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C2 domains are the second-most abundant calcium binding
module in the proteome. Activity of the muscular dystrophy
associated protein dysferlin is dependent on the C2A domain
at the N-terminus of the protein, which couples calcium and
PI(4,5)P2 binding through an unknown mechanism. Using so-
lution state nuclear magnetic resonance spectroscopy we con-
firm the phosphoinositide binding site for the domain and find
that calcium binding attenuates millisecond to microsecond mo-
tions at both in the calcium binding loops and the concave face
of the C2A, including a portion of the phosphoinositide bind-
ing site. Our results support a model whereby increasing cal-
cium concentrations shift the phosphoinositide binding pocket
of C2A into a binding-competent state, allowing for calcium de-
pendent membrane targeting. This model contrasts with the
canonical mechanism for C2 domain-phosphoinositide interac-
tion and provides a basis for how pathogenic mutations in the
C2A domain result in loss of function and disease.
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Introduction

C2 domains are lipid-binding modules that can integrate cal-
cium and lipid signals (1, 2). Although sequence similar-
ity can be quite low between C2 domains, the tertiary struc-
ture of the 8-stranded (3-sandwich core of the domain is typ-
ically conserved and unaffected by calcium (3, 4). By con-
trast, the structure of the calcium binding loops at the end of
C2 domains are diverse, tune the domain’s sensitivity to cal-
cium, and facilitate binding to anionic or zwitterionic lipid
headgroups (5, 6). Separate from this calcium-lipid binding
pocket, some C2 domains also contain a conserved swath of
basic and accessory residues along the concave side of the
domain, the polybasic cluster, binds phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) and other phosphoinositide species
(7-10). A causal link between calcium and phosphoinositide
binding has been noted for several of these C2 domains (11—
14) but a universal structural one has yet to be defined.

The muscle protein dysferlin contains seven predicted C2 do-
mains (Figure 1), but only the N-terminal C2A is reported to
bind both PI1(4,5)P2(13) and calcium (6, 13). Cell-based as-
says have confirmed the importance of this domain for dys-
ferlin function (15, 16), with either mutation or domain trun-
cation resulting in functional deficiency and loss of mem-
brane localization. For example, the muscular dystrophy-
associated missense mutation V67D within the C2A do-
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Fig. 1. Dysferlin-phosphoinositide interactions. (Top) Dysferlin and PI(4,5)P2 are
both found in the transverse tubule system, along with the dihydropyridine (DHPR)
and ryanodine (RyR) receptors. PI(4,5)P2 and dysferlin cluster at wound sites in
response to calcium. (Bottom) Dysferlin contains 7 C2 domains. Created with
BioRender.com.

main results in loss of colocalization between dysferlin and
PI(4,5)P2 (17). Dysferlin and PI(4,5)P2 interact in muscle in
a number of cellular contexts (Figure 1). First, imaging tech-
niques have unveiled a pool of dysferlin within the transverse
tubule system (18), a structure highly enriched in P1(4,5)P2
(19). Dysferlin interacts closely with dihydropyridine recep-
tors (20) at the triad junction and loss of dysferlin activity re-
sults in defects in Ca?* homeostasis within muscle (21). Dys-
ferlin has been shown to be required for the development and
maintenance of the transverse tubule system, a process which
also requires the presence of PI(4,5)P2. Strikingly when
overexpressed dysferlin can induce the formation of exten-
sive transverse-tubule-like structures in non-muscle cells in a
PI(4,5)P2-dependant manner (17). Second, repair molecules,
including PI(4,5)P2 and dysferlin, accumulate at muscle cell
membrane tears, and that dysferlin confers calcium sensitiv-
ity to membrane fusion events that mediate repair (22). Fail-
ure to repair these mechanically-induced membrane tears are
responsible for several human pathologies (23).

How the C2A domain coordinates calcium signals with
PI(4,5)P2 binding is unknown, and a deeper understand-
ing of the mechanisms that govern this process is essential
to develop therapeutic strategies for dysferlinopathies. In
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this study we apply solution NMR spectroscopy to directly
monitor the dynamics of the C2A domain under the influ-
ence of these effectors, and map the binding face of the do-
main that interacts with the headgroup of PI(4,5)P2, inosi-
tol 1,4,5-triphosphate (IP3). We find that binding of calcium
restricts motion within the apical end of the domain, espe-
cially the calcium binding loops, as well as residues involved
in PI(4,5)P2 binding. In addition, IP3 binding further re-
stricts calcium binding loop movement, suggesting that both
PI1(4,5)P2 and calcium cooperate to influence domain struc-
ture and membrane association. The restriction of apical end
dynamics suggests that calcium organizes the top half of the
phosphoinositide binding region prior to membrane interac-
tion in a way that may be representative of other calcium-
sensitive phosphoinositide binding C2 domains.

