 

the T to R state. Interestingly, they show the same cooperativity (similar Hill coefficient) 

as the most dynamic species (pS16-PLN), suggesting that the R state could be an 

ensemble of different conformations (36). On the other hand, S16E and P21G display a 

cooperativity intermediate between that of PLN and pS16-PLN. In the bound state, full 

inhibition is reached only with PLN that forms a low energy complex with SERCA, 

while all of the mutants generated are LOF with higher energy complexes.  
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Figure 9. Proposed energy diagram to interpret the effect of mutation and 

phosphorylation on SERCA activity. All the possible states are reported (T, R, inhibitory, 

and non-inhibitory complexes). The difference in energy levels of the free PLN species 

reflects the relative propensity of PLN species to undergo cooperative transition from the 

T to R state upon addition of SERCA (see Figure 7 and the Hill coefficients in Table 1). 

The relative energy in the bound state reflects both the Kdvalues (affinity for SERCA) 

and the inhibitory potency (i.e. ability to form an inhibitory complex).  
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Can we use this knowledge to design a new generation of LOF mutants? Based on 

our data, we found that more helical and motionally restricted mutants of PLN are LOF 

with cooperative T to R state transitions. However, the more rigid mutants have lower 

binding affinities (Kd ~2 times larger for the most motionally restricted P21L) and would 

not be good candidates to compete with wild-type PLN for possible rAAV gene therapies 

(56). On the contrary, more mobile mutants such as S16E and P21G have binding 

affinities similar to those of the non-mutated PLN and would constitute good LOF 

candidates. Remarkably, P21G has both an inhibitory effect and affinity for SERCA 

similar to that of S16E. The residual inhibitory effects are ΔpKCa ~0.22 and 0.15 for 

P21G and S16E, respectively. Since P21G is more dynamic than S16E, this small but 

significant difference in the inhibitory potency might be attributable to the difference in 

charge between the two mutants and the different interaction surfaces with SERCA. 

A significant limitation of the S16E mutant is its lack of post-translational control 

by PKA, i.e., position 16 is no longer phosphorylatable. Unlike S16E, P21G has position 

16 still accessible to PKA, enabling post-translational control. This would allow further 

augmentation of the LOF character of the designed mutants in vivo. Of course, the ideal 

LOF species is pS16-PLN, which still binds SERCA with high affinity without inhibiting 

its function. Rationally designed LOF mutants should mimic the structural dynamics of 

pS16-PLN.  However, complete LOF mutants would correspond to ablation of PLN (i.e., 

continuous activation of SERCA), which can result in dilated cardiomyopathy (23). 

Therefore, it is necessary that the new mutants possess a residual inhibitory effect like 

P21G. 

While in vivo testing using rAAV is necessary to completely validate the 

therapeutic possibility of P21G, our in vitro assays show that this mutant lays the ground 

for the next generation of rationally designed PLN species with potential therapeutic 

application. Unlike S16E, these new mutants would simultaneously preserve post-

translational control in addition to increased internal dynamics. 

Indeed, the current study is limited to the correlation between backbone internal 

dynamics and PLN’s inhibition of SERCA. As shown for Q26 (a residue involved in the 

SERCA/PLN interface), the involvement of this side chain in the protein-protein interface 

is not affected by mutations at position 21, but rather it is sensitive only to 
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phosphorylation (see Figure 7). To fully understand how the phosphorylation signal is 

relayed through the mutation sites in the loop to the transmembrane protein interface, 

future studies on the structural dynamics of PLN side chains with and without 

phosphorylation in the presence of SERCA will be necessary. 

In summary, we have demonstrated that by fine-tuning the structural dynamics of 

PLN, it is possible to modulate its allosteric regulation of SERCA. The possibility of 

controlling SERCA activity will help design new PLN mutants that can be utilized in the 

correction and reversal of calcium cycling abnormalities in heart failures. From a general 

structural biology point of view, the possibility of fine-tuning a membrane enzyme’s 

function by modifying its subunits’ structural dynamics opens up the application of 

similar strategies in the regulation of other membrane-bound proteins that are governed 

by similar mechanisms. For instance, similar approaches can be used in the modulation of 

the Na/K-ATPase, which is regulated by phospholemman, a single pass membrane 

protein with a function similar to that of PLN (3). 
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Separated local field (SLF) experiments have been used for almost three decades 

to obtain structural information in solid-state NMR. These experiments resolve chemical 

shift anisotropy (CSA) from dipole-dipole interactions (dipolar couplings, DC) in isolated 

spin systems. Both CSA and DC data can be converted into orientational constraints to 

elucidate the secondary structure and topology of membrane proteins in oriented lipid 

bilayers. Here, we propose a new suite of sensitivity enhanced SLF pulse sequences to 

measure CSA and DC for aligned membrane proteins and liquid crystalline molecules 

that will decrease the time needed for data acquisition. We demonstrate the efficacy of 

these new sensitivity enhanced experiments using both a single crystal of N-acetyl 

leucine and a single pass membrane protein sarcolipin reconstituted in aligned lipid 

bicelles. These results lay the groundwork for the routine application of these methods for 

studying the structure and topology of membrane proteins.  
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Introduction 

Dipole-dipole couplings (DC) and chemical shift anisotropy (CSA) are of central 

importance to structure determination of membrane proteins by solid-state NMR 

(ssNMR) spectroscopy 1-3. These parameters are directly measured using separated local 

field (SLF) experiments that resolve CSA of spin S and DC between spins I and S in two 

dimensions 2, 4, 5. If the CSA tensor of spin S and the distance between spins I and S are 

known, thenthe observables are easily converted into orientational-dependent restraints 

for structure determination 6-12. 

