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Abstract 

Recoverin is a neuronal calcium sensor involved in vision adaptation that reversibly associates with 

cellular membranes via its calcium-activated myristoyl switch. While experimental evidence shows that the 

myristoyl group significantly enhances membrane affinity of this protein, molecular details of the binding 

process are still under debate. Here, we present results of extensive molecular dynamics simulations of 

recoverin in the proximity of a phospholipid bilayer. We capture multiple events of spontaneous membrane 

insertion of the myristoyl moiety and confirm its critical role in the membrane binding. Moreover, we 

observe that the binding strongly depends on the conformation of the N-terminal domain. We propose that 

a suitable conformation of the N-terminal domain can be stabilized by the disordered C-terminal segment 

or by binding of the target enzyme, i.e., rhodopsin kinase. Finally, we find that the presence of negatively 

charged lipids in the bilayer stabilizes a physiologically functional orientation of the membrane-bound 

recoverin. 

 

Introduction 

 Myristoylation represents a lipidation modification occurring in numerous proteins involved in 

intracellular signaling.1 A hydrophobic myristoyl moiety, covalently attached to the N-terminus of a 

signaling protein, can enhance the affinity of the protein for cellular membranes and thus contribute to its 

membrane targeting.2 This type of targeting can be regulated in a reversible way by modulating the exposure 

of the myristoyl lipid chain at the protein surface. In proteins featuring a myristoyl switch, such modulation 

is accomplished by conformational changes triggered by ligand binding.2  

 Recoverin, which represents a member of the Neuronal Calcium Sensor (NCS) family, is a 23 kDa 

protein possessing a calcium-activated myristoyl switch. Recoverin is primarily expressed in photoreceptor 

cells of the vertebrate retina, where it participates in light adaptation via calcium-dependent inhibition of 

the enzyme rhodopsin kinase (RK).3-6 Apart from an N-terminal myristoyl chain, the molecular structure of 

recoverin contains four evolutionarily conserved helix–loop–helix motifs called the EF hands, two of which 

can coordinate Ca2+ (Figure 1). Solution NMR structures of recoverin exist both for low and high 
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concentrations of calcium ions.7-8 They reveal that at resting intracellular calcium concentrations, the 

myristoyl moiety is sequestered in a hydrophobic cavity inside the N-terminal domain (Figure 1, left). 

However, when the cytoplasmic concentration of calcium increases, the second and the third EF hand (EF2 

and EF3) both bind a Ca2+, and the protein undergoes a structural rearrangement of its two domains. The 

conformational transition exposes the myristoyl group and also creates a binding pocket for RK (Figure 1, 

right). This allows the calcium-activated recoverin to reversibly associate with retinal outer segment (ROS) 

disk membranes and inhibit RK. 

 While the myristoyl moiety was shown to promote the membrane binding of recoverin,9-10 its 

membrane insertion was inferred only indirectly from experimental data.11 Moreover, the contribution of 

other factors to the reversible membrane association of recoverin still remains to be clarified. In particular, 

the role of protein–membrane electrostatic interactions, which are known to participate in the membrane 

binding of other N-myristoylated proteins,12-13 has been discussed repeatedly in the literature.11, 14-15 Recent 

experiments on monolayers suggest that the calcium-dependent membrane binding of recoverin is assisted 

by the presence of  negatively charged lipids in the membrane.15 Apart from a patch of basic residues located 

near the N-terminus, the highly charged C-terminal segment of recoverin may also be involved in the 

electrostatic interaction with the lipid bilayer as proposed for S-modulin, which is a frog homologue of 

recoverin.16 This 13-residue C-terminal segment, containing six lysines and two glutamates, forms a short 

helix in the crystal structure of non-myristoylated recoverin,17 but its geometry has not been resolved in the 

solution NMR structures.7-8 Although more recent studies did not directly confirm the membrane interaction 

of the C-terminus,11, 14, 18 they showed that its removal affects the conformation of recoverin18 and the 

affinity of the sensor for calcium.18 The precise function of the charged C-terminus and whether it modulates 

the membrane association thus remains unclear. 

