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Method:
Algorithm to calculate the association rate
We adopted the classic algorithm developed by Northrup, Allison and McCammon

(NAM) [1] to compute the association rate k, as described below,

k, = k(b) [ﬁ] Eqn (S1)

k(b) is the diffusion-controlled rate constant at a relative separation greater than b (Fig.

S1), where the forces between CaM and the CaMBT (CaMKI or CaMKII) are

centrosymmetric. Then k(b) is solved from the well known Smoluchowski’s equation [2],
k(b) = 4mDb, Eqn (S2)

where D is the translational diffusion coefficient for the relative motion and £ is the

J .. b . .
probability of successful association. Q = pat the returning rate from the outer sphere ¢

to the inner sphere b (shown in Fig. S1). In our Brownian Dynamics (BD) simulation of

protein-protein association the effect of hydrodynamic interactions (HI) is not included.



Northrup et al. [3] showed that at the separation greater than the distance b (Fig.
S1), D is defined as the sum of bulk self-diffusion coefficients of the two objects. For our
CaM-CaMBT systems, D is Dcavmt+Dcamsr. The focus of our experimentally constrained
molecular simulation is the ratio of &, between CaM-CaMKI and CaM-CaMKII. This
ratio is determined by £ in Eqn (S1), but not the value of Din Eqn (S2). Therefore, we
used the experimentally measured [4] Dcam for the calculation of the association rates.
For the CaMBTs, without available experimental values, we approximated Dcavpr to be
two times of Dcam based on the ratio in sizes measured by the radius of gyration (RgCaM ~
21 A and RCMKVCMKI _g 2y
Natural time unit of the Brownian dynamics simulation (described in the Materials

and Method section of the Main text) is mapped to the real time unit in the overdamped

6’:’;3, where kgT = 0.66x4.184 kJ/mol, viscosity n = 1073Pa - s and a

B

limit by [5] T =

is the size of the amino acids. In our side-chain C, model (SCM), the van der Waals
(vdW) radius for a C, beads is 0.450 and vdW radii of the side-chain beads for CaM vary
from 0.390 to 1.180. A typical value of the size of a bead is between 0.390 and 1.180 (o

is 3.8 A). Therefore, T is mapped to the real time between 0.01-0.37 ns.



Figure S1. A schematic diagram for the simulations of the association of CaM—CaMBT
(CaMKI/CaMKII) performed in the current study based on the NAM algorithm. The
distances b and g represent the inner and outer radius of the spherical shells at 150 and 750

(ois 3.8 A), respectively.




Details of the Molecular Dynamics Simulations

The atomistic initial structures were reconstructed from sidechain-C, configurations of the
final complexes in the Brownian dynamics trajectory simulation [6], using SCAAL method
[7]. All molecular dynamics simulations were performed using version 4.6.5 of the
GROMACS molecular dynamics package. The proteins were modeled with two force fields,
AMBER-99SB-ILDN force field [8] and CHARMM?27 force field with CMAP corrections
for protein and ions [9]. The rigid three-site TIP3P model [10] was used to simulate water
molecules. The systems were neutralized by Na” and Cl” ions, maintaining an ionic strength
of 100 mM. The systems were minimized using steepest descent method before a short 0.1 ns
NVT equilibration at 300K and a following 1 ns NPT equilibration with proteins fixed. The
proteins were afterwards released and were further equilibrated for 5 ns. Another 10 ns NPT
simulation was carried out for data collection. All NPT simulations maintained a constant
pressure of 1 bar and temperature of 300 K using the Parrinello-Rahman barostat [11]. The
bond lengths in proteins are constrained using the LINCS algorithm of Hess [12]. The
equations of motion were integrated using a 2-fs time steps. Snapshots were saved for
analysis once every 1 ps. Periodic boundary conditions were employed to mimic the
macroscopic setting for electrolytes. Long-range electrostatic interactions between periodic
images were treated using the particle mesh Ewald approach [13], with a grid size of 0.16
nm, fourth-order cubic interpolation and a tolerance of 10”. Neighbor lists were updated
every 5 time steps. A cutoff of 10 A was used for van der Waals interactions and real space

Coulomb interactions as well as for updating neighbor lists.



Calculation of the Mean-square Fluctuation (MSF)
The MSF; for atom j in each trajectory is calculated using the equation
MSF; = (% — (5))") Eqn (83)
where 7; is the coordinates for the atom j and (:--) denotes time average. The MSF; for
residue 7 is the calculated from C, atom in the residue. We further averaged MSF; over all of

the successful trajectories to compute MSF.