SLF experiments have been widely used by chemists and biophysicists to 

characterize the structures of liquid crystals as well as macromolecules such as membrane 

proteins in mechanically and magnetically aligned lipid bilayers 13-24.  

Since the introduction of the SLF experiment4, several variants have emerged 25-

28, of which, PISEMA (Polarization Inversion Spin Exchange at the Magic Angle) has 

been the most widely used 25, 29, 30. Significant advantages of the PISEMA experiment are 

the large scaling factor (0.82) for dipolar evolution and the narrow spectral lines in the 

dipolar coupling dimension, which has enabled the spectroscopic analysis of several 15N 

labeled membrane proteins reconstituted in oriented lipid membranes 2. Although quite 

robust, the PISEMA experiment has several disadvantages that have limited its 

application to structural biology. First, the values of the DC strongly depend on the 

proton frequency offset during FSLG (Frequency Switched Lee-Goldburg) decoupling 31 

in the t1 evolution. Second, small dipolar couplings are often obscured by intense zero 

frequency peaks in the dipolar dimension. Third, the PISEMA experiment, similar to all 

SLF experiments observed on the rare spin S, is relatively insensitive, which has limited 

the routine application of this approach to ~12 membrane protein structures 2. 

To overcome the problems of frequency offset and zero frequency peaks, several 

pulse sequences have been proposed (broadband-PISEMA, SAMPI4, and HIMSELF) 25-

28. These experiments differ primarily in the pulse schemes used during the t1 evolution 

period, when I-S spin exchange occurs (heteronuclear DC evolution). Depending on the 

sample conditions (bicelles versus mechanically aligned bilayers) and DC values, these 

SLF experiments offer valuable alternatives to the PISEMA experiment.  
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Recently, we proposed a new experiment called sensitivity-enhanced PISEMA 

(SE-PISEMA), which increases the sensitivity up to 40% 32. Unlike the original PISEMA 

pulse sequence, which records only the cosine modulated dipolar coherences, the SE-

PISEMA scheme detects both sine and cosine dipolar modulated coherences. Addition 

and subtraction of these components enhance the signals with a direct dependence on the 

DC value, which is optimized by changing t in the constant dipolar evolution period (see 

Figure 1).  

In this work, we report a generalized theory for SLF experiments and devise new 

sensitivity enhanced SAMPI4 and HIMSELF experiments (SE-SAMPI4 and SE-

HIMSELF). These experiments will extend the application of SLF pulse sequences on 

systems with small dipolar couplings by increasing the signals up to 40%. We 

demonstrate the efficacy of these pulse sequences for a single crystal of 15N N-acetyl 

leucine (NAL) and for the membrane protein sarcolipin (SLN) aligned in 1,2-dihexanoyl-

sn-glycero-3-phosphocholine/1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DHPC/DMPC) bicelles.  
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Figure 1. Pulse sequences for SE-PISEMA (A), SE-SAMPI4 (B) and SE-HIMSELF (C). 

Phase  φ is cycled between y and -y to achieve sensitivity enhancement. 
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Theory and Methods 

The theory of PISEMA, SAMPI4 and HIMSELF has been thoroughly discussed 

in the literature 25-28, 33, 34. Here, we report the relevant spin operators that give rise to the 

dipolar oscillations, describing the resulting density matrices and deriving the 

corresponding SE observables. 

Each of the SLF sequences (Figure 1) starts with a (90)o
−y pulse applied on I 

spins followed by Hartmann-Hahn cross polarization 35 on I and S spins with phases -x 

and x, respectively. In each of these sequences the effective Hamiltonian during the t1 

evolution period is given by, 

(1)                  )(.)( 1 yyxxISSLFSLF SISIstH += ω  
where sSLF =0.82 for PISEMA, sSLF =1.09 for SAMPI4, and sSLF=0.66 for 

HIMSELF;  ωIS = 2π DIS, where DIS is heteronuclear DC between I and S. All of the 

relevant transformations are reported in the Supporting Information. The final density 

matrix for the SLF experiments is given by: 

(2)                  ).cos(. 2
1

ti
ISSLFxSLF

setsS ωωρ =  
From equation 2, it is clear that during t2 acquisition only the cosine dipolar 

coherence is detected, while the sine term is encoded in the undetectable two-spin 

operator (see Supporting Information). In SE-SLF experiments, 90o pulses are applied on 

I and/or S spins after t1 evolution, so that the Sx operator is converted into Sz and one 

operator of the multiple quantum coherences associated with sine dipolar coherence is 

converted into an antiphase operator 2IzSy. For both the PISEMA and SAMPI4 

experiments, a (90)S
−y pulse converts Sx into Sz, whereas for the HIMSELF experiment 

the S spin operator associated with cosine term is already along the z direction (see 

Supporting Information). Therefore, for the latter experiment no flip angle pulse is 

required on the S spins. The multiple quantum term 2IxSy is converted into 2IzSy by 

applying a (90)0
y pulse on the I spin. The resulting density matrices are: 

(3)                                                                                                                                                         
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The spin operators of eq 3 are with respect to the sigly-tilted rotating frames 

defined in eq 5S. After the evolution period, FSLG spin lock is applied on I spins which 

gives the scaled heteronuclear dipolar coupling Hamiltonian HIS(τ) in the singly-tilted 

rotating frame defined by the operator Uτ. 

