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. Calmodulin is a calcium binding protein with two lobes, N-lobe and C-lobe, which evolved from

. duplication and fusion of a single precursor lobe of a pair of EF-hand. These two lobes of calmodulin

. show subtle differences in calcium binding and target recognition; these are important for the functions

. of calmodulin. Since the structures, especially main chain conformations, of two EF-lobes in holo-form

. are quite similar; this is a good example to evaluate the effect of side chains for structural dynamics. We

. analyzed the structure of calmodulin using molecular dynamics and found differences in conformational

. ensembles between N- and C-lobes. We also showed the mutant structures created by homology
modeling could reproduce the difference of dynamic motion between N- and C-lobes.

. Calmodulin functions as a major calcium sensor in cells of eukaryotes; it binds Ca?" ions and transmits the
: calcium signal to its various targets'. The conformational changes induced by calcium and/or target binding
© are crucial to the functions of calmodulin?. Calmodulin binds four Ca?* ions via four EF-hands**. EF-hand is a
. helix-loop-helix motif about 30 amino acid residues long. A pair of EF-hands makes a structural unit called an
. EF-lobe. The two EF-lobes of calmodulin show subtle differences in calcium binding and target recognition; these
© are important for the functions of calmodulin. We made a plot of the conformational landscape of helix positions
. of calmodulin lobes by alignment with the pseudo-two fold axis of a pair of EF-hands (EF-lobe)>~. There are two
. lines in the plot, each of which is an inferred path of open/close of the EF-lobe based on the observed conforma-
: tional continuum of EF-lobes from many EF-hand proteins®. This path for open/close of the EF-lobe is interpreted
© in the context of the structural changes of the EF-lobe’. The plot shows a conformational landscape; this is useful
* in evaluating the effects of mutation on the conformation of the EF-lobe and/or on the stability and change of the
. EF-lobe by molecular dynamic (MD) simulation. We analyzed the conformational flexibility of EF-lobe and the
. difference between N-lobe and C-lobe by MD, and evaluated the method to identify the responsible amino acid
. residues for the difference between two lobes. Two lobes of calmodulin show subtle differences in calcium binding
- and target recognition; these are important for the functions of calmodulin. Since the structures, especially main
- chain conformations, of two EF-lobes in holo-form are quite similar; this is a good example to evaluate the effect
© of side chains for structural dynamics.

- Results and Discussion

: Calmodulin is composed of four EF-hands, each two of which forms a lobe (EF-lobe). Two EF-lobes, N-lobe
. and C-lobe, of calmodulin are structurally almost independent and show large conformational change upon
. the binding of calcium. We named four EF-hands as EF1, EF2, EF3 and EF4 from N-terminal side. EF-hand is a
. helix-loop-helix motif. The helix E is a helix incoming from N-terminus to calcium binding loop. The helix Fis a
. helix exiting from the loop. The helix E in EF1 is E1, the helix F in EF1 is F1, the helix E in EF2 is E2, the helix F in
- EF2is F2, and so on. We have developed a method to analyze the conformational state of the lobe of calmodulin.
. In this method®, the EF-lobe is placed in a coordinate system by aligning its pseudo two-fold axis with z-axis of
. the coordinate system. Then, the interface between two EF-hands is placed on yz-plane. This coordinate system
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Figure 1. Summary of 6 x 100 ns MD of holo-calmodulin. MD simulation was performed by using GROMACS
2016 on Cray XC50 using amber99sb-ildn force field. Simulations were performed in a cubic box with periodic
boundary conditions applied, where proteins were located at 14 A distance from box boundaries. The protein
was neutralized with sodium ions. After adding solvent water with tip3p model around the protein, and some of
water molecules were replaced with 0.15M NaCl, energy minimization was carried out to reach the maximum
force below 250 (kJ/mol). Equilibrating the water around the protein was performed under 100 ps NVT
followed by 100 ps NPT ensembles at 300 K. MD data was collected for 100 ns in the NPT ensemble at 300 K.
Electrostatic interactions were calculated using the PME algorithm. This figure shows summary of six 100 ns
MD run. MD trajectory was analyzed by Bio3D package of R. (a) Root mean square deviation (RMSD) from
initial structure at each frame of 100 ns MD. The results of six MD run were analyzed for N-lobe (upper) and
C-lobe (lower), each. (b) Root mean squared fluctuations (RMSF) at each residue of calmodulin in 100 ns MD.
The results of six MD run were analyzed for N-lobe (upper) and C-lobe (lower), each. The position of EF-hand
is shown with filled box (E and F-helices) and line (loop).
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Figure 2. The plot of HVM of 6 x 100 ns MD. MD simulation was performed by using GROMACS 2016