Results and Discussion

Fig. S2 The binding route analysis on each trajectory from the successful associations
between CaM and CaMKI. (A) and (B) illustrate the formation of the normalized
intermolecular contacts Z,, (in red) and Z, (in blue) from the N- and C-terminal domain of
CaM compared to the average Z (normalized) and the target CaMKI. Z is defined as the total
number of intermolecular contacts between CaM and CaMKI, such that Z = Z,, + Z, . See
the Models and Method section for a detailed discussion on Z, Z,, and Z_ in the Main text. In
each plot, the diagonal line is drawn as a reference for the intermolecular contacts Z,, or Z,
that ideally follow the average Z. In each plot the shaded region indicates backtracking, as

discussed in the Main text.
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Fig. S3 The binding route analysis on each trajectory from the successful
associations between CaM and CaMKII. This plot illustrates the formation of the
normalized intermolecular contacts Z,, (in red) and Z, (in blue) from the N- and C-
terminal domain of CaM compared to the average Z (normalized) and the target CaMKII.
Definitions of the parameters Z,,, Z, and Z are similar as described in Fig. S2. In each

plot the shaded region indicates backtracking, as discussed in the Main text.
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Interactions of the Ca2’- binding loops and the helix-linkers (of CaM domains) with
the CaMBTs.

Based on our contact maps in Fig. 4 (for CaM-CaMKI) and Fig. 5 (for CaM-
CaMKII) in the Main text along the binding route, we extended our analysis specifically
for the Ca*"-binding loops and helix-linkers of the CaM domains to further understand

their role in binding the CaMBTs.

The CaM-CaMKI Complex

Fig. S4(A) shows that at Z~0.3, all parts in the nCaM are far away from CaMKI.
This is also evident from the contact map in Fig. 4(A), which shows that nCaM barely
makes any contacts with CaMKI. In Fig. S4(B), only the FG helix-linker and the Ca*"
from loop IV (Ca4) of cCaM form contacts with CaMKI as their distributions show a
peak at ~2c.

From Fig. S4(C) at Z~0.6, only the BC helix-linker (of nCaM) interacts with
CaMKI as shown by a distribution that peaks at ~30. It is also supported by the contact
map analysis on this region in Fig. 4(B). From Fig. S4(D), we found that all parts of
cCaM are far from CaMKI. This shows that in order to form contacts between nCaM and
CaMKI, some contacts between cCaM (specifically from FG-linker) and CaMKI needed
to be broken [see Fig. 4(B)].

At higher Z~0.8 from Fig. S4(E), the peak of the distribution between the BC-
linker of nCaM and CaMKI moves away to a distance greater than 4.50. That means less

contact in this region as shown in Fig. 4(C). In the case of FG-linker of the cCaM we



found that it moved closer to CaMKI in Fig. S4(F), making more intermolecular contacts

with CaMKI [see Fig. 4(C)].

The CaM-CaMKII Complex

For the CaM-CaMKII system we noted that at Z~0.2 all parts of nCaM remained far
away from CaMKII by a distance greater than 120, as shown in Fig. S5(A). In Fig. S5(B) we
found that only the FG helix-linker is close to the CaMKII at a distance of ~20; There are
significant number of contacts formed in this region with CaMKII, as shown in Fig. 5(A).

Interestingly, at Z~0.3 the Ca*" binding loop I (Cal) is particularly close to CaMKII
at a distance less than 40 [see Fig. S5(C)]. There are interactions of CaMKII especially with
Cal in Fig. 5(B). In Fig. S5(D) there is a bimodal distribution of the distance between
CaMKII and the FG-linker, in which half of the population is close to CaMKII and the other
half is far away. Consequently, the probability of contact between CaMKII and the FG-linker
is weakened [see Fig. 5(B)]. From Fig. S5(E) and (F), we noted that both the helix-linker BC
of nCaM and the FG-linker of cCaM showed two distinct peaks. One of the two peaks
remained much closer to CaMKII at a distance less than 40, which contributed to significant
interactions on the contact maps [see Fig. 5(C)] in these regions. On the other hand, we found
that all the Ca*"-binding loops of CaM remained at a distance greater than 50 from CaMKII