(4)                                                   1.

2.cos)(
ymIi

zzmIS

eU

SIH
θ

τ

θτ
−=

=

 
To match the rotating frames of eq 5S to those of Uτ in eq 4, suitable 

transformation pulses are applied prior to the t period. The tilted rotating frames of eq 5S 

can be related to Uτ : 
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From eq 5, it is apparent that U’

PISEMA = Uτ  and for the SE-PISEMA experiment 

no transformation pulse is required, whereas (35.3)o
y and (54.7)o

−y transformation pulses 

are needed for both SE-SAMPI4 and SE-HIMSELF, respectively. The resulting density 

matrices at τ = 0 with the spin operators represented in a tilted rotating frame Uτ , are: 

(6)                                                                                                                                                      
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Since the spin operators are of the same form and are defined in the same tilted 

rotating frame Uτ , eq 6 can be reformulated into a master equation valid for all of the 

SLF experiments:  

(7)         )sin()22()cos()()0( 11 tsSISItsSI ISSLFyZxyISSLFzxSLFSE ωωτρ +−−==−  
where subscript SLF indicates any SLF experiment (PISEMA, SAMPI4, or 

HIMSELF).  

During the τ period, the antiphase S spin operator 2IzSy evolves under scaled 

heteronuclear DC Hamiltonian HIS(τ). The chemical shift evolution of the S spin during 

the first τ period is refocused by a 180o pulse followed by another τ period under the 
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effect of the heteronuclear DC. The evolution of 2IzSy operator during the 2τ period is 

given by: 

(8)               )sin(cos)cos(cos22 τωθτωθ ISmxISmyzyz SSISI −→  
The other spin operators Ix and 2IySx are evolved into unobservable two-spin 

operators and are neglected. Combining eqs 7 and 8 and considering only the S spin 

operators, the density matrix at the end of the 2τ period is given by: 

(9)                       )sin(cos).sin()cos()2( 11 τωθωωτρ ISmISSLFxISSLFzSLFSE tsStsS +−=−  
A final (90)o

x pulse on S spin followed detection of S under I spin decoupling 

gives the 

density matrix ρ1: 

[ ] (10)             )sin(cos).sin()cos( 2
111

ti
ISmISSLFxISSLFy

setsStsS ωτωθωωρ +=  
In the subsequent scan, the phase of the 90o pulse on I spin after t1 is set to -y. 

This inverts the sign of the antiphase term 2IzSy, which gives the final density matrix ρ2. 

[ ] (11)         )sin(cos).sin()cos( 2
112

ti
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setsStsS ωτωθωωρ −=  
ρ1 and ρ2 are stored in separate files, with addition and subtraction of ρ2 from ρ1 

giving the cosine andsine dipolar coherences, ρc and ρs, respectively. 
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The terms ρc and ρs can also be obtained by phase cycling the last 90o pulse on 

the 15N channel 32. Note that ρc and ρs have a relative 90o phase shift in both t1 and t2 

dimensions. Thus, after Fourier transformation a 90o zero-order phase correction is 

applied on ρc and ρs to obtain absorptive peak shapes. The resultant SE-SLF spectrum is 

obtained by adding ρc and ρs. 

(13)            ),(),( 2121 ωωρωωρρ scSLFSE +=−  
Note that the zero order phase correction can also be applied prior to Fourier 

Transform. From eqs 10-12, it is clear that one can detect and uncouple the cosine and 

sine dipolar coherences by using a two-step phase cycle. The final density matrix for the 
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SLF experiments (PISEMA, SAMPI4, and HIMSELF, see eq 2) with two scans for each 

increment is given by 

(14)          )cos(2),( 2
121

ti
ISxSLF

setStt ωωρ =  
The dipolar peaks in each doublet have the same sign for ρc, whereas they have 

opposite sign for ρs. Addition of these two data sets gives a two-dimensional spectrum, in 

which the intensity of one component of each dipolar doublet is increased by the factor [1 

+ sin(cos θmωISτ)] with respect to the corresponding peak in the classical SLF experiment 

performed with two scans. The RMS noise of ρc and ρs is identical to that of ρslf (see eq 

14). Similar to the SE scheme in liquid-state NMR, the addition or subtraction of two 

datasets (ρc and ρs, whose RMS noises are uncorrelated) causes the noise level to 

increase by 2 36. Therefore, the signal to noise for the SE-SLF experiment (S/NSE-SLF) is 

related to that of the SLF experiment (S/NSLF) by the following equation: 

 

 

 

SLN expression, purification and solid-state NMR sample preparation 

[U-15N] labeled SLN was expressed in E. coli bacteria and purified as reported 

previously 37. Bicelles were formed drying 37.2 mg of DMPC and 7.6 mg of DHPC in 

chloroform into separate glass vials under a stream of N2 gas (DMPC/DHPC molar ratio 

of 3.2/1.). The lipids were placed in a vacuum desiccator overnight to ensure complete 

removal of the chloroform. An aqueous solution of DHPC was obtained by adding 50 µL 

of NMR buffer (120 mM NaCl, 20 mM phosphate, 0.02% NaN3, pH 6) to the dry DHPC 

lipid followed by extensive vortexing and a brief bath sonication (~1 min). The DHPC 

solution was added to 1 mg of [U-15N] labeled sarcolipin powder, and vortexed until a 

clear solution was obtained. Large vesicles of DMPC were prepared by adding 100 µL of 

