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Abstract 
 

Seven transmembrane (7-TM) G protein coupled receptors (GPCR) constitute the 

largest family of integral membrane proteins in eukaryotes with more than 1000 

members and encoding more than 2% of the human genome. These proteins 

play a key role in the transmission and transduction of cellular signals responding 

to hormones, neurotransmitters, light and other agonists, regulating basic 

biological processes. Their natural abundance together with their localization in 

the cell membrane makes them suitable targets for therapeutic intervention. 

Consequently, GPCR are proteins with enormous pharmacologic interest, 

representing the targets of about 50% of the currently marketed drugs. 

 

The current limitations in the experimental techniques necessary for 

microscopic studies of the membrane as well as membrane proteins emerged the 

use of computational methods and specifically molecular dynamics simulations. 

The lead motif of this thesis is the study of GPCR by means of this technique, 

with the ultimate goal of developing a methodology that can be generalized to the 

study of most 7-TM as well as other membrane proteins. Since the bovine 

rhodopsin was the only protein of the GPCR family with a known three-

dimensional structure at an atomic level until very recently, most of the effort is 

centered in the study of this receptor as a model of GPCR. 

 

The scope of this thesis is twofold. On the one hand it addresses the study 

of the simulation conditions, including the procedure as well as the sampling box 

to get optimal results, and on the other, the biological implications of the structural 

and dynamical behavior observed in the simulations. Specifically, regarding the 

methodological aspects of the work, the bovine rhodopsin has been studied using 

different treatments of long-range electrostatic interactions and sampling 

conditions, as well as the effect of sampling the protein embedded in different 

one-component lipid bilayers. The binding of ions to lipid bilayers in the absence 
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of the protein has also been investigated. Regarding the biological consequences 

of the analysis of the MD trajectories, it has been carefully addressed the binding 

site of retinal and its implications in the process of isomerization after photon 

uptake, the alteration a group of residues constituting the so-called electrostatic 

lock between helices TM3 and TM6 in rhodopsin putatively used as common 

activation mechanism of GPCR, and the structural effects caused by the 

dimerization based on a recent semi-empirical model. Finally, the specific binding 

of ions to bacteriorhodopsin has also been studied. 

 

The main conclusion of this thesis is provide support to molecular dynamics 

as technique capable to provide structural and dynamical informational about 

membranes and membrane proteins, not currently accessible from experimental 

methods). Moreover, the use of an explicit lipidic environment is crucial for the 

study the membrane protein dynamics as well as for the protein-protein and lipid-

protein interactions. 
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Chapter 1 – Introduction 

Chapter 1 - Introduction 

1.1 The cell membrane  

Membranes are a key element for life since they act as a physical barrier to 

separate the interior of a cell from the outside world. They also serve to confine 

its different compartments, providing the means for a cell to be out from the 

equilibrium with the surroundings, allowing important processes occurring in the 

interior. In addition to be crucial for cell integrity, cell membranes also serve as a 

matrix and support for many types of proteins involved in important cell functions 

and therefore, they are essential for cell function. 

 

Biological membranes consist of organized assemblies of lipids and 

proteins. The current knowledge of how they are structured is still scarce due to 

the difficulties associated to the experimental techniques required to investigate 

their properties. The modern view of biological membranes is basically based on 

the fluid mosaic model proposed in the seventies (Singer 1972), in which lipids 

are arranged in bilayers, where proteins are embedded, and subject to a lateral 

freely diffusion. At that time, however, the involvement of lipids in membrane 

function was overemphasized, party because membrane proteins were not 

readily accessible and their function was poorly understood. With the growing 

knowledge of membrane proteins, the accepted vision has become more protein 

centered and the crucial role of lipids diluted. It is not until more recently that, with 

a better understanding of lipid-protein interactions, the role of lipids in protein 

function is again having an increasing attention (White 1999; Lee 2003; Lee 2004; 

Vigh 2005). The current vision of membranes is more as a mosaic than a fluid: 

lipids organize a matrix where proteins are distributed in regions of biased 

composition with varying protein environment (Engelman 2005).  

 

Membranes consist of a complex mixture of lipids, where different proteins 

both, integral and peripheral are embedded. Protein content varies greatly among 
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the different kinds of membranes, ranging typically between 15 to 75%, 

depending on the functions that they must carry out (Guidotti 1972). Furthermore, 

lipid composition changes from one membrane to another due to the enormous 

structural diversity found, that can be associated with the differential roles and 

properties of each membrane or region. The most widely found lipids consist of a 

structure of a fatty acid linked by an ester bond to an alcohol such as glycerol or 

cholesterol, or through amide bonds to a sphingoid base or to other amines. Most 

lipids have a highly polar head group and two hydrocarbon tails. In a typical 

membrane, approximately half of the lipids are phospholipids, mainly 

phosphatidyl -cholines (PC), -ethanolamines (PE) and -serines (PS). Other major 

components following in importance are sphingolipids, glycolipids and cholesterol 

(Tanford 1973). Interestingly, since the two sides of the membrane bilayer must 

deal with different surroundings, the two leaflets of a membrane typically exhibit 

an asymmetric composition. The lateral distribution of lipids is also non-

homogeneous in regard to lipid components, providing regions with different 

levels of molecular order that are known as rafts. These seem to be important for 

the function of membrane proteins (Simons 1997). Finally, the presence of 

specific components such as cholesterol has been found to trigger domain 

formation in lipid bilayer membranes (Bachar 2004).  

 

Since PC is the most abundant type of lipid in animal cells, bilayers 

constituted by these lipids are among the most widely studied model membrane 

systems. PC consist of a glycerol backbone bound to two fatty acid chains named 

sn-1 and -2 and a phosphate group attached to choline. A 2D plot of four different 

PC lipid structures is shown pictorially in Figure 1 of Paper II. Lipid membranes 

made of a single lipid species display a discrete phase transition from a stiff gel 

phase to the biologically relevant fluid liquid-crystalline phase (Lα) at a defined 

phase transition temperature. The phase transition is known to be due to bond 

rotations of the hydrocarbon chains which weaken the van der Waals attractions, 

resulting in a lack of lateral structure both in the chains and in the head-groups. 
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As an example, a DPPC lipid bilayer in the Lα-phase, taken from a molecular 

dynamics (MD) simulation, is depicted in Figure 1.1. 

 

 
Fig 1.1 – Structure of a DPPC lipid bilayer in the Lα-phase taken from a MD 

simulation from Paper II (left) and a close up of a specific DPPC lipid (right). The 

atoms are colored by atom type; hydrogen atoms are not present. 

 

1.1.1 Ions in membranes 
All higher life forms require a subtle and complex electrolyte balance between the 

intracellular and extracellular milieu. At physiological conditions membranes are 

in contact with an aqueous solvent that contains ions such as sodium, potassium, 

calcium, magnesium, chloride, phosphate, and hydrogen carbonate. The 

maintenance of precise osmotic gradients of electrolytes is important because 

they affect and regulate the hydration of the body, blood pH and are critical for 

nerve and muscle function. 

 

Experimental work performed in the last few decades shows that ions play 

an essential role in the structure, dynamics and stability of membranes, but also 

in the binding and insertion of proteins, membrane fusion and transport across 

them (Parsegian 1975; Brown 1977; Lis, Parsegian 1981; Lis, Lis 1981; Akutsu 
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1981; Loosleymillman 1982; Altenbach 1984; Herbette 1984; Tatulian 1987; 

Cunningham 1988; Roux 1990; Clarke 1999). Therefore, a study of the 

interactions between lipids and ions is a matter of substantial interest (Berkowitz 

2006). The specific binding of ions to model lipid bilayers has been studied in a 

variety of systems including, both negatively charged and zwitterionic lipids. For 

charged lipids, the obvious role of ions is to act as a counter charge (Elmore 

2006; Zhao 2007). However, several studies have confirmed that ions interact in 

an analogous way in zwitterionic lipid bilayers (Pandit 2003b; Böckmann 2003; 

Böckmann 2004; Sachs 2004; Gurtovenko 2005). 

 

Despite early experimental evidence that some ions may alter the structural 

properties of lipid bilayers (Watts 1981; Hauser 1984), the difficulties associated 

with precise experimental determinations still leave open questions. A recent 

study of ion binding to a phosphatidylcholine (PC) bilayer concluded that some 

ions affect the gel to liquid crystalline phase transition (Binder 2002). Similarly, 

MD simulations of lipid bilayers with ionic solutions show the effect of ions in 

reducing the area per lipid in the case of negatively charged lipids (Pandit 2002; 

Mukhopadhyay 2004; Pedersen 2006; Zhao 2007) as well as for zwitterionic ones 

(Pandit 2003b; Böckmann 2003; Böckmann 2004). Moreover, heat capacity 

measurements suggest that sodium ions reduce the area per lipid in zwitterionic 

PC bilayers (Böckmann 2003). Similarly, a recent study on the nano-mechanics 

of lipid bilayers revealed different effects attributable to such increase (Garcia-

Manyes 2005). In contrast, in a recent X-ray diffraction study the authors found 

that potassium ions do not alter the structure of PC bilayers (Petrache 2006), 

exhibiting an apparent differential behavior to the previous results. Paper IV 

describes the results of a MD study of DPPC lipid bilayers with different cations.  

 

 
24



Chapter 1 – Introduction 

1.2 Membrane proteins 

Membrane proteins are attached to or associated with either the cell membrane 

or an organelle. They are often classified into two groups: integral and peripheral, 

based on the strength of their association with the membrane. Specifically, the 

former are permanently attached to the membrane, whereas the latter are only 

temporarily attached either to the lipid bilayer or to integral proteins. Integral 

proteins are divided into transmembrane (TM) and monotopic proteins. While the 

former span along the entire membrane, the latter are permanently attached to 

the membrane from only one side. Membrane function is mediated in a large 

extent by integral membrane proteins, which are often organized as assemblies 

of polypeptide segments interacting with the lipid bilayer and serving as channels, 

receptors and energy transducers. Accordingly, they constitute biological 

machines involved in essential biological process like ion and molecular transport 

across the membrane, cell communication and signaling. Therefore, their study is 

a field of enormous interest.  

 

An analysis of the human genome indicates that about a quarter of the 

cellular proteins are found embedded in membranes, where they perform critical 

biological functions (Boyd 1998). Despite their importance, most of their structural 

and functional properties still need to be unraveled. The lack of knowledge 

regarding both membranes and membrane proteins arises from technical issues 

associated to the work with these systems. Moreover, the difficulties in isolating 

purifying and crystallizing membrane proteins resulted in a extremely low number 

of available crystal structures of membrane proteins when compared to that of 

globular proteins (White 1999; Berman 2000; White 2004).  

 

Membrane proteins exhibit special structural features not found in globular 

proteins due to the high proportion of hydrophobic amino acids, particularly in the 

regions embedded in the membrane. Specifically, they exhibit only two structural 

motifs: β-stranded barrels or α-helical segments that span the membranes, 
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analogous to the examples shown in Figure 1.2. β-barrels have only been found 

in outer membranes of Gram-negative bacteria, cell wall of Gram-positive 

bacteria, outer membranes of mitochondria and chloroplasts. On the contrary, α-

helices are present in all types of biological membranes (including outer 

membranes) and therefore, they are the predominant motif present in membrane 

proteins (White 1999). The structures that can be formed using only this motif 

include, however, many different kinds of TM proteins such as transporters, 

channels and enzymes, which have been collected in specialized databases 

(Jayasinghe 2001; Raman 2006). 

  

 
 

Figure 1.2 – Typical structures of spanning TM proteins: a β-stranded barrel (left 

side; PDB:2OMF) and an α-helical ion channel (right side; PDB:1BL8). Red cylinders 

represent α-helices, yellow arrows β-strands and blue and green lines β-turns and 

random coils, respectively. 

 

The polypeptide of a α-helix is arranged in a right-handed helical structure, 

0.54 nm wide. Moreover, each amino acid corresponds to a turn of 100° in the 

helix -3.6 residues per turn- and a translation of 0.15 nm along the helical axis. 

Most importantly, the N-H group of an amino acid (i) forms a hydrogen bond with 

 
26



Chapter 1 – Introduction 

the C=O group of the amino acid four residues earlier. Repeated i+4 i hydrogen 

bonding define an α-helix, whereas consecutive i+3 i and i+5 i interactions 

form alternative 310- and π-helices, respectively. Although these are relatively 

rare, 310 helix is often found at the ends of α-helices. A helix has an overall dipole 

moment caused by the aggregate effect of all the individual dipoles of the 

carbonyl groups of the peptide bond pointing along the helix axis. 

 
 

Figure 1.3 – Lateral views of an Ala decapeptide forming 310 (left, purple), α (center, 

orange) and π (right, yellow) helices. Atoms are colored by type. 

 

Different amino-acid sequences have different propensities to form α-helical 

structures. Specifically, methionine, alanine, leucine, glutamic acid and lysine 

exhibit high helix-forming propensities, whereas other residues such as proline 

and glycine play a role as helix disrupters. Proline tends to break or kink helices 

because it cannot donate an amide hydrogen bond, its side chain interferes 

sterically and its ring structure restricts its backbone. At the other extreme, glycine 

tends also to disrupt helices because its high conformational flexibility, making 

entropically expensive adopting the relatively constrained α-helical structure. 
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Finally, residues with polar side chains can also induce helix distortions due to 

their side chains interfering within the backbone-backbone interactions. 

Regarding the packing of helices in a bundle, the main stabilizing force between 

α-helical segments are van der Waals forces and more specifically, London 

dispersion. 

 

1.3 Seven-transmembrane receptors 

7-TM receptors constitute the largest, most ubiquitous and versatile family of 

membrane receptors. In eukaryotes, these proteins are coupled to G proteins and 

therefore, they are also called G-protein coupled receptors (GPCR). The family 

comprises more than 1000 members that encode more than a 2% of the human 

genome, which makes it by far the largest family of integral TM proteins 

(Palczewski 2006). These receptors play a key role in transmission of 

transduction cell signals responding to hormones and neurotransmitters, 

regulating basic physiological processes, being of great pharmacological interest 

(Ellis 2004). Their natural abundance together with their localization in the cell 

membrane make them suitable targets for therapeutic intervention, accounting for 

more than 50% of the currently marketed drugs (Archer 2003). The ligands that 

bind and activate them include light-sensitive compounds, odors, pheromones, 

hormones, and neurotransmitters, which vary in size from small molecules to 

peptides and large proteins. 

 

Despite their important biological function, there is scarce structural 

information about them, pointing to the necessity to get a better understanding of 

their structure-function relationships (Stenkamp, Teller 2002; Filipek, Stenkamp 

2003; Filipek, Teller 2003; Yeagle and Albert 2006). Thus, although it is well 

established that GPCR are arranged in seven helix bundles, differential features, 

both sequential and structural among the several existing subfamilies have been 

described (Attwood 1994; Sakmar 2002). As stated in the preceding section, the 
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lack of structural information at present is basically due to the difficulties 

associated with the crystallization of membrane proteins.  

 

 

 
 

Figure 1.4 – Crystal structures of rhodopsin (left; PDB:1U19) and bacteriorhodopsin 

(right; PDB:1CW3) in their dark states. The ribbons represent each protein structure 

and 11-cis and all-trans retinal is shown in yellow and orange, respectively.   

 

Early structural models for GPCR were constructed based on the weak 

analogy to another 7-TM protein, bacteriorhodopsin (BR), shown in Figure 1.4 

(see section 1.3.4), for which a structure had been determined by both electron 

(Henderson, Baldwin 1990) and X ray-based crystallography (Henderson and 

Schertler 1990; Pebay-Peyroula 1997; Luecke 1998; Takeda 1998; Luecke 

1999). The structure of the bovine Rho was solved (Palczewski 2000) later, 

constituting the first crystal structure of a GPCR and clearly showing that while 
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the TM helices were conserved, both structures differed significantly from each 

other (Figure 1.4). Other Rho crystal structures were reported afterwards 

(Palczewski 2000; Teller 2001; Okada 2002; Li 2004; Okada 2004). Finally, by 

the time of editing this thesis two crystal structures of another GPCR receptor, the 

human β2 adrenergic, became available at atomic resolution (Rasmussen 2007; 

Rosenbaum 2007; Cherezov 2007), representing a large step forward into the 

structural characterization of such receptors.  

 

Various general numbering systems have been implemented with the aim 

of facilitating the comparison between equivalent amino acids in different GPCR. 

The most widely used nowadays is the adopted by Ballesteros and Weinstein 

(Ballesteros 1995). According to this scheme, the most conserved residue in each 

TM helix is defined as X.50, where X is the helix number, and other residues in 

the same helix are numbered according to their relative position. 

 

1.3.1 Rhodopsin 
Rhodopsin (Rho) is a key photoreceptor protein involved in the signaling process 

that eventually converts a photon into visual response in vertebrates. Specifically, 

bovine Rho consists of a polypeptide chain of 348 amino acids known as opsin, 

folded into the seven TM α-helical bundle characteristic of GPCR, interconnected 

by hydrophilic extramembranous loops. Its binding site contains the chromophore 

11-cis-retinal covalently bound to K296 in TM7 via a protonated Schiff base 

linkage, having E113 in TM3 as its counter-ion. The molecule acts as an inverse 

agonist until photoactivation of the receptor by light absorption induces the 

isomerization of the 11-cis-retinal to its all-trans configuration. This event initiates 

a conformational change in the receptor, triggering a cascade of biochemical 

reactions known as visual phototransduction, which is the main molecular 

mechanism of the visual process. The bovine Rho was the only GPCR whose 3D 

structure was available at atomic resolution until very recently (Palczewski 2000; 
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Teller 2001; Okada 2002; Li 2004; Okada 2004), therefore it is considered the 

prototype of GPCR and has been largely studied. Thus, besides being a template 

for modeling studies of other GPCR (Stenkamp, Filipek 2002; Oliveira 2004), Rho 

provides a useful model to carry out detailed studies addressed to assess 

different structural features of GPCR, as well as to get a deeper understanding of 

how its dynamical behavior is related to its biological function.  

 

The chromophore retinal is a derivative of the alcohol all-trans-retinol, 

commonly known as Vitamin A, which is originated ultimately from a group of 

molecules known as carotenes, present in vegetables -including carrots-. The 

structure of retinal, displayed in Figure 1 of Paper VII, is characterized by having 

a β-ionone ring and a polyene chain. It will be later described that BR contains 

also a bound retinal, though in its all-trans form in the inactive state. The study of 

retinal conformations and the characterization of the retinal pocket are of 

outstanding interest in order to understand the first events of the protein activation 

process. The conformer of retinal in the dark-state is well characterized after the 

crystal structures became available: 6-s-cis,11-cis,12-s-trans,15-16-anti. These 

structures show that the chromophore adapts to the binding pocket by generating 

distortions in the polyene chain through a twist that affects the absorption maxima 

of the visual pigments and the movements of the chromophore after the initial 

photoisomerization. The conformation of retinal in the different active 

intermediates is still uncertain because its pocket has been shown to tolerate both 

6-s-cis and 6-s-trans conformers, convertible with a 180º rotation of the C6-C7 

dihedral angle (Sugihara 2002; Lau 2007). This dihedral is suspected to be 

crucial for the protein activation because it determines the relative orientation of 

the β-ionone ring with the polyene chain (Nakanishi 2000). Moreover, there is an 

ongoing debate regarding a possible flip of the ionone ring occurring as part of 

the transition between some intermediates (Albeck 1989; Ishiguro 2000; Jang 

2001; Fishkin 2004). However, there are observations compatible with 

intermediates that retain the chromophore in its original form in Rho until the 
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active state (Spooner 2002; Spooner 2003; Spooner 2004). The use of retinal 

analogs has been shown to be invaluable for the study of the chromophore 

conformational changes through the visual cycle -in particular when combined 

with opsin mutations- because they can block or alter a critical conformation 

(Nakanishi 1995; Jang 2001; Fujimoto 2001; Fujimoto 2002; Alvarez 2003; 

Fishkin 2004; Vogel 2005).  

 

1.3.2 Activation of GPCR 
The activation of GPCR is commonly described in terms of a ternary complex 

involving the hormone (in general: ligand), the receptor and the G protein 

(Samama 1993; Weiss 1996a; Weiss 1996b; Weiss 1996c). Moreover, it is 

assumed that a receptor molecule exists in a conformational equilibrium between 

active and inactive biophysical states (Rubenstein 1998). In these conditions, the 

binding of full or partial agonists, as well as the specific interaction with the G 

protein may shift the equilibrium toward the active receptor states. GPCR ligands 

are classified according to its influence on this equilibrium: agonists stabilize the 

active state, inverse agonists stabilize the inactive, and antagonists do not affect 

the equilibrium.  

 

Signal transduction by the receptor through the membrane is not 

completely understood. The G protein consist of a heterotrimer of subunits called 

α, β and γ. Once the ligand is recognized, the signal progresses from the 

extracellular side to the intracellular domain of the receptor through the TM 

bundle, by shifting the receptor conformation and thus mechanically binding and 

activating the G protein, forming the ternary complex. This favors the exchange of 

GDP to GTP in the α subunit that favors the division of the heterotrimeric G 

protein in two parts: α unit on the one hand, and βγ on the other. At this stage 

both fragments can modulate a variety of systems leading to a cellular response 

such as the regulation of the enzyme adenylate cyclase (see Paper V). After that, 
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the α subunit hydrolyzes GTP to GDP, ending up with the G protein returning in 

its inactive state. 

 

A set of intermolecular interactions involving a group of highly conserved 

amino acids throughout the members of the GPCR superfamily and located at the 

cytoplasmic sides of helices TM3 and TM6, have been suggested to form part of 

a general activation mechanism for all members of the family. These interactions 

-often referred to as to the electrostatic lock- were proposed to constrain 

receptors in their inactive conformation by restraining the motion of certain 

domains (Scheer 1996; Ballesteros 1998; Ballesteros 2001). Moreover, the 

spontaneous release of such interactions acts as a molecular switch that, in some 

cases, can lead to active forms of the receptor that is able to bind the G protein 

with high affinity, favoring its activation. 

 

In the late 1990s, evidence began accumulating that some GPCR were 

able to signal without G proteins. Moreover, some proteins exhibit a significant 

basal signaling in the absence of agonist: constitutive activity, which is caused by 

small populations of the receptor being in the active state. In this regard, the 

mutation of a single amino acid can be sufficient to increase this constitutive 

activity (Samama 1993; Scheer 1996). Studies of the β2-adrenergic receptor 

show that constitutive activated mutants of this receptor exhibit a larger degree of 

conformational flexibility, attributed to the disruption of stabilizing conformational 

constraints (Gether 1997). 

 

The study of the activation mechanism starting from the molecular switch 

between TM3 and TM6 has been the focus of several works with Rho (Franke 

1990; Cohen 1993; Min 1993; Arnis 1994; Sheikh 1996; Farrens 1996; Kim 1997) 

or other GPCR (Rosenthal 1993; Scheer 1996; Ballesteros 1998; Rasmussen 

1999; Ballesteros 2001; Greasley 2002; Huang 2002). Specifically, site-directed 

mutagenesis studies provided experimental evidence about the relevance of a set 
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of interactions around R135(3.50) involved in a possible common activation 

mechanism of most GPCR. Different studies have addressed the effect of 

mutating either R135(3.50) (Min 1993; Rosenthal 1993; Scheer 1996; Ballesteros 

1998), E134(3.49) (Scheer 1996; Ballesteros 1998; Rasmussen 1999), 

E247(6.30) (Ballesteros 2001; Huang 2002) or T251(6.34) (Greasley 2002) in 

different GPCR. Particularly, protonation of E134(3.49) or the mutation of either 

E134(3.49), E247(6.30) or T251(6.34) to residues lacking their charged/polar 

groups have been shown to increase either the constitutive activity of the receptor 

in the absence of ligand or its dark activity in its presence (Cohen 1993; 

Ballesteros 2001; Li 2001; Huang 2002; Periole 2004). These studies have great 

significance in clarifying several aspects of GPCR function. However the 

molecular interpretation of these functional effects is sometimes difficult and may 

be based in wrong hypothesis. The available crystal structures of Rho in its dark-

state (Palczewski 2000; Teller 2001; Okada 2002; Li 2004; Okada 2004) show 

clearly that residues E134(3.49), R135(3.50), E247(6.30) and T251(6.34) are 

involved in a network of hydrogen bond interactions, being R135(3.50) 

simultaneously hydrogen-bonded to E134(3.49), E247(6.30) and T251(6.34). 

These interactions are believed to stabilize Rho and other GPCR in its inactive 

form, in such a way that mutations changing the chemical profile of the residues 

tend to weaken the hydrogen bond network, facilitating the transition to a partially 

activated state and enhancing the activity of the receptor. The combination of 

site-directed mutagenesis and MD simulations such as the one presented in 

Papers V and VI has demonstrated to be a useful approach to explore the 

molecular mechanisms underlying GPCR activation (Scheer 1996; Ballesteros 

2001; Kristiansen 2004; Urizar 2005). 

 

1.3.2.1 Activation of Rhodopsin 

The gap regarding the structure of the activated form of Rho is beginning to be 

reduced with the release –additionally to the dark-state crystal structures– of the 
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first X-ray and electron crystallographic structures of some intermediates 

(Nakamichi 2006a; Nakamichi 2006b; Salom 2006). At present, it is well 

established that activation is triggered by the absorption of a photon followed by 

the isomerization from 11-cis to 11-trans retinal, a process that leads to 

bathoRho, the first intermediate, in 200 fs. After that, the local conformational 

change in the chromophore and subsequent thermal relaxation leads to several 

spectroscopically identified early states including a blue-shifted intermediate, 

lumiRho and metaRhoI, which finally brings to the agonist-bound state termed 

metaRhoII (where the Schiff base has been deprotonated). Finally, the process 

ends up with large-scale conformational changes in the protein which involve 

helix motions. At this stage, the interaction of the extramembranous cytoplasmic 

loops with transducin (G
t
), a member of the G-protein superfamily, activates the 

enzymatic cascade leading to visual transduction. Moreover, the hydrolysis of 

cGMP to GMP, inactivates MetaRhoII by phosphorylation with Rho kinase, 

closing cation-specific channels in the rod outer segment of visual cells and 

building up an electric potential that leads to the generation of a neural signal 

providing the sensation of vision (Stryer 1991; Sakmar 1991; McBee 2001; Rando 

2001).  

 

1.3.3 Oligomerization of GPCR 
In line with the classical view of a freely diffusing particle in a fluid membrane 

model (Singer 1972), early biophysical experiments described Rho as a drifting 

monomer (Cone 1972; Liebman 1974). However, in recent years there has been 

increasing evidence suggesting that GPCR may exist and function as homo- and 

hetero-dimers/oligomers as is discussed in recent reports (Salahpour 2000; 

Gomes 2001; Angers 2002; George 2002; Gazi 2002; Terrillon 2004; Park 2004; 

Bulenger 2005; Fotiadis 2006; Milligan 2006; Milligan 2007). Indeed, the crystal 

structures of rhodopsin (Palczewski 2000; Teller 2001; Okada 2002; Li 2004; 

Okada 2004) were solved as a dimer, although in a non-physiological orientation 

(Filipek, Stenkamp 2003). The most direct demonstration about the propensity of 
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GPCR to form dimers is the recent atomic force microscopy study of native disk 

membranes from rod outer segments, which provided large paracrystalline arrays 

of subunits under native conditions (Fotiadis 2003; Liang 2003). By fitting the 

crystal structure of rhodopsin to the atomic force microscopy map, the authors 

developed an atomistic semi-empirical model of a rhodopsin oligomer in groups of 

two subunits interacting through their TM4 and TM5 helices, shown in Figure 1.5. 

These and other domains involved in the dimerization reported for a variety of 

GPCR have recently been reviewed (Milligan 2007). Nevertheless, with the recent 

finding that each rhodopsin molecule binds its own signaling protein (Hanson 

2007), it is yet unclear whether the oligomerization is required for proper function 

and signaling or not (Lee, O'Dowd 2003; Fotiadis 2004; Milligan 2004; Filizola 

2005; Kota 2006; Jastrzebska 2006; Fotiadis 2006; Modzelewska 2006; Hanson 

2007). 

 

 
 

Figure 1.5 - Model structure of a rhodopsin dimer (PDB:1NM3) derived from the 

crystal structure of the rhodopsin monomer (PDB:1HZX) and the results from atomic 

force microscopy. Red cylinders account for α-helices, yellow arrows for β-strands 

and green lines for random coils. The labels indicate that the TM4 helix of each 

subunit interacts with TM3 and TM5 segments of the complementary one. 
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Additionally to the homodimers, it is generally accepted that GPCR can 

also form heterodimers and possibly more complex oligomeric structures. 

However, although heterodimerization seems to be essential for the function of 

some receptors, it is presently unproven that true heterodimers exist since the 

present biochemical and physical techniques lack the resolution to distinguish 

between distinct homodimers assembled. It is also unclear what the functional 

significance of oligomerization might be, although it is thought that the 

phenomenon may contribute to the pharmacological heterogeneity of GPCR in a 

manner not previously anticipated.  

 

Considering the success of MD studies in obtaining information about 

structural and dynamical features of Rho monomers not accessible from 

experimental data (Saam 2002; Crozier 2003; Huber 2004; Pitman 2005; 

Schlegel 2005; Grossfield 2006), it is reasonable to expect that MD can be useful 

as well for the study of the conformational arrangement of the dimer and the 

adaptation between subunits. Accordingly, the first simulations of Rho dimers and 

oligomers embedded in membrane models are starting to be reported (Filipek 

2004; Filizola 2006). Paper III reports the results of a MD simulation of a Rho 

dimer embedded in a DPPC lipid bilayer. 

 

1.3.4 Bacteriorhodopsin  
Bacteriorhodopsin (BR) is the only membrane protein of the purple membrane 

(PM) of the archeas (Halobacterium salinarum). Its function is to act as a light-

driven proton pump through the generation of a proton gradient across the cell 

membrane, which is subsequently converted to chemical energy (Lanyi 2001; 

Hirai 2003). PM is isolated as 0.5 µm diameter sheets where 75% of the weight 

corresponds to BR and the remaining 25% to phospho- and sulpho- lipids 

(Dracheva 1996). They usually consist of two-dimensional crystalline patches 
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constituted by hexagonal lattices that can occupy up to nearly 50% of the 

archaeal cell surface area. The repeating elements of the hexagonal patches are 

three identical protein chains, each rotated by 120 degrees relative to the others 

(Krebs 2000). Analogously to Rho, BR exhibits a retinal chromophore covalently 

linked to K216 via a protonated Schiff base, which provides the characteristic 

color to the PM. When BR absorbs a photon, the protein undergoes a 

photochemical cycle by which retinal isomerizes from the all-trans to a 13-cis 

configuration. This cascade of events induces protein conformational changes 

that result in the translocation of a proton from the intra- to the extra-cellular side, 

followed by a subsequent return of both, the retinal molecule and the protein, to 

their initial states.  

 

Together with Rho, BR belongs to the seven-TM receptor family of proteins 

(Ovchinnikov Yu 1982), although the former is coupled to G-proteins whereas the 

latter is not. In the first use of electron crystallography to obtain an atomic-level 

protein structure, BR was resolved before the structure of any GPCR was known 

(Henderson and Schertler 1990; Henderson, Baldwin 1990), and therefore, it was 

subsequently used as a template to build homology models of GPCR (Oliveira 

2004). However, although the tertiary structure of BR resembles that of vertebrate 

Rho, they exhibit specific and differenced structural features (Figure 1.4) 

originated from their diverse functions and the lack of homology between their 

amino acid sequences (Luecke 1999; Palczewski 2000). Many molecules have 

homology to BR, including the light-driven chloride pump halorhodopsin (for 

whom the crystal structure is also known), and some directly light-activated 

channels like channelrhodopsin.  

 

1.3.4.1. Specific ion binding 

It is known from a variety of experiments that the PM binds ions in a proportion of 

4 moles of Ca2+ and 1 mole of Mg2+ per mole of BR (Kimura 1984; Chang 1985). 

Although some reports support the hypothesis that cation interaction occurs via 
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non-specific binding sites (Szundi 1987; Szundi 1988b; Szundi 1988a; Szundi 

1989; Varo 1999), a vast majority of studies suggest the existence of specific 

sites, although its location is still uncertain at present. Specifically, 13C nuclear 

magnetic resonance techniques showed the existence of a cation binding site 

located on the loop between helices F and G (Tuzi 1999). Moreover, a high-

affinity site located near the retinal pocket has been described by several authors 

(Jonas 1991; Zhang 1992; Stuart 1995; Sepulcre 1996; Tan 1996; Zhang 1997; 

Pardo 1998; Sepulcre 2004). The purple form can be regenerated by adding a 

wide variety of mono-, di- or trivalent cations (Kimura 1984; Chang 1986; Ariki 

1986; Dunach 1987). Furthermore, the removal of the endogenous natural lipids 

is associated with a decrease of the number of cations (Griffiths 1996), leading to 

a deionized form of the membrane that exhibits a shift in the absorption maximum 

and affecting the proton pumping activity (Kimura 1984; Chang 1985; Dunach 

1987).  

 

Due to its high relative mass and electronic properties, Mn2+ is a useful 

experimental probe to analyze the structural role of bound cations as well as their 

localization in BR, assuming a similar binding behavior to Ca2+. In this direction, 

Mn2+ regenerated BR has been studied using electron spin resonance (Dunach 

1987), Fourier transform infrared spectroscopy (Heyes 2002), magnetic 

susceptibility (Pardo 1998) and extended x-ray absorption fine structure (EXAFS) 

measurements (Sepulcre 1996). Furthermore, the existence of a Mn2+-specific 

binding site on the extracellular part of the membrane has been recently 

established, with residues E194 and E204 directly involved in cation binding 

(Eliash 2001; Sanz 2001). Overall, it is known that the deionized membrane 

exhibits a high-affinity site, three sites of medium and one site of low affinity 

(Dunach 1987). Paper VIII describes a study aimed at identifying candidate 

binding sites combining computational chemistry methods and the EXAFS 

technique. 

 

 
39



Chapter 1 – Introduction 

1.4 Lipid-protein interactions 

The role of membranes has been neglected by biochemists until recently, when 

the growing experimental evidence stressing the importance of the membrane on 

protein function attracted the interest of the scientific community (White 1999; Lee 

2003; Lee 2004; Vigh 2005). Most membrane proteins have one or more 

hydrophobic segments in an α-helical configuration that span the membrane (see 

section 1.2). Therefore, proteins can interact with the surrounding membrane 

lipids via a wide range of interactions including hydrophobic and electrostatic, 

hydrogen bond and dipolar interactions (with the lipid/water interfacial region). 

The strong influence of the membrane on protein function can be understood in 

the context of the present view of the membrane as an heterogeneous landscape 

with regions of biased composition with varying protein environment (Engelman 

2005). Specifically, intrinsic membrane proteins must have co-evolved with the 

lipid component of the membrane to achieve optimal function, within the 

constraints imposed by the role of lipids in the general physiology of the cell and 

by the requirements of the biosynthetic machinery for translation and insertion of 

proteins into membranes. Despite the necessity to understand the protein-lipid 

interplay in detail, the rules describing the relationship between the lipid and 

protein components of the membrane are still being defined (Mouritsen 1984; 

Venturoli 2005). The study of model TM peptides (Mishra 1994; Weiss 2003; 

Killian 2003; Ganchev 2004; Goodyear 2005; Nymeyer 2005; Leontiadou 2006; 

Yeagle, Bennett 2006; Kandasamy 2006; Yandek 2007) and proteins (Harroun 

1999b; Harroun 1999a) are of pivotal importance in this regard. 

 

The hydrophobic matching between the protein and the membrane has 

been identified as one of the most critical aspects of this interaction (Dumas 

1999; Weiss 2003; Jensen 2004). Hydrophobic mismatch is defined as the 

difference between the hydrophobic length of the TM segments of a protein and 

that within the two leaflets of the surrounding lipid bilayer. Since the cost of 

exposing hydrophobic groups to water is high, the hydrophobic width of the 
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protein TM helices needs to be similar to the hydrophobic thickness of the bilayer 

around the helices. This means that if the protein width is not equal to the bulk 

thickness of the lipid bilayer, the later will be distorted around the protein to give a 

thicker or thinner bilayer (Mouritsen 1984; Saiz 2004; Venturoli 2005; Bond 2006). 

However, it is known that the thickness of a lipid bilayer in the liquid crystalline 

phase fluctuates as a consequence of the molecular motion of the lipids including 

undulatory and peristaltic motions (Wiener 1992; Tieleman 1997; Lindahl 2000). 

Further, biological membranes contain a wide variety of lipid species with different 

fatty acyl chains (see section 1.1) so that lateral diffusion of lipid molecules within 

the plane of the membrane will result in fluctuating local thicknesses for the 

membrane (Mitra 2004; Venturoli 2005). 

 

Regarding the specific electrostatic or hydrogen bond interactions between 

protein side chains and lipid head-groups, two main types of residues have been 

described to be important: amphipathic aromatic (Trp, Tyr and His) and basic 

residues (Arg and Lys) (Mishra 1994; Strandberg 2003). The use of MD 

simulations provided the atomistic detail necessary for the study of such 

interactions, revealing that residues belonging to the preceding groups have their 

hydrophobic regions interacting with the lipid acyl chains and their polar ones 

interacting with lipid head-groups (Tieleman 1998; Grossfield 2002; Deol 2004; 

Bond 2006). Paper II deals with the hydrophobic matching between different one-

component lipid bilayers and rhodopsin as well as with specific hydrophobic and 

polar interactions. 
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Chapter 2 – Methodology 
 

2.1 Computational Chemistry 

The work reported in this thesis has been performed using computational 

chemistry methods, i.e.: a diverse set of techniques maturing in parallel with 

computer advances that apply theoretical methodologies to the study of a variety 

of problems. Computational chemistry studies can be performed mainly at two 

levels of approximation, using either quantum mechanics or molecular mechanics 

methods. The first constitute the most detailed approximation possible, although 

its use requires solving the Schrödinger equation, which is computationally 

prohibitive for large systems. On the contrary, being much simpler, molecular 

mechanics methods make the computation of large systems affordable, although 

still with a remarkable computational effort. Specifically, classical methods neglect 

the electronic motion and compute the energy only as a function of nuclear 

coordinates. Therefore, although it is not possible to study neither exited states, 

nor reactivity or complex electronic structures, it is useful for the study of many 

problems of biochemical/biophysical interest. In the case of the systems 

presented here, the number of explicit particles (atoms or heavy atoms) is 

typically between 60,000 and 120,000. 

 

  Since each paper presented with this thesis contains its own specific 

methods section, only some brief general ideas and references are provided in 

the present chapter. The following paragraphs concern a short description of MD 

simulations, the main technique used for this thesis. A more detailed description 

of this and other computational chemistry methods can be found in many text 

books, for example in (Leach 2001; Cramer 2002; Schlick 2002; Rapaport 2004). 
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2.2 MD simulations 

Molecular dynamics (MD) has provided many insights concerning the internal 

motions of macromolecules since the first protein was studied over 25 years ago. 

A nice historical review has been recently published by one of the pioneers of the 

methodology (Karplus 2003). The power of MD lies in its capability to investigate 

biological motions that are often not accessible to experiments. Nowadays, the 

synergy between theory and experiments is necessary to progress in the 

understanding of different biological aspects. With the continuing advances in the 

methodology and the speed of computers, MD studies are progressively pushed 

to larger systems, greater conformational changes and longer scale times. The 

current situation points towards a promising role of MD in the years to come for 

the study of biochemical problems. There are many MD simulation packages 

available for the study of biomolecules. All the simulations presented here have 

been performed using the suite of program GROMACS (Berendsen 1995; Lindahl 

2001), except the work reported in Paper VII, which was performed using the 

AMBER package (Case 2005).  

 

2.2.1 MD principles 
Using MD it is possible to simulate the time-evolution of a molecular system, 

which is represented classically considering a set of particles defined by their 

positions and momenta. The main principles are described in excellent texts on 

computational chemistry quoted in the preceding section, as well as in books 

specially devoted to MD (Haile 1992; Frenkel 1996).  

 

Starting from a coordinate set -taken for example from a crystal structure- 

and assigning velocities to each atom -typically from a Boltzmann distribution at a 

given temperature-, successive coordinates and velocities are obtained by 

integrating the Newton’s equation for the motion in each coordinate direction. In 

one dimension, the equation can be written as: 

 
46



Chapter 2 – Methods 

i

xi

m
F

dt
xd i=2

2

 

where mi and xi are the mass and position of each atom, respectively and Fxi is 

the derivative of the potential according to a force field equation that is described 

in the next section. The result is a trajectory that shows how atomic positions and 

velocities evolve with time according to the influence of the remaining atoms in 

the system. Due to the large number of particles interacting with each other, the 

integration is performed numerically most commonly using the leap-frog algorithm 

(Van Gunsteren 1990). The integration step is limited to the fastest motion in the 

system. Therefore, for atomistic simulations the step size is usually 1 fs, or 2 fs if 

restraining bond lengths, generally done using SHAKE (Van Gunsteren 1977) 

and LINCS (Hess 1997) algorithms.  

 

2.2.2 Force fields 
The calculation of the interaction energy within a classical description of a 

molecular system requires a force field. A force field is built up from two distinct 

components, a set of equations used to generate the potential energies (and their 

derivatives, the forces) and the parameters used in these equations. Nowadays, 

there are four main force fields in common use for simulating biological 

macromolecules: AMBER (Pearlman 1995), CHARMM (Brooks 1983; MacKerell 

1998; Mackerell 2004), GROMOS (Van Gunsteren 1987) and OPLS (Jorgensen 

1996).  

 

The intramolecular potential energy is typically represented by harmonic 

oscillators for bond stretching and angle bending, a Fourier series for each 

torsional angle, and Coulomb and Lennard–Jones (LJ) accounting for the 

interactions between atoms separated by three or more bonds. The latter two 

terms -referred together as non-bonded terms- are evaluated between all atom 

pairs in the system to yield the intermolecular energy. Such force fields compute 
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the energy as a sum of terms representing bond elongation, angle and dihedral 

deformation, and non-bonded interactions with the following general form: 

str bend tors LJ Coul

bonds angles torsions LJ Coulomb
E V V V V V= + + + +∑ ∑ ∑ ∑ ∑  

where the three first summations correspond the bonded terms (that include 

atoms connected up to three consecutive bonds) and the last two refer to the 

non-bonded ones. All summations can be easily calculated from the coordinates 

of the system at a given time. For each pair of bonded atoms (i and j), the 

stretching term is computed as: 

2( ) ( )str r o
ij ij ij ij ijV r k r r= −  

where kr
ij is the stretching force constant and rij and ro

ij are the distance between 

atoms and its equilibrium bond length, respectively. For every group of three 

bonded atoms (i, j and k), the angle term is described as: 

2( ) ( )bend o
ijk ijk ijk ijk ijkV kθθ θ θ= −  

where kθijk is the bending force constant, θijk and θo
ijk are the angle between atoms 

and its equilibrium value, respectively. For every group of four bonded atoms (i, j, 

j, l), the dihedral term is often represented as a cosine expansion: 

( ) [1 cos( )tors o
ijkl ijkl ijkl ijkl ijklV k nφφ φ= + − )φ  

where kφijkl is a dihedral constant affecting the barrier height, n is number of 

minima in a 360º rotation, and φijkl and φo
ijkl are the dihedral angle and the 

equilibrium value according the biochemical convention (trans φ=180º, cis φ=0º 

and gauche φ=60º/300º), respectively. The first non-bonded term is often 

represented by a 6-12 LJ potential, a simple mathematical model (Lennard-Jones 

1931) that accounts for two distinct forces (an attractive and a repulsive) that 

neutral atoms and molecules are subject to: 

12 6

( ) ij ijLJ
ij ij

ij ij

A B
V r

r r

⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥= −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
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where Aij and Bij are parameters that depend from on each pair of atoms. The first 

term accounts for the attractive forces at long range (van der Waals or dispersion) 

and the other for the repulsive forces at short range, resulting from the overlap 

between electron orbitals. Finally, the last term in the force field equation is a 

Coulombic potential describing the electrostatic interactions: 

( )
4

i jCoul
ij ij

o ij

q q
V r

rπε
=  

where qi and qj are the charges of atoms i and j, rij the relative distance between 

them and ε the vacuum permittivity. 

 

The constants and parameters of the preceding equations need to be fed 

from biophysical experiments and/or quantum mechanics calculations which differ 

from one force field to another. The specific force fields parameters of the 

different components present in the systems studied –proteins, lipids, water 

molecules and ions are discussed in the following sections. Except in Paper VIII, 

where the AMBER force field have been used, the simulations presented with this 

thesis have been performed using a microscopic description that combines the 

all-atom OPLS force field (Jorgensen 1996) for the protein, water molecules and 

ions with the Berger force field for the lipids (Berger 1997).  

 

2.2.2.1 Proteins 

The parameters for the amino acids are well adjusted in the majority of force 

fields designed to compute biological macro-molecules. Therefore, once one has 

selected a force field (AMBER, CHARMM, GROMOS, OPLS…) to perform the 

simulation there are not many critical choices to be done except for non-standard 

residues, such as the retinal bound lysine in Rho and BR or the palmitoylated 

cysteines used in the present Rho studies.  
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2.2.2.2 Lipids  

For the simulation of lipid bilayers there are two largely used force fields: one that 

is part of the official CHARMM distribution (MacKerell 1998) and the other 

introduced by (Berger 1997), developed with parameters taken from OPLS and 

GROMOS for its use in the GROMACS package (Allen 1987; Berendsen 1995; 

Lindahl 2001). There is no experimental information indicating that one force field 

is substantially better than the other. Although both force fields are microscopic, 

CHARMM includes explicitly all lipid atoms in the system, whereas the one 

developed by Berger, does not account explicitly for the non-polar hydrogen 

atoms and CH2 and CH3 groups are treated as a single particle. This 

approximation is often referred as a united-atom force field. 

 

Another approach (not explored in this thesis) is the use of the so-called 

coarse-grained models to perform mesoscopic simulations by grouping a bunch 

of atoms together (Venturoli 2005; Bond 2006; Sperotto 2006; Shih 2006; Muller 

2006; Marrink 2007). This allows to use a longer integration step –up to 40 fs- 

(Periole 2007). Although with a lesser detailed description, they allow longer 

simulation time scales as well as the possibility to deal with larger systems than 

with the atomistic approximation at a much less computational effort. In this 

regard, the recently developed MARTINI force field for mesoscopic simulations is 

very promising (Marrink 2005; Periole 2007). The lipid force field developed by 

Berger can be considered as a small coarse-grain model and accordingly, it 

permits using a time-step of 4 fs. 

 

2.2.2.3 The water molecule  

Many water models are available in the literature for an accurate representation 

of the liquid water, reviewed in references (Wallqvist 1999; Guillot 2002; 

Jorgensen 2005). The most common ones are often distributed together with the 

force fields described above. These models have been parametrized to 
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reproduce physical and thermodynamical properties such as the density, enthalpy 

of vaporization, radial distribution functions, energies of hydration or dipole 

moment. They can be classified by the number of points used to define the model 

(atoms plus dummy sites), whether the structure is rigid or flexible, and whether 

the model includes polarization effects or not. The simplest -and most popular- 

models for MD are TIP3P (Jorgensen 1983) and SPC (Berendsen 1987) series, 

which have three interaction sites, corresponding to the three atoms of the water 

molecule with rigid geometry. Each atom has a point charge assigned and the 

oxygen atom also gets Lennard-Jones parameters. The more complex 4-site or 5-

site models such as TIP4P and TIP5P, respectively, place the negative charge on 

either a dummy atom placed near the oxygen along the bisector of the HOH 

angle or on two dummy atoms representing the lone pairs of the oxygen atom. 

These models improve the electrostatic distribution around the water molecule, 

though to a larger computational cost because of the larger number of 

electrostatic interactions to compute. Because TIP3P has been shown to provide 

a good compromise between quality and computational cost it has been chosen 

as the water model for all simulations that are part of this thesis. 

 

If one needs to explore longer time scales, the use of coarse graining 

models cited the preceding section can be desired (Venturoli 2005; Izvekov 2005; 

Marrink 2007). It can also be interesting to treat solvent molecules at different 

levels of detail depending on their relative distance to the protein, that is, an 

adaptive MD simulation (Praprotnik, Matysiak 2007; Praprotnik, Delle Site 2007). 

However these methods are still not generally implemented in the common MD 

programs.  

 

2.2.2.4 Ions  

Ion parameters for MD simulations are typically obtained by adjusting the LJ 

parameters to reproduce ionic hydration free energy and the radial density 
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distributions. This strategy was first used for the determination of parameters for 

alkali (Åqvist 1990) and alkaline earth (Åqvist 1994) ions, but extended lately to 

other metals (Babu 2006). Such sets of parameters describe a free ion without 

explicit consideration of its coordination capabilities although they can accurately 

reproduce the geometries of the first coordination shell. However, it is known that 

uncertainties of microscopic parameters, reflecting an incomplete experimental 

knowledge of the structural properties of ionic aqueous solutions at finite molality, 

translate into large differences in the computed radial distribution functions (Patra 

and Karttunen 2004).  

 

2.2.3 Long-range interactions 
The computation of the pair-wise non-bonded interactions is the most time-

consuming part of a MD simulation as the evaluation of the forces scales 

quadratically with the number of atoms in the system. Accordingly, several 

approximations have been used the last 20 years in order to reduce the 

computational effort needed (Loncharich 1989). One of the simplest 

approximations is to use of a cutoff that defines the maximum distance between 

pairs of atoms before computing their energy of interaction, under the assumption 

that the force between atoms can be neglected when they are largely separated. 

Typical cutoffs used are about 1-2 nm. 

 

Since the LJ forces are short-range in nature, their contribution seems to be 

properly modeled with such cutoffs, although more accurate strategies have 

recently been reported (Lague 2004; Klauda 2007). However, dealing with the 

Coulombic term, the use of a cutoff is much more critical for the reliability of the 

simulations (Gilson 1995; Cheatham 1995). Accordingly, the treatment of long-

range interactions has been an active field of research in the last years and is still 

a topic of considerable interest (Heinz 2005; Baumketner 2005). The most 

common alternative to truncation is to use the Ewald summation procedure (Allen 
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1987) or the computationally more effective Particle Mesh Ewald or PME (Darden 

1993), where the long-ranged electrostatic interactions are calculated with fast 

Fourier transforms. These methods provide an exact solution for the electrostatic 

interactions for an infinite periodic system. The easiest way of simulating a 

periodic system is to treat it enclosed in a box and consider replicated boxes (to 

infinity) by rigid translation in all the three Cartesian directions, completely filling 

the space. This approximation is called periodic boundary conditions or PBC.  

 

The treatment used for electrostatics is an important issue for systems with 

abundance of charged groups such as nucleic acids (Cheatham 1995; Louise-

May 1996; Beck 2005), ions (Auffinger 1995) or lipids (Venable 2000; Tobias 

2001; Pandit 2002; Patra 2003; Anézo 2003; Patra, Karttunen 2004), but also for 

neutral systems like liquid water (Feller 1996; Hess 2002). In regard to lipid 

bilayers, the studies addressed the effects of using a cutoff on the bilayer 

structure, showing that the area per lipid is very sensitive to force field 

parameters, as well as to the way electrostatics are treated. Furthermore, the use 

of a cutoff together with some criteria to group atoms into neutral charge groups, 

may increase lipid order, resulting in thicker bilayers with smaller areas per lipid 

(Wohlert 2004). However, the situation is less clear for systems consisting of 

peptides or proteins and requires further analysis (Loncharich 1989; Schreiber 

1992b; Schreiber 1992a; Monticelli 2004; Beck 2005; Baumketner 2005; 

Monticelli 2006). In Paper I we compared the performance of a plain cutoff with 

the PME method in a system containing a lipid bilayer with an embedded 

membrane protein. 

 

2.2.4 Statistical ensemble 
In order to relate the microscopic features of individual atoms and molecules to 

the macroscopic or bulk thermodynamic properties of materials one needs to use 

statistical mechanics methods. In this context, an ensemble formalizes the notion 
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that, repeating an experiment again and again, a physicist may expect to observe 

a range of different outcomes under the same macroscopic conditions, but unable 

to control the microscopic details. Different macroscopic environmental 

constraints lead to different types of ensembles, with particular statistical 

characteristics. The most important ensembles used in MD simulations of 

biological systems are described below and impose several restrictions. The 

microcanonical ensemble (NVE) requires keeping the total energy of the system 

constant (i.e. a system thermally isolated). In contrast, in the canonical ensemble 

(NVT) a system shares its energy with a large heat reservoir or heat bath 

(Berendsen 1984; Nose 1984), allowing the system to exchange energy 

assuming that the heat capacity of the reservoir is so large as to maintain a fixed 

temperature for the coupled system. In both cases (NVE and NVT) the initials N 

and V account for a constant number of atoms and volume (i.e. a fixed box 

shape). The NPT ensemble is analogous to the NVT one, but imposes a barostat 

in the same spirit as the temperature coupling  that maintains a fixed pressure 

instead of considering a constant volume (Parrinello 1981; Nose 1983; 

Berendsen 1984). 

 

Other largely used ensembles in the context of lipid bilayer simulations are 

NPzAT and NPZγT, which can be considered as a modification of the NVT 

ensemble where the pressure is only allowed to change in one direction (z), by 

imposing either a fixed area (A) or a constant surface tension (γ). There is little 

difference between simulations performed at fixed pressure in two (NPZAT or 

NPZγT) or in all three (NPT) directions (Tieleman 1996). However, the choice of 

the surface tension in NPZγT seems to have important effects on the area per lipid 

(Sankararamakrishnan 2004; Zhu 2005). In the case of the NVT ensemble, it has 

the disadvantage of requiring a previous accurate estimation of the area and 

volume per lipid to be able to choose the correct box dimensions. Indeed, this is 

tricky for pure lipid bilayers, but even more difficult for those with embedded 
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proteins. In Paper I we compared the performance of NPT and NVT in a system 

containing a lipid bilayer with an embedded membrane protein. 

 

2.3 Simulations of membrane proteins 

Despite the importance of obtaining structures from x-ray crystals, a major 

drawback of this technique is that it does not permit to study membrane proteins 

in their natural environment. Thus, the development of other techniques that can 

provide structural information under more native conditions is of great interest. An 

emerging group of such methods are computer simulations of membrane proteins 

(Ash 2004; Fanelli 2005), and more specifically the use of MD with the proteins 

embedded on different model lipid bilayers (Tieleman 1998; Tieleman 2006). 

These approaches can provide useful information about the structural features of 

a protein and about its dynamical behavior that are not available from other 

experimental methods. Analogously to the difficulties associated to the 

experiments with membranes and membrane proteins, the necessity to mimic the 

hydrophobic environment provided by the membrane has been a major obstacle 

for the simulation of such proteins. One of the most important issues is the 

relevance of including explicitly the lipidic environment in the systems. Until 

recently, MD simulations of membrane proteins were carried out either using 

implicit models (Roux 1994; Strahs 1997; Roux 2000; Im 2002; Im, Lee 2003; Im, 

Feig 2003) or hydrophobic solvents that mimicked the membrane environment 

instead (Åqvist 2000; Govaerts 2001; Rohrig 2002; Deupi 2004). These 

approximations have the advantage of being computationally cheaper than the 

simulations that include a more detailed description of the membrane. However, 

implicit models describe poorly the hydrophobic/hydrophilic boundary and cannot 

account for specific protein-lipid interactions (see section 1.4), which is a field of 

growing interest (Engelman 2005). 
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The increasing power of computers in the last years provided the 

opportunity to consider explicitly the lipid bilayer in the simulations. In this context, 

atomistic MD simulations of lipid bilayers represent a detailed microscopic picture 

of interactions and processes in biological membranes. However, the complexity 

of real membranes, containing many different proteins, lipids and other 

molecules, are still not presently affordable at this level of detail. For this reason, 

the study of model one-component pure hydrated lipid bilayers has been the 

focus of attention of a large amount of work published in the last years (van der 

Ploeg 1982; Tieleman 1996; Tieleman 1997; Berger 1997; Smondyrev 1999; 

Lindahl 2000; Feller 2000; Feller 2002; Saiz 2002; Anézo 2003). These studies, 

together with the effort in the characterization of lipid bilayers (Nagle 2000), have 

been pivotal in order to extend the simulations to more complex membranes such 

as phospholipid mixtures (Pandit 2003a; Gurtovenko 2004; Leekumjorn 2006) 

and/or the inclusion of other compounds such as cholesterol (Hofsäß 2003; 

Pitman 2004; Pitman 2005) or ions (Pandit 2002; Pandit 2003b; Böckmann 2003; 

Böckmann 2004; Mukhopadhyay 2004; Sachs 2004; Gurtovenko 2005). 

Furthermore, the study of model peptides (Tieleman, Sansom 1999; Tieleman, 

Berendsen 1999; Petrache 2000; Kandasamy 2006) provided the necessary 

background for the simulations of membrane proteins. 