providing few interactions.
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Figure S4. Distributions of the distances between CaMKI and the Ca®" ions, and the
distances between CaMKI and the helix-linkers of the CaM domains during
association. (A), (C) and (E) represent the distributions of the distances between CaMKI
and the Ca”" jons (Cal from binding loop I shown in red line and Ca2 from binding loop
IT shown in blue line) and the distance between CaMKI and the BC helix-linker (shown
in green line) from the N-terminal domain of CaM, at Z~0.3, 0.6 and 0.8, respectively
(see Fig. 3(A) in the Main text). Similarly, (B), (D) and (F) represent the distributions of
the distances between CaMKI and the Ca" ions (Ca3 from binding loop III shown in red
line and Ca4 from binding loop IV shown in blue line) and the distance between CaMKI
and the FG helix-linker (shown in green line) from the C-terminal domain of CaM, at
7Z~0.3, 0.6 and 0.8, respectively. See the Model and Methods section in the Main text for
the definition of Z. All the distances were calculated from the center of mass of the

CaMBTs. For the helix linkers the center of mass was used as the reference.
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Figure S5. Distributions of the distances between CaMKII and the Ca®" ions and the
distances between CaMKII and the helix-linkers of the CaM domains during
association. (A), (C) and (E) represent the distributions of the distances between CaMKII
and the Ca®" jons (Cal from binding loop I shown in red line and Ca2 from binding loop
IT shown in blue line) and the distance between CaMKII and the BC helix-linker (shown
in green line) from the N-terminal domain of CaM, at Z~0.2, 0.3 and 0.6, respectively
(see Fig. 3(B) in the Main text). Similarly, (B), (D) and (F) represent the distributions of
the distances between CaMKII and the Ca*" ions (Ca3 from binding loop III shown in red
line and Ca4 from binding loop IV shown in blue line) and the distance between CaMKII
and the FG helix-linker (shown in green line) from the C-terminal domain Ca*"-CaM, at
Z~0.2, 0.3 and 0.6, respectively. Distances were calculated using the same procedure as

described in Fig. S4.
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Figure S6. Probability of contact formation within CaM during binding with
CaMBTs. (A), (B) and (C) represent the contact maps calculated between the amino
acids from the side-chain beads within CaM (from the CaM-CaMKI complex), at Z~0.3,
0.6 and 0.8, respectively (see Fig. 3(A) in the Main text). Similarly, (D), (E) and (F)
represent the contact maps calculated between the amino acids from the side-chain beads
within CaM (from the CaM-CaMKII complexes), at Z~0.2, 0.3 and 0.6, respectively (see

Fig. 3(B) in the Main text).
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Figure S7. Superimposed structures of CaMBTs from the bound CaM-CaMBT
complexes. We performed a clustering analysis [14] on the CaMBT from the bound
CaM-CaMBT complexes for the trajectories that show successful association. For both
CaMKI and CaMKII the first three most dominant clusters are shown. In all the
structures CaMBTs are colored from blue (N-terminal end) to red (C-terminal end). For
each cluster, the average value of the relative contact order (CO) [15] is indicated. In

each cluster only ten structures of CaMBTs are shown for clarity.
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Figure S8 Binding energy (E,) of CaM-CaMKI and CaM-CaMKII. (A) and (B)
represent the two dimensional scattered plots of binding energy (Ep, in unit of the
multiplication of the Boltzmann’s constant and temperature, kgT) as a function of the
relative contact order (CO) of the CaMBTs, for CaM-CaMKI and CaM-CaMKII,
respectively. The plots were made from the data of the trajectories of successful
association for both systems. The black filled circle in each plot indicates the ensemble-
averaged value of E, and CO. E;, between CaM and CaMBT is calculated as the sum of

intermolecular van der Waals and electrostatic energies.
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Comparison of MSF (from all-atom MD simulation) and B-factor of CaM and

CaMBTs

CaM-CaMKI
The native complex structure (2L7L) is solved by NMR and does not provide B factor.

The B factor values for C, atoms were taken from an alternative X-ray structure (1MXE)

of CaM-CaMKI. The sequence identity between the CaM sequence from 2L7L and

IMXE is 98%. The Root Mean Square Deviation (RMSD) of C, atoms between the two
is 1.52 A. In IMXE.pdb, two crystal structures are provided and the RMSD of C, atoms

between them are 0.35 A. Only one set of the B-factors from the file were used in this

analysis.

MSF was calculated for C, atoms from atomistic simulations using the initial
configurations reconstructed from 45 coarse-grained structures. A control simulation was
carried out using the native complex structure (2L7L) and MSF was calculated

accordingly for C. atoms in Figure S9.