NMR buffer to the dry DMPC lipids followed by three freeze/thaw cycles (liquid N2/45 

°C) until a white suspension was obtained. The DHPC/SLN solution was added to the 

DMPC vesicles and the mixture was extensively vortexed. Bicelles were formed after 3-5 

freeze/thaw cycles, which resulted in a non-viscous solution between 0 and 15 °C, and a 
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viscous and clear solution above 30 °C. The final volume was adjusted to 160 µL by 

addition of NMR buffer, giving a final lipid concentration of 28% (w/v). Bicelles were 

transferred to a flat-bottom glass tube (New Era Enterprises) and tightly sealed with a 

polytetrafluoroethylenecap. 

 

NMR Spectroscopy 

All of the NMR experiments were performed with a Varian VNMRS 

spectrometer operating at 1H frequency of 700 MHz equipped with a low-E bicelle probe 

built by the RF program at the National High Magnetic Field Laboratory (NHMFL) in 

Florida 38. A cross polarization time of 2 ms applied at 1H and 15N RF field strength of 

~50 kHz were used for all of the pulse sequences.SPINAL64 decoupling 39 was used 

during acquisition with 50 kHz 1H RF field strength. The t1 decoupling on the proton 

channel 40 was achieved by phase-modulated Lee-Goldberg (PMLG) 41, 42. For SE-SLF 

experiments, the effective 1H field during the t period was 80 kHz, corresponding to t = 

100 µs (or 75 µs for flipped bicelles), which gives a maximum enhancement for DC 

values of 4.2 kHz (or 6 kHz). For PISEMA and SE-PISEMA the effective field on 1H and 
15N during t1 was 50 kHz. For SAMPI4, HIMSELF and in the corresponding SE versions, 

the 1H and 15N RF field strengths during t1 were 62.5 kHz. The dwell times for t1 

evolution in PISEMA, SAMPI4 and HIMSELF were 40 µs,  60 µs, and 96 µs, 

respectively. A recycle delay of 5 s was used between each scan. The spectra for the 15N 

N-acetyl leucine (NAL) sample were acquired with 16 scans, and 128, 100 and 64 t1 

increments for PISEMA, SAMPI4, and HIMSELF. The spectra for [U-15N] SLN sample 

in unflipped bicelles were acquired with 1024 scans and 30, 25, and 20 t1 increments for 

PISEMA, SAMPI4, and HIMSELF, respectively. The spectra in flipped bicelles were 

acquired with 2800 scans and 20 t1 increments for PISEMA. All SE-SLF experiments 

were acquired with identical increments in the t1 dimension. Importantly, due to the 

number of scans used for [U-15N] SLN sample, all SE-SLF and SLF experiments were 

acquired in an interleaved mode to ensure accurate measurement of the sensitivity 

enhancement. 
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Results 

Figure 2A shows the spectra obtained for SE-SLF and SLF experiments using the 

NAL single crystal. The dipolar dimension spectral widths have been scaled to 

compensate for the theoretical scaling factors (eq 1). Also, since the RMS noise of SE-

SLF data is 2  times larger than the SLF data, the SE-SLF spectra were divided by 2  

to match the noise level 36. Thus in Figure 2, a comparison of the height of the peaks 

between SE-SLF and SLF spectra is a direct measurement of the sensitivity enhancement. 

Figure 2B shows the summation of 1D cross-sections between 2 and 7 kHz from the 

dipolar coupling dimension. The tabulated signal to noise (S/N) enhancement values 

obtained from these cross-sections are shown in Table 1 and compared to the theoretical 

S/N enhancements calculated from eq 15. Note: the theoretical DC values for the NAL 

crystal are calculated from the HIMSELF spectra. Consistent with our previously 

published values for the SE-PISEMA experiment 32, the enhancements observed for SE-

SAMPI4 and SE-HIMSELF agree well with theoretical values. With τ = 100 µs, the 

maximum enhancement factor of 2  will be achieved for DC values equal to 4.2 kHz, 

which is in agreement with the resonance at 127 ppm. The slight deviation of 

experimental (S/N) enhancement from the theoretical values could be due to transverse 

relaxation of antiphase magnetization during the 2τ period or effect of proton frequency 

offset during FSLG of the τ period. In fact, the theoretical calculations reported in the 

Theory and Methods section are carried out for an isolated I-S spin system and assumes 

on-resonance pulses for I and S spins. These factors affect only the sine term ρs of eq 12, 

since the cosine term is aligned along the z-direction in the 2τ period. In fact, the two 

resonances showing the largest discrepancies with theoretical values (64 and 108 ppm), 

had the largest amount of zero-frequency and broadening in the DC dimension of the 

PISEMA experiment, consistent with the 1HN chemical shift of these peaks positioned 

off-resonance from the proton carrier frequency. This is a known drawback of using 

FSLG (or PMLG) that is not seen in the SAMPI4 or HIMSELF spectra within Figure 

2A25-28, 33. 
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Figure 2. (A) 2D spectra of SLF (left) and SE-SLF (right) 15N N-acetyl leucine single 

crystal. (B) The sum of the corresponding dipolar cross sections between 2 and 7 kHz for 

