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nonparametric permutation test (see Materials and 
methods; Table 4 and Fig. 10). The species that forms  
at 1SKp:2CaM sediments faster than the one that forms 
at 2SKp:1CaM. Because the molar mass of the 1SKp/ 
2CaM complex is larger than 2SKp/1CaM (Table 1), its 
faster sedimentation can best be explained by having 
the larger mass, as opposed to conformation. This is ex-
plored in more depth in the next paragraph. Some data 
are not completely vertical, which may indicate some 
heterogeneity or influence by nonideality, but by and 
large the data appear homogeneous. The behavior is 
not strongly concentration dependent, as demonstrated 
by overlapping data from different experiments (Fig. 9, 
A and B).

A faster sedimentation indicates a larger mass, a 
change in the hydrodynamic volume, or a combination 
of these two factors. A different stoichiometry will have 
a different mass. Thus further analyses of the sedimen-
tation velocity data are needed to determine whether 
excess of either SKp or CaM alters either the stoichi-
ometry or the hydrodynamic volume of the complex. 
Because vHW is better suited for heterogeneous experi-
ments, dC/dt is not used for molar ratios with more 
than twofold differences in concentrations of SKp to 
CaM. When SKp is at least fivefold molar excess over 
CaM, the absorbance profile of the scans show two dif-
ferent plateau phases (Fig. 7). Applying vHW analysis 
clearly resolves the sedimentation coefficients of both 
species. Instead of vertical, the profile has one phase 
that aligns with the 2SKp:1CaM data and another phase 
that aligns with the free SKp data (Fig. 9 C). The sim-
plest interpretation is that these phases align with a 
2SKp/1CaM complex and free SKp. Similarly, when 
CaM is in 10-fold molar excess over SKp, vHW analysis 
resolves a phase that aligns with the 1SKp:2CaM data  
and a second phase that aligns with free CaM (Fig. 9 D).  
In this case, we resolve the 1SKp/2CaM and free CaM.  
Together, these data support our interpretations of 

Fig. 9 B. The data are normalized to show percent of 
total. In Fig. 9 B, the integrated s values show a steep 
rise with a half-maximum, i.e., s50, at 2.51 × 1013 s. We 
also combined dC/dt Gaussian fits into one graph for 
comparisons in Fig. 8 F. The means from all analyses are 
plotted in Fig. 10.

In addition to 1:1 molar ratios of SKp to CaM, other 
molar ratios were analyzed by sedimentation velocity. 
These include the molar ratios of 2SKp:1CaM and 
1SKp:2CaM shown as green and red traces, respectively, 
in Fig. 8 (D–F) and in Fig. 9 (A and B). When molarities 
are different by twofold, the observed sedimentation  
coefficient is always greater than when SKp and CaM are 
at a 1:1 molar ratio, and these differences are significant 
(P < 0.01) as determined by a two-sample t test or a 

Tabl   e  4

Sedimentation coefficient, s, determined from vHW

Sample Zero (EGTA) or saturating Ca2+ n trials s ± SDa (vHW)

1013 s

Free SKp Ca2+ 8 1.06 ± 0.09

Free CaM Ca2+ 4 1.91 ± 0.12

1SKp:1CaM Ca2+ 10 2.52 ± 0.07b,c

2SKp:1CaM Ca2+ 8 2.76 ± 0.10b

1SKp:2CaM Ca2+ 9 3.02 ± 0.10c

1SKp:1CaM (<68 µM) EGTA 6 2.25 ± 0.10

2SKp:1CaM (<68 µM) EGTA 6 2.09 ± 0.09

1SKp:2CaM (<68 µM) EGTA 6 2.34 ± 0.11

1SKp:1CaM (>68 µM) EGTA 2 2.9 ± 0.3

2SKp:1CaM (>68 µM) EGTA 3 4.2 ± 0.4

1SKp:2CaM (>68 µM) EGTA 3 2.48 ± 0.05

aSD of combined stable data points (80% total, from 10 to 90%) at t =  from vHW analysis from combined trials.
b and cNonparametric null hypothesis permutation test determination that compared samples, (i.e., b to b or c to c) are different. In both cases P < 0.0001.