 In order to elucidate the mechanistic details of the process of membrane anchoring via the myristoyl 

group, we perform here extensive atomistic and coarse-grained molecular dynamics (MD) simulations of 

calcium-loaded recoverin in the proximity of phospholipid bilayers with varying lipid compositions. These 

simulations allow us to establish the key factors governing successful membrane insertion of the myristoyl 
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moiety and decide about relative contributions of hydrophobic and electrostatic interactions to the reversible 

membrane binding of the protein. This work thus preconditions a detailed molecular understanding of the 

biological functionality of recoverin. 

 

 

Figure 1. The calcium-activated myristoyl switch of recoverin. At low intracellular concentrations of 

calcium ions, the myristoyl group of recoverin is hidden inside the N-terminal domain of the protein (left). 

When the concentration of calcium rises, two of the four evolutionarily conserved EF hand motifs (top) 

each bind a calcium ion and the protein undergoes a conformational transition exposing the myristoyl 

group, as well as opening up a binding site for RK  (right). The calcium-loaded recoverin is capable of 

reversible membrane binding to retinal outer segment (ROS) disk membranes. The protein structures shown 

in this figure were determined by solution NMR7-8 (PDB IDs 1IKU and 1JSA). The last 13 C-terminal amino 

acid residues are missing from the structures as they were not resolved in the NMR experiments. 

 

Results and Discussion 

 To gain atomistic insight into the membrane binding of recoverin, we performed all-atom MD 

simulations of a recoverin molecule in the proximity of a phospholipid bilayer. The lipid composition was 

chosen to be 80% di-oleoylphosphatidylcholine (PC) and 20% di-oleoylphoshatidylglycerol (PG) to allow 
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for a direct comparison with previous solid-state NMR measurements.11 Moreover, the presence of 20 % 

of negatively charged PG lipids mimics the charge distribution found in ROS disk membranes.19 The 

simulations were started with the N-terminal domain of recoverin facing initially the membrane surface, 

but without any direct contact of the amino acid residues with the lipids (i.e., with a minimum protein–

membrane distance of 1 nm). 

 

Mechanism of myristoyl insertion and its energetics 

 Our all-atom simulations captured multiple events of a spontaneous membrane insertion of the 

myristoyl moiety (see Table S1 in Supporting Information (SI)). In all these cases, after initial reorientation, 

recoverin approached the lipid bilayer with its N-terminal domain before myristoyl insertion. Once the 

methyl end of the myristoyl chain reached a suitable gap between lipid head groups, it penetrated the 

carbonyl region of the bilayer and became accommodated among the acyl chains of the surrounding 

phospholipids (Fig. 2A). This process of membrane penetration took 2–9 ns (Fig. S1 in SI) in the individual 

runs. During the process of myristoyl membrane embedding, the basic residues K5 and K37 interacted with 

the bilayer, while the positively charged C-terminus stayed away from the membrane (Fig. S1 in SI). After 

recoverin became anchored to the membrane by the myristoyl chain, its orientation stabilized by the 

interaction of positively charged amino acid residues with negatively charged PG lipids, which were locally 

enriched around these residues (Fig. S2 in SI). Some of the basic amino acid residues even penetrated into 

the lipid head group region (Fig. 2B). Most importantly, once inserted, the myristoyl group remained 

membrane-embedded for the 1 μs duration of the simulations (see Fig. 2B). 
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Figure 2. All-atom MD simulations reveal how the myristoyl group anchors recoverin to a PC:PG (4:1) 

membrane. (A) Snapshots capturing the fast process of myristoyl insertion. The myristoyl moiety is 

displayed in purple, while the two N-terminal helices A and B of recoverin are highlighted in orange and 

blue, respectively. (B) Snapshot obtained at the end of a 1 μs trajectory, showing the membrane-embedded 

myristoyl group (violet) and five positively charged residues (red) reported by previous NMR 

measurements11 to interact with the membrane. (C) Membrane orientation of recoverin during the course 

of a 1 μs trajectory described in terms of the distances of the two calcium ions to the membrane. On average, 

the protein exhibits a tilted orientation towards the lipid bilayer, with one calcium closer to the membrane 

surface than the other one. Importantly for the biological function of recoverin, the binding pocket for RK 

remains accessible during the trajectory. (D) Relative proportions 𝑟𝑐𝑜𝑛 of simulation time that each of the 

basic residues of recoverin spent in contact with the membrane, i.e., at a distance < 0.6 nm (for details see 

