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Table S1. Overview of recoverin—membrane atomistic simulations. In run 1, recoverin approached the
lipid bilayer with the C-terminus, which brought the myristoyl anchor in a position away from the
membrane. This orientation persisted for the entire duration of the simulation. In run 2, no membrane
insertion of myristoyl occurred despite a favorable orientation of recoverin toward the membrane since
the myristoyl group became sequestered in between amino acid side chains. Recoverin became
successfully membrane-anchored in run 3, as shown in Figure 2 of the main text. In runs 4-6, it
approached the lipid bilayer with the C-terminus. Membrane insertion of the myristoyl moiety was also
observed with the AMBER force field, as documented by runs 7 and 9. In run 8, no myristoyl insertion
occurred as helix A lost its secondary structure in the course of the simulation and the myristoyl moiety
moved to the binding site for rhodopsin kinase. In run 10, recoverin interacted with the lipid bilayer via
the C-terminus. In runs 11-15, no myristoyl insertion was observed as the myristoyl group was
sequestered from the aqueous environment. In contrast, binding of rhodopsin kinase (runs 16-18)
prevented the myristoyl moiety from moving in between amino acid side chains, allowing for its
successful membrane insertion. Runs 19-21 without the C-terminal segment eliminated the unfavorable
orientation which moved the myristoyl anchor away from the membrane, but at the same time, in runs 19
and 21 removal of the C-terminus altered the conformation of the protein. Finally, in run 22, continued
from run 3 after deletion of the myristoyl moiety, recoverin detached from the membrane.

Trajectory Myristoyl Myristoyl
Run Membrane Force field Comments
length [ns] exposed insertion
1 PC:PG (4:1) CHARMM 710 NO NO Fig. S5
2 PC:PG (4:1) CHARMM 530 NO NO
3 PC:PG (4:1) CHARMM 1000 YES YES Figs. 2, S1, S2
4 PC:PG (4:1) CHARMM 180 YES NO
5 PC:PG (4:1) CHARMM 120 YES NO
6 PC:PG (4:1) CHARMM 120 YES NO
7 PC:PG (4:1) AMBER 1000 YES YES Figs. S1, S2, S8 and S10
8 PC:PG (4:1) AMBER 320 NO NO
9 PC:PG (4:1) AMBER 460 YES YES Fig. S1
10 PC:PG (4:1) AMBER 200 NO NO Fig. S8
11 PG AMBER 1000 NO NO




Table S1 (continuation). Overview of recoverin-membrane atomistic simulations.

Trajectory Myristoyl Myristoyl
Run Membrane Force field Comments
length [ns] exposed insertion
12 PG AMBER 330 NO NO
13 PG AMBER 670 NO NO
14 PG AMBER 2000 NO NO Fig. S6
15 pPC AMBER 360 NO NO
With a fragment of rhodopsin kinase,
16 PC:PG (4:1) AMBER 500 YES YES
Figs. S1, S9
17 PC:PG (4:1) AMBER 320 YES YES With a fragment of rhodopsin kinase
18 PC:PG (4:1) AMBER 320 YES YES With a fragment of rhodopsin kinase
19 PC:PG (4:1) CHARMM 240 YES NO Without C-terminal residues 190—202
20 PC:PG (4:1) CHARMM 420 YES NO Without C-terminal residues 190—202
21 PC:PG (4:1) CHARMM 240 YES NO Without C-terminal residues 190—202
22 PC:PG (4:1) CHARMM 250 - - Without myristoyl moiety; Fig. S3




Table S2. Overview of recoverin-membrane coarse-grained simulations. NONPOL refers to the standard
non-polarizable MARTINI model while POL denotes the polarizable version of MARTINI (see
Supporting Methods). Myristoyl insertion was observed irrespective of the membrane composition.

Trajectory Myristoyl Myristoyl
Run Membrane Force field
length [us] exposed insertion
1 PC NONPOL 5 YES NO
2 PC NONPOL 5 YES YES
3 PC NONPOL 5 YES YES
4 PC:PG (4:1) NONPOL 5 YES YES
5 PC:PG (4:1) NONPOL 5 YES YES
6 PC:PG (4:1) NONPOL 5 YES YES
7 PG NONPOL 5 YES YES
8 PG NONPOL 5 YES YES
9 PG NONPOL 5 YES YES
10 PC:PG (4:1) POL 25 YES YES
11 PC:PG (4:1) POL 25 YES YES
12 PC:PG (4:1) POL 25 YES YES




AB | 1.0 LI L N I I B

=
| v
i)
| 5
4 \ ] & 08
/ c
o M S
ANAALVARE 5
_3 |_‘IIrJ "'.J S 06 g
N g 04
2 20 B
A T
\,fﬁz\.-\v,‘ I
1 “ oy = o2 g
‘\f'ﬁ\mﬁwr’ b E
S
0 ZUO Ll N T R
40 60 80 100 AN PG NME S OO T NOD DT NT O D
: RESIERRERE R R e bR
Time [ns] [raviviviwsvivivivivivimiviviviviviv)

