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Ca* activates SK Ca®"-activated K* channels through the protein Ca* sensor, calmodulin (CaM). To understand
how SK channels operate, it is necessary to determine how Ca®* regulates CaM binding to its target on SK. Tagless,
recombinant SK peptide (SKp), was purified for binding studies with CaM at low and high Ca®* concentrations.
Composition gradient multi-angle light scattering accurately measures the molar mass, stoichiometry, and affin-
ity of protein complexes. In 2 mM Ca?, SKp and CaM bind with three different stoichiometries that depend on
the molar ratio of SKp:CaM in solution. These complexes include 28 kD 1SKp/1CaM, 39 kD 2SKp/1CaM, and
44 kD 1SKp/2CaM. A 2SKp/2CaM complex, observed in prior crystallographic studies, is absent. At <5 nM Ca*,
1SKp/1CaM and 2SKp/1CaM were observed; however, 1SKp/2CaM was absent. Analytical ultracentrifugation was
used to characterize the physical properties of the three SKp/CaM stoichiometries. In high Ca%, the sedimenta-
tion coefficient is smaller for a 1SKp:1CaM solution than it is for either 2SKp:1CaM or 1SKp:2CaM. At low Ca?
and at >100 pM protein concentrations, a molar excess of SKp over CaM causes aggregation. Aggregation is not
observed in Ca®* or with CaM in molar excess. In low Ca*" both 1SKp:1CaM and 1SKp:2CaM solutions have similar
sedimentation coefficients, which is consistent with the absence of a 1SKp/2CaM complex in low Ca*. These re-

sults suggest that complexes with stoichiometries other than 2SKp/2CaM are important in gating.

INTRODUCTION

Ca? signals initiate diverse responses in a cell, and Ca?
can regulate its own intracellular concentration. Ca* in-
flux through voltage-dependent Ca** channels (VDCCs)
can be modulated by cell-membrane repolarization
through activation of Ca*-activated K channels such
as the small-conductance Ca**-activated (SK2) K* chan-
nel (Banks et al., 1979). A major physiological role of
SK2 channels is to restore an excited cell back to its rest-
ing state in response to increases in local intracellular
Ca® concentration.

The SK2 protein binds Ca®" through a ubiquitous
cell regulator, calmodulin (CaM; Xia etal., 1998). CaM,
which can bind Ca®' at four sites, participates in essen-
tial Ca* sensing roles for many diverse proteins (Jurado
etal., 1999). The energetics of SK activity are controlled
by the dynamic coupling between Ca®" binding to CaM,
CaM binding to SK, and the open probability of SK. It
has been shown by x-ray crystallography that CaM can
bind to a recombinant SK2 fragment with a somewhat
extended conformation, having a C-shaped configura-
tion (Schumacher et al., 2001; Fig. 1 A). Several struc-
tures have been obtained with CaM bound to various
targets (Yamniuk and Vogel, 2004; Halling et al., 2006),
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yet the conformation of CaM bound to SK is unique. In
the crystal, antiparallel CaMs and antiparallel SK pep-
tides form a dimeric complex, with a stoichiometry of
2 SK peptide (SKp) to 2 CaM, which we will denote as
2SKp/2CaM. Ca* ions are only bound to the N-lobe
binding sites, and the C-lobe sites are unoccupied even
at high Ca? concentrations. Recently, the 2SKp/2CaM
stoichiometry was supported by new crystal structures
of the SKp—CaM complex. One structure contains an
alternatively spliced SK variant (Zhang et al., 2012a),
and other structures were solved with either phenyl
urea or l-ethylbenzimidazolinone (1-EBIO) as CaM bind-
ing agonists at the protein—protein interface (Zhang et al.,
2012b). It has been argued that this 2SKp/2CaM config-
uration represents the conformation that the SK C ter-
mini assume in the full-length SK channel when activated
(Schumacher et al., 2001).

The structure inspired a mechanistic hypothesis for
channel gating involving two CaM molecules that bridge
two SK fragments upon Ca** binding to the N-lobe to
lock the channel in a conformation that favors opening.
We will refer to this as the 2/2 gating model. If all subunits
are functioning during gating, SKs are proposed to as-
semble as dimers of dimerized subunits with twofold sym-
metry (Fig. 1 B). This contrasts with other homotetrameric
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K" channels that generally assemble with fourfold sym-
metry (MacKinnon, 2003). Because CaM binds in both
the absence and presence of Ca*’, CaM has been con-
sidered to be constitutively associated with SK (Xia
et al., 1998; Keen et al., 1999; Schumacher et al., 2001;
Wissmann et al., 2002). However, no studies have shown
that either the SK affinity for CaM or the structure of
the complex are invariant with Ca®* concentration. The
open probability of the channel will depend on Ca®**
occupation of CaM, the affinity of CaM for SK at various
Ca* occupancies, and the Ca*-dependent conforma-
tions of CaM, SK, and their complex. At present, the
crystal structures provide only one possible conforma-
tion in the presence of Ca*". There is therefore a need
to test the 2/2 gating model in the presence and ab-
sence of Ca*'

We used multiple independent approaches to mea-
sure the stoichiometries and the molar masses and af-
finities of the complexes that form between SKp and
CaM in high and low Ca*. Multiangle light scatter-
ing (MALS) quantifies the scattered light intensity
of a molecule at many angles to measure the molar
mass (Debye, 1944; Zimm, 1948; Wyatt, 1993). Compo-
sition gradient MALS (CG-MALS) includes a recent
advance in the technique to precisely mix different pro-
tein compositions and to measure the apparent molar
mass at various molar ratios. Performing analyses as
a function of composition increases the capability of
MALS so that stoichiometry and protein affinities
can be accurately measured (Attri and Minton, 2005).
Sedimentation velocity measurements using analytical
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centrifugation have the potential to measure both
sedimentation and diffusion rate constants to provide
information on the shape or hydration state in ad-
dition to estimating the mass of the molecule (Van
Holde and Weischet, 1978; Laue and Stafford, 1999;
Schuck, 2000; Brookes et al., 2010; Demeler et al.,
2010). These methods provide interpretable conclusions
about the stoichiometries and the affinities of SKp and
CaM, an important step in characterizing and measur-
ing the energetics of SK gating.

MATERIALS AND METHODS

Reagents

The protein expression clones for the mammalian CaM constructs
were provided by S. Hamilton (Baylor College of Medicine, Houston,
TX). J. Adelman (Vollum Institute, Portland, OR) provided the
clone for the Rattus norvegicus SKp of SK2, which contains a C-
terminal histidine tag (His-SKp). The human protein sequence of
SK2 is identical in this region. Reagents used for buffers were
minimal American Chemical Society quality and purchased from
Sigma-Aldrich unless otherwise indicated.

Protein expression and purification

The SKp sequence is identical to the sequence used in previous
studies, minus the histidine tag (Schumacher et al., 2001). The
sequence includes residues R396 to Q487, with extra methionine
and glycine residues inserted at the amino terminus. PCR muta-
genesis was used to insert a stop codon in the cDNA immediately
before the histidine tag to create a construct that could express
the SK2 peptide without a tag (SKp). For protein expression,
BL21 (DE3) Escherichia coli cells (Merck) were chemically trans-
formed with CaM cDNA alone or with a 2:1 CaM/SKp molar ratio of
cDNA together. The CaM construct confers carbenicillin resistance

Figure 1. SK gating by CaM. (A) Car-
toon ribbons representing a complex
of two “antiparalle]” CaM molecules
(blue, N-lobe; red, C-lobe) and two “an-
tiparallel” SKp-histidine tagged protein
(gray; Schumacher et al., 2001; Protein
Data Bank accession no. 1G4Y). Ca®
is shown as orange spheres. Only the
N-lobe of CaM has Ca* bound, and
it engages -2 of a SKp-histidine. The
Ca*-free C-lobe wraps around two SK
fragment helices near to where -1
bends into a-2. (B) Arrangement of
subunits of SK channel based on inter-
pretation from crystal structure. Dark
green triangles represent SK subunits.
The blue circle represents the central
pore. The top panel represents a sche-
matic view looking toward the mem-
brane at a channel that is formed from
a dimer of dimerized subunits; each
dimer is formed when CaM molecules
form intersubunit contacts. Note this
model has only twofold symmetry around
the pore. The bottom panel depicts
a typical arrangement of four chan-
nel subunits with a fourfold symmetry
about the central pore.