as shown in Fig. 1. This figure shows HVM plot of six 100 ns MD results shown in Fig. 1. The dots are the
conformations sampled at every 20 ps. The EF-lobe in the MD trajectory was placed in a coordinate system by
aligning its pseudo two-fold axis to z-axis. Then, the interface between two EF-hands is placed in yz-plane. The
angle between helix E and y-axis on yz-plane (dE(y)) and the angle between two helices F in EF-lobe (6dF())
are plotted. There are two lines in the plot, each of which is an inferred path of open/close of the EF-lobe based
on the observed conformational continuum of EF-lobes from many EF-hand proteins. Squares show the peak
position for each MD run. The contour shows the distribution of dots (EF-lobe conformation) from each
trajectory of six MD runs. The distribution of EF-lobe conformation shows clear differences between N-lobe
and C-lobe.

is intrinsic to each EF-lobe. Supplemental Fig. 1 shows the plot of the representative structures for holo-form
(1X02), apo-form with target (2L53) and apo-form without target (1IDMO).

Figure 1 shows the root mean square deviation (RMSD) from initial model and the root mean square fluc-
tuation (RMSF) of each residues in six 100 ns MDs starting from holo-calmodulin (1X02). Each MD run shows
different profile, however, no clear differences between N- and C-lobes.

The plot of the same MD runs was made by our method (Fig. 2). There are clear differences of the plot between
N- and C-lobes. The plot used here is useful to analyze the differences between EF-lobes.

Three structures of holo-forms, two determined by x-ray crystallography (1CLL, 1PRW) and the other by
NMR (1X02), were used for MD analysis. 1IPRW is holo-calmodulin in a compact form. 1CLL and 1X02 are in an
extended form. The plots of MD results from the three structures are similar (Fig. 3). In the N-lobe, the confor-
mations of holo-bound forms are distributed along the lower line. Two pairs of helices E1F2 and E2F1 show coor-
dinated movements. In the C-lobe, the conformations are not only along the line for simple open/close of pairs
of helices E3F4 and E4F3, but also change the arrangement of a pair of helices, E3F4 or E4F3. This movement of
the C-lobe is much more complex than N-lobe; it moves over a wider range of conformation to accommodate
the target. Although N- and C-lobes share high sequence identity and superposition of holo-structures yields
an rmsd of about 0.75 A, there are significant differences in calcium affinity. Linse et al.® reported a difference of
calcium affinity between N- and C-lobes. The calcium affinity is six fold higher for the C-lobe than for the N-lobe.
Martin et al.’ reported that the C-lobe shows slow dissociation and the N-lobe shows rapid dissociation of cal-
cium. Our MD results indicate that the C-lobe, which binds calcium first, accommodates the target by adjusting
its conformation. Then the N-lobe binds the target. Faga et al.’® reported that the basic residues at the linker
region stabilize the N-lobe and decrease calcium affinity. Calcium affinity is affected by several factors including
amino acid sequence of the calcium binding loop and stability of the EF-lobe'’. The kinetic rate of conformational
change of two EF-lobes of calmodulin in calcium binding differ more than an order of magnitude, ~20 ms for the
time constant of N-lobe and ~490 ps for that of C-lobe?. Such kinetic differences might inherit to the structure
of holo-calmodulin. The plot obtained by 6 x 100 ns MD reflects the differences of a kind of initial velocity of
conformational change between N- and C-lobes. Longer MD would give the complete shape of conformational
landscape of the lobes of calmodulin. The results of MD are highly dependent on the force field. We performed
the same MD run using different force filed and water model (Supplemental Fig. 2). The shapes of area appeared
in the plot is dependent on the force field. However, the results show also that N-lobe moves along the lower line
in the plot and C-lobe moves over a wider range. This means the observed features for N- and C-lobes are not
affected by the selection of force field.

