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Supplementary Material

Transition matrices for the simplified six-subunit model of the CaMKII
autophosphorylation

This model does not take the T305 phosphorylation into account. It is presented here as a basis for
the six-subunit CaMKII autophosphorylation model (that includes the T305 phosphorylation). The
transition matrices Qo and @), denote the number of ways that the autophosphorylations by active
non-phospho and phospho subunits, respectively, can occur. The matrices are determined directly
from the weights associated with these transitions (Figure 4A) so that the element in column 4 and
row j of a transition matrix represents the transition from state j to ¢. The conservation of CaMKII
requires that the diagonal elements are determined so that the sum of elements in each column is 0.
All other elements are 0 (represented by dots). The complete matrices are given below:

6 -
6 -4 -
. 1 -3
2 AT, T
1 -2 .
. 1 . . _9
Qua=| . 1 o, Tt
1 .
. 1 . 1
1 1 . .
. 1 .
. 1
1.
1 -1 .
. —2 .
.2
1 1 . —1 .
Qap=| . | . 1 2 . .2 _9 . . . . .. (Eq. S1)
. -3
1 1 1 . -1
1 3 -2 .
1 . —2
1 2 2 -1

Transition matrices for the six-subunit model of the CaMKII autophospho-
rylation

These transition matrices take into account all possible transitions between the 38 states that are
distinguished by the arrangement of T286 and T305 phosphorylates subunits. Each transition weight
from Eq. S1 becomes a matrix here. Therefore, the transition matrices Qquq, Qap, Qapp, and Qpp can
be represented as 14x14 block matrices. For example, the transitions from state 2 to 4 and from 7 to
12 of the simplified model (see Figure 4A, or Eq. S1) correspond to the transitions shown in Figure
4B,C, and are specified by (Qaa) s, (Qap)1o7 and (Qapp)q5, given in Eq. S2 - Eq. S4.

The transition matrices Quq, Qap, and Qqpp are obtained by setting the individual blocks to the
values given below (Eq. S2 - Eq. S4), and by setting the diagonal elements so that the elements of
each column sum up to 0. All other elements are 0. As above, 0’s are represented by dots.

Non-zero blocks of Q,, are:
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Non-zero blocks of matrices @, are:
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Non-zero blocks of matrices Qqpp are:

(Qapp)32 = (Qapp)63 = (Qapp)loe = (Qapp)13 10 — ( 1 )

1 .
(Qapp)64 = (Qapp)1o7 = ( 1 1 ) (Qapp)84 . 1
L S
(Qapp)75 = . . 2 (Qapp)127 = T : 1
1 .
(Qapp)ios = ( 1 ) (Qapp)11s = . 1
(Qapp)19 = (Qapp)i311 = ( 1 1 2 )
(Qapp)i312 = 2 (Qapp)1ars=( - 1) (Eq. 54)

The transition matrix Qyp, correspondmg to the phosphorylation at T305, is obtained by setting

the individual blocks to the values given below (Eq. S5), and by setting all other elements to 0. Only
the diagonal blocks contain non-zero elements.

(Qpp)zz = (Qpp)33 = (Qpp)ee = (Qpp)m 10 = (Qpp)lg 13 = ( _11 )

(QPP)44 = (QPP)77 = (Qpp)sg = (QPP)U 11 — 1 _.1 _'1 (Eq~ 85)
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Experimental methods

T =25°C T = 30° C
Cation Ligand log K log K AH log K log K
no H* pH7.1 [kJ/mol] noHt pH7.1
HT EGTA*~ 9.40 -24 9.33
HT H EGTAS~ 8.78 -24 8.71
Ca2t EGTA*~ 10.86 6.87 -34 10.76 6.91
Mg?+ EGTA*~ 5.28 1.29 21 5.34 1.49

Table S1: EGTA binding constants for Ca2t, Mg?t and HT
Log values of EGTA affinities for HT, Ca?T and Mg?", and of EGTA affinities for Ca?* and Mg?* at
pH 7.1, at 25 and 30°C. AH is the enthalpy of the complexes formed by these bindings.

total Ca?t free Ca?t
[nM] [uM]
T 25°C 30°C
CaM - + + + - + + +
CaMKII - - +P286 average - - +P286 average

352.6 1.00 0.99 0.98 0.99 0.92 091 0.90 0.91
368.4 1.52  1.50 1.48 1.49 1.40 1.39 1.36 1.37
378.9 2.22  2.16 2.12 2.14 2.05 2.01 1.97 1.99
389.5 3.72  3.53 3.42 3.47 3.48 3.31 3.21 3.26
394.7 5.12 4.74 4.57 4.65 4.84 4.48 4.32 4.40

Table S2: Free Ca?tconcentrations for our experimental conditions
Free Ca?t was calculated for both 25°C and 30°C, for different cases involving the presence and
absence of CaM and CaMKII 100% autophosphorylated at T286. The values in the fourth (“average”)
columns were obtained from the preceding two columns. The concentrations of CaM and CaMKII
used were the same as in our CaMKII autophosphorylation essay.