Dimer of
Dimers model

Homotetramer
model
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as a selection marker, whereas SKp confers kanamycin resistance.
To select for BL21 (DE3) cells with both CaM and SKp, colonies
were selected from plates that contained both antibiotics. A single
colony was selected for a shaking overnight starter culture in
Luria broth containing both 100 pg/ml carbenicillin and 50 pg/ml
kanamycin. The next day, the starter culture was diluted to
1.5 liters and was grown to an optical density of 0.6-0.8 at 37°C,
maintaining 250 rpm, then induced with 0.5 mM isopropyl -D-1-
thiogalactopyranoside and incubated in the shaker for 3 h before
harvesting by centrifugation. The pellets were fully suspended at
room temperature in 25 ml B-Per (Thermo Fisher Scientific) con-
taining 100 U/ml Benzonase (Merck), 15 mM dithiothreitol
(Roche), 0.5 mg/ml lysozyme (MP Biomedicals), Complete Mini,
EDTA-free protease inhibitor tablets (Roche), and 2 mM MgCl,.
All subsequent steps were performed at 4°C. The suspension was
centrifuged at 30,000 g for 30 min. The pellet was saved on ice.
The pellet with SKp was homogenized and solubilized in 6 M
Guanidine-HCI followed by centrifugation for 30 min at 50,000 g.
The supernatant contains SKp, and it was dialyzed against 4 liters
of 20 mM HEPES and 150 mM NaCl, pH 7.0, for 4 h. The sample
was centrifuged again at 50,000 gfor 30 min. The supernatant was
loaded onto a 20 ml HiPrep CM FF 16/10 (GE Healthcare) cation
exchange column. Elution was performed by a gradient to 2 M
NaCl and 20 mM HEPES, pH 7.0. CaM was purified according to
established procedures that use ammonium sulfate precipitation
and phenyl Sepharose chromatography (Marshak, 1996). As a final
step in both the CaM and SKp procedures, the samples were con-
centrated and 5 ml of the protein solutions were separately passed
through a HilLoad 16/60 Superdex 75 pg column (GE Health-
care). Purified proteins were stored at —80°C and thawed the
same day of experiments. Before experiments, SKp and CaM were
filtered through 0.45-pum pores in a centrifuge at 10,000 gfor 10 min
to remove particulates.

SKp and CaM mass spectrometry

SKp was dialyzed against 1 mM HEPES, pH 7.0, and CaM was dia-
lyzed against 1 mM Tris, pH 7.4, and 1 mM EDTA. A total of
1.5 nmol of each protein sample was sent to The University of
Texas protein core facility for analysis. High protein purity for
both SKp and CaM samples was confirmed by liquid chromatog-
raphy-electrospray ionization/multiple-stage mass spectrometry
(LC-ESI/MS/MS) in a hybrid triple quadrupole-linear ion trap
(QTrap; ABI Sciex 4000) with Shimadzu Prominence analytical
HPLC at the Protein and Metabolite Analysis Facility at The
University of Texas at Austin. SKp appears as a single peptide hav-
ing a mass of 11,015 D in LC-ESI/MS/MS. These data agree with
the predicted mass of SKp, assuming nominal N-terminal methio-
nine processing, of 11,014 D. The spectra suggest that up to three
sodium atoms may bind, creating minor peaks at 11,037 and
11,060 D. Additionally, small but significant peaks are observed at
11,194 D and 11,274 D, which suggests a small amount of protein
modification. The differences in mass are 179 and 258 D. These
masses are consistent with gluconoylation at the N terminus of
the peptide (Geoghegan et al., 1999; Aon et al., 2008). These
studies suggest that gluconoylation occurs during the overexpres-
sion of recombinant peptides in bacteria, especially for histidine-
tagged proteins. The SKp peptide has no histidine tag, as verified
by mass spectrometry. If the modification is at the N terminus, it
would be far enough from the putative CaM-binding residues of
SKp that it would most likely be solvent exposed (Zhang et al.,
2013). SKp has a theoretical isoelectric point of 10.6, perhaps
suggesting that positive charges augment gluconoylation. The
amount of gluconoylation appears to vary a little among different
protein preparations, so greater numbers of experiments were
performed across different batches of purification. Although not
directly tested, we assume that any effect gluconoylation has on
our studies is small.

CaM in 1 mM EDTA and 1 mM Tris, pH 7.4, was also evaluated
by similar LC-ESI/MS/MS analyses. There is a dominant peak at
16,708 D, which is virtually the same as the predicted mass of
16,706 D for monomeric CaM. Multiple minor peaks correspond-
ing to adducts of Na', K*, and/or Ca”* were observed.

Determination of protein concentration

The Edelhoch method for measuring protein concentration was
followed (Edelhoch, 1967). Dry protein was weighed on a balance
that is accurate to ~0.01 mg. CaM peptides with the sequences
GYISAAE and VNYEE were synthesized and purified on Sep-Pak
(Waters). Full-length CaM was dialyzed for 2 d with six exchanges
against 4 liters water/exchange. Samples were frozen and then
lyophilized under 2 x 107* mbar vacuum at —115°C and then
heated to 100°C for 24 h to enhance the removal of water. Im-
mediately upon completion of drying, samples were cap sealed to
prevent moisture from being absorbed by samples. Masses were
measured on an XP105DR balance (Mettler Toledo). Experi-
mental variability for mass measurements was determined to be
0.04 mg. 8 M urea (Macron Chemicals) was used to dissolve all
samples, as pure water was less effective. Dissolved samples were
weighed. The solution was then ready for UV spectroscopy to de-
termine the extinction coefficient of a known quantity of protein.
Spectra from 240-350 nm were collected on a spectrophotometer
(DU640; Beckman Coulter). The extinction coefficient (g) was
determined using the relation: € = A/c, where A is the maximal
absorbance near 280 nm with a path length of 10 mm and c is
the protein concentration. The measured extinction coefficient
for CaM we used for our studies is 3,020 + 120 M~ 'cm ™! at 276 nm.
Propagation of error was used for determining experimental vari-
ability. SKp has a tryptophan and its extinction coefficient was
measured to be 7,200 + 300 M~ 'em ™.

CG-MALS

CG-MALS was performed using Calypso II (Wyatt Technology), a
triple syringe pump system, to deliver sample and solvent to a
HELEOS II MALS detector (Wyatt Technology) and an inline
UV/Vis dual wavelength detector (2487; Waters). Samples were
dialyzed into 9 mM HEPES, 100 mM NaCl, and 2 mM CaCl,,
pH 7.0, or into 5 mM HEPES, 100 mM NaCl, and 5 mM EGTA. The
free Ca® in a solution of 5 mM EGTA was estimated to be <5 nM.
We define 2 mM Ca® as saturating Ca®" and <5 nM to be zero
Ca”. The free Ca® in solutions containing EGTA was estimated
using MaxChelator version 1.3 (Schoenmakers et al., 1992). Buffers
were filtered through 0.1 pm porous membrane. Proteins were
diluted to predetermined stock concentrations and filtered to
0.02 pm with a syringe-tip filter (Whatman Anotop; GE Health-
care) before loading into Calypso II, which has 0.03-pm poly-
cthersulfone inline filters (Sterlitech). After each injection, the
flow was stopped for 60-180 s to allow for any association or dis-
sociation kinetics. Two gradient protocols were used for proteins
in Ca® buffer, whereas just one protocol was followed for pro-
teins in EGTA buffer. The “self+hetero-association” method con-
sists of two single-component concentration gradients to assess
self-association and a dual-component “crossover” composition
gradient to assess the hetero-association behavior (Fig. 2 A). For
each composition, 0.7 ml of protein solution at the appropriate
composition was injected into the UV and MALS detectors. The
flow was stopped for 60-180 s to allow the solution to come to
equilibrium in the flow cell. During the hetero-association gra-
dient, the concentration of CaM was increased while the concen-
tration of SKp was simultaneously decreased to sample 13-15
different SKp/CaM ratios. The “dual crossover” protocol con-
sisted of two mirror-image hetero-association gradients, each
with 15 different concentrations of CaM and SKp, to replicate
the binding conditions in the “self+hetero” method and to rule
out hardware error (Fig. 2 B).
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The analysis of CG-MALS data has been previously described
(Attri and Minton, 2005). For a system of two interacting species
A and B in a dilute solution, the light scattering intensity as a func-
tion of composition can be written as

R 5 ; . .
T M (A, ]+ My [ B, ]+ Z(ZMA + My )2 |:AiBj:|y
ij

where Ris the excess Rayleigh ratio, and M, and M are the molar
mass of each monomer. K* is an optical constant where

_ 4m*(dn / dc)zno

K*
NA}\’U4

>

consisting of the laser wavelength A, refractive index of the solu-
tion n, Avogadro’s number N,, and the differential refractive
index of the molecule, dn/dc (Wyatt, 1993). The dn/dc is how
much the refractive index of a solution varies for a given incre-
ment of concentration and is assumed to be 0.185 ml/g (Barer
and Joseph, 1954). The indices i and j represent the stoichiomet-
ric numbers of A and B in the A;jB; complex, with A;B; and A¢B,
representing the competent monomers of A and B, respectively,
and [A;B;] represents the molar concentration of the A;B; com-
plex. The terms A;,. and B;, refer to “incompetent” protein concen-
trations that are incapable of binding due to artifacts of protein
purification, modification, or misfolding (Attri and Minton, 2005).