We also performed MD of apo-calmodulin (Fig. 4). In the N-lobe, the conformations of holo-bound forms
(1X02) and also apo-forms (1DMO) are distributed along the lower line. A two-step mechanism of calcium
binding to EF-hand has been proposed based on the structural analysis of a trapped intermediate of the N-lobe
of calmodulin®®. In this model, the Ca*" ion binds to the N-terminal part of the calcium binding loop initially;
this generates a rigid link between helix E and the beta structure present in the center of the loop. Then helix F
moves and ligates the Ca*" ion with a glutamate ligand. The open/close of EF-hand is explained by the torsional
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Figure 3. Conformational landscape of N- and C-lobes from three holo-calmodulins. This figure shows
summed results of six 100 ns MD. The dots are the conformations sampled at every 20 ps. The angle between
helix E and y-axis on yz-plane (dE(y)) and the angle between two helices F in EF-lobe (8dF(p)) are plotted.
Squares show the peak position for each MD run. The contour shows the free energy landscape of ensemble
summed over six MD runs. In the N-lobe, the conformations of holo-forms distribute along the line. The area
of ensemble for the C-lobe is wider than that for the N-lobe. (a) 1X02, Xenopus holo-calmodulin (NMR). (b)
1CLL, Human holo-calmodulin (X-ray). (c) 1PRW, Bovine holo-calmodulin in a compact form (X-ray). IPRW
is holo-calmodulin in a compact form. 1CLL and 1X02 are in an extended form.

flexibility of EF3-scaffold!*">. There are small overlaps between holo-forms and apo-forms in the N-lobe. MD
results for the N-lobe are consistent with this model. There are no overlaps between holo-forms and apo-forms
in the C-lobe; these changes in the C-lobe also occur in a two-step mechanism. The range for conformational
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Figure 4. Conformational landscape of the EF-lobes from holo-, apo- and target bound apo-calmodulin. (a)
This figure shows summed results of six 100 ns MD. The dots are the conformations sampled at every 20 ps. The
angle between helix E and y-axis on yz-plane (dE(¢p)) and the angle between two helices F in EF-lobe (6dF(¢p))
are plotted. Squares show the peak position for each MD run. The contour shows the free energy landscape of
ensemble summed over six MD runs. There are almost no overlaps of conformation between calci-forms (1X02)
and apo-forms (1IDMO). However, there are small overlaps between apo-forms with (2L53) and without target
(IDMO). Two lines in the figure are the inferred paths for open/close of N- and C-lobes. Violet, 1X02 (calci-
form); cyan, 1DMO (apo); grey, 2L53 (target bound apo-form). (b) Structures of C-lobe of 2L53. Left, 2153,
initial structure (model 4 of 2L53.pdb, average dE(yp) =46.86 and 6dF(p) =11.65) Target peptide is shown with
water-blue helix. Right, sampled structure at average dE(¢p) =50 0.5 and ddF(¢p) =0 0.5. Target peptide is
not shown. Upper, electrostatic potential. Lower, structure shown with a ribbon model; The side chain of Lys115
is shown in orange. (c) Structures of C-lobe of 1IDMO. Left, sampled structure at average dE(yp) =50 £0.5

and 6dF(p) =0+£0.5. Right, IDMO, initial structure (model 28 of IDMO.pdb, average dE(p) = 64.50 and
8dF(p) = —26.28). Upper, electrostatic potential. Lower, structure shown with a ribbon model; The side

chain of Lys115 is shown in orange. Electrostatic potential was mapped on the solvent accessible surface. The
acidic region of EF4 of C-lobe seems to pull Lys115 to prevent opening of the target binding cleft. Arrow head
indicates Lys115, which is trimethylated in native calmodulin purified from mammalian sources.