 

BR was the first integral membrane protein to be simulated embedded in a 

lipid bilayer (Edholm 1995). However it was not until much later that the technique 

was more widely used. An updated review on the state of the art regarding 

common simulation setups and conditions for MD of lipid membranes with 

embedded or attached proteins can be found in two recent works (Ash 2004; 

Sperotto 2006). The conclusion of these studies is that the explicit inclusion of 

lipids is crucial for describing protein dynamics and to provide realistic simulations 

ranging over several tens or hundreds of nanoseconds and even reaching the 

microsecond (Martinez-Mayorga 2006). From these and other reports it is clear 

that modeling GPCR or other membrane proteins in its lipidic environment 
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requires a careful selection of the system and computational protocol to avoid 

possible artifacts in the simulations. Accordingly, thorough analyses need to be 

carried out in order to assess the effect of the different approximations assumed 

in the simulations, as well as to understand their relevance to ensure that MD 

simulations are realistic. Regarding the system choice, the selection of the protein 

environment -including lipid composition and ion concentrations- the system size 

and several structural features of the protein -such as the protonation state-, can 

be crucial to obtain accurate results. On the other hand the choice of some 

simulation conditions and approximations seems to have also an effect on the 

quality of the results. With the aim of clarifying some of these points, Paper I 

shows a systematic study of some simulation choices and Papers II and IV regard 

aspects of the system composition. 

 

2.3.1 Rhodopsin simulations 
A large number of MD studies of Rho addressing diverse objectives have been 

published in the last years, providing the basis for the simulations presented here. 

The simulations reported in the literature were performed with the protein 

embedded in either saturated (Schlegel 2005), monounsaturated (Saam 2002; 

Grossfield 2002; Crozier 2003; Huber 2004; Lemaitre 2005) or polyunsaturated 

model bilayers (Feller 2003; Pitman 2004; Pitman 2005; Grossfield 2006). It is 

known that GPCR are embedded in membranes rich in polyunsaturated lipids 

containing chains of docosahexanoic acid, a fatty acid with 22 carbon atoms and 

6 double bonds evenly distributed over the length of an acyl chain. More 

specifically, it represents 50% of the fatty acid content in the retinal rod outer 

segment disk membrane that hosts Rho. MD studies have shown that 

polyunsaturated lipids have unique features that are reflected in the properties of 

the lipid matrix which, in turn, can affect protein function at the molecular level 

(Feller 2003; Carrillo-Tripp 2005; Grossfield 2006). The results of these studies 

suggest the existence of specific sites on Rho surface accommodating 
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polyunsaturated lipids. Furthermore, the presence of tightly packed lipids has also 

been reported to weaken the inter-helical packing (Feller 2003; Pitman 2005; 

Grossfield 2006).  

 

 
 

Figure 2.1 – Rhodopsin embedded in a DPPC lipid bilayer from a MD trajectory; side 

view (left) top view (right). The protein ribbon is shown in blue, lipids in grey and 

retinal in gold. 

 

The effect of different lipid types on the structure and function of the protein 

is not yet clear. Moreover, as stated in the preceding section, the complexity of 

real membranes, containing many different proteins, lipids and other molecules, 

are still not presently affordable at atomistic level of detail because of the lack of 

knowledge regarding the specific effects and interactions of the different species 

present. Additionally, the use of more complex membranes, including 

phospholipid mixtures or cholesterol require much longer simulations because 

they need to diffuse to their preferred locations. Accordingly, the majority of the 

simulations are still performed using bi-, mono-unsaturated or saturated one-

component lipid bilayers because they are better characterized biophysically and 

therefore the force field parameters are more accurate than for the 

polyunsaturated. A cartoon of a system consisting in a rhodopsin protein 

embedded in a DPPC bilayer is shown in Figure 2.1. 
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Chapter 3 - Scientific papers 
 

Overview 
 

The objective of the present thesis has been the study of seven-

transmembrane receptors by means of MD simulations, with the ultimately goal of 

developing a robust methodology that can be generalized to the study of most 

GPCR as well as other membrane proteins embedded in a realistic environment. 

With this purpose in mind, most of the effort regarding the work presented is 

based in the study of bovine Rho –as the prototype of GPCR– embedded in one-

component lipid bilayers. The systems studied are explained in detail in the 

specific methods section in each article. Half of the work presented is basically 

methodologically oriented while the other half makes use of the techniques 

studied in order to address specific biochemical questions. Table I displays a 

summary of the components presents in such systems. 

 

There are many key issues when performing MD simulations of membrane 

proteins that need to be properly understood in order to get reliable results. Some 

of them are related to methodological concerns such as different choices for 

treatments of long-range interactions (section 2.2.3) and for the choice of the 

statistical ensemble (section 2.2.4). This is the focus of the work reported in 

Paper I. Some other are oriented to the system choice and more specifically, to 

the use of a proper solvent for the membrane protein. In this context, the use of 

an explicit membrane mimic is a critical point since otherwise one has to add 

restrictions to the protein accounting for the lack of hydrophobic contacts which 

would destabilize the protein structure (see Paper VIII). The effect of the specific 

lipid interactions to the protein structure is not yet fully understood. This motivated 

the study of Rho embedded in different model one-component lipid bilayers, 

presented in Paper II. Since in physiological conditions membranes are in contact 

with a solvent that contains ions, another issue of similar nature, is the effect of 
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the inclusion of several mono- bi- and tri-valent ions in the water/lipid-polar phase. 

This is reported in Paper IV, which outlines the specific behavior of potassium 

ions in agreement with some experiments.  

 

paper I II III IV V VI VII VIII 

protein Rho Rho Rho 
(dimer) - Rho Rho Rho BR 

lipids DPPC 
DPPC 
POPC 
DMPC 
PLPC 

DPPC DPPCDPPCDPPCDPPC - 

ions Na+ 
Cl- 

Na+ 
Cl- Na+ Cl- M+ Cl- Na+ 

Cl- 
Na+ 
Cl- 

Na+ 
Cl- 

Mn2+ 
 

Ca2+ 
 

Table I – Components present in the systems reported in the papers included in this 

thesis. Those components shown in italics are a main part of the discussion in a 

specific report. M+ accounts for Li+, Na+, K+, Ca2+, Mg2+, Sr2+, Ba2+ and Ac3+, 

respectively. 

 

Regarding the work oriented to specific biochemical problems, we 

addressed the study of structural features related to the stability and activation 

mechanisms of Rho, as a model of GPCR, and BR. Additionally to the previously 

described methodological issues, Paper II reported a study of the hydrophobic 

matching and the specific lipid-protein interactions. Another topic of great interest 

nowadays is the possible existence of Rho in oligomeric states. In Paper III we 

reported a study of a Rho dimer based on a recently published semi-empirical 

model. The critical role of a group of amino acids at the cytoplasmic side of TM 

helices 3 and 6 regarding conformational properties and activation of GPCR 

(section 1.3.2) has been the focus of Papers V and VI. In the case of Rho, 

another important issue regarding the activation process is how the isomerization 

of the retinal chromophore occurs (section 1.3.2.1). Furthermore, with the use of 

a modified retinal, Paper VII provided some insight into this regard. Finally, the 

stabilizations of many membrane proteins (including Rho and BR) by cations are 
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a topic of some discussion. In Paper VIII we reported a study of the cation 

binding sites in BR (section 1.3.4). 
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Abstract: The present study analyzes the effect of the simulation conditions on the results of molecular dynamics

simulations of G-protein coupled receptors (GPCRs) performed with an explicit lipid bilayer. Accordingly, the pres-

ent work reports the analysis of different simulations of bovine rhodopsin embedded in a dipalmitoyl phosphatidyl-

choline (DPPC) lipid bilayer using two different sampling conditions and two different approaches for the treatment

of long-range electrostatic interactions. Specifically, sampling was carried out either by using the statistical ensem-

bles NVT or NPT (constant number of atoms, a pressure of 1 atm in all directions and fixed temperature), and the

electrostatic interactions were treated either by using a twin-cutoff, or the particle mesh Ewald summation method

(PME). The results of the present study suggest that the use of the NPT ensemble in combination with the PME

method provide more realistic simulations. The use of NPT during the equilibration avoids the need of an a priori
estimation of the box dimensions, giving the correct area per lipid. However, once the system is equilibrated, the

simulations are irrespective of the sampling conditions used. The use of an electrostatic cutoff induces artifacts on

both lipid thickness and the ion distribution, but has no direct effect on the protein and water molecules.

q 2007 Wiley Periodicals, Inc. J Comput Chem 28: 1017–1030, 2007

Key words: molecular dynamics; lipid bilayer; simulation setup; membrane protein; rhodopsin; electrostatics;

ensembles

Introduction

G-Protein coupled receptors (GPCRs) are the largest family of

membrane proteins and mediate a major part of transduction sig-

nals responding to a diverse range of molecules, including ions,

peptides, lipids, biogenic amines, and even photons. These pro-

teins play a key role in cell signal transmission and in the regu-

lation of basic physiological processes, being proteins of enor-

mous pharmacological interest.1 Their natural abundance, to-

gether with their key physiological role, make them suitable

targets for therapeutic intervention, accounting for more than

50% of the currently marketed drugs.2

Despite their important biological function, scarce structural

information necessary to get a better understanding of the struc-

ture–function relationships of GPCRs, is currently available. The

present lack of information is basically due to the difficulties

associated with the crystallization of membrane proteins. Thus,

although it is well established that GPCRs are arranged in seven

helix bundles, differential features, both sequential and structural

among the several existing subfamilies have been described.3

Bovine rhodopsin is the only GPCR whose 3D structure is cur-

rently available at atomic resolution.4–8 This makes this protein

to be a suitable template for modeling studies of other GPCRs.

Rhodopsin is involved in the visual signal transduction cascade

in vertebrates. It contains the chromophore molecule 11-cis reti-

nal covalently linked to Lys296 via a Schiff base. Photon uptake

induces the isomerization of the 11-cis retinal to the all-trans
configuration, starting a cascade of protein conformational

changes that leads to vision. Accordingly, in addition to its
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contract/grant number: SAF2005-08148-C04-01
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intrinsic enormous interest, rhodopsin is a useful model to study

different structural features of this family of proteins and to pro-

vide insights on how its dynamic behavior is related to its bio-

logical function. Molecular dynamics (MD) is a suitable method-

ology to carry out this kind of studies, since it provides detailed

information about the structural features of the system as well as

about its dynamical behavior.9 However, for the simulations to

be meaningful, the models and protocols used in the actual cal-

culations need to be continuously tested and contrasted to guar-

antee the production of reliable simulations.

In the case of membrane proteins, an important issue to be

assessed is the relevance of including explicitly the lipidic envi-

ronment in the simulations. Early MD simulations of membrane

proteins were carried out either using implicit models10–14 or

hydrophobic solvents that mimicked the membrane environment

instead.15–17 These approximations have the advantage of reduc-

ing the computational cost considerably compared to simulations

that include more detailed descriptions of the membrane. How-

ever, implicit models cannot account for specific protein–lipid

interactions and furthermore, they describe poorly the hydropho-

bic/hydrophilic boundary. The increasing power of computers in

the last years has provided the opportunity to consider the lipid

bilayer explicitly in the simulations. Specifically, in the case of

rhodopsin, different studies using a wide range of lipid bilayers

and addressing diverse objectives have been published in the

last years.18–26 The results of these studies suggest that the

explicit inclusion of lipids is crucial to describing protein dy-

namics and to provide realistic simulations ranging over several

tens or even hundreds of nanoseconds.

Modeling GPCRs in its lipidic environment requires a careful

selection of a computational protocol to avoid possible artifacts

in the simulations. Accordingly, thorough analyses need to be

carried out to assess the effect of the different approximations

assumed in the simulations, as well as to understand their rele-

vance to ensure that MD simulations are realistic. A recent study

has focused on the influence of several structural features like

the protonation state of some residues or the use of different

membrane-mimicking environments on the structure of bovine

rhodopsin.25 The present study focuses on the effects of different

simulation setups. Specifically, the goal of the present work is to

compare the performance of different approximations for han-

dling the electrostatic interactions and the use of different sam-

pling conditions. Similar studies have already been performed

for pure hydrated lipid bilayers.27

The treatment of long range interactions has been an active

field of research during the last 20 years,28 and it is still a topic

of considerable interest (see refs. 29 and 30 and references

therein). It is well established that the approximations used to

treat the electrostatic interactions are critical to obtain reliable

simulations.31,32 Indeed, this is not only important for systems

with abundance of charged groups such as nucleic acids,32–34

ions,35 or lipids,36–41 but also for systems like water.42,43 In

regard to lipid bilayers, several studies have addressed the effects

of truncation on the bilayer structure.36–41 These studies show

that the area per lipid is very sensitive to force field parameters,

as well as to the way electrostatics are treated. Indeed, it has been

shown that the use of a cutoff together with some criteria to

group atoms into neutral charge groups may increase lipid order,

resulting in thicker bilayers with smaller areas per lipid.44 How-

ever, the situation is less clear for systems consisting of peptides

or proteins and requires further analysis.28,30,34,45–48

In regard to the ensemble used in the simulations, for pure

hydrated lipid bilayers it has been shown that there is little dif-

ference between simulations performed at fixed pressure (NPT;

constant number of atoms, a pressure of 1 atm in all directions,

and fixed temperature) or in one (NPZAT) coordinate direction,

at constant surface tension (NPZ�T), or at fixed periodic box

dimensions (NVT; constant number of atoms, volume, fixed box

shape, and temperature).27 However, the choice of nonzero sur-

face tension has important effects on the area per lipid.49,50 The

NVT ensemble requires, however, that one knows the area and

volume per lipid accurately to be able to choose the correct box

dimensions. Indeed, this is even more difficult for lipid bilayers

with embedded membrane proteins.

In the present study, simulations were performed either with

the canonical/NVT or the NPT ensemble. The long-range elec-

trostatic interactions were computed either using a cutoff or the

particle mesh Ewald summation method (PME).51 For this pur-

pose, simulations were performed on a system consisting of one

molecule of bovine rhodopsin soaked in a box containing a

dipalmitoyl phosphatidylcholine (DPPC) lipid bilayer, water

molecules, and ions under different simulation conditions. Five

different simulations were carried out combining two statistical

ensembles and two different approximations for the treatment of

long-range electrostatics.

Methods

The Rhodopsin Structure

Rhodopsin atomic coordinates were retrieved from the Protein

Data Bank52 (entry 1GZM).7 In contrast to other previously pub-

lished crystal structures,4–6 this structure contains the coordi-

nates of all the amino acids of the intradiscal and cytosolic

loops. In addition, coordinates of the atoms of some missing C-

terminal residues were taken from a different source6 and

adapted by superposition of the �-carbon skeleton of both pro-

tein structures. The starting model of the protein also incorpo-

rated two palmitoyl chains located on the cytoplasmatic end,

which are covalently linked to two consecutive cysteine resi-

dues, believed to be important as membrane anchoring points to

the membrane. All the amino acids were modeled in the proto-

nation state they exhibit as free amino acids in water at pH 7,

with the exception of Asp83 and Glu122 that were considered as

protonated and neutral respectively, according to experimental

evidence.53 This is reasonable, since both residues are located in

the protein hydrophobic core and there are no possible counter

charges in their neighborhood. Similarly, His196 was considered

charged based on pKa calculations using the DaPDS program.54

Taking into account these considerations and with the C-termi-

nus of the protein negatively charged, the protein exhibits a total

of 19 positive and 21 negative charges yielding a net charge of

�2. This is compensated in the box by adjusting the balance

between sodium and chloride ions to give an electro-neutral sys-

tem, as described in detail later.
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Protein Embedding

The simulation box consisted of a mixture of DPPC lipids and

water molecules generated and equilibrated according to the pro-

cedure described previously.55 The box had an initial size of

10.3 � 8.0 � 10.2 nm3 (XYZ), organized in such a way that the

bilayer plane was oriented on the XY plane. Before protein inser-

tion, the box contained 256 lipids (corresponding to an area per

lipid of 0.64 nm2) and circa 17,000 water molecules. The protein

was placed in the center of the box, and the overlapping mole-

cules were removed. Specifically, all water molecules with oxy-

gen atoms closer than 0.40 nm to a nonhydrogen atom of the

protein, as well as all lipid molecules with at least one atom

closer than 0.25 nm to a nonhydrogen atom of the protein were

removed. This resulted in a final system containing 197 lipids

and circa 16,000 water molecules. Removal of these atoms intro-

duced small voids between the protein and water or lipid mole-

cules that disappeared during the first part of the MD simulation,

in which a progressive adjustment of the lipid bilayer and water

molecules to the protein takes place. Next, 114 randomly

selected water molecules were replaced by 58 sodium and 56

chloride ions, providing a neutral system with a concentration

approximately 0.2 M on sodium chloride. This concentration is

fairly similar to that found in biological organisms, although

they exhibit different intra- and extra-cellular ion concentrations.

In addition to the water added, consistent with the water mole-

cules present in the crystal structures of rhodopsin (entries

1GMZ and 1LH9),6,7 23 crystallographic water molecules were

included in the starting structure.

Molecular Dynamic Simulations

All computer simulations were performed using a parallel ver-

sion of the GROMACS 3.2 package.56,57 The system was sub-

jected to periodic boundary conditions in the three coordinate

directions. The temperature was kept constant at 323 K (well

above the gel/liquid crystalline phase transition temperature of

314 K) using separate thermostats for the protein, water, ions,

and lipid molecules.58 The time constant for the thermostats was

set to 0.1 ps except for water, for which a smaller value of

0.01 ps was used. The pressure in the three coordinate directions

was kept at 0.1 MPa by independent Berendsen barostats58 using

a time constant of 1.0 ps. Although other methods have the

advantage of giving an ensemble with correct fluctuations,59,60

the simpler methods for pressure and temperature control were

used here to guarantee faster convergence. The equations of

motion were integrated using the leapfrog algorithm with a time

step of 2 fs. All bonds within the protein and lipid molecules

were kept frozen using the LINCS algorithm.61 The bonds and

the angle of water molecules were fixed using the analytical

SETTLE method. Lennard–Jones interactions were computed

using a cutoff of 1.0 nm. The electrostatic interactions were

treated either using a cutoff or the PME technique.51 In the for-

mer case, electrostatic forces were computed every time step for

atom pairs up to a distance of 1 nm, and every time step, and

every 10 time steps for atoms pairs in the interval 1–1.8 nm,

with a simultaneous update of the list of close neighbors.

The all-atom OPLS force field,62 currently implemented in

GROMACS, was used for all molecules of the system except for

the DPPC molecules, which were modeled using the force field

parameters described in ref. 63. Nonbonded pair interactions

were computed as combinations of single atomic parameters to

account for protein–lipid interactions. These parameters repro-

duce the experimental area per lipid of pure DPPC in the liquid

crystalline phase.44,63,64 Water molecules were modeled using

the TIP3P model.65 Fractional charges of retinal atoms were

taken from quantum chemical calculations66 and have already

been used in other MD simulations of rhodopsin.18 Fractional

atomic charges for palmitoylated cysteines were derived from

electrostatic potential calculations at HF/6-31G* level.

Simulation Procedure

Once the protein was inserted in the bilayer, the system was

energy minimized. Subsequently, the system was subjected to a

0.5 ns MD simulation at a temperature of 323 K to allow for the

removal of voids present between the protein and the lipids or

water. These simulations were performed allowing the three per-

iodic box dimensions to change size until a pressure of 0.1 MPa

was reached in each coordinate direction. The atomic coordi-

nates of the protein were restrained to their crystallographic

positions. Two different simulation boxes were generated after

this process using two different treatments of the long range

electrostatic interactions: box no. 1 generated using the PME

method and box no. 2, generated using a cutoff. Starting from

either simulation box no. 1 or 2, five different 16-ns-MD simula-

tions under different conditions were performed and analyzed

(Table1). Two simulations were performed at constant pressure

and temperature, with the electrostatics treated using either the

PME method (simulation no. 1) or a cutoff (simulation no. 2).

The first 6 ns of these simulations were considered as equilibra-

tion period and were not included in the analysis. The starting

boxes for these two simulations were those generated during the

molecular reorganization process using the corresponding treat-

ment for the electrostatic interactions (i.e., box no. 1 and 2,

respectively). The remaining simulations (simulation nos. 3–5)

were performed at fixed box dimensions. Specifically, in simula-

tion no. 3 the electrostatic interactions were treated using the

PME method, whereas in simulation nos. 4 and 5 a cutoff was

used. Starting boxes for simulations nos. 3 and 4 were taken

from simulation nos. 1 and 2, respectively after 0.5 ns run (box

no. 1þ and box no. 2þ). Simulation no. 5 was performed using

a cutoff, starting from a box no. 1þ. Furthermore, to compare

the physical properties of the lipids, we additionally performed

four simulations of pure hydrated DPPC bilayers as reference.

These simulations were performed without ions using the PME

method (simulation no. 6) or a cutoff (simulation no. 7) for the

electrostatics and with a 0.2 M concentration in sodium chloride

using either PME (simulation no. 8) or a cutoff (simulation no.

9). The systems consisted of 256 lipid molecules with a hydra-

tion of 67 waters per lipid and were run for 10 ns at similar con-

ditions to those performed with the protein embedded. For all

simulations, coordinates were collected every 10 ps and stored

for further analysis.
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Results and Discussion

Table 1 summarizes details of the different simulations reported

in the present work, including the ensemble used to sample the

system (NPT or NVT), as well as the treatment of long-range

electrostatic interactions (PME or cutoff). The average bilayer

thickness and the computed area per lipid, key parameters in

membrane biology,67 are also included in the table. The analysis

of the results is focused on the structural aspects of the protein

and on its interactions with the lipid bilayer, aimed at providing

new insights into the problem of the hydrophobic matching

between the lipids and the protein. For the sake of clarity, the

results are discussed successively for each of the components of

the system, i.e. protein, lipid molecules, ions, and water mole-

cules. This includes an analysis of the deviation from the start-

ing protein structure as well as its fluctuations around the equili-

brated average coordinates, the stability of the helices, the lipid

bilayer thickness, ion distribution, and the behavior of water

molecules inside and around the protein.

The Bilayer Thickness

Lipid order is often described either by the average area per

lipid or by the bilayer thickness. The computation of the former

in simulations of bilayers with embedded proteins requires the

calculation of the cross-sectional area of the protein, which

changes along the bilayer normal, since the protein does not

have a fixed regular shape and therefore is rather difficult to

compute. In contrast, the computation of the bilayer thickness is

straightforward in these systems, and since the volume per lipid

is essentially fixed, the average thickness of a pure bilayer can

easily be calculated. A fully hydrated DPPC bilayer in the liquid

crystalline phase has an area per lipid of 0.64 6 0.02 nm2 and a

volume per lipid of 1.232 nm3, the latter being a measure that

can be obtained more accurately.68 However, since the water/

lipid boundary is not sharp, the bilayer thickness can be defined

and measured in different ways.68 In the present work, we chose

to measure it as the distance between the average planes of the

two monolayers, defined either by the positions of the phospho-

rus atoms or by the carbons adjacent to the ester carbonyls.

These thicknesses will be denoted as phosphate-to-phosphate

(P–P) and hydrophobic, respectively. In the liquid crystalline

phase for DPPC with an area of 0.64 nm2 per lipid, the P–P

thickness is 3.9 nm, whereas in the ordered gel phase with the

area of 0.48 nm2 the P–P thickness is 5.1 nm. The average P–P

and hydrophobic thickness obtained in the different simulations

reported in the present work is listed in Table 1. In all the simu-

lations, the difference between the P–P and the hydrophobic

thickness is roughly 1 nm, in good agreement with the experi-

mentally determined values (see DB and DC in ref. 68). The area

per lipid can be computed from the relation: A ¼ 1.75/T, where
A is the area per lipid in nm2 and T is the hydrophobic thickness

in nm, based on the linear correlation obtained from the analysis

of simulation nos. 6–9. It is important to note that the intrinsic

definition of the hydrophobic thickness allows a direct compari-

son with the hydrophobic width of the protein and therefore is a

useful measure for studying the hydrophobic matching.

To be used as a reference, to analyze the effects of protein

embedding, simulations of pure hydrated DPPC lipid bilayers

without ions (simulation nos. 6–7) and with a 0.2 M concentra-

tion in sodium chloride (nos. 8–9) were also performed. Bilayer

thicknesses obtained in these simulations are summarized in

Table 1. It can be seen that bilayer thickness as well as the area

per lipid obtained in the NPT simulations differ from those

obtained in pure hydrated bilayers without salt. For pure

bilayers, this represents a decrease of the area per lipid from

0.625 to 0.590 nm2 using the PME method, and from 0.576 to

0.513 nm2 using a cutoff. With the same sampling conditions, in

the simulations of rhodopsin, the average hydrophobic bilayer

thickness obtained using the PME method (simulation no. 1) and

a cutoff (simulation no. 2) are 2.97 and 3.22 nm, corresponding

to areas per lipid of 0.59 and 0.54 nm2, respectively. These

Table 1. Summary of the Simulations Performed in the Present Work.

Simulation

Production run Bilayer rearrangement around the protein

Ensemble Electrostatics

Time

(ns) Box Ensemble Electrostatics

Time

(ns) Rhod. NaCl

P–P thickness

(nm)

Hydr. thickness

(nm)

Area/lipid

(nm2)

1 NPT PME 16 1 NPT PME 0.5 þ þ 4.07 6 0.03 2.97 6 0.03 0.59c

2 NPT cutoff 16 2 NPT cutoff 0.5 þ þ 4.31 6 0.04 3.22 6 0.04 0.54c

3 NVT PME 16 1þ NPT PME 1a þ þ 3.75 6 0.02b 2.66 6 0.02 0.66c

4 NVT cutoff 16 2þ NPT cutoff 1a þ þ 3.90 6 0.02b 2.84 6 0.02 0.62c

5 NVT cutoff 16 1þ NPT PME 1a þ þ 3.68 6 0.02b 2.62 6 0.02 0.67c

6 NPT PME 10 � � 3.93 6 0.03 2.82 6 0.03 0.625 6 0.011

7 NPT cutoff 10 � � 4.17 6 0.02 3.04 6 0.02 0.576 6 0.003

8 NPT PME 10 � þ 4.06 6 0.02 2.96 6 0.02 0.590 6 0.003

9 NPT cutoff 10 � þ 4.45 6 0.04 3.35 6 0.04 0.513 6 0.017

Rhod specifies when the system contains rhodopsin. NaCl refers to the presence or not of ions. P–P thickness refers to the phosphate–

phosphate bilayer thickness and hydrophobic refers to the tail-tail bilayer thickness.
aThe last 0.5 ns of equilibration correspond to the first 0.5 ns of simulation nos. 1 or 2.
bThickness restrained due to the use of fixed size box.
cEstimated values by linear regression of simulation nos. 6–9.
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results agree well with previous simulations of pure DPPC

bilayers with sodium chloride69,70 and exhibit the same behavior

found for pure DPPC bilayers, regarding the effect of different

treatments of long-range electrostatics.39,44 Accordingly, the

bilayer thickness is sensitive to the treatment electrostatic inter-

actions, with a trend to exhibit larger values when a cutoff is

used, both in pure lipid bilayers as well as in bilayers with a

protein embedded.

The time-evolution of the average bilayer thickness provides

interesting information about the events governing the interac-

tions between the different components of the system. Figure 1

shows pictorially the time-evolution of the hydrophobic bilayer

thickness along the NPT-simulations (nos. 1 and 2). In both

cases, the bilayer thickness reaches a steady value after about 6

ns, reason why only the last 10 ns of the MD trajectories were

used in the analysis. In these simulations, the lipid bilayer

expands compared to the pre-equilibrated pure bilayer in

response to both ion concentration69,70 as well as to the pertur-

bation caused by the protein.21,71,72 Different biophysical studies

suggest that the presence of electrolytes may alter the structure

and dynamics of the dipolar phosphatidylcholine (PC) head

groups.73–79 Moreover, recent MD simulations suggest that so-

dium ions bind tightly to the lipid head groups inducing changes

in the head-group tilt, which increase the thickness of zwitter-

ionic lipid bilayers when the area of the simulation box is not

fixed.69,70,80,81 This observation is compatible with recent studies

regarding the effect of sodium chloride on the mechanical prop-

erties of lipid bilayer films.82 In contrast, recent experiments for

bilayers with potassium chloride and bromide indicate a negligi-

ble effect on the area and thickness for ion concentrations of the

order of 1 M.83

Regarding the electrostatics, present results demonstrate that

a cutoff always increases the bilayer thickness compared to sim-

ulations using the PME method, in agreement with earlier

results.36,39–41,44 Whereas for pure hydrated lipid bilayers, the

effect was 8% regarding the hydrophobic thickness (simulation

nos. 6–7), for bilayers with 0.2 M sodium chloride (simulation

nos. 8–9) the effect raised to 13% due to the reinforcing effects

of electrolytes. The effect was again 8% for bilayers with pro-

tein and ions (simulation nos. 1–2). In contrast, in the simula-

tions carried out using the NVT ensemble (simulation nos. 3–5),

the thickness and the area per lipid are constrained as a conse-

quence of the fixed box size. Therefore, the simulations using

the NVT ensemble can be considered to have been performed

under an applied stress, resulting in an artificial negative surface

tension, since the bilayer tends to expand adjusting to 0.1 MPa

pressure in all directions.

Since lipids are more flexible than proteins,67 the hydropho-

bic matching tends to be more important in the lipids adapting

to the protein surface than vice versa.84–86 This has been ana-

lyzed in the present simulations in terms of the bilayer thickness

as a function of the distance from the protein (Fig. 2). Since the

thickness at long distances from the protein is comparable to

that of a pure bilayer, the alteration observed in the average

value in the proximity of the protein can be understood as a

local ordering of the lipids, induced by the hydrophobic surface

matching and/or by the fairly flat protein surface. The results

displayed in Figure 2 indicate that the bilayer thickness is

clearly modulated by the protein in its vicinity. The surface gain

due to the hydrophobic matching between the protein and the

lipids can lead to important variations in the thickness close to

the protein, ranging between 7%–20% when compared to the

values measured far from the protein. However, due the fact that

the increase of the surface involves a cost due to the necessary

bilayer deformation, there must be a limit on these differences,

and therefore the average thickness restricts its value close to

the protein. Thus, the results obtained in the simulations using

the NPT ensemble, which do not impose any restrain on bilayer

thickness, should be those which provide the most realistic

results. However, this is not true for the simulation performed

using a cutoff (simulation no. 2), where lipids do not adapt to

the hydrophobic width of the protein. This indicates that the arti-

Figure 1. Time-evolution of the hydrophobic bilayer thickness for

the simulations performed in the NPT ensemble, depending on the

electrostatics used. The lines displayed are running averages over 0.5 ns.

The area per lipid is shown for a better comparison with biophysical

studies of pure lipid bilayers (see text). The circles in the plots indi-

cate the starting points for simulations nos. 3–5 (see methods).

Figure 2. Variation of the hydrophobic bilayer thickness from the

protein surface. Values are running averages over 0.2 nm. The area

per lipid is shown for a better comparison with biophysical studies

of pure lipid bilayers (see text). *The preceding process involving

the bilayer rearrangement around the protein was performed using

the PME method (Table 1 for simulation details).
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ficial increase on the average bilayer thickness due to the use of

a cutoff extends to the lipid distribution according to the dis-

tance from the protein.

The values of hydrophobic thickness close to the protein

range between 2.9 and 3.3 nm. These values are similar to the

hydrophobic width of the protein for which an independent esti-

mate can be obtained considering different approximations. For

its computation, the crystallographic protein structure was di-

vided into slices along the Z axis, normal to the bilayer plane.

For each slice, a sum of the different hydrophobicity contribu-

tions was calculated and normalized by the number of residues

per slice. For the sake of comparison, three different procedures

were used: two different hydrophobic scales, the Kyte and Doo-

little scale87 and a scale based on fundamental physics88 that

reproduces free energies of solvation of the amino acids; and a

procedure based on the difference between number densities of

hydrophobic and nonhydrophobic residues. For comparison pur-

poses, the numbers of the hydrophobicity scales were rescaled,

so that the average value for the protein was 1. The numbers

obtained are shown in Figure 3. Inspection of the figure indi-

cates that it is ambiguous to extract a value for the hydrophobic

width of the protein, since the transition between hydrophobic

and hydrophilic regions is continuous. However, they permit the

determination of a lower limit for the protein hydrophobic width

that is in reasonable agreement with the hydrophobic bilayer

thickness of lipids in the vicinity of the protein. The three differ-

ent approximations used yield 2.80, 2.76, and 2.88 nm, respec-

tively. These values are slightly smaller than the hydrophobic

width of the bilayer, suggesting that the fairly flat protein sur-

face has a direct ordering influence on the neighboring lipids.

The use of the PME method stabilizes the liquid crystalline phase

and makes the bilayer thickness less sensitive to the perturbing

influence of salt and protein. When the process of molecular

reorganization after protein insertion is performed using the

PME method for the electrostatics, the lipid distribution exhibits

a similar profile in all the simulations, even when using a cutoff

in the production run, suggesting that truncation is not suitable

for this process. This is in agreement with recent results of lat-

eral mobility of lipids with different handling of elecrostatics.41

Accordingly, the bilayer thickness obtained in simulation no. 1

of about 3.1 nm should be taken as reference. In this case, the

average bilayer thickness is similar to that of the corresponding

system without protein (simulation no. 8), and only a minor

reorganization of lipids is necessary after protein insertion,

involving a change of the hydrophobic thickness of about 8%.

For the simulations performed using the PME method and the

NVT ensemble (simulation no. 3), the thickness in the proximity

of the protein is 2.9 nm, slightly smaller than that computed

using the NPT ensemble (simulation no. 1), due to the fact that

in simulation no. 3 the area per lipid was larger. Similarly, in

the simulations performed using a cutoff (simulation nos. 2, 4–

5), values of the thickness in the proximity of the protein exhibit

variations due to the different average thickness of each system.

However, when starting the NVT simulations with a large

enough area per lipid (simulation no. 5), the thickness close to

the protein exhibits a value of 3.0, just between the values

obtained in the two simulations using the PME method (simula-

tion nos. 1 and 3).

In summary, present results show that 0.2 M sodium chloride

increases the bilayer thickness by 8%–13%. In regard to the

effect caused by the protein, experimental evidence suggests that

membrane proteins have an important effect on the bilayer

thickness.85 Present simulations demonstrate that they only

induce local effects on the bilayer thickness. The increase

induced ranges between 8%–20%, depending on the difference

between the average bilayer thickness and the protein width. On

the other hand, comparison of simulation nos. 1 and 8 demon-

strate that at long distances from the protein the average bilayer

thickness is essentially similar to the value of the pure systems.

Accordingly, the effect on the average area per lipid depends on

the concentration of proteins. Present results correspond to a

model, where the fraction of membrane area occupied by the

protein is around a 20%. Real systems may exhibit different

concentrations, e.g., in the outer segment of rod cells about 50%

of the membrane area is occupied by proteins, mostly rhodopsin.

Finally, present simulations show that the lipid bilayer exhibits

an area per lipid in between the crystalline and the gel phases in

the neighborhood of the protein, due to both the effect of the

protein and the presence of the ions.

Protein Structure

Structure evolution along the MD process was analyzed by com-

puting its root mean square deviation (rmsd) from the crystal

structure, both as a whole and per residue. In addition, the fluctu-

ations of the secondary structural elements of the protein, as well

as the deviations of each transmembrane segment from the ideal

helical structure were studied along the trajectory. It should be

borne in mind however that, since the different components of

the system are not fully independent, it is difficult to identify

Figure 3. Measures of the hydrophobicity of the protein profile

along the direction normal to the bilayer computed using different

scales. (a) Kyte and Doolittle coefficients;77 (b) free amino acid

energies of solvation extracted from a dipolar approximation;44 (c)

difference of number densities computed for hydrophobic and non-

hydrophobic residues. The dotted lines represent the average value

in each scale for the whole protein. The negative and positive por-

tions on the X axis represent the intradiscal and cytoplasmatic sides

of the membrane, respectively.
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direct effects of the simulation conditions on the protein structure

from indirect effects induced by the rest of the components of the

system and in particular by the lipid bilayer. Specifically, artifacts

on lipid thickness observed in the simulations due to the use of a

cutoff to treat long-range electrostatic interactions may have

effects on both the structure and the dynamics of the protein.

The overall deviation of the protein structure from the initial

crystal structure was analyzed by computing the rmsd of the

alpha carbons (C�) and it is depicted pictorially in Figure 4. In

the computation of the rmsd, the C-terminal segment beyond the

palmitoylated cysteines was excluded since it is involved in

large fluctuations that may require longer simulation times for a

proper statistical sampling. Anyway, the short helix at the C-ter-

minus is located on the bilayer surface making this segment

more sensitive to the bilayer thickness than to possible effects

caused by the simulation setup. Inspection of Figure 4 shows

that the rmsd observed in simulation nos. 1, 3, and 5 achieve an

asymptotic value around 0.2 nm, whereas simulations nos. 2 and

4 exhibit larger deviations, achieving asymptotic values around

0.25 nm. In any case, these deviations are small and typical in

MD simulations of proteins of the size of rhodopsin. Deviations

from the initial structure may arise from inaccuracies of the

force fields and also to the different environment felt by the pro-

tein. However, differences may also be attributable to the char-

acteristics of the initial structure (simulation box) used in the

different simulations, since the differences are mainly observed

in the loops and in the C-terminus and are mostly been gener-

ated during the short period of molecular reorganization after

protein insertion.

Comparisons reported in the literature of MD simulations of

soluble proteins or peptide28,30,34,45–48 performed either using

the PME method or a cutoff showed, in general, smaller rms

deviations of the protein/peptide when the PME method is used.

However, in regard to membrane proteins, a recent 4 ns MD

simulation of alamethicin channel forming peptides embedded in

a lipid bilayer showed smaller rmsd in the protein using a cutoff

than using the PME method.89 The time-evolution of the protein

rmsd, displayed in Figure 4 shows that though the rmsd exhibits

a slower increase when using the PME method, the values

reached after 16 ns are close to those observed in the simula-

tions using a cutoff. This results together with those of previous

studies mentioned before suggest that the bilayer may act as a

boundary, dumping the truncation effects observed on soluble

proteins.

At the residue level, the most important deviations form the

crystal structure are found in the most mobile parts of the protein,

i.e. loops, terminal regions, and helix ends. In contrast, the trans-

membrane segments remain stable in all the simulations. Figure 5a

shows the rsmd per residue for all the simulations reported in the

present work. Three major peaks, located in the cytoplasmatic

loops C2, C3, and on the C-terminus can be clearly distinguished.

Interestingly, in simulation no. 2 the thicker bilayer seems to be

responsible of the higher rmsd values beyond residue 320 on the

C-terminus. Additional minor peaks can also be observed corre-

sponding to the remaining loops C1, E1, E2, and E3 and to the

N-terminus. The flexibility of the different parts of the protein

can be characterized by the root mean square fluctuations of the

C� atoms (rmsf) around the average structures computed over the

last 10 ns. In all the simulations, the resulting plots are similar

irrespective of the treatment of the long range electrostatics, and

exhibit maxima in the same regions where residues exhibit higher

rmsd values (Fig. 5b). These results are similar to those found in

the earlier studies of bacteriorhodopsin,90 showing that the mobil-

ity of the protein was asymmetric with respect to the mid-plane

of the membrane, and this was reflected on the lipid fluctuations.

Thus, the largest fluctuations are found in the cytoplasmatic seg-

ments of the protein, specifically in loops C2 and C3, as well as

in the C-terminus as also found in recent MD studies of rhodop-

sin.20 These common structural features may be related to confor-

mational changes associated with protein activation, which should

favor interactions with other proteins in the cytoplasmic side of

the protein. The fact that the magnitude of the rmsf profiles is not

the same for the different simulations cannot be attributed to the

setup used. This may be due to local interactions between seg-

ments of the protein (e.g., the cytoplasmatic loops C2, C3, and

the C-terminus) and also between the protein and the lipid envi-

ronment, which difficult the sampling. This later will be strongly

dependent on the average bilayer thickness as well as the thick-

ness distribution profile. There are, however no significant differ-

ences in the rmsf between the constant volume and constant pres-

sure simulations. The rmsf values are in good qualitative agree-

ment with crystallographic B-factors from the available structures

which have been plotted in Figure 5c for all known crystal struc-

tures4–8 for the C� atoms. The experimental crystallographic B-

factors are related to the root mean square fluctuations as:

B ¼ 8�2

3
ðrmsfÞ2

This expression allows a direct comparison between the experi-

ments and the simulations showing that, despite the good agree-

ment in terms of the location of the maxima, the B-factors cal-

Figure 4. Average rms deviation of the protein C� atom positions

for the different setups studied averaged over 1 ns. The C-terminal

segments have been omitted. *The preceding process involving the

bilayer rearrangement around the protein was performed using the

PME method (Table 1 for simulation details).
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culated for the membrane-spanning helices are in general lower

than that experimentally determined. Regarding the peaks

located on the C2 and C3 loops and on the C-terminus, they ex-

hibit larger or smaller values than the crystallographic ones

depending on the simulation. These differences may come from

packing effects,21 due to the lipid environment or by a deficient

sampling in the extra-membrane regions, as stated in a recent

study regarding the conformational sampling of membrane pro-

teins performed using a similar time-scale.91

Important differences in the C� positions in the C3 loop and

in the cytoplasmic ends of helices 5 and 6 can be observed when

superposing the available crystal structures. These differences are

reflected on the B-factors of the C3 loop that are smaller for

structures 1F88, 1HZ1, 1L9H, and 1U19 than for the structure

1GZM. In regard to the C2 loop, differences can be rationalized

in terms of the packing effects that may hinder the motion of the

loop. Similarly to what is observed in the crystal structure 1GZM,

in almost all the cases, the simulations yield higher B-factors for

the C3 loop than for the C2. A noteworthy difference between

the simulations and the crystal structures is the much larger mo-

bility of the C-terminal region observed in the former. This may

be due to an artificial order in the crystalline environment. The

rmsd and rmsf plots along the protein sequence show great simi-

larity. In fact, there is a nice linear correlation between the rmsf

and the rmsd (data not shown). The correlation is stronger for

points with low rmsd and rmsf (below 0.20 and 0.30 nm, respec-

tively) resulting in ratios rmsf/rmsd between 0.3 and 0.6.

The protein C� trace rmsd values are small in all the setups,

being the largest deviations and fluctuations observed outside

the transmembrane segments, which exhibit small structural

changes during the simulation. The abundance of localized net

charges on specific regions of the sequence has been shown to

be responsible of the major artifacts due to the use of a cutoff.35

Charged residues in rhodopsin (as in other GPCRs) are mostly

located in terminal segments and loops (Table2). These regions

are intrinsically the most mobile parts and also more sensitive to

the membrane thickness because of their location close to the

membrane surface. This makes difficult to discriminate the pos-

sible effects of using a cutoff from other effects, such as sam-

pling or the bilayer thickness. In any case, the results indicate

that the concentration of net charge in rhodopsin is small enough

so that the known artifacts for the use of a cutoff cannot be

detected. Moreover, it can well be that the lipid bilayer plays a

role in stabilizing the protein structure.

As it has been shown above, the rmsd of the C� atoms of

transmembrane segments are significantly smaller than those

corresponding to the loops and terminal segments. The helix

bundle of bovine rhodopsin is widely used as a template to

model other GPCRs, to be used further for ligand docking stud-

ies. It is therefore crucial to show that present simulation techni-

ques can keep the helices stable in a long simulation. Otherwise,

it could not be expected to reproduce the structural features of

the protein with enough accuracy to be used for that purpose.

Therefore, an analysis of helix stability was undertaken using

the last 10 ns of each trajectory. This was performed in three

ways: (1) A search for deviations from ideal helicity; (2) An

identification of secondary motifs using the implementation of

the Dictionary of Protein Secondary Structure (DSSP)92 in GRO-

MACS; (3) The analysis of the hydrogen bonding between back-

bone atoms within the transmembrane segments.

The deviation from an ideal helix has been computed through

the average helical radius (data not shown), which can be under-

stood as a two-dimensional rmsd. The majority of the transmem-

brane helices exhibit values close to that of an ideal �-helix,
about 0.23 nm. No significant differences between the different

simulations are observed. Helices 6, 7, and 2, in decreasing

order of importance, are the only ones that exhibit significant

deviations from this value. A sequence examination pointed out

that the abundance of charged residues at the cytoplasmatic end

of helix 6 and the existence of helix disrupting amino acids in

Figure 5. (a) Running averages over 10 residues of protein-carbons root mean square deviations for

the different simulations (rmsd); (b) same as (a) for the fluctuations (rmsf). The estimated crystallo-

graphic B-factors are also shown for the sake of comparison. (c) Experimental B-factors of all avail-

able crystal structures.

1024 Cordomı́, Edholm, and Perez • Vol. 28, No. 6 • Journal of Computational Chemistry

Journal of Computational Chemistry DOI 10.1002/jcc

78



helices 2 and 7 are responsible for these deviations. In the analy-

sis of the secondary structure using the program DSSP, no sig-

nificant changes in the number of structuring residues forming

�-, 310- , and �-helices, turns, and coils were observed com-

pared to the crystal structure. This shows that the helices are

properly preserved through the simulations irrespective of the

setup used. There might, however, be alterations in the helices

that are too subtle to be observed at this level but still may have

significant importance. Therefore, the intrahelical backbone

hydrogen bonding has been analyzed along the trajectories (Ta-

ble3). For every residue i the existence of possible intrahelical

backbone hydrogen bonds with residues at positions i þ 3, i þ
4, and i þ 5 has been considered. Accordingly, the predominant

hydrogen bond type (if existent) has been assigned to each resi-

due. Note that multiple consecutive turns with (i, i þ 3); (i, i þ
4); and (i, i þ 5) interactions give 310-, �-, and �-helices,
respectively. Helix limits have been defined as in the crystal

structure7 and the total number of hydrogen bonds has been

computed as the sum of (i, iþn) contributions for n ¼ 3–5. This

shows a slight decrease in the number of turns irrespective of

the setup used in the simulations compared to the starting7 as

well as other crystallographic structures.6,8 This may be the

effect of an optimization of protein–lipid interactions. A signifi-

cant decrease took place at the helix ends before the production

run started, pointing clearly towards the new lipidic environment

as responsible for the alteration of this structural feature. Our

results suggest that the number of (i, iþn) interactions between

backbone residues in the helices of the crystal structures may be

Table 2. Residues Involved in the Different Domains of the Bovine Rhodopsin Structure (Taken From ref. 7).

Segment Sequence no. res Net charge þq �q

C-term 1 MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAE 33 33 �1 2 3

H1 34 PWQFSMLAAYMFLLIMLGFPINFLTLYVTVQ 64 31 0 0 0

C1 65 HKKLRT 70 6 þ3 3 0

H2 71 PLNYILLNLAVADLFMVFGGFTTTLYTSLH 100 30 0 0 0

E1 101 GYFVF 105 5 0 0 0

H3 106 GPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVC 140 35 �1 1 2

C2 141 KPMSNFRFG 149 9 þ2 2 0

H4 150 ENHAIMGVAFTWVMALACAAPPLV 173 24 �1 0 1

E2 174 GWSRYIPEGMQCSCGIDYYTPHEETN 199 26 �2 2 4

H5 200 NESFVIYMFVVHFIIPLIVIFFCYGQLVFTV 230 31 �1 0 1

C3 231 KEAAAQQQES 240 10 �1 1 2

H6 241 ATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIF 276 36 þ1 3 2

E3 277 THQGSDFGP 285 9 �1 0 1

H7 286 IFMTIPAFFAKTSAVYNPVIYIMM 309 24 þ1 1 0

C4 310 N 310 1 0 0 0

sH8 311 KQFRNCMVTTL 321 11 þ2 2 0

N-term 322 CCGKNPLGDDEASTTVSKTETSQVAPA 348 28 �3 2 5

For the sake of comparison, residues involved in �-helix, according to the Dictionary of Protein Secondary Structure (DSSP),80 are

shown in bold. Charged residues in the simulations have been underlined. The number of residues and the total, negative, and positive

charge per segment are shown in the last four columns.

Table 3. Number of Intra-Helical Backbone Hydrogen Bonds Between Residues i and i þ n in the Crystal

Structures, and Calculated Along the Trajectories.

1GZM7 1U198 1L9H6 NPT, PME (1) NPT, cutoff (2) NVT, PME (3) NVT, cutoff (4) NVT, cutoffa (5)

TM

i, i þ n 201 197 190 188 187 184 171 182

i, i þ 4 167 152 146 137 131 132 127 133

i, i þ 3 29 41 41 48 54 49 41 46

i, i þ 5 5 4 3 3 2 3 3 3

Non-TM

i, i þ n 14 16 19 15 13 21 13 15

i, i þ 4 0 0 6 3 2 5 3 5

i, i þ 3 14 16 13 12 11 15 10 10

i, i þ 5 0 0 0 0 0 1 0 0

Hydrogen bonds are displayed for both the transmembrane segments (top) and for the non-TM regions. Definitions of the transmem-

brane segments have been taken from crystal structure 1GZM.7

aThe preceding process involving the bilayer rearrangement around the protein was performed using the PME method (see Table 1 for

simulation details).
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overestimated due to crystallographic contacts and the lack of

dynamic effects. Dynamic effects on the secondary structure

involve local formation and rupture of hydrogen bonds between

backbone atoms in the helices (mainly at the ends), which can-

not be seen in a crystal structure. Thus, for a better comparison

one should average every reside to its predominant (i, i þ n)
interaction through the simulation. This leads to an increase of

about 1%–2% in the total number of hydrogen bonds and indi-

cates that dynamics is important for the secondary structure.

Additionally, another part of the observed decrease seems to be

due to a shortening in the helix length, particularly in the cyto-

plasmatic ends of helices 5 and 6 when comparing the simula-

tions with 1GZM.7 However, these helix exhibit various lengths

when comparing the different crystal structures of rhodopsin.6–8

An interesting observation is that the fractions of different

backbone (i, iþn) hydrogen bonds differ between simulations

and crystal structures (Table 3). Thus, in all simulations a con-

siderable conversion of (i, i þ 4) interactions to (i, i þ 3) can

be observed, while the amount of (i, i þ 5) remains always re-

sidual and unaltered. The total amount of (i, i þ 3) interactions
is about 10% higher in the simulations than in the starting crys-

tal structure.7 This suggests that though the �-helix structure is

preserved, there is a trend to form (i, i þ 3) turns, characteristic
of a 310-helices. If the analysis is carried out considering the

predominant average type of backbone atom interactions, the av-

erage amount of residues forming (i, i þ 3) interactions

decreases about 4%. This shows that there is a dynamic equilib-

rium between (i, i þ 4) and (i, i þ 3) interactions within the hel-

ices. An explanation for this observation can be found in equi-

librium studies between �- and 310-helices, which show that the

�-helix is energetically stabilized while 310-helices are entropi-

cally favored. Thus, less polar environments may be associated

with a marginally increased stability of the 310 helix.93,94 The

larger hydrophobicity of the lipid bilayer compared to the crys-

tallographic environment may be responsible for these altera-

tions. However, one should not discard possible effects of the

temperature used or force field parameters (see methods).

Regarding this issue, recent studies suggest that current force-

field parameters have problems to reproduce the relative stability

of different helix types.95–97 Interestingly, (i, i þ 3) interactions
seem to provide an intermediate state between the ideal �-helices,
formed only by (i, i þ 4) interactions, and the unfolded state.

This mechanism appears both at the helix ends and in the center

of the transmembrane segments, near helix disrupting residues.

The possible effects of the sampling conditions and the han-

dling of electrostatics on the rigid-body elements in the protein

have also been examined. Specifically, the time-evolution of pro-

tein and helix tilts relative to the bilayer normal and the most sig-

nificant helix kinks has been examined (data not shown). The

results show similar tilt and kink angles in all the simulations sug-

gesting that, neither the handling of electrostatics nor the ensemble

used have influence on these movements, at least with the time-

scale of the current simulations. Only values from simulation no.

4 exhibit subtle deviations from those of the remaining simulations

that can be due to an unrealistic lipid environment created by the

use of a cutoff during the process of bilayer rearrangement around

the protein, which can only be restored by changing to NPT on

the production run (simulation no. 2). Specifically, a recent study

showed that a truncation at 1.8 nm as used here gives lateral diffu-

sion rates for lipids significantly smaller than those obtained with

PME.41 Accordingly, this suggests that the truncation is not the

method of choice for the process of bilayer rearrangement around

the protein, in perfect agreement with our results.

Present results do not provide clear evidence that the differ-

ent ways to treat long-range electrostatic interactions affect the

protein structure. If existent, the effects should be of the same

order of magnitude as other details like the thickness of lipids

around the protein or particular loop conformations derived from

specific protein–lipid interactions in every simulation.

The Ion Distributions

It is important to take into account that ions in MD simulations

of biological systems are not only used to balance the total charge

of a system, but also have significant influence on the properties

of several system components such as lipids or proteins due to

the screening effects, as recently discussed in different re-

ports.83,98,99 It has been shown in the preceding sections that ions

have effects on the average bilayer thickness. Moreover, a study

of the effect of truncating long-range electrostatics in an aqueous

solution containing 1 M NaCl showed an artifact in the radial dis-

tribution function of both ions at the cutoff distance.35

The ion distribution along a direction perpendicular to the

bilayer normal has been analyzed for all the systems containing

rhodopsin reported in the present work. The results clearly show

that the distribution of ions is different depending on the treat-

ment of long range electrostatics. In contrast, simulations using

different statistical ensembles provide roughly the same results.

Representative distributions for simulations performed with PME

(no. 1) and with an electrostatic cutoff (no. 5) are shown in Fig-

Figure 6. (a) Density distributions of simulation nos. 1 and 5 for the

sodium ion along a direction perpendicular to the membrane plane. (b)

same as (a) for chloride ions. The density profiles of the remaining

simulations exhibit similar results to those performed with equal treat-

ment of electrostatics (Table 1). The densities on simulation no. 5

have been rescaled according to the box size of simulation no. 1 but

maintaining the area for easy comparison. The asymmetry of the ion

distributions can be understood in terms of the protein charge distribu-

tion and the corresponding cumulative charge (shown in Fig. 6c).
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ure 6a with the coordinates of the second simulation rescaled to

compensate for the obvious difference in membrane thickness.

Similar profiles have also been reported in previous studies of

pure lipid bilayers,69,70 apart from the asymmetry in the distribu-

tions found in present work, which is clearly due to the protein.

The present ion distributions exhibit higher positive ion densities

on the intradiscal than on the cytoplasmatic side, whereas nega-

tive ion densities are similar on both sides. The asymmetry in

the sodium distribution can be rationalized from the charge den-

sity in rhodopsin (Fig. 6b). According to the protonation state

listed in Table 2, rhodopsin has 38 charged residues exposed to

solvent and accessible to the ions: 13 on the cytoplasmic and 25

in the intradiscal side. The protein has a net charge of þ3 on the

cytoplasmic side and �5 in the intradiscal side, which produces a

strong electrostatic field that is compensated by the asymmetric

sodium ion distribution. The reason that the differences are

located more in the sodium than in the chloride distributions is

because sodium ions are found closer to the protein than the latter

and, therefore, play a more active role in balancing the protein

charge distribution. The difference in area under the two sodium

peaks at the intradiscal and the cytoplasmatic sides gives a net

charge of 2–7 charges depending on the simulation (data not

shown). This result is reasonable considering the net charge dif-

ference between the cytoplasmatic and the intradiscal halves. The

position of the peaks differs slightly from simulation to simula-

tion, consistent with the different average thickness found in the

simulations (data not shown). The protein charge distribution

tends to compensate the net dipole generated by the lipid bilayer

and therefore modulates the ion distribution. This might be related

to the lower average thickness observed in the simulations per-

formed with a cutoff (no. 2) than without protein (no. 9).

Present simulations show differences in the ionic distribution

along the normal axis of the bilayer depending upon the treat-

ment of long range electrostatic interactions. In the PME simula-

tions, both sodium and chloride ions reach a constant concentra-

tion at long distances from the membrane, giving a neutral sys-

tem out there. On the contrary, in the simulations using a cutoff,

the sodium ion concentration decreases with the distance from

the membrane while the chloride ions reach a constant concen-

tration. This results in a non-neutral system far off from the

membrane. This is clearly an artifact due to the use of a cutoff

which overestimates the electrostatic interactions between so-

dium ions and the bilayer. Concerning chloride distributions, all

the simulations exhibit a similar asymptotic value in contrast to

what has been observed on the distributions of sodium ions.

However, the density decreases more slowly when moving in

the direction opposite to the bilayer center when using the PME

method (simulation nos. 1 and 3), than when using a cutoff

(simulation nos. 2, 4, and 5). Overall, on the one hand, the use

of a cutoff itself has effects on the density distribution of ions

due to an overestimation of the interaction between the ions and

the bilayer. Additionally, there are indirect effects produced by

the bilayer thickness that are enhanced when a cutoff is used.

The Water Molecules

The interfacial water of a liquid crystalline DPPC bilayer has

recently been studied.100 In this and other studies of pure full

hydrated lipid bilayers, it has been shown that there is an order-

ing effect on water molecules caused by the interaction with the

lipid head-group dipoles.39,101 The ordering of water can be

measured by the average cosine of the angle between the water

dipole and the bilayer normal. A maximum value of 1 is

achieved when the dipole is aligned with the Z-axis. On the con-

trary, at long distances, the water dipoles are randomly oriented

and this parameter is approximately zero. The variation in the

cosine angle in regard to the distance to the center of the bilayer

is shown in Figure 7. As can be seen, the highest polarization is

roughly 30% of the maximum value and occurs in a small

region close to the lipid head groups (about 2 nm of the bilayer

center), in agreement with the results reported for pure hydrated

DPPC bilayers containing ions.39 In addition, the distributions

also exhibit a shoulder at 3 nm, the highest value of the chloride

ion distribution. The difference between simulations in the posi-

tion of the maximum water polarization is in agreement with the

different average bilayer thickness (data not shown). The polar-

ization of water molecules can be easily rationalized from the

charge distribution of the remaining components in the system,

i.e.: ions, lipids and the protein (see the dashed line on Fig. 7).