The concentration of each A;B; species is related to the total com-
petent molar concentration of A and B ([A] o and [B],.) by the
equilibrium association constant, Kj;, and the conservation of mass
as follows:

[A] total Zi:i[AiBj] ’ [B] total ZJ[AYBJJ

If we let ) equal the fraction of A that is competent and f equal
the fraction of B that is competent, then we also have the following
relations in the absence of ligand:

[A] total = fA [A] Measured *
It follows that
[A] ine (1 - fA) [A] Measured *

The concentrations for [B] and [B]},.. have the same relations.
For each composition, the concentration of each monomer
([A]Measured OF [Blyeasurea) 18 known from the UV measurement. The
fraction of competent protein that participates in the interaction
and the fraction of incompetent protein was determined through
fitting. Iterative nonlinear curve fitting in the Calypso software
(Wyatt Technology) was used to determine the monomer molar
mass and K for each complex formed. Calypso uses the Levenberg-
Marquardt algorithm for nonlinear curve fitting.

Size-exclusion column (SEC) MALS

All buffers were filtered through a 0.02-pm filter (Anodisc 47,
catalog No. 6809-5002; Whatman). 100 pM CaM or 100 pM SKp-
CaM complex were dialyzed against 20 mM HEPES, either 100 mM
or 500 mM NaCl, and 2 mM CaCl,, pH 7.0. Aliquots of samples
(~20 pl) or buffer were fractionated at room temperature by a
TSK-GEL G3000PWx; SEC (300 mm x 7.8 mm [inside diameter],
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14 ml column volume; TosoHaas Bioscience LLLLC) before mea-
surements at 25°C in a DAWN EOS static light-scattering instru-
ment (Wyatt Technology) as described previously (Callaway et al.,
2006; Kaoud et al., 2011). To normalize the light scattering detec-
tors, 2.5 mg/ml of BSA monomer (A1900; Sigma-Aldrich) was
also fractionated on the G3000 SEC. Chromatography was con-
ducted at a flow rate of 0.4 ml/min at room temperature, requiring
40 min to complete the elution of the protein sample. Insoluble
components were removed via centrifugation for ~30 s before
injection from a 20-pl loop. Molar masses and peak concentra-
tions were determined using Astra 4 and 5 software (Wyatt Tech-
nology). In 500 mM NaCl, CaM was used to elute SKp, which was
bound to the column. When CaM removes SKp from the column,
two maxima were observed when monitoring the differential re-
fractive index, one maximum for the complex of CaM and SKp
and one for excess CaM. For measuring the mean and variation of
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Figure 2. CG-MALS protocols. Samples are mixed just before en-
tering the flow cell where light scattering is measured. The com-
position of the sample in the flow chamber over time is controlled
by the following protocols: (A) Self+hetero-association protocol is
used to determine the presence of homo-oligomers and hetero-
oligomers. The concentration of SKp increases with steps until its
maximum concentration is reached. A broad range of molar ra-
tios of SKp:CaM are achieved by changing the composition of the
mixture at each step with decreasing SKp, but increasing CaM.
When SKp is zero and CaM is at its maximum, homo-association
of CaM is evaluated by decreasing CaM concentration at each
step. (B) Dual crossover protocol is used to evaluate hysteresis of
binding. SKp concentration is shown in black and CaM concen-
tration is shown in orange.



the measurement of mass, trials in both 100 mM NaCl and 500
mM NaCl were combined. This led to weaker but more generaliz-
able conclusions for measurements of mass.

Solution density and sample partial specific volume

Density and specific gravity of solutions were measured on a DMA
5000 density meter at 20.001°C (Anton Paar). Proteins were dia-
lyzed with six exchanges against 4 liters of water over three days be-
fore measurements. After measurements, solutions were weighed,
dried, and reweighed on a balance (XP105DR; Mettler Toledo).
Specific volume (inverse of specific gravity) was plotted against
percent protein mass (weight protein/weight solution) similar to
what was done with BSA (Bernhardt and Pauly, 1975), but as sug-
gested by Lewis and Randall (1961). The partial specific volume is
extrapolated at 100% protein from either a linear fit or a tangent
to the curve if the data are nonlinear, but a partial specific vol-
ume is desired for a specific range of protein concentration. With
the molecules we studied, the data are linear through attainable
concentrations. The errors were determined by propagation of
error for density measurements and mass measurements. Partial
specific volume of the SKp/CaM complex was measured at each
concentration with fourfold molar excess Ca*. Corrections and
controls for added Ca*" were applied for mass and density mea-
surements. Measurements are included in Table 1.

Analytical ultracentrifugation

Data were collected on an analytical centrifuge instrument (XL-I;
Beckman Coulter) with a two-channel epon centerpiece (Beckman
or Spin Analytical) inside a rotor (AN60-Ti; Beckman Coulter).
Data were collected using Data Acquisition version P4.5 (Beckman
Coulter). 450-pl samples were centrifuged at 42,000 or at 55,000
rpm at 20°C. The buffers at pH 7.0 contained 100 mM NaCl,
2 mM CaCl (saturating Ca®"), or 5 mM EGTA (<5 nM or zero Ca®)
and 5 mM of one of the following: Tris, HEPES, or sodium caco-
dylate. One experiment required adding Ca** to a total of 7 mM
to obtain 2 mM free Ca* in the presence of 5 mM EGTA. Since
adding Ca*" to an EGTA solution releases H* that can drop the
pH, HEPES was added to 25 mM to help stabilize the pH near
7.0. Protein concentrations varied among experiments from 15 pM
to 200 pM. To obtain strong signals at different protein concentra-
tions, different UV wavelengths were used to measure absorbance,
including 230 nm, 242 nm, 280 nm, 287 nm, 290 nm, 292 nm,
and 295 nm. Data were analyzed with the UltraScan III software
package (UltraScan version 1.0-1206, a comprehensive data
analysis software package for analytical ultracentrifugation ex-
periments; The University of Texas Health Science Center at

San Antonio, Department of Biochemistry; http:/www.ultrascan.
uthscsa.edu). Time-invariant noise and meniscus position are
modeled simultaneously, followed by corrected models for ra-
dial-invariant noise. The software also corrects for the density of
water at 20°C. UltraScan III was used for time-derivative analysis
and both van Holde-Weischet analyses and 2DSA Monte Carlo
analyses. For time derivative, or dC/dt, analyses, a small subset of
consecutive scans in each experiment was evaluated without re-
moving time-invariant noise. The apparent sedimentation coeffi-
cient, s, is determined by taking the time derivative of the selected
scans. The result of dC/dt is plotted as a distribution for s, which
is defined as G*(s). G*(s) was normalized to the maximum value
at its peak so that all data with the same molar ratio of protein
could be overlaid and compared with distributions at other molar
ratios. Box plots of the median, first, and third quartiles were cre-
ated from the sample means. The magnitudes of the whiskers
correspond to the smaller of the data range or the value of (third
quartile — first quartile) x 1.5.

Van Holde-Weischet analysis (vHW) was performed for each
experiment (Van Holde and Weischet, 1978; Demeler and van
Holde, 2004). For statistical analysis, the integrated, binned fre-
quencies of apparent sedimentation rates for each molar ratio
were combined from all trials for comparative statistics with other
molar ratios. Because the data do not show a symmetric distri-
bution, a nonparametric permutation test was used to estimate a
p-value (Pitman, 1937). The goal is to determine if the data for
sample X is different from sample Y with sizes Nx and Ny, respec-
tively. The observed means of X and Y were calculated and the
difference in their means was stored. Next, test sets of size Nx and
Ny were generated from random values from pooled collection of
both X and Y. The means of test sets were calculated with 10,000
permutations of observed values. The difference in means of each
test set was calculated, stored, and used to determine the propor-
tion of test sets that have a greater difference in means than the
observed set. If the null hypothesis is that the means of X and Y
are the same, the distribution of mean differences should not
depend on whether values were generated from X or Y. For ex-
ample, if the experimental mean of the differences is not within
99% of the resampled sets, the null hypothesis can be rejected
with a p-value of 0.01.

The same raw data were fitted by 2D spectral analysis (Cao and
Demeler, 2005). Error in the fitting was estimated through 50
Monte Carlo iterations, with simulated data having similar noise
distributions as the original dataset. Global fitting and Monte
Carlo analysis of each sedimentation velocity dataset was performed
on the UltraScan LIMS cluster operated by The University of

TABLE 1
Predicted molar mass, M, and partial specific volume, v, of protein molecules or hypothetical protein complexes

Protein sample M from sequence Measured U Estimated 0"

om’/g (95% CF) om’/g@20°C
Control BSA 66.4 kD 0.743 (0.742-0.744) 0.733¢
SKp 11.0 kD 0.726 (0.704-0.748)
CaM 16.7 kD 0.705 (0.702-0.709)
1SKp/1CaM* 27.8 kD 0.721 (0.709-0.732)
2SKp/1CaM 38.7 kD 0.717
1SKp/2CaM 44.4 kD 0.711
2SKp/2CaM 55.4 kD 0.721¢

“ClI, confidence interval.