Figure 10.  Summary of dC/dt and vHW data. Box plots show 
the median, quartiles, and ranges of sample means from all trials. 
A trial may be considered an outlier if it falls outside 1.5-fold the 
range from the first to third quartiles.
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instead of the diffusion coefficient in solving the Lamm 
equation is that it provides the user with an intuitive 
guess over which range to fit the data. For example,  
virtually all protein shapes, except filaments, will be in 
the range 1 < f/fo < 4. A dehydrated sphere has a ratio 
f/fo = 1 (Brookes et al., 2010). Any other value for f/fo 
cannot distinguish a shape change from a change in 
hydration state, yet an f/fo > 3 would strongly suggest 
a thin rod. Data in Fig. 11 are presented in terms of 
f/fo versus either s or M. After first correcting for noise 
to get an initial model that fit a single experiment, the 
solutions to each trial experiment are analyzed statisti-
cally using Monte Carlo simulations to determine how 
broad a range of parameters can be fitted and still be 
within tolerance of a good fit. A contour plot helps to 
show these parameter ranges. Multiple experiments can 
then be combined and a contour plot is redrawn to rep-
resent the combined data.

The partial protein concentrations at saturating Ca2+ 
represented at a particular f/fo and s are represented by 
contour levels in Fig. 11. An example of how the data 
are assembled is described in Fig. 11 A. Contour plots 
are generated for each trial, as shown in Fig. 11 A (inset) 
for equimolar SKp and CaM. All the trials for a sample 
are combined and rebinned to construct a contour plot 
of the combined data as in Fig. 11 A. Comparing differ-
ent sample compositions is now possible, as shown in 
Fig. 11 B. As in Figs. 8 and 9, s is clearly resolved for 
SKp, CaM, and 1SKp:1CaM solutions. When equimolar 
SKp and CaM form a complex, the dominant density is 
clustered around s = 2.5 (Table 5). Because the s distri-
bution is narrow and all other parameters are assumed, 
the uncertainty in f/fo appears to be entirely caused by 
the implicit parameter estimation of diffusion (k). Dif-
fusion is not as easily measured as sedimentation at a 
single rotor speed. If k is accepted with its uncertainty, 
the molar mass M can be determined (Brookes et al., 
2010). The greatest density of observation points for 
1SKp:1CaM lies at 30 kD (Fig. 12 C). This is most con-
sistent with a single SKp molecule binding a single CaM 
molecule, and there is very little experimental support 
for a 2SKp/2CaM complex near 55 kD. Also in Fig. 11 C 
and Table 5, it appears that the species that sediments 
with a coefficient of 2.75 × 1013 s in 2SKp:1CaM molar 
ratio (green contours in Fig. 11, B and C) is more mas-
sive (36 kD) than the species that sediments when the 
molar ratio is 1SKp:1CaM (blue contours at 28 kD in 
Fig. 11, B and C). This suggests that an additional SKp 
binds to the 1SKp/1CaM complex to form a 2/1 com-
plex when SKp is in excess. When CaM is in excess, it  
is less clear how to interpret the data. A peak appears 
within the same molecular weight range as the 1SKp/ 
1CaM complex; however, moderate peaks are found  
in the 45 kD range consistent with one additional 
CaM binding to the complex. Because the CG-MALS 
data show that the affinity for a second CaM binding to 

the CG-MALS data where both 2SKp/1CaM and 
1SKp/2CaM stoichiometries were observed at saturat-
ing Ca2+.