The role of protein internal water molecules has been ana-

lyzed for the different simulations. The starting model had 23

crystallographic waters, as described in the methods section.

However, some of them were solvent exposed and exchanged

with other solvent molecules during the simulation. We chose to

define an internal water molecule as the one that stays closer

than 1 nm to a protein atom during more than 75% of the simu-

lation time. Then, an average of 15 internal water molecules

was found in the different simulations. Thirteen of the initial

crystallographic water molecules remained stable during the pro-

duction in all simulations. The positions of these water mole-

cules are in good agreement with the predictions made using

GRID102,103 interaction maps. Figure 8 depicts pictorially a

GRID contour map at 8 kcal/mol above the absolute minimum.

It can be seen that all hydrophilic internal sites of the protein

Figure 7. Polarization of water molecules in simulation no. 1, as

displayed by the average dipole orientation (continuous line). Simi-

lar results are obtained for the remaining simulations independently

of the setup used. The dashed line shows the charge density of all

the molecules of the system except water (ions, lipids, and protein).

Arrows represent the water dipole induced by lipid head-groups.
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are filled with water molecules in all simulations. In addition to

the 13 crystallographic water sites, present results show that pro-

tein and lipid molecules induce ordering on other water mole-

cules, although their mobility is higher, and they exhibit shorter

interaction time-scales with the protein and lipids than the previ-

ous ones. Thus, considering the number of water molecules that

remain close to the protein during 50 and 25% of the trajectory,

the average numbers grow to 28 and more than 1400 waters,

respectively. The different methodologies show no significant

differences in the number and position of internal water mole-

cules, which suggests that long range electrostatics is of small

importance for this.

Conclusions

The present study reports a comparative analysis of a set of five

16-ns-MD simulations of rhodopsin embedded in a DPPC lipid

bilayer, using different simulation protocols. Additionally, four

simulations of the membrane with and without ions have been

performed and taken as reference, for a better understanding of

the effect caused by the protein and ions on the structural proper-

ties of the bilayer. The simulations have been carried out consid-

ering two different approximations for the treatment of long-range

electrostatics: on the one hand, the use of a cutoff and on the

other, the PME method, in combination with two different sam-

pling ensembles: the canonical (NVT) and the constant pressure

(NPT). Recent studies of membrane proteins aimed at understand-

ing the effect of different treatments of long-range electrostatics

interactions,89 the use of different statistical ensembles,49 or their

combined effects50 are available. Here, these issues are studied to-

gether on the bovine rhodopsin. However, we are confident that

the results can be extrapolated to the simulations of other GPCRs

and (to a less extent) to other families of membrane proteins.

One of the most important outcomes of the study is that any

of the approaches tested here is suitable for simulating bovine

rhodopsin embedded in a DPPC bilayer with a physiological

concentration of sodium chloride in the limited nanosecond

time-scale examined. This is supported by the observation that

the protein structure does not change significantly from the start-

ing crystal structure in any of the simulations and furthermore,

lipid bilayer properties behave in accordance with the available

data of pure bilayers. Moreover, the explicit consideration of the

membrane avoids problems associated to the stability of the

starting protein structure. However, although the use of a one-

component lipid bilayer appears to be a good approximation of

a membrane, the use more realistic membrane models in the

MD simulations of membrane proteins with the inclusion of

other lipid molecules may be necessary for studying their spe-

cific effects on protein function.104–106

A more detailed analysis of the results reported in the present

work suggests that the approach chosen both to treat long range

interactions together with the sample ensemble used affects the

quality of the results obtained. Accordingly, the use of a cutoff

to treat electrostatic interactions affects the description of differ-

ent components of the system. Specifically, the use of a cutoff

has effects on the lipid bilayer thickness, similarly to what has

already been reported for pure bilayers, as well as on the distri-

bution of ions. However, it reduces by a factor of 2 the com-

puter time required, irrespective of the statistical ensemble used.

In contrast, no significant deviations have been found on the

protein structure, at least within the time-range of current simu-

lations. The reason for this behavior can be explained by the

small number of charged residues in rhodopsin and furthermore,

due to their distribution, basically located on short length loops,

that exhibit a restricted conformational profile. On the other

hand, the explicit lipid bilayer can be considered a physical con-

strain of the �-helix structure on the transmembrane segments.

The statistical ensemble used in the simulations has influence

on the bilayer thickness, but not in other components of the sys-

tem. Specifically, the use of the NVT ensemble strongly

restrains the lipid bilayer thickness since the area per lipid is

constrained. The present study shows that for both, membrane

equilibration and during the segment of the simulation involving

the bilayer rearrangement around the protein, an adjustable cell

geometry provided by the use of the NPT ensemble with inde-

pendent barostats in all directions is necessary. In contrast, sam-

pling within the NVT ensemble requires guessing the dimen-

sions of a suitable periodic cell that gives the proper area per

lipid. This may be doable for pure bilayers, but is quite tricky

for bilayers that contain more components such as a protein or

electrolytes. The effect on the protein when running simulations

at a constant volume with the wrong box dimensions is usually

Figure 8. Crystallographic water molecules (colored by atom type)

remaining as internal through the different MD trajectories. The back-

bone of rhodopsin (line ribbon lines) has been taken from the X-ray

structure 1GZM.7 The number of water molecules in each pocket is

shown explicitly. The regions predicted to exhibit high affinity for

water molecules based on GRID calculations are shown in black.
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small. Interestingly, once the bilayer rearrangement around the

protein using the NPT ensemble has been performed, the ensem-

bles used afterwards provide no differences for systems of the

size treated in the present study. However, since the use of the

canonical ensemble (NVT) restrains the bilayer thickness, this

ensemble is useful to avoid undesired artifacts due to the effects

of the cutoff on lipids. We conclude that the combined choice of

statistical ensembles and the type of long-range electrostatics

have important effects, at least on lipid order.

An interesting result of the current study is that a proper

description of the lipid–protein matching is crucial for the stabil-

ity of the protein. The simulations performed with the NPT en-

semble allow significant changes on lipid order, the average

bilayer thickness being about 8% larger when using a cutoff com-

pared to the corresponding simulations performed using the PME

method. The use of a cutoff also has significant effects in the dis-

tributions of ions around the membrane. Accordingly, the combi-

nation of the NPT ensemble together with the PME method to

treat the electrostatic interactions appears to be the more realistic

selection. However, present results suggest that in spite of the

artifacts that may be observed on the bilayer structure, the use of

a cutoff can be a good compromise to study membrane proteins

due to its lower computational cost and parallel efficiency. This

choice is supported by the small differences found in the descrip-

tion of the protein structure and more specifically on its trans-

membrane segments, which are often the regions with higher bio-

logical interest. In the simulations performed within the NVT en-

semble, the lipid bilayer is not able to reorganize once the box

size is defined, and therefore lipid properties remain stable. Thus

for studies focused on membrane protein properties, the combina-

tion of the NVT ensemble and a cutoff for the electrostatic inter-

actions can be of special interest to avoid the artificial increase of

the lipid thickness due to the use of a cutoff.

In summary, special care must be taken when selecting the

statistical ensemble and the type of treatment for long-range

electrostatics. The use of NPT is necessary for the bilayer equili-

bration and for the process involving the bilayer rearrangement

around the protein. The use of the PME method provides a bet-

ter description of lipids and ions but with a higher computational

cost. Considering the sampling limitations of simulations with

the time-scale of the present ones,91 it is important that these

issues are continuously revised as longer time-scales become

computationally accessible.

Acknowledgments

AC acknowledges a doctoral fellowship from the Universitat

Politecnica de Catalunya. We are grateful to Barcelona Super-

computer Center for a generous allocation of computer time

granted to the project ‘‘Molecular dynamics simulations of G-

protein coupled receptors’’.

References

1. Ellis, C. Nat Rev Drug Discov 2004, 3, 575, 577.

2. Archer, E.; Maigret, B.; Escrieut, C.; Pradayrol, L.; Fourmy, D.

Trends Pharmacol Sci 2003, 24, 36.

3. Attwood, T. K.; Findlay, J. B. Protein Eng 1994, 7, 195.

4. Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motosh-

ima, H.; Fox, B. A.; Le Trong, I.; Teller, D. C.; Okada, T.; Sten-

kamp, R. E.; Yamamoto, M.; Miyano, M. Science 2000, 289, 739.

5. Teller, D. C.; Okada, T.; Behnke, C. A.; Palczewski, K.; Sten-

kamp, R. E. Biochemistry 2001, 40, 7761.

6. Okada, T.; Fujiyoshi, Y.; Silow, M.; Navarro, J.; Landau, E. M.;

Shichida, Y. Proc Natl Acad Sci USA 2002, 99, 5982.

7. Li, J.; Edwards, P. C.; Burghammer, M.; Villa, C.; Schertler, G. F.

X. J Mol Biol 2004, 343, 1409.

8. Okada, T.; Sugihara, M.; Bondar, A. N.; Elstner, M.; Entel, P.;

Buss, V. J Mol Biol 2004, 342, 571.

9. Ash, W. L.; Zlomislic, M. R.; Oloo, E. O.; Tieleman, D. P. Bio-

chim Biophys Acta Biomembr 2004, 1666, 158.

10. Strahs, D.; Weinstein, H. Protein Eng 1997, 10, 1019.

11. Roux, B.; Berneche, S.; Im, W. Biochemistry 2000, 39, 13295.

12. Im, W.; Roux, B. J Mol Biol 2002, 322, 851.

13. Im, W.; Feig, M.; Brooks, C. L., III. Biophys J 2003, 85, 2900.

14. Im, W.; Lee, M. S.; Brooks, C. L., III. J Comput Chem 2003, 24,

1691.
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90. Edholm, O.; Berger, O.; Jähnig, F. J Mol Biol 1995, 250, 94.

91. Faraldo-Gomez, J. D.; Forrest, L. R.; Baaden, M.; Bond, P. J.;

Domene, C.; Patargias, G.; Cuthbertson, J.; Sansom, M. S. Proteins

2004, 57, 783.

92. Kabsch, W.; Sander, C. Biopolymers 1983, 22, 2577.

93. Smythe, M. L.; Huston, S. E.; Marshall, G. R. J Am Chem Soc

1995, 117, 5445.

94. Kinoshita, M.; Okamoto, Y.; Hirata, F. J Am Chem Soc 2000,

122, 2773.

95. Feig, M.; MacKerell, A. D.; Brooks, C. L. J Phys Chem B 2003,

107, 2831.

96. Sorin, E. J.; Pande, V. S. Biophys J 2005, 88, 2472.

97. Sorin, E. J.; Pande, V. S. J Comput Chem 2005, 26, 682.

98. McLaughlin, S. Annu Rev Biophys Biophys Chem 1989, 18, 113.

99. Cevc, G. Biochim Biophys Acta 1990, 1031, 311.
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Four 20 ns molecular dynamic simulations of rhodopsin embedded in different one-component lipid bilayers
have been carried out to ascertain the importance of membrane lipids on the protein structure. Specifically,
dimyristoyl phosphatidylcholine (DMPC), dipalmitoyl phosphatidylcholine (DPPC), palmitoyl oleoyl phos-
phatidylcholine (POPC), and palmitoyl linoleyl phosphatidylcholine (PLPC) lipid bilayers have been considered
for the present work. The results reported here provide information on the hydrophobic matching between
the protein and the bilayer and about the differential effects of the protein on the thickness of the different
membranes. Furthermore, a careful analysis of the individual protein-lipid interactions permits the identification
of residues that exhibit permanent interactions with atoms of the lipid environment that may putatively act as
hooks of the protein to the membrane. The analysis of the trajectories also provides information about the
effect of the bilayer on the protein structure, including secondary structural elements, salt bridges, and rigid-
body motions.

Introduction

The importance of the lipidic membrane in protein function
is a topic that has only recently been the focus of attention of
the scientific community.1 The present view of the membrane
is based on the fluid mosaic model of Singer-Nicholson2 where
proteins are distributed in regions of biased composition with
varying protein environment. In this heterogeneous landscape,
lipids are thought to play a strong influence on protein function,
and consequently, it is important to understand the protein-
lipid interplay in detail.3 Specifically, the hydrophobic matching
between the protein and the membrane has been identified as
one of the most critical aspects of this interaction.4

Hydrophobic mismatch is defined as the difference between
the hydrophobic length of the transmembrane segments of a
protein and the hydrophobic width of the surrounding lipid
bilayer. Because of the present difficulties associated with
experiments involving membranes or membrane proteins, mo-
lecular dynamics (MD) simulations represent an excellent tool
to provide some insight into the understanding of lipid-protein
interactions. In this sense, the study of model transmembrane
peptides5-10 has provided the necessary background for studying
proteins. Of special interest is the recent study where the length
of a peptide and the lipid hydrophobic thickness have been
studied systematically.5

Despite the high number of MD simulations on model
peptides reported in the literature, simulations involving mem-
brane proteins are still scarce. Within this group of proteins,
G-protein coupled receptors (GPCRs) represent the largest
family, being encoded by more than 2% of the human genome,
and therefore are of substantial scientific interest. GPCRs
mediate a major part of transduction signals responding to a
diverse range of molecules, including ions, peptides, lipids,
biogenic amines, and photons. These proteins play a key role
in cell signal transmission and in the regulation of basic
physiological processes. Their key physiological function

together with their natural abundance makes them suitable
targets for therapeutic intervention, accounting for more than
50% of the currently marketed drugs11 and, therefore, are
proteins of enormous pharmacological interest.12 Despite
their important biological function, scarce structural information,
necessary to get a better understanding of the structure-function
relationships of GPCRs, is currently available because basi-
cally of the difficulties associated with the crystallization of
membrane proteins.13 Bovine rhodopsin, a protein involved in
the visual signal transduction cascade in vertebrates, is the only
GPCR whose 3D structure is currently available at atomic
resolution.14-18 This makes this protein to be a suitable template
for modeling studies of other GPCRs. Recently, different groups
have reported simulations of rhodopsin in monounsaturated19-22

and polyunsaturated model bilayers.23-25 The results of these
studies suggest the existence of specific sites on the rhodopsin
surface to accommodate polyunsaturated lipids, and furthermore,
the weakening of the interhelical packing with the presence of
tightly packed lipids has also been reported.23-25 However, the
effect of different lipid bilayers on the structure and function
of the protein is not yet clear.

The aim of the present study is to provide some insight
into the understanding of the main features of protein-lipid
interactions using rhodopsin as a model of GPCRs. For this
purpose, a set of molecular dynamics (MD) simulations of
rhodoposin embedded in different lipid environments were
performed. Specifically, four 10 ns simulations of rhodopsin
embedded in one-component lipid bilayers including dimyristoyl
phosphatidylcholine (DMPC), dipalmitoyl phosphatidylcholine
(DPPC), palmitoyl oleoyl phosphatidylcholine (POPC), and
palmitoyl linoleyl phosphatidylcholine (PLPC) were considered
for the present work. Figure 1 depicts pictorially the structures
of the different lipids selected for the present study. These lipids
were selected for being the best characterized experimentally
nowadays and because some inferences can be done in regard
to the presence of saturated and unsaturated acyl chains and
also the effect of different chain lengths. Despite that these lipids
are not the major components of the native membranes where
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rhodopsin is normally found, their choice has special interest
since they are some of the most studied lipids and also because
force field parameters for them have been widely tested.

Methods

The Rhodopsin Structure. Rhodopsin atomic coordinates
were retrieved from the Protein Data Bank26 (entry 1GZM17).
In contrast to other published crystal structures,14-16 this one
includes the coordinates of all the amino acids of the intradiscal
and cytosolic loops. The atomic coordinates of some missing
C-terminal residues were taken from a different source16 and
were adapted by superposition of theR-carbon skeleton of both
protein structures. Accordingly, the starting model of the protein
contained all N- and C-terminal amino acids, including the
N-terminal acetyl group and two palmitoyl chains at the
cytoplasmic end that are covalently linked to two consecutive
cysteine residues, believed to be important as membrane
anchoring points of the protein to the membrane. All amino
acids were modeled in the protonation state they would have
as free amino acids in water at pH 7 with the exception of D83
and E122, which were treated as protonated and neutral
according to experimental evidence.27 Moreover, H196 was
considered charged, as supported by pKa calculations using the
program DaPDS.28 In these conditions, the protein exhibits a
total of 19 positive and 21 negative charges yielding a net charge
of -2. This net charge is later compensated in the simulation
box by adjusting the balance between sodium and chloride ions
to give an electroneutral system, as described in detail later. In
addition, 23 crystallographic water molecules, consistent with
those found in the crystal structures 1GMZ and 1LH9 of the
Protein Data Bank,16,17 were included in the starting structure.

Box Preparation and Protein Embedding. Four boxes
consisting of a lipidic bilayer of 256 molecules of DMPC,
DPPC, POPC, or PLPC, respectively, were arranged. For
convenience, each system was organized in such a way that
the bilayer plane was oriented on theXYplane. Introduction of
additional water molecules on the systems permits the generation
of thick water layers on each side of the bilayer, providing
enough space for allocating the hydrophilic parts of the protein.
This procedure led to the generation of four boxes of dimensions
approximately 8.5× 8.5× 10 nm (XYZ). Next, sodium chloride
was added to the systems to reach a salt concentration of 0.2
M. For this purpose, a different number of water molecules
depending on the system were replaced by Na+ and Cl- ions
one at a time at those positions where the electrostatic potential
was more favorable, using the GENION program of GROMACS
V3.2.29,30 The procedure was followed until the desired con-

centration was reached. Next, each system was equilibrated for
20 ns according the procedure described elsewhere.31 Finally,
rhodopsin was placed in the center of the different boxes and
the overlapping molecules were removed, following the pro-
cedure described previously.32 Specifically, all water molecules
with oxygen atoms closer than 0.40 nm to a non-hydrogen atom
of the protein, as well as all lipid molecules with at least one
atom closer than 0.25 nm to a non-hydrogen atom of the protein,
were removed. This resulted in four final systems containing
197 lipids and ca. 16 000 water molecules.

Molecular Dynamics Simulations.All computer simulations
were performed using a parallel version of the GROMACS 3.2
package.29,30 Each of the systems was subjected to periodic
boundary conditions in the three-coordinate directions. The
temperature was kept constant at 323 K for the DPPC system
(well above the gel/liquid crystalline phase-transition temper-
ature of 314 K) and at 300 K for the remaining systems using
separate thermostats for the protein, water, ions, and lipid
molecules.33 The time constant for the thermostats was set to
0.1 ps except for water, for which a smaller value of 0.01 ps
was used. The pressure in the three-coordinate directions was
kept at 0.1 MPa by independent Berendsen barostats33 using a
time constant of 1.0 ps. The equations of motion were integrated
with the leapfrog algorithm using a time step of 2 fs for the
simulations with protein and 4 fs for the rest. All bonds in the
protein and lipid molecules were kept frozen using the LINCS
algorithm.34 The bonds and the angles of water molecules were
fixed using the analytical SETTLE method. Lennard-Jones (LJ)
interactions were computed using a cutoff of 1.0 nm. The
electrostatic interactions were treated using the particle mesh
Ewald (PME) technique.35

The all-atom OPLS force field36 currently implemented in
GROMACS was used for all molecules of the system except
for the lipids. In this case, the force field used is based on a
parametrization made for DPPC lipids reported in ref 37, which
has been shown to reproduce the experimental areas per lipid
of pure DPPC in the liquid-crystalline phase.37-40 For PLPC
lipids, the torsion parameters involving the bis-diene moiety
were taken from ref 41. Files containing the force field
parameters were downloaded from http://moose.bio.ucalgary.ca/.
To account for protein-lipid interactions, nonbonded pair
interactions were computed as combinations of single atomic
LJ parameters. Water molecules were modeled using the TIP3P
model.42 Fractional charges of retinal atoms were taken from
quantum chemical calculations43 and have already been used
in other MD simulations of rhodopsin.21 Fractional atomic

Figure 1. Chemical structures of the different phosphatidylcholine (PC) lipids used in the present work.

Rhodopsin Simulations in Different Lipid Bilayers J. Phys. Chem. B, Vol. 111, No. 25, 20077053

90



charges for palmitoylated cysteines were derived from electro-
static potential calculations performed at the HF/6-31G* level.

Once the protein was inserted in each lipidic bilayer, the
system was energy minimized. Subsequently, each system was
subjected to a 0.5 ns MD simulation to allow for the removal
of voids present between the protein and the lipids or water.
These simulations were performed allowing the three periodic
box dimensions to change size according to a pressure of 0.1
MPa in each coordinate direction. The atomic coordinates of
the protein were restrained to their crystallographic positions.
Next, the restrains were released and the four MD trajectories
containing rhodopsin were computed up to 20 ns each. As a
reference, eight additional simulations were performed without
protein and either with or without ions lasting 20 ns each. For
all simulations, coordinates were collected every 10 ps and were
stored for further analysis. In all cases, the first 10 ns were
considered as equilibration period, and therefore they are not
included in the analysis.

Results and Discussion

Effect of the Protein on Lipid Order. The order in a lipid
bilayer can be characterized by NMR order parameters, the
fraction of trans bonds, from the area per lipid, or through the
bilayer thickness. The area per lipid can be directly computed
from the total area in systems with no protein embedded. In
contrast, this is not straightforward on a system containing a
protein because of the bumpy surface exhibited.32 Therefore,
bilayer thickness is preferred as a measure of order for systems
containing proteins, measured either from the distance between
the two planes formed by the phosphate groups or from the
hydrophobic width, that is, the segment of the bilayer corre-
sponding to the acyl chains. In the present work, the hydrophobic
width is used since it allows, in the systems with rhodopsin, a
direct comparison with the hydrophobic thickness of the protein.
Steady values of the bilayer thickness averaged over the last
10 ns for the different simulations are listed in Table 1. The
area per lipid for the systems without protein is also given to
be used as reference. Average areas of the pure hydrated systems
compare well with reported experimental values and with earlier
MD simulations of DPPC,37,38,40,44DMPC,38,45 PLPC,41 and
POPC,46,47 considering the limitations of the lipid parameters

available.48 Furthermore, although comparison with experimental
results is not necessarily simple because of the different
temperatures used to perform the measurements, the values
reported in the present work are within error margins associated
to the experimental techniques.38

In regard to the effect produced by ions, cations are known
to bind to the lipid headgroups promoting lipid order. However,
the process of binding requires large simulation times.49 To use
an efficient procedure, we explored the performance of two
alternative methods for including ions into the bilayer. Accord-
ingly, we compared a method where ions are placed using a
potential-based function versus a random placing. Results
suggest that the former procedure provides steady values of the
bilayer thickness much faster, being the one used in the present
calculations, as explained in Methods. Specifically, the time
required for the binding of sodium ions to the lipid headgroups
in the present simulations was about 10 ns. Inspection of Table
1 points out that the addition of sodium chloride provides thicker
bilayers and, consequently, lower areas per lipid, in agreement
with previous results for both pure bilayers49-51 and bilayers
with proteins embedded on them.32 The decrease in the area
per lipid because of the binding of cations to the bilayer is about
7% for DPPC and DMPC and about 4% for POPC and PLPC.
These results point out a direct effect of the fatty acid
composition on the binding of ions to the lipid headgroups. The
decrease is larger in the saturated phospholipids because of a
tighter lipid-lipid packing.52-54

In regard to the rhodopsin simulations, the results listed in
Table 1 indicate that the effect of the protein on the average
bilayer thickness is small or negligible for a protein/lipid ratio
of about 1/200 as in the systems studied. Similar results were
recently obtained in simulations of rhodopsin embedded on a
DPPC bilayer under different sampling conditions and handling
of the electrostatics.32 However, in spite of the small average
effects produced by the protein on the bilayer thickness, lipids
do accommodate to the protein surface in an energetically
favorable process known as hydrophobic matching, producing
local effects on the bilayer in the neighborhood of the protein.
This can be observed from the plot of the bilayer thickness as
a function of the distance from the protein, averaged on all the
lateral directions, as shown in Figure 2. The differential profile
exhibited by each lipid bilayer depends on the difference
between the equilibrium lipid bilayer thickness and the hydro-
phobic thickness of the protein. The four systems studied exhibit
a similar thickness of 3.1 nm in the neighborhood of the protein,
in good agreement with a previous estimate of 3.0 nm for the

TABLE 1: Hydrophobic Bilayer Thickness for the Systems
Studied in the Present Work: Pure Bilayers without Salt
(Top), with 0.2 M NaCl (Middle), or with 0.2 M NaCl and
Rhodopsin (Bottom)a

pure hydrophobic thickness (nm) area per lipid (nm)

DMPC 2.53 (0.02 0.605 (0.005
DPPC 2.82 (0.02 0.634 (0.006
POPC 2.98 (0.02 0.609 (0.004
PLPC 2.82 (0.02 0.647 (0.004

NaCl 0.2 M hydrophobic thickness (nm) area per lipid (nm)

DMPC 2.63 (0.03 0.564 (0.004
DPPC 2.94 (0.03 0.588 (0.006
POPC 3.07 (0.03 0.585 (0.005
PLPC 2.92 (0.03 0.621 (0.005

rhodopsin hydrophobic thickness (nm) P-P thickness (nm)

DMPC 2.65 (0.03 3.75 (0.03
DPPC 2.92 (0.03 4.03 (0.03
POPC 3.02 (0.03 4.12 (0.03
PLPC 2.94 (0.03 4.04 (0.03

a For the systems without protein, the areas per lipid are also shown,
and for those containing rhodopsin, the phosphate-phosphate (P-P)
thickness is displayed instead.

Figure 2. Variation of the bilayer thickness along a radial distance to
the protein.
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hydrophobic protein width.32 Interestingly, this value is close
to the hydrophobic thickness of bilayers with a 0.2 M
concentration of NaCl (see Table 1) except for DMPC, for which
the thickness is significantly smaller than the hydrophobic width
of rhodopsin. Therefore, the radial distributions of the bilayer
thickness exhibit small variations for DPPC, PLPC, and POPC
bilayers, whereas the DMPC system exhibits larger fluctuations
basically affecting lipids within a 1.5 nm radius from the protein
surface. Furthermore, the profiles displayed in Figure 2 suggest
that the thicker region close to the protein is compensated with
an increase of the thickness far from the protein, being even
lower than the average value without rhodopsin.

Lipid -Protein Interactions. The evolution of both the
Coulomb and the Lennard-Jones (LJ) contributions to the lipid-
protein interaction energy was investigated along the MD
trajectories. In all systems studied, both terms reach a steady
value after about 10 ns of simulation. Table 2 lists the values
of both contributions for the different systems studied, suggest-
ing a strong interaction between the lipids and the protein in
all cases, the magnitude of the LJ contribution being about
double the electrostatic one.

LJ interactions account basically for the dispersion contribu-
tion to the interaction energy and can be used to evaluate the
contact surface, hydrophobic matching, between the protein and
the bilayer. The analysis of Table 2 points out that average LJ
interaction energies are not the same for the different phospho-
lipids, following the order PLPC> POPC> DPPC> DMPC.
Comparison of the LJ interactions for the different systems
suggests that their magnitude correlates with the number of
carbons on the acyl chain and with the presence of double bonds,
which is associated with a better matching of the acyl chains to
the protein. More specifically, the smaller LJ contribution
exhibited by DMPC in comparison to DPPC (both phospholipids
with saturated acyl chains) can be explained as because of the
shorter acyl chains of the former, suggesting that they should
have to adopt an extended conformation in the vicinity of the
protein to account for the differences between their hydrophobic
widths and, consequently, impairing an optimal hydrophobic
matching. On the other hand, the results of POPC and PLPC
suggest that although both have the same number of carbons,
the two unsaturations of PLPC provide additional adaptability
to the protein when compared to the single one in POPC. These
results agree well with the trend observed of an increased bilayer
fluidity with a growing number of double bonds of the lipid
acyl chains.53

Specific hydrophobic lipid-protein interactions have been
analyzed along the different trajectories within a radius of 0.4
nm between any hydrophobic heavy atom of rhodopsin and the
lipid molecules. Following this approach, about 100-115
residues were identified to exhibit contacts with lipids in at least
half of the snapshots analyzed for all systems studied in the
present work (Table 3A). This number represents almost one-
third of the total number of protein residues, indicating a
potential role of lipids in modulating protein structure and
function. Obviously, the major part of the interactions observed
(90-97% depending on the system) occurs at the lipid tails.

This is the case of the residues located on the transmembrane
(TM) regions. The remaining interactions involve the lipid-head
methyl groups with helix ends or with the loops, which are rich
in aromatic residues. Regarding the type of amino acids involved
(Table 3B), phenylalanine, leucine, isoleucine, and valinesan
aromatic and the most hydrophobic/aliphatic residuessexhibit
the largest number of contacts. A second group of amino acids
following in importance includes tyrosine and aliphatic residues
with shorter side chains like methionine and alanine.

In regard to lipid-protein electrostatic interactions, differ-
ences in the energies are observed within the systems studied,
despite sharing the same lipid headgroup (see Table 2). This
suggests that there is a connection between the hydrophobic
matching and the optimization of the electrostatic interactions.
Specifically, all systems exhibit average values of about-1200
kJ/mol except PLPC that yields an interaction energy close to
-1700 kJ/mol. To understand the source of the Coulomb
interactions between the protein and the phospholipids, a careful
study of the hydrogen bonds created and broken along the MD
trajectory was carried out. Accordingly, two different cutoffs
of 0.25 and 0.40 nm were considered to identify direct and
water-mediated hydrogen bonds, respectively, involving protein
side chain donors and lipid oxygens acting as acceptors. Figure
3 displays residues identified to be involved in more than 5%
of the trajectory in direct hydrogen bonds with the lipid
molecules or more than 10% of the trajectory in water-mediated
hydrogen bonds. The results indicate that the total number of
long-time protein-lipid hydrogen bonds depends on the bilayer
and ranges from 12 to 21 for the direct and between 21 and 29
when adding the direct plus water mediated ones. Interestingly,
an analysis of the figure shows that there are a few residues
that are found in all the systems studied and that can be
considered as anchoring points of the protein to the lipid bilayer,

TABLE 2: Average Lennard-Jones (LJ), Coulomb, and
Total Interaction Energies between Lipids and the Protein in
kJ/mol

LJ Coulomb total

DMPC -3342 -1145 -4487
DPPC -3423 -1250 -4673
POPC -3501 -1136 -4637
PLPC -3653 -1664 -5317

TABLE 3: Summary of Lipid -Protein Hydrophobic
Interactions in Each Lipid Bilayer System. (A) Number of
Residues Exhibiting Hydrophobic Contacts with the Protein.
(B) Number of Residues Grouped per Residue Type

(A) Number of Residues Exhibiting Hydrophobic Contacts with the
Protein

DMPC DPPC PLPC POPC

total residues 102 102 114 110
head 10 10 6 10
tail 92 92 108 100

(B) Number of Residues Grouped Per Residue Type

DMPC DPPC PLPC POPC total %

Ala 6 6 5 4 29 18
Arg 2 2 1 0 7 18
Asn 1 0 0 3 15 7
Asp 0 1 0 1 5 10
Cys 0 1 1 1 10 8
Gln 0 1 1 0 12 4
Glu 0 0 2 2 17 6
Gly 0 0 0 0 23 0
His 2 2 2 3 6 38
Ile 16 16 17 17 22 75
Leu 15 16 17 16 28 57
Lys 1 0 1 0 11 5
Met 7 6 8 8 16 45
Phe 19 19 20 19 31 62
Pro 4 4 6 5 20 24
Ser 1 0 2 1 15 7
Thr 3 2 3 2 27 9
Trp 3 4 4 4 5 75
Tyr 9 9 8 9 18 49
Val 13 13 16 15 31 46
total 102 102 114 110 348 31
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although there is a majority that are only involved in specific
systems. According to Figure 3, residues R252, K339, Y96,
Y274, H152, and T108 are found in common in the four
simulations to be involved in hydrogen bonds with lipid
molecules in more than half of each trajectory. A model
displaying the location of these residues together with repre-
sentative interactions with the lipid molecules is shown in Figure
4, where lipid coordinates have been taken from selected
snapshots of the four simulations. Additionally, residues K66,
R69, Y136, Y223, and W35 participate also in hydrogen bonds

with lipid molecules in all systems, though to a lower extent.
K339, identified to be present in more than 90% of the four
trajectories analyzed, has already been reported to be particularly
relevant in both experimental reports55 and in MD simulations.19

Most of these critical hydrogen bond interactions (see Figure
3) involve contacts between lipid oxygens and either basic amino
acids, lysine and arginine, or polar aromatic onesstyrosine,
histidine, and tryptophan. The short-chain amino acids having
hydroxyl groups, serine and threonine, and residues interacting
through the backbone nitrogen follow in importance. Examples

Figure 3. Residues involved in lipid-protein interactions. Only interactions present at least in 10% of the snapshots using a cutoff of 0.40 nm are
considered. The location within the protein motifs is indicated in brackets. For each residue, the total bar lengths indicate the percentage of snapshots
where the interaction exists. The black and the gray portions of each bar represent the preferences of residues for the phosphate or the carbonyl
oxygens, respectively.

Figure 4. Typical protein-lipid electrostatic interactions involving residues found in common in the four systems to interact with lipids in more
than half of each trajectory. The left panel displays the side chain/lipid complexes extracted from representative snapshots of the four simulations
superposed to the average protein CR trace corresponding to the DMPC system. The right one displays a closer view of these interactions, with
atoms colored by atom type. The structures displayed for Y274, Y96, and H152 show examples of interactions with the lipid carbonyl oxygens;
those of T108 and R252 show interactions with the lipid phosphate oxygens; finally, K339 shows an example of simultaneous interactions with
both the lipid carbonyl and phosphate oxygens, including an interaction mediated by a water molecule.
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of these interactions between the polar protein side chains and
the lipid oxygens can be found in Figure 4.

The preference of each residue for phosphate or alkyl carbonyl
oxygens was analyzed. The results were compared with those
obtained in both recent MD simulations and experiments on
model peptides and proteins.56-60 The present results show that
basic amino acids exhibit a clear preference for phosphate
oxygens, in agreement with those results. Polar aromatic residues
exhibit also specific preferences: tyrosine exhibits a preference
to interact with alkyl carbonyl oxygens, in agreement with other
recent reports,61,62whereas histidine and tryptophan can be seen
to interact indistinctly with both types of oxygens. These
differences seem to arise from the location of the hydrogen bond
donor, out of the ring in the former. Serine and threonine
residues, as well as those residues interacting with the lipids
through the backbone nitrogen, do not show a preference for
any lipid oxygen type. This is reasonable because of their short
side chains, which force them to form hydrogen bonds with
the closest lipid oxygens available, independently of their nature.
The fact that none of the hydrogen bond interactions through
backbone nitrogens are found in common among the different
systems suggests that they are formed just to reinforce other
existing neighboring hydrogen bonds.

The preference observed by the different amino acids to
interact with either the phosphate or carbonyl lipid oxygens
suggests that they may not be randomly distributed in the
rhodopsin structure. Indeed, Figure 5 depicts pictorially the
distribution per amino acid of the different residues shown
in Figure 3 along the direction perpendicular to the bilayer
normal. As can be seen, the amino acids are grouped around
two areas at both sides of the protein located about 2 nm
from the protein core, covering a region of approximately 2
nm each. Interestingly, the distribution of these amino acids
at both sides of rhodopsin is asymmetric. Thus, arginine and
lysine residues are only found on the cytoplasmic side, like most
of the tyrosine residues. However, the former are located in
the most external segment according to their preference to
interact with the phosphate oxygens, whereas the latter are never
located at the most external part of the density profiles,
according to their preferences for the carbonyl oxygens.
Moreover, whereas the majority of arginine and lysine resi-
dues interacting with lipids in rhodopsin are located on
loops, all tyrosine residues are found in the TM helices, even

in quite internal positions such as in the case of Y223. The
amphiphilic character of the tyrosine residues together with the
long distance between theR-carbon and the hydroxyl group
(typically 0.65 nm) is responsible of this behavior. Regarding
the tryptophan, histidine, serine, and threonine side chains
involved in specific interactions with the lipids, their number
is too small to extract general conclusions to be extrapolated to
other GPCRs, although the corresponding analysis is performed
in detail below. All histidine residues are found closer to the
two ends of the protein than tyrosine, probably because of the
lower distance between theR-carbon and the ring nitrogen atoms
(about 0.45 nm). Despite that tryptophan residues are often
present at the TM ends in membrane proteins, only two of
them exhibit protein-lipid interactions in rhodopsin, and both
are located in the intradiscal side, exhibiting similar relative
positions as those found for histidine or tyrosine. Finally,
regarding nonaromatic residues with hydroxyl groups, the only
serine and the two threonine residues present in the cytoplasmic
side are located in the most external part of the density profile.
In contrast, in the intradiscal side, the only threonine residue
found is located in the central part of the diagram, whereas the
three serine amino acids are widely distributed over the whole
area.

These results suggest that the distribution of the amino acids
involved in interactions with the lipid oxygens is indeed
optimized according to each residue type, indicating that
rhodopsin sequence, and probably that of other membrane
proteins, may have evolved to make use of these preferred
locations. These results also show that the majority of the
hydrogen bonds identified between rhodopsin and the lipid
oxygens lies in the cytoplasmic side. Moreover, considering that
the activation of GPCRs involves the cytoplasmic loops bound
to the G-proteins, the present results suggest that the existence
of specific lipid-protein hydrogen bonds can be important to
modulate loop conformations and, in turn, for the signal
transduction process.

For all systems studied, most of the aromatic residuess
tyrosine, histidine, and tryptophansinvolved in hydrophobic
interactions participate also in hydrogen bonds with the lipid
oxygens. This finding agrees with recent results regarding the
importance of this type of residues as anchoring hooks to the
lipid bilayer.58,60 Previous studies of membrane proteins pro-
posed that lysine and arginine residues may “snorkel” to the

Figure 5. Partial number densities of the residues interacting with lipid oxygens normalized to the number of atoms per residue.
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lipid headgroups through charge-charge interactions with lipid
head oxygens and hydrophobic interactions between their side
chains and the lipid acyl chains. However, the number of
hydrophobic interactions involving these residues in our study
is small, suggesting a specific distribution of these residues in
the direction of the bilayer normal either for rhodopsin or for
GPCRs in general.

Protein Structure. Time evolution of the protein structure
was monitored through the root-mean-square deviation (rmsd)
from the starting structure measured on the CR skeleton.
Because of the flexibility of the C-terminus, and since it is
sensitive to the bilayer thickness close to the protein,32 the
segment up to the palmitoylated cysteines was excluded from
the calculations. The results are depicted pictorially in Figure
5 for the different systems studied. The different rmsd values
range between 0.16 and 0.28 nm and can be considered as small
taking into account the uncertainties of the X-ray structure used
as starting point and the length of the simulations. However,

the fact that the rmsd values differ from one system to another
suggests that lipids stabilize the starting structure in different
manners or that each lipid type can modulate the protein
structure in a different way.

Inspection of Figure 6A indicates that the rmsd decreases
inversely to the number of insaturations with the lipid molecules.
This agrees with the observation that the number of double
bonds of the acyl chains increases the fluidity of the bilayer
and helps in maintaining the crystal structure.53 The largest rmsd
values are found for the DPPC system, followed by the other
unsaturated system, the DMPC one. In the latter case, the lower
rmsd may be due to the requirement to keep an extended
conformation to maximize the hydrophobic matching, which
in turn reduces the flexibility of the hydrophobic chains around
the protein. These results suggest that the complementarity
between the bilayer thickness and the protein hydrophobic width,
together with the intrinsic conformational profile of the lipid
chains, affects protein structure.

Figure 6. (A) Evolution of the root-mean-square deviations (rmsd) of theR-carbon atom subset from the starting structure excluding the C-terminal
segment (see text). Lines are drawn using a running average over 0.5 ns. (B) Rmsd per residue between average structures obtained from the last
5 ns of each simulation.
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To assess the regions of the protein with a larger deviation
from the initial structure, averages structures from the last 5 ns
of each simulation have been produced. A trace superposition
of these structures is shown in Figure 7a. Inspection of the figure
reveals that the largest deviations, though small, are located in
the cytoplasmatic half of the protein, mainly in regions out of
the TM segments, but also in the cytoplasmic halves of helices
5 and 6 (Figure 7b). On the contrary, the intradiscal side does
not change much except in the N-terminus, where minor
differences are observed. For a better characterization, the rmsd
per residue has been computed and the results are displayed
pictorially in Figure 6B. Inspection of this plot clearly highlights
that the deviations are small in all cases except for the solvent
exposed parts, that is, loops and terminal segments, but mainly
on the second and third cytoplasmic loops. In the latter case,
the deviations extend to the cytoplasmatic halves of helices 5
and 6 in agreement with Figure 7b. However, despite being
known that rhodopsin loops are not properly sampled in
simulations of the length of the present one,63,64 the results
suggest the active role of the lipid molecules in the modulation
of these loops, which are involved in the interaction with
G-proteins. The remaining segments of the protein exhibit rmsd
values around 0.1 nm.

Transmembrane Helix Lengths and Secondary Structure.
The effects of the membrane structure on the secondary structure
of rhodopsin were analyzed using the procedure described
elsewhere.32 MD simulations allow the consideration of dynamic
effects present in the secondary structure that cannot be observed
in the crystals. Specifically, the evolution of the intrahelical
hydrogen bonds among residues located on the TM helices was
monitored, and the predominant interaction for each pair of
residues was identified (Table 4). This analysis provides
consensus boundaries for the TM helices, which is of great
importance taking into account the existing discrepancies among
the available crystallographic structures of rhodopsin. Specif-

ically, the largest ones are located on the cytoplasmic segments
of helices 5 and 6 possibly because of crystal packing artifacts.
As shown in Table 5, the consensus TM segments obtained are
as follows: H1: 34-65; H2: 72-101; H3: 107-140; H4:
149-169; H5: 201-233; H6: 244-279; H7: 288-309; and
sH8: 309-320, where H1-H7 are helices 1-7 and sH8 is the
short helix 8 perpendicular to the bundle. Interestingly, the most
significant discrepancies with the crystal structures are located
on the cytoplasmic side of helices 4-7.

The results, shown in Table 4, highlight the existence
discontinuities in the TM helices associated in most cases to
the localization of helix kinks reported for the crystal structure.17

The kinks are known to improve the packing of the TM helices
but also to play an important role during the activation process.
Some of these kinks are proline-induced, with most of the
prolines being conserved through the rhodopsin-like family of
receptors: P170 and P171 in helix 4, P215 in helix 5, P267 in
helix 6, and P302 in helix7. Moreover, additional discontinuities
are created, or previously existing ones are reinforced, with the
existence of other types of helix-disrupting residues such as
glycines or residues that are able to form additional hydrogen
bonds competing with thei - i + 4 interactions that from an
ideal R-helix such as threonine, serine, and histidine.65

Specifically, the only discontinuity found in helix 1 is caused
by the nonconserved P53 and is reinforced with the neighboring
G51. In helix 2, the main distortion appears close to two
consecutive glycine residues (G89-90) which favor that three
neighboring threonine residues (T92-94) can participate in
backbone hydrogen bonds.17 In helix 3, the discontinuity is
found also at two consecutive glycine residues (G120-121) that
are close to E113, the counterion of the protonated Schiff base.
The conserved P170 and P171 induce discontinuities at the
cytoplasmatic end of helix 4, and therefore, they are not
considered as part of this helix according to the previous criteria.
The main discontinuities in helix 5 are associated to the

Figure 7. Trace superposition of the average protein structures computed from the last 10 ns of each simulation: (a) theR-carbons of the whole
protein and (b) only the cytoplasmatic ends of helices 5 and 6. The structures computed from each system are shown in different colors: DMPC
(blue), DPPC (red), POPC (brown), and PLPC (yellow).
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conserved P215 and also to H211. The conserved P267 together
with the strongly retinal-coupled66 W265 are responsible for
the pronounced kink at the center of helix 6. Finally, T297 and
S298, on one hand, and the conserved P303, on the other, induce
the two discontinuities in helix 7. Interestingly, in all systems,
helix 7 is by far the least idealR-helix, with only eight pairs of
i - i + 4 interactions among the 18 pairs. Moreover, this helix
exhibits a strong propensity to formi - i + 3 interactions, with
five pairs on average.

Some TM segments exhibit additional irregularities on
relatively unstructured regions when comparing to an ideal
R-helix which are lipid type dependent, affecting preferably the
cytoplasmic sides of the helices. Accordingly, we observe
alterations in some residues because of either the absence of
intrahelical hydrogen bonds or the appearance ofi - i + 3
interactions as the predominant ones which differ from one
simulation to another. In helix 3, it involves a region close to
W126 and another one around amino acids E134, R135, and
Y136, which are part of the E(D)RY motif critical for activation.
Interestingly, residues of the ERY motif lie at the cytoplasmic

end of this helix, exhibiting hydrogen bonds with the preceding
i - 3 or i - 4 residues in all cases and with the followingi +
3 andi + 4 only for some systems. A central region of helix 4
around G149, N151, H152, and G156 is also affected. Moreover,
the differences are more important when looking at the
cytoplasmic sides of both helices 5 and 6, consistent with the
differences between the crystal structures available. The present
results show that these regions are dynamic and that they
alternate betweeni - i + 4, i - i + 3, i - i + 5, and no
intrahelix interactions. Specifically, the region with irregular-
ities in helix 5 is around G224 and T229 and in helix 6 around
E247, which interacts with the R135 of the E(D)RY motif.
Interestingly, within the segment corresponding to residues
244-252, there are no helix-disrupting amino acids, pointing
to the existence of five charged residues on this segment (see
Table 4) as responsible for the alterations on the secondary
structure.

Another important feature of the analysis reported in Table
4 is the existence of structured segments at the boundary
between the TM segments and loops. This can be clearly

TABLE 4: Analysis of Intrahelical Hydrogen Bonding a

a 3, A, and P account fori - i + 3, i - i + 4, andi - i + 5 interactions, respectively. The fragments in bold show the consensus transmembrane
segments including residues up toi + 4.
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observed between residues 169-171 in helix 4 for all lipid types.
The results indicate that the existence of these consecutive turns
at these positions complements the short length of this helix,
significantly smaller than the other helices and shorter than the
one provided by the static crystal structures. Similar features
can be observed in the regions of the third cytoplasmic loop
closer to the cytoplasmic ends of helices 5 and 6, but the
differences from one lipid type to another become larger.

In summary, the stable parts of theR-helices over the
trajectory are not affected by the lipid type. On the contrary,
those regions where the helices are less stable, that is, those
with higher propensity to formi - i + 3, and to a less extent
i - i + 5, or even to lose the intrahelical backbone hydrogen
bond, are more sensitive to the lipid type and particularly to
the specific conformations adopted by the lipid acyl chains.

Salt Bridges within Rhodopsin.The evolution of all feasible
salt bridges in rhodopsin was monitored using a cutoff of 0.3
nm after identification of all possible polar residues involved.
The results shown in Table 5 indicate that only 5 out of 20
pairs exhibit significant interactions independently of the bilayer
type: E113-K297, E134-R135, D90-R177, E247-R135, and
E249-R252. Interestingly, all these residues lie in the TM
segments except the pair D90-R177, which involves two
residues at the second intradiscal loop. Furthermore, most of

these interactions are structurally important: E113-K297 in-
volves the protonated Schiff base and its counterion, and both
E134-R135 and E247-R135 are known to play a key role in
the activation of most GPCRs.67 It is important to outline that
the latter interaction exhibits different residence times within
each system, suggesting the role of lipids in modulating
rhodopsin structure and activation.

From all the interactions listed in Table 5, only three of them
involve the intradiscal loops or the N-terminus. In contrast, the
cytoplasmic loops together with the C-terminus are involved
in 13 salt bridges. This asymmetry explains the larger root-
mean-square fluctuations (rmsf) reported previously for the
cytoplasmic side of rhodopsin than for the intradiscal.20,32

Moreover, the existence or not of interactions involving residues
either at the second or the third cytoplasmic loops or at the
C-terminal, the most flexible parts of the protein, has effects
on the rmsf (data not shown). This has important implications
since the regions that exhibit the largest rmsd between the
average structures with the different systems (see Figure 5)
correspond also to those with the largest rmsf. Specifically, the
absence of the interaction between the charged C-terminal
residue A348 and R147 at the second cytoplasmic loop in the
PLPC simulation seems responsible for the larger deviations
found in this region for this system. Similarly, the lower
persistence of contacts between E247 at H6 and R135 at H3 in
POPC may be responsible of the larger rmsf at the third
cytoplasmic loop observed in simulation. Despite that the
interactions involving residues at the C-terminus are not shared
within the different systems, important interactions between the
short helix 8 and the C-terminus can be observed in all cases.
Specifically, the interactions involve two proximal positively
charged residues in helix 8 (K311 and R314) and three
consecutive negatively charged residues at the C-terminus
(D330, D331, and E332). Therefore, the possible combinations
of ionic pairs available allow the existence of multiple distinct
conformations which can have functional implications. Similarly,
the rmsd on the second cytoplasmic loop is smaller in the
simulations exhibiting the interaction E150-R147. Moreover,
the existence of an ionic lock between the second and the third
cytoplasmic loops seems to retain the conformation of the
former.

The analysis of the salt bridges in rhodopsin indicates that
those observed in the cytoplasmic loops and the C-terminal
segment are sensitive to the specific lipid bilayer, whereas the
salt bridges buried in the protein core remain relatively unaltered.
Moreover, the results suggest a possible role of lipids in the

TABLE 5: Percentage of Occurrence of Salt Bridges
between Rhodopsin Residues in the Different Bilayer
Systems Using a Cutoff of 0.4 nm

- residue + residue DMPC DPPC PLPC POPC

E5 NT R177 I2 0 24 64 13
E25 NT R21 NT 15 100 75 51
E113 H3 K296 H7 100 100 100 100
E134 H3 R135 H3 99 99 100 98
E150 H4 R147 C2 0 100 100 98
D190 I2 R177 I2 100 100 100 100
E232 C3 K231 C3 20 0 0 29
E232 C3 K245 H6 0 0 98 0
E239 C3 K248 H6 0 0 0 95
E239 C3 K141 C2 93 0 99 0
E247 H6 R135 H3 94 100 86 68
E249 H6 R252 H6 100 100 99 97
D330 CT R314 H8 59 0 0 0
D330 CT K311 H8 0 0 59 0
D331 CT K67 C1 0 0 94 0
D331 CT K311 H8 26 99 2 100
D331 CT R314 H8 46 0 0 0
E332 CT K311 H8 0 2 0 93
E341 CT K325 CT 40 1 0 0
A348 CT R147 C2 100 78 1 93

TABLE 6: Tilt Angles for the Protein as a Whole and Tilt and Kink Angles for Each Specific Helix (H1-H7) in the
Simulations and in the Crystal Structure 1GZMa

tilts
H1

34-65
H2

72-101
H3

107-140
H4

149-169
H5

201-233
H6

244-279
H7

288-309 overall bundle

1GZM 25 19 24 12 23 16 20
DMPC 21 17 21 14 20 13 19 8
DPPC 24 21 22 9 24 15 21 8
POPC 24 19 22 12 23 16 21 7
PLPC 22 19 22 13 23 13 20 16

kinks
H1

34-53-65
H2

72-92-101
H3

107-115-140
H4

149-160-169
H5

201-214-233
H6

244-264-279
H7

288-296-309

kinks 15 25 8 6 11 34 29
DMPC 17 11 7 6 11 39 23
DPPC 19 10 15 6 25 48 30
POPC 19 11 10 6 22 44 26
PLPC 16 14 11 7 17 47 28

a Reference 17. The intervals indicate the residues considered.
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modulation of the electrostatic lock at the cytoplasmic side of
helices 3 and 6. The results support the idea that the different
lipid-protein interactions provided by each bilayer type can
modulate protein structure and function.

Protein Rigid-Body Motions. There is evidence that lipid
composition and specifically the bilayer thickness can modulate
the rigid-body orientation of the protein as a whole as well as
the individual helices (or parts of it) relative to the direction
perpendicular to the bilayer. Moreover, in lipid bilayers with a
thickness shorter than the hydrophobic width of the protein, tilt
is known to be a mechanism to improve the hydrophobic
matching.5,68-70 To compare the effect of the different lipidic
environments on the rigid-body motions of rhodopsin, the
evolution of the protein tilt from the direction perpendicular to
the bilayer has been computed for all the simulations. Specif-
ically, the overall protein tilt was measured from the vector
obtained by averaging the positions of the last eight residues
of each TM helix on the two sides of the protein. The average
tilt values shown in Table 6 range between 7 and 16°. These
results indicate that there is a small change in the orientation
as a consequence of the different lipidic environments. The
largest tilt is observed for the PLPC system, consistent with
the largest lipid-protein interaction energies described above.

The tilt angles for each individual helix were calculated from
the vectors obtained considering the positions of the last eight
residues at each TM helix end and were measured from the
vector resulting after averaging the seven helices. The results,
shown in Table 6, reveal small or negligible differences both
between the average values in each simulation and when
compared with the angles obtained in the crystal structure.17

Differences are always below 5°, indicating that lipids almost
do not affect the orientation of the helices. Additionally, the
kink angles were computed for each helix by defining two
vectors analogously to tilts, on the basis of the discontinuities
in the secondary structure described below, considering three
residues at each helix end and three residues centered at the
main discontinuity. The results indicate that some kinks are
sensitive to the lipidic environment. Specifically, in all simula-
tions, helices 2 and 6 exhibit differences when compared to the
crystal structure (up to 15°), suggesting that the conditions
required for the crystallization may affect the native conforma-
tion of these kinks. Moreover, despite that in some simulations
helices 3, 5, and 7 exhibit kink angles similar to those in the
crystal structure, the values differ up to 6-14° when comparing
the simulations performed with different lipid types. Finally,
the kinks in helices 1 and 4 remain in all cases relatively
unaltered and close to the values of the crystal structure.

The largest tilt for the protein as a whole observed for the
bi-unsaturated PLPC lipids is in good agreement with recent
results from both experiments and MD simulations that evi-
denced the existence of lipid specificity on rhodopsin and that
suggest a tight packing of the polyunsaturated chains to the
helices.25,71Moreover, despite recent MD simulations of model
transmembrane peptides that suggest that under positive mis-
match the system alleviates it predominantly by tilting the
peptide and to a lower extent increasing lipid order in the vicinity
of the peptide, the case of rhodopsin is different. Specifically,
the system exhibiting the largest membrane-protein hydropho-
bic mismatch (DMPC) does not exhibit the largest tilt angles
either for the protein or for the helices. This suggests a different
mechanism for alleviating the positive mismatch in the case of
proteins than for small peptides. It has been shown below that
the polar protein residues involved in hydrogen bonds with the
lipid oxygens are located on two rings on each side of the protein

(see Figures 4 and 5). Roughly speaking, if we consider that
both peptides and GPCRs can be approximated by cylinders,
the much larger radius of rhodopsin would fail to allocate
properly the ring of polar residues for large tilt angles without
losing the hydrogen bonds with the lipid oxygens. On the
contrary, the negligible radius of anR-helix peptide when
compared to a seven-R-helix bundle membrane spanning protein
such as rhodopsin allows keeping these interactions indepen-
dently of the tilt angle. Thus, the results suggest that, despite
that the contribution of the LJ term to the lipid-protein
interactions is the largest, the electrostatic one is responsible
for restraining the relative orientation of the protein to the
bilayer.

Conclusions

The present work addresses the effect of lipid composition
on the structural features of rhodopsin. For this purpose, four
20 ns MD trajectories of different one-component lipid bilayers
were carried out. The systems included four phospholipid types
with a phosphatidylcholine head and different acyl chains.
Specifically, two bilayers with saturated lipids, DMPC and
DPPC, and two bilayers with unsaturated lipids, POPC and
PLPC, were considered for the present study.

The results show that on the one hand, lipids can modulate
the structure of rhodopsin by affecting the tilt of the protein as
a whole and the rigid-body motions involving helix kinks.
However, the helix tilts as well as the secondary elements of
the protein are not much affected by the lipidic environment,
with the TM helices remaining relatively unaltered, and with
only the least structured elements showing sensitivity to the lipid
type. On the other hand, the protein infers an ordering effect
over the lipid bilayer that depends on the difference between
the equilibrium thickness of the former and the hydrophobic
thickness of the latter, as can be observed in the variation of
the bilayer thickness with the distance from the protein.
Moreover, lipids with saturated acyl chains exhibit a poorer
adaptation to the protein than lipids with unsaturated chains.
Similarly, short acyl chains also exhibit an impaired matching
because of the extended conformations that are forced to adopt
to accommodate to the hydrophobic protein surface.