CaMKII autophosphorylation measurements

T free Ca?t P286 P305

[°C] [uM] 30 s 60 s 120 s 180 s 120 s 180 s

25 0.99 < 0.1
1.49 0.0340.03  0.1840.14  0.31+0.20  0.4140.18 | 0.0340.03  0.04+0.03
2.14 0.4340.16  0.6440.16  0.74+0.11  0.8540.09 | 0.0840.04 0.16+0.06
3.47 0.8140.01  0.9340.01  0.94+0.01  0.964+0.01 | 0.1640.04  0.26+0.04
4.65 > 0.9 0.3

30 1.37 0.1740.14  0.454+0.17  0.68+0.11  0.7540.12 | 0.2440.08  0.424+0.10
1.99 0.6640.05  0.8540.01  0.91+0.02  0.9340.02 | 0.4540.06  0.68+0.05
3.26 0.9040.02  0.95£0.002  0.96+0.01  0.9740.01 | 0.5640.04 0.71+0.05

Table S3: Experimentally determined aCaMKII autophosphorylation data.

Amounts of aCaMKII autophosphorylated at T286 (obtained from anti non-phospho T286 aCaMKII
Westerns) and T286 (anti-phospho T286 CaMKII Westerns), normalized so that the total «CaMKII
has a value of 1, are given for different temperatures, free Ca®t concentrations, and reaction times.



Simulations: Six-subunit model of CaMKII autophosphorylation

T Free Ca’t Two-phospho rates One-phospho rate
[°C] [uM] r® To ro (Fast) ro (Slow) kffl;[sfl]
min best max min best max min best max min best max
25 0.99 0.02 0.0066 0.0038 0.017
1.49 0.024 0.045  0.07 | 0.0076 0.014 0.022 0.005  0.008 0.012 0.022 0.036  0.049 0.0013
2.14 0.11 0.15 0.24 0.034 0.047 0.076 0.017  0.019 0.024 0.080 0.088 0.098 0.0015
3.47 0.5 0.6 0.8 0.16 0.19 0.25 0.037  0.039 0.041 0.18 0.19 0.21 0.0019
4.65 1 0.32 0.046 0.24 <0.002
30 1.37 0.06 0.09 0.12 0.011 0.016 0.022 0.008  0.010 0.013 0.034 0.045 0.058 0.007
1.99 0.2 0.23 0.26 0.036 0.042 0.047 0.019  0.021 0.023 0.09 0.10 0.11 0.009
3.26 0.4 0.5 0.8 0.073 0.091 0.15 0.029  0.032 0.036 0.13 0.15 0.17 0.008

Table S4: Results of the parameter search using the six-subunit CaMKII autophosphorylation model.
Values of normalized (and real) probability {0 (ro), and kffl; for one-phospho and two-phospho
rates six-subunit CaMKII autophosphorylation models that provided the best fit to the experimental
data are given for different temperature and free Ca?t. The lower and upper limits of parameter
7’((10) that provided acceptable fits are given in columns min and max respectively. In the case of the
two-phospho rates variant, the normalized parameter kfp(o) was 0.05 s1/2 (25°C) and 0.10 s'/2 (30°C),.
Real probability r, was obtained using the fast phosphorylation values of k', given in Table S5. In
the one-phospho rates variant, two available estimates of the T286 phosphorylation rate kI, were used
to define the fast (6.3/s at 25°C and 11.9 /s at 30°C) and the slow (0.53/s at 25°C and 1/s at 30°C)

phosphorylation rate variants.

Fast phosphorylation Slow phosphorylation
Two-phospho rates ~ One-phospho rate Two-phospho rates ~ One-phospho rate
P P P _ L.P P P P _ .P
T kaa kﬁ.p kaa - kap kaa kﬁ.p kaa - kap
a) | /s [1/s] [1/s] [1/s] /] [1/s]
25 10 0.16 6.3 1.6 0.063 0.53
30 30 0.55 11.9 2.2 0.15 1

Table S5: Values for the phosphorylation rates at T286.
The values in fast phosphorylation / one-phospho rate column are taken from (Bradshaw et al. 2003)
and those in slow phosphorylation / one-phospho rate column (at 30°C) from (Miller and Kennedy
1986; Hanson et al. 1994). The values of kZ, and kI given in the two-phospho rates columns are the

P
best fit values obtained using the two-phospho rates model.
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Figure S1: Affinity increase parameters s3 and 4.
Values of s3 and s4 that were consistent with our experimental data for the 3-activation, 1/K,4 =
20nM, fast phosphorylation variant in combination with two-phospho rate variants are indicated by X
symbol. Symbols { and (] show s3 and s4 satisfying the relaxed conditions for one- and two-phospho
variants, respectively. (A) Results for 25°C, (B) Results for 30°C.