Table S1 in SI).   
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 To assess the importance of the myristoyl anchor for the membrane binding of recoverin, we deleted 

the myristoyl group from the final snapshot of a trajectory featuring myristoyl insertion (for details see 

Table S1 in SI) and continued the simulation. We found that without the myristoyl anchor, the orientation 

of recoverin relative to the membrane became destabilized, and ultimately, recoverin detached itself 

completely from the membrane surface (see Fig. S3). This result demonstrates that, in agreement with 

experimental results,9-10 a myristoyl moiety is required for stable membrane binding. To further quantify 

the free energy gain resulting from myristoyl insertion, we employed the method of umbrella sampling to 

calculate the free energy profile of a myristamide molecule (as the closest proxy to the myristoyl moiety in 

recoverin) penetrating a PC:PG (4:1) bilayer. The resulting profile (Fig. 3) shows a free-energy preference 

of about 10 kcal mol-1 for the membrane over the aqueous phase, which is consistent with previous estimates 

based on experimental data.20-21 Importantly, our additional umbrella sampling simulations of the 

membrane detachment of a non-myristoylated recoverin indicate that the remaining binding free energy of 

the protein to the membrane is significantly smaller, equaling ~4 kcal mol-1. Taken together, these results 

underscore the crucial importance of the myristoyl moiety for the membrane association of recoverin. 
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Figure 3. (A) Free energy profile of myristamide insertion from water into a PC:PG (4:1) membrane, 

showing the dependence of the free energy on the distance of the center of mass of myristamide from the 

central plane of the bilayer. The robustness of this result was verified with respect to the choice of the force 

field and the set of initial geometries (Fig. S4 in SI). (B) Free energy profile of the membrane detachment 

of a non-myristoylated recoverin, calculated along the distance between the center of mass of the protein 

and the central plane of the bilayer. 

 

Exposure of myristoyl needed for anchoring 

 We observed membrane insertion of the myristoyl moiety for several but not all of the trajectories. 

In several cases, recoverin approached the lipid bilayer with an unfavorable orientation, interacting with 

lipid head groups via its positively charged C-terminus (Fig. S5 in SI). This orientation brought the 

myristoyl anchor in a position away from the membrane and also caused the binding site for RK to be 

blocked by the lipids. Our coarse-grained simulations (vide infra) indicate that such a geometry represents 

a shallow local minimum, nevertheless, it persisted on the time scales accessible to our all-atom MD 

simulations. 
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 For yet other trajectories, membrane insertion of the myristoyl moiety did not occur even with a 

favorable orientation of recoverin, which approached the membrane with its N-terminal domain. We 

observed that this situation occurred both for the PC:PG (4:1) bilayer as well as for simulations with pure 

PC and pure PG bilayers (see Table S1 and Fig. S6 in SI for more details). A closer look at the protein 

structure in these trajectories reveals that the hydrophobic myristoyl moiety moved in-between the amino 

acid side chains and became shielded from the polar water environment. Moreover, the move of the 

myristoyl group was accompanied by structural changes in the N-terminal domain, affecting the 

conformation of two N-terminal helices A and B (Fig. S7 in SI). In particular, the length of the helix A 

changed as well as the angle between helices A and B, and helix B became shifted towards the center of 

the protein, narrowing the binding pocket for RK.  

In contrast, in trajectories featuring myristoyl insertion a close-to-perpendicular relative orientation 

of helices A and B kept the myristoyl moiety away from hydrophobic protein residues and maintained the 

exposure of the myristoyl anchor to the polar aqueous environment (Figs. S7 and S8). The conformation of 

these two helices thus has to be stable enough to resist the tendency of the hydrophobic myristoyl anchor 

to return to the hydrophobic core of the protein. At the same time, the two helices, forming an important 

part of the myristoyl switch, have to be sufficiently flexible to allow for the motion of the myristoyl moiety 

out of the protein core during the calcium-driven conformational transition. This subtle balance between 

stability and flexibility may be a critical feature determining the efficacy of the calcium–myristoyl switch. 