It may be possible to distinguish changes in mass 
(i.e., stoichiometry) or in hydrodynamic volume with 
sedimentation velocity data if simulated models solve 
for both parameters simultaneously. Although the mea-
sured values are model dependent, they can be used 
to distinguish qualitative changes that have occurred 
due to mass or shape change or both. Most of the 
samples that were analyzed by the vHW method were 
also analyzed by two-dimensional spectral analysis algo-
rithms combined with Monte Carlo statistics, 2DSA-MC 
(Brookes et al., 2010). The main idea of 2DSA-MC is 
that the concentration of each protein solute in a so-
lution has a different sedimentation behavior that can 
be uniquely measured by absorbance. The correspond-
ing mass and hydrodynamic parameters for each sol-
ute are solved simultaneously with the partial protein 
concentration of each solute. This is possible because 
the absorbance profile depends both on the radial dis-
tribution of protein and the time at which absorbance 
scans across the window are collected. UltraScan III em-
ploys the use of supercomputers to search exhaustively 
over a large parameter space for unique solutions to the 
Lamm equation (Lamm, 1929),
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C is solute concentration at time t and at radius x, s is the 
sedimentation coefficient,  is the angular speed of the 
rotor, and k is the diffusion coefficient. Plots are created 
that show solutions to the sedimentation velocity datasets. 
One useful parameter that can be fitted is the frictional 
ratio (f/fo), which is proportional to the volumetric ra-
dius times the solution viscosity (Cantor and Schimmel, 
1980). UltraScan III uses the Stokes-Einstein relation to 
relate the diffusion and sedimentation coefficients to the 
frictional coefficient ratio (Brookes et al., 2010):
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Here, k and s again refer to diffusion and sedimenta-
tion, R and T are the gas constant and temperature,  
N is Avogadro’s number,  is the solvent viscosity,  is 
the solvent density, and –v  is the partial specific volume. 
The f/fo ratio is influenced by the compactness and the 
hydration state of a molecule. The purpose of using f/fo 
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saturating Ca2+. At these protein concentrations, we 
were not able to resolve by SV-AUC the 2SKp/1CaM 
complex that was hinted at in the CG-MALS data.

Because the data in Table 2 indicate that there is a 
weaker affinity for 2SKp/1CaM to form at zero Ca2+, we 
attempted sedimentation velocity at protein concen-
trations >100 µM. Although varying the total protein 
concentration at saturating Ca2+ had little effect on the 
sedimentation of any stoichiometric complex (Figs. 8 
and 9), 100 µM protein uncovered a tendency toward 
aggregation at zero Ca2+ when [SKp] > [CaM] (Fig. 12 A). 
In Ca2+, proteins in the 1SKp:2CaM sample sediment 
the fastest, but at zero Ca2+, proteins in the 2SKp:1CaM 
solution sediment at a higher, but variable, coefficient 
of 4.2 × 1013 s (Table 4). Integrated 1SKp:1CaM data 
are not vertical, which shows heterogeneity in different 
samples (Fig. 12 B). We may interpret this to mean that 
minor aggregation is still present with a 1SKp:1CaM 
sample, which sediments with a mean coefficient of  
2.9 × 1013 s.

the 1SKp/1CaM complex is weaker (Fig. 3 and Table 3), 
perhaps this is a representation of both populations 
being present. The frictional ratio of the contours for 
1SKp:2CaM that matches the molar mass of the 1SKp:1CaM 
data is slightly smaller. A conservative conclusion is that 
excess CaM influences either the conformation of the 
1SKp/1CaM complex or the number of bound waters, 
perhaps through rapid associations.

CaM or Ca2+ reverses the tendency of some complexes 
to aggregate
Sedimentation velocity experiments were also per-
formed at zero Ca2+ and analyzed by vHW. At protein 
concentrations up to 68 µM, varying the molar ratio of  
SKp:CaM has little effect on the sedimentation coefficient.  
In zero Ca2+, the sedimentation coefficients at <68 µM 
protein are 2.3 × 1013 s for 1SKp:1CaM, 2 × 1013 s for 
2SKp:1CaM, and 2.3 × 1013 s for 1SKp:2CaM (Table 4). 
These values suggest that sedimentation for the 1Skp/ 
1CaM complex is a little slower at zero Ca2+ than in 