0.8

) |r'|

A\ A N |
Y N “'Mu"\.-"mhl V V\\LH

\"ﬁ I'u-j\“
i u,\,r»"ﬁ‘“"m,‘ I

Vv

0.6

0.4

0.2

+-]
Z [nm]
o - LY w Y u
T
A
Normalized number of contacts [-]
-
[=]
L L 1

L L 0.0
50 60 10 80 90 100 110 120 130

Time [ns]

0.8

0.6

3 M \
|"\‘(\,’"'-.."\’\'J ""L'\./\ '\“ f‘.}“\;\ ."’LL_I
] ")
! I

0.4

AN n A
VA Un\lw/hn\ "y \/ 02

(]

Z [nm]
=] - LS B un
Normalized number of contacts [-]
=
L ! 1 1 n

L L L 0.0 | T N S I
180 200 220 240 260 08B SN E5EaRRRARE HEREIH TSR3
Time [ns] O N O N A e e et e ) e e e
N N O N N N O N
D 3 T HHI T T T — 10 g T T T T T T T T T T T T T T T T T T T T T T T
| f —
R Z
4b |I Illq';lﬂv' || § © 08 _
c
v ﬂl 5
Mg o
3 YA © 06 ]
— (FAVA
E 4 ]
£ =
N E
2+ s g 0.4 i
ﬂ\ PaTAT Vv 2
ey N
1t V/ W . = 0.2 |
E
=
=]
0 L 1 1 Zuo N N N R e
120 140 160 180 200 OO E TS H8RI5ERARnAENERE38555838
Time [ns] aé}tz.":ccx}tﬂ:'\}!—t.—u—t;—1.—--—1.—1—1-—1.—-.—1.—1.—11—1—-.—1.—1.’\Q
[eivieivivinivioivioivivinivioivivle

Figure S1. The process of myristoyl insertion: The distance z of the methyl end of the myristoyl moiety
from the central plane of the bilayer (left) with the time interval where z is between 2.5 and 1.5 nm shown
in gray, and the membrane contacts of different basic amino acid residues during this time interval (right).
(A)run 3, (B) run 7, (C) run 9, (D) run 16. The time needed for myristoyl insertion varied between 2 and
9 ns.
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Figure S2. Density maps of negatively charged PG lipids in the membrane leaflet proximal to recoverin.
Results from two PC:PG (4:1) simulations featuring insertion of the myristoyl moiety to the bilayer: run 3
(left) and run 7 (right). The density maps are centered on the myristoyl group (blue dot in the middle); the
contours indicate the positions of the protein as well as those of several charged amino acid residues and