"Determined with UltraScan III software using Solution Management.
‘From Sigma-Aldrich product information sheet.

“With 4x molar Ca®". _

“Assuming 2/2 instead of 1/1 during measurement, U is the same.
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Texas Health Science Center at San Antonio. Modeled results
from a single sample can include multiple solutes, i.e., molecular
species. The total concentration of all solutes combined is nor-
malized to one. The fitted parameter, partial concentration, is
plotted as contoured lines on a two-dimensional plot. The axes of
the two-dimensional plot are the fitted parameters frictional ratio
and either the sedimentation coefficient or molar mass. Normal-
ized results from similar experiments were pooled and rebinned
for making contour plots of combined data using IGOR Pro
version 5.0.5.7 (WaveMetrics Inc.).

RESULTS

SKp binds to CaM with high affinity and can bind with
different stoichiometries

A complication with the crystallographic results (Fig. 1)
is that a histidine tag is present in the crystallographic
studies with the SK peptide (Schumacher et al., 2001).
The histidine tag in the crystallographic model (see

Protein Data Bank accession no. 1G4Y) binds at the SK
peptide interface and the amino acid chain of CaM that
connects the N- and the C-lobes. The position of the
histidine tag in the structure could complicate interpre-
tations of both the 2/2 structure and our CaM binding
measurements. A recent report suggests that the histi-
dine tag at the interface of CaM and SK in the prior
structure could have been modeled incorrectly, as a
new, similar structural model more clearly shows SK
residues (Zhang et al., 2013). To avoid complications
we proceeded to use an SK construct without the histi-
dine tag, which we call SKp, and purified it for binding
measurements with CaM.

Although a 1SKp/1CaM complex in Ca*" has not
been reported to our knowledge, a 25Kp/2CaM com-
plex was previously observed by determining structures
using x-ray crystallography (Schumacher et al., 2001;
Zhang et al., 2012a,b, 2013). Our initial goal was to
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determine the stoichiometry of CaM with SKp in Ca**
saturating solutions to compare with the complex that
forms in a crystal environment. Table 1 lists the molar
masses of both CaM and SKp, and the predicted molar
masses of possible complexes that could form between
the two proteins. Throughout this paper, the forward
slash symbol (/) is used to describe the stoichiometry
of a complex formed from multiple proteins. A colon is
used to describe the molar ratio of protein concentra-
tions in a solution.

Our goal was to study SKp/CaM complexes in solu-
tion. One way to determine the Ca**-dependent stoichi-
ometry of SKp to Cam is to measure the molar mass
of the complexes that form as a function of molar
ratio. CG-MALS combines precision composition gra-
dients with a measurement of absolute molar mass
from first principles; i.e., mass is not extrapolated from
standards. Two protocols were followed for collecting
data: self+hetero-association and dual crossover. Both
protocols measure light scattering of proteins at equi-
librium after mixing at different molar concentrations
of SKp:CaM. The magnitude of the light scattering sig-
nal depends on the molar mass and concentrations of
the molecules in solution. If complexes form, the light
scattering signal will be greater than that of either of
the individual proteins being titrated. If no complex
forms, the light scattering signal increases relative to
the weight-average signal for the individual compo-
nents. This powerful method simultaneously quantifies
monomer molar mass, stoichiometry, and equilibrium
association constants for self- and hetero-association
complexes formed in solution.

We used CG-MALS to measure the complexes that
form between SKp and CaM at zero and at saturating
Ca* (Fig. 3). We define zero Ca® as <5 nM Ca*" in the
presence of 5 mM EGTA, and saturating Ca®* as 2 mM
Ca”. In Fig. 3 (A and B), light scattering signals are
plotted at zero Ca*, but at different protein concentra-
tions. Fig. 3 (C and D) likewise shows the correspond-
ing experiments at saturating Ca*". A simple relation is
shown for complex formation between SKp and CaM at

zero Ca*, which shows a single peak that has a maxi-
mum signal close to where SKp and CaM are equimo-
lar (Fig. 3 A).

At saturating Ca®', but low protein concentrations
(Fig. 3 C), a maximum occurs at concentrations where
[SKp] > [CaM]. There is also a shoulder where [CaM] >
[SKp], which indicates formation of at least one addi-
tional stoichiometric complex. At higher protein con-
centrations (Fig. 3 D), there is a clear minimum between
two separate peaks. A dip in amplitude is not expected
for simple 1/1 interactions between two proteins.

The light scattering signal at each molar ratio of
SKp:CaM depends on the contributions of each mole-
cule or complex present in solution. We attempted to
fit all of the data in Fig. 3 (A and B) simultaneously
using different stoichiometric models for binding. The
adjustable parameters in fitting include the following:
the molar masses of SKp and CaM, percentage of SKp
or CaM that is “incompetent,” the concentrations of
each allowed stoichiometry in a model, and the K, for
the formation of each species. Incompetent protein is
defined as protein in solution that does not participate
in the interaction, i.e., that is inactive, chemically modi-
fied, or misfolded. The incompetent protein fraction
of either molecule is usually ~10% (Tables 2 and 3).
Although not tested, incompetent protein may repre-
sent an effect from SKp gluconoylation (see mass spec-
trometry in Materials and methods).

In Fig. 3 (E-H), the modeled light scattering contri-
butions of each competent and incompetent molecule,
and each complex, are shown. A simple 1/1 model for
a 1SKp/1CaM complex (or 2/2) with no other stoichi-
ometries would obviously fail to fit in all conditions be-
cause it does not account for more than one peak, nor
can an exclusive 1/1 model account for shoulders.
Fewer stoichiometries can be resolved at zero Ca** than
at saturating Ca®* because there are fewer features at
zero Ca®". Therefore, there are multiple possibilities that
could adequately explain the zero Ca* data. In all cases,
both a 1SKp/1CaM and a 2SKp/1CaM complex were
needed to suitably fit the data; however, other situations

TABLE 2
CG-MALS, globally fitted paramelers at zero Ca®

Sample Molar mass® Fitted incompetent fraction” Fitted log (Ky) Binding site K4
kD log (1/M) nM

SKp 11.4 (11.3-11.5) 0.153 (0.11-0.25)

CaM 16.7 (16.5-16.9) 0.082 (0.01-0.18)

(SKp) (CaM) 28.1 9.26 (7.3-10.1) 0.6 (0.08-2.8)

(SKp)2(CaM) 39.5 14.4 (12.2-15.8) 8,000 (5,000-12,000)

Parameters are determined from globally fitted data; however, values in parenthesis are ranges of parameters determined from fitted subsets of data.

The ranges were determined by floating or fixing SKp and CaM molar masses, allowing for various fitted incompetent fractions, and adding additional
stoichiometries, e.g., 1SKp/2CaM complex or 2SKp,/2CaM complex. The x* values from fitting subsets of data or global data ranged from 0.02 < x* < 0.1.
“The molar masses of SKp and CaM were fitted and the masses of protein complexes were computed by summation.

"Because data in this table are not tightly constrained, solutions were ignored that result in >30% incompetent fraction yield based on empirical observations

that we do not have a large population of inactive protein.
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provided fits that were indistinguishable from the sim-
plest case. In one example we included a 2SKp/2CaM
complex in the model for fitting at zero Ca**, but only
an insubstantial fraction of 2SKp/2CaM complex was
compatible with acceptable fits to the data, i.e., the
maximum contribution is <5% of the light scattering
signal. Acceptable fits could also be obtained with unac-
ceptably large fractions of incompetent CaM and SKp,
with >50% incompetent protein. Therefore, we present
the simplest solutions with the best fit.

The light scattering signal at zero Ca* has at least two
components, as shown by the modeled contributions of
individual species to the light scattering fit (Fig. 3, E
and F). Because other stoichiometries have larger masses
and because larger masses produce more scattering,
most SKp and CaM must be combined as 1SKp/1CaM
to produce the observed light scattering signal. The
calculated (see Materials and methods) relative mole
fractions of each molecular species giving rise to the
light scattering signals are shown in Fig. 4 (A-D).
Virtually all of the SKp and CaM molecules are bound
in a 1/1 complex at equimolar concentrations (Fig. 4,
A and B). The 1SKp/1CaM complex accounts for 80%
of the protein in the solution, whereas the unbound
or “incompetent” SKp and CaM proteins account for
the other 20%. The estimated K; for the 1SKp/1CaM
complex is <1 nM in zero Ca** (Table 2). The affinity is
strong enough that the protein concentrations of SKp
and CaM in this experiment have little effect on the am-
plitude of the mole fraction of 1SKp/1CaM. In Fig. 4
(Aand B), 80% of protein is complexed at a 1SKp:1CaM
molar ratio regardless of concentration used.

