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Supplementary Figure 1. Schematics of the simulated reactions. A) To determine the kinetics of the binding 

of Ca2+ to CaM we used a mathematical model that simulated all processes occurring in the reaction chamber. The 

properties of DMn, its photoproducts (PP) and OGB-5N were determined in independent experiments. The 

properties of CaM and CB were determined by fitting the uncaging data with the mathematical model. B) CaM 

contains two high affinity Ca2+-binding sites on its C terminus and two lower affinity sites on its N terminus. The 

steady-state affinity for Ca2+ of these sites has been measured in several ways. These (and other) measurements 

indicate that each pair has positive cooperativity. We incorporated cooperativity in the model by including an 

allosteric effect, as shown. In our model, the cooperativity is based on the ability of the binding sites to occur in 

two states, one with a low affinity for Ca2+ (T) and one with a high affinity (R). A binding site is in the T state, 

when the other binding site in the cooperative pair has no Ca2+ bound. A binding site is in the R state, when the 

other site has Ca2+ bound. In this model, the transitions from T to R and vice versa are considered to occur 

instantaneously. This type of model has been used successfully to simulate kinetics of cooperative binding sites in 

calretinin
35

 and gives an intuitive insight into the kinetics of cooperative binding. C) For CB there are no 

indications that there are cooperative interactions between its four binding sites. Therefore, CB was modeled as 

having four independent binding sites. A model with all four sites being identical resulted in acceptable fits. 



 

 

 

Supplementary Figure 2. Examples of fitted data sets. All individual Ca2+ transients for the experiments with 

CaM were grouped according to the experimental conditions indicated in the Table (inset). The black traces are 

examples of one of the randomly picked datasets that were fitted simultaneously. The red lines are the actual fits 

for that set. Scale bars in A apply to all datasets.



 

 

 

Supplementary Figure 3. Ca
2+

 binding properties of CaM accumulated from each fitted set. Cumulative 

probability plots of the fitted results (fitted parameters) for wild type CaM (filled symbols) and mutants (open 

symbols). The fast and low affinity cooperative pair measured in the wildtype CaM data (dark blue filled 

symbols) is grouped with the CaMEF34 data (light blue open symbols) based on comparable values indicating that 

the fast, low affinity pair represents the N-lobe (N). Similarly, the slower, high affinity cooperative pair measured 

in wildtype CaM (purple filled symbols) is grouped with the CaMEF12 data (pink open symbols) based on 

comparable values indicating that the slower, high affinity pair represents the C-lobe (C). Arrows indicate the 

transition from T-state (square symbols) to R state (triangular symbols) as Ca2+ binds. The circular symbols in the 

Kd graphs indicate the apparent Kd (equivalent to a steady state binding curve). The solid lines are fits with a log-

normal distribution function for which the results can be found in Table 1 of the main text. 

 

 

 

 

 

 



 

 

 

 

Supplementary Figure 4. Ca
2+

 binding properties of CB. Shown are the fitted results (fitted parameters) of all 

the randomly chosen sets of CB traces as cumulative probability plots. The solid lines are fits with a log-normal 

distribution function for which the results can be found in the main text. 
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Supplementary Figure 5. Fitting procedure to explore the entire parameter space. In fitting round #1) all sets 

are fitted with a variety of starting values for the parameters (1Groups, ~20 groups). The fit procedure is set such 

that the parameters can make large swings during the fitting (loose fit). These first fits give groups of parameters 

(2Groups) that each can describe one or more sets. Groups with very similar values for every parameter are made 

into a single group by averaging the individual parameters.  In fitting round #2) every set is fitted with the 

2Groups as starting values. The fit procedure is set such that the parameters can make only small deviations during 

the fitting, forcing the model to find a solution with most (if not all) of the parameters close to their initial values 

(stiff fit). This results in a collection of groups for each set of fits in which the parameters can be determined with 

a certain distribution. If a collection had one or more parameters with a wide distribution (multiple orders of 

magnitude), the results were assumed to stem from a local minimum in error space with invalid parameter values.  