Figure 11.  Contours of 2DSA Monte 
Carlo analyses of sedimentation velocity 
data. Data are plotted as the frictional 
ratio versus s (A and B) or the frictional 
ratio versus molar mass (C). The partial 
concentrations as a percentage of total 
protein of the modeled solutes are indi-
cated by contoured lines. Each contour 
level is 10% of the relative concentra-
tion. (A) Contours of 1SKp:1CaM data. 
The inset shows contoured data from 
individual experiments drawn in differ-
ent colors. Raw outputs from each ex-
periment were combined then rebinned 
to produce the single contour plot (blue 
contours) in the main panel represent-
ing all analyzed data with 1SKp:1CaM. 
(B) 1SKp:1CaM data from A are com-
pared with other samples. SKp, black 
contours; CaM, orange; 1:1 molar ratio 
of SKp to CaM, blue; 2SKp:1CaM, green; 
1SKp:2CaM, red. The gray arrow is a 
guide to show that the 1:1 molar ratio 
data in B are the same in A. (C) Same as 
B, but the frictional ratio is plotted ver-
sus modeled molar mass. Vertical broken 

lines represent predicted molar masses for proteins and complexes. From left to right, the lines represent: SKp, black; CaM, orange; 
1SKp/1CaM, blue; 2SKp/1CaM, green; 1SKp/2CaM, red; and 2SKp/2CaM, gray.

Tabl   e  5

Calculated parameters for sedimentation coefficient, s, and molar mass, M, determined from 2D spectral analysis (2DSA)

Sample n trials s ± SD (2DSA) Range of M (>80% contoured data, 2DSA)

1013 s kD

Free SKp 7 0.95 ± 0.10 5–15

Free CaM 4 1.86 ± 0.25 8–24

1SKp:1CaM 7 2.47 ± 0.20 17–34

2SKp:1CaM 8 2.75 ± 0.10 22–47

1SKp:2CaM 9 3.01 ± 0.40 18–51
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no phase of the plot with excess CaM that clearly shows 
the sedimentation of free CaM. The vHW plot is not 
vertical, but slanted toward smaller s values. This find-
ing indicates that some heterogeneity or nonideality  
exists during sedimentation (i.e., charge or protein 
concentration effect). In either case, the 1SKp:10CaM 
data suggests a bias toward smaller sedimentation co
efficient values that are most consistent with a 1SKp/ 
1CaM complex.

We noted that freshly thawed SKp is stable during the 
time course of our experiments, but after days at 4°C 
irreversible precipitation is observed by the eye. Only 
freshly thawed SKp is used in our experiments. The  
CG-MALS data does not show aggregation of SKp at 
zero or at saturating Ca2+ (Fig. 5). At >100 µM protein 
concentrations, CaM can induce precipitation of SKp 
that is partially reversible if [SKp] ≥ [CaM] at zero Ca2+, 
but precipitation is not observed when [SKp] < [CaM]. 
This qualitative assessment suggests that excess CaM at 
zero Ca2+ prevents runaway aggregation that forms a 
precipitate. In contrast, at saturating Ca2+ no precipita-
tion at any molar ratio of SKp:CaM is observed.

Ca2+ appears to have a negative effect on aggregation. 
Fig. 12 D shows an experiment that starts at zero Ca2+. 
Sedimentation velocity data were collected and are 
shown as the open symbols. After the SV-AUC run fin-
ished, Ca2+ and a pH buffer was added to elevate the 
free Ca2+ to 2 mM. As a cautionary note, proteins that 
have sedimented at zero Ca2+ experience very high con-
centrations at the end of the centerpiece well and can 
precipitate out of solution. A 20–35% loss of protein 
was observed when comparing the runs at the maxi-
mum absorbance at time zero of each condition (un-
published data).

In contrast, for a molar ratio 1SKp:2CaM, the results 
are homogeneous within a sample, which shows a nearly 
vertical vHW plot, and across experiments as shown as a 
vertical integrated plot (Fig. 12, A and B). We measured 
s to be 2.5 × 1013 s, which is approximately what we 
have interpreted to be the value of s for a 1SKp/1CaM 
complex at saturating Ca2+. Because s is smaller at zero 
Ca2+ for 1SKp:2CaM solutions, this either means that 
the 1SKp/2CaM complex is more compact at zero Ca2+, 
or it means that only a 1SKp/1CaM complex forms and 
that a second CaM molecule does not bind to the com-
plex. Second, because there is no heterogeneity in the 
sample, we can conclude that aggregation is substan-
tially reduced when CaM is in molar excess.