the two calcium ions.
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Figure S3. Myristoyl moiety is crucial for stable membrane binding of recoverin. The plot shows the
minimum distance between recoverin and membrane surface in a simulation (run 22) started from the
final snapshot of run 3 (i.e., PC:PG (4:1) membrane, CHARMM force field, spontaneous insertion) after
removal of the myristoyl group. The orientation of recoverin relative to the membrane became
destabilized, and ultimately, recoverin detached itself completely from the membrane surface (~240 ns).
After the detachment, recoverin rotated and approached the membrane with its C-terminus. Since some of
our simulations showed that this mode of interaction is difficult to escape in all-atom MD, we decided to
terminate the run at this point. It is important to note that our coarse-grained simulations indicate that the
interaction via the C-terminus only represents a local minimum, and therefore, it is by itself not sufficient
for stable membrane binding.
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Figure S4. Free energy profiles of myristamide insertion into a PC:PG (4:1) membrane: A comparison of
the CHARMM and AMBER/Slipids force fields and of different choices of the initial geometries. The
starting geometries for individual umbrella windows were generated from spontaneous myristamide
insertions observed in direct MD simulations (free) or from its harmonic restraint pulling inside or outside
the bilayer (see Supporting Methods for more details).
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Figure S5. Results from a simulation of recoverin in the proximity of a PC:PG (4:1) bilayer (run 1),
where the positively charged C-terminus of recoverin interacted heavily with the membrane. (A) Snapshot
obtained at the end of the trajectory showing five basic protein residues (red) reported by previous NMR
experiments * to be in close contact with the membrane. (B) Fraction of simulation time that each basic
protein residue spent in contact with the bilayer (distance < 0.6 nm). The five residues from NMR are
highlighted in red. (C) Evolution of the membrane orientation of recoverin in the course of the trajectory.
The orientation is expressed in terms of the membrane distances of the two calcium ions.
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Figure S6. Results from a simulation of recoverin in the proximity of a PG bilayer (run 14). Here the
protein adopted a tilted orientation relative to the membrane. (A) Snapshot obtained at the end of the
trajectory showing five basic protein residues (red) reported by previous NMR experiments' to be in close
contact with the membrane. (B) Fraction of simulation time that each basic protein residue spent in
contact with the bilayer (distance < 0.6 nm). The five residues from NMR are highlighted in red. (C)
Evolution of the membrane orientation of recoverin in the course of the trajectory. The orientation is
expressed in terms of the membrane distances of the two calcium ions.
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Figure S7. Examples of recoverin structures obtained after a 100 ns simulation in a 150 mM KCI
solution following equilibration. Initial geometries and equilibration protocols: (A) 1JSA 8, protocol 2,
(B) 1JSA 1, protocol 1, (C) 1JSA 1, protocol 1, (D) 1JSA 1, protocol 2. (for details see Supporting
Methods and Table S6). The choice of the initial geometry from the ensemble of structures determined by
NMR, the choice of the force field, or the details of the equilibration protocol could have an effect on the
stability of the N-terminal domain and on the ability of the myristoyl moiety to anchor recoverin in the
lipid bilayer. Therefore, to investigate potential effects of these factors, we relaxed the structure using two
different starting geometries from NMR (structures 1 and 8 from PDB 1JSA), two different force fields
CHARMM22/CMAP?® and AMBER ff99SB-ILDN,* together with two different equilibration protocols
(see Supporting Methods for details). We found that after a 100 ns unrestrained simulation following
equilibration, all but two combinations of the initial structure, force field, and equilibration protocol led to
changes in the conformation of helices A and B and, in turn, to sequestration of the myristoyl group from
the aqueous environment (see also Table S6). While in the simulations with the AMBER force field helix
A was generally prone to losing its secondary structure, it had a tendency to become longer in the
CHARMM simulations and, at the same time, more parallel with helix B. Irrespective of the force field
used, the motion of helix B continued narrowing the RK binding pocket. In contrast, the two cases with
the myristoyl group exposed, which were obtained with exactly the opposite choices of the structure,
force field, and equilibration protocol, exhibited smaller RMSDs with respect to the starting structures,
and the angles between helices A and B remained close to perpendicular.
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Figure S8. Exposure of myristoyl to water is critical for its successful membrane insertion. (A)
Trajectory without membrane insertion of the myristoyl moiety (run 10), and (B) a trajectory with
successful myristoyl insertion (run 7), before the insertion event. The plots show the number of contacts
(distance < 0.3 nm) of the myristoyl moiety with water molecules plotted against the distance of the
myristoyl group from the membrane surface.
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Figure S9. The myristoyl group of recoverin binding a fragment of rhodopsin kinase (RK) is capable of
insertion into a PC:PG (4:1) membrane. The RK fragment increased the conformational stability of the N-
terminal domain, with the Ca 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 run 10 without RK. (A) Snapshot
from the end of a 500 ns trajectory (run 16) showing the membrane-embedded myristoyl moiety (violet)
and five positively charged residues (red) reported by previous NMR experiments' to interact with the
membrane. (B) Fraction of simulation time that each positively charged residue of recoverin spent in
contact with the membrane (distance < 0.6 nm). The five residues from NMR are highlighted in red. (C)
Evolution of the membrane orientation of recoverin in the course of the 500 ns trajectory. The orientation
is expressed in terms of the membrane distances of the two calcium ions, and the most populated area
corresponds to a tilted orientation with the EF2-bound calcium closer to the bilayer and EF3-bound
calcium farther away.
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Figure S10. Recoverin with an exposed myristoyl group becomes anchored in a PC:PG (4:1) membrane
(run 7, AMBER force field). (A) Snapshot from the end of a 1000 ns trajectory, featuring the membrane-
inserted myristoyl group (violet) and five positively charged residues (red) known from previous NMR
measurements’ to interact with the membrane. (B) Relative proportion of simulation time that each basic
residue of recoverin spent in contact with the membrane (distance < 0.6 nm). (C) Membrane orientation
of recoverin during the 1000 ns trajectory described in terms of the membrane distances of the two
calcium ions. The prevalent orientation was parallel to the membrane, with both calcium ions in a close
proximity to the membrane surface. The binding pocket for rhodopsin kinase remained accessible
throughout the entire trajectory.
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Figure S11. Phospholipid membranes simulated in this study. (A) Top views of the lipid head groups
after 100 ns equilibration, with dioleoylphosphatidylcholine (PC) molecules depicted in green and
dioleoylphosphatidylglycerol (PG) in orange. (B) The corresponding electrostatic potentials on the
membrane surface, evaluated by means of the Poisson-Boltzmann theory in a 150 mM implicitly
described monovalent salt solution. As negatively charged PG molecules are added to the membrane, the
electrostatic potential becomes progressively shifted to negative values. The presence of negatively
charged lipids was shown to be important for the membrane binding of several myristoylated proteins.>®
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Figure S12. Membrane binding of recoverin in coarse-grained simulations with different membrane lipid
compositions. (A) Distance between the center of mass of the myristoyl moiety and the central plane of
the lipid bilayer in time, with different colors representing individual coarse-grained MD runs. Sudden
drops to values around 1 nm mark the events of myristoyl insertion. The presence of negatively charged
PG molecules in the membrane significantly accelerated the anchoring of recoverin in the membrane. (B)
Relative proportion of simulation time that each basic residue of recoverin spent in contact with the
membrane (distance < 0.6 nm).
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Figure S13. Structure and electrostatics of calcium-loaded recoverin. (A) Structure obtained from NMR
measurements’ (PDB ID 1JSA, structure 1). The geometry contains two calcium ions, bound in the EF2
and EF3 binding loops. The N-terminal myristoyl group is exposed to the aqueous solution as a
consequence of a displacement of helices A and B, located near the N-terminus. This displacement,
associated with the myristoyl switch, opens up a binding pocket for rhodopsin kinase (only an N-terminal
fragment shown). The geometry of the 13 C-terminal residues (red) comes from a crystal structure® (PDB
ID 10MR), as it was not resolved by NMR. Overall, the protein consists of 201 amino acid residues and
has a mass of 23 kDa. (B) Electrostatic potential mapped on the solvent-accessible surface of recoverin,
showing patches of positively charged residues at both the N- and C-terminus. The electrostatic potential
was calculated for calcium-loaded recoverin immersed in a 150 mM monovalent salt solution, treated
implicitly by means of the Poisson-Boltzmann theory. The net charge of the protein is negative, equaling
-3 when the charges of the two calcium ions are included.
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SUPPORTING METHODS