 

 

 

 

 

Supplementary Figure 6. Box and whiskers plots of the fitted parameters lined up at their averages. The 

spread of all the fits (black) (i.e., the data from Supplementary Fig. 3) can be compared to the spread caused by 

random deviation of ±5% in the constant parameters (see text for details) of fits to 2 sets of curves from the same 

dataset (red). The variations caused by deviations of parameters assumed to be constant are comparable or smaller 

than those caused by other factors inherent to the whole experiment (red boxes are smaller than the black ones). 

 



 

Supplementary data 1. Diffusion limit 

The rate constant we found for the association rate of the N-lobe binding sites in the R-state is extremely fast 

(3.2×1010 M–1s–1). To ascertain whether this was theoretically possible, we calculated the diffusion limited 

reaction speed for CaM and Ca2+ based on the rate of intermolecular collisions. Using the Smoluchowski theory 

and the Einstein–Smoluchowski relation26,27: 
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We find a rate limit of 5.6×1010 M–1s–1 for our conditions (35°C in aqueous solution), indicating that our 

determined rate of 3.2×1010 M–1s–1 is theoretically possible. 



 

 

 

Supplementary data 2. Fit results of CB compared to earlier experiments 

Berggard et al.1 reported some cooperativity in the binding of Ca2+ to CB while we found that the simplest model 

without any cooperativity fit the data quite well. However, the cooperativity found by Berggard et al. 1 is actually 

quite small. We calculated from their described Adair binding curves an nH of 1.2–1.3. We incorporated this small 

cooperativity but found that the fit results were indistinguishable from using no cooperativity. This makes it 

impossible to confirm or reject the existence of such small cooperativity with our system. We chose to use the 

model without cooperativity as it is the least complex (least number of parameters to be fitted), making the fit 

results more reliable (less degrees of freedom). Furthermore, the cooperativity described by Berggard et al.1 could 

be different from ours because of the difference of temperature ath which the experiments were performed (theirs 

was conducted at 20–25°C, ours at 35°C).  

In other earlier measurements2 we found similar kinetics and steady state binding affinity for CB as reported here, 

but we also found that CB has at least one different binding site with different kinetics. Besides the difference in 

temperature at which these experiments were preformed (20°C), it is also likely that an improvement of the fitting 

model underlies this difference. In our earlier measurements on CB, we did not consider the detailed kinetic 

uncaging properties of DMn3 and assumed that DMn uncaged with a single time constant.   



 

 

Supplementary data 3. Quantification of Ca
2+

 buffering capacity () 

The buffering capacity  is defined as22 the increase in the Ca2+ that is bound to buffers in a system relative to the 

amount of Ca2+ that will stay unbound upon a change in total Ca2+ of that system: 

 
 

2

d CaB

d Ca





  

 (eq. S7) 

Strictly this means that  should quantify the full Ca2+-buffering capacity of a system, irrespective of the buffering 

speed. However, in practice it is used to describe only the fast buffering capacity of a system. Generally,  is 

determined using the „added buffer‟ approach22,23,24. With this method one determines the Ca2+]total that is 

undetectable by the used dye due to the fast buffering of the system. It describes how much bigger the portion of 

Ca2+ that is rapidly bound by buffers in the system compared to the maximum portion that is detected by the dye. 

To compare ‟s (determined by the added buffer method) between two experiments, one has to use dyes with 

similar kinetics because  expresses the buffer capacity that is faster than the indicator. A faster indicator will 

yield a smaller . The decay in [Ca2+] that is detected by the dye after the peak in measured [Ca2+] is generally 

considered to result from slower mechanisms of [Ca2+] regulation (e,g,, extrusion) and is therefore not included in 

 (even if it is binding of Ca2+ to a buffer). 