SLF (left) and SE-SLF (right) spectra.  The data is zero filled to 4096 in F1 and 4096 in 

F2. A cosine-shifted sine-bell window function is applied in the F1 dimension with 100 

Hz exponential line-broadening, and 100 Hz exponential line-broadening is applied in the 

F2 dimension followed by baseline correction. The dipolar dimension is suitably scaled to 

compensate the theoretical scaling factors. All the SE-SLF experiments were performed 

with τ = 100 µs 
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Table 1.  Experimental vs theoretical enanchement of individual peaks 

 

  Experimental  Theoretical 
15N Chemical Shift 

(ppm) SE-PISEMA SE-SAMPI4 
SE-

HIMSELF  
212 1.22 1.35 1.28 1.24 
128 1.38 1.38 1.32 1.41 
108 1.27 1.28 1.25 1.41 
64 1.20 1.13 1.18 1.38 
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To demonstrate the effectiveness of these experiments for membrane proteins, we 

performed each of the SE-SLF experiments with the membrane protein sarcolipin (SLN), 

an endogenous inhibitor of the sarcoplasmic Ca2+-ATPase. SLN has been extensively 

studied by solution and solid-state NMR in DPC micelles and mechanically oriented 

DOPC/DOPE lipid bilayers 43-46, as well as in DOPC using molecular dynamics 

simulations 47. SLN is comprised of three structural domains: two unstructured termini 

and a stable helix that can be divided into two regions, one hydrophobic and the second 

hydrophilic. SLN crosses the DOPC lipid bilayer at an angle of ~20°, as estimated from 

several PISEMA experiments in mechanically aligned lipid bilayers on glass plates 43-46. 

For this work, we have reconstituted SLN into magnetically aligned lipid bicelle 

preparations using DMPC and DHPC in a molar ratio of 3.2/1 (q = 3.2). The orientation 

of the bicelle sample preparations are checked using 31P NMR experiments as previously 

reported 48, and found to be optimally aligned at a temperature of 40 °C. The linewidths 

of the 15N CSA in bicelles are substantially sharper than in the corresponding spectra 

obtained with mechanically aligned bilayers (3-5 ppm vs. 10-15 ppm), reflecting a 

substantial reduction in mosaic spread of the bicelle samples. In this work, we refer to 

unflipped bicelles as those with the bilayer normal perpendicular to the direction of the 

static magnetic field and the flipped bicelles (addition of 9 mM Yb3+ ions) as those where 

the normal of the bilayer is parallel to the direction of the magnetic field. Due to the 

motion of the bicelle in the unflipped case, the anisotropic parts of the chemical shift and 

dipolar coupling are scaled by a factor of 2
1− 49. All SE-SLF and SLF experiments were 

performed with the unflipped bicelle sample and only the SE-PISEMA and PISEMA 

experiments were acquired with the flipped bicelle sample.  

Figure 3A shows the 2D spectra obtained for the SE-SLF and SLF experiments 

using [U-15N] SLN reconstituted in unflipped bicelles. Due to the relatively long 

acquisition times (2-3 days), the SE-SLF and SLF experiments were acquired in 

interleaved mode, removing possible experimental differences between the datasets such 

as probe detuning, and ensuring accurate determination of the sensitivity enhancement.  
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Figure 3. (A) SLF (left) and SE-SLF (right) spectra on [U-15N] SLN oriented in 

unflipped bicelles. (B). 1D cross-section of panel A at 3.5 kHz DC. The data is zero-filled 

to 2048 and 1024 in the F2 and F1 dimensions, respectively. A sine-bell window function 

is applied in F1 dimension and baseline correction is applied in the F2 dimension. All the 

SE experiments were performed with τ duration of 100 µs. 
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The SE-SLF data in Figure 3 have been scaled by 2 to match the noise level to 

the corresponding SLF spectra. Figure 3B shows the 1D cross-section from Figure 3A at 

3.5 kHz dipolar coupling. From Figure 3, it is clear that the SE-SLF spectra give a larger 

S/N value than the SLF experiments. We quantified the signal enhancement by 

measuring the integrated intensity of the PISA wheel pattern between 70 and 130 ppm of 

the 15N CSA and 2 and 5 kHz of the DC dimension. The signal enhancement measured 

for SE-PISEMA, SE-SAMPI4, and SE-HIMSELF experiments with respect to the 

corresponding SLF spectra is 30, 30 and 32%, respectively. The enhancement factors are 

smaller than the maximum achievable value of 41% due to the fact that not all of the 

dipolar couplings observed in Figure 3 can be maximized with one value of τ. To further 

visualize the signal enhancement, we extracted 1D traces from the 2D spectra at 3.5 kHz 

DC and show these in Figure 3B (SLF-black, SE-SLF-red). These enhancements are 

consistent with those determined from the 2D integrated intensities. 