Simulation setup for atomistic simulations

Atomistic MD simulations were performed using the GROMACS 5.1.2 package.” Newton’s
equations of motion were integrated by employing the leap-frog algorithm™ with a time step of 2 fs. The
trajectory frames were recorded every 10 ps. A cutoff of 1.2 nm was applied to short-range electrostatic
interactions while long-range electrostatics was calculated with the use of the particle mesh Ewald
method.™* Van der Waals interactions were truncated at 1.2 nm; in addition, for the CHARMM force
field, the van der Waals potentials were decreased so that the forces went smoothly to zero between 1.0
and 1.2 nm. Bonds with hydrogen atoms were constrained by the LINCS algorithm,” and water
molecules were kept rigid by the SETTLE algorithm.™ The temperature of the system was maintained at
310 K using the velocity rescaling thermostat with a stochastic term,** and the Parrinello-Rahman
barostat'® was utilized for semi-isotropic pressure coupling with a reference pressure of 1.01 bar. The time
constants of the thermostat and barostat were 0.5 ps and 10 ps, respectively, for the AMBER force field,

and 1 ps and 5 ps for the CHARMM force field.

Force field parameterization of myristoyl moiety

The simulation model for CHARMM compatible myristoyl was parameterized in two steps. In
the first step force field parameters and charges for myristoyl were obtained from fatty acids section on
the CHARMM-GUI website.'® In the second step, the bond, angle, and dihedral parameters for the
myristoyl-glycine connection (the amino acid to which myristoyl is attached) were obtained from the

17-18

CGenFF program™" at the paramchem server (https://cgenff.paramchem.org/). The obtained compatible
parameters were translated to the GROMACS format using the provided cgenff_charmm2gmx.py script.
For the AMBER simulations, we parameterized the myristoyl moiety with the standard AMBER atomic

types, assigning partial charges to its atoms on the basis of a restrained ESP fit to a charge distribution

18



obtained from DFT/B3LYP calculations™ performed for a myristamide molecule in the NWChem 6.0

software® using the 6-31G* basis set and the COSMO continuum solvation model®* (see Table S3).

Table S3 (first part). Atom types and charges used for force field description of the myristoyl moiety.

CHARMM AMBER
Atom name Atom type Charge (e) Atom type Charge (e)
H143 HAL3 0.090 HC 0.018400
H142 HAL3 0.090 HC 0.018400
H141 HAL3 0.090 HC 0.018400
Cl4 CTL3 -0.270 CT -0.129390
H132 HAL2 0.090 HC -0.029636
H131 HAL2 0.090 HC -0.029636
C13 CTL2 -0.180 CT 0.173409
H122 HAL2 0.090 HC -0.046642
H121 HAL2 0.090 HC -0.046642
C12 CTL2 -0.180 CT 0.042167
H112 HAL2 0.090 HC -0.037503
H111 HAL2 0.090 HC -0.037503
Cl1 CTL2 -0.180 CT 0.078547
H102 HAL2 0.090 HC -0.026833
H101 HAL2 0.090 HC -0.026833
C10 CTL2 -0.180 CT 0.084862
H92 HAL2 0.090 HC -0.027026
HI1 HAL2 0.090 HC -0.027026
Cc9 CTL2 -0.180 CT 0.058977
H82 HAL2 0.090 HC -0.040187
H81 HAL2 0.090 HC -0.040187

Table S3 (second part). Atom types and charges used for force field description of the myristoyl moiety.