The analysis of lipid-protein interaction energies together
with the study of the specific protein-lipid contacts shows
differences between the systems studied. Regarding the hydro-
phobic interactions, the analysis of the specific lipid-protein
contacts revealed that almost a third of the rhodopsin residues
participate in interactions with the surrounding lipids, including
amino acids phenylalanine, leucine, isoleucine, and valine which
exhibit the largest number of contacts. Regarding the electro-
static contribution, the analysis of hydrogen bonds between
protein donors and lipid oxygens revealed the importance of
these interactions for the anchoring of the protein to the
membrane. In the four systems, residues R252, K339, Y96,
Y274, H152, and T108sand to a lower extent K66, R69, Y136,
Y223, and W35sare found to participate in hydrogen bonds
with lipid molecules and, therefore, they can be considered to
be putative hooks of the protein to the bilayer. Of remarkable
interest is the finding that the localization of these interactions
is asymmetric regarding the two halves of the protein, suggesting
that the cytoplasmic side of the protein is much more sensitive
to the lipidic environment. Moreover, the analysis of salt bridges
in rhodopsin revealed that lipids modulate the conformations
of the cytoplasmic loops as well as the C-terminus. The results
suggest a role of the lipid composition in modulating the
electrostatic lock on the cytoplasmic side of helices 3 and 6.
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ABSTRACT 

 
The present work reports a  0.1 µs molecular dynamics simulation of a bovine rhodopsin dimer based on a re-
cently reported semi-empirical model obtained by fitting two monomers from the crystal structure to atomic 
force microscopy maps [Fotiadis et al. Curr. Op. Struct. Biol. 16:252, 2006]. The simulation provides a refined 
arrangement of the dimer for the model that takes into account the adaptations on the structure because of 
the direct exposure between the trans-membrane helices TM4 and TM5 in the context of a realistic environ-
ment with the use of explicit water molecules and a dipalmitoyl phosphatidylcholine lipid bilayer. Additionally, 
the comparison with an additional 0.1 µs simulation of a single monomer allows the study the subunit-subunit 
interactions on the dimer interface together with the possible structural effects associated to the dimer forma-
tion. The present study describes the dimer interface at an atomistic level including an analysis of the energy 
contributions to the interaction of each part of the protein involved. We also compare the differences in the 
structure of the single monomer with those of the dimer subunits with the aim of understanding the changes 
required for the dimer formation. 

 
 

INTRODUCTION 
Rhodopsin is a key photoreceptor protein involved in 
the signaling process that eventually converts a pho-
ton into visual response. It belongs to one of the larg-
est family of proteins in the human genome embody-
ing about 2 % of the genes expressed: the G-protein 
coupled receptors (GPCR). These proteins play a key 
role in the transmission of cell signals and in the regu-
lation of basic physiological processes. GPCR are em-
bedded in the cellular membrane and are arranged in 
a characteristic seven helix bundle structure that de-
fines a site for binding specific ligands that trigger the 
receptor activation process. In the case of rhodopsin, 
this site is occupied by a chromophore, the 11-cis 
retinal, which is covalently linked to residue K296 of 
transmembrane (TM) helix 7 via a protonated Schiff 
base. Photoactivation of the receptor by light absorp-
tion induces isomerization of the 11-cis-retinal to its 
all-trans configuration resulting in a conformational 
change of the receptor that originates a cascade of 
biochemical reactions known as visual phototransduc-
tion: the main molecular mechanism of the visual 
process.  

 
Being the only member of the family with an 

atomistic structure available,1-3 bovine rhodopsin has 
become the prototype GPCR and therefore, it has been 
largely studied. Early biophysical experiments de-
scribed rhodopsin as a mobile monomer4,5 in line with 
the classical view of a freely diffusing particle in a fluid 
membrane model.6 However, in recent years there has 
been increasing evidence suggesting that GPCR may 
exist and function as homo- and hetero-
dimers/oligomers 1as is discussed in many recent re-
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ports.7-17 Indeed, the crystal structures of rhodopsin1-

3,18,19 were solved as a dimer, although in a non-
physiological orientation.20 The most direct demon-
stration about the propensity of GPCR to form dimers 
is the recent atomic force microscopy (AFM) study of 
native disk membranes from rod outer segments, 
which provided large paracrystalline arrays of subunits 
under native conditions.21,22 By fitting the crystal 
structure of rhodopsin to the AFM map, the authors 
obtained an atomistic semi-empirical model of a 
rhodopsin oligomer in groups of two subunits interact-
ing through their TM4 and TM5 helices. These and 
other domains involved in the dimerization reported 
for a variety of GPCR have recently been reviewed.8 
Nevertheless, with the recent finding that each 
rhodopsin molecule binds its own signaling protein,23 it 
is yet unclear whether the oligomerization is required 
or not for a proper function and signaling.11,23-30 
 

Despite the importance of the availability of 
several atomistic structures of rhodopsin, since they 
have been obtained using x-ray diffraction studies, it 
cannot be inferred from the structure the role of its 
natural environment. Thus, the study of rhodopsin 
with other techniques that can provide structural in-
formation in conditions closer to its native environ-
ment is of great interest. An emerging group of such 
methods applied in this context is represented by 
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computer simulations31,32 and more specifically, mo-
lecular dynamics (MD) applied to sampling proteins 
embedded on different model lipid bilayers.33,34 Sev-
eral recent reports based on MD calculations of the 
rhodopsin monomer have successfully provided infor-
mation on the structural features of the protein and 
about its dynamical behavior that cannot be deduced 
from experimental data.35-42 Therefore, it is reason-
able to expect that MD can be useful in the study of 
the conformational arrangement of the dimer and pro-
vide information about the local rearrangement be-
tween subunits. In this direction, the first simulations 
of rhodopsin dimers and oligomers embedded in 
model membranes have been reported, including a 
0.5 ns trajectory of an hexamer soaked in a stearoyl-
docosahexenoyl phosphatidylcholine lipid bilayer 
(SDPC) with and implicit solvent43 and a 45 ns simula-
tion of a dimer embedded in a palmitoyl-oleoyl phos-
phatidylcholine (POPC) with explicit water molecules.44 
In the present work we report the analysis of a 0.1 µs 
atomistic MD simulation of a rhodopsin dimer embed-
ded in a dipalmitoyl phosphatidylcholine (DPPC) lipid 
bilayer with water and electrolytes. These results have 
been compared with an additional trajectory of a 
rhodopsin monomer run in parallel using the same 
protocols. The results reported in the present work 
may provide new insights into the understanding of 
the dimer interface at an atomistic level as well as in 
the structural effects of the dimer formation.  

 

METHODS  

Molecular system 

The coordinates of each rhodopsin molecule were 
taken from the first subunit of entry 1GZM2 of the 
Protein Data Bank.45 In addition, coordinates of the 
atoms of some missing C-terminal (CT) residues were 
taken from a different source18 and adapted by super-
position of the α-carbon skeleton of both protein 
structures. Accordingly, the starting protein structure 
contained the whole sequence including the acetyl 
group of the N-terminus (NT). With the aim of assess-
ing the putative role of two palmitoyl chains bonded to 
cysteines 322 and 323 as membrane anchoring point, 
they were included only in one of the monomers. All 
possibly charged amino acids were considered as 
charged except D83 and E122, since there is experi-
mental evidence that these residues are protonated.46 
Moreover, these residues are located in the hydropho-
bic core and have no counter charge available in their 
neighborhood. The initial structure of the dimer was 
generated by superposing the structure of two mono-
mers to a recently reported semi-empirical dimer 
model21 deposited in the Protein Data Bank with entry 
1N3M, constrained to exhibit TM4 and TM5 helices in 
the protein-protein interface. 

 
The protocol used to construct the monomer 

has been described in a previous report.42 In the case 
of the dimer, a larger box was required with initial 
dimensions 11.3x15.3x11.4 nm3. Specifically, it was 
embedded into a previously equilibrated rectangular 
box containing 570 DPPC lipids, 37300 water mole-
cules and sodium and chloride ions, to obtain the 
physiologic ion concentration of 0.2 M in NaCl. Such 
box was obtained by replicating a DPPC bilayer with 
water and salt from a previous work,42 which had been 
derived from the results of a pure bilayer.47 The pro-
cedure used for placing the protein and the subse-

quent removal of lipid and water molecules has been 
described elsewhere.41,42 In a subsequent step the 
balance between sodium and chloride ions was ad-
justed in order to obtain a totally electro neutral sys-
tem by replacing water molecules by sodium and chlo-
ride ions according to the strongest electrostatic po-
tential, taking the net charge of the dimer (-6) into 
account. In the case of the dimer the final system 
ended with 35400 water molecules, 451 lipids and 130 
sodium and 124 chloride ions. Although the system is 
intended to reproduce physiologic ion concentrations, 
it should be stressed that in simulations with a single 
bilayer and periodic boundary conditions it is not pos-
sible to have different intra- and extra-cellular ionic 
concentrations as in biological organisms. 

MD simulations 

MD simulations were performed using a parallel ver-
sion of the GROMACS 3.2 package.48,49 The all-atom 
OPLS force field50 currently implemented in GROMACS 
3.2 was used for all molecules of the system except 
for DPPC lipids, that were modeled using the Berger 
set of parameters previously,51 which reproduce most 
properties of pure bilayer. Water molecules were 
modeled using the TIP3P set of parameters.52 Retinal 
charges were taken from quantum chemical calcula-
tions53 and have already been used satisfactorily in 
other rhodopsin MD simulations.36,41,42 For palmitoy-
lated cysteines, fractional charges were computed 
from electrostatic potential calculations at HF/6-31G* 
level and further adapted to neutral group charges in 
a similar manner to standard amino acids in the OPLS-
AA force-field.   

 
All systems were subjected to periodic bound-

ary conditions in the three directions of the Cartesian 
space. Simulations were performed at 323 K so that 
the DPPC lipids remained above the gel/liquid crystal-
line phase transition temperature. The temperature 
was kept constant using separate thermostats for pro-
tein, water, ions and lipids, respectively.54 Although 
this temperature is higher than the physiological, it 
does not alter significantly protein structure since 
longer times than nanoseconds of simulation would be 
required for this purpose.41,42 The coupling time con-
stants for all thermostats were 0.1 ps, except for wa-
ter that was 0.01 ps. The integration of motion equa-
tions was performed using the leap frog algorithm 
with a time step of 2 fs. All bonds in the protein and 
lipids were frozen using the LINCS55 algorithm. Bond 
lengths and angles for water were hold constant using 
the analytical SETTLE method.56 A plain cutoff of 1.0 
nm was used to compute Lennard-Jones interactions 
and the PME method in the case of the electrostatic 
interactions,57 with the neighbor list was updated 
every 10 steps. Prior to the production runs each sys-
tem was energy minimized, and the gap between the 
protein and lipid and water molecules was removed 
running a 500 ps MD simulation, with protein coordi-
nates strongly restrained to the initial structure.  

Analysis of trajectories 

The analysis of trajectories has been performed using 
the tools included in GROMACS package together with 
our own programs and scripts. For the determinations 
of helix tilts and kink angles, each helix or fragment 
was considered as an independent axis (1 for tilts and 
2 for kinks) defined by the center of mass of 8 or 3 Cα 
at their ends for tilts and kinks, respectively. The bun-
dle tilt of each rhodopsin relative to the direction per-
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pendicular to the bilayer was determined by consider-
ing the centers of mass of the last 8 Cα on the two 
sides of each TM helix. The kink points were chosen 
according to a previous work as TM1:53, TM2:92, 
TM3:115, TM4:160, TM5:214, TM6:264, TM7:296.42 

Helix definitions 

Two different criteria are used in order to define the 
lengths of the helices along this report. For the com-
putation of geometrical features -including distances, 
tilts and kinks- helix limits were taken from the maxi-
mum common segments between the single monomer 
and dimer subunits A and B according to a secondary 
structure analysis analogous to a previous one42 as 
TM1:35-65, TM2:73-101, TM3:109-136, TM4:149-
169, TM5:201-226, TM6:249-277 and TM7:288-308. 
However, since these limits are somehow strict, for 
the computation of energies of interaction they were 
enlarged up to the segments defined in the crystal 
structure2 as TM1:34-65, TM2:71-101, TM3:106-140, 
TM4: 149-173, TM5:200-230, TM6:241-277, TM7: 
286-309 and short helix 8:311-321. The locations of 
residues in all tables and figures refer to the second 
numbering. 

 

RESULTS AND DISCUSSION 

Global stability of the protein 

The structure of the dimer at the end of the 0.1 µs MD 
trajectory is shown in Figure 1 A. Interestingly, the 
quaternary structure of the dimer did not change 
much from the initial structure, i.e.: the semi-
empirical model based on the paracrystal and the X-
ray structure for the monomer.22 Specifically, each of 
the TM4 helices remains in close contact with the in-
tradiscal segment of TM5 and with the cytoplasmic 
segment of TM3 of the complementary subunit. Addi-
tionally, the C2 and the E2 loops of the two subunits 
remain in close contact. This result indicates that pro-
tein packing is preserved in the environment of a 
DPPC lipid bilayer, similarly to what has already been 
reported in recent MD simulations of rhodopsin dimers 
or oligomers with one-component lipid bilayers.43,44 

 
The superposition of the Cα chains between 

each of the dimer subunits A and B and that of the 
isolated monomer is depicted pictorially in Figure 1 B, 
showing that all the structures are similar except for 
the third cytoplasmic loop (C3) together with the ad-
jacent cytoplasmic ends of the neighboring helices 
TM5 and TM6. However, is precisely this region that 
exhibits the largest discrepancies between the differ-
ent crystal structures available.2,3,18,19 Furthermore, 
subunits A and B exhibit a remarkable asymmetry in 
the conformation of C3, although within the conforma-
tional space covered by the crystal structures. These 
results stress the effect of the different environment 
provided by lipids, detergent molecules and other 
subunits.  

 Time evolution of the root mean square devia-
tion (rmsd) as measured from the Cα skeleton, taking 
the starting structure as reference is shown in Figure 
2 A. The CT segment 322-348 has been omitted in the 
calculations due to its high mobility that would create 
noise to the results. In regard to the dimer simulation, 
the plot shows that the rmsd computed for each sub-
unit separately reach a steady value of about 0.25 nm 
after 40 ns of simulation, indicating that the tertiary 

structure is well preserved during the entire simula-
tion. In contrast, the value for the dimer reaches a 
steady value later, after 60 nm of the simulation and 
is much higher: about 0.40 nm, indicating additional 
small changes in the relative orientation between the 
subunits. However, the arrangement of the helix bun-
dles is qualitatively close to the initial model (see Fig-
ure 1 A). These values of rmsd are in agreement with 
the results of a recent simulation of the rhodopsin 
dimer in a POPC bilayer.44 The rmsd of the protein in 
the single monomer simulation exhibits a larger value 
than the dimer subunits, providing a clear evidence of 
some stabilization of the protein structure with the 
dimer formation.  

 
For a clearer monitoring of the deviations, Fig-

ure 2 B displays the rmsd computed for each Cα. As 
can be seen, the largest deviations are located on the 
CT, the cytoplasmic loops C3 and C2 and finally, parts 
of the intradiscal loop E2 and of the NT -in decreasing 
importance- both in the dimer subunits and in the 
monomer. The profile of rmsd found agrees well with 
the reported in other simulations of rhodopsin mono-
mers with different model lipid bilayers.37,42 The peak 
corresponding to the C3 loop has a clear asymmetry in 
the localization of the maximum in the dimer, which is 
clearly related to the different conformations obtained. 
This appears to be driven by small fluctuations on the 
conformation of the third cytoplasmic loops (C3) due 
to the direct interaction between the C2 loops (see 
insets in Figure 1 B). The cumulative rmsd deviations 
obtained by integrating the area under the peaks is 
shown in the bottom panel of Figure 2 B and helps to 
characterize those regions with the largest differences 
from one subunit to another. Thus, whereas dimer 
subunits A and B exhibit a similar profile, the single 
monomer exhibits clearly much larger deviations in 
the C3 loop and in the CT. It is interesting to note that 
the existence (in subunit A) or absence (in subunit B) 
of the palmitoylated cysteines at positions 322 and 
323 (see methods) provides no difference in the rmsd, 
suggesting that, although these moieties are impor-
tant for anchoring the protein to the bilayer, their 
might not be necessary to maintain the protein fold-
ing. 

 
Finally, the root mean square fluctuations 

(rmsf) per residue during the last half of the simula-
tion, computed from an average structure obtained 
from the same time of simulation are shown in Figure 
2 C, indicating that the mobility of the protein is sensi-
tive to the dimer formation. This is significant in the 
case of the C3 loops, which fluctuate in the dimer 
structure due to a destabilizing effect associated with 
the C2-C2 interaction that alters the C2-C3 contacts of 
the single monomer. The dimerization provided also 
decreased peaks in the NT and E2 regions of subunit A 
together with a larger E2 peak in subunit B which are 
probably related to the E2-E2 interactions between 
subunits. The B-factors of the x-ray structures exhibit 
two prominent peaks in the region of the C2 and C3 
loops2,3,18,19 which coincided with the rmsf from recent 
20 ns simulations of rhodopsin monomers.41 However, 
with the larger length of the present simulations the 
peak corresponding to C2 either for the monomer or 
for both dimer subunits is much lower than previously 
described. On the contrary larger fluctuations are ob-
served at the NT region with the maximum at residues 
16-18. 

 
The time-evolution of the intra-helix backbone 

interactions (Figure 3) reveals no significant differ-
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ences in the secondary structure when comparing 
each of the dimer subunits with the monomer. Each 
system exhibits about 185 pairs of residues forming 
i,i+n interactions (with n=3, 4), 115 of i,i+4  type and 
70 of i,i+3 type (consecutive i,i+4 or i,i+3 would give 
an α- or 310-helix, respectively). However, the results 
indicate a reduction of the number of backbone inter-
actions associated with helical structures and also a 
decrease in the number of i,i+4 interactions with a 
consequent increase of those of i,i+3 type. This indi-
cates that the protein exhibits shorter and less ‘ideal’ 
TM helices when embedded in a DPPC bilayer than 
observed in the crystal structure.2,3,18 Specifically,  
small changes can be observed in the cytoplasmic 
parts of segments TM3, TM5 and TM6 as it is shown in 
Figure 1 B. Similar results were obtained in a previous 
work.41 

 
For each subunit, the internal salt bridges ob-

served within a cutoff of 4.0 nm during the last 50 ns 
of the corresponding trajectories are listed in Table 1 
A. The interactions exhibiting the longest interaction 
times are those previously observed in MD simulations 
of rhodopsin monomers42: E113-K296, E134-R135, 
R135-E247, R177-D190 and E249-R252. However, 
interactions involving residues located in the C2 and 
C3 loops or in the CT exhibit large differences from 
one system to another, indicating that their formation 
depends on the different conformation of each of the 
rhodopsin monomers. These results suggest that the 
dimerization can favor the formation of specific salt-
bridges not observed in the single monomer -such as 
E232-K248 and D330-R134-, but also generates an 
asymmetry between the two subunits in regard to 
these interactions. Finally, an important result ob-
tained is that dimerization modulates the formation of 
salt-bridges that are associated to the GPCR activation 
such as E134-R135 and R135-E247 (see ref. 58,59 
and therein), providing a direct evidence of a possible 
cooperative mechanism involving protein activation. A 
similar effect has also been described associated with 
the nature of lipids surrounding the protein.42 Fur-
thermore, both E134 and E247 participate in addi-
tional salt-bridges involving subunit B (E134-R147 and 
E247-R147) that are not observed (or significantly 
enhanced) either in the isolated monomer or in sub-
unit A of the same dimer. 

Rigid-body movements 

There is evidence that the environment of a mem-
brane protein -including lipids, detergents and the 
formation of dimers or oligomers- can modulate the 
orientation of the protein as a whole as well as to the 
individual helices (or parts of it) when considered as 
rigid-body elements. Therefore, these features have 
been analyzed in the present work and compared to 
previous simulations of rhodopsin monomers or to the 
different crystal structures. Figure 4 displays the time-
evolution of the relative distances between the centers 
of mass of the two subunits and between helices TM4 
and TM5. The distance between subunits fluctuates 
between 3.7 and 3.8 nm along the simulations, reach-
ing an average value of 3.73 ± 0.03 nm, that is only 
0.14 nm lower that the value proposed in the semi-
empirical model and is in even better agreement with 
the centre-to-centre distance between protrusions 
reported both in AFM topography measurements11 or 
in the refined model produced from MD.43 Regarding 
to the helix-to-helix distances (see methods), the 
TM4(A)-TM4(B) distance exhibits a final average value 
of 1.65 which, despite an initial decrease, remains 

close to the initial value of 1.70 nm. Distances be-
tween TM4(A)-TM5(B) and TM5(A)-TM4(B) exhibit a 
more pronounced decrease from 1.75 to 1.30 and 
1.50 nm, respectively. These values respond to the 
asymmetric arrangement of helices TM4 and TM5 as 
reported previously.44 Similarly, despite and initial 
increase, the TM5(A)-TM5(B) distance decreases from 
2.50 to 2.30 nm. Considering only the first 45 ns of 
the simulation we observe a similar trend than has 
recently been reported for the dimer in a POPC bi-
layer44 in a simulations of that length. However, the 
present results suggest that with longer simulation 
times the larger changes observed in the previous 
study are reduced and therefore provide a better 
agreement to the experimental measurements. It 
should be noted, however, that the preceding and the 
present work used different starting structures for the 
protein (see methods), which could bias the results. 
Additionally, it is reasonable to expect some structural 
differences associated to the effect of different model 
lipid bilayers similar to what has been reported for 
rhodopsin monomers.42  

 
The average values for the bundle tilt were 

computed excluding the first 10 ns of the simulation, 
which is the time required for the first step of the pro-
tein-lipid matching. For a single monomer, the aver-
age tilt is 8±3º in good agreement with our previous 
estimate.42 However, in the case of the dimer, tilts for 
subunits A and B exhibit average values of 9±3º and 
7±3º, indicating a small asymmetry regarding their 
orientation relative to the membrane. Since the two 
subunits are tilted in opposite directions (as is can be 
seen in Figure 1A) and exhibit a collective movement, 
it is reasonable to expect that if the angle of one sub-
unit increases that of the complementary unit must 
decrease. Time evolution of the tilt angle (data not 
shown) indicates that tilts exhibit oscillations during 
the trajectories ranging between 0-18º, in agreement 
with the values obtained for rhodopsin in various 
model lipid bilayers.42 These results suggest that 
rhodopsin has an intrinsic range of tilt angles that 
provide a proper matching with the lipid bilayer. How-
ever it is possible to modulate it either through the 
dimerization -and probably larger oligomerizations- or 
with the lipidic environment.  

 
Individual helix tilts and kinks either from the 

monomer or each of the dimer subunits, averaged 
over the last 50 ns of their respective trajectories are 
summarized in Table 2. Roughly speaking, the results 
indicate only minor differences between subunits A 
and B, suggesting almost a lack of asymmetry regard-
ing these structural features. However, larger differ-
ences can be observed when comparing these values 
with those of a single monomer or the crystal struc-
ture as discussed below. Since the dimer interface 
involves TM4, TM5 and in a less extent TM3, it is ex-
pected that the largest differences on tilts and kinks 
are experienced by these helices. Indeed, TM4 exhib-
its a smaller tilt angle in the dimer than in a monomer 
simulation. On the contrary, the main kink observed in 
this helix exhibits a larger angle in the monomer than 
in the dimer subunits. These values differ also from 
those measured in the X-ray structure2 and clearly 
suggest a direct effect of the dimer formation in the 
rigid-body structure of TM4. In a similar fashion, TM5 
exhibits a larger tilt and a smaller kink in the dimer 
structure than in the single monomer. Interestingly, 
values observed in the dimer are close to those found 
in the X-ray structure since the two monomers of the 
crystal structure exhibit strong (non-native) TM5-TM5 
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contacts that resemble the TM4-TM5 interactions pre-
sent in the dimer model.20 TM3 exhibits also a larger 
tilt angle in the dimer and similar to the X-ray struc-
ture found in the monomer. TM6 exhibits some differ-
ences between the monomer and the dimer, but most 
importantly, holds the largest asymmetry between 
subunit A and B within all TM helices both in tilt and 
kink angles. Such large effects may be due to the 
proximity of TM5 and TM3 and mainly of the C2 loop, 
and the asymmetry caused by the different conforma-
tion of the C3 loop reported above (see Figure 1 B). 
The remaining helices show non-negligible differences 
between the single monomer and the dimer that might 
be associated to the changes in helices TM3-6. It is 
interesting to observe that there is, in general, a bet-
ter agreement between the crystal structure and the 
structure from the dimer simulation than for the 
monomer one, suggesting that the anti-parallel ar-
rangement in the X-ray structure resembles some of 
the interactions present in the dimer. 

The dimer interface 

Time-evolution of the interaction energy between sub-
units A and B along the MD trajectory shows that the 
structures optimize their contact surface in the first 60 
ns. The average interaction energy during the last 40 
ns of simulation –time when it has reached a steady 
value- is around -500 kJ/mol, with a Coulombic con-
tribution of -73 ± 6 kJ/mol and a Lennard-Jones (LJ) 
contribution of -426 ± 8 kJ/mol. While the first term 
accounts for the electrostatic interactions or hydrogen 
bonds, the second one reflects basically the dispersion 
contribution and can be used to evaluate the contact 
surface between monomers. Not surprisingly, present 
results indicate that the LJ contribution is basically 
responsible for the subunit-subunit interactions and it 
is almost 6 times larger than the electrostatic interac-
tions. Figure 5 A displays the minimum distance be-
tween every residue in each subunit and any residue 
in the complementary one during the last 40 ns of 
simulation. The plot provides a first approximation of 
the regions and specific residues exhibiting important 
contributions to the stability of the dimer complex. 
The shortest distances are observed for the TM4, C2 
and TM5 regions, but also for the cytoplasmic side of 
TM3 and the ends of E2. Additionally, other segments 
including parts of NT, C1, TM2, TM6 and CT are also 
close to the other subunit, although it will be shown 
below that these contacts are occasional. Figure 5 B 
monitors in more detail which specific residues form 
the closest contacts within the TM4-C2-TM5 region. 

 
In order to get a better insight onto the nature 

of the subunit-subunit mutual dependence both, the 
interaction energies between different protein regions 
-including TM3, C2 TM4, E2 and TM5 motifs- and spe-
cific residue-residue hydrophobic contacts or hydrogen 
bonds were analyzed during the last 40 ns of the tra-
jectory. Average energies of interaction considering 
the different contributions are reported in Table 3, and 
the percentage of time that specific hydrophobic con-
tacts and electrostatic interactions are observed along 
the trajectory are shown in Tables IV and V, respec-
tively. A cutoff of 0.4 nm was used as criterion to con-
sider the presence or not of an interaction/contact 
between residues. An additional threshold of 0.3 nm 
was used to discriminate direct hydrogen bonds from 
water mediated ones.  

 
Regarding hydrophobic contacts, they basically 

involve residues with aromatic and bulky aliphatic side 

chains, although aliphatic regions of some polar side 
chains also make a contribution and have been con-
sidered. Only seven residues: N145, F146, F159, 
M163, W175, N199 and Y206 were identified to inter-
act with their counterparts in the complementary sub-
unit during more than 50% of the trajectory analyzed 
(see Table 4 A). All residues except N145 and N199 
are displayed in Figure 1 A, where it can be observed 
that they are evenly distributed along the subunit-
subunit interface. Some of these interactions had been 
already characterized in the original AFM based 
model22 or have more recently been reported in a re-
fined structure.27 Moreover, additional experimental 
evidence from site-directed mutagenesis on the in-
volvement of W175 and Y206 in such interactions has 
recently been released.24 However, other residues like 
N145, F159 and M163 were not within 0.4 nm in the 
original model, pointing to that in a long enough sam-
pling the system is able to form/optimize novel inter-
actions. Interestingly, the contact between the two 
M155 reported in the refined structure was not ob-
served in the present simulation, in agreement with 
the original model. Six pairs of additional crossed A-
B/B-A interactions in both monomers including resi-
dues I133, F146 R147, H152, M155, V162, V173, 
W175, I214 and S202 were identified (see Table 4 B). 
Similarly as described above, all pairs except F146-
H152 and W175-S202 were not evident in the original 
or in the refined model. The remaining interactions are 
listed in Table 4 C and appear to be related to the 
conformations adopted by each subunit. Interestingly 
in both, the TM3-C2-TM4 and TM4-E2-TM5 regions, 
the B-A interactions are exhibited by residues with 
smaller sequence numbers than A-B interactions. Fi-
nally, no contacts involving the CT remain stable for at 
least half of the trajectory analyzed, suggesting that 
despite the CT of one subunit can be close to the other 
(see Figure 5), this happens only occasionally because 
of the large motions of the segment. This suggests 
that they do not play an important role in the dimer 
stabilization. 

 
The analysis of the LJ contribution to the inter-

action energy between different motifs (see Table 3 
A), permits the identification of the region C2(A)-
C2(B) as the most important according to the large 
number of contacts between residues identified in this 
loop (see Table 4 A). Moreover, with a smaller number 
of contacts, the interaction E2(A)-E2(B) exhibits the 
second largest energy with a stacking between the 
two W175 residues as a relevant interaction. Finally, 
TM4 and -in a less extent- TM5 are involved in a num-
ber of significant interactions with different segments 
of the protein. The interaction energy computed for 
segments C2(A)-C2(B) and E2(A)-E2(B) reaches 
steady values when the distance between subunits has 
been stabilized, as soon as in 10 ns (see above). On 
the contrary, the remaining interactions require longer 
simulation times for a fully optimization of the con-
tacts, suggesting that the strong C2(A)-C2(B) and E2-
E2(B) interactions might drive the dimer formation 
with the optimization of the contacts involving helices 
TM3, TM4 and TM5 in a second step. This hypothesis 
is consistent with the multi-step mechanism for 
rhodopsin association obtained from recent coarse-
grained simulations.60 

 
In regard to charge-charge interactions or hy-

drogen bonds as specific contributions to the electro-
static term,  the percentage of time that they are ob-
served along the simulation is small in all the cases, in 
agreement with the small electrostatic values shown in 
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Table 3 B. The interactions in Table 5 include charge-
neutral and neutral-neutral side chain interactions as 
well as side chain-backbone hydrogen bonds. Addi-
tionally, the differences when using a cutoff of 0.3 or 
0.4 nm indicates that most of them are water medi-
ated. The only common direct interactions observed 
involve the two Y206 and T198 smapled only during a 
10% of the trajectory. Interestingly, all residues in-
volved are located in loops, at the lipid/water interface 
of the neighboring TM helices or at the CT. When the 
analysis is extended to include water mediated hydro-
gen bonding, W175-N199, G174-S202 and N145-
R147 are the interactions with the longest time of oc-
currence, although they do not exhibit as a whole, a 
symmetric behavior in the two subunits. The lack of A-
B/B-A common list of interaction suggests that the 
formation of intra-subunit hydrogen bonds occurs only 
as a result of the existence of neighboring hydropho-
bic contacts. Most of the hydrogen bonds involve resi-
dues 142-149 at C2 and 173-176/196-199 at E2. The 
first are associated mainly to the hydrophobic contacts 
N145-N145, F146-F146 and F146-R147, while the 
second to W175-W175 and N199-N199 (see Table 4 
A). There is not a perfect agreement between the hy-
drogen bonds found here and those reported from a 
refined structure27,43 except for the C2-CT ones, sup-
porting the secondary role of these interactions rela-
tive to the different hydrophobic contacts formed. 
Therefore the most relevant electrostatic contribution 
to the interaction energy corresponds to de segments 
C2(A)-C2(B) and E2(A)-E2(B), consistent with the 
larger presence of hydrophilic residues out of the TM 
segments (see Table 4) although TM3-TM4, TM5-TM5 
and TM4(A)-C2(B) pairs exhibit also a small contribu-
tion. However, the values reported in Table 5 account, 
in most cases, more for the mere proximity of back-
bones than two the specific side-chains interactions in 
Table 3).  

 
These results indicate that the dimer is stabi-

lized mainly by the dispersion energy accounting for 
hydrophobic contacts, although there is a small con-
tribution from the electrostatic term due to the inter-
actions between loops or helix ends. Analysis of the 
total interaction energy points to TM4 as the centre of 
the dimer complex since it exhibits interactions with 
all the motifs studied. The relevance of the preceding 
results is that they support the previous indications of 
asymmetry in the rhodopsin dimer.44 It is interesting 
the remarkable asymmetry in the dimer structure as 
clearly suggested from the analysis of the interactions, 
otherwise more symmetric matrices would be listed in 
Tables III, IV and V.    

Lipid-protein interactions 

Time evolution of the Coulomb and the Lennard-Jones 
(LJ) contributions to the lipid-protein interaction en-
ergy were investigated along MD trajectories using a 
cutoff of 1.0 nm for both of them. The results are 
shown in Figure 6, where energies are normalized to 
the number of proteins per system for the sake of 
comparison. Time evolutions exhibit a small but con-
tinuous energy drop and only the LJ term reaches a 
steady value after 65 ns, whereas that the Coulombic 
term has not converged in 100 ns. This indicates that 
the extension of the simulations to longer time-scales 
can help lipids in adapting to the protein surface and 
its specific electrostatic features.42 The present simula-
tions point to a strong interaction between the protein 
and lipids both in the single monomer and in the 
dimer. The magnitude of the LJ contribution is much 

larger than the electrostatic one, with a difference 
between these terms of about -1500 kJ/mol after 100 
ns. Since this value is already smaller than reported 
for shorter simulations (-2200 kJ/mol after 20ns), one 
can expect it to be even smaller for longer times. 
Therefore, present results suggest that the electro-
static term exhibits a tendency to grow in longer 
simulations. However, longer simulations times, which 
may provide a better convergence, are currently only 
achievable using coarse-graining methods.60 The com-
parison between the monomer and the dimer shows a 
20 % and 30 % drop in the LJ and Coulombic term 
respectively, which account for the obvious reduction 
in the available surface for protein-lipid interactions 
because of the dimer formation. In other words,  the 
association of the protein subunits compete with the 
lipids for the same hydrophobic surface.60 

 
There is experimental evidence that basic 

amino acids -lysine and arginine- or polar-aromatic 
ones -tyrosine, histidine and tryptophan- can act as 
anchoring hooks to the lipid bilayers.61,62 Therefore, 
specific lipid-protein hydrogen bond interactions be-
tween any donor in the protein and any lipid oxygen 
acceptor have been analyzed along the MD trajectory 
and are reported in Table 6. The purpose of this study 
is the evaluation of the effects of the dimer formation 
on the existence of a group of residues predicted as 
possible anchoring points of rhodopsin to the lipid bi-
layer for a single monomer.42 

 
A radius of 0.4 nm permitted the identification 

of direct as well as water mediated hydrogen bonds. 
Table 6 shows those interactions that are present in at 
least 50 % of the snapshots analyzed in any of the 
monomers. It can be seen that residues W35, K66, 
R69, Y96, T108, Y136, Y223, R252, Y274 and K339, 
proposed as anchoring points in a previous work,42 are 
present in the table. However, residue H152, reported 
also in that work, is not involved in lipid protein inter-
actions due to its location at the protein-protein inter-
face and even participating in contacts between sub-
units (see Table 4). Furthermore, the remaining resi-
dues listed in Table 6 have also been previously de-
scribed to participate in lipid-rhodopsin interactions in 
DPPC or other model bilayers, although the interac-
tions were not consistently observed in all the systems 
studied.42 It is possible that the longer time scales of 
the simulations reported in the present work helps in 
optimizing such interactions. The present results sup-
port that the majority of the hydrogen bonds identified 
between rhodopsin and the lipid oxygens lie in the 
cytoplasmic side as previously reported. Moreover, 
considering that the activation of GPCR involves the 
cytoplasmic loops bound to the G-proteins, present 
results suggest that the existence of specific lipid-
protein hydrogen bonds can be important to modulate 
loop conformations and in turn, for the signal trans-
duction process. While K339 has already been re-
ported to be particularly relevant regarding the inter-
actions with lipid molecules, both from experiments63 
and previous MD simulations,35 the role of the remain-
ing residues reported here and in our previous work 
still needs to be clarified.  

 

CONCLUSIONS 
In the present work we report the analysis of a 0.1 µs 
MD simulation of a rhodopsin dimer embedded in a 
DPPC bilayer. The starting structure used for the simu-
lation was retrieved from a semi-empirical model pre-
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viously reported based on AFM studies.22 The struc-
tural features of the dimer have been analyzed to-
gether with those of a single monomer by comparing 
these results with those of a parallel calculation of a 
0.1 µs trajectory of a rhodopsin monomer in the same 
environmental conditions and protocol. Furthermore, 
dimer interface has been studied by characterizing the 
regions and residues that play the most important role 
for the stability of the dimer. The work makes use of 
the possibilities of MD as a tool to provide a refined 
relaxed structure of the dimer.  

 
Measurements of the rmsd of the Cα skeleton 

in regard to the starting structure provides the image 
that the tertiary structure achieves a steady state 40 
ns after the beginning of the simulation, whereas the 
dimer achieves a steady state later, after 60 ns. After 
the MD trajectory the quaternary structure of the 
dimer does not change very much indicating that the 
original structure is preserved in the lipid environ-
ment. Moreover, the structure of each helix is con-
served except for the C3 loops and the adjacent ends 
of the neighboring helices TM5 and TM6. The analysis 
of the structural hydrogen bonds that are responsible 
for the secondary structure show not many differences 
between the structure of the monomer and the two 
units of the dimer. However, helices TM3, TM5 and 
TM6 appear shorter in each of the sub-units of the 
dimer in regard to the monomer structure. Salt 
bridges are basically the same as observed in the 
monomer, although dimerization generates new ones, 
and specifically, a few that are associated with the 
electrostatic lock pointed as being involved in activa-
tion of GPCRs. 

 
The most important subunit-subunit interac-

tions in the dimer involve loops C2 and E2, and follow-
ing these TM4 and TM5 although less important. 
Analysis of the subunit-subunit interface permitted to 
identify those residues responsible for the stability of 
the quaternary structure of the dimer. Interestingly, 
the analysis of the interaction energy shows that the 
dimer is mainly stabilized by the dispersion term, 
which accounts for hydrophobic contacts, although 
there is a small contribution due to the electrostatic 
term from interactions between loops or helix ends. In 
general, electrostatic interactions do not seem to play 
an important role in the dimer interaction and the lack 
of symmetrical A-B/B-A interactions suggest that the 
formation of intra-subunit hydrogen bonds occurs only 
as a result of the existence of neighboring hydropho-
bic contacts. 

 
The analysis of the structure points to a certain 

asymmetry in the quaternary structure of the dimer 
due to the different conformation of the loops C2, C3 
and E2 in the two subunits, creating subtle differences 
in the sidechain interactions between subunits and 
ultimately altering some tilt and kink angles. In regard 
to the lipid-protein interactions, the analysis carried 
out reflects the same features as previously reported 
from the monomer simulations. 

 
Finally, the present results are in reasonable 

agreement with those obtained previously from a 45 
ns simulation,44 despite the different model membrane 
used (DPPC vs. POPC), a different chose of the crystal 
structure (1GZM vs. 1L9H) fitting the two subunits of 
the dimer model, the presence of a physiologic NaCl 
concentration here and the use or not of an all-atom 
forcefield (OPLS-AA vs. GROMACS). As more reports 
are available there is additional support for the ro-

bustness of the present methodology, although a lar-
ger knowledge of the specific details of the protocols 
are needed to avoid possible artifacts produced during 
the simulations. 
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Table 1 - Salt bridges observed in each of the rhodopsin molecules (mon: single monomer, sub A/B: dimer 
subunits A or B). The four columns of the left identify the residue and its location in each subunit, whereas 
those on the right indicate the percentage of time that the interaction is found in the different rhodopsin mole-
cules during the last 50 ns of the simulation. Results in italic correspond to the most important interactions ob-
served in all molecules. Additionally those residues underscored indicate that at least one of the residues of a 
pair has described as involved in the so-called electrostatic lock between the cytoplasmic sides of helices TM3 
and TM6.58 

 

- residue   +residue  mon sub A sub B
E 5 NT  R 177 E2 98 87 20 
E 25 NT  R 21 NT 13 88 26 
E 113 H3  K 296 H7  100 85 81 
E 134 H3  R 135 H3  99 100 100
E 134 H3  R 147 C2   45
E 150 H4  R 147 C2 58 85  
D 190 E2  R 177 E2  100 100 100 
E 197 E2  R 177 E2   29 
E 232 C3  K 231 C3 18  20 
E 232 C3  K 248 H6  93 99 
E 232 C3  R 252 H6  31 18 
E 239 C3  K 141 C2 94   
E 239 C3  K 245 H6  62 18 
E 239 C3  K 248 H6  45 22 
E 239 C3  R 252 H6  100  
E 247 H6  R 135 H3  100 84 94
E 247 H6  R 147 C2 8  45
E 249 H6  K 245 H6 87  38 
E 249 H6  R 252 H6  100 79 62 
E 249 H6  K 311 H8   13 
E 249 H6  R 314 H8   70 
D 282 E3  K 16 NT   11 
D 330 CT  K 311 H8   98 
D 330 CT  R 314 H8  99 100 
D 331 CT  K 311 H8 38 92 79 
E 332 CT  K 311 H8 19   
E 341 CT  K 66 C1 49  84 
E 341 CT  K 67 C1  48 18 
A 348 CT  R 147 C2   25 
A 348 CT  K 245 H6   24 
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Table 2 – Average TM helix tilt and kink angles (in degrees) for the last 50 ns of trajectory (see methods for 
details). X-ray: crystal structure 1GZM, mon: single monomer, sub A/B: dimer subunits A or B. 

 

tilts TM1 TM2 TM3 TM4 TM5 TM6 TM7 

X-ray 23    17  27 12  26 16    20   

mon 20 ± 1 18 ± 1 24 ± 1 16 2 1 23 ± 1 11 ± 2 18 ± 2 

sub A 27 ± 1 20 ± 1 28 ± 1 7 1 1 27 ± 2 18 ± 1 21 ± 1 

sub B 26 ± 1 21 ± 1 29 ± 1 8 1 1 28 ± 2 22 ± 1 24 ± 1 

                      

                      

kinks TM1 TM2 TM3 TM4 TM5 TM6 TM7 

X-ray 13    25  0 9  37 26    20   

mon 5 ± 3 11 ± 3 5 ± 2 19 ± 3 56 ± 4 23 ± 4 18 ± 3 

sub A 14 ± 3 19 ± 3 8 ± 3 12 ± 3 37 ± 3 27 ± 3 21 ± 4 

sub B 16 ± 3 16 ± 4 5 ± 2 12 ± 3 38 ± 3 21 ± 3 24 ± 4 
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Table 3 – Contributions to the interaction energy between monomers of different parts of each subunit during 
the last 50 ns of simulation. Panels A) and B) display the LJ and the electrostatic interactions, respectively, 
whereas C) is the sum of them. The grey boxes indicate the interactions between a motif and the same coun-
terpart.  

 

A 

LJ TM3 (B) C2 (B) TM4 (B) E2 (B) TM5 (B) 

TM3 (A)       -5.2 ± 2.1 -48.1 ± 7.5      

C2 (A) -0.7 ± 0.3 -90.4 ± 14.0 -20.6 ± 14.2      

TM4 (A) -21.4 ± 6.1 -34.4 ± 12.3 -17.2 ± 3.7 -8.0 ± 4.4 -59.1 ± 11.5 

E2 (A)      -5.2 ± 2.0 -57.7 ± 12.1 -7.5 ± 3.3 

TM5 (A)      -26.8 ± 5.9 -20.5 ± 6.4 -5.7 ± 2.3 

 

B 

EL TM3 (B) C2 (B) TM4 (B) E2 (B) TM5 (B) 

TM3 (A)         -8.6 ± 4.2      

C2 (A)    -29.7 ± 16.0 -0.8 ± 1.3      

TM4 (A) -7.4 ± 8.0 -7.0 ± 11.9           

E2 (A)        -12.6 ± 12.3    

TM5 (A)          -1.3    4.4  

                

 

C 

TOT TM3 (B) C2 (B) TM4 (B) E2 (B) TM5 (B) 

TM3 (A)       -5.2 ± 2.1 -56.7 ± 11.6      

C2 (A) -0.7 ± 0.3 -120.1 ± 30.0 -21.4 ± 15.5      

TM4 (A) -28.8 ± 14.1 -41.4 ± 24.1 -17.2 ± 3.7 -8.0 ± 4.4 -59.1 ± 11.5 

E2 (A)      -5.2 ± 2.0 -70.3 ± 24.4 -7.5 ± 3.3 

TM5 (A)      -26.8 ± 5.9 -20.5 ± 6.4 -7.0 ± 2.3 
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Table 4 – Hydrophobic contacts between subunits during the last 50 ns, using a cutoff of 0.4 nm. The columns 
on the left hand indicate the residues and their location and those on the right the percentage of time the in-
teraction is found. The interactions not observed in more than 50% of the trajectory analyzed are not shown. 
A) Interactions between the same residues in both subunits B) crossed interactions observed in both subunits 
C) specific interactions of each subunit with the other. 
 

A           B          
residue 1   residue 2   A-B B-A  residue 1 residue 2  A-B B-A

N 145 C2  N 145 C2  54 54  I 133 TM3  M 155 TM4   93 98
F 146 C2   F 146 C2   100 100  F 146 C2 R 147 C2  98 100
F 159 TM4  F 159 TM4  95 95  F 146 C2  H 152 TM4   98 77
M 163 TM4  M 163 TM4  97 97  V 162 TM4 I 214 TM5  74 100
W 175 E2   W 175 E2   100 100  V 173 TM4  S 202 TM5   100 67
N 199 E2   N 199 E2   95 95  W 175 E2 S 202 TM5  77 93
Y 206 TM5  Y 206 TM5  77 77            

 
 
C                     
residue 1  residue 2  A-B B-A  residue 1  residue 2   A-B A-B
V 137 TM3   F 146 C2     88  P 170 TM4 W 175 E2  7 63
W 126 TM3  F 159 TM4  86 2  V 173 TM4  N 199 E2   58   
I 133 TM3  H 152 TM4  70 4  F 159 TM4  M 163 TM4   5 98
Y 136 TM3  N 151 TM4  97   N 151 TM4 F 221 TM5   93

 H 152 TM4   100  V 218 TM5   93
V 137 TM3  M 155 TM4   84  F 221 TM5   91

 N 151 TM4   100  M 155 TM4 C 222 TM5   51
C 140 TM3  H 152 TM4   100  F 159 TM4 I 214 TM5   65

  R 147 C2     91  V 209 TM5   70
P 142 C2  F 148 C2   95  V 162 TM4   98

 S 144 C2   70  M 163 TM4 V 210 TM5  2 56
 N 145 C2   74  Y 206 TM5  12 93
 F 146 C2   61  A 166 TM4 V 210 TM5  49 93

M 143 C2  R 147 C2  21 79  P 170 TM4 S 202 TM5   84
 F 146 C2  100 4  V 173 TM4  I 205 TM5   98 46
 R 147 C2  98 2  G 174 E2  91 7 

N 145 C2   56   W 175 E2 N 199 E2   100
F 146 C2   F 148 C2   83 16  E 197 E2 T 198 E2  58 16

 G 149 TM4   100  T 198 E2  N 199 E2   58 26
 E 150 TM4   61  G 174 E2 S 202 TM5  93 26

P 142 C2  H 152 TM4   91  W 175 E2 Y 206 TM5  100  
 G 149 TM4  60   N 200 TM5  58  
 N 151 TM4  79   N 199 E2  S 202 TM5   51   

M 143 C2  H 152 TM4  56             
N 145 C2   G 149 TM4   65              
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Table 5 – Hydrogen bond interactions between subunits within a cutoff of 0.4 nm and 0.3 nm, accounting for 
direct and water mediated interactions, respectively. The columns on the left hand indicate the residues and 
their location and those on the right the percentage of time the interaction is found. 

 

       0.3 nm 0.4 nm

residue 1  residue 2 A-B B-A A-B B-A

Y 136 TM3   N 151 TM4        7 

P 142 C2   R 147 C2  2   11  

 F 146 C2     2 
N 145 C2 

  R 147 C2    4   30

  P 347 CT      4  
S 144 C2 

 16  17  

N 145 C2   
A 348 CT

     9   

N 145 C2  G 149 TM4     5 

N 151 TM4   Q 225 TM5        2 

V 173 TM4   S 202 TM5      8 10

G 174 E2   W 175 E2       15

 E 196 E2    2  
W 175 E2 

 5  47  

S 176 E2  
N 199 E2

   2  

E 196 E2      2 

E 197 E2   5  23

 

T 198 E2

9 9 12 12
T 198 E2 

  N 199 E2      3 5 

G 174 E2      6 5 42

W 175 E2   
S 202 TM5

     3   

Y 206 TM5  Y 206 TM5 10 10 11 11
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Table 6 – Residues interacting with the lipid oxygens during the last 50 ns of simulation. The first three col-
umns display the residue type, name and location and the last two show the percentage of time that the inter-
actions are observed. Interactions observed less than half of the trajectory analyzed in the two monomers 
have been omitted.  

 

residue A B 

R 69 C1 100 100

R 252 TM6 94 100

R 314 sH8 80 14

K 66 C1 97 89

K 231 C3 19 78

K 325 CT 100 83

K 339 CT 100 100

H 278 E3 98 11

W 35 TM1 88 76

Y 60 TM1 16 55

Y 74 TM2 88 94

Y 96 TM2 90 87

Y 136 TM3 100 55

Y 223 TM5 64 7 

Y 274 TM6 99 93

T 108 TM3 43 92

T 340 CT 98 0 
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Figure 1 A – Rhodopsin structures after 100 ns of simulation. The rhodopsin single monomer is displayed in 
blue and the dimer subunits A and B are coloured in green and orange, respectively. A) Trace of the dimer ar-
rangement oriented showing TM4(A) and TM5(B) at first sight; hydrophilic residues interacting with the same 
residue of the pair of the other subunit are shown. B) Trace superposition of the single monomers and the 
subunits A and B of the dimer. The insets show a zoom of regions close to loops C2 (126-162) and C3 (220-
250), respectively. 
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Figure 2 – A) Time evolution of the root mean square deviations (rmsd) for the rhodopsin monomers and for 
the dimer (excluding the CT residues 322-348). The values shown are a running average over 1 ns. B) Root 
mean square deviations from the initial structure; the bottom panel displays the cumulative deviations. The 
values shown are a running average over 5 residues. C) Root mean square fluctuations of the α-carbons com-
puted from an average structure over the last 50 ns. 
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Figure 3 – Time evolution of the number of backbone intra-helical interactions in each rhodopsin molecule 
(monomer and dimer subunits). 
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Figure 4 - Time evolution of the subunit-subunit and TM4/TM5(A)-TM4/TM5(B) distances. The dotted lines in-
dicate the distance in the starting structure. 
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Figure 5 – Minimum distance between residues of subunits A/B with the corresponding subunit A) for the 
whole subunit B) for the segment TM3-C2-TM4-E2-TM5. The arrows point residues in Tables DI A and B. 
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Figure 6 – Time-evolution of the Coulomb and LJ lipid-protein interactions normalized to the number of pro-
teins per system. 
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Effect of Ions on a Dipalmitoyl Phosphatidylcholine Bilayer. A Molecular Dynamics
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The effect of physiological concentrations of different chlorides on the structure of a dipalmitoyl
phosphatidylcholine (DPPC) bilayer has been investigated through atomistic molecular dynamics simulations.
These calculations provide support to the concept that Li+, Na+, Ca2+, Mg2+, Sr2+, Ba2+, and Ac3+, but not
K+, bind to the lipid-head oxygens. Ion binding exhibits an influence on lipid order, area per lipid, orientation
of the lipid head dipole, the charge distribution in the system, and therefore the electrostatic potential across
the head-group region of the bilayer. These structural effects are sensitive to the specific characteristics of
each cation, i.e., radius, charge, and coordination properties. These results provide evidence aimed at shedding
some light into the apparent contradictions among different studies reported recently regarding the ordering
effect of ions on zwitterionic phosphatidylcholine lipid bilayers.

Introduction

Biological membranes are not only essential for cell integrity,
providing a barrier between the interior and the exterior of a
cell, but also as a matrix and support for many types of proteins
involved in important cell functions. Moreover, growing ex-
perimental evidence regarding the importance of the lipid
membrane on protein function has recently attracted the interest
of the scientific community.1 However, the current knowledge
about biological membranes is still scarce, due to the difficulties
associated to the experimental techniques required. The present
view of the membrane is based on the fluid mosaic model2

where proteins are distributed in regions of biased composition
with varying protein environment.

Atomistic molecular dynamics (MD) simulations of lipid
bilayers provide a detailed microscopic picture of the interactions
and processes in biological membranes that are not accessible
by experimental methods. Still, the complexity of real mem-
branes, containing many different proteins, lipids, and other
molecules, are not affordable presently for atomic scale model-
ing. For this reason, the study of model one-component model
lipid bilayers have been the focus of attention of a large number
of reports published in recent years, which have been pivotal
in order to provide new insights into this subject.3-9 The
increasing computer power in recent years has offered the
possibility to study more complicated systems such as phos-
pholipid mixtures10-12 and/or the inclusion of other compounds
such as cholesterol13-15 or ions.16-22

Since membranes at physiological conditions are in contact
with electrolyte solutions, their specific interactions with ions
are a matter of substantial interest.23 Experiments performed in
the last few decades show that ions play an essential role not
only in the structure, dynamics, and stability of membranes but
also for the binding and insertion of proteins, membrane fusion,
and transport across membranes.24-35 The specific binding of

ions to lipid bilayers has been studied in a variety of systems
including both negatively charged and zwitterionic lipids. For
charged lipids, the obvious role of ions is to compensate for
the lipid charge.36,37 However, several studies have confirmed
that ions interact in an analogous way as in zwitterionic lipid
bilayers.18-22

Despite experimental evidence that ions may alter the
structural properties of lipid bilayers,38,39 the difficulties associ-
ated with precise experimental determinations still leave ques-
tions open. Thus, in a recent study of ion binding to a
phosphatidylcholine (PC) bilayer the authors showed that certain
ions, including different divalent ones and Li+, affect the gel
to liquid-crystal transition.40 In recent heat capacity measure-
ments, the authors provided evidence that Na+ reduces the area
per lipid in bilayers of zwitterionic PC bilayers.21 Similarly, in
a recent study, the differences observed in the nanomechanical
properties of lipid bilayers with different electrolytes could only
be explained as due to the increased lipid ordering originated
by ion binding.41 Finally, in a recent X-ray diffraction study
it was found that K+ ions do not alter the structure of
PC bilayers,42 showing an apparent differential behavior of
potassium.

MD simulations of lipid bilayers with ionic solutions show
that ions reduce the area per lipid for negatively charged
lipids16,17,37,43as well as for zwitterionic ones.18,21,22Moreover,
in a very recent MD study on ion penetration into PC bilayers
almost no stable binding of K+ ions to the lipid groups was
observed, although the use of various force-fields yields different
results.44 The aim of this work is to understand the effect of
different ions on the properties of the lipidic membrane and to
analyze the differential behavior due to charge and size. For
this purpose, eight 40 ns MD simulations of DPPC bilayers have
been performed with a 0.2 M concentration of XClN, where X
) Li+, Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+, and Ac3+, and N is
the cation charge. Despite the lack of biological interest in
lithium, strontium, barium, and actinium, they were included
to cover a larger range of ion parameters. Additionally, the effect

† Technical University of Catalonia (UPC).
‡ Royal Institute of Technology (KTH).
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of electrolyte concentration was tested by performing simula-
tions with NaCl and KCl at 1 M concentration. The effects of
the different ions were compared with a simulation of a pure
DPPC bilayer in water that was used as reference. Present results
indicate that ions Li+, Na+, Mg2+, Ca2+, Sr2+, Ba2+, and Ac3+

bind to the head-groups of DPPC and alter structural properties
of the bilayer such as the area per lipid or the lipid head dipole
orientation. However, potassium ions behave in a different
manner, not binding to the head-groups and leaving the
properties of the bilayer close to those of a bilayer in pure water.
These results are consistent with all the experimental evidence
available in the literature. However, because of the different
results for potassium obtained in previous MD simulations,
attributable to the force-field,44 it cannot be excluded that, using
a different force-field or longer simulation times, ions could
penetrate the head-group without affecting structure and area
per lipid of the bilayer. Further investigation of the effects of
ion parameters to be used in simulations with lipid bilayers is
needed.

Methods

Molecular Dynamics Simulations.All computer simulations
were performed using the parallel version of the GROMACS
3.2 package.45,46Each system was subject to periodic boundary
conditions in the three coordinate directions. The temperature
was kept constant at 323 K (well above the gel/liquid crystalline
phase transition temperature of 314 K) using separate thermo-
stats for lipids, water, and ions.47 The time constant for the
thermostats was set to 0.1 ps except for water, for which a
smaller value of 0.01 ps was used. The pressure was kept at
0.1 MPa in the three coordinate directions using independent
Berendsen barostats with a time constant of 1.0 ps.47 A flexible
cell geometry was chosen with the use of the NPT ensemble
since other commonly used ones such as the NVT or the NPz-
AT inherently fix the area per lipid.19,48,49 The equations of
motion were integrated using the leapfrog algorithm with a time
step of 4 fs. All bonds were kept frozen using the LINCS
algorithm.50 The bonds and the angle of the water molecules
were fixed using the analytical SETTLE method. Lennard-
Jones (LJ) interactions were computed with a cutoff of 1.0 nm,
and the electrostatic interactions were treated with the Particle
Mesh Ewald (PME) procedure.51 DPPC lipids were modeled
using a variation of the force-field parameters described in ref
4, in which LJ parameters are computed as combinations of
the single atomic ones according to the combinations rules of
the OPLS-AA implementation in GROMACS. These parameters
have been used in recent simulations of rhodopsin embedded
in DPPC bilayers52 and equally reproduce the experimental area
per lipid of pure DPPC bilayers in the liquid crystalline
phase.4,13,53Finally, ion parameters (listed in Table 1) were taken
from the OPLS-AA force-field54 currently implemented in
GROMACS, and water molecules were treated using the TIP3P
model.55 Although different ion force-fields provide different
results in specific properties,56 the choice of the ion parameters
does not appear to be critical for the purpose of the present
work. Specifically, we computed the interaction energy between
the different cation-oxygen pairs in the present work (data not
shown), concluding that, first, differences in the cation-oxygen
interactions for any oxygen type in the most commonly used
force-fields are small, and second, the preceding differences for
a specific cation are smaller than those between different cations.
This suggests that cation-oxygen interaction energies follow
the same trend independently of the parameters chosen even if
combining different force-fields.