We measured the sedimentation over a broader range 
of SKp:CaM at zero Ca2+. The gray curves in Fig. 12 C 
show data with excess SKp. With a 10-fold excess of SKp 
over CaM, the curve shows one phase that covers a broad 
range of s, and a stable phase where s is 1 × 1013 s, 
which is similar to free SKp (Fig. 12 C). This shows that 
not all of the SKp forms an aggregate. The aggregate 
only forms when CaM is present in smaller molar quan-
tities. It appears that aggregates require multiple SKp 
and at least one CaM molecule. When SKp is fourfold 
higher than CaM, there is a mixture of dissociated SKp 
and aggregate (Fig. 12 C). The maximum s at fourfold 
excess SKp, 4 × 1013 s, is no greater than s observed 
at twofold molar excess SKp, 4.5 × 1013 s. Because 
the observation is weighted by all particles in solution, 
the heterogeneity may indicate that there are multiple 
oligomers that form in solution. We cannot resolve any 
oligomer or aggregate with certainty.

When the molar ratio of CaM is 10-fold higher, the 
maximum s is <3 × 1013 s as shown in the cyan curve in 
Fig. 12 C. The s of free CaM is 2 × 1013 s, but there is 

Figure 12.  vHW analysis in zero Ca2+ 
shows nonideal behavior. (A) Analyses 
of sedimentation velocity results at zero 
Ca2+ are shown as open squares for the 
following solutions: 1SKp:1CaM, blue; 
2SKp:1CaM, green; 1SKp:2CaM, red. 
(B) Integrated data in zero Ca2+ from 
data in A. (C) Open symbols show data 
collected at the following molar ra-
tios: gray, 10SKp:1CaM or 4SKp:1CaM; 
cyan, 1SKp:10CaM. Representative 
traces from Fig. 9 A are shown as bro-
ken lines: SKp, black; CaM, orange.  
(D) Ca2+ reverses effects at zero Ca2+. 
After experiments in zero Ca2+ (open 
boxes), Ca2+ was added to each sample 
and velocity data were collected again 
(closed circles). The following molar 
ratios were used: blue, 1SKp:1CaM; 
green, 2SKp:1CaM; red, 1SKp, 2CaM.
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D I S C U S S I O N

Our studies of CaM binding to SKp in solution are sum-
marized as a scheme shown in Fig. 13. Multiple stoi-
chiometries can form at zero and at saturating Ca2+. At 
zero Ca2+ (<5 nM), SKp and CaM bind in a 1/1 complex 
(Fig. 13 A). In excess SKp, a second SKp may combine 
to form a 2SKp/1CaM complex. We presented some ev-
idence that additional oligomeric or aggregated states 
can form. When Ca2+ saturates the complex, SKp and 
CaM can combine in a 1SKp/1CaM, a 2SKp/1CaM, 
or 1SKp/2CaM complex (Fig. 13 B). The 1SKp/2CaM 
complex was not observed in any experiment at zero 
Ca2+. A 2SKp/2CaM complex observed in a crystal 
structure is not present in our solution studies in zero 
or saturating Ca2+ concentrations. These results are not 
consistent with the 2/2 gating model, where Ca2+ bind-
ing drives a transition from 1/1 to 2/2 complexes.

The 2/2 gating model proposes a modular role of 
CaM in SK activation. At low Ca2+, the complex that 
forms is 1SK/1CaM, with only the C-lobe of CaM en-
gaged. An increase in intracellular Ca2+ drives Ca2+ 
binding only to the N-lobe of CaM, and a 2SK/2CaM 
interaction forms. Although the 2/2 gating model is 
consistent with the crystallographic results for a single 
conformational state, there has been some physiological 
evidence that it is insufficient to describe channel gat-
ing. For instance, the part of CaM responsible for Ca2+ 
dependent binding, the N-terminal lobe, also has an  
effect on Ca2+-free interactions with SK (Li et al., 2009). 
It is clear that our understanding of the role of CaM in 
SK gating is inadequate.