 

 

Supplementary data 4. Neuronal CaM Concentration 

Our simulation used a [CaM] of 100 M. If CaM is reduced in the simulation from 100 M to 50, 25 or 0 M the 

 of the system with 30 M CB reduces from 19 to 10, 5 or 1, respectively. If instead CB is taken out of the 

simulation, the  of the system with 100 M CaM reduces to 12. These results indicate that the fast buffering 

property of the whole system is directly dependent on CaM while the slower CB can only add to  when a fast 

component is in place. This indicates that CaM is essential for the fast buffering in this system and not merely the 

dominant fast buffer because of its high concentration. The measured fast buffer capacity of spines is ~204,5 which 

can be well accounted for by 100 M CaM. Thus, if 100 M CaM is an overestimate of the [CaM] in a spine, 

there must be an additional molecular species contributing to fast buffering. Thus far it has been challenging to 

directly measure the intracellular CaM concentration. However, many studies have measured the soluble fraction 

of CaM from brain homogenates relative to the total protein content (supplementary Table 1), which varies based 

on the specific brain region and species. Based on values from human, rat and bovine for CaM (g/mg protein) 

and the total protein content (~10%6,7,8), we estimated the range of intracellular [CaM] (CaM (M), 

supplementary Table 1) assuming that the soluble fraction should be dissolved in the water content of the brain 

(~77%). This value could be further refined by the assumption that all soluble CaM came from intracellular 

content (~80%). This volume corrected [CaM] (vol. corrected CaM (M), supplementary Table 1) varied between 

31 and 337 M. The large variation is mainly caused by the outliers for the reported CaM content in brain 

homogenates. We also calculated the [CaM] based on the median reported CaM content per brain region (green 

numbers, supplementary Table 1) and found the [CaM] varied from ~65 M for the cerebellum to 152 M for the 

caudate nucleus. Therefore, in our simulation of a spine in the hippocampus, a [CaM] of 100 M might actually 

be an underestimate, especially when one considers that CaM could be enriched in specific cellular 

compartments9,10. Although these considerations are important in determining the role of CaM as the fast buffer, 

the absolute [CaM] is not essential to our discussion considering the activation of CaM or its individual lobes in a 

nano-domain. There we discussed the probability of a single CaM molecule being activated independent of the 

overall [CaM]. 

 



 

Supplementary Table 1. Calculation of neuronal CaM concentration 

 
Water 

(w/w %) 

Protein 

(w/w 

%) 

soluble 

CaM 

(g/mg 

protein) 

soluble 

CaMa 

(w/w %) 

CaMb 

(M) 

extracell. 

vol.11  

(%) 

CaM 

vol. correctedc 

(M) 

Whole Brain 

77–786 

77.812 

76–78
13

 

86 

8–137 

9–10
8
 

     

Cerebrum/ 

Cerebral cortex 
  

15.914 

16.9–17.815 

14–1516 

1317 

1418 

13.7–13.819 

20.920 

0.104–0.272 

 

80–214 

112e 18–20 
97–268 

141f 

Cerebellum   

11.215 

416 

9.521 

618 

7.5–7.719 

18.120 

0.032–0.235 
25–185 

52e 
21–31 

31–268 

65f 

Hippocampus   

14.314 

15.215 

1216 

0.096–0.198 
74–156 

111e 
22 

94–200 

139f 

Caudate nucl.   
15.214 

16.215 
0.122–0.211 

94–166 

122e 
21 

119–210 

152f 

Striatum   

1516 

817 

26.420 

0.064–0.343 
49–270 

117
e
 

 
61–337d 

146
f
 

Amygdala   1316 0.104–0.169 
80–133 

101e 
 

100–166d 

126f 

a) 
soluble CaM ( g/mg protein) 10

soluble CaM (w/w %)= Protein (w/w %)
100


  (eq. S4) 

b) 
 

soluble CaM ( g/mg protein) 10
CaM ( M)=

16.7kDa water (w/w %) 100







  (eq. S5) 

c) 
 

CaM ( M)
vol. corrected CaM ( M)=

1 extracell. vol.(w/w %) 100





 (eq. S6). An overall brain density of 1 g/ml was 

assumed, based on published volume and weight data6. 

d) For these calculations 20% extracellular was used, estimated from the values of the other regions. 

e) Value calculated using 77% water (w/w %), 10% protein (w/w %) and the median value for CaM (g/mg 

protein). 

f) Values calculated using values from e) and a extracellular volume of 20%. 