Figure S9. Mean square fluctuations (MSF) from all-atomistic simulations and the
B-factor experiments for CaM and CaMKI from the X-ray structure (PDB ID:
1IMXE). (A) MSF (MSF) of CaM from molecular dynamics simulation using the
AMBER99SB-ILDN force field (black from the reconstructed protein representations
and blue from the control) and the B-factor (red curve). (B) MSF (MSF) of CaM from

molecular dynamics simulations using the CHARMM?27 force field and the B-factor (red
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curve). (C) MSF (MSF) of CaMKI from molecular dynamics simulation using the
AMBER99SB-ILDN force field (black from the reconstructed protein representations
and blue from the control) and the B-factor (red curve). (D) MSF(MSF) of CaMKI from
molecular dynamics simulation using the CHARMM?27 force field (black from the
reconstructed protein representations and blue from the control) and B-factor (red curve).
The correlation coefficient (CC) of average MSF and control MSF with respect to the B-
factor from experiments are shown in each of the plot for both CaM and CaMKI. The
MSF of CaM (or CaMKI) was calculated for the functional complexes of CaM-CaMKI
from all the successful trajectories. The control MSF of CaM (or CaMKI) was calculated
from the NMR structure of CaM-CaMKI complex (PDB ID: 2L7L). The MSF (MSF) of
residue 74-83 from the central-linker of CaM are not shown in (A) and (B) and were not
considered for the calculation of the CC. The shaded regions in (A) and (B) indicate the

BC and FG helix-linker of CaM.
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CaM-CaMKII
B factor for CaM-CaMKII is available in native complex (PDB code: 1CDM). The B

factor values for C, atoms were collected. MSF was calculated for C, atoms from

atomistic simulations using the initial configurations reconstructed from 18 coarse-
grained structures. A control simulation was carried out using the native complex

structure (1CDM) and MSF was calculated accordingly for C, atoms in Figure S10.

Figure S10. Mean square fluctuations (MSF) from all-atomistic simulations and the
B-factor experiments for CaM and CaMKII from the X-ray structure (PDB ID:
1CDM). (A) MSF (MSF) of CaM from molecular dynamics simulation using the
AMBER99SB-ILDN force field (black from the reconstructed protein representations
and blue from the control) and the B-factor (red curve). (B) MSF(MSF) of CaM from
molecular dynamics simulations using the CHARMM27 force field and the B-factor (red
curve). (C) MSF(MSF) of CaMKII from molecular dynamics simulation using the
AMBER99SB-ILDN force field (black from the reconstructed protein representations
and blue from the control) and the B-factor (red curve). (D) MSF(MSF) of CaMKII from
molecular dynamics simulation using the CHARMM?27 force field (black from the
reconstructed protein representations and blue from the control) and B-factor (red curve).
The correlation coefficient (CC) of average MSF and control MSF with respect to the B-
factor from experiments is shown in each of the plot for both CaM and CaMKII. The
MSF (or MSF) of CaM (or CaMKII) was calculated for the functional complexes of
CaM-CaMKII from all the successful trajectories. The control MSF of CaM (or CaMKII)

was calculated from the NMR structure of CaM-CaMKII complex (PDB ID: 1CDM).
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The MSF (or MSF) of residue 74-83 from the central-linker of CaM are not shown in (A)
and (B) and were not considered for the calculation of the CC. The shaded regions in (A)

and (B) indicate the BC and FG helix-linker of CaM.
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Table S1 Intermolecular interactions (Z) between CaM and CaMBT (from binding
route analysis) at the early stage (ES) and the late stage (LS) of association.
Intermolecular interactions are defined by Z (total normalized intermolecular contacts
between CaM and CaMBT) from the binding route analysis (Fig. 3 in the Main text). The
early stage and the late stage of the association of CaM and CaMBT are defined by Z7s
(number of intermolecular contacts between the residue Lys75 of CaM and any amino
acids from the CaMBT) ’. The early stage (ES) and late stage (LS) are defined by the two
major sharp transitions in Z;5 during the association of CaM-CaMBT . The parameters Z

and Z75 are defined in the Materials and Methods section of the Main text.

Normalized
Z Z7s
(Binding route
analysis)
CaM-CaMKI
7~0.3 0.25 (x0.01)
(Before the ES)
7~0.6 5.22 (x0.01)
(Transition from the ES to the LS)
7~0.8 5.20 (x0.01)
(Transition from the ES to the LS)
CaM-CaMKII
7~0.2 0.00 (x0.00)
(Before the ES)
7Z~0.3 0.0 (x0.00)
(Before the ES)
7~0.6 3.08 (x0.02)
(Transition from the ES to the LS)
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