Starting Simulation Boxes. Binding of cations to a PC
bilayer, starting from a random distribution of cations in the
solvent, requires long simulation times since ions have to reach
the water/lipid interphase region, a process that occurs in several
tens of nanoseconds for some ions.22 With the aim of saving
computer time, the starting boxes for the different simulations
of the present work were generated from a previous simulation
of a pure DPPC bilayer with water and sodium chloride.52 This
system contained 256 lipids,∼17 000 water molecules, corre-
sponding to a hydration of 66 waters per lipid, and 61 sodium
and 61 chloride ions, giving a concentration of sodium chloride
of about 0.2 M. This box was generated in a simulation where
electrostatic interactions were treated by using a twin cutoff of
1.0/1.8 nm and charge groups distributed in a way known to
give artificially small areas in bilayers without ions.53,57,58This
procedure allows measurement of steady values for the area per
lipid in less than 25 ns since the binding of cations to the lipid
head-groups also reduces the area per lipid. This idea is
supported by the fact that when ions are placed using a potential-
based function, steady values of the area per lipid are obtained
much faster than when using a random placing.59 The initial
size of the simulation boxes was 8.1× 8.1× 12.7 nm3 (XYZ),
the first two dimensions being those of the bilayer plane which
corresponds to an area of 0.51 nm2 per lipid.

Starting from the DPPC box containing 0.2 M NaCl, the
remaining boxes with the same ion concentration were generated
by replacing the sodium ions with the other cations. Moreover,
the starting system containing NaCl is not in equilibrium when
performing the simulations using the PME method. In the
systems with divalent and trivalent ions, 61 or 122 water
molecules were replaced by chloride ions to obtain an electro-
neutral system. In the case of the simulations of NaCl and KCl
at 1 M, 486 additional water molecules were substituted by 243
sodium and 243 chloride ions. In both cases, the ions were
located at the most electrostatically favorable positions, using
the GENION program from the GROMACS toolbox.

Results and Discussion

The present simulations show that with the exception of KCl,
the rest of the systems exhibit the ions distributed in a double
layer where the cations are closer to the bilayer than the chloride
ions, generating a dipole in opposition to the one produced by
the lipid head-groups. Moreover, cations are actually bound to
the carbonyl or to the phosphate oxygens of the polar head-
groups, whereas ions not bound are uniformly distributed in
the water phase. Ion binding to the lipid molecules has effects
on lipid order and results in a different charge distribution
compared to the system with no electrolyte. Systems containing

TABLE 1: Cationic Properties in the Present Study

ion
*σ

(nm)a
*ε

(kJ/mol)a
rdf cutoff

(nm)b
est. radii

(nm)c

Li + 0.2126 0.0765 0.27 0.071
Na+ 0.3330 0.0116 0.31 0.103
K+ 0.4935 0.0014 0.36 0.143
Mg2+ 0.1644 3.6636 0.24 0.070
Ca2+ 0.2412 1.8826 0.30 0.103
Sr2+ 0.3103 4.9499 0.34 0.119
Ba2+ 0.3817 0.1972 0.33 0.141
Ac3+ 0.3473 0.2261 0.33 0.119

a OPLS Lennard-Jones parameters with Gromacs version 3.2 used
for the cations (file ffoplsaanb.itp).b Largest cation-oxygen distance
for a water molecule in the first coordination shell taken from oxygen/
cation RDF.c Estimate of the ionic radii is given as the position of the
first peak of the oxygen/cation rdf less 0.137 nm (see text).
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KCl exhibit a differential behavior, showing no binding of
potassium ions to the lipid head-group oxygens. A detailed
analysis of these results is discussed below.

Figure 1 displays the time evolution of the area per lipid for
the different simulations. The plot on the top displays the
different systems with a 0.2 M saline concentration, whereas
the one on the bottom shows a comparison of the simulations
performed at 0.2 and 1 M concentration of sodium and
potassium chlorides. As can be seen, in all cases the area per
lipid reaches a plateau within 25 ns of simulation, indicating
that the protocol used (see Methods) provided steady values
for the areas much faster than usually required. The key point
of the methodology used in the present work is to use a box of
a DPPC bilayer and a 0.2 M NaCl aqueous solution generated
using a cutoff to treat long-range interactions. In this conditions,
ions,18 similarly to special group charges, artificially enhance
lipid order.58 Figure 2 shows the time evolution of the average
number of ions bound per lipid, showing that, with the exception
of the LiCl system, this parameter reaches a steady state within
5 ns. In the case of LiCl, the much longer simulation time
required is related to the special behavior of the system, in which
virtually all ions are bound to the bilayer at the end of the
trajectory. This figure also shows that in the case of 1 M NaCl,
as well as in the two simulations of KCl, the number of ions
bound to the membrane decrease with time. This supports that
the procedure used is robust enough to release the excess ions
produced when sodium cations are mutated to different ones
(see Methods). In contrast, Figure 3 displays the time evolution
of the average number of lipids per ion, indicating that the
system is not completely equilibrated for some polyvalent ions.
Indeed, the equilibration process requires lateral rearrangement
of lipids which is a rather slow process22 that has not yet
converged in the present calculations. For this purpose, larger
calculations are required that are beyond the scope of the present
report.

Preferred Ionic Locations. Before discussing the effects of
the ions upon the DPPC bilayer, we characterize the distribution
of the important lipid head-group atoms. Plots of the number
densities for the ions, phosphorus, and nitrogens are given in
Figure 4 for systems with 0.2 M salt or no ions. The curves
show average values over the two halves of the bilayer. In Table
2 we show positions of the maxima of the distributions and the
distances between some of the maxima. The cations, except the
potassium, are concentrated in a region 1.2-2.5 nm from the

center of the bilayer. The center of the distribution is located
between the carbonyl and the phosphate oxygens of the lipids.
In contrast, the potassium ions do not show a maximum in their
distribution, suggesting that they are not bound to the bilayer.
A closer inspection of the profiles shows minor differences (less
than 0.2 nm) between the positions of the maxima in the other
cation distributions.

The chloride ions are in all systems spread over a much wider
region than the cations. There is a maximum in the distribution
(except for KCl) but this is located just below 3 nm from the
bilayer center, about 1 nm outside the maximum in the cation
distribution. For the divalent and trivalent cations, the peaks
become larger and wider with increasing charge because of the
larger number of chloride ions present in the simulations. It is
interesting to note that the chloride distribution in the system
with MgCl2 exhibits a shoulder at 2.3 nm. At this distance,
chloride ions are necessarily coordinated to the cations bound
to the membrane, suggesting a strong association between
magnesium and chloride ions. A similar behavior is observed
for the system with AcCl3. In the system with KCl, the chloride
density in the region below 4 nm from the bilayer center is
even lower because there is no cationic charge density to be
neutralized. The degree of chloride penetration to the membrane
decreases in the following order for the different cations: Mg2+

> Ac3+ > Ca2+ ≈ Sr2+ ≈ Ba2+ > Li+ ≈ Na+ > K+. Further,
the compensation of cation charge results in a stronger associa-
tion between chloride and cations when the charge of the latter
increases. As shown in Table 2, the distance between the
maxima in the cation and the chloride distributions varies
between 0.7 and 1.2 nm and indicates an inverse correlation
with the total charge bound to the lipid head-groups (see below).

Number of Bound Ions. The computed radial distribution
functions (rdf) of the water oxygens relative to the cations were
used to define ion binding. Ions closer than the cutoff distance
in column four of Table 1 were considered as bound. The first
peak of the rdf, which lies between 0.20 and 0.30 nm, depending
on ion size, contains the first coordination shell; that is, these
ions are considered as directly bound. The average number of
cations bound per lipid computed during the last 15 ns of each
simulation is shown in Table 3. All systems at 0.2 M salt
concentration except KCl and LiCl contained 0.16-0.18 bound
cations per lipid which corresponds to about 70% of the cations.
At 1 M concentration, the corresponding numbers were 0.32
and 25%. To better understand these values, two simple
estimates were performed considering the coordination proper-
ties of each ion type reported. First, a lower limit was obtained
considering the average number of lipids per ion computed from
the simulations and assuming that a lipid can only be part of
the first or the second coordination shell of only one ion at a
time. Similarly the maximum number of ions that a bilayer can
bind can be determined by dividing the number of lipid oxygens
in the system by the average number of lipid oxygens participat-
ing in both the first and the second coordination shell. In all
cases, the actual values in the simulations are within, or close
to, the limits obtained from these approximations.

In the simulations performed at 0.2 M salt concentration, the
largest number of lipid bound cations was found for LiCl.
Further, the number of bound ions decreases with increasing
radius for the single charged (alkali) ions. Contrary to this, the
number of bound divalent and trivalent ions is almost equal,
independent of the radius. The simulations performed at 1 M
salt concentration still show no potassium binding while the
number of bound sodium ions almost doubles due to the fivefold
increase of total ionic concentration. This suggests that the ion

Figure 1. Time evolution of the area per lipid for the simulations with
0.2 M salt concentration and for the simulations with 0.2 and 1.0 M
concentration of either NaCl or KCl. The curves are running averages
over 2 ns. The straight dotted lines indicate the average area per lipid
of the salt-free system.
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binding is concentration dependent, although saturation can be
achieved. As seen from Table 3, the maximum number of bound
ions in the present simulations occurs with 1 M NaCl and is
about one cation per three lipids. Even if we are starting to see
saturation, it is still possible that this number could be slightly
increased with salt concentrations beyond 1 M. The maximum
bound positive charge per lipid is observed for 0.2 M AcCl3

(about 0.5). Since we have not performed simulations with the
divalent and trivalent ions at higher concentrations, we could
not exclude that even more charge could bind to the membrane
under such conditions. The present results also suggest that the
bilayer might accommodate a larger number of lithium ions
since they are smaller and bind in larger amounts to the bilayer
at 0.2 M concentration. Moreover, it is also clear from the results
for divalent and trivalent ions that the amount of charge provided
by the monovalent ions is not limiting their binding.

Charge Distributions. The number density distributions of
the phosphorus and the nitrogen atoms of the PC moiety are
shown in Figure 4. The location of these atoms is crucial for
the structure of the lipid bilayer. The distance between the peaks
of these distributions directly reflect the tilt of the main part of
the head-group dipole. A smaller contribution comes from the
carbonyl dipoles. This affects directly the charge distribution
perpendicular to the membrane surface and the dipole potential
across the head-group region. The binding of cations in the lipid
head-group region has a pronounced effect on the distribution
of these groups. We observe that the maximum in the phos-

phorus density is shifted toward the water phase in the presence
of all salts except KCl, in agreement with the increase in
thickness (and decrease in the area per lipid) observed in
previous simulations of PC lipids in sodium chloride.18,21,22In
all cases, this shift is accompanied by a reduction of the peak
width, meaning that not only the bilayer thickness increases but
also the lipid head positions become more well defined. This is
related to the increased order of the system. The densities of
both nitrogens and ester carbonyl oxygens (not shown) exhibit
similar profiles as that of the phosphorus atoms and are affected
in a similar way by the presence of ions. It can be seen in Table
2 that the locations of the oxygen atoms relative to the
phosphorus are maintained in all cases. However, the presence
of ions results in sharper distributions with reduced tails toward
the water phase. The choline nitrogen distributions (Figure 4)
are, in the presence of salts other than KCl, shifted toward the
water phase (up to 0.35 nm) with the peak width relatively
unaltered. This shift and the associated change of the charge
distribution are due to the repulsive interactions between the
choline nitrogens and the cations as well as due to the attractive
forces between the anions and the PC groups.

The computed charge distributions perpendicular to the
bilayer surface are shown in Figure 5 for the salt-free system
and the systems with 0.2 M salt. Each system should, on
average, be symmetric about the center of the membrane.
Further, the existence of boundary conditions means that there
could not be an electrostatic potential difference across the

Figure 2. Time evolution of the number of ions per lipid bound to the lipid oxygen atoms.

Figure 3. Time evolution of the number of lipids per ion.
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periodic box. Therefore, the curves displayed are an average of
both leaflets. The main feature of the charge distribution is
consistent with the number densities of nitrogen and phosphorus
atoms displayed in Figure 4. The charge distribution exhibits
two regions with nonzero charge density: a negative one
provided by the phosphate groups, and a positive one to the
choline groups. Consequently, this charge distribution generates
an electric dipole which is partially compensated by an opposing
dipole generated by the polarized water molecules (see Figure
5). The result is a smooth total charge distribution, with
maximum values about(0.1 charges/nm3. Three different types
of charge distribution profiles can be identified: (1) the profile
of the bilayer and water without ions; (2) the system containing
KCl; (3) the systems with the remaining salts studied. The main
difference between these profiles lies in the presence of a peak
at 2.5 nm which occurs in all systems except those without salt
or with KCl, originating from the shift of the choline groups
toward the water phase driven by the binding of cations to the

bilayer. Both the salt-free system and that with KCl have single
positive maxima close to the maximum of the phosphorus
density distribution because in the latter, the potassium and the
chloride ions are almost uniformly distributed. The systems with
the remaining salts also exhibit differences in their charge
density profiles since the location of the maxima in the charge
distributions depends on charge and number of bound ions. The
region with negative charge density is broader than that with
positive charge, consistent with the broader distribution of
chloride ions shown in Figure 4. Two major peaks with positive
charge density are observed 2.0 and 2.5 nm from the bilayer
center originating from the cations and choline nitrogens,
respectively. In addition, a smaller maximum in the charge
density can be observed at 1.3 nm originating from the ester
carbons. This peak is not observed in the salt-free system,
suggesting that the ions polarize the ester groups. On the other
hand, minima in the charge density are found around 1.7, 2.2,

Figure 4. Partial number densities along the direction perpendicular to the bilayer plane for cations (top left), chloride ions (top right); the lipid
phosphorus atoms (bottom left) and the nitrogen atoms (bottom right).

TABLE 2: The Position (nm) Relative to the Center of the Membrane of the Maxima in Different Number Density Profiles
(left-hand side). The Distance (nm) between Some of the Peaks (right-hand side)a

density distributions maxima distances between maxima

P N OP OC M Cl P-N OP-M OC-M P-Cl Cl-M

no ions 2.00 2.08 2.02 1.61 0.08
Li + 2.12 2.41 2.12 1.72 1.86 2.89 0.29 0.26 0.14 0.77 1.03
Na+ 2.04 2.32 2.09 1.68 1.79 2.91 0.28 0.30 0.11 0.87 1.12
K+ 1.93 2.12 1.97 1.54 0.19
Mg2+ 2.06 2.33 2.10 1.69 1.87 2.82 0.27 0.23 0.18 0.76 0.95
Ca2+ 2.11 2.43 2.12 1.73 1.89 2.79 0.32 0.23 0.16 0.68 0.90
Sr2+ 2.11 2.39 2.11 1.73 1.92 2.78 0.28 0.19 0.19 0.67 0.86
Ba2+ 2.12 2.40 2.12 1.73 1.90 2.74 0.28 0.22 0.17 0.62 0.84
Ac3+ 2.08 2.40 2.08 1.71 1.92 2.68 0.32 0.16 0.21 0.60 0.76

a P stands for phosphorous; N stands for nitrogen; OP stands for phosphate oxygens; OC stands for carbonyl oxygens; M stands for the different
cations; and Cl for chloride ions.
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and 2.5-3.0 nm due to the ester carbonyl oxygens, the
phosphate oxygens, and the chloride ions, respectively.

As discussed above, the binding of ions to the lipid head-
groups creates a charge dipole of cations and chloride ions which
qualitatively resembles the charge dipole profile of polarized
water molecules close to the bilayer head-groups. Interestingly,
the magnitudes of the maxima in the charge densities provided
by both the cations and the chloride ions are comparable or
larger than those of the lipid head-groups in the system without
ions. Furthermore, it is clear that the ionic charge densities alter
the charge density distributions of lipid head-groups and water,

resulting in a different net distribution. From the plots in Figure
5, the cumulative charge, including the net ionic charge and
that of the polarized water, is obtained by integration over the
spatial dimension perpendicular to the bilayer from the center
out to the box limits. Since the system is neutral, this net charge
will vanish at some distance which typically is about 3.5 nm
from the center. Then, the total positive charge bound to the
bilayer is taken from the maximum of the integrated charge
density, typically about 2.25 nm. From the number of ions per
lipid listed in Table 3, it can easily be seen that the charge bound
per lipid at 0.2 M ranges between 0.10 and 0.22, where the

TABLE 3: Summary of the Computed System Properties

ion/lipid

computeda,b
estimated
minimumb

estimated
maximumc

charge
bound/lipid (e)d

dipole angle
(deg)

area/lipid
(nm2)e

drop area lipid/ion lipid
(nm2)

no ions 0.00 - - 0.097 14.7 0.627 -
Li+ 0.2 M 0.23 0.17 0.28 0.184 28.5 0.557 0.300
Na+ 0.2 M 0.17 0.18 0.28 0.161 23.8 0.585 0.247
Na+ 1 M 0.32 0.18 0.28 0.186 28.0 0.556 0.222
K+ 0.2 M 0.01 - - 0.110 14.9 0.627 -
K+ 1 M 0.00 - - 0.109 16.0 0.623 -
Mg2+ 0.2 M 0.17 0.17 0.31 0.184 28.6 0.583 0.258
Ca2+ 0.2 M 0.18 0.14 0.21 0.208 33.0 0.548 0.440
Sr2+ 0.2 M 0.17 0.14 0.20 0.205 32.4 0.555 0.419
Ba2+ 0.2 M 0.18 0.14 0.20 0.206 32.2 0.557 0.399
Ac3+ 0.2 M 0.16 0.15 0.22 0.221 35.0 0.561 0.402

a Computed average number of ions bound per lipid.b See text.c Positive charge bound per lipid (including cations, chloride ions, and water).
d Angle between the P-N vector and the bilayer plane.e Ration decrease area per lipid/ion per lipid.

Figure 5. Charge densities in the direction perpendicular to the bilayer plane.
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lowest values correspond to the system without salt or with KCl.
Interestingly, these results suggest that the total bound charge
does not increment much upon ion binding, indicating that there
are other changes in the system that smooth the additional
charge, specifically in the lipid bilayer, the chloride, and the
water distributions.

The electrostatic potential was computed by integrating the
one-dimensional Poisson equation twice:

whereΦ is the electrostatic potential, the charge densityF(z) is
taken from Figure 5, andε0 is the dielectric permittivity of
vacuum. For boundary conditions, we put the potential and its
derivative to zero in the center of bilayer. The resulting total
potential is shown in Table 4 together with the individual
contributions of each part of the system. Consistent with the
results reported in previous simulations,23,53 the total potential
difference across the membrane/water interface in the system
without ions is-0.55 V, resulting from a lipid contribution of
+4.95 V and a water contribution of-5.48 V. The two
simulations with KCl exhibit similar values, with a minor
decrease in the system with the highest salt concentration.
Further, it can be seen that the net potential difference from the
potassium and chloride ions is small or negligible in these
systems.

For the systems containing salts other than KCl, the total
potential difference across the bilayer/water interface may be
up to 50% larger than for the salt-free system. However, these
net values are small compared to the potential difference created
just by the ions, which ranges between 8 and 12 V in the present
systems, because the lipid head-group and the water molecules
shield it.21 The ionic distribution corresponds to an electric
dipole with its positive end oriented toward the membrane,
whereas the dipole from the lipid head-groups is oppositely
oriented. The results indicate that the ions induce a change in
head-group tilt that increases the size of the lipid dipole, and
of the potential, almost by a factor two. Additionally, the positive
end of the net dipole from water, that pointed toward the
membrane in the salt-free system, changes to the opposite
direction with the presence of salt. Therefore, in addition to
the 7.5-10.5 V potential from the lipid head-group, water

provides about+1.5 V in the same direction which compensates
most of the ionic potential.

Effects on the Lipid Head-Group. The cations bound to
lipid head-group oxygens exert a repulsive force on the choline
groups, pushing them further out into the water environment in
agreement with early experimental results.32 This observation
is consistent with the role of lipid head-groups as charge sensors
which was pointed out in early works60,61and in recent reports
based on MD simulations. More precisely, a change in the
orientation of the lipid head-groups can alleviate the charge
provided by the bound ions.18,19,21,22,48The average lipid head-
group dipole tilts obtained from the present calculations,
measured from the bilayer plane, are reported in Table 3. The
average angle of the dipole in a system without ions is 15°, in
good agreement with other results of different PC bilayers,
which ranged between 10 and 20°.17-21

Inspection of the table indicates that this angle may increase
by up to 20° depending on ion type and salt concentration. The
values obtained are in qualitative agreement with similar studies
with bilayers with NaCl20,21and 0.2 M CaCl222 despite that the
results cannot be directly compared because of the different
concentrations and waters/lipid and ions/lipid ratios. In the
simulations with NaCl an increased dipole angle is observed
with increasing salt concentration, consistent with the larger
number of ions bound to the bilayer. In contrast, KCl results in
a negligible effect on the dipole angle, which remains very close
to that of the salt-free system both at 0.2 and 1 M salt
concentration. The simulations indicate that in the present
interval of bound charges (0-0.5 positive charges per lipid),
the dipole angle with respect to the membrane plane increases
with about 40° per positive charge and lipid.

The tilt angle correlates well with the bound ionic charge
per lipid integrated from the sum of the charge distributions of
the ions and the water molecules described in the preceding
section (see Table 2). These results support the idea of lipid
head-groups being charge sensors suggested in early experi-
mental work. The electrostatic potential change across the lipid/
water interface can be calculated by integrating the charge
density from lipids, ions, and water twice in the Poisson
equation. Using the charge neutrality of the system on may show
that:

whereP/A is the total dipole moment per unit area, defined
from the charge distribution or the positions of the individual
charges as:

For the lipid part of this dipole, one has to include all the
fractional charges of the lipids including the carbonyl dipoles
and the actual charge distribution between phosphates, oxygen,
nitrogen, and hydrocarbon groups. A common simplified model
is to consider the head-group as consisting of one full negative
charge at the position of the phosphorus and one full positive
charge at the position of the nitrogen or still simpler as a full
negative and positive charge at a distance of 0.36 nm. This
corresponds to a dipole of 5.76× 10-29 C m )17.3 debye. In
such a model, the contribution to the electrostatic potential
change across the lipid/water interface from the lipids is entirely

TABLE 4: Total Electrostatic Potential Difference (V)
between the Center of the Water Layer and the Center of
the Membrane, the Separate Contributions from Lipids,
Ions, and Water, and an Approximate Result for the DPPC
Head-Group Lipidsa

ion total DPPC ions H2O
DPPC

(dipole approx)

no ions -0.55 4.95 0.00 -5.48 2.60
Li + 0.2 M -0.73 9.35 -11.60 1.51 5.69
Na+ 0.2 M -0.66 7.79 -7.37 -1.06 4.55
Na+ 1 M -0.66 9.14 -9.36 -0.87 5.63
K+ 0.2 M -0.54 5.02 -0.41 -5.13 2.63
K+ 1 M -0.51 4.96 -0.09 -5.48 2.85
Mg2+ 0.2 M -0.73 9.06 -10.30 0.51 5.49
Ca2+ 0.2 M -0.75 10.50 -13.13 1.83 6.70
Sr2+ 0.2 M -0.71 10.15 -12.39 1.49 6.52
Ba2+ 0.2 M -0.73 10.15 -12.55 1.65 6.40
Ac3+ 0.2 M -0.69 10.32 -12.39 1.32 6.97

a The DPPC head-groups are represented by a positive electron
charge and a negative electron charge located at each end of a vector
of length 0.36 nm forming the angle with the membrane plane given
in Table 3.
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given by the tilt angleθ of this dipole and the area per lipid,
A, as:

The potential change in this dipole approximation has been
calculated and is shown in the last column of Table 4. These
values are smaller than those calculated from the full actual
charge distribution, but there is a good correlation asΦ )
1.34Φdip + 1.47, indicating that the actual charge distribution
has, in addition to this simplified model, contributions that
increase the total dipole perpendicular to the bilayer with a
constant value as with a dipole that is parallel to the PN dipole.
The main contribution to this comes from the carbonyl region.

Ordering of the Lipid Molecules. The ordering in a lipid
bilayer may be characterized by NMR order parameters, from
fraction trans bonds, or from the area per lipid. All these
measures are fairly well correlated. Although the area per lipid
is not easily accessible experimentally, it is easy to calculate
from simulations. Average values from the present simulations
(shown in Table 3) provide clear evidence that the binding of
cations to the lipid head-groups exerts an effect on the area per
lipid. The bilayers exhibit in most cases smaller areas per lipid
and larger thicknesses in agreement with previous results.18,21

The latter can be easily monitored from the density distributions
of the lipid phosphate moieties shown in Figure 4. In the system
without salt each monolayer exhibits the maximum number
density centered about 1.9 nm from the bilayer center, while
the simulations with salts other than KCl have the maximum
shifted toward the water environment on each monolayer.
Moreover, the ions induce a narrowing of the distribution width,
suggesting that the induced lipid order is associated with a less
fluctuating distribution of the phosphate moiety relative to the
bilayer center. In spite of the almost negligible number of ions
bound to the PC moieties in the potassium-containing systems,
density distribution exhibits an equally pronounced narrowing
of the peak, which seems to be the reason for the small shift of
the maximum toward the bilayer center.

The area per lipid for the salt-free DPPC bilayer is 0.627(
0.005 nm2 in the present simulations, in good agreement with
the experimental value of 0.64( 0.02 nm2 reported for a pure
fully hydrated DPPC bilayer in the liquid crystalline phase.62

In contrast, the area per lipid computed from the simulations
with salts other than KCl exhibit smaller values, as it is also
reported in recent MD studies performed on Na+-DPPC18 and
Na+/Ca2+-POPC21,22systems. Contrary to this, the area per lipid
for the systems with both concentrations of KCl is similar to
that of the salt-free system, which is consistent with our
observation that potassium ions do not bind to the lipid head-

groups and with recent experimental results for KBr.42 Sodium
exhibits a decrease in the average area per lipid, which gets
slightly more pronounced at the highest concentration, similarly
to the results reported in ref 21. The results for monovalent
ions show a correlation between ordering effect, number of
bound ions, and inverse ionic radii. For the same number of
bound ions per lipid, the ordering effect upon the bilayer is larger
for polyvalent than for monovalent ions.

Ion Features Contributing to the Area per Lipid. Present
results indicate that each bound cation per lipid reduces the area
per lipid, typically about 0.3 nm2 (see Table 3), with differences
depending on the ion type and with the largest effect observed
for calcium. Moreover, the simulations at different concentra-
tions of NaCl suggest that we are starting to see saturation of
the number of bound ions as also reflected in the area per lipid.
A fivefold increase in the ion concentration results in a doubling
of the amount of bound ions, but the effect of this doubling of
the amount of bound ions on the area is less than half the effect
of the first ions. All cations studied, except potassium, bind to
the lipid oxygens, modify the tilt of the lipid dipole, induce
rearrangements around lipid head-groups, and affect the order
of the acyl chains. Thus, it is reasonable to hypothesize that
the ordering effect produced by a cation will depend on the
number of ions bound to the lipid molecules and on specific
cation features such as the radii charge, coordination number
(CN), and energy of hydration.

The effect upon the area per lipid from binding of cations
can be rationalized in terms of the charge/radius ratio as shown
in Figure 6. The ionic radii were computed by subtracting the
water oxygen radius (assumed to be constant) from the
maximum of the radial distribution function (rdf) of the water
oxygens around the ion, according to the procedure described
in a previous work.40 This approximation avoids the uncertain-
ties in ionic radii when bound to the membrane since they
depend on the CN they exhibit. A value of 0.137 nm for the
water oxygen radius gives the best fitting to the experimental
radii63 based on the actual CN for the ions when bound to the
lipids obtained from the present calculations (see Table 1).

The plot of the area per lipid versus the charge/radius can be
divided into three parts: First, monovalent ions with ratios
between 0 and 14 exhibit a drop on the area from the value of
the pure system up to the maximum decrease observed. Second,
for divalent ions with ratios between 14 and 20 the drop is much
smaller. Finally, for Mg2+ and Ac3+ ions, with ratios larger than
25, the behavior of the area per lipid changes and starts
increasing again. There are different sources for this behavior
as discussed below.

The strength of the interactions between the ions and the
bilayer are of importance in order to explain the effects of ions

Figure 6. Area per lipid versus the ratio of charge/radii for the cations in the simulations at 0.2 M chloride salt concentration.
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on lipid order. Recently, it has been shown that changes on the
phase transition temperature of PC bilayers exhibit a linear
correlation with the electrostatic free energy of the ions in
water.40 Thus, one would expect that the present results can be
understood from the differences in ion/oxygen interaction
potentials. In the present work the interaction between a cation
and a water/lipid oxygen atom is the combined effect of the
Coulombic and the Lennard-Jones (LJ) terms. These combine
into a potential well that may be described by a depth and the
position of the minimum. Since the Coulombic term is attractive
and the LJ repulsive at shorter distances, for the same valence
a cation with a larger radius exhibits a shallow minimum in the
potential curve. The present results suggest that the K+ well is
so shallow that ions do not bind to the lipid head-groups. Despite
the different ion force-fields available, the minimum has a
similar energy in the commonly used force-fields (data not
shown). Additionally, to the present simulation using the OPLS-
AA force-field for ions, very recent results have shown a similar
effect using GROMACS and CHARMM.44 Moreover, the
results shown in Figure 6 can be used as a predictive tool for
other ions not present in this study. It is reasonable to expect
that monovalent ions that are larger than potassium, e.g.,
rubidium and cesium, behave similarly, not binding to the lipid
head-groups. Because of its shallow well, sodium exhibits the
largest fluctuations in the number of ions bound (see Figure 2),
suggesting that mean lifetime for a sodium-lipid complex is
shorter than for other cations. In contrast, polyvalent ions exhibit
a deeper well even for the largest ions studied since the larger
Coulombic term compensates for the penalty on the well depth
because of the radius.

A larger cation radius provides larger CN and therefore an
additional number of binding possibilities to the lipid oxygens.
Therefore, the computation of the CN for each ion type is
necessary to understand the present results. The CN for the first
shell were computed for cations coordinated either only to water
oxygens or to the lipid oxygens in any extent. The cutoffs
considered were taken from the positions where the first peaks
in the rdf vanish (see Table 1). Additionally, the CN for the
second shells were computed from the second peak in the rdf,
which provides a cutoff approximately 0.25 nm larger than the
first shell. According to the present simulations, the average
CN for the first shell for the cations bound to at least one lipid
atom range between 4 and 9, as shown in Table 5A. The average
values are similar to those obtained in pure water and are in
reasonable agreement with those recently reported in the
literature for metal hydrates obtained either from experiments
or ab initio calculations (see ref 64 and references therein). The
magnesium ion is the only ion exhibiting a significantly different
coordination than experimentally determined. However, a strong
association with chloride, reflected in a large peak at 2.5 nm in
the pair correlation function with the chloride ions, is observed
(not shown) and may explain this behavior. A similar peak is
observed at 3.0 nm for the lithium ion, but the larger distance
seems to be the reason for the minor effect on the CN.

The CNs observed in the simulations for a specific ion may
differ, as seen from the relative populations displayed in Figure
7a. For the cations with the same valence, a larger radius
produces a shift of the most populated CN toward larger values,
in agreement with experimental evidence and recent MD
simulations.22 The relatively wide distribution for potassium
reflects the lower binding energy exhibited by this cation. Ions
bound to the lipid head-groups are not completely surrounded
by lipid oxygens and remain partially hydrated. Therefore, it
may be better to use the actual number of lipid oxygens

coordinated to an ion instead of using the CNs given previously.
Present simulations indicate that all cations, except potassium,
have 3-5 lipid oxygens in the first coordination shell and 8-13
in the second (Table 5A), resulting in 11-18 lipid oxygens per
cation in total. Each ion exhibits, however, a wide range of
possible coordinations as can be seen from the populations
displayed in Figure 7b.

These results suggest that ions can modulate lipid order by
acting as cement between the neighboring lipids. If this is true,
the modulation should depend on the number of different lipids

Figure 7. Populations for (a) the CN of the ions when bound to one
or more lipid oxygen atoms. The coordinating atoms include water and
lipid oxygens and chloride ions. (b) The number of lipid oxygens per
cation. (c) The number of different lipids per cation.

Effect of Ions on a Dipalmitoyl Phosphatidylcholine Bilayer J. Phys. Chem. BI

137



linked by a single ion. Therefore, an analysis of the average
number of lipids per cation in the present trajectories has been
performed. The results indicate that on average each ion interacts
with 5.6-7.4 lipids of which 2.4-3.4 are in the first and 3.1-
4.0 the second coordination shell. This indicates that despite
differences in the average CN, the number of lipids that a cation
can link increases only slightly for ions with larger CN.
However, the results in Figure 3 suggest that longer simulations
may provide slightly larger oxygens per ion for some polyvalent
ions, as this parameter is not fully converged in 40 ns. Indeed,
a recent MD study of the binding of Ca2+ ions to POPC bilayers
observed about 4 lipids per ion.22 However, although it is true
that longer simulations would provide slightly larger values than

reported in Table 5 A, they would still be smaller than 4 lipids
as reported in the preceding reference. One possibility is that
such differences arise from the force-field used for the ions,
although it is also possible that they are due to the fact that the
ratio ions/lipid is almost eight times larger in the present work,
and therefore there are less free lipids. The histogram of the
number of lipids per ion shown in Figure 7c reflects the wide
range of possibilities. Moreover, ions exhibiting low CN require
less lipid oxygens, and therefore the maximum number of ions
that the bilayer can bind is larger.

The relative preference of the different cations for each of
the four oxygen types present in a PC lipid is shown in Table
5B. This shows that the first coordination shell involves mainly

Figure 8. Drop in the area per lipid/ion per lipid ratio versus (a) the average number of different lipids bound per ion and (b) the average number
of oxygens per ion, in the first coordination shell.

TABLE 5: Coordination Properties of Each Atom Type

A.

coordination no. (CN)a no. of lipid oxygensb no. of lipidsc

ion water DPPC water expd LipO1st LipO2nd Lip Otot 1st CS 2nd CS total

Li+ 4.7 4.8 4-5 4.1 10.3 14.3 2.7 3.1 5.8
Na+ 5.2 5.8 4-6 3.8 10.4 14.1 2.4 3.3 5.6
Na+ (1 M) 5.8 5.8 4-6 3.5 9.6 13.1 2.3 3.1 5.4
K+ 5.6 5.5 4-6 - - - - - -
Mg2+ 4.8 5.4 6 3.6 9.2 12.8 2.4 3.4 5.8
Ca2+ 7.7 7.2 6-8 5.6 13.8 19.4 3.4 3.8 7.2
Sr2+ 8.0 8.2 7-8 5.6 14.5 20.2 3.2 3.8 7.0
Ba2+ 8.4 8.5 7-9.5 5.6 14.5 20.1 3.3 4.0 7.3
Ac3+ 9.0 9.2 - 4.8 13.2 17.9 2.9 3.9 6.8

B.

no. of oxygens in the
first coordination shellf

no. of oxygens in the
second coordination shellf

ione free PO4
2- ester PO42- free COO-R ester COO-R free PO4

2- ester PO42- free COO-R ester COO-R

Li+ 1.9 0.1 1.9 0.1 4.1 4.2 2.8 3.2
Na+ 1.4 0.2 1.9 0.1 3.8 3.5 3.3 3.4
Na+ (1 M) 1.4 0.2 1.8 0.1 3.7 3.4 2.9 3.0
Mg2+ 1.6 0.1 1.9 0.0 4.1 3.4 2.8 2.2
Ca2+ 3.0 0.0 2.5 0.1 6.3 6.2 3.4 3.5
Sr2+ 2.9 0.1 2.5 0.1 6.2 6.0 3.9 4.1
Ba2+ 2.8 0.1 2.6 0.0 6.3 6.0 4.0 3.8
Ac3+ 2.6 0.1 2.0 0.0 6.2 5.5 3.5 2.8

a CN-exp represents the experimental CN in metal hydrates.b LipO1st, LipO2nd, and Lip Otot refer to the average number of lipid oxygens
present in the first, second, or both coordination shells, respectively.c Number of different lipids per cation in the first and second coordination
spheres.d From Tables 4 and 6 of ref 64.e K+ has not been included since the values are not meaningful due to the small number of ions bound
to the bilayer.f CN-bound and-free indicate if the CN has been calculated for ions bound or free, respectively, to the lipid oxygens.
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free (nonesterified) oxygens, either from the carbonyl or
phosphate groups. The number densities shown in Figure 4
reveal that the cations are located in an intermediate region
between the carbonyl and the phosphate oxygens. Table 5B
shows that, in general, there is little difference in ion preference
for different coordinating oxygens. The situation differs,
however, if we look at each cation separately. Lithium interacts
equally with both oxygen types, sodium and magnesium prefer
the phosphate oxygens, and calcium, strontium, barium, and
actinium prefer the carbonyl oxygens. Similar results are
obtained from the rdf between cations and oxygen atoms (not
shown). Regarding the second coordination shell, the present
results suggest that the non-free oxygens are important as
anchoring points for the water molecules that are part of the
first coordination shell, specifically the esterified phosphate
oxygens.

A recent study outlined the existence of discrepancies
regarding the localization of cations within simulations.19 Ion
penetration must be sensitive to the strength of the interactions
between hydrocarbon lipid tails and to the balance between LJ
and electrostatic interactions in the different force-fields used.
To our knowledge, there are three lipid force-fields that have
been used in studies of cation-lipid interactions, the one
implemented in CHARMM,65 the one developed by Berger et.
al4 for GROMACS,45,46 and the one designed by Smondyrev
et. al7 for AMBER.66 In the present work we have used the
parameters of Berger et al. in the context of the OPLS-AA
implementation in GROMACS (see Methods), a widely used
combination in membrane protein simulations.67 With the lack
of experimental information about the cation localization, none
of these force-fields cana priori be considered better than the
other for the present purposes. When more experimental
information about specific binding of cations to lipid bilayers
becomes available, it will be important to validate the different
force-fields against that information, including ion parameters.56

The analysis performed above suggests that the coordination
properties have effects, though small, on the reduction of the
area per lipid per binding ion. The decrease in area per lipid
(see Table 4) shows a reasonable linear correlation with the
average number of lipid oxygens being part of the first
coordination sphere of a cation (Figure 8a). A similar tendency
is observed for the average number of lipid molecules linked
by the same cation (Figure 8b). These results are of considerable
importance since some of the ions included in this study, e.g.,
K+, Na+, Ca2+, and Mg2+, are abundant in the aqueous solution
surrounding biological membranes.

Conclusions

The effect of including different chloride salts in the water
surrounding a DPPC bilayer has been studied in the present
work by means of MD simulations. For this purpose, 40 ns
simulations of DPPC bilayers in 0.2 M chloride salts with the
cations Li+, Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+, and Ac3+ were
performed and analyzed. For sodium and potassium chlorides,
additional simulations at a 1.0 M concentration allowed checking
for concentration effects. A simulation without salt was also
included and used as reference.

It is known that simulations of this kind of system require
long sampling equilibration times. In order to reduce these times,
the present calculations were carried out using a biased starting
box generated using a treatment of the electrostatics that
exaggerates lipid order and reduces area per lipid (see Methods).
Since the presence of ions also favors small areas, the required

times to obtain a steady state for the area per lipid, once the
system is lifted from these conditions, is reduced. These results
suggest that the procedure is robust enough to provide reliable
simulations; however, the equilibration times are still larger since
reaching a steady value for the area per lipid does not guarantee
that lipid molecules have completed the process of adaptation
around the cations.

The simulations indicate that most ions actually do bind to
the lipid head-groups, being distributed in the lipid-water
interface generating a double layer, organized in such a way
that the positive ions sit closer to the bilayer interface. Potassium
chloride is one exception that exhibits a differential behavior
not showing any binding to the lipid head-groups. All the
systems at 0.2 M salt concentration contained 0.16-0.18 bound
cations per lipid except the systems with KCl and LiCl.
Moreover, for the alkaline cations, this number decreases with
size, whereas for the rest of the ions, the number is almost
identical. For the system containing 1 M NaCl, only a moderate
increase of the number of bound cations from 0.17 up to 0.32
is observed, suggesting that there is a limit for the number of
cations, or cation charges, that each lipid can bind.

The charge density profile of the system has contributions
from lipid head-groups, ions, and water. Each contribution gives
rise to a change of the electrostatic potential across the
membrane/water interface. The different contributions tend to
compensate for each other and result only in a small net potential
drop when passing from the membrane to the water. This is,
however, increased from about 0.5 V to about 1 V in the
presence of ions. The lipid dipoles point toward the water and
would give rise to an increased electrostatic potential of the
order of 5 V without the water. Without ions, the water will
overshield the head-groups and result in a net potential change
of -0.5 V. The ionic distribution contributes with a potential
change of about-10 V, but because of a larger tilt of the head-
groups the contribution from the lipids will double and cancel
this almost totally. Additionally, the water polarization will
change sign and be reduced considerably compared to that in
the salt-free system, resulting in a net potential change of about
-1 V. The maximum contribution observed from the lipid heads
is about+10 V, suggesting that there is a limit for this value
given by a maximum value at which the head-group dipoles
may tilt out of the membrane plane. This could then determine
the maximum number of possible bound ions that would not
give rise to excessive electrostatic fields.

With the exception of potassium, present simulations show
that a large fraction of the cations are located around the
carbonyl and phosphate oxygens of the lipid head-groups,
whereas the chloride ions are located further out in the aqueous
phase. The distance between the maxima observed in the cations
and the chloride ions density distributions range between 0.7
and 1.2 nm for the different systems. Therefore, the ion
distribution generates a dipole moment that opposes the dipole
moment of the lipid head-groups modulated by the one created
by the polarized water molecules in the opposite direction.
However, the results reported in the present work regarding
cation distributions need to be validated when more experimental
information about specific binding of cations to lipid bilayers
becomes available. Until then, it will be difficult to evaluate
the strengths and weaknesses of the different force-fields
including lipids, ions, and water molecules as well as the lack
of computing the electronic polarizability in the currently
available lipid force-fields. As recently stated,19 there are indeed
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differences in the localization of cations between simu-
lations using different force-fields19,21-23 that are waiting to be
clarified.

The most important result of the present work is the
observation of large differences between different ions depend-
ing on size and charge. Ion binding produces more ordered
bilayers, i.e., thicker bilayers, and consequently smaller areas
per lipid. However, to obtain good qualitative results, it is
necessary to run very long simulations especially for the ions
with higher valence. The results are sensitive to the force-field
as shown in ref 44, and further investigation of the possible
artifacts produced is necessary.

The present results have remarkable interest because many
of the ions studied, specifically K+, Na+, Ca2+, and Mg2+, are
present in biological membranes. Moreover, given that mem-
branes are the natural barriers between electrolyte solutions with
different concentrations, the results provide evidence that the
ionic environment provides a contribution that may drive
membrane asymmetry. We expect that the present results can
shed light on the experimental results published in the literature
regarding the differential behavior of alkaline ions in mem-
branes.
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The cytoplasmic sides of transmembrane helices 3 and 6 of
G-protein-coupled receptors are connected by a network of
ionic interactions that play an important role in maintaining its
inactive conformation. To investigate the role of such a network
in rhodopsin structure and function, we have constructed single
mutants at position134 inhelix 3 and at positions 247 and251 in
helix 6, as well as combinations of these to obtain double
mutants involving the two helices. These mutants have been
expressed in COS-1 cells, immunopurified using the rho-1D4
antibody, and studied by UV-visible spectrophotometry. Most
of the single mutations did not affect chromophore formation,
but double mutants, especially those involving the T251K
mutant, resulted in low yield of protein and impaired 11-cis-
retinal binding. Single mutants E134Q, E247Q, and E247A
showed the ability to activate transducin in the dark, and E134Q
and E247A enhanced activation upon illumination, with
regard to wild-type rhodopsin. Mutations E247A and T251A
(in E134Q/E247A and E134Q/T251A double mutants) re-
sulted in enhanced activation compared with the single
E134Qmutant in the dark. A role for Thr251 in this network is
proposed for the first time in rhodopsin. As a result of these
mutations, alterations in the hydrogen bond interactions
between the amino acid side chains at the cytoplasmic region
of transmembrane helices 3 and 6 have been observed using
molecular dynamics simulations. Our combined experimental
andmodeling results provide new insights into the details of the
structural determinants of the conformational change ensuing
photoactivation of rhodopsin.

Rhodopsin is the leading model for the G-protein-coupled
receptor (GPCR)4 superfamily, which includes over 1000mem-
brane proteins (1). The three-dimensional structure of rhodop-
sin, characterized by seven transmembrane helices and a con-
served disulfide bridge at the extracellular region, has been
determined by x-ray crystallography (2–4). Upon rhodopsin
activation by light absorption, the native chromophore 11-cis-
retinal, bound through a protonated Schiff base linkage to
Lys296, is isomerized to its all-trans configuration. This photo-
chemical reaction causes a conformational change in the pro-
tein that leads to the formation, through a series of short lived
photointermediates, of the active state metarhodopsin II.
Structures of some of these intermediates have been recently
determined (5–8). Most of these changes are concentrated on
the transmembrane domain of the protein involving amino
acids in the binding pocket of the retinal chromophore, which
are efficiently transmitted to the cytoplasmic domain. The
structural connection among several regions of rhodopsin (in
the transmembrane and cytoplasmic domains) allows the inter-
action to its G-protein, transducin (Gt), which is activated, and
initiates the visual transduction cascade (9, 10). The structural
details underlying the signal transmission process, going from
retinal isomerization to G-protein activation, have not been
determined and still remain for the most part a main scientific
question to be answered.
Based on the proposed existence of a common activation

mechanism, which has been correlated with the presence of a
set of conserved residues among the GPCR superfamily,
nomenclature has been established for an easy comparison
among their amino acid sequences (11). The highly conserved
triplet Glu134–Arg135–Tyr136 (corresponding to 3.49–3.50–
3.51 according to this general numbering code), in the C-termi-
nal part of helix 3, plays a critical role in the rhodopsin photo-
activation process (12, 13). In particular, the Glu134–Arg135
ionic couple has been shown to be very important for the acti-
vation of Gt (14), and any changes in this interaction can alter
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both the activation of the G-protein and other structural fea-
tures like the glycosylation of rhodopsin (15–17). The crystal
structures of rhodopsin reveal that several amino acids near the
triplet are part of a network of electrostatic interactions
between helices 3 and 6 (2, 3, 18, 19). Specifically, there are
mainly four residues that are involved in this electrostatic lock
in rhodopsin as follows: Glu134 (3.49), Arg135 (3.50), Glu247
(6.30), and Thr251 (6.34), as shown in Fig. 1. The importance of
positions 3.49 and 3.50 has been reported previously, and con-
formational changes causing constitutive activity of some
GPCR have been described upon mutation of these residues.
Examples of these receptors are rhodopsin (20–22), �1-adre-
nergic receptor (23), histamine-H2 receptor (24),�2-adrenergic
receptor (25), and the thyrotropin receptor (26). Similarly,
these positions have been shown to be involved in the expres-
sion, activation, and internalization of the gonadotropin-re-
leasing hormone receptor (27) and the stabilization and expres-
sion of the �-opioid receptor (28). Specifically protonation of
the carboxylic side chain of the amino acid at position 3.49 has
been suggested to release the ionic lock that constrains the
receptor in its inactive conformation, by means of a network of

electrostatic interactions, and to facilitate the movements of
helices 3 and 6necessary for the receptor to reach its active state
(15, 23, 29).
On the other side, positions 6.30 and 6.34 have been studied

in other receptors, such as �2-adrenergic (30), thyrotropin
receptor (31), �1b-adrenergic (32), human lutropin/choriogo-
nadotropin receptor (33), �-opioid receptor (34), and 5-hy-
droxytryptamine 2A serotonin receptor (35). In rhodopsin, sin-
gle point mutations at Glu134 and Glu247 have been studied
because of the importance of the three cytoplasmic loops in Gt
activation (14, 36), but no combination ofmutations at the sites
of helices 3 and 6 has been reported so far to address the role of
the electrostatic network involving these two helices in the con-
formational and functional properties of the receptor.
In this work, the study of this electrostatic network, involving

positions Glu134, Arg135, Glu247, and Thr251, has been under-
taken. Specifically, single and double mutants involving Glu134
in helix 3 and Glu247 and Thr251 in helix 6 have been con-
structed, purified, and characterized spectroscopically, func-
tionally, and through molecular modeling. The results pre-
sented here provide experimental evidence for an important
role of these amino acids in the functional status of the visual
photoreceptor rhodopsin. Some of the double mutants show
clear activity in dark conditions, particularly E134Q/T251A,
and point to a key role of Thr251 in the electrostatic network.
The results provide experimental evidence, for the first time,
for the involvement of Thr251 in the conformational changes
accompanying rhodopsin activation and highlight the impor-
tance of this residue in the structure and function of rhodopsin.
The results are discussed in terms of the dynamic behavior of
the different models of a selected subset of mutants as com-
pared with the behavior of wild-type (WT) rhodopsin through
molecular dynamics (MD) simulations.
The complementary study of the experimental and mod-

eling features of the mutants provides new insights into the
nature of the electrostatic network that keeps rhodopsin in
its inactive conformation, allowing the dissection of the indi-
vidual role of Glu134, Glu247, and Thr251 in the cytoplasmic
domain of rhodopsin.

EXPERIMENTAL PROCEDURES

Materials—All buffers and chemicals were purchased from
Panreac and Sigma. Oligonucleotides were obtained from
Operon (Qiagen). Enzymes for site-directed mutagenesis by
PCR were purchased from Stratagene and rho-1D4 antibody
from the National Cell Culture Facilities. Cyanogen bromide-
4B-Sepharose and phenylmethylsulfonyl fluoride were ob-
tained from Sigma, and all restriction endonucleases were from
Amersham Biosciences and New England Biolabs. Dodecyl
maltoside (DM) was purchased from Anatrace. 11-cis-Retinal
was synthesized at Moscow State University. The nonapeptide
corresponding to the last nine residues of theC-terminal region
of rhodopsin (9-mer) was synthesized in the Laboratori de Sı́n-
tesi de Pèptids (Universitat de Barcelona).
Buffers are defined as buffer A (1.8 mM KH2PO4, 10 mM

Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.2), buffer B (buffer
A� 1%DM� 100 �M phenylmethylsulfonyl fluoride), buffer C
(buffer A � 0.05%DM), buffer D (2mMNaH2PO4 � 0.05%DM,

FIGURE 1. a, lateral view of bovine rhodopsin in a DPPC membrane; boxes
show the retinal pocket and the region where the network of electrostatic
residues between helices 3 and 6 are located; lipids are shown in gray, the
protein in blue, and retinal and Lys296 in yellow; water molecules and Na� and
Cl� ions have been omitted for clarity. b, detail of the network of electrostatic
residues between helices 3 and 6 extracted from a representative snapshot of
the WT simulation. Arg135 interacts with Glu134, Glu247, and Thr251.
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pH 6.0), and buffer D � the nonapeptide (buffer D � 100 �M
9-mer) for protein elution from the chromatographic column.
Construction, Expression, and Purification of Rhodopsin

Mutants—For single mutations, site-directed mutagenesis was
performed using cassette-based strategy replacing the PstI/
MluI fragment of pMT4 (36) for an oligonucleotide containing
the single mutation E134Q, E247A, and E247Q. PCR was used
for obtaining single mutants at position Thr251 and double
mutants. Plasmid DNA was analyzed by restriction analysis
(using EcoRI andMluI) and followed byDNA sequencing using
the dideoxy chain-terminated method (constructed rhodopsin
mutants are shown in Table 1). WT and mutant opsin genes
were expressed in transiently transfected COS-1 cells as
described (37). Transfected cells were harvested between 60
and 72 h after the addition of DNA and washed twice with
buffer A. The cells were then incubated with 20 �M 11-cis-
retinal for 5 h for reconstitution, solubilized in buffer B for 1 h,
and finally centrifuged at 35,000 rpm for 35 min. All these pro-
cedures were carried out at 4 °C. Rhodopsin was purified from
the supernatant using rho-1D4-Sepharose and incubated over-
night at 4 °C. Sepharose was subsequently washed twice with
buffer C and twice with buffer D and finally was incubated with
buffer D � the nonapeptide for 30 min at 4 °C for rhodopsin
elution. Rhodopsin concentration was determined by using a
molar extinction coefficient value �500 of 40,600 M�1 cm�1.
UV-visible (UV-Vis) Absorption Spectroscopic Assays—All

measurements were made on a Cary 1E spectrophotometer
(Varian, Australia), equipped with a water-jacketed cuvette
holder connected to a circulating water bath. Temperature was
controlled by a Peltier accessory connected to the spectropho-
tometer. All spectra were recorded, in the 250–650 nm range,
with a bandwidth of 2 mm, a response time of 0.5 s, and a scan
speed of 180 nm/min. For the photobleaching and acidification
of rhodopsin, samples were bleached by using a 150-watt power
source with a 495 nm cutoff filter. Dark-adapted rhodopsin
samples were illuminated for 20 s to ensure complete photo-
conversion to 380-nm absorbing species. Acidification was car-
ried out by addition of 2 N H2SO4 (1% of the sample volume),
immediately after photobleaching, and the absorption spec-
trum was recorded 2 min later.
Rhodopsin thermal stability in the dark was followed by

monitoring the loss ofAmax in the visible region as a function of
time, at constant temperature (45 °C). Complete spectra were
recorded every 5 min. Spectra were normalized and fitted to
single exponential functions using SigmaPlot version 8.02 to
derive the t1⁄2 values. Hydroxylamine treatment was performed
by adding hydroxylamine (pH 7.0) to the samples at a final con-
centration of 30 mM at 20 °C.
Gt Activation Assay—Gt activation levels were determined

by incorporation of radioactive GTP�35S in Gt molecules
induced by WT rhodopsin or its mutants essentially as
described previously (38). Briefly, the reaction mixture, con-
taining 1 �M Gt, 20 nM rhodopsin, 10 mM Tris-HCl (pH 7.4),
100 mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, 0.012% DM,
and 3 �M GTP�35S, was bleached for 30 s by using a 150-watt
power source with a 495 nm cutoff filter. Samples were incu-
bated at room temperature for 1 h, and the reactions were
stopped by addition of 10mMTris-HCl (pH 7.4), 100mMNaCl,

and 10 mM EDTA. The dark activity of the proteins was deter-
mined in exactly the same way but without illumination. The
unbound GTP�35S was removed by microfiltration. The
amount of GTP�35S bound to Gt was determined by Cerenkov
counting using a TRI-CARB 2100TR scintillation counter from
Packard Instrument Co.
MD Simulations—Atomic coordinates of rhodopsin were

retrieved from the Protein Data Bank (entry 1GZM) (18). In
contrast to other previously published crystal structures (2–4),
this structure contains the coordinates of all the amino acids of
the intradiscal and cytosolic loops of rhodopsin. The N-termi-
nal acetyl group and the two palmitoyl chains at the cytoplas-
mic end of the receptor that are covalently linked to two con-
secutive cysteine residues were also included in the present
model. In contrast, the C-terminal region after the palmitoy-
lated cysteines, at the end of the short helix 8, was not included.
Side chains of all the amino acids were considered in the pro-
tonation state they exhibit as free amino acids in water at pH 7,
with the exception of Asp83 and Glu122 that were treated as
protonated and neutral, respectively, according to experimen-
tal evidence (39).
The process of protein embedding was performed as

reported elsewhere (40). Specifically, the protein was placed in
a box containing amixture of DPPC lipids and water molecules
generated and equilibrated according to the procedure de-
scribed previously (41). The simulation box had an initial size of
10.3 � 8.0 � 10.2 nm3 (xyz), and organized in such a way that
the first two dimensions corresponded to the bilayer plane. The
area per lipid was 0.64 nm2. Before protein insertion, the box
contained 256 lipids and �17,000 water molecules. After the
protein was inserted in the center of the box, all water mole-
cules with oxygen atoms closer to 0.40 nm from a non-hydro-
gen atom of the protein and all lipid molecules with at least one
atom closer to 0.25 nm from a non-hydrogen atom of the pro-
tein were removed, resulting in a final system that contained
198 lipids and �16,000 water molecules. Removal of these
atoms introduces small voids between the protein and water or
lipid molecules that are easily removed during the first step of
the equilibration process (see below), in which a progressive
adjustment of the lipid bilayer and water molecules to the pro-
tein takes place. Next, in the system with WT rhodopsin, 113
water molecules were selected randomly and replaced by 57
sodium and 56 chloride ions, providing a neutral system with a
concentration of about 0.2 M of both sodium and chloride ions
(fairly similar to that found in biological organisms). For the
simulations of mutants, single water molecules were converted
to ions when necessary, to keep the electroneutrality of the
system.
All the computer simulations reported in this study were

performed using a parallel version of the GROMACS 3.2 pack-
age (42, 43). The system was subjected to periodic boundary
conditions in the three coordinate directions. Temperaturewas
kept constant at 323 K (well above the gel/liquid crystalline
phase transition temperature of 314 K) using separate thermo-
stats for the protein, water, ions, and lipid molecules (44). The
time constant for the thermostats was set to 0.1 ps except for
water, for which a smaller value of 0.01 ps was used. The pres-
sure in the three coordinate directions was kept at 0.1 MPa

Cytoplasmic Regions of Helices 3 and 6 of Rhodopsin

14274 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 19 • MAY 11, 2007

 by on January 16, 2008 
w

w
w

.jbc.org
D

ow
nloaded from

 

147

http://www.jbc.org


using independent Berendsen barostats with a time constant of
1.0 ps. The equations of motion were integrated using the leap-
frog algorithm with a time step of 2 fs. All bonds within the
protein and lipid molecules were kept frozen using the LINCS
algorithm (45). The bonds and the angle of the water molecules
were fixed using the analytical SETTLEmethod. Lennard-Jones
interactions were computed with a cutoff of 1.0 nm, and the
electrostatic interactions were treated using a twin cutoff of
1.0/1.8 nm, being the interactions in the interval 1–1.8 nm
updated every 10 time steps.
The all-atomoptimized potential for liquid simulations force

field (46) currently implemented inGROMACSwas used for all
molecules of the system, except for the DPPCmolecules, which
weremodeled using force field parameters previously described
in the literature (47). Nonbonded pair interactions were com-
puted as combinations of single atomic parameters to account
for protein-lipid interactions. These parameters reproduce the
experimental area per lipid of pure DPPC in the liquid crystal-
line phase (47–49). Water molecules were modeled using the
TIP3P model (50). Fractional charges of retinal atoms were
taken from quantum chemical calculations (51) and have
already been used in other MD simulations of rhodopsin (52).
The structure of WT rhodopsin was energy-minimized and

equilibrated in successive MD simulations at 6.5 ns long. First,
500 ps were run using the NPT ensemble, allowing the system
to change the box dimensions, with protein coordinates
strongly restrained to the initial structure. During this step,
voids between the protein and lipid and water molecules van-
ished. At that point the simulation was continued for 500 ps in
the NVT ensemble with the same positional restraints on the
protein. In the last equilibration step, when the bilayer and
water around the protein were equilibrated, restraints on the
protein were released, and the system was equilibrated for 5.5
ns. The final structure obtained was used, first to continue the
compute MD trajectory of the WT up to 10 ns, and second, to
construct the different mutants by side-chain replacement and
to subsequently perform a 5-nsMD trajectory on each of them.