change in the C-lobe of apo-forms is wider than is that of the N-lobe. The change of the C-lobe occurs mainly
along the upper line. We have speculated that the open/close of the C-lobe occurs along the upper line to the
semi-open conformation of target bound apo-forms, and then goes to the position in the lower line with the helix
rearrangement’. However, the MD results suggest that the C-lobe of apo-forms moves close to the lower line and
probably the C-lobe also follows a similar conformational path of open/close to the N-lobe with this two-step
mechanism. The longer MD reveals the presence of pre-formation of the calcium-bound conformation in the
C-lobe of apo-calmodulin'®; it also indicates the presence of the closed form in holo-calmodulin'’.

The C-lobe of the apo-forms binds targets. There are small overlaps between apo-forms with (2L53) and with-
out target (IDMO). This result indicates the interaction of calmodulin binding peptides and apo-calmodulin in
the pre-formation model. We analyzed the possible path of conformational change for target binding (Fig. 4b,c).
We selected the structures at the overlapped region mapped at average dE(¢) =50=40.5 and ddF(¢) =0=+0.5
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Figure 5. The effects of target binding for conformational ensembles of each EF-lobe. (a) 11Q5, calmodulin
binds calmodulin dependent protein kinase kinase (CaMKK) fragment (crystal). (b) MD results with a model
in which the target peptide was removed from 11Q5. The dots are the conformations sampled at every 20 ps.

The EF-lobe in the MD trajectory was placed in a coordinate system by aligning its pseudo two-fold axis to
z-axis. Then, the interface between two EF-hands is placed in yz-plane. The angle between helix E and y-axis on
yz-plane (dE(¢p)) and the angle between two helices F in EF-lobe (8dF(¢p)) are plotted. Squares show the peak
position for each MD run. The contour shows the free energy landscape of ensemble summed over six MD runs.

from 2153 and 1DMO. The right side of Fig. 4b shows the representative structure of 2L53 at the overlapped
region and the left side of Fig. 4c is the representative structure of IDMO at the overlapped region. The structure
of 1IDMO at the overlapped region is close to semi-open, but the cleft for target binding blocked by a bulge of
Lys115. These results probably mean that the binding of target requires some conformational change of calmodu-
lin induced by the target and also imply the importance of the conserved Arg residue in IQ motif, which probably
expels Lys115 to open the cleft. The mutation of Arg6Ala of IQ motif in neuronal voltage-gated sodium Channel
Nay 1.6 made the peptide unable to bind to calmodulin's. The analysis is still preliminary to conclude the model
of interaction path. We need to sample all the structures comprehensively from the overlapped region.

The MD results of several target bound holo-calmodulin are summarized in Supplemental Fig. 3 and Fig. 5a
(11Q5). The binding of target stabilizes both EF-lobes. The removal of the target peptide from calmodulin makes
both EF-lobes more flexible (Fig. 5b). N- and C-lobes show conformational ensembles similar to those shown
Fig. 3. The results also confirm that the differences between N- and C-lobe in MD behavior reflect the differences
of structure between the two lobes in holo-forms.