Finally, to ensure we could obtain signal enhancements for the flipped bicelles, 

we added YbCl3 (9 mM) to the [U-15N] SLN sample and acquired PISEMA and SE-

PISEMA experiments in an interleaved mode as described before (Figure 4). As 

expected, the change in orientation of the bicelles with a membrane plane perpendicular 

to the direction of the static field led to a more dispersed helical wheel, allowing for a 

significant gain in spectral resolution. The comparison between PISEMA and SE-

PISEMA show an average gain of ~20% in the signal-to-noise ratio with the sensitivity 

enhancement scheme. This enhancement is slightly lower than expected. This likely 

results from faster relaxation of antiphase magnetization (2IzSy) during τ, due to the 

change in orientation of the protein with respect to the magnetic field and/or 

paramagnetic broadening from the YbCl3
50. 
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Figure 4. (A) PISEMA (top) and SE-PISEMA (bottom) spectra of [U-15N] SLN in 

flipped bicelles. (B). 1D cross-section of panel A at 4.8 kHz DC.  Each spectrum is 

recorded with 20 t1 increments and 2800 scans per increment. The τ value is set to 75 µs. 

The dipolar dimension is suitably scaled to compensate the theoretical scaling factors. 

The data is zero-filled to 8192 x 4096. A sine-bell window function is applied in F1 

dimension and baseline correction is applied in F2 dimension. 
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Discussion 

The use of anisotropic parameters in NMR structure determination of 

biomolecules has become fundamental in calculating accurate and precise structures. The 

foundation for this idea began when Pake revealed DC was angular and distance 

dependent 51, and has reached everyday usage with residual dipolar couplings (RDCs) 

and residual chemical shift anisotropy (RCSA) for the structure refinement of 

biomacromolecules by solution NMR 52-54. In principle, the observables from SLF 

experiments (DC, CSA) on static NMR samples of membrane proteins aligned in lipid 

membranes are used in a similar method as those for RDCs and RCSA. The primary 

difference is that the alignment tensor is fixed in the case of solid-state NMR, which 

corresponds to the bilayer normal, allowing for determination of protein topology. 

Although there have been attempts to determine membrane protein topology by magic-

angle-spinning (MAS) experiments 55, the major advantage of using oriented solid-state 

NMR is the accurate determination of topology 2, 56. Unfortunately, the application of 

these methodologies has been limited to a few selected cases 2, mainly due to 

experimental difficulties in preparing oriented samples. It is our experience that the 

narrowest spectral resolution is achieved by dilute membrane protein samples with 100/1 

or 200/1 lipid/protein molar ratios 24, 43, 45, 57, 58. Coupled with the fact that most oriented 

experiments observe on 15N, these samples are quite insensitive when compared with 

solution NMR or MAS. Another drawback is that the classical sample preparations 

(mechanically aligned samples) require the use of glass plates to support the lipid 

bilayers, which further reduces the volume available in the RF coil for isotopically 

labeled samples (~60-70% of coil volume is occupied with glass).  

The introduction of bicelles as an alternative membrane mimic represented a 

major advancement in the application of oriented solid-state NMR techniques 48, 49, 59, 60. 

While the preparation of membrane proteins on mechanically aligned lipid bilayer 

samples are robust and continue to be applied for the determination of the topology of 

membrane-bound proteins and peptides, the low sensitivity of these sample preparations 

has prevented widespread use. In addition, the introduction of probe technology that 
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reduced the heating in the probe due to the electric field (low-E) has dramatically 

improved sample stability 38, 61. Taken with these implementations, our new suite of 

sensitivity enhanced experiments (Figure 1) lays the groundwork for the expansion of 

oriented solid-state NMR methodology for membrane proteins by drastically reducing the 

acquisition time for NMR experiments. For the same S/N, the SLF experiment (PISEMA, 

HIMSELF, and SAMPI4) would require a 70% longer acquisition time than the 

corresponding SE-SLF experiment due to the 30% sensitivity enhancement scheme 

(Figure 3). For instance, the spectra shown in Figure 3 required an acquisition time of 57 

hr compared with 34 hr for the SE-SLF experiment. The combination of sensitivity 

enhanced methods, low-E probes, observation on more sensitive nuclei such as 13C, and 

optimized bicelle sample preparations will result in robust, site-specific assignments on 

uniformly labeled proteins without the need of extensive selective labeling samples to 

assign the SLF spectra.  

 

Conclusions 

We present a new suite of SLF pulse sequences with improved sensitivity. These 

sequences have been shown to be effective on a model compound and applied on a 

membrane protein. With the single crystal, the enhancements in S/N ratio are in close 

agreement to the theoretical values. For the membrane protein SLN aligned in unflipped 

bicelles, the increase in S/N is ~30%. These new experiments will substantially decrease 

the time needed for data acquisition, which will result in more efficient determination of 

structures and topologies for this important class of proteins as well as liquid crystals.  
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14. Appendix IV - Structure determination of membrane 

proteins and peptides by Nuclear Magnetic Resonance 

Spectroscopy 
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Membrane proteins are challenging systems for structural biologists primarily 

because of their hydrophobicity. MPs easily aggregate in aqueous solutions, therefore 

requiring a lipid or detergent environment to increase solubility. The two main techniques 

able to provide atomistic details on the structures of proteins are X-ray crystallography 

and NMR spectroscopy. Both techniques present challenges when dealing with MPs. The 

necessity to use detergent micelles or lipid vesicles often hampers the formation of 

diffracting crystals. Indeed, high-resolution crystallographic structures of membrane 

proteins are often the result of years of trials and errors to find the right conditions. 