RESULTS

Expression, Purification, and Spectral Characterization of
Rhodopsin Mutants—The rhodopsin mutants obtained at the
cytoplasmic boundaries of helices 3 and 6 (Table 1) were
expressed in COS-1 cells, immunopurified with the mono-
clonal rho-1D4 antibody, and spectrophotometrically charac-
terized by means of UV-Vis spectroscopy (Fig. 2). The A280/
A500 spectral ratios, which reflect chromophore regeneration
and protein yield after purification, are shown in Table 2. All
mutants studied showed no hydroxylamine sensitivity in the

dark, and their photobleaching and acidification properties
were very similar to those of WT rhodopsin (data not shown).
Mutations E134Q, E247A, E247Q, E134Q/E247A, and

E134Q/E247Q—These mutants were expressed to an extent
similar to that of WT rhodopsin according to their absorbance
spectra (Fig. 2, A and C). All mutants were regenerated with
11-cis-retinal to form a chromophore with spectral features
similar to those of WT (�max at 500 nm). E247A and E247Q
showed a chromophore formation similar to WT rhodopsin,
whereas E134Q and E134Q/E247A showed some differences
judged from the A280/A500 ratios (Table 2). On the other hand,
the double mutant E134Q/E247Q displayed impaired 11-cis-
retinal binding (Table 2). This reduction may be interpreted as
lack of accessibility of the retinal to the binding pocket as a
result of the mutations, to some slight degree of structural mis-
folding affecting the proper conformation of the ligand-accept-
ing receptor or to a lower stability of the mutant in detergent

TABLE 1
Mutant rhodopsins constructed to study the importance of Glu134,
Glu247, and Thr251 on the stability and activity of rhodopsin
Single mutants were constructed using cassette mutagenesis, and double mutants
were obtained by PCR.

Single mutants Double mutants
E134Q E134Q/E247A E247A/T251A
E247A E134Q/E247Q E247A/T251K
E247Q E134Q/T251A E247Q/T251A
T251A E134Q/T251K E247Q/T251K
T251K

FIGURE 2. UV-Vis absorption spectra of single and double mutants. WT
and mutant rhodopsins were expressed in COS-1 cells, regenerated with
11-cis-retinal, and purified in buffer C. Spectra were recorded at 20 °C.
UV-Vis absorption spectra of WT, E134Q, E247A, and E247Q are shown in A;
spectra of WT, T251A and T251K are shown in B; spectra of WT, E134Q/
E247A, E134Q/E247Q, E134Q/T251A, and E134Q/T251K are shown in C;
and spectra of WT, E247A/T251A, E247A/T251K, E247Q/T251A, and
E247Q/T251K are shown in D.

TABLE 2
Spectral A280/A500 ratio of rhodopsin mutants normalized to that of
WT rhodopsin taken as 1.00
WT rhodopsin and mutants were transfected, regenerated with 11-cis-retinal, and
purified in Buffer C � 0.05% DM as described (see “Experimental Procedures”). All
spectra were recorded at 20°C.

Rhodopsin A280/A500 (n � 3)
WT 1.00
E134Q 1.22 � 0.10
E247A 0.98 � 0.10
E247Q 1.00 � 0.03
T251A 1.09 � 0.07
T251K 1.19 � 0.15
E134Q/E247A 1.29 � 0.07
E134Q/E247Q 1.54 � 0.13
E134Q/T251A 0.98 � 0.04
E134Q/T251K 1.11 � 0.10
E247A/T251A 1.42 � 0.08
E247A/T251K 1.54 � 0.15
E247Q/T251A 1.16 � 0.06
E247Q/T251K 2.92 � 0.10
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solution. In any case, this reduction does not reflect gross con-
formational perturbations and itmay be assumed that the over-
all conformation of the mutants is similar toWT rhodopsin, as
observed for the same maximum absorbance at � � 500 nm
(Fig. 2).
The positions where the mutations have been introduced

(3.49 and 6.30 according to a generic numbering system for
GPCR (11))were also studied in the�2-adrenergic receptor (30)
and proposed to play a critical role in the conformational rear-
rangement involving helix 3 and helix 6 that is required for
rhodopsin activation (12). The results obtained with the �2-ad-
renergic receptor suggested that ionic interactions between
3.49, 3.50, and 6.30may constitute a common switch governing
activation of rhodopsin-like receptors. Furthermore, the fea-
tures of the mutants, with regard to charge neutralization and
changes in electrostatic interactions, showed a good correlation
with the extent of constitutive activity observed for themutants
(30). In this study, some degree of dark activity was detected for
some of the mutants studied (see “Gt Activation of Rhodopsin
Mutants”).
The thermal stability of thesemutants, in the dark, wasmeas-

ured at 45 °C (Table 3). The general observed trend is that the
mutants are less stable than WT. Lack of hydroxylamine reac-
tivity indicated that the mutants present a compact structure
around the Schiff base linkage, as would be expected because of
the far away location of themutations referred to the Schiff base
environment (data not shown).
Mutations T251A, T251K, E134Q/T251A, and E134Q/

T251K—We explored for the first time the functional role of
the polar amino acid Thr251 (in helix 6) in the electrostatic
interaction with Glu134 and Glu247, in native rhodopsin struc-
ture and function, by introducing mutations at this site. The
single mutants T251A and T251K were analyzed to determine
the involvement of Thr251 (6.34) in the rhodopsin activation
mechanism. Protein yield after purification from COS-1 was
about half that of the WT under the same conditions (Fig. 2B).
This suggests that the mutant proteins are expressed in the
COS-1 cell line to a lower extent than the WT. The mutant
rhodopsins show spectroscopic features of theWT concerning
the �max which is located at 500 nm, but their A280/A500 ratios
are slightly higher than those of the WT (Table 2).
Double mutants E134Q/T251A, and E134Q/T251K were

constructed and spectroscopically analyzed. These mutants
were purified in lower amounts than WT (Fig. 2C). The A280/
A500 ratios are different for both mutants as follows: in the case
of E134Q/T251A, the ratio is similar to that of WT, whereas

E134Q/T251K has a slightly higher ratio when compared with
WT rhodopsin (Table 2).
Mutations E247A/T251A, E247A/T251K, E247Q/T251A,

and E247Q/T251K—Double mutants replacing amino acids in
the same helix 6 (at 247 and 251 positions, which are about one
helical turn apart in this helix), E247A/T251A and E247A/
T251K, were obtained and spectrally characterized (Fig. 2D).
Both mutants were obtained at lower yields and showed
impaired 11-cis-retinal binding with regard to WT rhodopsin.
Similar features were also observed for mutants E247Q/T251A
and E247Q/T251K (Fig. 2D). Specifically, themutation E247Q/
T251K produces the most destabilizing effect in the protein
resulting in a higherA280/A500 ratio, which is larger than that of
mutant E247A/T251K (Table 2). This suggests that there is
steric hindrance imposed by the bulkier Gln side chain at posi-
tion 247, in contrast to the case of Ala substitution in the
E247A/T251K, which appears to be better tolerated.
Gt Activation of Rhodopsin Mutants—The spectral charac-

terization shows that most of the mutants studied can be
expressed, purified, and regenerated with 11-cis-retinal to an
extent not very different from WT rhodopsin. This suggests
that the overall conformation of thesemutants in the dark state
is not dramatically altered. Therefore, it was of great interest to
analyze the functional characteristics of thesemutants in terms
of their ability to activate Gt.
The Gt activation experiments were carried out with deter-

gent-solubilized and purified WT and mutant rhodopsins by
means of a classical radioactive assay. Samples were analyzed
both under dark and light conditions in all cases, and the data
reported correspond to the final activation (after 1 h) detected
in the two conditions. TheGt activation data for all themutants
studied are summarized in Table 4.
Single Mutants E134Q, E247A, E247Q, T251A, and T251K—

Fig. 3A shows the functional data for the single mutants as well
as that of the WT for comparison (in all experiments WT rho-
dopsin was used as a control for comparison, thereby its light
activity was taken as 100% for reference).
The Gt activation for WT rhodopsin in dark conditions,

obtained under the current experimental conditions used, is
about 10%, as also seen in previous reports (37). No activity was
previously detected for purifiedWT rhodopsin in DM solution

TABLE 3
Thermal stability of WT and mutant rhodopsins
Spectra of rhodopsin (either WT or mutants) in Buffer C � 0.05% DM were
recorded every 5 min at 45 °C. A500 nm at different times were fitted to single
exponential functions using SigmaPlot version 8.02, and the t1/2 values were
determined.

Rhodopsin t1/2
min

WT 65
E134Q 22
E247A 29
E247Q 13
E134Q/E247A 13
E134Q/E247Q 14

TABLE 4
Gt activation of WT rhodopsin and the mutants determined under
dark and light conditions
The Gt activation data were obtained as described under “Experimental Proce-
dures.” All values were normalized to light-activated rhodopsin taken as 100%.

Rhodopsin
Gt activation (mol GTP�S/mol Rho)

Dark Light-activated
Wild type 0.99 � 0.09 10.37
E134Q 1.32 � 0.12 13.17 � 1.08
E247A 2.02 � 0.05 13.12 � 1.34
E247Q 1.50 � 0.34 9.95 � 0.96
T251A 1.21 � 0.25 7.72 � 0.35
T251K 1.09 � 0.36 8.09 � 0.36
E134Q/E247Q 0.52 � 0.22 10.37 � 1.34
E134Q/E247A 2.04 � 0.85 13.32 � 2.95
E134Q/T251A 5.81 � 1.45 14.03 � 0.26
E134Q/T251K 0.91 � 0.49 23.69 � 0.98
E247A/T251A 1.38 � 0.33 5.60 � 0.47
E247Q/T251A 0.31 � 0.10 5.98 � 0.15
E247A/T251K 0.62 � 0.10 2.07 � 0.10
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in dark conditions (53). On the other hand, the activity of
mutants in the content of COS-1 cell membranes was found to
be lower than when they are purified in detergent solution (54).
This may be due to an increased conformational flexibility of
the mutants in the detergent-solubilized state that facilitates
physical interaction with Gt in the recognition event that takes
places in the activation mechanism.
In the case of the E134Qmutant, we found a small increase in

dark activity as well as increased activity in light conditions (of
�30%) which was similar to that previously reported (54, 55).
For the Glu247 mutations in helix 6, we found a different behav-
ior for the E247A and E247Q. In the latter case, the light acti-
vation is not increased with regard toWT rhodopsin and in the
dark appears to be only slightly above the E134Q level. In the
case of E247A, the activity upon illumination is similar to that of
E134Q, but in dark conditions it is clearly higher. It appears that
mutations toAla result in higher levels of dark activity, aswill be
discussed below. Mutations at Thr251 result in a somehow
lower activity with regard to WT under light conditions.
Double Mutants Involving Amino Acids of Helices 3 and 6

(Interhelical)—In the case of the double mutants (Fig. 3B and
Table 4), a combined effect can also be observed. Addition of
E134Q mutation to any of the single mutants in helix 6 (in the
E134Q/E247A, E134Q/E247Q, E134Q/T251A, and E134Q/

T251Kmutants) resulted in an increase of Gt activation in light
conditions, except T251K which showed a clear decrease to
about 40% of the WT activity. The E134Q/T251A double
mutant shows a clear and definite synergistic effect when com-
pared with the corresponding single mutants both in the dark
(50%) and in the light (230%). This is the first time that experi-
mental evidence is provided for the decisive involvement of
Thr251 in rhodopsin helix 6 in the electrostatic network at the
cytoplasmic ends of helices 3 and 6.
A synergistic effect was observed previously for mutations in

the transmembrane domain like G90D/M257Y (56) or E113Q/
M257Y (57). In the case of the double mutant E134Q/M257A,
this was proposed to have a 50% activity in the dark.Weobserve
a similar effect for the E134Q/T251A doublemutant. However,
in our case this is the first timewheremutations at the cytoplas-
mic boundaries show such dark activity. Mutations at the
homologous position of Thr251 in other GPCR were shown to
be constitutively active (31, 58–60).
Double Mutants Involving Only Amino Acids of Helix 6

(Intrahelical)—We studied double mutants E247A/T251A,
E247Q/T251A, and E247Q/T251K. All of these mutants
showed reduced Gt activation under light conditions, particu-
larly E247A/T251K which showed only 20% activity (Table 4).
In the case of the samples under light conditions, the possi-

bility that different metarhodopsin II decay rates are in part
responsible for the observed differences in transducin activa-
tion by the different mutants cannot be excluded.
Molecular Modeling Studies—The analysis of the crystal

structure of rhodopsin (2–4, 17, 18) reveals that residues
Glu134, Glu247, and Thr251 are part of a network of hydrogen
bonds located at the cytoplasmic sides of helices 3 and 6 as
shown in Fig. 1. The use of MD simulations allows a better
characterization of these interactions, providing insight into
the structural effects caused by the different mutations onWT
rhodopsin and their effect on the activation process of the
receptor.
The amino acid sequence corresponding to the cytoplasmic

side of helices 3 and 6 is particularly abundant in charged resi-
dues (Table 5). Thus, it is expected that the structure is sensitive
to alterations on the charge of the side chains (Table 6). Hydro-
gen bond interactions involving the residues on the cytoplasmic
sides of helices 3 and 6, as well as on the second and third
cytoplasmic loops, are listed in Table 7. A more detailed
description of the molecular computations on the WT and
mutants follows.
WT and E134Q, E247A, E247Q, and T251K Single Mutants—

In native rhodopsin, the positively charged Arg135 establishes
strong interactions with residues Glu134, Glu247, and Thr251
along the entire simulation either with one of the negatively
charged residues of helix 3 (Glu134) or with one negatively
charged and one polar residue of helix 6 (Glu247 and Thr251).
The involvement of Thr251 is supported by the increased activ-
ity exhibited by the Thr251 mutant reported in this study and
the effect of an analogous residue in the �2-adrenergic receptor
(30). A set of hydrogen bonds among residues at the boundary
between helix 6 and the third cytoplasmic loop (involving
Glu239, Ser240, Thr242, Thr243, Gln244, and Lys248) was observed.
The removal of the negative charge at position 134 in mutant

FIGURE 3. Gt activation by WT rhodopsin and representative mutants.
A, single mutants; B, double mutants. WT and mutants in 10 mM Tris-HCl
(pH 7.4), 100 mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, 0.012% DM were
bleached and incubated with 1 �M Gt and 3 �M GTP�35S for 1 h at room
temperature, The values were obtained as described under “Experimental
Procedures.” The complete values of Gt activation for all of the mutants
studied in this study are given in Table 4.
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E134Q has effects on the competition to form hydrogen bond-
ing interactions between helices 3 and 6. Specifically, the
E134Qmutation induces a remarkable preference of Arg135 for
residues located in helix 6. Thus, after a short simulation time,
the interaction between residues Gln134 and Arg135 is lost,
whereasArg135–Glu247 andArg135–Thr251 interactions remain
stable. Therefore, the interaction between the cytoplasmic side
of helices 3 and 6 is stronger than in WT rhodopsin. Glu134
forms a hydrogen bond with His152 on helix 4, with the drop of
the Glu134–Arg135 interaction, during half of the time of the
trajectory analyzed. Additionally, a Glu239–Lys245 interaction,
at the boundary between the third cytoplasmic loop and helix 6,
can be observed for a small amount of snapshots.
Removal of the negative charge at position 247, in the E247Q

mutant, forces Arg135 to exhibit a more favorable interaction
with Glu134 than with Gln247, just the opposite observed in the
case of the E134Q mutant. Although the Arg135–Gln247 inter-
action is maintained during the entire simulation, it is too weak
to keep Arg135 close to Thr251. Thus, the Thr251–Arg135 inter-
action is lost, whereas the distance betweenArg135 andGlu134 is
clearly reduced after a short simulation time, inducing a dis-
placement of Arg135 side chain toward helix 3 moving away
fromhelix 6. There are also two interactions as follows: Glu239–
Ser240 and Ser240–Thr242 at the boundary between the third
cytoplasmic loop and helix 6, which can be observed during
most part of the trajectory. These interactions are already pres-
ent in the WT, although to a lower extent.
The T251K mutation provides an additional positive charge

at the end of helix 6, a region with a large number of charged
residues as follows: three positively charged residues (Lys245,
Lys248, and Arg252) and two negatively charged ones (Glu247
and Glu249), as shown in Table 5. The presence of Lys251 forces
a rearrangement of the neighboring positively charged resi-
dues, driven by electrostatic repulsion. Consequently, the

Arg135–Glu247 interaction vanishes after 2.5 ns, with Glu134–
Arg135 the only remaining hydrogen bond interaction involving
residue Arg135. Therefore, the effect of this mutation is similar
to that of E247Q, favoring the Arg135–Glu134 interaction.
Lys251 interacts mainly with Glu239 and Gln137 on the third
cytoplasmic loop, but also with Thr229 in helix 5. Moreover,
Glu247 exhibits a hydrogen bond interaction with Gln312 at the
short cytoplasmic helix 8 during a long time of the trajectory,
not observed in any other simulation.As a consequence of these
rearrangements induced by the new positively charged chain at
position 251, a set of hydrogen bonds appears to be favored
involving residues located either on helix 6 or on the third cyto-
plasmic loop (Glu232, Gln236, Gln237, Glu239, Ser240, and Lys248).
Nevertheless, the only hydrogen bond detected inWT rhodop-
sin is Glu239–Ser240, although for shorter times, as well as in the
remainder of the mutants. These new interactions are a conse-
quence of the positive charge density at the end of helix 6, sug-
gesting that T251K can significantly alter the conformation of
the cytoplasmic ends of helices 3 and 6 and the third cytoplas-
mic loop by modifying the hydrogen bond network between
them. Because none of the mutants involving this single muta-
tion (including the double ones) exhibited increased activation,
neither in the dark nor in the light conditions, it may be
regarded as a deleterious one in terms of protein function,
probably by constraining the conformation of the receptor in a
functionally defective state.
Double Mutants E134Q/E247A, E134Q/T251A, E134Q/

T251K, and E247Q/T251K—The E134Q/E247A double muta-
tion adds two net positive charges with regard to the WT and,
more important, removes the two counter-charges of Arg135
(Glu134 and Glu247). As shown above, the hydrogen bond inter-
actions with Arg135 are kept in E247Q and lost in the E134Q
single mutant, respectively. Similarly, in the double mutant the
interaction Arg135–Gln134 is too weak to be kept without the

TABLE 5
Sequence of bovine rhodopsin at the region of the cytoplasmic sides of helices 3 and 6
These parts of the sequence contain a large number of charged residues. The signs (*) and ( � ) indicate the charged and the polar residues, respectively. The lengths of the
secondary motifs have been taken from Ref. 18. H3 and H6 account for helices 3 and 6, respectively; C2 and C3 for the second and the third cytoplasmic loops; Cyt and Int
indicate whether the part of the sequence is located on the cytoplasmic or the intradiscal side, respectively.

TABLE 6
The net charge at helices 3 and 6 and their average relative distances in the studied mutants compared to WT
The separations are given in nm and related to the value observed in WT.

WT E134Q E247Q T251K E134Q/E247A E134Q/T251A E134Q/T251K E247Q/T251K
Net charge H3 0 �1 0 0 �1 �1 �1 0
Net charge H6 0 0 �1 �1 �1 0 �1 �2
Net total charge 0 �1 �1 �1 �2 �1 �2 �2
H3-H6 separation �0.8 �0.9 2.4 �0.3 �0.6 0.0 �0.9
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TABLE 7
Hydrogen bonds at the cytoplasmic sides of helices 3 and 6
Gray scale indicates percentage of trajectory present: 0–20% (white), 20–40% (light gray), 40–60% (medium gray), 60–80% (dark gray), and 80–100% (black). The limits
of helices and loops are taken from Ref. 18. The analysis has been performed on the last 2 ns of each trajectory using a cutoff of 0.45 nm.
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negative charge. The E247Amutation only allows the residue to
interact with Arg135 through its backbone carbonyl. As a con-
sequence of this, both interactions vanish, destroying the ionic
lock associated with the D(E)RY motif and keeping only the
interaction Arg135–Thr251 when compared withWT, although
exhibiting shorter residence times. The removal of twonegative
charges forces hydrogen bond donors on the third loop to be
closer to the cytoplasmic end of helix 6 to compensate for the
lack of the negative charge, similarly to the effect observed
when a positive charge is added in the case ofT251K.Therefore,
a set of interactions involving residues Glu239, Ser240, and
Thr242 already observed in the WT are reinforced, specifically
those involving Glu239 (Glu239–Thr243 and Glu239–Ser240), at
the boundary between the third cytoplasmic loop and helix 6.
In the case of the E134Q/T251A double mutant, there are

two simultaneous effects. On the one hand, as observed for the
E134Q single mutant, removal of the negative charge at posi-
tion 134 favors the Arg135–Glu247 interaction, and on the other
hand theT251Amutation removes the hydrogen bondbetween
Arg135 and residue 251. The present analysis shows a decrease
of the fraction of trajectory where Arg135 and Glu247 are inter-
acting (about 25%). As a result of all these rearrangements, new
hydrogen bonds between Lys248 on helix 6 and both Thr229 on
helix 5 andGln237 on the third cytoplasmic loop are formed and
kept duringmost of the trajectory analyzed. Additionally, inter-
actions involving Ser240 already present in WT are reinforced.
The existence of these new hydrogen bonds and the reinforce-
ment of others already existing in theWTmay explain the high
level of dark activity observed for this mutant (see Fig. 3 and
Table 4).
The E134Q/T251K double mutant implies removal of the

negative charge at position 134. This causes impaired interac-
tion with Arg135, although this interaction is still observed in
about half of the snapshots analyzed. This situation is different
from the other mutants containing Gln134 studied (E134Q and
E134Q/T251A), where the interaction is completely lost. The
reason for this specific behavior can be associated with the net
�2 charge of the mutant, which requires a large number of
residues with negative charge density to be closer. In some
snapshots, where Gln134 does not interact with Arg135, it is
involved in a hydrogen bond with His152. Obviously, the
absence of Thr251 results in the loss of the interaction with
Arg135. Additionally, the presence of Lys251 weakens the
Glu247–Arg135 interaction, because it competes with Arg135 for
Glu247, as in the other mutants containing T251K. Here, Lys251
also interacts with Gln244. Although the interactions involving
Arg135 are significantly weakened or lost, when compared with
theWT, a network of hydrogen bonds between residues at helix
6 and the third cytoplasmic loop, already present in the WT, is
sensibly enhanced as follows: Glu239–Ser240, Glu239–Thr243,
Ser240–Thr242, and Ser240–Thr243.
Finally, the E247Q/T251K double mutant involves muta-

tions of two amino acids in the same helix. In this case, the
side-chain replacements introduce a net charge of�2 at helix 6,
resulting in five positively charged residues within two helix
turnswith only a single negatively charged side chain (see Table
5). The suppression of the negative charge at position 247 and
the introduction of an additional positively charged residue at

position 251 breaks the Arg135–Gln247 interaction, leaving
Lys251–Gln247 as the predominant interaction. Additionally,
Gln247 interacts with Glu239 on the third cytoplasmic loop.
The results are somehow similar to those described for the
single mutant E247Q, but the changes in the interaction pat-
terns are larger because of the existence of an additional
positive charge in the region. Arg135 and Lys251 share the
same counter-ion (Glu134) with the Arg135–Glu134 interac-
tion being pre-dominant during the trajectory analyzed. The
interactions involving Glu239, Ser240, Thr242, and Thr243 at
the boundary between helix 3 and the third loop become
favored.
Distance betweenHelices 3 and 6—Table 6 shows the average

relative distances between the cytoplasmic ends of helices 3 and
6 obtained from the simulations. Interestingly, the alterations
on the hydrogen bond patterns described in the preceding sec-
tion do not necessarily imply changes in the relative distances
between helices. Specifically, the differences are smaller than
0.1 nm in all cases except for the T251K mutant. The results
show that single mutants E134Q, E247Q, and T251K exhibit
similar, shorter, or larger distances, respectively, compared
with WT. Specifically, because residue 134 in helix 3 does not
interact with helix 6, the removal of the negative charge with
the E134Q mutation gives the smaller change. The results for
E247Q clearly show that the loss of the electrostatic “lock” does
not lead to a larger separation of the helices. On the contrary,
here they even become slightly closer. T251K exhibits the larg-
est separation between helices 3 and 6 because of the additional
volume and/or charge at this position after the mutation. The
different results observed for the double mutants, and specifi-
cally for those containing T251K, suggest that rhodopsin has
mechanisms to rearrange the relative orientations of the heli-
ces. This can be done by rigid bodymotions of helices or helical
fragments and lead to long range effects.5 Overall, the analysis
performedhere suggests that despite being important formain-
taining the receptor in its inactive state, other residues, in addi-
tion to Glu134, Glu247, and Thr251, are involved in maintaining
the cytoplasmic sides of helices 3 and 6 together. This is in
agreement with the observation that Arg135 is not critical for
receptor function, but it is important for stabilizing receptors in
the inactive conformation (61).

DISCUSSION

Previous studies have suggested that the cytoplasmic regions
of transmembrane helices 3 and 6 of the GPCR are engaged in a
network of electrostatic interactions that stabilizes their inac-
tive states. In rhodopsin this would involve Arg135 in helix 3.
Thus, mutation at Arg135, as in the R135Qmutant, could affect
these interactions leading to a conformation that would have
some features of the activated receptor. However, mutations at
this site did not result in dark activity of the mutated rho-
dopsins (21, 54, 62). This suggested that the network of inter-
actions was more complex than expected and stimulated our
interest for other residues, such as Thr251 in helix 6. Therefore,
we have constructed and analyzed rhodopsins with mutations
at other residues involved in this network (namely Glu134,

5 A. Cordomı́, E. Ramon, P. Garriga, and J. J. Pérez, unpublished data.
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Glu247, and Thr251), but our discussion of the results takes into
account the proposed role for Arg135 in this specific set of inter-
actions (although no mutant at this position was used in this
study).
The detailed analysis of the structural and functional prop-

erties of mutants at the Glu247 and Thr251 positions in helix 6,
and combining these with the previously studied E134Q
mutant in helix 3, provides experimental evidence for the
importance of the electrostatic network around the cytoplas-
mic boundaries of helices 3 and 6 of rhodopsin in the confor-
mational and functional properties of the receptor. Our results
support the existence of such a network and indicate, for the
first time, that Thr251 plays a key role in it. A clear synergistic
effect is found for the E134Q/T251A doublemutant that shows
a significant level of dark activity (as well as a large increase of
activity in light condition) in comparison with the correspond-
ing individual single mutants. Previous studies have also shown
synergistic effects on Gt activation in rhodopsin, but in that
case the amino acids were more deeply buried into the trans-
membrane domain. This is also the first time where such an
effect is reported for amino acids clearly at the cytoplasmic
domain in rhodopsin. The dark activity of the E134Q/T251A
double mutant suggests that the combination of a neutral
nonpolar side chain at position 251 (like in T251A) and a
charge at position 247 leads to a rhodopsin conformation
that permits activation of Gt in dark conditions and stresses
the critical role of amino acid interactions in this region
(possibly including residues in the cytoplasmic loop as
detected in the MD simulations).
The analysis of the MD simulations performed in this study

provides insight into the dynamic nature of the residue interac-
tions within the protein structure, providing a basis for the
interpretation of the experimental results of the mutants pre-
sented. The analysis outlines important differences, as a result
of the side chain replacements, in terms of hydrogen bond pat-
terns between residues in the region around the cytoplasmic
sides of helices 3 and 6 and in the third cytoplasmic loop. Spe-
cifically, every mutant studied exhibits a different hydrogen
bond profile and distinct to that found in WT. Moreover, the
profile exhibited by double mutants cannot be predicted from
the effects observed for the corresponding single mutants, sug-
gesting that the protein is extremely sensitive to subtle confor-
mational rearrangements. The network of interactions found in
WT rhodopsin around the ERYmotif becomes weakened in all
the mutants studied, and this seems to be partly compensated
with new hydrogen bonds involving helix 6 and the third loop.
In summary, the results presented in this study provide

experimental evidence that the interaction among Glu134,
Arg135, Glu247, and Thr251, between helices 3 and 6, respec-
tively, is crucial in keeping rhodopsin in the inactive state.
Arg135–Glu134 interaction is important so that Arg135 adopts
the necessary conformation that favors the previous interac-
tion. A clear new finding is that the additional hydrogen bond
between helices 3 and 6 with Arg135–Thr251 contributes to the
stabilization of the inactive state. Thus, removal of this interac-
tion in the E134Q/T251A double mutant results in high levels
of activity in dark and light conditions. Spectral and functional
characterization and MD simulations taken together highlight

the importance of the so-called “ionic lock” at the cytoplasmic
ends of helices 3 and 6 in rhodopsin, and allow the proposal of a
key role for Thr251 in this electrostatic network for the first
time. Our results suggest that the mutants can affect the rho-
dopsin activation process as follows: (i) by alleviating the net-
work of interactions in the region around the ERYmotif, favor-
ing rhodopsin activation, and/or (ii) by altering the
conformation of the third loop, disrupting the interaction with
the G-protein.
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48. Hofsäss, C., Lindahl, E., and Edholm, O. (2003) Biophys. J. 84, 2192–2206
49. Wohlert, J., and Edholm, O. (2004) Biophys. J. 87, 2433–2445
50. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and

Klein, M. L. (1983) J. Chem. Phys. 79, 926–935
51. Hayashi, S., Tajkhorshid, E., and Schulten, K. (2002) Biophys. J. 83,

1281–1297
52. Saam, J., Tajkhorshid, E., Hayashi, S., and Schulten, K. (2002) Biophys. J.

83, 3097–3112
53. Han, M., Lou, J., Nakanishi, K., Sakmar, T. P., and Smith, S. O. (1997)

J. Biol. Chem. 272, 23081–23085
54. Acharya, S., and Karnik, S. S. (1996) J. Biol. Chem. 271, 25406–25411
55. Sakmar, T. P., Franke, R. R., and Khorana, H. G. (1989) Proc. Natl. Acad.

Sci. U. S. A. 86, 8309–8313
56. Kim, J. M., Altenbach, C., Kono, M., Oprian, D. D., Hubbell, W. L., and

Khorana, H. G. (2004) Proc. Natl. Acad. Sci. U. S. A. 101, 12508–12513
57. Han, M., Smith, S. O., and Sakmar, T. P. (1998) Biochemistry 37,

8253–8261
58. Van Sande, J., Parma, J., Tonacchera, M., Swillens, S., Dumont, J., and

Vassart, G. (1995) J. Clin. Endocrinol. Metab. 80, 2577–2585
59. Ren, Q., Kurose, H., Lefkowitz, R. J., and Cotecchia, S. (1993) J. Biol. Chem.

268, 16483–16487
60. Kjelsberg,M. A., Cotecchia, S., Ostrowski, J., Caron,M. G., and Lefkowitz,

R. J. (1992) J. Biol. Chem. 267, 1430–1433
61. Flanagan, C. A. (2005)Mol. Pharmacol. 68, 1–3
62. Shi,W., Sports, C. D., Raman, D., Shirakawa, S., Osawa, S., andWeiss, E. R.

(1998) Biochemistry 37, 4869–4874

Cytoplasmic Regions of Helices 3 and 6 of Rhodopsin

14282 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 19 • MAY 11, 2007

 by on January 16, 2008 
w

w
w

.jbc.org
D

ow
nloaded from

 

155

http://www.jbc.org


 



 

 

 

 

 

 

 

Molecular dynamics simulations of rhodopsin point mutants 

at the cytoplasmic side of helices 3 and 6. 

 

Cordomí A, Ramon E, Garriga P, Perez JJ 

 

J. Biomol. Struct. Dyn., 2008, In press. 

 

 



 

 



Molecular dynamics simulations of rhodopsin point mu-
tants at the cytoplasmic side of helices 3 and 6 

Arnau Cordomí1, Eva Ramón2,&, Pere Garriga2 and Juan J. Perez1,* 

1Laboratori d’Enginyeria Molecular, Departament d’Enginyeria Química, Universitat Po-
litècnica de Catalunya, Barcelona, Spain. 
2Centre de Biotecnologia Molecular, Departament d’Enginyeria Quimica, Universitat Po-
litècnica de Catalunya,Terrassa, Spain. 
&Present address: Centre for Membrane Biology, Department of Biochemistry and Mo-
lecular Biology, The University of Texas Health Science Center, Houston, Texas. 

 

ABSTRACT 
The present work reports on a structural analysis carried out through different computer simulations of a set of 
rhodopsin mutants with differential functional features in regard to the wild type. Most of these mutants, whose 
experimental features had previously been reported [Ramon et al. J. Biol. Chem. 282: 19. 14272-14282, 2007], 
were designed to perturb a network of electrostatic interactions located at the cytoplasmic sides of transmem-
brane helices 3 and 6. Geometric and energetic features derived from the detailed analysis of a series of mo-
lecular dynamics simulations of the different rhodopsin mutants, involving positions 134(3.49), 247(6.30) and 
251(6.34), suggest that the protein structure is sensitive to these mutations through the local changes induced 
that extend further to the secondary structure of neighboring helices and, ultimately, to the packing of the heli-
cal bundle. Overall, the results obtained highlight the complexity of the analyzed network of electrostatic inter-
actions where the effect of each mutation on protein structure can produce rather specific features.  

 

INTRODUCTION 
Rhodopsin is a key photoreceptor protein involved 
in the signaling process that eventually converts a 
photon into a visual response. This protein is a 
member of the G-protein coupled receptors (GPCR) 
superfamily, a family of proteins that plays a key 
role in the transmission of cell signals and in the 
regulation of basic physiological processes, being 
one of the largest families of proteins of the human 
genome and covering about 2% of the genes ex-
pressed. These proteins are embedded in the cell 
membrane and are arranged in a characteristic 
seven helix bundle structure that defines a site for 
specific binding of ligands that trigger the receptor 
activation process. In the case of rhodopsin, this 
site contains the chromophore molecule 11-cis-
retinal that is covalently linked to K296 in trans-
membrane (TM) helix 7 via a protonated Schiff 
base linkage. Photoactivation of the receptor by 
light absorption induces isomerization of the 11-cis-
retinal chromophore to its all-trans configuration, 
which results in a conformational change in the 
receptor that starts a cascade of biochemical reac-
tions known as visual phototransduction that is the 
main molecular mechanism of the visual process.  

 
Amino acids at the cytoplasmic sides of heli-

ces TM3 and TM6 (see Fig. 1) were shown to be 
involved in the activation mechanism of rhodopsin 
(1-6). Site-directed mutagenesis studies provided 
experimental evidence about the relevance of a set 
of interactions around R135(3.50), often referred 
to as the electrostatic lock. This region is highly 
conserved throughout the members of the GPCR 
superfamily and was considered as a putative mo-
lecular switch involved in a common activation 
mechanism of most GPCR (7-9). Different studies 
have addressed the effect of mutating either 

R135(3.50) (7, 8, 10, 11), E134(3.49) (7, 8, 12), 
E247(6.30) (9, 13), or T251(6.34) (14) in different 
GPCR. Particularly, protonation of E134(3.49) or 
the mutation of either E134(3.49), E247(6.30) or 
T251(6.34) to residues lacking their charged/polar 
groups have been shown to increase either the 
dark activity of the receptor (with retinal bound in 
the 11-cis form), or the activity in the absence of 
ligand (constitutive activity) (1-6). These studies 
have great significance in clarifying several aspects 
of GPCR function; however the molecular interpre-
tation of these functional effects is sometimes diffi-
cult and may be based in inaccurate hypothesis.  

 
Knowledge of the 3D structure of rhodopsin 

at atomic resolution provides a unique opportunity 
to carry out structure-function studies aimed at 
shedding light into the mechanism of rhodopsin 
activation. The different crystal structures of 
rhodopsin reported in its dark-state (7-11) clearly 
provide support to the fact that residues 
E134(3.49), R135(3.50), E247(6.30) and 
T251(6.34) are involved in a network of hydrogen 
bond interactions, being R135(3.50) simultaneously 
hydrogen-bonded to E134(3.49), E247(6.30) and 
T251(6.34) as shown in Fig. 2. These interactions 
are believed to stabilize rhodopsin in its inactive 
form. Accordingly, mutations that weaken the hy-
drogen bond network will facilitate the transition to 
a partially activated state and consequently en-
hance the activity of the receptor. Although these 
interactions are believed to be present in other 
GPCR, only the interaction between R131(3.49) 
and D130(3.50) is present in the recently reported 
crystal structures of different engineered chimeras 
of the human β2 adrenergic receptor (12-14). 
However, the proximity of the engineered added 
motifs to the protein seem to favor the interaction 
of E268(6.30) either with K267(6.29) or with the 
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T4L motif, despite the former remains close to 
R131(3.49).  

 
Computational methods and specifically, 

molecular dynamics (MD) simulations can provide 
useful information about the structural features of 
a protein and about its dynamical behavior, not 
available from X-ray diffraction data. Moreover, 
combining site-directed mutagenesis and MD simu-
lations has already been shown to be a useful ap-
proach to explore the molecular mechanisms un-
derlying GPCR activation (1,15,16). Currently, 
simulations of rhodopsin embedded in a lipid bi-
layer can be carried out for several tens or even 
hundreds of nanoseconds, providing data in a real-
istic environment. In this direction, several MD 
studies of rhodopsin performed on different model 
lipid molecules have been recently reported (17-
24). 

 
In the present study we focus on the region 

of the electrostatic network around the cytoplasmic 
edges of helices TM3 and TM6 through the com-
parison of the structural features of wild type (WT) 
rhodopsin with those of different single and double 
mutants at positions 134(3.49), 247(6.30) and 
251(6.34) using MD as a tool. Accordingly, nine 
different 5 ns MD simulations of WT rhodopsin and 
a set of single and double mutants including 
E134Q, E247Q, T251K, E134Q/E247A, 
E134Q/T251A, E134Q/T251K, E134Q/T251E, and 
E247Q/T251K, were performed and analyzed. Most 
of these mutants were recently reported to have 
activation profiles that could be attributable to dif-
ferent conformational states (3). The present work 
is an extension of a preliminary theoretical analysis 
carried out to provide structural support to site-
directed mutagenesis experiments (3). The results 
reported in the present work provide evidence that 
the mutations produce subtle local changes in the 
hydrogen bond patterns that subsequently affect 
the secondary structure of helices TM3, TM4, TM5 
and TM6 and eventually perturb the structural 
properties of the helix bundle as a whole. Our re-
sults suggest a cooperative mechanism which al-
lows the protein to respond to a specific mutation 
through the rearrangement of the structure that 
extends far from the local area where mutations 
have been introduced. 

METHODS  

Rhodopsin structure 
Rhodopsin coordinates were taken from the first 
monomer of entry 1GZM (10) of the Protein Data 
Bank (25). This structure differs from those previ-
ously published (7,8,11) in that all the residues of 
the extracellular and cytoplasmic loops are included 
in the structure. In addition, all residues of the N-
terminal segment, including the acetyl group are 
present in our model. However, it does not include 
the C-terminal part beyond the palmitoylated cys-
teines at the end of the short cytoplasmic helix 8. 
The two palmitoyl chains bonded to two cysteine 
residues that are believed to be important for the 
membrane anchoring point were also included. All 
possibly charged amino acids in the WT as well as 
in all mutants were charged except D83 and E122, 
since there is experimental evidence that these 
residues are protonated and neutral (26). Addition-
ally, both residues are located in the hydrophobic 

core, and have no counter charge in their 
neighborhood. Despite the mutations performed 
involve variations of the total charge, no changes in 
the protonation state of the neighboring residues 
were considered since the net charge compared to 
the WT is always positive, in favor of the charged 
form or the protein already observed for the WT 
(2). 

Membrane model and embedding 
Rhodopsin was embedded into a previously equili-
brated rectangular box containing both DPPC lipids 
and water molecules (27). The initial box contained 
256 lipid and 17044 water molecules, giving the 
dimensions 10.3x8.0x10.2 nm3 before protein in-
sertion. Although DPPC is not the predominant lipid 
type in the rod cell outer membranes it was se-
lected because it is the best characterized PC lipid 
both experimentally (28) and from MD simulations 
(27,29-33). Additionally, it was previously shown 
that the hydrophobic thickness of a DPPC bilayer 
matches the thickness of rhodopsin (23,34). 

 
After introducing the receptor in the box, all 

water molecules having the oxygen atom closer 
than 0.40 nm and all lipid molecules having a 
heavy atom closer than 0.25 nm from a heavy 
atom of the protein were removed. This process 
was used to eliminate steric hindrances between 
the protein and both DPPC or water molecules, but 
introduced small voids between the protein and 
water and lipid molecules that were removed dur-
ing the equilibration period of the MD simulations. 
Depending on the total charge of each system, 
about 100 water molecules in the box were ran-
domly chosen and replaced by either sodium or 
chloride ions to obtain the physiologic ion concen-
tration of 0.2 M in NaCl, fairly similar to the con-
centrations in biological organisms. The balance 
between sodium and chloride ions was adjusted to 
obtain a totally electro-neutral system taking the 
net charge of the protein into account. In the simu-
lations with a single bilayer and periodic boundary 
conditions both sides exhibit the same concentra-
tions. However, water solutions in real membranes 
exhibit different intracellular and extracellular ionic 
concentrations.  

MD simulation protocol 
All simulations were performed using a parallel 
version of GROMACS 3.2 package (35,36). All sys-
tems were subject to periodic boundary conditions 
in three directions of the Cartesian space. Simula-
tions were performed at 323 K so that DPPC lipids 
remained above the gel/liquid crystalline phase 
transition temperature. The temperature was kept 
constant using separate thermostats for protein, 
water, ions and lipids (37). Although this tempera-
ture is slightly higher than the physiological one, it 
is used because otherwise considerably longer time 
than the order of some nanoseconds of simulation 
would be required to significantly alter the protein 
structure (17,24). The coupling time constants for 
all thermostats were 0.1 ps, except for water that 
was 0.01 ps. The integration of motion equations 
was performed using a leap frog algorithm with a 
time step of 2 fs. All bonds in the protein and lipids 
were frozen using the LINCS (38) algorithm. For 
water, bonds and angles were hold constant using 
the analytical SETTLE method (39). A cutoff of 1.0 
nm was used for Lennard-Jones interactions and a 
twin cutoff of 1.0/1.8 nm for electrostatic interac-
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tions, with the neighbor list was updated every 10 
steps. Although it is known that truncation of long 
range interactions may lead to some artifacts in the 
lipid bilayer (29,32,40-44), we have recently shown 
that sampling in the NVT ensemble together with a 
large cutoff for the electrostatics is suitable for 
simulating bovine rhodopsin embedded in a DPPC 
lipid bilayer (45), in agreement with previous re-
sults regarding alamethicin channel forming pep-
tides (46). Specifically, the fixed volume restrains 
the bilayer thickness whereas the membrane acts 
as a physical restraint that stabilize the protein 
structure from possible long-range electrostatic 
artifacts (45). 

 
The all-atom OPLS force field (47) currently 

implemented in GROMACS 3.2 was used for all 
molecules in the system except for DPPC lipids, 
that were modeled with a previously described 
force field (33), which reproduces most properties 
including areas per lipid of pure lipid bilayer sys-
tems. TIP3P model was used for water molecules 
(48). Retinal charges were taken from quantum 
chemical calculations (49) and have already been 
used in other rhodopsin MD simulations (19). For 
palmitoylated cysteines, fractional charge were 
computed from electrostatic potential calculations 
at HF/6-31G* level and further adapted to neutral 
group charges in a similar manner to standard 
amino acids in the OPLS-AA force-field.   

 
WT rhodopsin was energy minimized and 

equilibrated in successive MD simulations extending 
up to 6.5 ns in total. First, 500 ps were run using 
the NPT ensemble, allowing the system to change 
the box dimensions, with protein coordinates 
strongly restrained to the initial structure. During 
this step, the gap between the protein and lipid and 
water molecules was removed. Then, 500 ps were 
run using the NVT ensemble with the same position 
restraints in the protein. In the last equilibration 
step, when the bilayer and water around the pro-
tein had stabilized, the restraints on the protein 
were released and the system was run for 5.5 ns. 
From this point, production runs of 5 ns were 
started with WT rhodopsin and all mutants studied. 
Mutants were constructed by replacement of resi-
due side-chains in the equilibrated WT structure. In 
order to keep the electro-neutrality of the system, 
single water molecules were converted to Na+ or 
Cl- ions when necessary. 

Analysis of trajectories 
The analysis of trajectories has been performed 
using the tools included in GROMACS package to-
gether with our own programs. Lengths of the heli-
ces considered in this report were taken from the 
consensus secondary structure (Table I) as follows: 
TM1:34-61, TM2:72-101, TM3:107-134, TM4:151-
169, TM5:201-225, TM6:248-278, and TM7:288-
310. For the determinations of tilt and kink angles, 
each helix was considered as an independent axis 
defined by 8 Cα at every helix end, and divided in 
two axes across the center of mass of 3 Cα cen-
tered at the main kink points: TM1:53, TM2:92, 
TM3:115, TM4:160, TM5:214, TM6:264, TM7:296 
as reported in ref. (24). Interaction energies were 
computed from the electrostatic and Lennard-Jones 
(LJ) contributions corresponding to different parts 
of the system studied. For the computation of spe-
cific residues or TM helices, all atoms -including 
hydrogen atoms and those being part of the back-

bone- were taken into account. Particularly, the 
cytoplasmic segments of TM3 and TM6 were chosen 
as 121-139 and 244-264, respectively.  

RESULTS  
The different mutants selected in the present work 
had been designed to alter the network of the hy-
drogen bonds and electrostatic interactions in the 
cytoplasmic side of helices TM3 and TM6. The 
analysis of MD trajectories described in the present 
section is intended to underline exclusively the 
structural effects induced by the mutations. The 
results indicate that the different mutations pro-
duce subtle structural alterations in the network of 
electrostatic interactions that, in turn, induce al-
terations on the secondary motifs of helices TM3 
and TM6 and ultimately, on the rigid-body motions 
of the protein.  

The link between the cytoplasmic 
sides of TM3 and TM6 

The interactions network 

The so-called electrostatic lock of rhodopsin is a 
network of electrostatic interactions that stabilizes 
the receptor in its inactive conformation. It involves 
R135(3.50) as a key piece, exhibiting interactions 
with E134(3.49), E247(6.30) and T251(6.34) si-
multaneously, constituting the four residues of the 
lock. A close up look into this region, showing the 
hydrogen bonding and electrostatic interactions in 
the different mutants, taken from representative 
snapshots of the last section of the corresponding 
MD trajectories, is displayed in Fig. 2. For a more 
quantitative analysis Table IIA lists the interaction 
energies between the specific pairs of residues in-
volved in the electrostatic lock, namely residues 
134, 135, 247 and 251. In order to assess the 
strength of the TM3-TM6 interaction, the last col-
umn of this Table refers to the interaction energy 
between helices TM3 and TM6 computed from the 
different contributions of these residues, taking into 
account the particular helix where they are located. 
Additionally, interaction energies between seg-
ments 121-139 (TM3) and 244-264 (TM6) were 
computed for the different mutants, which exhibit 
values ranging from -560 kJ/mol to -30 kJ/mol 
(Table IIB). Such differences are basically attribut-
able to the coulombic contribution since the LJ term 
is rather constant, suggesting that the contact sur-
face between the two helices is very similar in all 
cases. Values reported in Table IIB exhibit a paral-
lel trend with those of the last column of Table IIA 
(excluding the double mutant E247Q/T251K, which 
exhibits the largest standard deviations; see be-
low), suggesting that the four residues of the elec-
trostatic network analyzed above account for most 
of the interaction energy between helices TM3 and 
TM6 at this region. 

 
In WT rhodopsin, the structural features of 

the residues involved in the electrostatic lock that 
can be observed in the X-ray structures are pre-
served along the MD trajectory, in agreement with 
previous simulations (18-20). Specifically, 
R135(3.50) exhibits two ionic interactions with 
E134(3.49) of TM3 and E247(6.30) of TM6, respec-
tively, in addition to a hydrogen bond with residue 
T251(6.34) of TM6, during the whole trajectory. 
Values for the interaction energies (see Table IIA) 
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are -550 kJ/mol, -400 kJ/mol and -50 kJ/mol, re-
spectively. Interestingly, whereas a direct residue-
residue hydrogen bonding interaction is observed 
for E247(6.30) and T251(6.34), the interaction 
with E134(3.49) is sometimes direct and some-
times mediated through a water molecule, a finding 
also compatible with a previous study (19).  

 

Single mutants 

E134Q is characterized by the loss of one of the 
ionic pairs of R135(3.50) and therefore, for the lack 
of competition -observed in the WT- between 
E134(3.49) and E247(6.30) for the latter residue. 
This leads to a strengthening of the interaction 
R135-E247 and, consequently, between TM3 and 
TM6, giving a interaction energy that is about twice 
the obtained for the WT rhodopsin. The opposite 
effect is found in the mutant E247Q, where the 
interaction with R135(3.50) weakens. More impor-
tant is the fact that visual inspection of the struc-
tures suggests that the mutants favor the dis-
placement of R135(3.50) side-chain towards helix 
TM3 moving away from TM6. The preceding results 
reveal that the removal of the negative charge at 
positions 134 and/or 247 reduces the interaction 
with R135 by a half or even disappearing in some 
cases.  

 
Mutant T251K exhibits an additional positive 

charge located at the beginning of TM6, a region 
already containing a large number of charged resi-
dues including three positively charged ones K245, 
K248 and R252, and two negatively charged ones 
E247(6.30) and E249. Replacement of a threonine 
residue for a lysine not only affects the charge of 
the system but also increases steric hindrance due 
to the presence of a bulkier side chain. This 
strongly affects the original network forcing a rear-
rangement of the neighboring positively charged 
residues. Particularly, R135(3.50) feels electrostatic 
repulsion from K251, which ends up with a weak-
ening of the interaction R135(3.50)-E247(6.30). 
This situation forces a rearrangement of the differ-
ent residues to form new interactions in other di-
rections. Thus, K251(6.34) forms hydrogen bonds 
with residues E239 and Q237, located in the third 
cytoplasmic loop (3), with T229 in helix TM5 and 
with solvent water molecules and chloride ions. 
Similarly, E247(6.30) exhibits a hydrogen bond 
interaction with Q312 (not observed in any other 
simulation) at the short cytoplasmic helix 8 during 
a long fraction of the MD trajectory as well as with 
solvent water molecules and sodium ions. As a 
consequence, the mutant exhibits a weaker interac-
tion between TM3 and TM6 than in the WT.  More-
over, the similar interaction energies between mu-
tants E247Q and T251K suggest that the effect of 
removing the negative charge of residue 247 is 
analogous to introducing a positive one at position 
251.  

 

Double mutants 

The interactions observed in double mutants are 
not always predictable from the behavior observed 
for the corresponding single mutants. Specifically, 
in the case of E134Q/E247A, mutation of E134 and 
E247 not only represents a loss of interactions but 
the removal of the two counter-charges of 
R135(3.50). On the one side A247(6.30) is not able 
to establish a hydrogen bond with R135(3.50), 

whereas on the other side the R135(3.50)-
Q134(3.49) interaction is much weaker than in the 
single mutant. As a consequence, the R135(3.50)-
T251(6.34) is the only interaction present in the 
WT that is preserved. Therefore, the electrostatic 
network associated to the D(E)RY motif is almost 
lost as it is underlined by the 60% drop in the in-
teraction energy between TM3-TM6, giving the 
smallest value within the systems studied. The re-
sults suggest that mutation E134Q has no effect in 
stabilizing the interaction between TM3 and TM6 if 
residue E247(6.30) is not present. 

 
The two replacements in mutant 

E134Q/T251A disturb the native direct interactions 
R135(3.50)-T251(6.34) and R135(3.50)-
E134(3.49). Not only the interaction energy be-
tween R135(3.50)-T/A251(6.34) drops to a fifth of 
the native one but also induces a small decrease on 
the R135(3.50)-E247(6.30) interaction, suggesting 
that T251(6.34) helps in stabilizing the latter. 
Therefore, the E134Q/T251A double mutant exhib-
its a interaction energy about 50 kJ/mol lower than 
the energy exhibited by the single mutant E134Q. 
The double mutant E134Q/T251K combines some 
of the features of both single mutations. On the 
one hand, E134Q/T251K results in a drop in the 
interaction energy between residues R135(3.50)-
E134(3.49), similar to that found in the single mu-
tant E134Q(3.49), though smaller, and on the 
other, the pair K251(6.34)-R135(3.50) exhibits an 
unfavorable interaction energy similar to that in the 
T251K single mutant. However, K251(6.34) weak-
ens the interaction E247(6.30)-R135(3.50) more 
than observed in the single mutant, due to the 
competition between the former and R135(3.50) 
for E247(6.30). In contrast, the main difference 
with the single mutant is the favorable interaction 
energy between E247(6.30) and K251(6.34). How-
ever, since both residues are in the same helix this 
interaction does not produce a net stabilization 
between TM3 and TM6, resulting in a similar inter-
action energy. The E247Q/T251K double mutant 
has five positively charged residues within two helix 
turns with only a single negatively charged side-
chain. Specifically, the mutation impairs the native 
interaction R135(3.50)-E/Q247(6.30) as in the 
E247Q single mutant, although there are larger 
alterations due to the existence of the additional 
positive charge. The interaction energy between 
TM3 and TM6 is larger than in the remaining mu-
tants containing T251K due to the stronger salt 
bridge between E134(3.49) and K251(6.34) and 
the smaller repulsion between E134(3.49) and 
Q247(6.30) (see Table II). The conformational 
change of R135, moving apart from the helix, re-
duces the repulsion with other charged residues at 
TM6 that are able to better explain the gain in the 
interaction energy between the cytoplasmic sides of 
TM3 and TM6 (Table IIB) than merely considering 
the four residues of the lock (last column of Table 
IIA).  

 
In the double mutant E134Q/T251E both 

mutations favor the interactions between residues 
contributing to hold TM3 and TM6 helices together 
at expenses of a loss in the intra-helix interactions 
–a drop in the interaction energy between 
E134Q(3.49) and R135(3.50) and a significant in-
crease in the repulsion between E247(6.30) and 
E251(6.34)-. The E134Q(3.49) mutation prevents 
the competition between residues E134(3.49) and 
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E247(6.30) for residue R135(3.50), and addition-
ally there is a new ionic interaction between R135 
and E251, which favors the interaction between 
helices. Not surprisingly, the mutant exhibits the 
largest interaction energy among the proteins stud-
ied -more than twice the energy of the WT- (see 
Table II).  