Since two lobes of calmodulin are structurally independent, the amino acid sequence, not the mutual position
of lobes, should determine the differences between two lobes of holo-calmodulin observed in MD. We analyzed
the effect of amino acid sequence on the difference of conformational dynamics between two EF-lobes (Fig. 6).
The amino acid sequences of the N-lobe and of the C-lobe were exchanged by homology modeling; while, the
sequences of the N-terminal extension and of the linker between two lobes were held constant. The MD result
of this structure is shown in Fig. 6a. The C-lobe with N-lobe sequence shows the conformational change along
the lower line and the major peak at a position similar to the N-lobe in Fig. 3. The N-lobe with C-lobe sequence
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Figure 6. The effects of amino acid sequence for conformational ensembles of each EF-lobe. (a) The amino
acid sequences of N- and C-lobes in 1CLL were swapped. The model was built with SwissModel by homology
modelling. (b) The amino acid sequence of the model used in (a) was reverted to the native sequence. The
model was built with SWISS-MODEL by homology modelling using the structure used in (a) as a template. MD
simulations were performed by using GROMACS 2016 on a Cray XC50. This figure summarizes six 100 ns MD
results for each model. The dots are the conformations sampled at every 20 ps. Squares show the peak position
for each MD run. The contour shows the free energy landscape of ensemble summed over six MD runs. The
models generated by SWISS-MODEL are licensed under the CC BY-SA 4.0 Creative Commons Attribution-
ShareAlike 4.0 International License.

moves over a wider area than does the native N-lobe. The change of amino acid sequences reflects the properties
of their own lobe. However, these considerations do not completely explain the observed changes in conforma-
tion. This indicates additional causes for the difference between N- and C-lobes; for example, positional effects,
and the interactions with the N-terminal extension and/or the linker between the two lobes. Homology-modeling
with the structure used in Fig. 6a as a template and the native sequence generated another structure, which has
side chains of homology-modeled conformation with the native amino acid sequence. The MD result of this
structure is shown in Fig. 6b. The conformational ensemble for each lobe was returned to the one shown in Fig. 3.
Since the main chain conformations of N- and C-lobes are almost identical, this result means that the differences
reported here are encoded in the side chain conformations of amino acids in each EF-lobe.

By using homology modeling, we can evaluate the effects of changes of amino acid residue at each site of an
EF-lobe. We evaluated the effects of amino acid sequence for conformational ensembles of each EF-lobe (Fig. 7).
First we mutated the residues at the interface between two helices, helix E1 (E3) and F2 (F4) or F1 (F3) and E2
(E4). The residues at the interface were exchanged between N-lobe and C-lobe (Fig. 7a,b). The structure used
in Fig. 7a is constructed by homology modeling using the native structure of 1CLL as a template. The structure
used in Fig. 7b is constructed by homology modeling using a template structure whose sequence was exchanged
between N- and C-lobes. Figure 7a is similar to the results of 1CLL in Fig. 3. Figure 7b is similar to Fig. 6a. The
mutation only at the interface between helices did not affect the MD results (Fig. 7a,b). Then, we made mutant by
adding some residues including outside of interface between helices (Fig. 7¢c,d). However, additional mutations
affected the MD results on lobe swapped structure, especially in C-lobe (Fig. 7d), although the mutations at the
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Figure 7. The effects of amino acid sequence for conformational ensembles of each EF-lobe. We made some
mutants of calmodulin from native one and lobe-swapped one, and evaluated the effects of mutation by MD.
The mutant structure was made by homology modeling with SWISS-MODEL. (a) F12I and L48V for N-lobe
and I85F and V121L for C-lobe were mutated in 1CLL.pdb. (b) I12F and V48L for N-lobe and F85I and L121V
for C-lobe were mutated in the lobe swapped calmodulin structure used in Fig. 6a. (c) F121, 118V, T34H, P43L,
L48V, V55A and P66E for N-lobe and I85F, V911, H107T, L116P, V121L, A128V and E139P for C-lobe were
mutated in 1CLL.pdb. (d) I12F V18I, H34T, L43P, V48L, A55V and E66P for N-lobe and F851, 191V, T107H,
P116L, L121V, V128A and P139E for C-lobe were mutated in the lobe swapped calmodulin structure used in
Fig. 6a. MD simulations were performed by using GROMACS 2016 on a Cray XC50. This figure summarizes
six 100 ns MD results for each model. Squares show the peak position for each MD run. The dots are the
conformations sampled at every 20 ps. Squares show the peak position for each MD run. The contour shows the
free energy landscape of ensemble summed over six MD runs. The models generated by SWISS-MODEL are
licensed under the CC BY-SA 4.0 Creative Commons Attribution-ShareAlike 4.0 International License.