Furthermore, X-ray crystallography often gives a static picture of the protein even when 

dynamic properties may play a significant role in its function. In these cases, NMR 

spectroscopy can be a powerful complementary technique to use. In solution NMR the 

MP is reconstituted in detergent micelles, which mimic the lipid environment and often 

preserve the function of the protein. In NMR the observed linewidth is proportional to 

1/T2, where T2 is the transverse relaxation time of the nucleus. T2 is related to the 

correlation time of the molecule through the spectral density function. The longer the 

correlation time, the shorter the T2 value and the larger the spectral linewidth. Therefore, 

there is a size limitation in solution NMR, which is ~100-150 kDa for fully 1H labeled 

proteins. For large MPs however we must consider the size of the protein/micelle system, 

which further limits the size of the protein that can be studied. To get around these 

problems, in recent years there has been a push to develop the use of solid-state NMR 

spectroscopy in MP structural determination. There are two methodologies used to study 

membrane proteins with solid-state NMR: uniaxial alignment with respect to the 

magnetic field and magic angle spinning (MAS) (1). The latter technique exploits an 

important result regarding dipolar coupling which has an angular dependence of 3cos2θ-1 

relative to the magnetic field. MAS rotates the sample at the magic angle (54.7°), which 

causes the dipole-dipole coupling to equal zero, resulting in more resolved spectra. The 

alternative method, uniaxial alignment, relies on unique alignment of the sample with 

respect to the magnetic field (liquid crystal). While MAS removes the chemical shift 

anisotropy and dipole-dipole coupling, the uniaxial alignment technique does not average 

these anisotropies allowing the determination of angles or topologies with respect to the 
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magnetic field. Similarly, solution NMR studies in rapidly tumbling detergent micelles 

remove the anisotropy and therefore the ability to directly determine membrane protein 

topology.  

Structure determination using NMR restraints 

In order to determine the 3D structure of a polypeptide the “conformational 

space” (all possible conformations) must be explored in search of the conformation that 

minimizes an energy function (Equation 1) defined by the “force field”. The latter  

 

E
total

= E
NOE

+E
VdW

+E
Dihedral

    (1) 

 

summarizes all the different forces present in a polypeptide (bond lengths, bond 

angles, Van der Waals attraction etc). Even a simple peptide of a few residues can 

assume an almost infinite number of conformations; therefore the conformational search 

is guided by “restraints” derived from experimental observations. The two most 

important classes of restraints derived form solution NMR data are: 1) distance restraints 

and 2) dihedral angle restraints. Both classes are introduced as penalty functions that add 

to the total energy of a particular conformation when the value is outside of the range 

defined by the experimental data. Penalty functions are quadratic equations defined as the 

square of the violation distance. Equation 2 shows the penalty function for NOE distance  

 

E = k(r ! r
0
)
2   if r > r

0
;   E = 0   if  r < r

0
  (2) 

 

restraints, where E is the energy of the NOE restraint, k is the force constant, r is 

the calculated distance, r0 is the maximum value determined by the experimental 

observable.  

The first step in the structure calculation is to generate a number (~50) of initial 

structures that satisfy the NMR restraints. These initial structures are subsequently used 

for energy minimization through simulated annealing, which consists in heating up the 

molecule to increase the kinetic energy of the system and cooling it down in a number of 

steps under the influence of the total energy function until a minimum is reached. This 
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process is repeated a number of times, each time improving the restraint list until a 

relatively low total final energy is obtained. 

  

Solid-State NMR Theory. 

In NMR of spin-½ we can use the simplified time-dependent Schrödinger 

equation to include only the spin wavefunction and spin Hamiltonian (3). 

 

)()( tiHt
dt

d
spinspinspin !"=!  (3) 

 

The spin wavefunction contains only the spin states of the nucleus. A simplified 

Hamiltonian used in NMR is given below: 

 

Hspin = HZeeman +HRF +HCSA +HDD +HJ  (4) 

 

The subscripts refer to the Zeeman effect in the static magnetic field (B0), radiofrequency 

field (B1), chemical shift anisotropy, dipole-dipole coupling and J-coupling, respectively. 

One often makes reference to an internal Hamiltonian, which includes the chemical shift, 

dipole-dipole coupling and J-coupling. Depending on the specific NMR experiment and 

on whether the sample under analysis is a solid or a liquid, the Hamiltonian will be 

modified. For the experiments carried out during this thesis the three most important 

Hamiltonians are HZeeman, HDD and HCS. 

The Zeeman Hamiltonian is given as the dot product between the static magnetic 

field (B0) and the magnetic moment (µ) of the nucleus. 

 

0
BIBH
zZeeman

!µ "=#"=        (5) 

 

γ is the gyromagnetic ratio and Iz is the nuclear spin angular momentum operator. 

For spin-½ nuclei, Iz can assume values of +½ ħ or –½ ħ for the α and β quantum states, 

(where ! is Planck’s constant divided by 2π). 
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The Zeeman energy splitting between the α and β states is: 

 

0
BE

Zeeman
!!="         (6) 

Eq. 6 can be rewritten to extrapolate the resonant condition or Larmor frequency: 

!E
Zeeman

= h! = "!B
0
         (7) 

or    ! =
"B

0

2#
          (8) 

 

This frequency is directly proportional to the magnetic filed strength (B0) and to the 

gyromagnetic ratio (γ). Each nucleus therefore will have a characteristic Larmor 

frequency. 

The usefulness of NMR stems from the fact that nuclei in molecules experience a slightly 

different magnetic fields depending on the local electronic environment and this gives 

rise to slightly different resonant frequencies. This effect is called the “chemical shift”. 