19



CHARMM AMBER

Atom name Atom type Charge (e) Atom type Charge (e)
C8 CTL2 -0.180 CT 0.031459
H72 HAL2 0.090 HC -0.026583
H71 HAL2 0.090 HC -0.026583
Cc7 CTL2 -0.180 CT 0.094282
H62 HAL2 0.090 HC -0.030702
H61 HAL2 0.090 HC -0.030702
C6 CTL2 -0.180 CT 0.051075
H52 HAL2 0.090 HC -0.026781
H51 HAL2 0.090 HC -0.026781
C5 CTL2 -0.180 CT 0.062140
H42 HAL2 0.090 HC -0.026781
H41 HAL2 0.090 HC -0.026781
C4 CTL2 -0.180 CT 0.035833
H32 HAL2 0.090 HC -0.035143
H31 HAL2 0.090 HC -0.035143
C3 CTL2 -0.180 CT 0.116511
H22 HAL2 0.090 HC 0.025829
H21 HAL2 0.090 HC 0.025829
C2 CTL2 -0.200 CT -0.030802
C1 CL 0.700 C 0.547053
o1 OCL -0.680 (6] -0.615349

20



Force field parameters for ions and calcium-loaded EF hands

Force field parameters for calcium, chloride, and potassium ions were taken from refs.”*® with
the electronic continuum correction applied to the ionic charges. This approach, consisting in rescaling
the charge of the ion by a factor of 0.75 to account for the electronic polarizability of the surrounding
water molecules, was shown to reproduce more accurately the structures of mono- and divalent salt

solutions? %

as well as the free energies of calcium binding to the EF hands of another calcium sensor,
calmodulin.”® In order to avoid altering the net charge of the calcium-loaded EF loops (EF2 and EF3),
which could affect the recoverin—-membrane interaction, we evenly distributed the excess charge of +0.5¢

among 10 (or 8) oxygen atoms potentially coordinating the calcium ion in each loop.

A

Helix A C-terminus

o

Figure S14. Effects of Ca’* charge scaling and charge modifications in the EF2 and EF3 loops on the
electrostatic potential around recoverin. (A) Structure of recoverin, (B) electrostatic potential around the
structure with unscaled calcium charges and with protein charges obtained from the ff99SB-ILDN force
field," (C) electrostatic potential after rescaling the calcium charges to 1.5, featuring an enlarged negative
region around the two EF loops, (D) electrostatic potential after rescaling the calcium charges and
modifying charges in the two EF loops to compensate for the loss of the positive charge on each calcium.
The electrostatic potentials are represented by means of positive (blue) and negative (red) isosurfaces at
+2 kT/e and -2 kT/e, respectively, and were obtained using the APBS program.?
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Protein structures and equilibration

We selected the first structure from an ensemble of 24 NMR structures of myristoylated bovine
recoverin’ (PDB code 1JSA) loaded with two Ca?* ions as a starting point for our simulations. Since the
last 13 C-terminal residues were not resolved by NMR measurements, we transferred the C-terminal
segment (residues 185-202) from an X-ray crystal structure of non-myristoylated recoverin® (PDB code
10MR). After solvation in a 150 mM aqueous KCI solution, mimicking the intracellular physiological
conditions, we conducted energy minimization to ensure that the initial forces did not exceed 1000 kJ
mol™ nm™. This was followed by careful equilibration using two distinct equilibration protocols to obtain
force-field relaxed structures of recoverin at T = 310 K and p = 1.01 bar from its initial NMR geometries.
The details of these two equilibration protocols are summarized in Tables S4 and S5.

The first protocol (see Table S4) consisted of three NPT simulations, with harmonic restraints
applied to all heavy atoms of the protein during the first two equilibration steps and to Ca backbone
atoms only during the last step. The temperature of the system was maintained by the velocity rescaling
thermostat,'* and the pressure was controlled by the Berendsen barostat,?” with the time constants of both
the thermostat and barostat equaling 0.5 ps.

The second protocol was shorter in terms of the total simulation time but comprised twice as
many equilibration steps. The first two short simulations were run in the NVT ensemble, while the
following four steps were NPT simulations. Harmonic restraints were imposed on all heavy atoms of
residues 10-184, excluding the ten unstructured N-terminal residues and the C-terminus. Different force
constants, gradually decreasing to zero, were applied to restrain the backbone and the side chains (see
Table S5). The time constants of the velocity rescaling thermostat and the Berendsen barostat were set to
1 ps.

After the three (or six, respectively) steps of each equilibration protocol, we performed a 100 ns
unrestrained simulation with an integration time step of 2 fs, employing the velocity rescaling thermostat
(t = 0.5 ps) and the Parrinello-Rahman barostat (t = 10 ps). To examine whether the stability of the N-
terminus depended on the choice of a particular structure from the NMR ensemble, we repeated the
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equilibrations also for the eighth structure of the ensemble, differing the most from the first structure in

terms of the root-mean-square deviation (RMSD) of the N-terminus. The resulting relaxed structures of

recoverin for the different force fields, initial geometries, and equilibration protocols are characterized in

Table S6 and Figure S7.

Table S4. Summary of equilibration protocol 1. The letter k denotes the force constant of the harmonic

restraints.