 

Interactions with the solvent (water 
molecules, ions and lipids) 

A detailed analysis of Fig. 1 and 2 shows that most 
residues of the electrostatic lock are solvent acces-
sible, mostly E/Q134, E/Q247, E/K251 and R135, 
to a lesser extent. Therefore, for a complete picture 
of the structural changes produced on the system, 
it is necessary to consider the interactions of the 
protein with water and ions that damp those within 
residues (18). Furthermore, protein-solvent/ion 
interactions are likely to rearrange not only be-
cause some specific atoms of the WT are missing, 
but also as a response to the different net charge in 
the mutants studied. The results show that the 
strength of the interactions with water molecules 
and ions is sensitive to how buried the side chains 
are. Whereas sodium ions are mostly found close to 
negatively charged residues E134(3.49) and 
E247(6.30) -and E251(6.34) in E134Q/T251E mu-
tant-, chloride ions stay close to R135(3.50) -and 
mostly K251(6.34) in mutants K251, E134Q/T251K 
and E247Q/T251K-. Regarding water molecules, 
the proteins where native interactions are removed 
(E134Q or E247Q/A) exhibit a tendency to adopt 
more compact structures, that is, replacing protein-
protein water mediated interactions by direct ones. 
Furthermore, when new charged residues are 
added (mutants containing T251K or T251E) the 
electrostatic lock becomes more open and accessi-
ble to water molecules and ions. Specifically, 
whereas the side-chain of T251 is not solvent ac-
cessible, both K251 and E251 are pushed away 
from the protein core. Finally, recent studies sug-
gest that interactions with lipid oxygen atoms may 
also help to stabilize the charges of the receptor, in 
particular residues Y136, K248 and R252 (24).  

 

Distances between TM3 and TM6 

The average distance between the centers of mass 
of the cytoplasmic sides of TM3 and TM6 is re-
ported in the last column of Table II B. In the WT 
this is 11.2 Å and the value for the different sys-
tems differ less than 1 Å in all cases except for 
T251K that is larger (see Fig. 2). The separation 
between helices in the latter is almost 2 Å larger 
than the in WT, but becomes smaller in the double 
mutants involving K251(6.34). Distances between 
the cytoplasmic faces of TM3 and TM6 do not follow 
the same trends as the interaction energies, sug-
gesting that the packing of these fragments is in-
dependent of the local effects at the cytoplasmic 
side of these helices.  

Protein stability and secondary 
structure 

The analysis of the MD trajectories performed indi-
cates that no major changes in the protein tertiary 
structure occur in the mutants studied. However, 
there are local effects on the structure that can be 
identified by measuring the root mean square de-
viations (rmsd) of the protein α-carbons along the 

MD trajectory. Thus, rmsd time evolution exhibits a 
plateau after 3 ns for all systems, with asymptotic 
values between 0.25-0.30 nm for all systems in-
cluding WT rhodopsin (data not shown), compatible 
with previous simulations of similar systems 
(17,24). E134Q/T251E represents an exception, 
exhibiting a larger value of 0.35 nm, due to the 
necessary rearrangements experienced, necessary 
for E251(6.34) to become the main counterion of 
R135(3.50). As expected, the TM regions exhibit 
lower rmsd values, whereas the second and the 
third cytoplasmic loops are the regions exhibiting 
the larger deviations, in agreement with recent 
simulations of WT rhodopsin performed under dif-
ferent conditions (17,24). The computation of the 
rmsd for the cytoplasmatic segments of TM3 and 
TM6 (residues 121-139 and 244-264, respectively) 
normalized to the WT shows that the majority of 
mutants do not exhibit deviations in these regions. 
Exceptions are E247Q and E247Q/T251K that ex-
hibit rmsd values of 0.13 and 0.09 nm at TM3, and 
T251K and E134Q/T251E that exhibit rmsd values 
of 0.18 and 0.15 nm at TM6. 

 
Although recent work indicated that the con-

served D(E)RY and NPxxY motifs exhibit a strong 
correlation with retinal (50), the analysis of the 
rmsd values indicate that the deviations around the 
protonated Schiff Base are of the order of 0.05 nm 
after 5 ns in all systems including the WT, suggest-
ing that the different mutants do not directly affect 
the retinal conformation. Finally, despite we and 
others have recently hypothesized that the mutants 
studied in the present work may have an effect in 
the conformation of the neighboring loops (3), a 
detailed analysis is beyond the scope of the present 
calculations, since loops are not properly sampled 
in simulations of the length of the present ones 
(51,52).  

 
 In order to analyze the effect of the muta-

tions on the secondary structure of the different TM 
regions, an analysis of the intra-helical hydrogen 
bonds (i,i+n; n=3,4,5) in each of the helices was 
performed. Indeed, the existence of helix breaks 
and turns of type 310 (i,i+3) at the end of the heli-
ces is critical since they produce larger rmsd in the 
second and third cytoplasmic loops. Table I shows 
the secondary structure of the average from the 
last 2 ns of trajectory for each of the mutants. 
These results suggest that the helical structure is 
well preserved in all cases, although they show 
subtle differences in regard to the length and sta-
bility of the cytoplasmic regions of both TM3 and 
TM6. Hydrogen bonds involving the carbonyl 
groups of residues 131-136 in the region of the 
D(E)RY motif in TM3, exhibit deviations from an 
ideal α-helix that are also found in the WT. More-
over, the secondary structure at the cytoplasmic 
side of TM3 is sensitive to the interaction with TM6 
since either the lack of a negative charge at posi-
tion 247(6.30), or the existence of a positive one at 
position 251(6.34) provides larger distortions, with 
additional breaks and/or a larger number of i,i+3 
interactions. In any case, alterations are small and 
local as can be graphically observed in Fig. 2. In 
contrast, larger alterations are observed in the re-
gion 151-158 at the cytoplasmic side of TM4, in 
particular in the mutants T251K and E134Q/E247Q. 
The cytoplasmic region of TM5 - including the car-
bonyl groups of residues 221-228- exhibits similar 
intra-helical interactions than in the WT in most 
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cases analyzed, suggesting that the lack of interac-
tion between helices might stabilize the secondary 
structure of residues in this region. The fragment of 
TM6 containing the carbonyl groups of residues 
247-255 is destabilized in T251K, E134Q/E247A, 
E134Q/T251K and E134Q/T251E as depicted in Fig. 
2. Particularly, the helix break in T251K reflects a 
tilt of the 251-247 fragment and the destabilization 
observed in E134Q/E247A is due to the larger dis-
tance between residues 247 and 251. The breakage 
of E134Q/T251K interactions is necessary for the 
formation of E247(6.30)-K251(6.34). Finally, 
E134Q/T251E exhibits 6 consecutive i,i+3 interac-
tions which appear because E251(6.34) becomes 
the counterion of R135(3.50) instead of 
E247(6.30). Overall, the results suggest that the 
effects on the secondary structure are small and 
locally related to the cytoplasmic sides of helices 
TM3 and TM6 and the neighboring TM4 and TM5 
connected through the second and the third cyto-
plasmic loops, respectively. 

Analysis of the helix bundle  
The analysis of the effects of the different muta-
tions on the packing of the helix bundle is based on 
the study of rigid body motions of the helices, 
taken as independent objects (see Material and 
Methods section). In this case, the analysis per-
formed includes the in-plane and perpendicular 
motions relative to the bilayer plane as well as the 
helix tilts and kinks. The first two structural fea-
tures exhibit differences smaller than 1 Å, and even 
below 0.4 Å, in most mutants when compared to 
the WT, indicating that these parameters are not 
sensitive to the mutations performed. However, the 
values for the average tilt and kink angles over the 
last 1 ns of each trajectory reveal significant differ-
ences in some cases (Table III). The major differ-
ences are observed for TM4, TM5 and TM6, which 
are adjacent to the second and third cytoplasmic 
loops and close to residues 134, 135, 247 and 251. 
The reason why TM3 is not listed here is that it 
interacts strongly with many helices -TM2, TM4, 
TM5 and TM6- that act as a physical constraint.  

 
Time evolution of certain helix tilts and kinks 

exhibit clear differences in comparison with WT 
rhodopsin (Fig. 3). The results show that the angles 
of the rigid body motions begin from a common 
value -the same starting structure- and evolve to a 
slow but steady increasing divergence, which in 
some cases seems not to be finished in 5 ns. Other 
changes may occur although they overlap with 
their natural oscillations. Values of helix tilt do not 
change much from one system to another except in 
a few cases, and the differences are often in the 
range of the standard deviations. Therefore, the 
discussion below refers only to the cases where 
there is a clear difference between the values of 
the WT and the mutants (see Fig. 3). This is the 
case of TM4 for the mutants E134Q/E247A and 
E134Q, and TM6 for the mutants T251K, E247Q, 
E247Q/T251K and E134Q/E247A. The large devia-
tion of 11º found in TM4 for the E134Q/E247A 
double mutant seems to arise from the absence of 
a counterion for residue R135(3.50). In contrast, 
the small differences observed in helix TM6 seem to 
correlate well with the charge exhibited by the he-
lix, with mutants like E134Q providing smaller tilts 
than the WT and mutants like T251K exhibiting 
larger ones. A previous model for T251(6.34K) mu-
tants on the µ-opioid receptor suggested a large 

separation between TM3 and TM6 and effects on 
the neighbor helix TM5 motivated by the additional 
charge (4). The present MD simulations show a 
small separation between TM3 and TM6, for muta-
tions including T251K, but larger alterations on tilt 
and kink angles of helices TM4, TM5 and TM6. 

 
Some mutants exhibit also a clear deviation 

in the kink values in TM4, TM5 and TM6 from the 
corresponding values for the WT. The pronounced 
kink of TM4 for the mutants E134Q/E247A and 
E134Q suggest a direct implication of the E134Q 
mutation leading to differences of about 10º. Con-
trarily, TM5 shows significant but smaller differ-
ences in the time-evolution of kinks, but with 
E134Q/T251A and T251K providing less bended 
helices than the WT. Finally, the large bend of 40º 
in TM6 observed for the WT exhibits also large dif-
ferences from one system to another which seem 
to be sensitive to the mutants involving alterations 
in the charge of residue 247(6.30) and/or 
251(6.34) -with changes up to 15º for 
E247Q/T251K-, because of the +2 net charge local-
ized in a small region.  

DISCUSSION 
The present study addresses an analysis by means 
of MD simulations of the structural effects produced 
by a set of mutations on the residues defining the 
region called electrostatic lock, at the boundaries of 
the cytoplasmic domain of rhodopsin, linking the 
cytoplasmic side of TM3 and TM6. For this purpose 
nine 5 ns MD simulations, in an explicit lipid bi-
layer, have been carried out, and the dynamical 
behavior of three single and five double mutations 
have been compared with that of WT rhodopsin. 
The results obtained provide new insights into the 
structural rearrangements caused by introducing 
point mutations at amino acid positions involved in 
the electrostatic lock, providing a theoretical basis 
for the recent study of the expressed and purified 
mutants (Ramon et al., 2007), in terms of the pre-
disposition of the dark state structures to undergo 
relevant functional changes (53). The MD simula-
tions clearly indicate that the protein structure is 
sensitive to side chain modifications involving the 
network of electrostatic interactions between the 
cytoplasmic sides of helices TM3 and TM6 that keep 
the receptor in its inactive conformation.  

 
 The results suggest that each mutant needs 

to be analyzed individually in terms of the confor-
mational rearrangements induced. Moreover, the 
resulting electrostatic arrangements have to be 
carefully taken into account for a meaningful inter-
pretation of the experimental results obtained by 
side-directed mutagenesis and functional assays. 
Furthermore, double mutants do not generally ex-
hibit a behavior which can be easily predicted from 
that of the corresponding single ones. Thus, care 
should be taken when analyzing the results from a 
set of given mutations because the structural prop-
erties in each particular mutant are very sensitive 
to specific details of the particular side chain inter-
actions adopted.  

 
Changes are described in the hydrogen bond 

network involving R135(3.50) and E134(3.49), 
E247(6.30) and T251(6.34), defining the electro-
static network between the cytoplasmic ends of 
helices TM3 and TM6. The rearrangement of the 
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structure due to the mutations is fast, typically 
occurring in less than 0.5 ns. At this time the sec-
ondary structure of helices TM3, TM4, TM5 and TM6 
starts being altered to compensate the newly 
formed interactions. These changes are transmitted 
to the second and third cytoplasmic loops and to 
small, but not negligible changes in the tilt and kink 
angles of helices TM4, TM5 and TM6 –extending for 
more than 5 ns in most cases- which, however, do 
not affect the global packing of the helical bundle. 
Although it has been possible to identify the initial 
structural changes induced by the side chain muta-
tions, larger sampling times would be required for a 
full characterization.  

 
One of the most striking result of the pre-

sent study is that side chain mutations on rhodop-
sin –at the cytoplasmic side of the protein- not only 
have local effects but can induce changes in other 
helices than those containing the mutations, pro-
viding evidence that rhodopsin responds to local 
conformational changes in a global-cooperative 
manner. This highlights the exquisite conforma-
tional design of the protein and the sophisticated 
set of different interactions responsible for the for-
mation of the correctly folded (and functionally 
optimized) rhodopsin molecule. Although all side 
chain mutations studied in this work are located on 
helices TM3 and TM6, and were designed in order 
to alter electrostatic interactions, they result in 
alterations of other features such as helix tilts and 
kinks up to 20º in TM6 but also in TM4 and to a 
lower extent in TM5. The rationale is that subtle 
local changes can be transmitted along the whole 
bundle of helices since every helix is tightly packed 
with the neighboring helices. These may be the 
structural determinants of the formation of the cor-
rectly folded rhodopsin molecule that is required for 
its main role in the visual phototransduction proc-
ess. 

 
The calculations corresponding to the mu-

tants E247Q(6.30), and T251E(6.34), support the 
paradigm that a reduced interaction between heli-
ces TM3 and TM6 provides a larger dark activity of 
rhodopsin (3), supporting the electrostatic lock 
hypothesis. Similar results have also been obtained 
in other GPCR such as the β2-adrenergic receptor 
(1) or the µ-opioid receptor (4). However, some 
mutants like E134Q or T251K do not provide full 
support to this hypothesis since they exhibit higher 
dark activity than WT rhodopsin (3) despite of ex-
hibiting higher interaction energy between TM3 and 
TM6 than WT rhodopsin. It would seem that the 
local environment is also responsible for maintain-
ing such interactions. In this context we suggest 
that the different interaction patterns observed in 
the recently reported crystal structures of different 
engineered chimeras of the human β2 adrenergic 
receptor (12-14) could be due to the local effects in 
the electrostatic lock induced by the engineered 
added motifs. The enhanced activity for mutants 
E134Q and E134Q/T251A of rhodopsin (3) can be 
argued considering that E134(3.49) helps in main-
taining the optimal conformation of R135(3.50) to 
hold TM3 and TM6 together (1,3), a role supported 
by the inhibition reported for E134D mutant (6). 
Moreover, a recent analysis of interaction correla-
tion patterns from MD simulations revealed that 
this residue is strongly correlated with retinal, pro-
viding evidence that the residue regulates rhodop-
sin activity (50). On the other hand, despite that 

the mutant T251K destabilizes the electrostatic 
network between TM3 and TM6 both in rhodopsin 
and in the µ-opioid receptor (4), in the latter case it 
exhibits an increased constitutive activity -following 
the paradigm-, but not in the former case (3), sug-
gesting a combination of effects in a global mecha-
nism. Additionally, the µ-opioid receptor does not 
exhibit dark activity despite that the WT lacks the 
residue equivalent to E247(6.30) (4). Present cal-
culations suggest that the effect on the interaction 
energy between TM3 and TM6 of mutant E247Q is 
similar to that of T251K. According to the results of 
the present work, the possibility that the latter mu-
tant –and maybe other ones- exhibits a defective 
folding in the region of G-protein binding should be 
considered. It is also possible that some of the mu-
tants studied here may result in alterations of the 
NPxxY motif in TM7 as previously suggested (54). 
However, the present results provide support to 
previous studies which found that the conserved 
R135(3.50) side chain is not required for receptor 
function, but it is important for stabilizing receptors 
in the inactive conformation (55). Our results sug-
gest an emerging picture where the so-called “elec-
trostatic lock” would not be an on-off mechanism 
with a single molecular switch, but would form part 
of a concerted mechanism involving coupling of two 
protonation switches (56) other than the mere 
electrostatic lock, contributing to the observed mu-
tant phenotypes with enhanced activities. 
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Table I – Secondary structure features of the cytoplasmic segments involved in the electrostatic net-
work. Results corresponding to TM3, TM4, TM5 and TM6 and loops C2 and C3 are presented in a color 
code display. Backbone interactions i,i+4 (α-helix) in blue; i,i+3 (310-helix) in red and i,i+5 (π-helix) in 
magenta. Random coil structures are shown in cyan. 
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Table II – Average interaction energies (and standard deviations) in kJ/mol computed between A) pairs 
of critical residues involved in the electrostatic network and B) the whole cytoplasmic segments of TM3 
and TM6. The last column in A shows the sum of pairs involving TM3-TM6 interactions, whereas the last 
three columns in B are the Gt activation in the dark, upon illumination, and the average distance be-
tween TM3 and TM6, respectively.  
 

A 
 

  134-135 134-247 134-251 135-247 135-251 247-251 TM3-TM6 

WT -550 ±70 210 ±30 10 ±0 -400 ±30 -50 ±10 -10 ±10 -240 ±70 

E134Q -220 ±20 0 ±10 0 ±0 -410 ±40 -50 ±10 -10 ±10 -460 ±60 

E247Q -640 ±30 20 ±10 10 ±0 -90 ±20 -30 ±20 -30 ±10 -100 ±50 

T251K -590 ±20 170 ±70 -120 ±10 -290 ±130 150 ±20 -140 ±20 -100 ±230 

E134Q-E247A -230 ±10 0 ±0 0 ±0 -20 ±10 -40 ±20 -20 ±10 -60 ±30 

E134Q-T251A -240 ±10 10 ±10 0 ±0 -360 ±90 -10 ±10 -10 ±10 -370 ±110 

E134Q-T251K -270 ±30 10 ±0 -10 ±0 -220 ±90 140 ±20 -270 ±80 -80 ±110 

E134Q-T251E -260 ±40 0 ±10 10 ±10 -140 ±30 -470 ±40 170 ±30 -600 ±90 

E247Q-T251K -550 ±70 10 ±10 -180 ±50 -20 ±30 100 ±20 -60 ±30 -90 ±110 
 
B 
 

  Coulomb  LJ Total  
Gt activation 

dark* 
Gt activation 

light* dist. (Å) 

WT -140 ±10 -100 ±5 -240 ±15 0.99 ±0.09 10.37  11.2 

E134Q -300 ±15 -100 ±5 -400 ±20 1.32 ±0.12 13.17 ±1.08 11.5 

E247Q 0 ±20 -130 ±10 -130 ±30 1.5 ±0.34 9.95 ±0.96 10.7 

T251K -50 ±40 -100 ±10 -150 ±50 1.09 ±0.36 8.09 ±0.36 12.9 

E134Q-E247A 80 ±15 -110 ±5 -30 ±20 2.04 ±0.85 13.32 ±2.95 11.8 

E134Q-T251A -230 ±45 -110 ±5 -350 ±50 5.81 ±1.45 14.03 ±0.26 11.5 

E134Q-T251K -10 ±35 -110 ±5 -120 ±40 0.91 ±0.49 23.69 ±0.98 11.6 

E134Q-T251E -480 ±25 -80 ±5 -560 ±30 - - - - 11.9 

E247Q-T251K -190 ±90 -120 ±10 -310 ±100 - - - - 11 
 
* taken from ref (4). 
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Table III – Average tilt (A) and kink (B) angles (in degrees) computed from the last 1 ns of each trajec-
tory. For each helix (TM1-TM7) the second column indicates the standard deviations. Average values for 
the last 5 ns of the WT simulation are shown as a reference. 

 
A 
 

Helix Tilts 

TM1 

34/61 

TM2 

72/101 

TM3 

107/134 

TM4 

151/169 

TM5 

201/214/225

TM6 

248/278 

TM7 

288/310 

WT (0-5ns) 22 ±2 21 ±1 25 ±1 11 ±2 23 ±2 14 ±1 17 ±2 

WT (4-5ns) 22 ±1 21 ±1 24 ±1 9 ±2 21 ±1 14 ±1 18 ±1 

E134Q 18 ±1 19 ±1 24 ±1 13 ±2 23 ±1 14 ±1 16 ±1 

E247Q 19 ±1 19 ±1 24 ±1 11 ±2 20 ±1 13 ±1 15 ±1 

T251K 21 ±1 21 ±1 25 ±1 10 ±1 23 ±1 16 ±1 15 ±1 

E134Q/E247A 20 ±1 20 ±1 25 ±1 21 ±2 21 ±1 12 ±1 16 ±1 

E134Q/T251A 20 ±1 21 ±0 25 ±1 14 ±2 23 ±1 14 ±1 15 ±1 

E134Q/T251K 23 ±1 20 ±1 25 ±1 12 ±2 22 ±1 15 ±1 15 ±1 

E134Q/T251E 22 ±1 21 ±1 24 ±1 9 ±1 23 ±1 15 ±1 17 ±1 

E247Q/T251K 20 ±1 19 ±1 24 ±1 8 ±2 21 ±1 12 ±1 15 ±1 

 

B 
 

Helix Kinks 
TM1 

34/53/61 
TM2 

72/92/101 
TM3 

107/115/134 
TM4 

151/160/169 
TM5 

201/214/225 
TM6 

248/264/278 
TM7 

288/296/310 

WT (0-5ns) 23 ±4 10 ±3 9 ±3 6 ±3 17 ±3 44 ±3 36 ±5 

WT (4-5ns) 19 ±3 10 ±3 11 ±2 5 ±3 18 ±3 41 ±3 41 ±4 

E134Q 18 ±2 12 ±2 14 ±2 17 ±3 15 ±3 40 ±2 32 ±3 

E247Q 17 ±3 12 ±3 13 ±3 5 ±2 19 ±2 49 ±2 30 ±3 

T251K 18 ±3 12 ±2 10 ±2 8 ±3 13 ±2 36 ±2 32 ±2 

E134Q/E247A 14 ±2 13 ±2 10 ±2 14 ±5 20 ±3 51 ±2 37 ±3 

E134Q/T251A 17 ±2 11 ±2 12 ±2 5 ±3 16 ±3 40 ±2 28 ±2 

E134Q/T251K 19 ±3 14 ±2 12 ±2 6 ±3 14 ±3 44 ±3 29 ±3 

E134Q/T251E 14 ±3 15 ±2 8 ±2 7 ±3 16 ±3 46 ±3 31 ±2 

E247Q/T251K 21 ±3 11 ±2 13 ±3 8 ±4 17 ±3 55 ±3 33 ±2 
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Fig. 1 – Lateral (top pannel) and cytoplasmic (bottom pannel) of WT bovine rhodopsin embedded in a 
DPPC bilayer. The protein is shown in a blue ribbon representation; amino acids E134, R135, E247 and 
T251 are colored by atom type and lipids are displayed in grey. Water molecules were omitted for clarity. 
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Fig. 2 – Representative interactions involving residues E/Q134(3.49), R135(3.50), E/Q/A247(6.30) and 
T/K/E251(6.34) at the cytoplasmic side of TM3 and TM6. The cytoplsamic segments of TM3 and TM6 are 
shown in a blue ribbon representation; amino acids E134, R135, E247 and T251 are colored by atom 
type. 
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Fig. 3 – Time evolution of a selected group of the tilt and kink angles. Values for those mutants not 
shown in the Figure follow a profile which does not deviate much from that exhibited by the WT. 
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Abstract

The newly synthesized 11-cis-7-methylretinal can form an artiWcial visual pigment with kinetic and spectroscopic properties similar to
the native pigment in the dark-state. However, its photobleaching behavior is altered, showing a Meta I-like photoproduct. This behavior
reXects a steric constraint imposed by the 7-methyl group that aVects the conformational change in the binding pocket as a result of reti-
nal photoisomerization. Transducin activation is reduced, when compared to the native pigment with 11-cis-retinal. Molecular dynamics
simulations suggest coupling of the C7 methyl group and the �-ionone ring with Met207 in transmembrane helix 5 in agreement with
recent experimental results.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Retinal analogues; Chromophore regeneration; Photobleaching; Rhodopsin photoactivation; Transducin activation
1. Introduction

The visual pigment rhodopsin (Rho), the prototypical
G-protein-coupled receptor (GPCR) (Hargrave, 2001;
Menon, Han, & Sakmar, 2001), is a 40 kDa protein consist-
ing of 348 amino acids folded into seven transmembrane
�-helices interconnected by hydrophilic extramembranous
loops. Its chromophore, 11-cis-retinal (Fig. 1), is covalently
bound as an inverse agonist at the �-amino group of Lys296
(helix 7) via a protonated SchiV base, the counterion of
which is Glu113 (helix 3).

Visual transduction, the process by which visual cells con-
vert light into a neural signal transmitted to the brain along
the optic nerve, is triggered by the absorption of a photon by
the chromophore 11-cis-retinal. The photochemically
induced isomerization to all-trans-retinal and subsequent

* Corresponding author. Fax: +34 937398225.
E-mail address: pere.garriga@upc.edu (P. Garriga).
0042-6989/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2006.07.031
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thermal relaxation of the pigment through a series of inter-
mediates leads to the agonist-bound state termed metarho-
dopsin II (Meta II, �maxD380 nm), with an unprotonated
SchiV base. At this stage, the interaction of the extramembra-
nous loops on the cytoplasmic side with transducin (Gt), a
member of the G-protein superfamily, activates the enzy-
matic cascade leading to visual transduction. Hydrolysis of
105 molecules of cGMP to GMP, inactivation of Meta II by
phosphorylation with rhodopsin kinase, closing of the cat-
ion-speciWc channels in the rod outer segment of visual cells
and build up of electric potential, results in generation of the
neural signal providing the sensation of vision (Stryer, 1991;
Sakmar, Franke, & Khorana, 1989; Rando, 2001; McBee,
Palczewski, Baehr, & Pepperberg, 2001).

The 11-cis-retinal chromophore is exquisitely designed
to occupy the binding site of rhodopsin acting as an inverse
agonist, and thus to abrogate its activity. This is most likely
due to its distorted conformation around the C6–C7 and
C12–C13 bonds because of the steric interactions between
C5–CH3/H8 and C13–CH3/H10. Being adapted to the
77
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chiral binding pocket, these distorsions in polyenes deWne
an absolute sense of twist that aVects the absorption max-
ima of the visual pigments and the movements of the chro-
mophore after the initial photoisomerization.

There is an ongoing debate regarding the movements of
the chromophore following the 11-cis to trans photoisomer-
ization in Rho, in particular whether a ring Xip of the C6–C7-
s-cis to the C6–C7-s-trans conformation occurs and its eVect
in the activation step of the visual process (Albeck et al.,
1989; Jang et al., 2001). Photocross-linking experiments by
Nakanishi using (11Z)-3-diazo-4-oxo[15-3H]retinal sug-
gested a Xip-over of the ionone ring in the Batho to Lumi
transition (Fishkin, Berova, & Nakanishi, 2004), which
appears to be consistent with computations (Ishiguro, 2000).
However, solid-state 13C NMR observations are compatible
with intermediates retaining the chromophore in its original
location in Rho up to the active Meta II state (Spooner et al.,
2002; Spooner et al., 2003; Spooner et al., 2004).

The C6–C7 bond of retinal in native Rho was recently
established to be in the s-conformation through binding
studies of two enantiomeric 6-s-cis-locked analogues (R)-3
and (S)-3 (Fujimoto et al., 2001; Fujimoto et al., 2002). On
the other hand, the 2.8 Å resolution X-ray structure (Teller,
Okada, Behnke, Palczewski, & Stenkamp, 2001) indicates
that the C12–C13-s-bond helicity is most likely positive
(Chan, Nakanishi, Ebrey, & Honig, 1974; Rando, 1996), in
keeping with recent theoretical analysis (Buss, Kolster, Ter-
stegen, & Vahrenhorst, 1998; Buss, 2001), thus correcting ear-
lier estimations of negative helicity (Kakitani, Kakitani, &
Yomosa, 1977; Han & Smith, 1995; Lou, Hashimoto, Ber-
ova, & Nakanishi, 1997; Lou et al., 1999).

ArtiWcial visual pigments, generated by treatment of the
apoprotein opsin with synthetic analogues of retinal (Nak-
anishi & Crouch, 1995), in particular when combined with
mutations of opsin, have been invaluable in the study of the
role that conformational changes of the chromophore play
in the visual cycle. We have recently reported the conse-
quences of sterically perturbing the C6–C7-conformational
equilibrium by incorporating methyl groups at the C8 posi-
tion (Alvarez, Domínguez, Pazos, Sussman, & de Lera,
2003) (Fig. 1), with the Wnding that the perturbation
extends to the C9-C10 bond, thus impairing reconstitution.
It was considered that the methyl group at the C7 position
could hinder the C6–C7 free rotation due to steric interac-
tions with C1-2CH3, thus becoming the non-locked
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analogue of bicyclic systems, and allowing the examination
of a region of the chromophore which has been shown pre-
viously to be important for the stability of early rhodopsin
photointermediates (Randall et al., 1991; Lewis, Pinkas,
Sheves, Ottolenghi, & Kliger, 1995).

We have now synthesized 11-cis-7-methylretinal (Fig. 1)
and studied chromophore regeneration in binding experi-
ments with native and mutated opsins. We Wnd that opsin
can be regenerated with the 7-methyl analogue (7-methyl-
Rho) to a similar extent as with native 11-cis-retinal (Rho)
and forms a chromophore that is blue-shifted to 490nm. The
spectroscopic properties of the dark-state of 7-methyl-Rho
are similar to those of Rho except for a slightly lower thermal
stability of the protein. In constrast, the photobleaching
behaviour is clearly altered indicating an eVect of the methyl
group at C7 in the photoactivation pathway of rhodopsin.
Molecular modelling studies suggest that this methyl group is
in the vicinity of Met207 in transmembrane helix 5 of rho-
dopsin. Accordingly, this part of the retinal molecule, partic-
ularly the �-ionone ring, would come in close contact with
Met207 after illumination in agreement with recent theoreti-
cal (Saam, Tajkhorshid, Hayashi, & Schulten, 2002) and
experimental NMR studies (Crocker et al., 2006).

Our results, taken together with previous studies on other
retinal analogues, reinforce the current model of rhodopsin
function, where photoactivation is very eVectively controlled
by the tight molecular coupling between opsin and 11-cis-
retinal. 11-cis-Retinal is a unique molecule with a chemical
design that allows optimal interaction with the opsin apo-
protein in its binding pocket, and this is essential for the for-
mation of the light-activated conformation of the receptor.

2. Materials and methods

2.1. Stereoselective synthesis of 11-cis-7-methylretinal

The synthetic scheme we developed, for the synthesis of retinoids, is
based on the direct attachment of the side-chain precursor to the hydro-
phobic ring using the Suzuki cross-coupling reaction of functionalyzed
fragments (Dominguez, 2005), and will be described in detail elsewhere.

2.2. Protein expression, regeneration, and characterization

2.2.1. PuriWcation of rhodopsin from ROS
ROS membranes, prepared by an ultracentrifugation method and

using previously described conditions (del Valle, Ramon, Cañavate,
Dias, & Garriga, 2003) were solubilized in buVer B (1.8 mM KH2PO4,
Fig. 1. 11-cis-8-Methylretinal and 11-cis-7-methylretinal chemical structures. The 8-methyl derivative was previously studied (Alvarez et al., 2003). The 7-
methyl analogue of 11-cis-retinal used in the present study has been newly synthesized.
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10 mM NaHPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.2, +1% DM) and
passed through a Sepharose column that has the monoclonal Rho 1D4
antibody covalently attached. Rhodopsin bound to the antibody column
is washed with buVer A (1.8 mM KH2PO4, 10 mM NaHPO4, 137 mM
NaCl, 2.7 mM KCl, pH 7.2) and eluted in buVer C (2 mM Na2HPO4, pH
6, +0.05% DM) containing 100 �M of a 9-mer corresponding to the last
nine amino acids of the C-terminal tail of rhodopsin (TETSQVAPA).

2.2.2. Expression and puriWcation of recombinant wild-type (wt) and mutant 
rhodopsin

Wt and mutant opsin genes were expressed in transiently transfected
monkey kidney cells (COS-1) as described (Oprian, Molday, Kaufman, &
Khorana, 1989). After the addition of 20 �M 11-cis-retinal or 11-cis-7-
methylretinal in the dark, the transfected COS-1 cells were solubilized in
1% DM, and the proteins were puriWed by immunoaYnity chromatogra-
phy using the Rho-1D4 monoclonal antibody (Oprian et al., 1989).

2.2.3. UV–vis absorption spectra of wt and mutant rhodopsin
UV–visible absorption spectra were performed with a Cary 100Bio Var-

ian spectrophotometer equipped with water-jacketed cuvette holders con-
nected to a circulating water bath with a Peltier accessory at 20 °C. All
spectra were recorded with a bandwidth of 2 nm, a response time of 1 s, and
a scan speed of 240 nm/min. Baseline correction was performed with buVer
C (Na2HPO4 2 mM, pH 6, +0.05% DM) in 150 �L quartz cuvettes and all
experiments were carried out in a dark room under complete darkness or
under dim red light using Kodak No2 Wlters (12.7–17.8 cm). For photo-
bleaching experiments samples were illuminated with a Dollan–Jenner 150-
W Wber optic light (Fiber-lite MI-150) equipped with a >495-nm long-pass
Wlter for 10 s, and the corresponding spectra were recorded immediately
after illumination. The hydroxylamine reactivity of wt and mutant rhodop-
sins in the dark was followed as a decay of the absorption visible band in
the dark in the presence of 30 mM hydroxylamine. Thermal bleaching of
rhodopsin was determined by following the decay of the visible chromo-
phoric band in the dark at 55 °C as a function of time. In the case of pig-
ment regeneration experiments, a rhodopsin/retinal 1:2 molar ratio was
used. Retinal was added to puriWed rhodopsin and spectra were recorded
after illumination for 10 s in a time course experiment. Regeneration exper-
iments were followed by recording spectra every 5 min in the cycle mode of
the spectrophotometer. In the acidiWcation experiments, samples were acid-
iWed by addition of 1% concentrated H2SO4 solution (1.5 �L to a total of
150 �L) and spectra were recorded 30 s after acidiWcation.

2.2.4. Gt activation assay
Gt was prepared from bovine rod outer segments as described (Ting,

Goldin, & Ho, 1994). Gt activation was measured by means of Xuorescence
spectroscopy. The Xuorescence technique has been previously applied to
the study of rhodopsin mutants (Fahmy & Sakmar, 1993; Jager et al.,
1994; Farrens, Altenbach, Yang, Hubbell, & Khorana, 1996). Fluorescence
measurements were carried out with an Aminco SL spectroXuorometer
with excitation and emission wavelengths of 295nm (2-nm slit width) and
340 nm (16-nm slit width), respectively. BrieXy, rhodopsin (40 nM) was
added to a continuously stirred solution of Gt (250 nM) and GTP�S
(5 �M) in 10 mM Tris–HCl, pH 7.4, 100 mM NaCl, 2 mM MgCl2, and
0.012% DM. The reaction was initiated by illuminating the sample for 30 s
with a 150 W-Wbre optic light source through a 495-nm cut-oV Wlter. The
assay was carried out at a temperature of 20 °C. The relative initial rates of
Gt activation were obtained from the slope of the Xuorescence increase in
the Wrst 60 s after illumination and normalised to the value obtained for wt
rhodopsin (Rho) taken as 1.00.

2.3. Molecular modelling

2.3.1. Rhodopsin structure and embedding into virtual lipid model
The rhodopsin model was built based on recent crystal structures (Li,

Edwards, Burghammer, Villa, & Schertler, 2004; Okada et al., 2002). All
amino acids were considered in the protonated state as they exhibit as
free amino acids in water at pH 7, with the exception of Asp83 and
Glu122, which were treated as protonated and neutral in accordance

1

with experimental evidence (Fahmy et al., 1993). Protein embedding in
the bilayer was performed by placing the protein in a box containing a
mixture of DPPC lipids, water molecules and ions generated and equili-
brated according to a procedure described previously (Lindahl &
Edholm, 2000). After the protein was placed in the center of the box, all
ions and water molecules with the oxygen atoms closer than 0.40 nm to
any non-hydrogen atom of the protein and all lipid molecules with at
least one atom closer than 0.25 nm were removed. The resulting Wnal sys-
tem contained 195 lipids, 15,782 water molecules, 56 sodium, and 56
chloride ions.

2.3.2. Molecular dynamics (MD) simulations
All computer simulations were performed using the GROMACS 3.2

package (Berendsen, Vanderspoel, & Vandrunen, 1995; Lindahl, Hess, & van
der Spoel, 2001). The system was subjected to periodic boundary conditions
in the three coordinate directions. The temperature was kept constant at
323 K and the pressure was kept at 0.1 MPa in the three coordinate directions
by independent barostats. All bonds of the protein and lipid molecules were
kept frozen using the LINCS algorithm (Miyamoto & Kollman, 1992). The
bonds and the angle of the water molecules were Wxed using the analytical
SETTLE method. The equations of motion were integrated using the leap-
frog algorithm with a time step of 2 fs. Lennard–Jones interactions were com-
puted with a cutoV of 1.0 nm and the electrostatic interactions were treated
with the Particle Mesh Ewald (PME) technique (Darden, York, & Pedersen,
1993). The all-atom OPLS force Weld (Jorgensen, Maxwell, & TiradoRives,
1996) currently implemented in GROMACS was used for all molecules of the
system, except for the DPPC molecules that were modeled using the force
Weld parameters described previously (Berger, Edholm, & Jahnig, 1997). The
procedure used for running the MD simulations is described below. Once
rhodopsin was inserted in the bilayer, the system was energy minimized. Sub-
sequently, the system was subjected to a 0.5 ns MD simulation to allow for the
removal of voids present between the protein and the lipids or water, being
the atomic coordinates of the protein restrained to their crystallographic posi-
tions. After that, a 10 ns simulation of rhodopsin with 11-cis-retinal in the
dark-state was performed. Starting from the snapshot obtained after running
4 ns of the preceding simulation, the structure of 11-cis-retinal was modiWed
to that of 11-cis-7-methylretinal and a subsequent 10 ns simulation was per-
formed with the methylated derivative. Additionally, two more simulations
were performed changing the torsion potential around the C11–C12 bond
abruptly in both systems containing either 11-cis-retinal or 11-cis-7-methylre-
tinal in order to force the isomerization from the 11-cis to all-trans conWgura-
tion of the chromophore. These simulations were performed starting from the
structures obtained after running 1 ns of the corresponding simulations with
the 11-cis isomers. For all the simulations, coordinates were collected every
10 ps and stored for further analysis.

3. Results and discussion

3.1. ROS rhodopsin regeneration with 11-cis-7-methylretinal

Rhodopsin, puriWed from bovine retinal rod outer seg-
ments (ROS) by immunoaYnity chromatography, was
regenerated with 11-cis-7-methylretinal (7-methyl-Rho)
(Fig. 2). The 11-cis-retinal analogue was added to the puri-
Wed rhodopsin in dodecyl maltoside (DM) detergent solu-
tion and the sample was subsequently illuminated. Spectra
of the regeneration process were recorded in a time course
experiment (Fig. 2, inset). The initial spectrum in the dark
shows the typical absorbance bands at 280 and 500 nm cor-
responding to native rhodopsin (with 11-cis-retinal, Rho)
and a band at 376 nm corresponding to the free 11-cis-7-
methylretinal added to the sample. After 10 s illumination
with light of � > 495 nm, rhodopsin was bleached and the
chromophore band at 500 nm was converted to a species

79



L. Bosch et al. / Vision Research 46 (2006) 4472–4481 4475
absorbing at 380-nm. The spectrum recorded 2 h after illu-
mination—the last one recorded after illumination—shows
clear regeneration of the chromophoric band in the visible
region in the vicinity of 500 nm. A small but deWnite
blue-shift of the visible band to 490 nm can be detected.

3.2. Expression and characterization of 7-methyl-Rho

WT protein expressed in transiently transfected COS-1
cells and puriWed by immunoaYnity chromatography was
regenerated with 11-cis-retinal (Rho) and 11-cis-7-meth-

Fig. 2. Chromophore regeneration of puriWed rhodopsin from native ROS
in DM detergent solution (buVer C). UV–vis absorption spectrum of dark
ground-state rhodopsin regenerated with 11-cis-7-methylretinal plus free
added 11-cis-7-methylretinal (—). Absorption spectrum of the rhodopsin
sample after illumination for 10 s with light of � > 495 nm (- -). Absorption
spectrum of the sample 2 h after illumination showing the regenerated vis-
ible chromophoric band (,). Temperature, 20 °C. (Inset) time course of
the regeneration process of puriWed ROS rhodopsin with 11-cis-7-meth-
ylretinal.
180
ylretinal (7-methyl-Rho). The UV–vis absorption spectra in
the dark, after illumination and acidiWcation for these pro-
teins are shown in Fig. 3. The 7-methy-Rho formed normal
chromophore and UV–visible absorption spectra in the
dark with a �max at 490 nm and a A280/A490 1.8, the same as
the A280/A500 of Rho indicating that the binding pocket is
formed and able to accommodate the retinal analogue. This
result is in agreement with what was observed in the case of
the ROS rhodopsin regenerated sample (Fig. 2). The regen-
eration experiments indicate that, after incubation of opsin
with 11-cis-7-methylretinal (�maxD368 nm in MeOH),
regeneration is observed with both native ROS and with
puriWed recombinant wt rhodopsin, and the chromophoric
yield is similar to that of 11-cis-retinal.

After 10 s illumination of 7-methyl-Rho, with light of
� > 495 nm, the visible band at 490 nm was not fully con-
verted to Meta II species with maximum at 380 nm, but
rather two bands of similar intensity are detected at 373
and 467 nm, respectively (Fig. 3B), indicating that the
methyl group introduced at C7 in retinal causes a stability
change in photointermediates. AcidiWcation of the sample
after illumination resulted in formation of a band with �max
at 427 nm with concomitant decrease in the bands at 373
and 467 nm. This indicates that the two bands, at 373 and
467 nm, correspond to species that are covalently linked to
opsin through an unprotonated and protonated SchiV base
linkage, respectively. An altered photobleaching behavior
has been previously observed for rhodopsin mutants in the
transmembrane domain and mutations associated with the
degenerative disease of the eye retinitis pigmentosa, like
G51V and G89D (Hwa, Garriga, Liu, & Khorana, 1997;
Bosch, Ramon, del Valle, & Garriga, 2003). A similar alter-
ation in the native photointermediate pathway formation
Fig. 3. UV–visible absorption spectra in the dark in buVer C (dark), after illumination for 10 s with light of � > 495 nm, and acid denaturation (acid).
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has been also recently reported for rhodopsin regenerated
with other retinal analogues, like an acyclic retinal (Bartl
et al., 2005) or polyene methylated retinals (Vogel et al.,
2006).

Rho did not show hydroxylamine reactivity in the dark,
indicating that hydroxylamine could not access the SchiV
base linkage, and this reXects that the protein has a compact
structure in the dark. A similar result was obtained for 7-
methyl-Rho suggesting that 7-methyl-Rho has a compact
structure around the SchiV base linkage like Rho. Thermal
stability at 55 °C of 7-methyl-Rho in the dark was reduced
(t1/2D4.6 min, Rho t1/2D13.1 min), indicating that the dark-
state was less stable when the protein is regenerated with the
methylated analogue (Fig. 4). Spectra of the regeneration
process were recorded in a time course experiment for Rho
and 7-methyl-Rho and the total regeneration and regenera-
tion kinetics of both proteins were similar (data not shown).

Further illumination of 7-methyl-Rho for 1 or 5 min
only caused a small decrease in the 467 nm band with a con-
comitant slight increase in the 373 nm band (Fig. 5A). The
altered photointermediate with �max at 467 nm decayed
with time to a species with �max at 485 nm (Fig. 5B). The
Wgure shows representative spectra at diVerent times after
illumination and the diVerence spectrum between those at

Fig. 4. Dark-state stability at 55 °C of Rho (�) and 7-methyl-Rho (�)
determined by measuring the decay of the absorbance band at 500 and
490 nm, respectively.
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60 and 0 min (Fig. 5B, inset). It is interesting to note that
two diVerent Meta I photointermediates, Meta Ia and Meta
Ib have been recently proposed to absorb at 485 and
465 nm, respectively (Shichida & Morizumi, 2006), very
close to the absorbances observed in our experiments
(Fig. 5B). In our case, the altered photointermediate path-
way is a consequence of a methyl group introduced at the
C7 position of 11-cis-retinal, causing a stability change in
activation photointermediates.

We have also analyzed the E134Q mutant—Glu134
belongs to the D(E)RY triplet which is highly conserved
through the GPCR superfamily—which mimics the pro-
tonated state in photo-activated rhodopsin and which
facilitates the Meta II conformation (Vogel et al., 2006;
Bartl et al., 2005; Fahmy, Sakmar, & Siebert, 2000). The
UV–vis spectrum after illumination of E134Q mutant
regenerated with 11-cis-7-methylretinal (7-methyl-E134Q)
(490 nm band in the dark) showed two bands, one at
373 nm and the other at 485 nm. In this case, the E134Q
mutation, in contrast to the results reported with other
retinal structures (Bartl et al., 2005), could not facilitate
light-induced Meta II formation (no shift of the proton-
ated species at 485–380 nm was detected) (Fig 3C and D).
A summary of the data for the dark, light, and acidiWed
spectra of WT Rho and the mutant E134Q is depicted in
Table 1.

In order to elucidate if the diVerent species formed in the
light activation process are in equilibrium, 100 �M of the
high aYnity peptide Gt�-HAA (VLEDLKSCGLF) was

Table 1
�max of the absorption bands in the UV–vis absorption spectra of rhodop-
sin proteins in the dark, and after illumination and acidiWcation

a In the case of the 7-methyl-containing pigments, and because of the
blue-shift observed for the visible band, the A280/A490 ratio is used.

Recombinant 
protein

�max (dark) 
(nm)

�max (light) 
(nm)

�max (acid) 
(nm)

A280/A500
a

Rho 500 380 440 1.8
7-Methyl-Rho 490 373/467 427 1.8
E134Q 500 380 440 1.6
7-Methyl-E134Q 490 373/485 435 1.6
Fig. 5. Photobleaching and decay of the 467-nm species at a temperature of 20 °C. (A) The photobleaching of 7-methyl-Rho was further explored by illu-
minating the sample for diVerent time periods after the Wrst initial 10 s illumination as indicated in the Wgure. (B). The band formed after 10 s illumination
was allowed to decay in the dark at 20 °C. The band decayed to form a new band at 485 nm as shown in the Wgure where representative spectral time
points are depicted. The presence of an isosbestic point indicates a change between two distinct conformational states. The diVerence between the initial
illuminated spectrum (after 10 s illumination) and that after 120 min shows a maximum at about 500 nm and a minimum at about 450 nm (inset).
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added before sample illumination (Bartl, Ritter, & Hof-
mann, 2000). No change in band formation or intensity
could be appreciated after illumination of 7-methyl-Rho in
the presence of the Gt�-HAA peptide (Fig. 6). Illumination
of 7-methyl-E134Q in the presence of Gt�-HAA peptide
shifted most of the 485 nm band to 373 nm. Higher concen-
tration of peptide (1 mM Gt�-HAA) was required to shift
most of the protonated band of 7-methyl-Rho to 373 nm
(Fig. 6D). This suggests that the species formed after illumi-
nation of pigments regenerated with 11-cis-7-methylretinal
are in equilibrium and that this equilibrium is shifted with
the Gt�-HAA peptide to the 373-nm species.

3.3. G protein activation

The functionality of 7-methyl-Rho and E134Q-7-methyl-
Rho was also determined by measuring the transducin acti-
vation by means of a Xuorescence assay which monitors
intrinsic tryptophan Xuorescence changes in the G protein
resulting from GTP�S uptake. The initial rates of activation
for 7-methyl-Rho and 7-methyl-E134Q are similar to those
of the same proteins regenerated with the native 11-cis-reti-
nal chromophore (Table 2). However, the total level of acti-
vation for the methylated proteins was reduced to about
half of that of Rho. This result suggests that one of the two
species formed (373nm or 467 nm band with similar intensi-
ties) is responsible for the total Gt activation observed while
the other species is not active. A Wrst interpretation could be
that the 373 nm corresponds to the active species and that
the 467 nm band corresponds to an inactive Meta I-like spe-
cies. However, it is tempting to speculate that the 373nm can
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be an inactive unprotonated SchiV base linked species—typ-
ically active Meta II conformation absorbs at 380 nm—
while the 467 nm band could correspond to a protonated
SchiV base linked species that may be active. There are pre-
vious reports of protonated SchiV base species capable of
transducin activation, like G90D congenital night blindness
mutant (Rao, Cohen, & Oprian, 1994; Fahmy, Zvyaga, Sak-
mar, & Siebert, 1996). Further experiments are required to
clarify this point. It is also possible that the decreased ability
to activate Gt of the methylated protein is due to a faster
rate of Meta II decay for the sample as has been experimen-
tally observed (data not shown).

3.4. Molecular modelling

MD simulations were carried out to get further insight
into the understanding of the experimental results

Table 2
Gt activation measured, by a Xuorescence assay as described in Section 2,
of wt Rho and the E134Q mutant regenerated with 11-cis-retinal and with
the 7-methyl analogue

a Relative total Gt activation measured as the maximal Xuorescence
increase.

b Initial activation rates derived from the Wrst 60 s of the Xuorescence
curves.

Recombinant 
protein

Relative total 
Gt activationa

Relative initial 
activation rateb

Rho 1.00 1.00
E134Q 0.95 0.95
7-Methyl-Rho 0.55 0.91
7-Methyl-E134Q 0.50 0.85
Fig. 6. UV–visible absorption spectra in the dark in buVer C (dark), after illumination for 10 s with light of � > 495 nm, and acid denaturation (acid) of
Rho, 7-methyl-Rho and 7-methyl-E134Q in the presence of diVerent concentrations of the high aYnity peptide Gt�-HAA (VLEDLKSCGLF), a peptide
of the C-terminal domain of the �-subunit of Gt. (A) Rho with 100 �M Gt�-HAA; (B) 7-methyl-Rho with 100 �M Gt�-HAA; (C) 7-methyl-E134Q with
100 �M Gt�-HAA; and (D) 7-methyl-Rho with 1 mM Gt�-HAA. The spectra were recorded at a temperature of 20 °C.
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obtained. To this aim, four models of the retinal binding
sites for both Rho and 7-methyl-Rho, with the retinal in
the 11-cis and the all-trans conWgurations, respectively,
were obtained (Fig. 7). These models were extracted from a
set of MD simulations of rhodopsin in the dark-state and
after the isomerization of the retinal from the 11-cis to the
all-trans conWguration. Despite that these simulations do
not lead to the active state of rhodopsin (the time-scale
required for such a calculation is still beyond the current
possibilities of atomistic MD simulations), they can be use-
ful in order to give insight into the understanding of the
activation process. The isomerization was performed using
a procedure similar to that previously described (Lemaitre,
Yeagle, & Watts, 2005; Rohrig, Guidoni, & Rothlisberger,
2002; Saam et al., 2002).

The analysis of these MD simulations suggests that the
methylation at position C7 not only introduces an addi-
tional steric volume in the cavity, but also modulates sig-
niWcantly the conformation of the �-ionone ring relative to
the polyene chain. Indeed, when comparing the simulations
corresponding to Rho and 7-methyl-Rho we observe, in
both the dark-state and the isomerized from, that the orien-
tation of the �-ionone ring relative to the polyene chain
changes from a more co-planar conformation in the case of
Rho to an almost perpendicular conformation in the case
of 7-methyl-Rho. This diVerence is associated with the ste-
ric repulsion between the methyl group adjacent to C7 and
the methyl groups in the �-ionone ring.

1

In the dark-state, both retinal and residues forming the
binding site exhibit subtle diVerences when comparing the
MD simulations of Rho and 7-methyl-Rho (Fig. 7, top pan-
els). Accordingly, the �-ionone in Rho is located in a pocket
between residues Trp265, Phe212, Glu122, Leu125, and
Met207. Interestingly, retinal occupies the space available
because of the absence of side-chain in Gly121. These Wndings
are in agreement with the available crystallographic structures
of rhodopsin in the dark-state (Li et al., 2004; Okada et al.,
2002; Okada et al., 2004; Palczewski et al., 2000). Moreover,
no diVerences are detected in the conformations observed
depending on the retinal form used from the �-carbon of
Lys296 up to the C8 of the covalently bonded retinal. The
existence of a methyl group adjacent to position C7 has a
direct inXuence on Met207, and on Glu122 to a lesser extent.
This is an interesting observation since Met207 has recently
been found to interact with the  �-ionone ring in the Meta II
intermediate (Patel et al., 2004). However, the change in the
orientation of the �-ionone ring induces additional changes in
the residues around the ring which are mostly hydrophobic.
Residues whose side-chains are moved or re-oriented more
signiWcantly are Leu125, Phe212, Trp265, and Glu122. In all
cases the diVerences observed are subtle and in agreement
with the Wndings that the retinal binding site can accommo-
date the retinal analogue similarly to the native 11-cis-retinal
chromophore.

After isomerization, the “L”-type shape which the
11-trans retinal adopts is far diVerent from the “U”-type

83
Fig. 7. Model of the rhodopsin binding pocket for either retinal or 7-methylretinal extracted from MD simulations (see Section 2). The top panels
correspond to opsin with retinals in the 11-cis form and the bottom panels to opsin with retinals isomerized to 11-trans.
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shape that characterizes the 11-cis conWguration. This new
“L”-type shape can no longer allow the �-ionone ring to be
accommodated within the pocket formed by residues
Trp265, Phe212, Leu125, and Glu122. In this way, the ring
is forced to occupy other sub-pockets. Interestingly, the
simulations performed with both Rho and 7-methyl-Rho in
the all-trans conWguration suggest a diVerent localization of
the �-ionone ring due to the conformational peculiarities of
the methylated analogue. In Rho, the �-ionone ring inter-
acts, after isomerization, with the hydrophobic residues
Phe208, Phe212, Tyr191, and Met207, whereas in the
7-methyl-Rho the �-ionone ring interacts with Glu122,
Cys167, His211, Thr118, Ile189, and Met207. Trp265 is in
all cases moved apart from the �-ionone ring and becomes
closer to the polyene chain. This is in accordance with a
recent experimental study which proposed that the interac-
tion of Trp265 with the retinal chromophore is responsible
for stabilizing the inactive conformation in the dark, and
that the motion of the �-ionone ring allows Trp265 and
transmembrane helix H6 to adopt the active conformations
upon illumination (Crocker et al., 2006). Moreover, it is
important to highlight that the main diVerence between
Rho and 7-methyl-Rho is that the �-ionone ring is located
in opposite sides around Met207, suggesting the impor-
tance of the methylation at position C7 in the conforma-
tions achieved after the isomerization. Regarding the
interactions of the methyl group at C7 in the methylated
chromophore, in the dark-state the methyl group lies close
to Glu122 and Met207, whereas after isomerization it
becomes closer to Thr118 maintaining the interactions with
Met207 (Fig. 7, bottom panels).

SigniWcant changes regarding the orientations of the C19
and C20-methyl groups can be observed after retinal isomer-
ization, not only because of the diVerent conWguration of the
double bond itself, but also due to the diVerent localization
of the �-ionone ring that leads to a rearrangement of neigh-
boring side-chains interacting with the polyene chain in both
Rho and 7-methyl-Rho. Thus, the C20-methyl group inter-
acts with Ala295 in the dark-state in all cases, and with
Ala292 after isomerization. Positions of the C20-methyl
group are similar in Rho and 7-methyl-Rho. That is not the
case of the C19-methyl group which adopts an slightly diVer-
ent orientation, being closer to Thr118 in the case of Rho.
The C19-methyl group, which is interacting with Ile189 and
Thr118 in the dark in both Rho and 7-methyl-Rho is moved
towards Ty268 and Tyr191, occupying the space between
them after isomerization. Another aromatic residue, Tyr268,
exhibits a signiWcant displacement due to the existence of
both the C19 and C20-methyl groups pointing to the same
side. This displacement is larger in the case of Rho because of
the diVerent location of the �-ionone ring.

3.5. Role of Met207 in the conformational change upon 
rhodopsin activation

The methyl group at C7 is positioned close to Met207 in
transmembrane helix 5 of rhodopsin (Fig. 7). Interestingly,
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Met207 has been proposed to come in close contact with
the �-ionone of the retinal in the activated Meta II state
both by molecular dynamics (Saam et al., 2002) and NMR
studies (Crocker et al., 2006). In our case the observed
altered photobleaching behaviour could be reXecting the
steric constraint imposed by the added methyl group at C7.
This methyl group is likely aVecting the conformational
change in the protein induced by the cis–trans isomeriza-
tion of the retinal chromophore, and could be partially
blocking the transition to the active Meta II conformation.
This would result in a decreased Gt activation, as experi-
mentally observed (see Table 2). Evidence of the important
role of the �-ionone ring and its methyl groups in rhodop-
sin photoactivation, particularly in the Meta I–Meta II
transition, has been obtained by using retinals with ring
modiWcations in a recent FTIR study (Vogel, Siebert,
Lüdeke, Hirshfeld, & Sheves, 2005).