The open symbols in Fig. 12 D show data at zero Ca2+, 
and the closed circles are data after Ca2+ was added. When 
comparing the curves before and after Ca2+ was added, 
proteins at 2:1 and 1:1 molar ratios of SKp:CaM have a 
smaller sedimentation coefficient, s, at saturating Ca2+ 
than at zero Ca2+. Notably, the 2SKp:1CaM sample sedi-
ments much more slowly with Ca2+ present (Fig. 12 D). 
We hypothesized that the aggregates or oligomers at 
zero Ca2+ had more molecules of SKp than CaM. This 
would indicate a greater loss of SKp if the aggregate pre-
cipitated over the time course of the centrifugation. In 
fact, we did notice a reduction in the absorbance signal 
indicating a small loss of material. Of the material that 
remained, the apparent sedimentation of 2SKp:1CaM 
in added Ca2+ is comparable to or less than the obser-
vation with 1SKp:1CaM. We can conclude that Ca2+ re-
versed the oligomerization state of the proteins in the 
2SKp:1CaM solution so that only a 2SKp/1CaM com-
plex is compatible with the SV-AUC data in added Ca2+.

The opposite sedimentation behavior is observed when 
the ratio is 1SKp:2CaM. At this ratio, s is greater when 
Ca2+ is added (Fig. 12 D). This shows that just adding 
Ca2+ to a 1SKp:2CaM molar solution can result in a mo-
lecular species that sediments faster.

The following conclusions can be made from Fig. 12 D:  
at zero Ca2+, aggregation that is present in both the 
1SKp:1CaM and 2SKp:1CaM is reversed with saturating 
Ca2+, and the 1SKp:2CaM condition is the only sample 
that shows an increased sedimentation coefficient when 
Ca2+ is added, which is consistent with CG-MALS show-
ing that the 1SKp/2CaM complex only forms in Ca2+.

Figure 13.  Scheme for observed oligo-
merization of SKp/CaM. Colors are 
consistent with the other figures. We 
make no claim as to the configuration 
of the complexes beyond the stoichio-
metric ratio. (A) In zero Ca2+, SKp and 
CaM can form a 1/1 complex, a 2/1 
complex, and possibly higher order 
oligomers or aggregates. A 1/2 oligomer 
was not observed. (B) In high Ca2+, SKp 
and CaM can form a 1/1 complex, a 2/1 
complex, or a 1/2 complex. Higher-
order oligomers were not observed. Af-
finities in the scheme were determined 
from the CG-MALS data from Tables 2 
and 3.
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and add a 2SKp/2CaM with log(KA) ≤ 24. If we take 
this log(KA) to represent the dimerization of two 1/1 
complexes, that leaves a dimerization Kd ≥ 250 µM. 
Because we were >100-fold below this concentration, 
this basically means that under the conditions tested, 
no 2/2 complex formed, and we would have to in-
crease the concentration by at least 10-fold to see the 
effect if it exists. To extend this argument, our AUC 
data went up to at least 250 µM with still no evidence of 
a 2/2 complex (see point No. 5).

(4) Qualitative features of the data and the fits are 
consistent with our conclusions. We know the expected 
masses of all the complexes that form between SKp 
and CaM, which would most likely form given a molar 
ratio of SKp:CaM, and how close the calculated mass 
of a complex comes to reaching the expected mass. 
In saturating Ca2+, the peak is higher when SKp is in 
excess than when CaM is in excess, and there is a dip 
between the two peaks. Physically, this is consistent 
with the light scattering data only if the Kd for the 
2SKp/1CaM is stronger than it is for 1SKp/2CaM and 
if 1SKp/1CaM forms as the dominant species (>95% 
of active or “competent” protein) at 1:1 molar ratios 
with a very strong affinity.