 

 

Supplementary data 5. Simulating 1 yM dye to measure [Ca
2+

] 

In a simulation the [Ca2+] can be directly determined and does not have to be measured as such. However, to 

make a comparison with what would be measured in real measurements in cells, we calculated  the Ca2+ signal 

that would be measured by adding to our simulation 1 yM (10–24 M) of OGB-1 (Fig. 2a, Kd=170 nM, kon=109 M–

1s–1), a dye often used for Ca2+ measurements in neurons. Such small concentration of OGB-1 is impossible to use 

in a real experiment.  However,  in a simulation it will not influence the actual [Ca2+] but can still be used to 

reflect the limit of [Ca2+] that would be imposed by the kinetic properties of  OGB-1 in a real experiment 

([Ca2+]OGB-1)
5,25. In our simulation, the [Ca2+]OGB-1 has a peak amplitude of 2.5 M. The limit of [Ca2+] that could 

be measured with a dye in a real experiment is basically what is determined with the „added buffer‟ approach used 

to determine  22,23,24. By measuring the [Ca2+] under different Ca2+ indicator concentrations one interpolates the 

[Ca2+] that would be measured with no indicator present at all. Here we simply do the same by using an 

infinitesimally small amount of dye in the simulation. With a known [Ca2+]total of 50 M this means that fast 

buffer capacity ( of the whole system (including fast buffering by CB and the C-terminus) is 19, which is 

comparable to values found for fast buffering in spines of CA1 pyramidal cells 5,25.  



 

 

Supplementary data 6. Fast Ca
2+

 buffering by ATP 

It has been suggested that ATP can contribute significantly to the fast buffering capacity of a cell28. To investigate 

this possibility, we repeated the 50 M Ca2+ influx in the model (with CaM and CB) with ATP added to the 

system. For the properties of ATP we used KdCa(
2+

)=200 M, KdMg(
2+

)=100 M and konCa(
2+

)=2×108 M–1s–1 28. The 

binding and unbinding rates of Mg2+ to ATP were considered too slow to play a significant role in the studied 

timespan28. With 4 mM MgATP 4,28, and 100 nM free Ca2+, 580 M ATP will be free and available to buffer a rise 

in Ca2+. Under these conditions, the Ca2+ signal observed with OGB-1 is only slightly smaller compared to the 

situation without ATP (Supplementary Fig. 7a, solid blue vs. red line). The  determined from the system with 

580 M free ATP only increases from 19 to 22 (Supplementary Fig. 7b). In comparison, when the simulation was 

repeated with no CaM and only ATP as a fast buffer, the observed [Ca2+]peak was >8 M (Supplementary Fig. 7a 

solid green line) indicating this system had a buffering capacity of =4 (Supplementary Fig. 7b), which is 

substantially smaller compared to values found for fast buffering in spines of CA1 pyramidal cells measured with 

OGB-1 (=~20) 5,25. Clearly ATP under these conditions (4 mM [MgATP]total) will only minimally contribute to 

the buffering capacity. We attempted to actually measure the kinetic properties of Ca2+ binding to ATP and found 

it to be technically extremely difficult because CaATP and MgATP can form complexes with zwitterions such as 

pH buffers like HEPES29 that are generally used in biological research: 

       2

200 1d dK M K mM
Ca ATP CaATP HEPES CaATPHEPES





 

        (eq. S8) 

       2

100 1d dK M K mM
Mg ATP MgATP HEPES MgATPHEPES





 

         (eq. S9) 

It is important for our measurements that the pH is strongly buffered since the kinetic properties on CBPs strongly 

depend on pH, and pH changes upon uncaging of DMn. Normally, we use a high concentration of HEPES which 

would further complicate dynamic measurements of Ca2+ binding to ATP making it impossible to measure it in 

this way. To ensure a stable acidity, HEPES is very often used in experiments as a pH buffer 4,5,30. , In the 

experiments30 from which it was suggested that ATP can significantly contribute to the fast Ca2+ buffering 

capacity of a cell 10 mM HEPES was used. Unfortunately, this amount of HEPES was not accounted for when 

estimating the free [ATP]28. Using an estimated a Kd of 1 mM for HEPES to either CaATP and MgATP29, we 

calculated that 220 M ATP is free to buffer the Ca2+ rise in the presence of 10 mM HEPES total, 4 mM MgATP 

total and 100 nM free Ca2+. This means  that with 4 mM MgATP and 10 mM HEPES added4,5,30 for the system 

modeled here (with 100 M CaM and 30 M CB) the Ca2+ signal measured with OGB-1 to a [Ca2+]total of 50 M 

would be almost identical to a system without the ATP (Supplementary Fig. 7a, long dash blue). The  only 

increases from 19 to 20 in the system without ATP (Supplementary Fig. 7b, large dot blue). Moreover, in 

unperturbed cells the [ATP]total is around 0.9 mM 31 and the [Mg2+]free around 1 mM 32,33 which would leave only 