Step Length [ns] Time step [fs] Restraints k [kd mol™* nm™]

heavy atoms,

1 0.1 1 Y . 1000
all residues
heavy atoms,

2 1 2 Y . 1000
all residues

Ca,

3 25 2 . 1000

all residues

Table S5. Summary of equilibration protocol 2. Harmonic restraint potentials with different force
constants (Kpacknone @8N Ksigecnain) Were applied to the backbone and side chain atoms.

Step Length [ns] Time step [fs] Restraints Kpackbone [KJ mol™ nm?] Ksidechain [kJ mol™ nm?]
heavy atoms,
1 0.1 1 1000 500
residues 10—184
heavy atoms,
2 0.1 1 500 250
residues 10—184
heavy atoms,
3 0.1 1 250 100
residues 10—184
heavy atoms,
4 0.5 2 100 50
residues 10—184
heavy atoms,
5 0.5 2 50 0
residues 10—184
6 0.5 2 none 0 0
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Table S6. Relaxed structures obtained with different force fields, initial NMR geometries’ (taken from
PDB ID 1JSA), and different equilibration protocols.

. NMR Equilibration . . RMSD from initial
Force field Myristoyl Helices
structure protocol structure [A]
CHARMM 1 1 Exposed Helix A remains helical. 3.1

) Helix A prolonged, becomes
CHARMM 1 2 Hidden . 4.9
parallel with B

) Helix A prolonged, becomes
CHARMM 8 1 Hidden . 4.2
parallel with B.

) Helix A prolonged, becomes
CHARMM 8 2 Hidden ) 4.6
parallel with B.

AMBER 1 1 Hidden Helix A loses structure. 4.9

Helix A remains helical but
AMBER 1 2 Hidden 4.4
mOVes.

) Helix A loses structure, helix B
AMBER 8 1 Hidden 4.4
moves.

Helix A remains helical but
AMBER 8 2 Exposed ) 3.8
changes angle to helix B.

Structure of recoverin binding rhodopsin kinase

A set of recoverin structures binding an N-terminal fragment (the first 25 residues) of rhodopsin
kinase (RK) was previously determined from NMR measurements® (PDB code 2194). However, since the
RK-binding NMR structure of recoverin lacked the myristoyl moiety and its first six N-terminal residues
were not located by the experiments, we did not use the 2194 structure directly as an initial geometry in
our simulation, but, by performing a targeted MD simulation and taking the RK-binding 2194 structure®
as a reference, we accommodated the RK fragment in the binding pocket of the previously described RK-
free 1JSA structure.” To avoid placing charge on the C-terminal end of the 16 residue RK segment
resolved by NMR, we capped it with a methyl group. The targeted MD was performed in GROMACS
5.1.2° patched with the Plumed 2.2.3 package.? First, structures of an RK-free recoverin’ (PDB 1JSA,
structure 1) and an N-terminal fragment of RK® (from PDB 2194, structure 1) were together solvated in a
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150 mM KCI aqueous solution so that the RK fragment was initially not in contact with recoverin. Then,
after energy minimization and a quick equilibration run identical with the first step of equilibration
protocol 1, we performed a 20 ns targeted MD simulation, gradually lowering the Co. RMSD of the
system with respect to the first structure of PDB 2194 until the RMSD reached values below 0.25 nm.
This resulted in binding of RK to recoverin accompanied by widening of the binding pocket, in agreement

with the 2194 structure. The force constant used for the targeted MD run was 5000 kJ mol™ nm™.

Membrane building and equilibration

The phospholipid bilayers were assembled and hydrated with the use of the CHARMM-GUI
membrane builder.'® *3" A minimization and equilibration protocol® provided by CHARMM-GUI was
subsequently employed to relax each membrane. Before adding recoverin to the membrane, we performed

a 100 ns simulation to further equilibrate the bilayer.

Umbrella sampling of membrane insertion of myristamide

All-atom umbrella sampling (US) of the insertion of a myristamide molecule into a PC:PG (4:1)
bilayer was performed using the GROMACS 5.1.2 package.’ The simulations were repeated with both the
CHARMM and AMBER force field, and the simulation settings were consistent with our simulations of
the recoverin-membrane system described with the respective force field (see above). The force field
description of myristamide was based on the parameterization of the myristoyl moiety in the recoverin—
membrane simulations (see above), with bonded and van der Waals parameters for the amide group
assigned by the GROMACS pdb2gmx tool using the parameters for an amidated protein C-terminus
(residues CT2 and NH2 in CHARMM and AMBER, respectively). The atomic charges for the amide
group (Table S7) were adopted from the amidated protein C-terminus (CHARMM) or obtained from a
RESP fit (AMBER, see Force field parameterization of myristoyl moiety). The simulation box contained
a PC:PG (4:1) bilayer consisting of 104 PC lipids and 26 PG lipids, 150 mM KCI, including additional K*
ions to neutralize the negative charge of the membrane, ~7700 water molecules, and one myristamide
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16, 30-31