same sites did not affect native structure (Fig. 7c). These three sites are important for the flexibility of C-lobe
(Fig. 8). The atomic interaction of these residues against neighborhood residues might determine the differ-
ences of dynamics between N- and C-lobes. Swindells and ITkura identified two clusters conserved specifically
in N-lobes or in C-lobes!’. Shimayama and Takeda-Shitaka described the residues involved in the open-close
conformational changes in EF-hand"’. The differences of side chain conformations at conserved amino acids in
each lobe might be important for the differences between two lobes. Further analyses of dynamic motion should
explain the effects on atomic interactions between side chains in the EF-hand lobe.

We showed the mutant structures created by homology modeling could reproduce the difference of dynamic
motion between N- and C-lobes. Our results show that the effects of mutation can be evaluated by MD using
our plot. We also showed the conformational change along possible path of target binding to the C-lobe of
apo-calmodulin. We used a coordinate system in the analysis of calmodulin that is based on its approximate
two-fold axis. That local two-fold cannot be applied as is to the analysis of other proteins. However, the use of a
local coordinate system should be applicable to other proteins. These methods can be extended to other protein
families to gain greater insights into the subtle effects of amino acid replacements.

Materials and Methods

MD simulation was performed by using GROMACS 2016%° on Cray XC50 using up to 4 nodes. We used
amber99sb-ildn force field?"*2. Simulations were performed in a cubic box with periodic boundary conditions
applied, where proteins were located at 14 A distance from box boundaries. The box sizes are 73-99 A. The protein
was neutralized with sodium ions. After adding solvent water with tip3p model**** around the protein, and some
of water molecules were replaced with 0.15 M NaCl, energy minimization was carried out to reach the maximum
force below 250kJ/mol. Equilibrating the water around the protein was performed under 100 ps NVT followed
by 100 ps NPT ensembles at 300 K. MD data was collected for 100 ns in the NPT ensemble at 300 K. Electrostatic
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N-lobe and linker EFKEAFSLFDKDGDGTITTKELGTVMRSLGONPTEAELQDMINEVDADGNGTIDFPEFLTMMARK MKDTDSEE
C-lobe EIREAFRVFDKDGNGYISAAELRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYEEFVQMMTAK
N ~ N ~ )
. Figure 7a
Sites changed SN AA AAA AR AR AAA AR LAA A L A A ARARA AA A Figure 7b
~ » ~ ~ ~ Figure 7c¢
A oA A A AAA Ay AA  AAg AR 4AA A 4 A A AAAA,  AA  AA Figure 7d

AA AA A A AAA  AA AA AAA AA AAA A A A A AAAAA  AA  AA

Figure 6a
+ + +

Figure 8. The amino acid sequences of mutant calmodulin. The mnemonic of EF-hand sequence motif and the
sites changed in Figs 6a and 7a—d are shown. Asterisks for the sequence of Fig. 7b,d indicate the sites mutated
from the model with swapped sequence (Fig. 6a).

interactions were calculated using the PME algorithm?. We also performed another MD using gromos53a6 force
field and spc water model.