58 M ATP to buffer incoming Ca2+, leading to a negligible increase in buffering capacity (Supplementary Fig. 

7a and b, short dash/small dot blue). By itself ATP has some buffering capacity (Supplementary Fig. 7b, green). 



 

Therefore, it will account for some of the fast buffering of CaM (Supplementary Fig. 7c) and will slightly increase 

the capacity of a whole system with CaM and CB present. However, the contribution is minimal under most 

experimental conditions (with HEPES) and negligible in unperturbed cells. 

  

Supplementary Figure 7. ATP as a fast Ca
2+

 buffer. Single-compartment simulations of Ca2+ dynamics in a 

dendritic spine of a hippocampal CA1 pyramidal cell containing 100 M CaM, 30 M CB and varying amounts 

of free ATP. At t=0, [Ca2+]total was rapidly (=10 s) increased by 50 M. a) [Ca2+]free as it would be measured 

with 1 yM OGB-1 ([Ca2+]OGB-1 with no ATP (red), 580 M (solid blue), 220 M (long dash blue) and 58 M 

(short dash blue) free ATP present. These are the expected values of free ATP under the recording conditions of 4 

mM [MgATP]total and 4 mM [MgATP]total with  10 mM [HEPES]total and the physiological condition of 0.9 mM  

[ATP]total with  1 mM [Mg2+]free (respectively). For comparison, simulations are also shown of the [Ca2+]OGB-1 

when no CaM is present (green lines). b) From the [Ca2+]OGB-1 curves the buffer capacity () only slightly 

increases due to the addition of ATP to the system (compare red to blue bars) as the buffering capacity of the ATP 

by itself is minimal (green bars). ATP does take over some of the fast buffering by CaM as shown in the 

distribution of the added Ca2+ after 40 s (c left figure). However, when CaM was taken out of the system there is 

a substantial increase in unbuffered Ca2+ at t=40 s (c right figure). 



 

 

Supplementary Figure 8. Comparing new CaM kinetics with those used in previous studies. With the N-lobe 

having such a high speed of binding and Ca2+ „flowing‟ from N-lobe to C-lobe to a high affinity CBP (see Fig 2b 

in main text) much more Ca2+ will be bound to CaM then expected with the previously assumed properties of 

CaM. We simulated a 50 M increase in total [Ca2+] from an initial condition of 100 nM free [Ca2+]. To compare 

how CaM is activated having the newly determined properties to its properties described earlier, we simulated the 

CaM in two ways. We simulated CaM as determined in the present study (top row, CaM fast buffer) to contrast it 

to CaM with properties used in earlier simulations34 (bottom row, ”other” fast buffer). In earlier simulations 260 

M CaM and 45 M CB together with 5 M „fast buffer‟ was assumed34. To make a fair comparison, we 

simulated the newly determined CaM properties also at 260 M CaM and 45 M CB (but added no „fast buffer‟). 

It is difficult to define exactly when CaM is “activated” since some processes only need Ca2+ binding to the N-

lobe or C-lobe whereas other CaM targets need fully occupied CaM (both lobes) to be activated. Therefore, we 

simulated here the concentrations of fully occupied N-lobes, C-lobes and whole CaM (both lobes) that occur in 

the first 10 ms after the influx of Ca2+. Please note that the y-axis scales between the old CaM properties (bottom 

row) and new CaM properties (top row) are one to two orders of magnitude different. 