Simulations: The complete dynamic model
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Figure S2: T286 phosphorylation dependence on [CaM] in saturating Ca?* fit to the Hill equation
Simulation results for the T286 phosphorylation of aCaMKII in saturating Ca?* obtained using
the complete dynamic model with 2-phospho, fast, 3-activation variant combination, without T305
phosphorylation are shown with circles. The parameters were: [«CaMKII] = 70 nM, kL = 10/s,
kb, = 0.16/s, 1/Kas = 20 nM, [Ca] = 500 uM, s; = sy = s4 = 1, s3 = 16 (the exact s values
are irrelevant because Ca?Tis saturating). The simulation results were fit with the Hill equation:
y = 2" /(z" + K%). The best-fit curve was obtained for Hill coefficient (h) of 2.0 and Kp = 30nM.



Simulations: Two-subunit model of CaMKII autophosphorylation

T Free Ca’t Two-phospho rates One-phospho rate
eC M) 0 o "o (Fast) T (Slow) AT
min best max min best max min best max min best max
25 0.99 0.019 0.006 0.055 0.020
1.49 0.025 0.046 0.072 | 0.0079 0.015 0.023 | 0.007 0.013 0.018 | 0.026 0.046 0.065 0.0013
2.14 0.11 0.17 0.29 0.035 0.54 0.092 | 0.025 0.030 0.038 | 0.090 0.108 0.136 0.0015
3.47 0.64 0.76 0.93 0.20 0.24 0.29 0.057  0.061 0.065 | 0.205 0.22 0.24 0.0019
4.65 1.24 0.39 0.075 0.28 <0.002
30 1.37 0.062 0.084 0.118 0.011 0.015 0.022 | 0.013 0.017 0.022 | 0.045 0.06 0.077 0.007
1.99 0.22 0.25 0.30 0.040 0.046 0.055 | 0.031 0.034 0.038 0.11 0.122 0.134 0.009
3.26 0.47 0.62 0.93 0.086 0.11 0.17 0.047  0.0563 0.063 | 0.165 0.19 0.23 0.008

Table S6: Results of the parameter search using the two-subunit CaMKII autophosphorylation model.
Values of normalized (and real) probability {0 (ro), and kffl; for one-phospho and two-phospho
rates 2-subunit CaMKII autophosphorylation models that provided the best fit to the experimental
data are given for different temperature and free Ca?t. The lower and upper limits of parameter
7’((10) that provided acceptable fits are given in columns min and max respectively. In the case of the
two-phospho rates variant, the normalized parameter kfp(o) was 0.05 s1/2 (25°C) and 0.10 s'/2 (30°C),.
Real probability 7, was obtained using the fast phosphorylation values of k¥, given in Table 5. In the
one-phospho rates variant, two available estimates of the T286 phosphorylation rate kZ, were used to
define the fast (6.3/s at 25°C and 11.9 /s at 30°C) and the slow (0.53/s at 25°C and 1/s at 30°C)
phosphorylation rate variants.

Two-phospho One-phospho
T286 phosphorylation fast slow fast slow
1/Kqa [nM] 20 60 20 60 20 60 20 60
T [°C] 25/30 25/30 25/30 25/30 25/30 25/30 25/30 25/30
4-activation -/- -/- -/- -/- +/- -/- -/- -/-
3-activation +/+ +/+ -/+ -/- +/+ +/+ +/+ -/-
2-activation +/+ +/+ -/+ -/£ -/- +/+ +/+ +/+

Table S7: Validity of different variants of the two-subunit CaMKII activation and autophosphorylation
model.

Results obtained from numerical simulations of the 4, 3-4, and 2-3-4 activation variants of the Ca-CaM-
CaMKII equilibrium model for two values of 1/K 44, and for two values of the T286 phosphorylation
rate were matched against the values of 7, obtained for one- and two-phospho rates variants of the
two-subunit CaMKII autophosphorylation model for both 25 and 30°C. “+4” indicates that it was
possible to find the affinity increase factors s1- s4 so that the variant fully satisfies the constraints, “+”
that it was possible to find the affinity increase factors s;- s4 so that the variant satisfies the relaxed,
but not full, constraints, and “-” that it was not possible to find the affinity increase factors s1- s4 so
that the variants satisfies the constraints.




Two-phospho One-phospho
T [°C] 25 30 25 30

s1 s3 S4 s1 s3 S4 s1 s3 S4 s1 s3 S4
3-act, fast, 20 1 32 2 1 32 2 3.9 2 4 6.3 2 4
3-act, fast, 60 1 32 2 1 32 2 1 4 32 3.7 4 1
3-act, slow, 20 3.6 16 1 7.9 16 1
3-act, slow, 60
2-act, fast, 20 1 32 8 1 32
2-act, fast, 60 1 32 8 1 32 8 1 8 16 1 2 32
2-act, slow, 20 1.3 226 4 1.4 14 16
2-act, slow, 60 1.4 32 1 2.2 28 4

Table S8: Representative values of the affinity increase factors s1- s4 for the two-subunit model.
Shown are representative examples of values of s;-s4 for all different combinations of the variants that
are consistent with our experimental data. In each case, the values shown in this table lay in the
middle of the range of values that are consistent with the experimental data. Whenever possible the
values for 25°C and 30°C were chosen to be similar. Left column defines variant combinations: 3- or
2-activation, fast of slow T286 phosphorylation, and two different values of 1/K,4 (20 or 60 nM).
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