Although the 1SKp/1CaM complex is the dominant
species at equimolar ratios, there is another stoichiometry
that must be included during fitting at zero Ca**. When
a 2SKp/1CaM complex is included in the model for fit-
ting, the fits converge to the data (Fig. 3, A and B). There
is a noticeable contribution from the 2SKp/1CaM com-
plex to light scattering at zero Ca*', but the contribution

is much smaller than that of the 1SKp/1CaM complex
(Fig. 3 E). Its contribution is noticeably greater when
the concentrations of SKp and CaM are higher (Fig. 3 F).
Only a small fraction of 2SKp/1CaM in the solution
relative to the 1SKp/1CaM is needed to affect the light
scattering signal (Fig. 4, A and B). The apparent affin-
ity for formation of the 2SKp/1CaM complex is weaker
than 8 pM (Table 2). The data do not support the
addition of other stoichiometries to improve fitting to
the data.

At saturating Ca*, only multiple stoichiometries with
strong affinities are compatible with the data. Similar
to what is observed at zero Ca**, when the concentra-
tions of SKp and CaM are nearly equal, nearly 80% of
the protein forms a 1SKp/1CaM complex with a Ky <
100 pM (Fig. 4, C and D; and Table 3). However, if the
molar ratio is not 1:1, other complexes form. When
[SKp] > [CaM], a 2SKp/1CaM complex dominates the
light scattering signal (Fig. 3, G and H). There is also
more 2SKp/1CaM than 1SKp/1CaM in the solution
when the molarity of SKp > CaM (Fig. 4, C and D).
Because the K; is ~200 nM for the 2SKp/1CaM complex,
it is >10-fold stronger at saturating Ca®" than at zero
Ca* (Tables 2 and 3).

In addition, a 1SKp/2CaM molecule must be included
to account for the second hump at higher CaM ratios
(Fig. 3 D). An attempt to include the 1SKp/2CaM com-
plex in a fit at zero Ca*" produces a zero contribution,
so this is strictly a phenomenon observed at saturating
Ca*. Although the 1SKp/2CaM complex is larger than
the 2SKp/1CaM complex (see Table 1 for predicted
masses), the signal is considerably weaker (Fig. 3, G
and H). This implies a lower affinity to add a second
CaM to the 1SKp/1CaM complex. The modeled af-
finity to bind the second CaM is ~2 pM (Table 3). In
Fig. 4 C, 2SKp/1CaM accounts for 26% of the protein
when SKp is in excess, but 1SKp/2CaM only accounts
for 6% of the protein when CaM is in excess. When pro-
teins are injected at higher concentrations (Fig. 4 D),

TABLE 3
CG-MALS, globally fitted parameters at saturating Ca**

Sample Fitted molar mass® Fitted incompetent fraction” Fitted log (K,) Binding site K

kD log (1/M) nM
SKp 11.5 (11.2-11.5) 0.130 (0-0.13)
CaM 16.4 (16.4-16.6) 0.101 (0-0.10)
(SKp) (CaM) 27.9 10.2 (9.9-10.9) 0.06 (0.01-0.13)
(SKp)s(CaM) 39.4 16.9 (16.3-17.6) 194 (190-360)
(SKp) (CaM), 44.3 16.0 (15.5-16.5) 1,750 (1,700-2,800)

Parameters were determined from globally fitted data; however, values in parenthesis are ranges of parameters determined from fitted subsets of data.
The ranges were determined by floating or fixing SKp and CaM molar masses, allowing for various fitted incompetent fractions, and adding additional

stoichiometries, e.g., 25Kp/2CaM complex. The x” values from fitting subsets of data or global data are x* < 0.9.
“The molar masses of SKp and CaM were fitted and the masses of protein complexes were computed by summation.
"To show that solutions in this table are tightly constrained, some fits were performed with incompetent fractions fixed at zero, which only slightly

broadened the ranges of the other parameters.
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2SKp/1CaM can reach nearly 40% of the total protein
when SKp is in excess, whereas 1SKp/2CaM approaches
15% when CaM is in excess.

We converted the data in Fig. 3 (A-D) to apparent
molar mass (Fig. 4, E-H). We plotted it as a function
of the protein composition. Simulated data are com-
pared with the measurements. The black symbols rep-
resent the measured apparent molar mass of complexes
that may form from SKp and CaM. At the maximum
concentration of SKp, there is no CaM in the solution.
The measured mass is equal to the mass of free SKp
(Fig. 5). Assuming no interaction, as the CaM concen-
tration increases and the SKp concentration decreases
the apparent molar mass would follow a straight line
representing the weight-average of the two monomers
(Fig. 4, E-H). At maximal CaM concentration, the molar
mass is equal to the molar mass of free CaM (Fig. 5).
The simulations represent what data would look like if
100% of the molecules formed a particular complex.
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The simulations were generated with the following nu-
merical guides: the maximum concentration of each
protein in the simulation is equal to the maximum con-
centration of each protein during the experiment, and
each simulation uses subnanomolar affinities for the
formation of each complex to get the maximum height
possible if a complex were to form. Lower affinity in-
teractions produce peaks that do not approach the ac-
tual molar mass of the presumed complex. The blue
traces in the simulations show that if 100% of the pro-
tein forms a 1SKp/1CaM complex, the maximum oc-
curs where the molar ratio of SKp and CaM is equal to
one. The height of this peak is equal to the 1SKp/1CaM
molar mass for a high-affinity site.

In Fig. 4 (E and F), the maximum apparent molar
mass at zero Ca® is very close to the actual mass of a
1SKp/1CaM complex. Thus any larger stoichiometries,
such as a 2SKp/2CaM complex, must be substantially
lower in concentration. In Fig. 4 (G and H), at saturating

2/2

50

Figure 4. Mole fraction calculation
and apparent molar mass simulations
from CG-MALS data. (A-D) The mole
fraction of each molecular species de-
termined from the fits in Fig. 3 (A-D,
respectively). As such, protein concen-
trations and Ca” levels in each panel
correspond to A-D in Fig. 3. (E-H) Ap-
parent molar mass plotted against the
fraction of protein in solution. Black
symbols in E-H are apparent molar
masses that were calculated directly
from Fig. 3 (A-D, respectively). Simula-
tion curves are shown as dotted lines.
The heights of the simulated curves de-
pend on the molar masses of the pro-
teins in the mixture, the macroscopic
equilibrium constant, and the protein
concentrations. The dotted lines are
simulations that assume 100% of the
SKp/CaM protein is bound as 2/2 com-
plex (lavender), 2/1 complex (green),
1/2 complex (red), 1/1 complex (blue),
or no interaction (gray). The simula-
tions shown as solid black traces assume
the following: two complexes, i.e., the
1/1and 2/1, form at zero Ca* in E and
F; three complexes, i.e., the 1/1, 1/2,
and 2/1, form at saturating Ca®" in G
and H. The simulated dissociation con-
stants are the same values that were de-
termined from the fits in Tables 2 and 3.
The incompetent protein fraction was
also included as part of the simulation.
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The apparent molar mass of a molecu-
lar complex approaches the predicted
molar mass if the concentrations of each
protein are sufficiently greater than the
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Ca* a dip in the amplitude of the data points is observed
at 1:1 molar protein concentrations. The apparent molar
mass is equal to the theoretical molar mass of the
1SKp/1CaM complex. This essentially excludes any
possibility of a 25SKp/2CaM complex forming in solu-
tion, or else the apparent molar mass would not be
smaller at 1:1 molar ratios than at other molar ratios.
This is especially true because both 2SKp/1CaM and
1SKp/2CaM exist. Without a high-affinity 1SKp/1CaM
complex, the apparent molar mass would be influenced
by both larger stoichiometries and would “flatten out”
the apparent molar mass as the composition changes
from excess SKp to excess CaM.

The green simulated curves (Fig. 4) also show that
if 100% of the proteins form a 2SKp/1CaM complex,
the maximum apparent molar mass is expected to
be smaller than if 100% of the proteins form a high-
affinity 1SKp/2CaM complex shown in red, because a
1SKp/2CaM complex has a larger molar mass. The maxi-
mum heightin the measured data approaches the molar
mass of the 2SKp/1CaM complex when [SKp] > [CaM].
The smaller bump in the titration series occurs where
[SKp] < [CaM]; however, the apparent molar mass is
smaller than at high molar ratios of SKp. This is because
there is less 1SKp/2CaM in solution than 1SKp/1CaM
(Fig. 4, C and D) so the weight-averaged molar mass is
smaller, which is also indicative of a weaker affinity to
form 1SKp/2CaM.