(5) The stoichiometries determined from CG-MALS 
are fully supported by the AUC data. Because CG-MALS 
measurements are not affected by molecular shape, we 
can rule out virtually all exotic arguments that would 
explain the observations that the complex that forms at 
1:1 molar ratios sediments with a smaller coefficient 
than when molar ratios are unequal; i.e., the complex at 
1SKp:1CaM molar ratio sediments with a smaller coef-
ficient because it is in fact smaller than the complexes 
that form at 1SKp:2CaM or 2SKp:1CaM. Any single  
approach for measuring the molar mass has experimen-
tal limitations and could lead to misinterpretations. 
Therefore we chose a multifaceted approach to gain 
confidence in our conclusions. Our results from differ-
ent techniques are consistent enough to generalize  
our conclusions.

Why is 2SKp/2CaM not resolved in our data? One ex-
planation would be that the crystal packing environ-
ment favors intermolecular contacts that are not favored 
in a more physiological solution. Alternatively, perhaps 
the histidine tag altered the formation of the complex 
in earlier studies (Schumacher et al., 2001). Tags in 
other proteins have led to some controversy. ERK2 is an 
extracellular regulated kinase that was believed to be 
capable of forming dimers, yet it was shown in solution 
that a histidine tag present in many early studies in-
creases the presence of dimeric complexes of ERK2 
(Kaoud et al., 2011). Our approach is to avoid using 
tags in binding studies whenever possible.

It is important to note that both crystal and solution 
studies may allow geometries of SKp/CaM that are not 
encountered when the full SK protein is embedded in 

Although our results find little support for 2SKp/ 
2CaM, prior reports (Schumacher et al., 2001; Zhang  
et al., 2012a,b, 2013) mandate that we explore the pos-
sibility thoroughly. Our interpretations of CG-MALS 
data rely on fitting data that have multiple parameters, 
but the parameters may be correlated, thereby con-
founding the determination from the fits (unpublished 
data). We addressed this issue in several ways to increase 
our confidence in our conclusions.

(1) The molar masses of SKp and CaM can be mea-
sured independently during the CG-MALS experiment, 
and the measurements for molar mass are almost iden-
tical to what is predicted for monomers. The fact of 
whether or not these parameters are fixed or allowed to 
float during fitting of the hetero-association data does 
not affect the measured stoichiometries and apparent 
Kd (Tables 2 and 3). We note that the Calypso software 
from Wyatt Technologies does not report an uncer-
tainty for the log(KA) values from a reversible association 
fit. We therefore presented ranges that were deter-
mined by fixing or floating certain parameters (Tables 2 
and 3).

(2) In most modern methods the incompetent frac-
tion is immeasurable and it is usually ignored, but 
we argue that protein chemists need to consider the 
amount of incompetent fraction for concentration-
sensitive binding studies, especially because MALS  
appears capable of quantifying it. There is a precedent 
for including an incompetent fraction during fitting 
(Attri and Minton, 2005; Hanlon et al., 2010). The in-
clusion of this term did not affect the measured stoichi-
ometry. It also changed the measured Kd by less than 
twofold for parameters within instrumental capability 
(Tables 2 and 3).

(3) There is no rationale for including additional 
stoichiometries in our models. We attempted to fit 
other stoichiometries, but the modeled light scatter-
ing signal approaches zero for each extra included 
stoichiometry. However, this obviously doesn’t rule out 
the potential formation of other higher-order associa-
tions at high concentrations (outside the range that we 
studied). A very small proportion of a 2/2 complex at 
zero Ca2+ cannot be definitively ruled out, but there 
is not enough scattering to be conclusive. Concentra-
tions >15 µM would be required to confirm or rule 
out this complex, which was outside the scope of our 
measurement limitations or secondary in importance 
to the loss of the 1SKp/2CaM complex and a decrease 
in binding affinity for the second SKp binding site. 
We also tried to force a 2SKp/2CaM interaction in the 
presence of calcium during fitting. Unlike the calcium-
free case, this term was always thrown out of the “with 
calcium” fit, no matter what the initial guess was set 
to be. Using simulation, we can get the same M-shape 
only if we leave the fitting parameters as they are for 
the 1SKp/1CaM, 2SKp/1CaM, and 1SKp/2CaM terms 
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