 

 

 

Supplementary figure legend. A more detailed description of figure 2 in the main text 

In figure 2 a single neuronal compartment was simulated with a buffer composition as expected in CA1 pyramidal 

cells. In this compartment with 100 M CaM and 30 M CB the [Ca2+] was very rapidly (=10 s) increased by 

50 M ([Ca2+]total). At 20 s (the maximum time resolution in the figure is 20 s) [Ca2+]free peaks at 8.8 M. As 

the total [Ca2+] increases, the bulk of the [Ca2+]total  is rapidly bound to the N-terminus of CaM. At ~40 s, 36.4 

M Ca2+ (73% of [Ca2+]total) is bound to the N-terminus ([Ca2+]N), while at that moment 5.2 M (10% of 

[Ca2+]total) and 1.7 M (3.3% of [Ca2+]total)  are bound to the C-terminus ([Ca2+]C) and CB ([Ca2+]CB) 

respectively. After this, the [Ca2+]N drops with two ‟s of 0.38 ms (64%) and 2.1 ms (36%) to 0.54 M (1.1% of 

[Ca2+]total) at 30 ms. Around 0.9 ms the [Ca2+]C reaches its maximum of 21.4 M (43% of [Ca2+]total) while at 

that moment there is 11.0 M [Ca2+]N (22% C and 14.9 M [Ca2+]CB (30% of ([Ca2+]total). After this peak the 

[Ca2+]C drops with a  of 3.7 ms to 9.8 M (19.7% of [Ca2+]total) at 30 ms. Over the whole experimental period, 

the [Ca2+]CB steadily increases with ‟s of 0.63 ms (27%) and 3.1 ms (73%) to 39.3 M (78.6% of [Ca2+]total) at 

30 ms. With 99.3% [Ca2+]total bound to either the N-terminus, C-terminus or CB 0.35 M of [Ca2+]total (i.e., 

0.7%) remains unbound after 30 ms.  

b) To better understand how Ca2+ moves through the system composed of 3 buffers, the amount of Ca2+ flowing 

between the four states, free ([Ca2+]free), bound to the N-terminus ([Ca2+]N), bound to the C-terminus ([Ca2+]C) 

and bound to CB ([Ca2+]CB) were calculated for 3 epochs. The concentrations of Ca2+ in the different states is 

represented by the area covered by the different circles where the grey area represents the concentration at the 

beginning of the epoch, while the colored circles represent the concentration at the end of the epoch. The numbers 

in the figure indicate percent of [Ca2+]total. During the first epoch (red), which runs from the start of the 

simulation (t=0 s) to when [Ca2+]N peaks (t=40 s) 86.6% of the 50 M [Ca2+]total (top grey circle) is directly 

bound by the 3 buffers (78.7% [Ca2+]N, 6.0% [Ca2+]C and 1.9% [Ca2+]CB). Small amounts of buffered Ca2+ are 

already redistributed from [Ca2+]N to [Ca2+]N (4.4%) and [Ca2+]CB (1.5%). During the second epoch (green), which 

runs from 40 s to when [Ca2+]C peaks (t=900 s), and the last epoch (green, 0.9–30 ms) a further total of 11.7% 

of free Ca2+ is directly bound by the N-terminus whereas the amounts of free Ca2+ directly binding to either C-

terminus (0.8%) or CB (0.2%) are less than 1% and for clarity are not shown. After the first 40 s the main „flow‟ 

of Ca2+ is the redistribution between the 3 buffering components. During the second epoch 33.0% moves from 

[Ca2+]N to [Ca2+]C, 25.3% from [Ca2+]N to [Ca2+]CB and 1.0% from [Ca2+]C to [Ca2+]CB.  Remarkably, during the 

third epoch 19.3% moves back from [Ca2+]C to [Ca2+]N which is then directly redistributed to the C-terminus as 

part of the 44.4% that moves from [Ca2+]N to [Ca2+]CB . Also a further 4.2% moves from [Ca2+]C to [Ca2+]CB. All 

the net redistributions that take place during the 30 ms of the simulation are shown in the diagram with the black 

arrows where the black circles correlate with the end concentration and the white circles indicate the maxima 

reached during the experiment. Over the whole period more than 89% of the [Ca2+]total is first bound by the fast 



 

N-terminus which is later bound to the slower C-terminus and CB which eventually outcompete the N-terminus 

based on their higher affinity for Ca2+.   
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