Results

Resonance Assignments and Secondary Structure. To
structurally probe dysferlin C2A, we generated a recombi-
nant form of the domain composed of residues 1-129 with
a hexhistidine tag at the N-terminus. The ['H-'N]-TROSY
spectra was found to be well dispersed, indicating that the
domain is folded (Figure 2A). We assigned 108 of the 120
non-proline residues, and of the unassigned residues, 75% (9
out of 12) were in the loop regions between p-strands. Of
the remaining three residues two were located next to the
C-terminus and one is adjacent to calcium binding loop 3
(CBL3) (Figure 2B). As shown in Figure S1, secondary struc-
ture prediction based on Talos+ showed good agreement with
the existing crystal structure of the dysferlin C2A domain
(PDB: 4IHB) (24) and the recently reported solution struc-
ture (PDB: 7KRB) (25). This indicates that the structure of
the protein in solution is similar to that observed in the crystal
structure, under calcium saturating conditions.

Calcium Reduces the Flexibility of the C2 Domain. To
first gain insight into the influence of calcium on the structure
of C2A, we collected ['H-""N]-TROSY spectra of N la-
beled dysferlin C2A samples at calcium concentrations rang-
ing from 0 to 5 mM Ca®* (Figure 3A). Instead of fast ex-
change (usec) as has been reported for many C2 domains
(26-28), lowering the calcium concentration pushed residues
in the calcium binding loops into the immediate exchange
regime. We found that lowering the calcium concentration
resulted in a significant decrease in peak intensity for all three
CBLs, which disappeared between 4.5 and 3 mM Ca”*. How-
ever, several peaks never dropped below 50% of their origi-
nal value (Figure 3B). These observations suggest that these
residues of dysferlin C2A may comprise a stable core region
that accounts for approximately half of the protein opposite
of the calcium binding loops. Interestingly, the stable core
does not include all the B-strands. The ends of the strands
located near the calcium binding loops show reduced inten-
sity at lower calcium levels, indicating that these residues are
also undergoing increased dynamics. Thus, the protein may
be sampling an alternative state in the absence of calcium.

To further investigate the dynamic behavior of dysferlin C2A
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Fig. 2. a) ['H-"°N]J-TROSY spectrum of human Dysferlin C2A (1-129) in the pres-
ence (black, 5 mM CaCly) or absence (red, 0.5 mM EDTA) of calcium. b) assign-
ment completion mapped onto the structure (4IHB). B-strands 1-8 and calcium bind-
ing loops (CBLs) 1-3 are labeled. Density for only a single calcium was seen in the
crystal structure (solid red sphere), the predicted second calcium binding site is
indicated by the diffuse red sphere.

we turned to nuclear spin-relaxation measurements as a func-
tion of calcium concentration. N Ty, T, and heteronuclear
NOE (HetNOE) were collected in the presence of 5, 3, and
1 mM CaCl,. We analyzed the spin-relaxation data using
modelfree formalism (29) and the results are summarized in
Figure 4 and Tables S1-3. At 5 mM CaCly, the order param-
eters (S2s) are generally between 0.8 and 1.0 in regions of
secondary structure, with some deviations below 0.8 in loop
regions and the termini. The S”s decrease with decreasing
calcium concentration across the protein, consistent with an
overall reduction of rigidity in the structure. Samples with 1
mM calcium were found to have the lowest average S* val-
ues of 0.869 + 0.127, while 3 and SmM calcium concentra-
tions resulted in higher average S? values of 0.897 + 0.071
and 0.942 £ 0.061 respectively. We note that the number of
residues that we could observe was reduced in the 3 and 1
mM samples as peaks began to disappear, especially in the
CBL regions, indicating that these regions undergo increas-
ing intermediate exchange as the calcium concentration de-
creases.

In addition to the order parameter, modelfree analysis also
provides a measure of chemical exchange, Rex, due to mo-
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Fig. 3. a) ['H-"°N]-TROSY amide peak intensities as a function of primary sequence position in the presence of 5, 4.5, 4, 3, 2, 1, and 0 mM CaCly. Proline residues indicated
with an asterisk b) Ratio of 5 mM CalCl, peak height to 0 mM CaCl, peak height mapped onto the structure (4IHB) c) Final chemical shift perturbation as a function of primary
sequence position after titration with IP3 in the presence (5 mM CaCl,) and absence (0.5 mM EDTA) of calcium. Proline residues indicated with an asterisk d) Significantly

shifted residues mapped onto the structure (41HB).

tion on the millisecond to microsecond timescale. We found
that the number of residues displaying an Rex term and the
magnitudes of the Rex terms increased with decreasing cal-
cium concentration. Rex terms in the CBL regions, where
measurable, increased in number and magnitude as calcium
concentration decreased. We also found that several other
residues showed an increase in the number and magnitude
of Rex terms with decreasing calcium concentration. These
residues mapped to the concave face of the 3-sandwich fold.
Overall, these results indicate that dysferlin C2A is flexible
at “low” calcium concentrations and the flexibility is progres-
sively reduced with increasing calcium (Figure 4).