molecule. The lipid bilayer was assembled and solvated by employing the CHARMM-GUI server.
Prior to insertion of the myristamide to the simulation box, a 50 ns unrestrained NPT simulation
following the standard minimization and equilibration protocol provided by CHARMM-GUI*? was used
to equilibrate the bilayer. For the AMBER (Slipids) force field, the initial minimization step was
performed without any bond constraints imposed on the lipid molecules to allow for better adjustment of
the CHARMM-GUI generated lipid geometries to the Slipids model. As the reaction coordinate for our
umbrella sampling simulations, the distance between the center of mass (COM) of the myristamide
molecule and the central plane of the bilayer was used. The umbrella windows were placed along the
reaction coordinate with a spacing of ~0.1 nm, resulting in a total of ~35 umbrella windows for each set
of US simulations. The initial geometries for the individual umbrella windows were generated by
performing two unrestrained 50 ns simulations. In both simulations, the myristamide molecule was
initially placed in the bulk solution, without any contact with the bilayer. Since myristamide moved to the
inside of the membrane in all of these trajectories, we were able to extract the starting geometries from
the course of these membrane insertion events. In addition, to check the convergence of the free energy
profile for the AMBER system, we used two pulling protocols to generate the starting geometries: In the
first pulling protocol, membrane-embedded myristamide (geometry taken from the spontaneous insertion)
was pulled out to the solution, while in the second protocol, the myristamide molecule was pulled into the
membrane from the solution. In the case of pulling myristamide out, the molecule was pulled for 1 ns
along the z-axis, using a spring constant of 100 kJ mol™ nm™ and a pull rate of 0.005 nm ps™. In the other
case, myristamide was pulled inside the membrane for 2 ns along the z-axis, using the same spring
constant and pulling rate as before. Myristamide COM distance from the central plane of the bilayer was
used as the pull coordinate when pulling the molecule out, while the distance of its methyl carbon was
used for pulling it in the other direction. After generating the initial structures, a 100 ps NPT equilibration
was performed for each umbrella window before the actual US simulation. This equilibration was
followed by 10 ns of production US simulation using a harmonic potential with a force constant of 1000
kJ mol™® nm™. To ensure convergence of umbrella windows located near the membrane—water interface,
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where the myristamide tail was oscillating between being solvent-exposed and partially buried in the
bilayer, we extended several of these windows to 50 ns. This concerned eight umbrella windows between
2.23 and 2.90 nm for the CHARMM system, four umbrella windows between 2.15 and 2.78 nm in the set
of AMBER umbrella simulations with initial geometries from spontaneous insertion, four umbrella
windows between 2.21 and 2.66 nm in the AMBER “pulling out” set, and six simulations between 2.17
and 2.76 nm in the AMBER “pulling in” set. We then employed the weighted histogram analysis
(WHAM) method* to obtain the free energy profiles, using the bootstrap analysis method®* for estimating

statistical errors.

Table S7. Atom types and charges used for force field description of the amide group in myristamide.
The atomic charges assigned to the remaining atoms of myristamide were identical to those used for the
myristoyl moiety (Table S3), with the exception of the charge on atom C2 in CHARMM, which was
adjusted by +0.020e to maintain electroneutrality of the whole residue.

CHARMM AMBER
Atom name Atom type Charge (e) Atom type Charge (e)
C1 cc 0.550 Cc 0.547053
o1 o -0.550 (6] -0.615349
N NH2 -0.620 N -0.719478
H1 H 0.300 H 0.345247
H2 H 0.320 H 0.374231

Umbrella sampling of membrane interaction of non-myristoylated recoverin

Umbrella sampling (US) of the binding of a non-myristoylated recoverin to a PC:PG (4:1) bilayer
was done in the GROMACS 5.1.2 program.’ The simulations utilized the CHARMM force field, and the
simulation settings were consistent with the atomistic trajectories of the recoverin-membrane system (see
above). The distance between the center of mass (COM) of the protein and the central plane of the bilayer
was used as the reaction coordinate. A total of 24 umbrella windows were placed along the reaction

coordinate, covering a range between 4.0 and 7.0 nm. The initial geometries for the nine lowest umbrella
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windows were obtained from a MD simulation of non-myristoylated recoverin (Table S1, run 22)
capturing its detachment from the membrane. The initial geometries of the remaining 15 umbrella
windows were generated by using a pull protocol along the reaction coordinate with a force constant of
100 kJ mol™ nm? and a pull rate of 0.0005 nm ps™. For the four highest umbrella windows, the z-
dimension of the simulation box was increased by adding extra ~4000 water molecules to the system to
ensure that the value of the reaction coordinate did not exceed one half of the box height during the US
simulations. Each umbrella window was then simulated for 50 ns using a harmonic potential with a force
constant of 1000 kJ mol® nm? The free energy profiles were obtained by employing the weighted
histogram analysis (WHAM) method®, and the bootstrap analysis method® was used for estimating

statistical errors.