Amino acid residues at the equivalent position of
Met207 in rhodopsin, like Ser203 in the �-adrenergic recep-
tor generally have strong propensities to mediate helix or
ligand interactions (Liu, Eilers, Patel, & Smith, 2004; Patel
et al., 2005). For instance, in the H2-histamine receptor, this
position is occupied by an Asp that has been suggested to
interact electrostatically with the positively charged hista-
mine ligand (Birdsall, 1991). In addition, Met207 causes
ADRP when mutated to Arg in the Met207Arg mutant
(Farrar et al., 1992) and patients with this mutation show a
severe clinical phenotype. It was recently found in a theo-
retical study that Met207Arg mutant has an altered pattern
of light absorption based on quantum mechanical simula-
tions (Padron-Garcia et al., 2004) but no molecular evalua-
tion of the mutation has been reported so far.

We are currently constructing mutants at Met207 (the
RP mutant Met207Arg and others) to further dissect the
role of this residue in the coupling of opsin to the retinal
and in the activation process. The speciWc study of
Met207Arg mutation can provide new insights into the
molecular defects associated with retinitis pigmentosa
mutations in rhodopsin. Further work is also in progress
to increase the size of the alkyl group at C7 that could
hinder the rotation of the C6–C7 bond and thus aVect the
structural and functional behaviour of the native pig-
ment. The combined study of Met207 mutants and other
retinal analogues with bulkier substitutions at C7 should
add relevant information to the unravelling of the
detailed mechanism of the rhodopsin photoactivation
process.
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5Unitat de Biofı́sica, Departament de Bioquı́mica i Biologia Molecular and Centre d’Estudis en Biofı́sica,
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ABSTRACT The present work describes the
results of a study aimed at identifying candidate
cation binding sites on the extracellular region of
bacteriorhodopsin, including a site near the reti-
nal pocket. The approach used is a combined effort
involving computational chemistry methods (com-
putation of cation affinity maps and molecular dy-
namics) together with the Extended X-Ray Absorp-
tion Fine Structure (EXAFS) technique to obtain
relevant information about the local structure of
the protein in the neighborhood of Mn2þ ions in
different affinity binding sites. The results permit
the identification of a high-affinity binding site
where the ion is coordinated simultaneously to
Asp212� and Asp85�. Comparison of EXAFS data of
the wild type protein with the quadruple mutant
E9Q/E74Q/E194Q/E204Q at pH 7.0 and 10.0 demon-
strate that extracellular glutamic acid residues are
involved in cation binding. Proteins 2007;67:360–
374. VVC 2007 Wiley-Liss, Inc.

Key words: bacteriorhodopsin; Mn-EXAFS; Mn-
XANES; Mn K-edge; quick EXAFS; pro-
ton pumping

INTRODUCTION

Bacteriorhodopsin (BR) is the only membrane protein
constituent of the purple membrane (PM) of the Halobac-
terium salinarum, whose function is to act as a light-
driven proton pump, through the generation of a proton
gradient across the cellular membrane. BR is a 26 kDa
chromophoric transmembrane protein, whose structure
consists of a bundle of seven helices connected through
interhelical loops. In addition, the protein contains a
prosthetic group consisting of a retinal molecule cova-
lently linked to Lys216 via a protonated Schiff base.
When BR absorbs a photon, the protein undergoes a pho-
tochemical cycle during which retinal isomerizes from
the all-trans to a 13-cis configuration. This cascade of
events induces protein conformational changes that
result in the translocation of a proton from the intra- to
extracellular side, followed by a subsequent return of

both, the retinal molecule and the protein to their initial
states. In this way BR converts the energy of light into
an electrochemical proton gradient used by bacteria to
produce ATP by means of the ATP-synthases (for reviews
see Refs. 1 and 2).

Purple membranes are isolated as sheets of about
0.5 lm diameter formed by BR (75% w/w) and phospho-
and sulpholipids (25% w/w),3 plus 4 mols of Ca2þ, and 1
mol of Mg2þ per mole of protein.4,5 Removal of the endog-
enous cations by different methods4–6 leads to a deionized
form of the membrane that exhibits a kmax centered at
about 605 nm at a mild acid pH, in contrast with the pur-
ple form (568 nm), being the proton pumping activity also
affected.4,5,7 The purple form can be regenerated by add-
ing a wide variety of mono-, di-, or trivalent cations.4,7–9

The location of the cation binding sites in BR is uncer-
tain at present. Some groups postulate that cation inter-
action occurs via non-specific binding sites,10–13 although
the majority of the works seem to favor a specific binding.
Thus, Tuzi et al. using 13C NMR techniques proposed the
existence of a cation binding site located on the loop
between helices F and G,14 Eliash et al. have shown a
Mn2þ -specific binding site on the extracellular part of
the membrane,15 and Sanz et al. established Glu194 and
Glu204 as residues involved in cation binding.16 In addi-
tion, a high-affinity binding site located near the retinal
pocket had also been suggested by several authors.17–24

Assuming similar binding behavior to Ca2þ due to its
high relative mass and electronic properties, Mn2þ is a
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useful experimental probe to analyze the structural role
of bound cations as well as their localization in BR. In
particular, Mn2þ regenerated BR has been studied using
electron spin resonance (ESR),7 Fourier transform infra-
red spectroscopy (FTIR),25 magnetic susceptibility,20 and
extended x-ray absorption fine structure (EXAFS) meas-
urements21,26 to analyze the structural role, as well as
the possible localization of the bound cations. The binding
of the Mn2þ cations to the deionized membrane consist of
a high-affinity site, three sites of medium, and one site of
low affinity.7

Based on this, the present study addresses the identifi-
cation of candidate cation binding sites on the extracellu-
lar segment of BR, including a site near the retinal
pocket. For this purpose we combine the use of Molecular
Dynamics (MD) simulations and the Extended X-Ray
Absorption Fine Structure (EXAFS) technique to obtain
information about the local structure around the Mn2þ

ions in the different affinity binding sites of BR. The
EXAFS technique has the advantage of being chemically
selective and not requiring crystalline samples. The local
structural properties of the system (interatomic distan-
ces, coordination numbers, and Debye–Waller factors)
can be obtained by comparing the EXAFS oscillation ei-
ther with an experimental or with a theoretical model.
With the aim of searching the local environment of the

high and medium-affinity binding sites of Mn2þ in purple
membrane, we have measured the X-ray absorption spec-
tra of deionized blue membrane regenerated with 1 Mn2þ

and 5 Mn2þ per mole of BR, in order to fill only the high
and medium affinity binding sites, respectively.
The methodology used in the present work has been the

following: first, we identified the affinity sites for Mn2þ

and Ca2þ by computing the affinity maps of each of the
cations on the protein, using the GRID program. Second,
we perform for each of the sites identified a MD simula-
tion in order to obtain structural details about Mn2þ clus-
ters, using a MD simulation of a Mn2þ ion in water solu-
tion as a reference. Finally, the results obtained in the
simulations were used as a starting point to fit the experi-
mental EXAFS spectra.

MATERIALS AND METHODS

Purple Membrane Preparation

Purple membrane was isolated from Halobacterium sal-
inarum strain S9, as described previously.27 Cations were
removed from the purple membrane by an extensive dialy-
sis using a cation-exchange Dowex AG-50W resin. In each
case, a separated aliquot of deionized membrane was used
for pH and spectroscopic controls to avoid any contamina-
tion. Regeneration was done at pH 5 by adding Mn2þ at a
molar ratio of 1:1 or 5:1 (Mn2þ:BR) and checked by UV-Vis
spectroscopy, verifying that the absorption band shifts
were located, as expected, from 600 nm to 580–590 nm.

Site-Directed Mutagenesis on BR

The quadruple mutant E9Q/E74Q/E194Q/E204Q (4Glu)
was obtained as follows: the gene encoding BR, bop gene,

subcloned in pUC119 as a 1.2 kb BamHI/HindIII fragment
(a gift from Dr. R. Needlemann), was used as a template
for mutagenesis. Single mutants were obtained by PCR
site-directed mutagenesis28 and amplified in the Esche-
richia coli TG1 strain. Screening of the mutants was per-
formed by DNA sequencing. 4Glu mutant was constructed
by cloning single mutants together, taking advantage of
unique restriction sites. 4Glu mutant was transformed
and expressed in the H. salinarum L33 strain with help of
the shuttle plasmid pXLNovR. Membrane was grown and
purified by standard methods. Mutations were confirmed
from H. salinarum transformants by sequencing the bop
gene from isolated DNA.

Recording of EXAFS Spectra

EXAFS of the Mn2þ/BR samples were carried out at
280 K in fluorescence mode at the Mn K-edge, at the
beam-line ID26 of the European Synchrotron Radiation
Facility (ESRF). The final concentration of the protein
was about 2–3 mM. To minimize the sample exposure to
radiation we used a quick scan method,29–31 consisting in
data acquisition during a continuous energy scan of the
crystal monochromator. The individual energy scans
lasted about 1 min. The sample was moved automatically
every five scans and the results we show correspond to
an average over about 10–12 h. Radiation damage or pho-
toreduction can be excluded by checking the sample color
changes associated to retinal bleaching. No alteration
was observed for overall 5 min exposition. A monochro-
matic beam was obtained by means of a Si(111) double
crystal, with an energy resolution DE/E ¼ 1.4 � 10�4. The
fluorescence signal at the Mn K-edge was detected by a
multi-element Silicon-drift solid state detector. The ab-
sorption spectrum of Mn2þ in water was also recorded as
a reference system.

Computational Methods
Starting model

BR coordinates were taken from the Protein Data
Bank32 (entry 1C3W).33 The structure has a resolution of
1.55 Å and contains a homotrimer of BR in the ground
state. This structure lacks four amino acids at the N-ter-
minus and five residues from 157 to 161 on the third cyto-
solic loop. The model used consisted of a single monomer
including a retinal molecule linked to Lys216 via a Schiff
base. All amino acids were modeled in the protonation
state they would have as free amino acids in water at pH
7 with the exception of Asp96 and Asp115, which were
treated as protonated and neutral in accordance with ex-
perimental evidence.33,34 All lipid molecules and frag-
ments in the crystal structure were removed.

GRID probes

Interaction energy (IE) maps were computed by means
of the GRID program35,36 using Ca2þ and Mn2þ probes, re-
spectively. All crystallographic water molecules were kept
in the computation of the maps since they may interact
favorably with the probes. The maps were computed at a
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resolution of 0.5 Å. All protein atoms of the 1c3w structure
were held fixed according to the crystallographic structure.

MD Simulations

The goal of the MD simulations performed was to col-
lect sets of coordinates of the atoms within a very short
radius around each Mn2þ ion to be used to compute the
EXAFS spectra. All MD simulations were run using the
AMBER 5.0 package.37,38 Specifically, the parm99 set of
parameters39 was used for all atoms in the system except
for Mn2þ ions, whose parameters were taken from Brad-
brook et al.40 These parameters describe a free ion with-
out explicit consideration of its coordination capabil-
ities.41 A recent study supports that such approximation
is able to predict accurately geometries of the first coordi-
nation shell of divalent metal cations and to describe
properly the hydration free energies.42 The rationale of
using such a simplified set of parameters for the present
study is based on: first, their capability to reproduce
accurately the coordination geometry of Mn2þ found in
the crystal structure of Concanavalin-A; second, because
Mn2þ ions play a similar role as Ca2þ or other divalent
atoms such as Mg2þ in the BR photocycle, suggesting that
the binding sites may be the same; and third, because
these simulations are intended to find prospective binding
sites and, consequently, the procedure needs to avoid the
use of any a priori assumption. Therefore, even the cova-
lent contribution of Mn2þ may be important in terms of
IE, it is considered being not important to reproduce cor-
rect geometries. However, it is important to stress that all
the geometries extracted from the MD simulations are fur-
ther optimized during the EXAFS fitting.
The TIP3 model was used to represent water mole-

cules,43 and retinal charges were taken from ab initio cal-
culations.44 All MD simulations were performed at 300K
and temperature was kept constant using the Berend-
sen’s algorithm.45 Since both bond and angle vibrations
may be of importance at the Mn2þ environment for inter-
preting EXAFS spectra, their vibration was considered
explicitly and therefore the time step used in the calcula-
tions was set to 1 fs. A cutoff of 12 Å was used to treat
long-range interactions.
Hydrogen atoms were automatically added to the coordi-

nate file using the AMBER package and the resulting model
was minimized using harmonic restraints of 100 kcal/mole
on all heavy atoms. All crystallographic water molecules
that were used in the GRID calculations were removed,
and only some internal water molecules were explicitly re-
introduced based on a previous model of coordination.20

The system was simulated without including the lipid
bilayer and therefore the protein structure was subjected
to restraints as it is described below. After insertion of
Mn2þ ions based on the GRID results, the system was
energy minimized with 100 kcal/mol restrictions on alpha
carbons of all protein residues and on Mn2þ atoms. After
that, each system was progressively heated during 100 ps
from 0 to 300 K at intervals of 30 K every 10 ps with the
same position restraints. At that point, the restraints

were removed and every system was equilibrated for
50 ps before starting the production run, which was per-
formed for 1 ns. System coordinates were saved every
1 ps for further analysis.

MD simulation of extracellular sites

Three independent simulations were performed for ev-
ery Mn2þ ion, starting from the positions predicted from
GRID calculations. A 22 Å radius sphere of water mole-
cules was introduced surrounding solvent exposed resi-
dues at the protein extracellular part where metal binding
sites were located. Only the motion of residues lying inside
or close to the cap of water molecules was considered in
the calculations. Thus, only BR residues 1–14, 56–86,
118–142, and 184–212 plus all water molecules and ions
were allowed to move. The position of the rest of the atoms
in the system was kept restrained.

MD simulation of an internal site

For the simulation of a Mn2þ ion in the internal site be-
tween Asp85� and Asp212� an initial interaction model
was taken from a previous work.20 The authors reported
a model cluster where a Mn2þ ion was coordinated to
these two aspartic acid residues and three internal water
molecules. Our starting structure was obtained by super-
position of coordinates from the model work based on pro-
posed aspartic side chains, to Asp85� and Asp212� side
chains in our protein structure. The Mn2þ ion initial posi-
tion was also consistent with our GRID results. Harmonic
restraints were applied on water molecules interacting
with the Mn2þ ion only during the heating process, and
the restraints were removed during the production run.

MD simulation of a Mn2þ ion in water

An additional MD simulation with a single Mn2þ ion in
water was performed with the aim to compare differences
with protein clusters of solvent exposed sites. A Mn2þ ion
was set in a 22 Å sphere of water molecules and the simu-
lation was performed without restrictions during the
heating process.

Determination of Representative Cluster of Atoms
for EXAFS Analysis

The cluster of atoms used contain only the environment
of each metal, i.e. the Mn2þ ion plus the seven closest pro-
tein residues or water molecules to each Mn2þ ion. With
the aim of summing up the whole information of the MD
trajectories in a single structure, so that there was no
need to calculate the spectra for every single conformation
stored during the simulation, representative structures
were selected. These structures should be something simi-
lar to an average structure but without being actually
that since the high mobility of water molecules makes it
physically unrealistic. Thus, two different criteria to es-
tablish representative structures for every cluster were
defined: Root Mean Square Displacement (RMSD) and in-
teraction energy (IE). According to the RMSD criterion,
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the representative structure of a cluster was the structure
having the lowest RMSD value including only residues
directly involved in the interaction with each Mn2þ ion
and excluding all the mobile water molecules. We consid-
ered mobile water molecules as those not lying inside the
protein and being part of the solvent. This criterion was
reasonable for clusters interacting mainly with protein
residues, but was inadequate for a Mn2þ ion interacting
mainly with water molecules. Thus, we introduced the IE
criterion where the representative structure was chosen
as the structure having the IE value closest to the average
value. The IE of every Mn2þ ion with the remaining sys-
tem was calculated as the sum of the electrostatic and the
van der Waals terms involving the Mn2þ ion.

RESULTS

GRID Maps

GRID calculations allow the prediction of specific non-
covalent interactions of a ligand with a target molecule of
known three-dimensional structure. Therefore, it can be
considered as an appropriate approach to identify possi-
ble metal binding sites on BR. Because of the little infor-
mation available regarding the charge of the different
residues, the protein was modeled with all the residues
charged except for those the specific information is avail-
able. However, this does not represent any problem for
the validity of the results, since if in any of the binding
sites, the protonation state of any of the residues may be
different, the procedure would actually locate the site,
although the relative minima order may be altered.
Computed maps using the Mn2þ ion probe are dis-

played in Figure 1. The maps exhibit similar affinity
zones for both Mn2þ and Ca2þ probes, in agreement with
the experimental observation that suggests common
binding sites for both metals. Both probes show high af-
finity sites for BR, especially at the vicinity of Asp and
Glu amino acids, and more specifically for those lying on
internal sites.
According to the relative IE listed in Table I, two me-

dium/high affinity metal binding sites have been identi-
fied: one between Glu194 and Glu204, and another one
between Asp85 and Asp212. Seven additional low energy
sites have also been found, three of them at the cytoplas-
matic surface side, lying between Asp36 and Asp38 and
in the environment of Asp102 and Asp104, two on the
extracellular surface side close to Glu9 and to Glu74, and
two internal near Asp115 and Asp96. When comparing
Ca2þ and Mn2þ maps, both show a similar minima loca-
tion and general shape demonstrating that both probes
share the same affinity patterns for both ions.
According to the present calculations, the highest affin-

ity zones are clearly located in internal sites. This was
expected, since as pointed out in the methods section, the
presence of unpaired charges in internal protein sites is
unfavorable. Interestingly, both Ca2þ and Mn2þ GRID
maps, exhibit their absolute minimum between two nega-
tively charged amino acids, Glu194 and Glu204 within
helices C, F, and G, at the extracellular limit of the trans-

membrane section. Although the site can be considered
as internal, these residues are partially accessible to the
solvent since they are located near the protein surface.
Despite the existence of water molecules near the ion for
this cluster in the crystal structure, none of these mole-
cules has been found to interact directly with it. The next
prospective sites in increasing energy are two internal re-
gions close to Asp212 and between Asp85 and Asp212. All
these residues are buried in the protein core in the cen-
tral region of the transmembrane helices and, accord-
ingly, they are not exposed to the solvent. However, some
water molecules have been found in crystal structures
close to Asp85 and Asp212 that may interact with the me-
tallic probes. Interestingly, two different minima close to
Asp212 have been observed, one is located between this
residue and Asp85 and the other close to the aromatic res-
idues Trp86, Tyr185, and Phe208. These minima overlap
when displaying the maps at higher contour energies.
GRID calculations also yield low-affinity sites in the other
internal sites, near Asp115 and Asp96. Although both side
chains are neutral, they exhibit enough polarity in the in-
ternal medium to act potentially as low-affinity binding
sites. The extracellular sites are located between Asp36
and Asp38 at the first intracellular loop, close to Glu9 at
the beginning of the first helix, between Asp102 and
Asp104 second intracellular loop, near Glu74 at the first
cytoplasmatic loop and close to Glu166 at the extracellular
end of helix F.

MD Simulations

MD has been used to sample the geometries of atoms in
the environment of each ion. The current study is focused
on the prospective binding sites located in the extracellu-
lar part and therefore, simulations involve only ions
located in this region. From the results of the GRID maps
the environment of four different Mn2þ sites in the protein
has been studied: two high-affinity sites and two low-affin-
ity sites. We refer as cluster 1 to the internal high affinity
site, close to Glu194 and Glu204 in the extracellular side.
Clusters 2 and 3 are defined as to the low affinity extracel-
lular sites, highly exposed to the solvent and close to
Glu74 and to Glu9, respectively. Finally, cluster 4 corre-
sponds to the internal high affinity site formed by residues
Asp85 and Asp212 near the chromophore. Additionally, a
simulation of a single Mn2þ ion in water has also been per-
formed as a reference (cluster W).

With the aim of analyzing residues involved in the coor-
dination of each Mn2þ ion, the Mn2þ-O distances between
atoms participating in the coordination have been com-
puted. In the following analysis, any residue with any of
its atoms lying within a distance cutoff of 2.5 Å to the
Mn2þ ion has been considered to be directly coordinated to
the ion. For every cluster, the number of snapshots with an
atom inside the cutoff sphere, as well as their average dis-
tance to the ion along the corresponding MD simulation, is
shown on Tables IIA–VA, IIB–VB, and VI, respectively. All
Mn2þ-O distances lie within 2.2 and 2.5 Å, and clearly the
average distance depends on the oxygen type (hydroxyl,
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Fig. 1. Affinity regions for the Mn2þ probe obtained applying the GRID program to the BR structure 1c3w.33

The maps are shown at þ40 kcal/mol (left) and þ75 kcal/mol (right) relative to the absolute minimum.

Fig. 2. Representative structures of MD simulations of each cluster according to the IE criterion (snap-
shots at 213, 110, 55, 462, and 704 ps for cluster 1, 2, 3, 4, and W respectively). Only residues having an
atom within 3 Å from Mn2þ ion are displayed. Protein residues and water molecules are colored by atom ele-
ment (Mn2þ ion appears in magenta). Starting structure, 1c3w.33
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carboxylic, carbonylic or water). As it will be shown below,
the average Mn2þ-O distance is longer than in the EXAFS
experiments. On the other hand, the standard deviation of
these distances provides a measure of the importance of
these interactions. Thus, the most stable interactions have
low standard deviations (between 0.07 and 0.10 Å) that
increase as an interaction is weaker.

Cluster 1 (Glu194/Glu204)

The Mn2þ ion of this cluster lies between the cytoplas-
matic side of helices C, F, and G, the first cytoplasmatic
loop at the limit with helix C and the third cytoplasmatic
loop that connects helices F and G (Fig. 2). From the
analysis of the MD simulation, it could be established
that the four carboxylic oxygens of residues Glu194� and
Glu204�, the hydroxyl oxygen of Ser193 and the back-
bone oxygens of residues Pro77 and Ser193 are part of
the first coordination shell, as shown in Figure 2 (see also
Table II). Distances and deviations of these interactions
show that the main coordination points are three carbox-
ylic oxygens of glutamic acid residues Glu194� and
Glu204� and the backbone oxygen of Pro77, since their
oxygen atoms have average distances about 2.2 Å from
Mn2þ ion and standard deviations below 0.10 Å. On the

other hand, the other interacting atoms: the hydroxyl
and backbone oxygens of Ser193 and the remaining car-
boxyl oxygen of Glu204�, exhibit both larger distances
and standard deviations than other oxygens. Finally,
although there are some water molecules close to the site
and interacting with residues Glu194� and Glu204�, no
water molecules were detected to be in the Mn2þ first
coordination shell during the simulation.

Cluster 2 (Glu74)

The Mn2þ ion of this cluster is located close to Glu74�,
at the most solvent exposed section of the first cytoplas-

TABLE I. Relative Energies of the Metal Binding Sites
Predicted for Caþ2 and Mnþ2 GRID Probes

Residues
Energy Mn2þ

(kcal/mol)
Energy Ca2þ

(kcal/mol)

1 Glu194�/Glu204� 0 0
2 Asp85�/Asp212� 30 30
3 Asp36�/Asp38� 40 40
4 Glu9� 50 45
5 Asp115 55 50
6 Asp96 60 55
7 Asp102�/Asp104� 65 60
8 Glu74� 65 60
9 Glu166� 75 70

TABLE II. Cluster 1; A: % of Snapshots Where an Atom
of a Certain Residue is Within 2.5 Å of the Mn2þ ion; B:
Average Distances of Coordinating Atoms With the

Mn2þ Ion and Their Standard Deviations

A. Residue d(Mn) < 2.5 Å

Pro77 (backbone oxygen) 98.5%
Ser193 (hydroxyl) 97.4%
Glu194 (carboxyl) 100.0%
Glu204 (carboxyl) 100.0%

B. Atom Distance/Å (SD)

Pro77 O 2.22 (0.08)
Ser193 OG 2.38 (0.10)
Ser193 O 2.52 (0.26)
Glu194 OE1 2.22 (0.07)
Glu194 OE2 2.23 (0.07)
Glu204 OE1 2.21 (0.07)
Glu204 OE2 2.32 (0.15)

TABLE III. Cluster 2; A: % of Snapshots Where an
Atom of a Certain Residue is Within 2.5 Å of the Mn2þ

Ion; B: Average Distances of Coordinating Atoms
With the Mn2þ Ion and Their Standard Deviations

A. Residue d(Mn) < 2.5 Å

Glu74 99.9%
Wat900 25.1%
Wat438 24.0%
Wat691 23.0%
Wat1022 22.7%
Wat888 20.9%

B. Atom distance (SD) (Å)

Glu74 OE1 2.48 (0.54)
Glu74 OE2 2.42 (0.47)
Wat778 O 2.33 (0.13)a

Wat900 O 2.33 (0.13)b

Wat438 O 2.40 (0.42)c

a39 < t < 400 ps.
b723 < t < 1000 ps.
c400 < t < 666 ps.

TABLE IV. Cluster 3; A: % of Snapshots Where an
Atom of a Certain Residue is Within 2.5 Å of the Mn2þ

Ion; B: Average Distances of Coordinating Atoms With
the Mn2þ Ion and Their Standard Deviations

A. Residue d(Mn) < 2.5 (Å)

Glu9 100%
Wat788 79.4%
Wat818 61.0%
Wat1146 52.7%
Wat867 45.6%
Wat771 44.1%
Wat1128 31.4%
Wat1126 26.7%
Wat876 21.7%

B. Atom Distance (SD) (Å)

Glu9 OE1 3.74 (0.30)
Glu9 OE2 2.19 (0.06)
Wat788 O 2.31 (0.10)a

Wat818 O 2.30 (0.09)b

Wat1146 O 2.31 (0.10)c

a47 < t < 870 ps.
b76 < t < 705 ps.
c451< t < 1000 ps.
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matic loop. During the MD simulation, the Mn2þ ion
exhibits a distorted octahedral coordination, similar to
that observed in the simulation in pure water, with the
difference that two water molecules have been substi-
tuted by two carboxylic oxygen atoms from Glu74�. The
representative structure according to the IE criterion
(Fig. 2) exhibits five water molecules with different coor-
dinating distances. Some of them have longer distances
than the average, because of a water exchange occurring
in the first coordination shell. From the analysis of the
MD simulation it can be established that the first coordi-
nation shell of Mn2þ involves on average two oxygen
atoms of Glu74� and four additional water molecules (see
Table III). None of these water molecules remain coordi-
nated to the Mn2þ ion during the trajectory. However,
this is an artifact due to the parameterization for Mn2þ

used in the present work that shows computed residence
times for water molecules in the first coordination shell
similar to those of alkaline ions, and those to be expected
for a Mn2þ, that are in the microsecond scale.46 This is
not a problem for the purpose of the present work, since
in this way the space of configurations can be adequately
sampled within 1 ns with the corresponding save of com-
puter time. It is interesting to point out that some mole-
cules remain in the first coordinated shell of Mn2þ for a
short time, whereas others exhibit longer residence
times. This is related to the ordering of water molecules
close to Mn2þ ion as it is discussed below. The evolution
of Mn2þ-O distances involving carboxylic oxygens of
Glu74� shows alternation of single/double interactions.
Thus, when only a single oxygen interacts directly with
the Mn2þ ion, a fifth water molecule becomes part of the
first coordination shell.

Cluster 3 (Glu9)

The Mn2þ ion of this cluster lies close to Glu9�, at the
boundary between the N-terminal region and helix A. The
environment of this site includes the first and the third

extracellular loops together with the N-terminal segment.
During the simulation, the Mn2þ ion shows a distorted
octahedral coordination geometry similar to that found in
cluster 2 (Fig. 2). Water molecules exhibiting longer dis-
tances to Mn2þ than the average can be identified due to
the process of water exchange. In general, the first six
neighbors are five water molecules and a carboxylic oxy-
gen atom of Glu9�. Interestingly, the other Glu9� carbox-
ylic oxygen is part of the second coordination shell and it
is used as an anchoring point for water molecules that are
part of the first coordination shell of the Mn2þ ion. Thus,
this water molecule acts as a bridge between Glu9� car-
boxylic oxygen and the Mn2þ ion. Although some water
molecules remain coordinated to Mn2þ ion for long times
(up to near 800 ps), similarly to what has been described
for cluster 2, none of them remains in the first coordina-
tion shell during the simulation. The number of snapshots
for residues and water molecules with the largest resi-
dence times, and the average distances and their standard
deviations are shown in Table IV.

Cluster 4 (Asp85/Asp212)

The Mn2þ ion of this cluster lies in the protein core
between helices B, C, and G. From the MD simulation
analysis we established that the first coordination shell of
Mn2þ ion involves residues Asp85� and Asp212� together
with three internal water molecules (Table V(A)). All as-
partic carboxyl oxygens on the site show short Mn2þ-O
distances and small standard deviations, indicating that
they all remain strongly coordinated during the whole tra-
jectory (Table V(B)). Interestingly, the internal water mol-
ecules have additional anchoring points that help to keep
their position. Thus, a water molecule (Wat229) interacts
with the backbone carbonyl oxygen of Val49, a second
water (Wat230) acts as a bridge between the side chain
nitrogen atom of Trp86 and the backbone carbonyl oxygen
of Arg82 and a third (Wat231) has its hydrogen atoms
interacting with the Schiff base nitrogen atom (Lys216)
and with the Thr89 hydroxyl group. These results are in
agreement with the initial coordination model used.20

Cluster W (Mn-Water)

To properly understand the results involving Mn2þ-pro-
tein interactions described previously, the results of a
MD trajectory of a Mn2þ ion soaked in pure water is a
necessary reference. Several events of water exchange
have been observed in the analysis of this trajectory,
showing the dynamic nature of the first coordination

TABLE V. Cluster 4; A: % of Snapshots Where an Atom
of a Certain Residue is Within 2.5 Å of the Mn2þ Ion; B:
Average Distances of Coordinating Atoms With the

Mn2þ Ion and Their Standard Deviations

A. Residue d(Mn) < 2.5 Å

Asp85 100.0%
Asp212 100.0%
Wat229 99.3%
Wat230 98.5%
Wat231 98.8%

B. Atom Distance (SD) (Å)

Asp85 OD1 2.24 (0.07)
Asp85 OD2 2.25 (0.07)
Asp212 OD1 2.25 (0.07
Asp212 OD2 2.26 (0.07)
Wat229 2.30 (0.07)
Wat230 2.32 (0.08)
Wat231 2.29 (0.07)

TABLE VI. Cluster W. Average Distances of
Coordinating Atoms With the Mn2þ Ion and

Their Standard Deviations

Atom Distance (SD) (Å) Snapshots observed (ps)

Wat949 2.32 (0.10) 202–233, 549–824
Wat1113 2.33 (0.11) 309–603
Wat830 2.34 (0.11) 1–241
Wat434 2.33 (0.11) 309–365, 373–603
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shell of Mn2þ. It is important to stress that, due to the
parameterization used for Mn2þ in the present work, the
1 ns trajectory can be understood to provide a number of
events relative to water exchange similar to what it is
expected to be observed in a longer trajectory. Specifi-
cally, the residence time for a water molecule in the first
coordination shell is that of an alkaline or alkaline-earth
metal, which is about three orders of magnitude shorter
than the experimentally known for Mn2þ.
An average coordination number of 6 is observed, con-

sidering a cutoff between 2.35 and 2.40 Å. In general, an
octahedral coordination geometry is observed with an av-
erage Mn2þ-oxygen distance of 2.33 � 0.11 Å. This dis-
tance is longer than the optimum interaction distance
between a Mn2þ ion and a water molecule in an octahe-
dral complex of about 2.15–2.20 Å,21,26 as deduced from
our previous measurements. However, the former value
has an implicit correction due to the water exchange pro-
cess. More specifically, the analysis of the MD trajectories
in detail, reveals that in every snapshot there is an aver-
age of four water molecules with distances to Mn2þ ion
close to this value (between 2.10 and 2.35 Å), that can be
considered strongly coordinated to the metal, plus some
additional molecules with larger distances that exhibit a
weaker interaction with Mn2þ. These differences in dis-
tances support the idea of a continuous exchange of water
molecules in the first coordination shell, so that in every
snapshot there is a coexistence of water molecules that
were already coordinated to Mn2þ in the previous snap-
shot, together with other that are either entering or
escaping from the first coordination sphere. A representa-
tive configuration of the simulation of a Mn2þ ion in
water according to the IE criterion is shown in Figure 2.
In this figure, all water molecules with the oxygen atom
within 3.0 Å from Mn2þ ion, are shown. From the seven
water molecules within this distance (ranging from 2.10
to 2.60 Å), a distorted octahedral can be observed with
three water molecules at distances lower than 2.35 Å and
four water molecules at longer distances, one of them out
of the first coordination shell.

Water Exchange Inside the Clusters

A general feature that can be deduced from the present
results is that the larger the neighboring protein surface
close to the metal, the least the coordination shell
changes along the MD simulation. Moreover, changes in
the coordination sphere are faster in bulk water or in
very water exposed sites. Specifically, since in clusters 2
and 3 there is only one or two protein oxygens in the first
coordination shell and all the remaining coordination
positions are filled with water molecules, these simula-
tions are easier to compare with that of cluster W. The
percentage of water molecules with residence times of
10% or longer among the total number of waters observed
to interact with the Mn2þ ion along the MD trajectory
are: 22%, 42% and 13% in clusters 2, 3 and W, respec-
tively. In Figure 3 it is possible to follow the evolution of
water molecules with longer residence times. Interest-

ingly, first, at any time there is always at least one long
time residence molecule interacting with the Mn2þ ion
and second, some of these molecules are even able to
escape from the first coordination sphere and return
later. The residence times as well as the number of water
molecules with long residence time grow in proportion to
the protein surface surrounding the site. Figure 4 repre-
sents a plot of the coordination times for the 15 water
molecules with the longest residence times for each clus-
ter. The results show that when there is a protein anchor-
ing point in a cluster, the coordination times of the water
molecules increase significantly. This is expected since in
protein clusters, water molecules compete for a smaller
number of coordinating sites (6 in cluster W, 5 in cluster
3 (Glu9�) and 4 in cluster 2 (Glu74�)) and furthermore,
there is an excluded volume for water molecules in pro-
tein sites that is occupied by the remaining protein struc-
ture. Clearly the available volume affects the ease of a
water molecule to enter or escape from the first coordina-
tion sphere. Comparison of clusters 3 and 2, suggests
that there is a correlation between the available volume
around the ion and the coordination time of water mole-
cules. Thus, cluster 3 has more protein environment than
2 and water molecules exhibit longer coordination times.
Finally, in addition to the effect of having less accessible
volume, the existence of protein residues close to the ion
increases the chances for specific hydrogen bond interac-
tions that result in a stabilization of particular conforma-
tions involving water molecules in the first or second
coordination shell of the Mn2þ ion, like the interaction
between a water molecule and a Glu9� carboxyl oxygen
in cluster 3.

EXAFS Results

In the EXAFS technique, the fine structure oscillations
showing up in the extended energy region above the
absorption edge are analyzed. The k-space frequency, am-

Fig. 3. Evolution along the MD simulation of long time coordinating
water molecules. Each line represents a water molecule coordinated
with the Mn2þ.
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plitude and phase of the EXAFS oscillations, are directly
related to interatomic distances and number and type of
scatterers around the absorber.
Quantitative analysis of the EXAFS signals is per-

formed by fitting the experimental spectra to theoretical
signals calculated by means of phases and amplitudes
generated by the FEFF8 code.47 The fitting procedure is
carried out by means of the Ifeffit code48 implemented by
the Artemis package.49 We use the geometry of the extrac-
ellular clusters obtained from the MD calculations to
obtain theoretical EXAFS signals and compare them with
the EXAFS data obtained for the high-affinity binding site
(i.e., WT regenerated with 1 Mn2þ/BR molecule). The
atoms coordinates of the different clusters were extracted
from MD simulations snapshots following the two criteria
(RMSD and IE) as described above, in the Materials and
Methods section. We consider the scattering paths with
R � 4Å.

Purple Membrane WT Regenerated With
1 Mn2þ/BR: Influence of pH on the High-Affinity
Binding Site

Figure 5(A) shows the Mn-K edge normalized XANES
spectra corresponding to WT BR regenerated with 1
Mn2þ, at pH 7 and 10. The spectra show a characteristic
1s-3d peak centered at 6540 eV followed by an intense
absorption edge with a peak maximum of 6550 eV. The
edge shapes are similar showing that no major changes
take place in the Mn2þ environment of the bound high-af-
finity cation between pH 7 and 10.
The EXAFS signal, v(k), of WT regenerated with

1 Mn2þ at pH 7 and 10 are shown in Figure 5(B). They
are very similar to each other confirming that the sym-
metry and/or the atoms bounded to the cation are the
same for the two pH values. Their Fourier transforms
(FT) are reported in Figure 6(A,B). They were calculated
in the range 2.5–9.4 Å�1. The main contribution at about
1.8 Å is due to the Mn��O scattering paths, which domi-
nate the EXAFS signal (note that the average R-value of

the Mn��O distances is not corrected in the figure for the
central atoms phase shift). We performed quantitative
analysis of the EXAFS data by comparing the experimen-
tal signals with theoretical signals calculated for the dif-
ferent clusters obtained by the MD simulations as
described in previous section. The parameters let free to
vary to minimize the v2 (R-factor) values were E0 (origin
value of the photoelectron energy) and the interatomic
Mn��O distances (Ri). The overall inelastic losses factor
S0
2 was fixed to a standard value of 0.8. and the EXAFS

data were fitted in k-space in the range 2.5–9.4 Å�1.
The interatomic Mn��O distances were all allowed to

vary with the same DR variation in such a way to pro-
duce a rigid contraction or expansion of the cluster as a
whole, i.e. without changing the cluster geometry as
determined by MD. Indeed, EXAFS is not directly sensi-
tive, as XANES, to the cluster geometrical details and its
shape is essentially determined, in this kind of system,
by the coordination numbers and distances distribution
of the Nearest Neighbors (NN) atoms.

Fig. 4. Water molecules with the longest coordination times for clus-
ters 2, 3, and W.

Fig. 5. Mn K-edge X-ray absorption spectra of the complex WT BR
regenerated with 1 Mn2þ per mole of protein, measured at pH 7.0 (solid
line) and pH 10.0 (dashed line). Absorption spectra are presented in (A)
and EXAFS spectra in (B).
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The Debye–Waller factors, which describe both static
and dynamic fluctuations in interatomic distances, were
calculated by the correlated Debye model implemented in
IFFEFIT and described by Sevillano et al.,50 in which the
only two parameters required are the experimental tem-
perature and the Debye temperature of the cluster (YD).
The Debye temperatures (YD) of the different clusters

were calculated according to: YD ¼ hu/K, where h and K
are respectively the Planck constant and the Boltzmann
constant, and u is the experimental vibrational mode of
Mn-(H2O) and Mn-carboxylate bonds.51 For simplicity, we
have considered the average value of these frequency
regions (u ¼ 600 cm�1). This gives an average value for
YD ¼ 936 K.
The theoretical signals (EXAFS and FT) are compared

with each other and with the experimental signal for
sample WT1Mn2þpH 7, in Figure 7. The difference
among the different clusters is quite evident; the cluster
which better fit the experimental EXAFS is the RMSD
Asp85�/Asp212�. The geometry and coordination distan-
ces, of all clusters considered, are described in the previ-

ous section and reported in Figure 2 and Tables II–IV. We
show here in Table VII the best fit procedure results. We
report the R-factor (v2 residuals), for samples WT1Mn2þ

pH 7 and pH 10 compared with the RMSD and EI clus-
ters. We tested all the clusters calculated by MD but, for
sake of clarity, we only report those giving the lowest R
values.

We can see that cluster RMSD Asp85�/Asp212� gives
the best fit result for WT BR regenerated with 1 Mn2þ/
BR molecule (WT1Mn2þ sample). In this case we per-
formed a further best fit letting the YD temperature, i.e.
the DW factors, free to vary and we obtained the same
results within the statistical errors.

The structural parameters of the manganese ion envi-
ronment, as determined by the least-square fit, are sum-
marized in Table VIII for the first 6 single scattering
paths that correspond to Mn��O coordination. We find
here a very similar average value for the Mn��O dis-
tance (2.18 Å for pH 7 and 2.17 Å for pH 10), and a
Debye–Waller factor of 0.004 Å2 for both the pH values
studied.

These values are consistent with the results found in
our previous work21 for the high-affinity binding site stud-
ied at pH 5 (2.17 Å and 0.005 Å2). From the structural/geo-
metrical point of view, the fits obtained for WT at pH 7
and 10, and pH 5 are very similar,21 suggesting that the
coordination of the Mn2þ ion in the high-affinity binding
site of BR is not affected by a pH increase from 5 to 10.
This is a further confirmation that this kind of site is
located in the internal protein region. Moreover, we can
discriminate among the different possibilities provided by
MD showing that the Asp85�/Asp212� site is the best
approximation of the experimental results.

Purple Membrane WT and 4Glu Regenerated
With 5Mn2þ/BR: Influence of pH on High and
Medium-Affinity Binding Site

In this section, a qualitative analysis of the pH influ-
ence on the Mn environment in native and mutated pro-
teins is presented, in which both the low and high affinity
sites are involved.

Figure 8 displays the raw absorption spectra of the WT
purple membrane (A) and the 4Glu sample (B) (WT5Mn2þ

and 4Glu5Mn2þ, respectively), regenerated with 5Mn2þ/
BR molecule. The solid lines represent the samples at pH
7 and the dotted lines those at pH 10. The overall shape
and position of the edges (6550 eV) of the WT5Mn2þ and
4Glu5Mn2þ samples at pH 7 are very similar to each other
and also to the WT1Mn2þ (see Fig. 5). As in the previous
case (WT1Mn2þ sample) all the spectra show a pre-edge
structure at 6540 eV. All the samples, except WT5Mn2þ at
pH 10, have a pronounced absorption edge with peak max-
imum at about 6550 eV. In case of sample WT5Mn2þ at pH
10, instead, the edge is dramatically altered, i.e., it has a
significantly lower maximum at 6560 eV and a different
overall shape. The EXAFS spectra are reported in
Figure 9(A) (WT) and Figure 9(B) (4Glu) for both pH val-
ues. For the 4Glu samples the EXAFS spectra for pH 7

Fig. 6. Fourier transforms of the EXAFS data shown in Figure 5 and
the best fit (dashed line) at pH 7.0 (A) and pH 10.0 (B).
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Fig. 7. A comparison between the background-subtracted k-space EXAFS data (A) and their Fourier transform (B) of the WT1Mn2þ pH7 sample
(solid line) and the best fit (dashed line) for clusters 1:Glu194�/Glu204� (RMSD); 2: Glu74� (RMSD); 3: Asp85�/Asp212� (RMSD) and 4: Glu9� (EI).
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and 10 are quite similar to each other, whereas for WT BR
a strong change is found as for XANES.
We did not perform any best fit analysis due to the

present lack of information about the low and medium af-
finity sites environment. Indeed, the MD calculations
provide different possibilities for the external sites
(Glu9�, Glu74�, Glu194�/204�) that can be simultane-
ously occupied by four out of the five regenerating Mn
ions. Therefore performing a quantitative analysis would
not lead to any pertinent information due to the lack of
selectivity in the mutation process.
It should be noted that a change in the Mn oxidation

state induced by the different pH can be discarded due to
the very tiny change in the Mn edge position between pH
7 and 10 (about 0.5–1.0 eV) in comparison with the val-

ues obtained by Subı́as et al.,52 and also to the high simi-
larity of the 4Glu spectra at both pH values.

As a last point, we performed for comparison the best
fit analysis of the reference sample of Mn2þ water solu-
tion, using a regular octahedral cluster to generate the
theoretical signal. We obtained the results shown in
Table IX, finding an average Mn2þ-O distance of 2.14 Å,
in good agreement with a previous EXAFS study21 and
with the typical distance for a Mn��O bond in Mn��OH2

complexes, which is about 2.10 Å.53 Therefore, as stated
above, distances obtained from the present MD according
to parameterization used for Mn2þ (see Tables I–VI) are
slightly overestimated.

DISCUSSION

In this work we have combined theoretical calculations
with experimental EXAFS data in order to obtain struc-
tural information about the local environment around
cation binding sites in BR. First, calculations were
applied to predict specific interaction sites between BR
and Mn2þ or Ca2þ by using the GRID program. Second,
MD calculations were applied to the sites located in the
extracellular region of BR to obtain structural details
about Mn2þ clusters. Finally, the results of these calcula-
tions were used as starting points to fit the experimental
EXAFS data.

This paper represents the extension of previous works
about x-ray absorption studies of Mn2þ and Ca2þ binding
to the purple and bleached membranes at pH 5.21,22,26

Now we present results for pH values 7.0 and 10.0 and
we also analyze the 4Glu mutant.

Although Mn2þ is not found as a physiological cation in
purple membrane, it is known that deionized BR can be
regenerated with a variety of cations.4,5,7,8 In particular
Duñach et al.54 have found that both stoichiometry and
apparent affinity constants for radioactive Ca2þ in deion-

TABLE VIII. Interatomic Distances (R) and Debye–
Waller Factors (r2) for the First 6 Paths (Mn–O) Corre-
sponding to the Best Fit for WT Bacteriorhodopsin-
Mn2þ at a Molar Ratio of 1:1 at pH 7 (A) and pH 10 (B)

R(Å) r2(Å2 3 10�3)

A. WT1Mn2þpH7
Path 1 2.07 4
Path 2 2.12 4
Path 3 2.16 4
Path 4 2.20 4
Path 5 2.24 4
Path 6 2.27 4

B. WT1Mn2þpH10
Path 1 2.06 4
Path 2 2.11 4
Path 3 2.15 4
Path 4 2.20 4
Path 5 2.23 4
Path 6 2.26 4

TABLE VII. Fit Parameters Corresponding to the Fits on the Putative BR-Clusters and WT Bacteriorhodopsin
Regenerated With 1Mn2þ Per Mole of Protein

Parameter ?
Sample & cluster R-factor (v2) DE0 (eV) DR (Å)

r2 (Å2 3 10�3) (fix)
(YD ¼ 936 K)

Glu194�/Glu204�(RMSD)
WT1Mn2þpH7 0.078 �5 � 4 �0.04 � 0.02 4
WT1Mn2þpH10 0.069 �7 � 4 �0.05 � 0.02 4
Mn2þ-solution 0.184 �4 � 10 �0.03 � 0.05 4

Glu74�(RMSD)
WT1Mn2þpH7 0.067 �6 � 3 �0.04 � 0.02 4
WT1Mn2þpH10 0.061 �7 � 2 �0.04 � 0.01 4
Mn2þ-solution 0.177 �7 � 7 �0.04 � 0.04 4

Glu9� (EI)
WT1Mn2þpH7 0.053 �10 � 3 �0.07 � 0.02 4
WT1Mn2þpH10 0.048 �11 � 3 �0.07 � 0.02 4
Mn2þ-solution 0.175 �11 � 9 �0.07 � 0.05 4

Asp85�/Asp212�(RMSD)
WT1Mn2þpH7 0.029 �6 � 1 �0.02 � 0.01 4
WT1Mn2þpH10 0.036 �7 � 2 �0.03 � 0.01 4
Mn2þ-solution 0.096 �6 � 4 �0.02 � 0.02 4

The RMSD and IE criteria are described in the text.
E0 and R were iterated (S0

2 ¼0.8).
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ized BR were almost identical to those found for Mn2þ. In
agreement with these results, we find in this work that
the calculated GRID maps for metallic Mn2þ and Ca2þ

ions probes show very similar affinity zones for Mn2þ and
Ca2þ, suggesting that the metal binding sites are essen-
tially the same for both metals.
We compare here the cation binding in four different

clusters of BR found in the GRID map and located in the
extracellular region of the protein (external sites: Glu74�,
Glu9�, and Glu194�/Glu204�) and a site near the retinal
pocket (Asp85�/Asp212�). The local environment of Mn2þ

in all these putative clusters is formed by carboxyl side-
chains of Asp and Glu residues that had already been pro-
posed as candidates for cation binding in BR.16,17,23,55,56

From the comparison of the GRID maps for the four
clusters, we find that minimum energy value is given by
the cluster formed by Glu194�/Glu204�. However, since
the energy difference between this site and the Asp85�/
Asp212� site is quite small, a dynamic equilibrium

between these sites may be envisaged to explain the cat-
ion binding in BR. That is not to say that these binding
sites are nonspecific. Yet, a relationship among the cati-
ons located in the extracellular region could be necessary
in order to maintain the native structure and the hydro-
gen bonded-network of this part of the protein.

As a matter of fact, the EXAFS fittings results for PM
regenerated with 1 Mn2þ per BR molecule are consistent
with the high-affinity binding site being located between
Asp85� and Asp212�, for both pH values studied. For
this site we find a quite similar average Mn��O distance
for the two pH values of 7 and 10 (2.18 and 2.17 Å, re-
spectively), indicating that there is no change in the
metal first coordination shell upon a pH increase. The av-

TABLE IX. Interatomic Distance (R) and E0 Factor
of the First Shell of Mn2þ in Water

S0
2

(fix)
DE0

(eV) R (Å)
r2 (Å2 3 10�3)
(fix) (YD¼936 K)

Mn solution 0.8 �14 � 2 2.14 � 0.01 3

Fig. 8. A comparison of the pH effect on the X-ray absorption spectra
of the complex WT BR-Mn2þ (A) and 4Glu-Mn2þ (B) at a molar ratio of
1:5 (protein: Mn2þ). Measurements were made at pH 7.0 (solid line) and
pH 10.0 (dashed line).

Fig. 9. EXAFS spectra _(k) of the data shown in Figure 8. (A) WT
BR-Mn2þ and (B) 4Glu-Mn2þ at a molar ratio of 1:5 (protein: Mn2þ), at
pH 7.0 (solid line) and pH 10.0 (dashed line).
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erage Mn��O distance found for Mn2þ in the protein
shows a difference of 0.03–0.04 Å with respect to the
Mn��O distance for Mnþ2 in water solution found here,
which is a significant difference considering the same
coordination number of 6. This implies that the first coor-
dination shell for the metal atom is different when it is
bound to the protein or is solvated by water molecules.
Comparison of EXAFS results at pH values of 7 and 10 for

all the studied samples (WT1Mn2þ; WT5Mn2þ; 4Glu5Mn2þ)
gives valuable information about the location of cation
binding sites and on involvement of the mutated Glu resi-
dues. First, there is a strong similarity between the behav-
ior of 4Glu5Mn2þ and WT1Mn2þ: the EXAFS spectra are
similar and both show insensitivity on pH change. This
suggests that both proteins have only one internal cation
binding site. Second, EXAFS spectra of WT5Mn2þ show a
strong change on going from pH 7 to 10, whereas
4Glu5Mn2þ is insensitive to this change. Therefore, the in-
ternal site of WT1Mn2þ or of 4Glu5Mn2þ is not sensitive
to pH, whereas some of the more external sites of
WT5Mn2þ are heavily affected by the pH change. Finally,
the behavior of the 4Glu mutant is a strong evidence that
some of the mutated Glu side chains are involved in the
cation binding, in agreement with previous results,14–16

i.e. four of the 5 Mn2þ added to the 4Glu mutant are not
fixed by the protein and remain in water solution. They
are then eliminated in the centrifugation process used in
the sample preparation.
Summarizing, these results delineate the presence of

at least two binding sites for Mn2þ in the purple mem-
brane: one internal high-affinity site located in the vicin-
ity of Asp85� and Asp212�, and an external site of lower
affinity located near Glu194� and Glu204�. This hypoth-
esis is in agreement with the results found in previous
works,26 where two different Mn��O distances (2.18 and
2.49 Å) for the 5Mn2þ/BR sample are observed, in contrast
with the single distance of 2.17 Å found after the retinal
extraction that induce tertiary structural changes in the
protein. This implies the existence of at least two different
geometries for cation binding sites, in agreement also with
other authors.25

Several works have shown the existence of water mole-
cules in the extracellular region of the membrane forming
a hydrogen-bonded network with key residues.33,57 This
network permits to transmit protonation changes and to
conduct the proton. More recently it was proposed that
an H5O2

þ complex stabilized by Glu194� and Glu204� is
responsible for the proton release.34 In this sense, it is
possible that the presence of cations in coordination with
these two residues, as we propose, could have an impor-
tant role in the stabilization and/or in the dynamics of
this complex.
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Chapter 4 - Conclusions 
 
 

1.- Both the statistical ensemble and the type of treatment for long-range 

electrostatics affect the quality of the results regarding membrane protein MD 

simulations. The use of a cutoff to treat electrostatic interactions affects the 

description of some properties of the system including lipid bilayer thickness 

(similarly to what has already been reported for pure bilayers) and the distribution 

of ions. The use of the PME method provides a better description of lipids and 

ions but at a higher computational cost. Additionally, present results suggest that 

the use of NPT is necessary for the bilayer equilibration and for the process 

involving the bilayer rearrangement around the protein.  

 

2.- The protein infers an ordering effect over the lipid bilayer that depends on the 

difference between the equilibrium thickness of the former and the hydrophobic 

thickness of the latter. This is reflected in the variation of the bilayer thickness 

with the distance from the protein. Moreover, lipids with saturated acyl chains 

evidence a poorer adaptation to the protein than lipids with unsaturated chains. 

Similarly, short acyl chains also show an impaired matching because of the 

extended conformations that are forced to adopt to accommodate to the 

hydrophobic protein surface.  

 

3.- Both the interaction with lipid molecules and other proteins can modulate the 

structure of Rho by affecting the protein tilt as a rigid body and the motions 

involving helix kinks and tilts. However, the secondary elements of the protein are 

less sensitive to the environment. Specifically, whereas TM helices remain 

relatively unaltered with only the least structured secondary elements showing 

sensitivity to the environment, the conformations of the cytoplasmic loops and of 

the C-terminus are modulated by the interacting lipids/proteins. The alterations 
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can extend to the cytoplasmic side of neighboring helices, including the 

electrostatic lock between TM3 and TM6. 

 

4.- The use of MD permitted to study the specific lipid-protein contacts at an 

atomistic level. Specifically, almost a third of the Rho residues participate in 

interactions with the surrounding lipids, mostly those with non-polar bulky side 

chains. Regarding the electrostatic contribution, a set of residues in Rho have 

been revealed to form hydrogen bonds with lipid oxygens that can be important 

for the anchoring of the protein to the membrane. The localization of these 

interactions is asymmetric regarding the two halves of the protein, suggesting that 

the cytoplasmic side of the protein is much more sensitive to the lipidic 

environment.  

 

5.- A MD simulation has been performed with the aim to obtain an optimized 

rearrangement of a Rho dimer based on a semi-empirical model published in the 

literature. The analysis of the structure points to a certain asymmetry in the 

quaternary structure of the dimer due to the different conformation of the loops 

C2, C3 and E2 in the two subunits, creating subtle differences in the side chain 

interactions between subunits and ultimately altering some tilt and kink angles. 

Additionally, the regions and residues that play the most important role for the 

stability of the dimer have been characterized. The most important subunit-

subunit interactions involve loops C2 and E2, and following these TM4 and TM5 

although less important.  

 

6.- MD simulations of membranes with different types of cations indicate that they 

bind to DPPC bilayers increasing lipid order, i.e. giving thicker bilayers and 

consequently smaller areas per lipid. The ions are being distributed in the lipid-

water interface generating a double layer, organized in such a way that the 

positive ions sit closer to the bilayer interface and the negative ones much further. 

Potassium chloride is one exception that exhibits a different behavior by not 
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showing any binding to the lipid head-groups. The effects can be rationalized in 

terms of the specific properties of the different ions including: charge, radius, 

coordination numbers and hydration energies. The presence of ions gives a 

larger electrostatic potential across the membrane/water interface, although the 

different contributions tend to compensate each other and result only in a small 

net potential drop. 

 

7.- The combination of MD simulations and site-directed mutagenesis 

experiments permitted to identify the interactions R135-E247 and R135-T251, 

between TM3 and TM6, as crucial in order to keep Rho in the inactive state. 

Additionally, R135-E134 interaction is important so that R135 adopts the 

necessary conformation that favors the previous interaction. The results suggest 

that the mutation of these residues can affect the Rho activation process by: i) 

alleviating the network of interactions in the region around the ERY motif, favoring 

activation, and/or ii) altering the conformation of the third loop, disrupting the 

interaction with the G-protein. 

 

8.- The study of the methylation of retinal at position C7 indicated that the 

modification not only introduced an additional steric volume in the cavity, but also 

modulated significantly the conformation of the β-ionone ring relative to the 

polyene chain, which changed from a more co-planar conformation in the case of 

Rho to an almost perpendicular conformation in the case of 7-methyl-Rho. This 

together with the induced alterations on the residues forming the binding site can 

result in a partially blocked transition to the active metaRhoII. 

 

9.- The putative Mn2+ binding sites of BR have been studied by combining 

theoretical calculations with experimental EXAFS data, under the assumption that 

Mn2+ and Ca2+ binding sites are the same for both metals. The local environment 

of all these clusters is formed by carboxyl side chains of aspartic acid and 

glutamic acid residues. The results delineate the presence of at least two binding 
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sites for Mn2+ in the purple membrane: one internal high-affinity site located in the 

vicinity of D85 and D212, and an external site of lower affinity located near E194 

and E204.  

 

10.- It is shown that MD is able to provide structural and dynamical informational 

about membranes and membrane proteins not accessible from experimental 

methods. The use of an explicit lipidic environment is crucial for the study of the 

dynamics of protein as well as for the protein-protein and lipid-protein 

interactions. The combination of the OPLS-AA force field together with the lipid 

parameters developed by Berger et al. adopted in this study resulted to produce 

realistic results both for the protein and the lipids as well as for the remaining 

components of the system. 
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