Calcium Shifts the Dynamic Equilibrium of C2A Be-
tween Two Structural States. Given our observation of
calcium dependent R¢ terms that indicate chemical exchange
processes on the microsecond to millisecond timescale, we
performed chemical exchange saturation transfer (CEST) ex-
periments to quantify these motions. '>’N CEST experiments
were performed at 1, 3, and 5 mM calcium (Figure 5 and
Table 1). Chemical exchange was observed primarily in or
near the CBLs at 5 mM calcium, consistent with the high
order parameters and relatively few Rex terms identified in
our modelfree analysis. Global modeling for these residues
showed that the 99.8% of the protein is in the calcium bound
state, with only 0.02% in the alternate state.

At 3 mM calcium we found 13 residues that showed CEST
profiles with chemical exchange. Each of these profiles was
individually fit to a two-state model of exchange and to a
global two-state exchange model as described in the methods
and summarized in Table 1. All residues undergoing chem-
ical exchange, as directly observed by CEST, were either in
the CBL regions or the concave face of the 3-sandwich fold.
The global modeling shows that at 3 mM calcium, dysferlin
C2A is 97.6% in the calcium bound state and 2.4% in the
alternate state. At 1 mM calcium, many of the resonances
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exhibit reduced intensity, presumably due to chemical ex-
change. The reduced intensity of the resonances resulted in
a reduction in the number of residues that we could charac-
terize using CEST. In this case we could identify 6 residues
that showed chemical exchange by CEST. Performing a sim-
ilar modeling as used for the 3 mM calcium data, we deter-
mined the individual and global exchange parameters. Again,
residues undergoing exchange were found to either be in the
CBL regions or the concave face of the B-sandwich fold.
As expected, the population of the calcium bound (87.5%)
and alternate state (12.5%) shifted towards the alternate state.
Our results show that there is a dynamic equilibrium between
the calcium bound and alternate states even at relatively high
calcium concentrations.

The C2A Domain of Dysferlin Binds IP3 via its Polyba-
sic Cluster. The soluble PI(4,5)P2 headgroup analog inosi-
tol 1,4,5-trisphosphate (IP3), was titrated into a I5N labeled
sample of dysferlin C2A at 5 mM Ca”*. Chemical shift per-
turbations (CSPs) were measured over the course of the titra-
tion and final values were plotted against the residue number
to map the IP3 binding site. The titration of the C2A do-
main with IP3 resulted in significant chemical shift perturba-
tions, ranging from 0.255 to the 3¢ cut-off of 0.0275 ppm, in-
dicative of direct interaction between IP3 and C2A. Residues
at the CBL3 as well as (3-strands 2 and 3 demonstrated IP3
dependent CSP. This region corresponds to the concave side
of the B-sandwich fold and is consistent with binding in the
canonical polybasic cluster. To determine how calcium al-
ters PIP binding to C2A, we also titrated IP3 into C2A in
the absence of calcium. We found that IP3-dependent CSP’s
were significantly reduced across the protein when compared
to calcium-bound C2A. Of particular note, CSP’s in CBL3,
which showed the largest shift upon addition of IP3 to the
calcium-bound C2A, showed little or no shift without cal-
cium present. These results show that calcium modulates the
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Fig. 4. Nuclear spin-relaxation analysis for dysferlin C2A under IP3-saturating conditions, and in the presence of 5 mM, 3 mM, and 1 mM CaCl,. Ty, T2, and HetNOE values
were collected at 303K and at 800 MHz. FAST-modelfree was used to extract S? and Ry values. Grey vertical boxes delineate the calcium binding loops. Average values +

SD are indicated by horizontal solid and dotted lines, respectively.

5 mM Ca** 3 mM Ca*t 1 mM CaZ*
Residues Included | 16, 21, 68, 79, 82 16, 21, 22, 23, 24, | 67, 68, 70, 82, 83,
in Global Fit 25, 26, 67, 68, 70, | 84,106
71, 77, 79, 82, 83,
84, 105, 106
Kab (s 0.603 + 0.098 9.288 +0.151 35.458 + 4.043
Kpa (s 257.71 + 58.47 370.66 + 6.95 276.92 +29.75
Pa 0.9977 + 0.0022 0.9757 % 0.0002 0.8752 + 0.0077
Pb 0.0023 + 0.0022 0.0243 + 0.0002 0.1248 + 0.0077
AG (kcal/mol) 3.656 + 0.576 2.223 +0.005 1.173 £ 0.038

Table 1. Compiled CEST-derived data from global fits.

interaction surface between IP3 and C2A and is consistent
with previous observations that PI(4,5)P2 binding to C2A is
attenuated in the absence of calcium (13).