Coarse-grained MD simulations

The coarse-grained simulations presented in this article utilized the MARTINI model.* A
structure of recoverin (based on PDB 1JSA 1) which was obtained with the AMBER force field after
equilibration with restrained Co carbons (see Protein structures and equilibration and the first
equilibration protocol) was mapped into the MARTINI coarse-grained representation using the
martinize.py script.*® The ELNEDYN representation® with r, 0.9 nm and f, 500 kJ mol™ nm? excluding
the first nine residues (2 to 10) was used to prevent any undesired large conformational changes during
coarse-grained MD simulations. Parameters for N-myristoylated glycine were taken from Charlier et al.*®
MARTINI coarse-grained models of dioleoylphosphatidylcholine (PC) and dioleoylphosphatidylglycerol
(PG) were taken from Refs. ** *. Lipid bilayers, in total composed of 256 lipid molecules with different
amounts of PC and PG were prepared utilizing the insane.py script.”” All coarse-grained MD simulations
were done in GROMACS 4.6.5.*" Lennard—Jones and electrostatic interactions were shifted to 0 between
0.9 and 1.2 nm and between 0 and 1.2 nm, respectively. A relative dielectric constant of 15 was used. The
simulations were run in the NPT ensemble. The temperature of protein, lipids, and the solvent was

coupled separately at 310 K using the Berendsen thermostat,?” with a coupling constant of 1.0 ps. The
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system pressure was coupled using the Berendsen barostat?” with a coupling constant of 3.0 ps, a
compressibility of 3.0, and a reference pressure of 1 bar. The simulations were performed using a 20 fs
integration time step. Initially, the protein was placed 2.0 nm apart the membrane. Subsequently, we
solvated the system in the standard MARTINI water containing 150 mM NaCl. Extra Na" ions were
added to the solution to ensure electroneutrality of the system. The whole system was energy minimized
using the steepest descent method up to a maximum of 500 steps and production runs were performed for
5 ps. It is important to note that the times reported in this study are computational times. It was shown
that effective times for coarse-grained MD simulations are longer; for proteins and lipids in the
MARTINI force field, the scaling factor is about fourfold, that is, 5 ps of simulation time would
correspond to 20 ps of real time.*” Standard GROMACS tools as well as in-house codes were used for
analysis.

In addition to standard MARTINI simulations, we obtained additional trajectories with a PC:PG
(4:1) bilayer by employing the polarizable version of the MARTINI force field.”® The system was
prepared in the same way as those in the standard non-polarizable MARTINI simulations. Importantly,
long-range electrostatics was treated using the particle mesh Ewald method™ while short-range
electrostatic interactions were truncated at 1.2 nm. In addition, a relative dielectric constant of 2.5 was

employed instead of 15.

Electrostatics calculations

Electrostatic potentials in the vicinity of both recoverin and the bilayers immersed in a 150 mM
monovalent salt solution were calculated by numerically solving the nonlinear Poisson-Boltzmann
equation in the APBS program.?® A sequence of two focusing steps was performed with both the coarse
and the fine grid centered on the protein/membrane. The dimensions of the two grids, consisting of 193
grid points along each dimension, were 30 nm x 30 nm x 30 nm and 10 nm x 10 nm x 10 nm,
respectively. The interior of the protein/membrane was modeled as a dielectric with a relative permittivity
of 2, while the aqueous environment surrounding the protein/membrane was assigned a relative
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permittivity of 78.54. The molecular surface of the protein/membrane was constructed as their van der

Waals surface.

SUPPORTING RESULTS

Coarse-grained MD simulations with the polarizable MARTINI force field

We performed additional coarse-grained simulations of recoverin in the proximity of a PC:PG
(4:1) bilayer using the polarizable MARTINI force field (see Table S2). In all three trajectories, we
observed membrane insertion of the myristoyl moiety, which is consistent with the standard non-
polarizable MARTINI simulations. After the successful membrane anchoring, the N-terminal domain was
positioned close to the membrane while the C-terminal domain was located farther away, which is in
gualitative agreement with the non-polarizable simulations. While recoverin also sampled the tilted
orientation observed in the corresponding non-polarizable MARTINI simulations, we found that the
dominant orientation became more upright (see Fig. S15A) and that the five positively charged residues
K5, K11, K37, R43, and K84 identified by NMR interacted less strongly with the membrane (Fig. S15B).
Thus, we observed that the stabilizing effect of the positively charged protein residues near the N-
terminus, promoting the tilted orientation of recoverin, while being still present, was partially attenuated
by an enhanced screening of the electrostatic interactions, pertinent to the polarizable MARTINI force
field. A similar weakened interaction with a charged membrane in a polarizable MARTINI simulation

was also reported for the HIV-1 matrix protein.*®
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Figure S15. Combined results of three 2.5 us coarse-grained MD trajectories using the polarizable
MARTINI model (see Table S2) with a PC:PG (4:1) bilayer. (A) Membrane orientation of recoverin
toward the lipid bilayer. The plot represents the probability density of the distances of the two calcium
ions from the membrane. (B) Relative proportion of simulation time that each basic residue of recoverin
spent in contact with the membrane (distance < 0.6 nm).
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