 

Chemical Shift Anisotropy 

Chemical shift anisotropy is a result of each nuclei experiencing a different local 

magnetic field. This local effect is due to the induced magnetic fields from the electrons 

caused by the static magnetic field. Although the induced field can be treated as a small 

perturbation to the static magnetic field, it is the one of the most important observables in 

NMR spectroscopy. The local field experienced by a nucleus, is therefore, a linear 

combination of the applied (Bapp; B0 or B1) and induced fields (Bind). The induced field 

can increase (shield) or decrease (deshield) the static magnetic field depending on the 

field lines of the electrons relative to the static field. The chemical shift Hamiltonian is: 

 

indCSA
BH !"= µ         (9) 
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where µ  is the magnetic moment operator and is related to the spin operator by 

the gyromagnetic ratio, I!µ = . To a good approximation, the induced field is related to 

the static field (B0) by the chemical shift tensor d: 

 

0
BB

ind
!= "          (10) 

 

In the secular approximation, all operators that do not commute with the spin 

operators Iz or Sz are removed. Thus only the secular parts or diagonal components in the 

basis set are kept giving the following Hamiltonian: 

 

zzzCSA
IBH
0

!"#=         (11) 

 

This Hamiltonian is in the laboratory frame (B0 is defined to be the z axis). It is 

important to introduce a new axis system so as to better understand and explain the 

observed chemical shift anisotropy. The new axes are outlined in Figure 1. The angles α 

and β relate the laboratory frame to the 15N chemical shift tensor in the molecular frame. 

The final result for the observed 15N chemical shift anisotropy (dN) in the molecular 

frame is: 

 

NNNNNN 22

2

2211

22

1133 sin)()17(cossin)( !"!!#"!!! +$+$$=  (12) 

 

where d11N, d22N, and d33N  are the principle tensor components of the 15N chemical 

shift in the molecular frame. The principle tensor components are defined as follows: 

NNN 112233
!!! "" . The 17° in Eqn. 12 is needed to relate the 15N chemical shift tensor 

with the N-H bond vector (4). In a solution environment or under MAS experiments, fast 

rotational motion averages out the chemical shift anisotropy, leaving one to observe the 

isotropic chemical shift (disoN) given as the average of the three tensor components: 

3

112233 NNN

isoN

!!!
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++
=

. 
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Dipole-Dipole Coupling 

Dipole-dipole coupling is important to nearly all NMR experiments. For two 

different spin ½ nuclei (designated I and S), the secular dipolar coupling Hamiltonian is 

given below (3). 
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The dipolar coupling frequency between 1H and 15N ( IS
! ) is given in the 

laboratory frame of reference as (3): 
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Figure 1. Molecular frame of reference for the 15N chemical shift tensor within 

the peptide plane. 
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q is the angle the N-H bond vector makes with the static magnetic field, rNH is the 

distance between the nuclei, and µ0 is the permeability of vacuum. As is seen in the 

equation above, the dipolar coupling has angular and distance dependences, and for the 

latter reason is referred to as through-space coupling. The 15N-1H dipolar coupling is 

given below in the molecular frame of reference (see Figure 1) (3).  
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In solution NMR, isotropic motion is usually faster than the dipolar coupling 

frequency, causing motional averaging and the secular part of the dipolar coupling to 

average to zero (3). 
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Although the non-secular part of the dipole-dipole coupling is eliminated under 

the secular approximation, it is one of the most important effects in NMR giving rise to 

the NOE (1). Unlike the secular dipole-dipole coupling (Eqn. 14), the NOE has r-6 

distance dependence.  

 

PISEMA Experiment 

The PISEMA pulse sequence is shown in Figure 2 (2). The first step in [1H, 15N] 

PISEMA is the application of a 90° RF pulse to 1H, which transfers the net magnetization 

vector from along the z axis (B0) to the transverse plane (orthogonal to B0). Next the 

frequencies of 1H and 15N are matched (Hartmann-Hahn condition (5)), which transfers 

polarization from 1H to 15N. 

 
N

RFN
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BRF
1H and BRF

15N are the RF fields to 1H and 15N, respectively. When the energies 

match, 1H and 15N spins precess synchronously, allowing magnetization transfer from 1H 

to 15N (6), At this point in the pulse sequence coherent magnetization exists for both 1H 

and 15N in the transverse plane. To accurately measure 15N-1H dipolar coupling, the 
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strong 1H-1H dipolar coupling needs to be suppressed. To accomplish this, 1H 

magnetization is first positioned along the magic angle by applying a 35.3° RF pulse. 

Next, frequency-switched Lee-Goldberg (FSLG) (7) is performed, which involves 

simultaneous 360° RF pulses to both 15N and 1H spins, following by a second set of 360° 

pulses with opposite phase. The result is to lock the 1H magnetization along the magic 

angle, suppressing homonuclear coupling, but allowing heteronuclear coupling between 
15N and 1H. The FSLG portion is time incremented, and is the indirectly detected 

dimension of the experiment (t1). The final step in the pulse sequence is to decouple all 
1H spins (both 1H-1H and 15N-1H dipolar coupling) and allow 15N nuclei to evolve under 

chemical shift anisotropy. 

 

 
 

Figure 2. PISEMA pulse sequence (2). CP is the cross-polarization time for 

which the Hartmann-Hahn condition (5) is matched and LG is the Lee-Goldberg portion 

of the sequence. 
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