A model for apparent molar mass was simulated using
the fitted K; parameters in Tables 2 and 3. The simula-
tion is shown as solid black lines in Fig. 4 (E-H). The
simulated curves overlap the measured data. Our data
support the formation of two stoichiometries at zero
Ca”, but three stoichiometries at saturating Ca**. In the
presence or absence of Ca*', we find no evidence of
the 2SKp/2CaM complex suggested by prior crystal
structures. The most striking difference between the
data at zero Ca*" and at saturating Ca®* is the absence of
the 1SKp/2CaM complex. This is the first clear evidence
that Ca* drives changes in stoichiometry between SKp
and CaM.

Concentration gradients of a protein without a partner
are performed at the beginning and end of self+hetero-
association experiments (Fig. 2). These data provide
more detail into how the complexes form. For example,
one CaM molecule may bind to a dimer of SKp mole-
cules, or a 1SKp/1CaM complex may need to form be-
fore a second SKp molecule can bind. If proteins
self-oligomerize, measuring the concentration depen-
dence of apparent molar mass of a protein without part-
ner will provide evidence for self-association. Fig. 5
shows that across the concentrations used for CG-MALS,
neither SKp nor CaM form homo-oligomers. Further-
more, Tables 2 and 3 show that the fitted molar masses
for SKp and CaM are very close to their predicted values
in Table 1. The lack of homo-oligomerization, and the
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very strong affinity of SKp for CaM, suggests that the
different stoichiometries are not formed by a partner
binding to a homodimer.

One disadvantage of CG-MALS is that it is performed
in batch mode. Size-exclusion chromatography com-
bined with light scattering (SEC-MALS) resolves spe-
cies of molecules before entering the light scattering
flow cell (Slotboom et al., 2008). In addition, because
CG-MALS was performed at low protein concentra-
tions (<b pM) that could have missed evidence of other
weaker oligomers, we measured the mass of the com-
plex that SKp forms with CaM at up to 100-pM protein
concentrations by SEC-MALS. First, CaM was applied to
a molecular-sieve column in the MALS system to mea-
sure light scattering and differential refractive index.
In Fig. 6 (A and B), the solid curves represent the pro-
tein signal from the refractometer. The circles are the
real-time measurements of the molar masses of proteins
after size fractionation. CaM elutes from the column
at 6.85 ml. Data from the entire peak were analyzed
to obtain the weight-average molecular weight (Zhu
etal., 1996; Kaoud et al., 2011). These papers show that
band broadening is best used for single component
samples. We don’t use band broadening because it con-
ceals components that elute close together. The entire
peak is required because of the spreading of the peak
between the light-scattering photometer and the refrac-
tometer (Zhu et al., 1996; Callaway et al., 2006). CaM
(34 pg) was injected, and the in-line refractometer mea-
sured 29 pg of protein, with the differential index of re-
fraction (dn/dc) assumed to be 0.185 ml/g (Barer and
Joseph, 1954). After averaging n = 4 trials, the calculated
weight-average mass of CaM was 17.7 + 1.3 kD (Fig. 6 A),
close to the predicted value of 16.9 kD based on the
amino acid sequence (see Table 1). We next incubated
an equimolar (100 pM) mixture of CaM and SKp in
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2 mM Ca* for 24 h before the complex was injected
onto the SEC. Protein elution is detected at 6.85 ml, the
same volume at which free CaM elutes. However, the
measured weight-average mass of this mixture is 27.7 +
2.9 kD with n = 3 trials (Fig. 6 A); this is consistent with a
1:1 stoichiometry, which has a predicted value of 28.0 kD
(see Table 1). These data caution against using size-
exclusion chromatography exclusively as a method for
analyzing the formation of protein complexes because
the protein complex elutes at the same volume as one of
its parts, depending on the confirmations involved. This
is not surprising because size-exclusion chromatography
separates molecules based on multiple physical pa-
rameters that include hydrodynamic volume, intrinsic
viscosity, and interactions with the column matrix, in
addition to solute mass (Wang et al., 2010). Thus a
dumbbell-shaped molecule like free CaM has the same
retention volume on the G3000 SEC as the SKp/CaM
complex, which may be more globular but occupies a
similar hydrodynamic volume.

SKp by itself with 0.1 M NaCl in the buffer sticks to
the column matrix and fails to enter the light scattering
chamber. No SKp eluted when NaCl was increased to a
concentration of 0.5 M in the buffer. To remove SKp
from the column, 100 pM CaM in the 0.5 M NaCl and
2 mM CaCl, buffer was injected into the column. Fig. 6 B
also shows that CaM is capable of displacing SKp from
the column by forming a SKp/CaM complex, as dem-
onstrated by the two peaks in the red curve. In 100 mM
NaCl, CaM elutes at the same retention volume, 7.0 ml,
as SKp/CaM (Fig. 6 A). In 500 mM NaCl, the CaM-SKp
complex elutes at 7.05 ml, before the free CaM peak at
7.65 ml (Fig. 6 B). The molecule that elutes in the first
peakin Fig. 6 B has a mass comparable to a 1SKp/1CaM
complex with a mass of 28.7 kD. The second peak has
a mass very close to that of unbound CaM, 18 kD. A
change from 0.1 to 0.5 M NaCl has a greater effect on
the elution volume (i.e., retention volume) of free CaM,
which indicates that the hydrodynamic volume of CaM
in solution is sensitive to salt. The main finding using
MALS is that regardless of how the SKp/CaM complex
journeys through the column matrix, the mass of the
complex eluting from a column is consistent only with a
1/1 stoichiometry, at a 100-pM protein concentration.

In Ca?*, the existence of three stoichiometries of

SKp/CaM are confirmed across wide ranges of total
protein concentrations in sedimentation velocity
measurements, but 25Kp/2CaM is not observed

An independent approach to detecting protein com-
plex formation is measuring sedimentation velocity in
an analytical centrifuge (SV-AUC). The partial specific
volumes of SKp, CaM, and 1SKp/1CaM were measured
and recorded in Table 1. SV-AUC measures how a solu-
tion of particles sediments in a time-dependent manner
in a centrifugal field, and the sedimentation progress is

periodically observed by scanning the cell with UV light
to monitor the distribution of protein concentration
by its absorbance. As molecules sediment radially out-
ward, the concentration of protein decreases at smaller
radial distances, and the half-maximal absorbance moves
radially outward with each successive scan. Example
datasets that have been corrected for time-invariant and
radial-invariant noise are shown in Fig. 7. After noise
subtraction, the stochastic noise that remains is rep-
resented by the residual traces below each panel. The
sedimentation of SKp and CaM at equimolar concentra-
tions is shown in Fig. 7 A. Each scan is taken minutes
apart. One experiment has up to 150 scans. Each scan
has a characteristic sigmoidal shape. In contrast, there
is a double sigmoid curve observed with fivefold molar
excess SKp over CaM as shown in Fig. 7 B. This could be
explained by protein absorbance having contributions
from a faster sedimenting complex and from slower
sedimenting free SKp.

We used two methods to measure the sedimentation
coefficient (s) values in our experiments. As a param-
eter, s is quantitatively related to how fast particles can
sediment normalized by acceleration. The coefficient
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Figure 6. Determination of the molar mass by MALS. (A and
B) Data for SEC-MALS. The horizontal broken lines are the pre-
dicted molar masses given by the left vertical axes for free CaM
(orange broken lines), a 1/1 SKp/CaM complex (blue broken
lines), and a 2/2 complex (lavender broken lines). The solid
traces are the change in the differential refractive index (ARI
scale on right vertical axis) after size-exclusion chromatography
fractionation as determined by an in-line refractometer. The
closed circles show the molar mass calculated from MALS.
(A) 100 pM free CaM (orange data) or 100 pM molar mixture of
CaM + SKp (blue data) was fractionated in a low-salt solution of
100 mM NaCl, 5 mM HEPES, and 1 mM CaCl,, followed by MALS.
(B) The red trace shows the elution profile of the 29 kD complex
(peak 1) formed as 100 pM CaM in a buffer of 500 mM NaCl,
5 mM HEPES, and 1 mM CaCl,, pH 7.0, which binds to and releases
previously bound SKp from the column. Peak 2 represents free
CaM. The black broken ARI curve and the black open circles are
the same data from A for the SKp/CaM complex in low salt.
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Representative subset of sedimentation velocity data. Data are shown as black traces with time-invariant and radial-invariant

noise subtracted from raw data. Molar ratios of the proteins from representative experiments are 1SKp:1CaM (A) and 5SKp:1CaM (B).
For clarity, every fifth scan is shown. The models for noise correction are shown as red lines and were determined using UltraScan III
software. The bottom panels show residuals representing stochastic noise.