In this respect, it is notable that our simulations suggest that a subset of the calcium-loaded structures of 

recoverin exists in a state structurally similar to the available set of NMR structures (PDB ID 1JSA), but 

with their myristoyl anchors sticking to hydrophobic residues of the protein and, therefore, being incapable 

of membrane insertion. Overall, our simulations show that myristoyl insertion occurs as long as two 

conditions are fulfilled: (1) a favorable orientation of recoverin with respect to the membrane and (2) 

exposure of the myristoyl group to the aqueous environment, maintained by the conformation of the N-

terminal domain. 
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Rhodopsin kinase stabilizes the N-terminus 

 The observation that the shielding of the myristoyl group from water was associated with 

conformational changes in the N-terminus motivated us to explore possible factors enhancing the stability 

of an N-terminal conformation that would favor myristoyl exposure and subsequent membrane insertion. 

Since a significant aspect of the conformational changes was the displacement of helix B in the direction 

of closing the RK binding pocket, we tested whether a ligand filling the binding pocket could prevent this 

motion and thus stabilize the geometry of the N-terminus. Inspired by Ref. 6, suggesting that recoverin may 

bind RK in the cytoplasm before associating with the membrane, we performed a simulation with a sixteen-

residue fragment of RK present in the RK binding site (see Table S1 in SI). Indeed, the presence of the RK 

fragment increased the conformational stability of the N-terminal domain, with the Cα root-mean-square 

deviation of residues 2–97 (N-terminal domain) from the initial NMR structure equaling 0.31 nm, as 

contrasted to 0.48 nm in a run without RK (for more details see SI). Consequently, the myristoyl group 

remained extruded to the aqueous environment and as soon as it was brought to an immediate vicinity of 

the lipid bilayer by a favorable orientation of the protein it spontaneously penetrated the membrane and 

stayed there (Fig. S9 in SI). This result suggests that the cytoplasmic pre-binding of RK accelerates the 

subsequent membrane association of the recoverin–RK complex. 

 

Orientation of membrane-anchored recoverin 

 The orientation of recoverin on a PC:PG (4:1) bilayer was inferred previously from the fitting of 

solid-state NMR spectra,11 with the conclusion that recoverin predominantly assumes a tilted orientation 

relative to the membrane. Such an orientation brings the EF2-bound calcium close to the bilayer and the 

EF3-bound calcium farther away. Moreover, the solid-state NMR measurements identified five basic 

residues of the N-terminal domain, K5, K11, K37, R43, and K84, as being in contact with the bilayer. In 

comparison, our all-atom MD simulations provided a more dynamic picture of the membrane-anchored 

protein, which adopts a relatively broad range of orientations towards the membrane (Fig. 2C). We found 

that the tilted orientation of the protein predicted by NMR was indeed prominent (Fig. 2B,C); nevertheless, 
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we also observed more parallel orientations of the protein relative to the bilayer, with both calcium-loaded 

EF hands interacting with lipid head groups (Fig. S10 in SI). Importantly, we confirmed that the positively 

charged residues K5, K11, K37, R43, and K84 identified by NMR were in frequent contact with the bilayer 

during the simulations (Figs. 2D and S3) and that the binding site for RK was not blocked by the lipids. 

To further examine how the negative charge in the membrane modulates recoverin–membrane 

interactions, we performed coarse-grained MD simulations of the anchoring of recoverin to membranes 

with three different lipid compositions. The use of a coarse-grained model22 allowed us to reach simulation 

times needed for exploring all possible orientations of recoverin at the membrane, at the expense of 

sacrificing atomistic details and the possibility to explore changes in the protein structure. The membrane 

was formed by a pure PC bilayer, a PC:PG (4:1) bilayer, or a pure PG bilayer, ranging from electroneutral 

to weakly or highly negatively charged systems (Fig. S11 in SI). Irrespective of the membrane composition, 

we always observed a spontaneous membrane insertion of the myristoyl moiety. This may have been 

facilitated by the fact that the structure of the protein was fixed in the coarse-grained model (see Methods) 