We used structures, 1IDMO.pdb (Xenopus apo-calmodulin, NMR), 1CLL.pdb (Human holo-calmodulin,
X-ray), IPRW.pdb (Bovine holo-calmodulin in a compact form, X-ray), 1X02.pdb (Xenopus holo-calmodulin,
NMR) 11Q5.pdb (Xenopus target bound holo-calmodulin, X-ray) and 2L53.pdb (Human target bound
apo-calmodulin, NMR), 1CKK.pdb (Xenopus target bound holo-calmodulin, NMR), INWD.pdb (Xenopus
target bound holo-calmodulin, NMR), 2M0K.pdb (Human target bound holo-calmodulin, NMR), for the MD
simulation. We selected the structure of calmodulin from Xenopus mainly. However, the structure from human
was also used, when appropriate structure cannot be found in Xenopus. One structure from bovine (1PRW.dpb)
was selected, since it shows a compact form in crystal. There are many structures of holo-calmodulin in PDB.
However, there are quite few structures of apo-calmodulin. IDMO and 2L53 are one of apo-calmodulins without
target and with target, respectively. 2L53 is an NMR ensemble of apo-calmodulin complexed with 31-residue IQ
motif peptide of voltage gated sodium channel Nay1.5. In this structure, the peptide interacts with the C-terminal
domain (C-lobe) of calmodulin, with the N-terminal domain remaining free in solution. We have already
reported the conformational mapping of NMR ensemble from 2L53.pdb”. We selected two models from the
ensemble as the best exemplar for N-lobe and C-lobe each. 11Q5 is a crystal structure of holo-calmodulin com-
plexed with a 27-residue peptide of calcium/calmodulin dependent kinase kinase. Since it is a higher resolution
crystal structure (1.8 A), we used 11Q5 as a representative for holo-calmodulin with target. We also used several
structures of target bound holo-calmodulin. 1CKK is an NMR ensemble of holo-calmodulin complexed with
26-residue peptide of Ca?*/calmodulin dependent protein kinase. 2MOK is an NMR ensemble of holo-calmodulin
complexed with 28-residue peptide of cyclic nucleotide-gated olfactory channel. 11Q5, 1CKK and 2MOK show
similar conformations with the target peptide wrapped around by N- and C-lobes of calmodulin. INWD is an
NMR ensemble of holo-calmodulin complexed with two C-terminal peptides of glutamate decarboxylase. The
N- and C-lobes of calmodulin adopt an orientation different from that seen in other calmodulin-target complexes
such as 11Q5, 1CKK and 2MOK. We performed relatively short MD several times and summed up each MD, since
we focused on the conformational change of each lobe of calmodulin without the interaction between lobes.

MD results were analyzed with Bio3D?**” package of R on RStudio and also analyzed by our HVM (Helix
Vector Mapping) method®’. MD trajectory was converted to pdb by using trjconv of gmx2016 with an option for
periodic boundary conditions of cluster. This option fixes the structure broken by periodic boundary. The trajec-
tory files of MD and the script used for the analysis will be provided upon request.

The coordinates of each EF-lobe in the trajectory was analyzed by HVM>. HVM places the EF-lobe in a coordi-
nate system by aligning its pseudo two-fold axis to z-axis of the coordinate system. Then, the interface between two
EF-hands is placed in yz-plane. This coordinate system is intrinsic to each EF-lobe. The angle between helix E and
the y-axis on yz-plane (dE(¢)) and the angle between two helices F in EF-lobe (8dF(¢p)) are plotted. There are two
lines in the plot, each of which is an inferred path of open/close of the EF-lobe based on the observed conformational
continuum of EF-lobes from many EF-hand proteins®. The distribution of EF-lobe conformation in the plot was esti-
mated by two-dimensional binned kernel estimate method with bkde2D package of R. The estimated distribution
was converted to free energy landscape by minus log-scaling. The contour was generated by contour function of R.

Homology modelling of calmodulin for lobe swapped mutants was performed by SWISS-MODEL? with
default setting of User Template option (https://swissmodel.expasy.org/interactive#structure).

Pymol®® and APBS plug-in®***! were used to display electrostatic potential. External PQR files were used. PQR
files were created by using the PDB2PQR* server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) with default set-
tings but AMBER force field.
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