has a unit of time, e.g., seconds. Particles that sediment
faster will have a greater value for s. One way to quantify
the sedimentation is by taking the time derivative of the
concentration profile, dC/dt (Stafford, 1992). This type
of analysis has the advantage in that measurements are
not influenced by small to moderate amounts of time
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invariant noise. Also, because the measurement is largely
a derivative of a set of scans, the calculated parameters
are not heavily model dependent. One major weakness
is that diffusion is not accounted for, but diffusion can
affect the measurement of s, especially for slowly sedi-
menting molecules (Schuck, 2000). In brief, dC/dt is
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Figure 8. Time-derivative analyses of
velocity data in 2 mM Ca®* determined
by dC/dt analysis in the UltraScan III
software. (A-E) The data show normal-
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F

ized sedimentation coefficient distri-
butions. Several experiments at different
total concentrations, but at the same
molar ratio, are plotted on the same
graph. Individual experiments were
fitted with Gaussian curves, repre-
sented as black broken lines. (A) SKp,
black circles. (B) CaM, orange circles.
(C) 1SKp:1CaM, blue circles. (D) 2SKp:
1CaM, green circles. (E) 1SKp:2CaM,
red circles. (F) Fitted lines from A-E
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plotted together for comparing sedi-
mentation behavior at different molar
ratios on same axes.



performed on a small subset of sequential absorbance
scans, which are selected to have no interference from
the meniscus and have a stable protein absorbance pla-
teau at larger radii. Fig. 8 shows distributions of appar-
ent sedimentation coefficients calculated from dC/dzt.
Normalizing the distributions to the peak value allows
one to compare experimental trials or conditions.
vHW (Van Holde and Weischet, 1978) is capable of
determining the sedimentation coefficient without
the need for intensive modeling or correcting for the
contribution from diffusion. A subset of the scans from
data, such as those in Fig. 7, are chosen to include only
the data that have a stable absorbance plateau and are
far removed from the meniscus. The absorbance axis of
each dataset is divided into evenly distributed bound-
aries, and each boundary line crosses all of the scans,
but intersects each scan only at one radial position. The
distance between scans along a boundary shows net
molecule displacement over time. The time displace-
ments along a boundary are extrapolated to infinite
time to provide a measurement for the sedimentation
coefficient, s, for that boundary. The extrapolated s for
each of 110 boundaries is plotted in Fig. 9 A, and plots
are shown for each experiment. This type of plot can
provide information on whether there is sample het-
erogeneity or nonideality. Heterogeneity of samples or
samples with nonideality would produce a broad distri-
bution of svalues. Alternatively, s of homogeneous sam-
ples are confined to a nearly vertical line (Van Holde
and Weischet, 1978). In Fig. 9 A, all samples appear
mostly homogeneous, i.e., the distribution of s values is

—————=

almost vertical. There are some scans where s increases
toward the upper boundaries, which suggests that small
amounts of oligomers or aggregates form. Drawing a ver-
tical line through the data gives a good estimation of s.

Both dC/dt and vHW provide consistent measures
for the molecular sedimentation. The mean sedimenta-
tion coefficients, s, are listed in Table 4 and shown in
Fig. 11. The measured s for SKp is ~1.0 x 107" 5, and
this is easily resolved by eye in Figs. 8 A and 9 A. Even
with different centrifuge speeds and different total pro-
tein concentrations, there was little difference in the
measured mean, although there was some variability in
the width of the dC/dt distributions (Fig. 8 A). We note
that one noisy outlier was removed from these analyses
because of an insufficient number of scans.

CaM, a larger molecule, migrates faster with a coeffi-
cient near 2.0 x 107" s (Figs. 8 B and 9 A). Of the
conditions we studied, the sedimentation profile of CaM
seems the most sensitive to rotor speed. In Fig. 8 B,
higher rotor speeds accounted for the narrower distri-
butions, but this is partly expected as diffusion has a
smaller effect at faster speeds.

When SKp is combined with equimolar CaM to form
a complex, a molecule with s = 2.5 x 107" s is formed
(Figs. 8 Cand 9 A). The change in sedimentation of
CaM in the presence of SKp strongly suggests the for-
mation of a complex, which is consistent with light scat-
tering data. For a more complete analysis using vHW,
several datasets with the same protein composition were
combined and the svalues were binned so that the inte-
grated frequency of s measurements could be plotted in

Figure 9.  vHW analyses of sedimen-
tation velocity data in saturating Ca®.
(A) Multiple experimental trials in the
presence of 2mM Ca* were analyzed by
the vHW method. Scans like Fig. 7 are
divided into boundaries that cross all
scans in a dataset, and the sedimenta-
tion coefficient, s, from each boundary
is extrapolated at infinite time; the sfor
each boundary is plotted on this graph.
From left to right: black, SKp; orange,
CaM; blue, molar ratio 1SKp:1CaM;
green, 2SKp:1CaM; red, 1SKp:2CaM.
(B) Integrated data from several exper-
iments with the same color coding as in
A. All the svalues from an experiment
were binned, combined with other data
that have the same molar ratio of pro-
tein, and normalized to the maximum
number of observations for a particular
s. The data are plotted as normalized
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frequency versus s. The ss5, is deter-
mined by the intersection of each inte-
grated curve with the horizontal (gray

broken line), which represents 50% of total data from a sample set. Vertical drop lines are included to facilitate estimation of ss, by eye.
(C) Representative data from A are shown as broken lines: SKp, black; 1SKp:1CaM, blue; 2SKp:1CaM, green. The gray symbols show
a result for 5SKp:1CaM at saturating Ca*. (D) Representative data from A are shown as broken lines: CaM, orange; 1SKp:1CaM, blue;
1SKp:2CaM, red. The cyan symbols show a result for 1SKp:10CaM at saturating Ca®".
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TABLE 4

Sedimentation coefficient, s, determined from vHW

Sample Zero (EGTA) or saturating Ca* n trials s = SD* (VHW)
1075 s
Free SKp Ca® 8 1.06 + 0.09
Free CaM Ca®* 4 1.91+0.12
1SKp:1CaM Ca* 10 2.52 +0.07"¢
2SKp:1CaM Ca® 8 2.76 +0.10°
1SKp:2CaM Ca® 9 3.02 £ 0.10°
1SKp:1CaM (<68 pM) EGTA 6 2.25+0.10
2SKp:1CaM (<68 pM) EGTA 6 2.09 +0.09
1SKp:2CaM (<68 pM) EGTA 6 2.34+0.11
1SKp:1CaM (>68 pM) EGTA 2 29+0.3
2SKp:1CaM (>68 pM) EGTA 3 42+04
1SKp:2CaM (>68 pM) EGTA 3 2.48 +0.05

*SD of combined stable data points (80% total, from 10 to 90%) at t = % from vHW analysis from combined trials.
" and “Nonparametric 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.

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 halfmaximum, i.e., s50, at 2.51 x 107 1% 5. 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
ata 1:1 molar ratio, and these differences are significant
(P < 0.01) as determined by a two-sample ¢ test or a

#4 vHW

1SKp:2CaM oL ot
25Kp:1CaM @* :gxt
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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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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



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

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),

2
C_y %J@ —wzs(x@ucj.
ot OX X OX OX

Cis solute concentration at time t and at radius x, sis the
sedimentation coefficient, w 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/f,), 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):

RT

1
f/f=—

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, 7 is the solvent viscosity, p is
the solvent density, and v is the partial specific volume.
The f/f, ratio is influenced by the compactness and the
hydration state of a molecule. The purpose of using f/f,

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/f, < 4. A dehydrated sphere has a ratio
f/f, =1 (Brookes et al., 2010). Any other value for f/f,
cannot distinguish a shape change from a change in
hydration state, yet an f/f, > 3 would strongly suggest
a thin rod. Data in Fig. 11 are presented in terms of
f/f, 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 Ca®*
represented at a particular f/f, and sare 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/f, 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 kis 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 b5, it appears that the species that sediments
with a coefficient of 2.75 x 107" 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
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™ 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

3.0x10™"

1.0 1.5 . 25
Sedimentation Coeff. (s)

individual experiments drawn in differ-
ent colors. Raw outputs from each ex-
¢ periment were combined then rebinned
Q 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

25/1C

Molar Mass (kD)

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.