and by the relatively smooth energy landscape pertinent to the coarse-grained description.22 Nevertheless, 

the membrane binding occurred significantly more slowly for the pure PC bilayer than for the negatively 

charged ones (see Fig. S12 in SI). Intriguingly, the successful anchoring to the PC-only membrane did not 

result in any stable orientation of recoverin relative to the bilayer (Fig. 4). As a consequence, the binding 

site for RK was often blocked by the lipids. The presence of negatively charged PG molecules in the 

membrane significantly accelerated the anchoring of recoverin to the bilayer (Fig. S12 in SI) since the 

interaction of its negative charge with the patch of positively charged amino acid residues near the N-

terminus allowed recoverin to faster adopt orientations favorable for myristoyl insertion. In case of the 

mixed membrane (PC:PG, 4:1), the membrane-anchored recoverin adopted predominantly a tilted 

orientation towards the membrane, with the binding site for RK remaining accessible (Fig. 4). This 

orientation agreed with results obtained from atomistic simulations (Fig. 2). Interestingly, in the case of the 

PG-only membrane, we also occasionally found an interaction of the C-terminal part with PG molecules 

(Fig. 4), but this interaction had only a transient character. This finding supports our hypothesis that the 
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geometry resulting from interactions mediated by the positively charged C-terminus represents only a 

shallow local minimum. Altogether, the results of our coarse-grained MD simulations point to an active 

role of negatively charged phospholipids in the fine-tuning of the orientation of recoverin toward the 

membrane. Lipid composition thus may play an important role in regulating the physiological action of 

recoverin, i.e., binding of RK. A similar active role of negatively charged phospholipids was found recently 

for other peripheral membrane proteins, such as the yeast small GTPases Rho1p, human focal adhesion 

kinase, and cytochrome P450.23-25   

 

Figure 4. Probability density of membrane orientation of recoverin expressed in terms of the distances of 

the two calcium ions from the membrane. Each plot represents an average of three 5 μs coarse-grained 

MD trajectories. The successful anchoring to the PC-only membrane did not result in a fixed orientation 

of recoverin relative to the bilayer, and the binding site for RK frequently became blocked by the lipids. 

For the mixed membrane (PC:PG, 4:1), recoverin adopted a tilted orientation towards the membrane. In 

the PG-only membrane, the C-terminal part also interacted with PG molecules, but this interaction only 

occurred occasionally and had a transient character. 

 

Role of the charged C-terminus 

 The structure of the highly charged 13-residue C-terminal segment has not been resolved by 

solution NMR.8 Therefore, we modeled the initial geometry of the C-terminus by adopting it from a crystal 

structure17 of a non-myristoylated recoverin (PDB ID 1OMR, see Methods), where it forms a short helix 
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(see Fig. S13 in SI). Throughout our atomistic simulations, the helical structure of the C-terminus was 

essentially preserved. As mentioned above, owing to the high density of positively charged residues, we 

frequently observed that recoverin interacted with the membrane via the C-terminus, resulting in a protein 

orientation parallel with the bilayer, which blocked the binding site for RK. Our coarse-grained simulations 

provide a strong support for the hypothesis that this mode of membrane interaction is a transient local 

minimum only. To find out how removing the C-terminus would affect the overall orientation of the protein 

we performed additional atomistic simulations (Table S1 in SI) with the last 13 C-terminal residues deleted. 

We found that the removal of the C-terminal segment eliminated the unfavorable orientation which moved 

the myristoyl anchor away from the membrane, but at the same time, it also prolonged the time recoverin 

spent in solution before landing at the membrane. Moreover, in some of the simulations (for details see SI), 

removing the C-terminus altered the conformation of the loop connecting the two domains of recoverin, 

resulting in a mutual displacement of the two central helices and a change in the relative orientation of the 

two domains. This is in line with previous results for another member of the NCS protein family, the NCS-

1 protein, for which the deletion of the C-terminal segment increased the structural flexibility of the protein 

and weakened the interdomain correlation.26 

 Importantly, the NMR data show that the C-terminus is disordered, i.e., it is likely to adopt a number 

of conformations different from that observed in crystals. We suggest that some of these more unstructured 

conformations may transiently fill the binding pocket for RK and thereby stabilize the N-terminal domain. 

A similar stabilizing effect was already predicted for the C-terminus of the related NCS-1 protein.27 In this 

way, the C-terminus may prolong the time that the myristoyl moiety spends exposed to the aqueous phase 

and thus increase the odds of successful membrane anchoring of recoverin. 

 

Conclusion 

 In the present study, we elucidated with atomistic detail the process of membrane insertion of 

recoverin at varying conditions. Our simulations not only relate directly to experiments, whenever the latter 

are available, but also provide experimentally hardly accessible interpretation of the membrane embedding 
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process of recoverin in terms of the underlying molecular interactions.  The key results of this work are 

threefold: 

 Direct MD simulations of the protein with and without the myristoyl anchor demonstrate that it is the 

critical determinant for efficient membrane binding of recoverin. The physiological functionality of the 

myristoyl switch stems from a subtle balance between its stability and flexibility. 

 Approaching the membrane, recoverin samples a relatively broad distribution of geometries and 

orientations. Successful membrane insertion of myristoyl requires, however, a rather specific 

conformation of the N-terminus. 

 Simulations show that protein-membrane electrostatic interactions stabilize the biologically functional 

orientation (i.e., that allowing for efficient binding of RK) of recoverin after membrane anchoring. 

In summary, this study presents carefully designed and benchmarked molecular simulations that allow us 

to elucidate the mechanism of membrane insertion of recoverin, ultimately leading us to understanding of 

the key factors for its biological functionality.   



15 
 

Methods 

 Atomistic MD simulations were performed using the GROMACS 5.1.2 package.28 The simulation 

box contained one calcium-loaded recoverin molecule, a bilayer comprising 190 phospholipid molecules, 

sufficiently large to avoid the interaction of recoverin with its periodic images, and a 150 mM KCl aqueous 

solution containing ~20,000 water molecules, with extra K+ ions added to neutralize the system. The lipid 

species used in our simulations were di-oleoylphosphatidylcholine (PC) and di-oleoylphoshatidylglycerol 

(PG). The phospholipid bilayers were assembled and hydrated by employing the CHARMM-GUI 

membrane builder.29-31 The structure of calcium-loaded recoverin was obtained from an ensemble of 24 

NMR structures of myristoylated bovine recoverin8 (PDB ID 1JSA, structures no. 1 and 8). Since the last 

13 C-terminal residues were not resolved by the NMR measurements, we transferred the C-terminal 

segment (residues 185–202) from an X-ray crystal structure of non-myristoylated recoverin17 (PDB ID 

1OMR). Recoverin was inserted approximately 1 nm above the surface of the bilayer so that its residues 

were not in contact with the lipid head groups. The initial orientation of the protein relative to the membrane 

was close to perpendicular, with the N-terminus facing the bilayer. Prior to inserting recoverin to the vicinity 

of the bilayer, we pre-equilibrated the structures of both the protein and the membrane separately in aqueous 

solutions. To ensure robustness of the results, we performed our atomistic MD simulations with two 

different sets of force field parameters: CHARMM and AMBER/Slipids. In the former case, we used the 

CHARMM36 force field32 to parameterize the lipids and CHARMM22/CMAP33-34 to describe the protein. 

In the latter case, the AMBER ff99SB-ILDN force field35 was used for the protein, while the lipids were 

described with the AMBER-compatible Slipids force field.36-38 In both CHARMM and AMBER 

simulations, water molecules were described with the TIP3P model.39 Free energy profiles characterizing 

membrane insertion of myristamide and membrane interaction of non-myristoylated recoverin were 

obtained for the CHARMM force field from umbrella sampling simulations by employing the weighted 

histogram analysis (WHAM) method.40 Coarse-grained simulations presented in this article utilized the 

MARTINI model41 and were performed in GROMACS 4.6.5.42 We used the VMD program43 to visualize 

the system and prepare figures. For both the atomistic and coarse-grained simulations, additional details on 
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the simulation setup, force field parameters, system building, and structure equilibration can be found in 

SI. 
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