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 Ca®* reverses the tendency of some complexes

to aggregate

Sedimentation velocity experiments were also per-
formed at zero Ca*" and analyzed by vHW. At protein
concentrations up to 68 pM, varying the molar ratio of
SKp:CaM has little effect on the sedimentation coefficient.
In zero Ca*, the sedimentation coefficients at <68 pM
protein are 2.3 x 107" s for 1SKp:1CaM, 2 x 107" s for
2SKp:1CaM, and 2.3 x 10~ "* s for 1SKp:2CaM (Table 4).
These values suggest that sedimentation for the 1Skp/
1CaM complex is a little slower at zero Ca** than in

saturating Ca*. 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 Ca*, we
attempted sedimentation velocity at protein concen-
trations >100 pM. Although varying the total protein
concentration at saturating Ca*" had little effect on the
sedimentation of any stoichiometric complex (Figs. 8
and 9), 100 pM protein uncovered a tendency toward
aggregation at zero Ca* when [SKp] > [CaM] (Fig. 12 A).
In Ca*, proteins in the 1SKp:2CaM sample sediment
the fastest, but at zero Ca®*, proteins in the 2SKp:1CaM
solution sediment at a higher, but variable, coefficient
of 4.2 x 107" 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
29x1077s.

TABLE 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)
10755 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

246 Stoichiometries of the SKp/calmodulin complex



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 x 107" s, which is approximately what we
have interpreted to be the value of s for a 1SKp/1CaM
complex at saturating Ca*. Because s is smaller at zero
Ca* for 1SKp:2CaM solutions, this either means that
the 1SKp/2CaM complex is more compact at zero Ca*',
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 Ca®'. 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 sis ~1 x 107" 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 x 107" s, is no greater than s observed
at twofold molar excess SKp, ~4.5 x 107" 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 sis <3 x 107"* s as shown in the cyan curve in
Fig. 12 C. The s of free CaM is ~2 x 107" s, but there is

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 Ca** (Fig. 5). At >100 pM protein
concentrations, CaM can induce precipitation of SKp
that is partially reversible if [SKp] > [CaM] at zero Ca”,
but precipitation is not observed when [SKp] < [CaM].
This qualitative assessment suggests that excess CaM at
zero Ca*" prevents runaway aggregation that forms a
precipitate. In contrast, at saturating Ca®* no precipita-
tion at any molar ratio of SKp:CaM is observed.

Ca™ appears to have a negative effect on aggregation.
Fig. 12 D shows an experiment that starts at zero Ca*".
Sedimentation velocity data were collected and are
shown as the open symbols. After the SV-AUC run fin-
ished, Ca® and a pH buffer was added to elevate the
free Ca® to 2 mM. As a cautionary note, proteins that
have sedimented at zero Ca** 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).

A B 1.0,
= S0
5 ! (
"§ 3 0.6 Figure 12. vHW analysis in zero Ca*
e t ““““““ shows nonideal behavior. (A) Analyses
> 041 <5nM of sedimentation velocity results at zero
3 T ca** Ca” are shown as open squares for the
S £ 0.24 : :
2 5 following solutions: 1SKp:1CaM, blue;
m Z 5.0l 2SKp:1CaM, green; 1SKp:2CaM, red.
' 1 2 3 4 5 (B) Integrated data in zero Ca*" from
data in A. (C) Open symbols show data
[0 D collected at the following molar ra-
= 80- <gol® 2mMm Cazt tios: gray, 10SKp:1CaM or 4SKp:1CaM;
s s O <5nMCa** cyan, 1SKp:10CaM. Representative
5 IS traces from Fig. 9 A are shown as bro-
g 60- g 60+ ken lines: SKp, black; CaM, orange.
IC <5nM IC (D) Ca* reverses effects at zero Ca*".
2401 g2+ 2 40 After experiments in zero Ca® (open
2 = boxes), Ca** was added to each sample
é 20 é o » and Veloc?ty data were colleqed again
e (closed circles). The following molar
0 5 0 1 2 3 4 5 ratios were used: blue, 1SKp:1CaM;
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green, 2SKp:1CaM; red, 1SKp, 2CaM.
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The open symbols in Fig. 12 D show data at zero Ca*,
and the closed circles are data after Ca* wasadded. When
comparing the curves before and after Ca*" was added,
proteins at 2:1 and 1:1 molar ratios of SKp:CaM have a
smaller sedimentation coefficient, s, at saturating Ca®
than at zero Ca*'. Notably, the 2SKp:1CaM sample sedi-
ments much more slowly with Ca** present (Fig. 12 D).
We hypothesized that the aggregates or oligomers at
zero Ca*" 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 Ca* is comparable to or less than the obser-
vation with 1SKp:1CaM. We can conclude that Ca®' 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 Ca*".

The opposite sedimentation behavior is observed when
the ratio is 1SKp:2CaM. At this ratio, s is greater when
Ca* is added (Fig. 12 D). This shows that just adding
Ca* 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 Ca?, aggregation that is present in both the
1SKp:1CaM and 2SKp:1CaM is reversed with saturating
Ca*, and the 1SKp:2CaM condition is the only sample
that shows an increased sedimentation coefficient when
Ca?" is added, which is consistent with CG-MALS show-
ing that the 1SKp/2CaM complex only forms in Ca*".

DISCUSSION

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 Ca®*. At
zero Ca®* (<5 nM), SKp and CaM bind ina 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 Ca* 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
Ca*. A 2SKp/2CaM complex observed in a crystal
structure is not present in our solution studies in zero
or saturating Ca®* concentrations. These results are not
consistent with the 2/2 gating model, where Ca** 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 Ca*, the complex that
forms is 1SK/1CaM, with only the C-lobe of CaM en-
gaged. An increase in intracellular Ca®* drives Ca*
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 Ca*
dependent binding, the N-terminal lobe, also has an
effect on Ca*-free interactions with SK (Li et al., 2009).
It is clear that our understanding of the role of CaM in
SK gating is inadequate.

CaM

[1+0O

Kp<100pM

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 Ca*, SKp and
CaM can form a 1/1 complex, a 2/1

A B
Low Ca2+ Complexes High Ca2+ Complexes
SKp CaM SKp
1+ O
Kp<100pM
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HO,
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complex, and possibly higher order
oligomers or aggregates. A 1/2 oligomer
was not observed. (B) In high Ca*, SKp
and CaM can forma 1/1 complex,a2/1

e 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.



Although our results find little support for 2SKp/
2CaM, prior reports (Schumacher et al., 2001; Zhang
etal., 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
K, (Tables 2 and 3). We note that the Calypso software
from Wyatt Technologies does not report an uncer-
tainty for the log(K,) 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 K; 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 Ca® cannot be definitively ruled out, but there
is not enough scattering to be conclusive. Concentra-
tions >15 pM 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

and add a 2S5Kp/2CaM with log(K,) < 24. If we take
this log(K,) to represent the dimerization of two 1/1
complexes, that leaves a dimerization K; > 250 pM.
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 pM 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 Ca*', 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 K; 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
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lipid. We conclude from solution studies that the 1 to 1
stoichiometry for CaM to each SK binding site is more
consistent with the traditional view of fourfold rota-
tional symmetry of the homotetrameric channel and
not the dimeric, twofold symmetry implied with the
model derived from a crystal. Thus the basis for using a
dimer of dimers model to describe SK gating may not
be as relevant as a homotetramer model with fourfold
symmetry (Fig. 1 B), which has been predominantly ob-
served in other homotetrameric potassium channels
(MacKinnon, 2003).

An unexpected finding is that CaM may have chap-
erone-like properties with SKp. Although CaM causes
SKp to aggregate if the final concentration of CaM is
lower than SKp, when the concentration of CaM is
greater than that of SKp, aggregation is prevented.
When Ca* is present, no aggregation occurs. CaM has
been shown to prevent aggregation and degradation of
some small proteins in a Ca**-dependent manner (Shao
and Hegde, 2011).

CaM binding to ion channels senses both local and
global changes to Ca®* (Tadross et al., 2008). CaM has
been implicated in multiple functions on the same pro-
tein as exemplified in VDCCs (Zuhlke et al., 1999). Sev-
eral structures of CaM bound to an IQ motif have been
presented among various VDCC that led to various
functional interpretations (Fallon et al., 2005; Van
Petegem et al., 2005; Mori et al., 2008; Kim et al., 2010).
The structures show which residues of the peptides con-
tact CaM in the presence of Ca®" in a crystal environ-
ment. However, we know that CaM must have other
conformations or move to other sites in order for the
channel to sample different functional states (Tadross
etal., 2008). A static structure may miss dynamic motions
or long-range allosteric effects on binding. Biochemical
studies have also shown that residues from VDCC that
do not contact CaM in the crystal can still affect Ca**
binding to CaM (Halling et al., 2009). It is not unrea-
sonable to infer that the level of complexity for func-
tional CaM interactions with SKis equally as complex as
CaM interactions with VDCC, especially because there
are potentially more CaMs involved with SK.

Our data show complexity in the interaction between
SKp and CaM. If what we observe with CaM binding to
SKp is representative of CaM binding to the full chan-
nel, this would suggest that an SK channel may present
itself with a range of SK-to-CaM stoichiometry from per-
haps 2 to 8 CaM molecules per channel tetramer. Our
results can be used to facilitate the interpretation of
more complicated findings from future investigations
of full-length SK.
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