The Structure of CBL3 is Stabilized by Interaction of
IP3. To look into the dynamics in the IP3-bound state we col-
lected nuclear spin-relaxation data on an [P3-saturated sam-
ple and further analyzed the data using modelfree formalism.
The results are summarized in Figure 4 and Table S4. Over-
all, we found that the S%s of the IP3-saturated sample were
modestly reduced. It is important to note that IP3 is known to
directly interact with calcium, which could lower the free cal-
cium concentration in the sample. Lowering the free calcium
concentration would be expected to lower the S? across the
protein based on our dynamics data at lower calcium concen-
trations. In contrast to the rest of the protein, the S appears
little changed or higher in CBL3 and surrounding regions in
the IP3-saturated state when compared to the overall aver-
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age S? in the IP3-saturated state. The higher S? indicates
that the CBL3 is at least as rigid as the whole protein, when
IP3 is bound. In contrast, in the IP3-unbound state, the S2
for CBL3 appears lower than the average for the rest of the
protein indicating that CBL3 is less rigid than the whole pro-
tein in the absence of IP3. In addition, Ry terms in CBL1
and 3 are attenuated in the IP3 saturated sample, indicating
that chemical exchange at CBLs 1 and 3 is also reduced by
IP3 binding, further supporting an increase in rigidity in the
CBL’s upon IP3 binding. These data provide evidence that
the structure of CBL3 is stabilized by interaction with IP3.
Interestingly, the S?s for CBL2 and CBL1 do not appear to
indicate an increase in rigidity in the IP3 bound state, sug-
gesting less change in the rigidity of CBL2 and CBL1 upon
IP3 binding. We note that Rex terms in CBLI1 are attenuated,
indicating that slower, chemical exchange motions are atten-
uated in these regions upon IP3 binding. Overall, these data
indicate that CBL3 is more directly involved in IP3 binding
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Fig. 5. a) Residues exchanging at 3mM CaCl, mapped onto the structure (4IHB). b) Selected CEST traces showing increased exchange at lower calcium concentrations.
Data (circles) and fits (lines) for 50 (dark), 25 (medium), and 10 (light) Hz saturation field strengths. Solid vertical lines indicate the "N chemical shift for the major state,
dotted vertical lines indicate the "N chemical shift for the minor state, with error indicated by grey shading.

when compared to CBL2 and CBL1.

Discussion

The calcium and membrane binding properties of different
C2 domains vary widely, with the properties of the domain
tuned to the specific physiological role of the protein. The
dysferlin C2A domain differs from the equivalent domain
in other ferlins in that it binds both PI(4,5)P2 and calcium.
Truncation or missense mutations of the dysferlin C2A do-
main result in loss of dysferlin activity and the emergence of
pathology, highlighting the importance of the domain. Us-
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ing solution state NMR spectroscopy, we provide a struc-
tural basis for the allosteric connection between calcium and
PI(4,5)P2 binding activities of the C2A domain. First we
sought to characterize the domain’s response to calcium.
Overall, we found that C2A has a core that is insensitive to
calcium. By contrast, increasing calcium restricted the dy-
namics of the calcium binding loop regions and neighbor-
ing parts of the 3-sandwich fold. Motion of the loops on the
mili- to microsecond timescale was found to be calcium sen-
sitive, as evidenced by the loss of resonance intensity in and
around the calcium binding loops with decreasing calcium
concentration. Interestingly, the loss of intensity extends into
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Fig. 6. Proposed model for dysferlin C2A action. a) Increasing calcium concentrations stabilize the calcium binding loops and adjacent regions of the domain, shifting the
equilibrium to a conformation that favors PI(4,5)P2 binding b) Within the cell, calcium can trigger the C2A conformational change, which subsequently results in dysferlin

anchoring to the membrane. Created with BioRender.com.

the 3-strands proximal to the calcium binding loops, suggest-
ing that the 3-strands are also stabilized by calcium binding.
This observation is further supported by the appearance of
Rex terms for residues in the [3-strands at low calcium con-
centrations, indicating that residues in the B-strands are also
undergoing chemical exchange. Calcium induced changes in
modelfree Rex values were also observed for CBL1, CBL2,
and CBL3 supporting a role for calcium in affecting loop dy-
namics. Together, these changes indicate that coordination of
calcium ions restricts the dynamics of both the apical loops
and top regions of the (3-strands. This change in the internal
motion of the domain may favor specific structural conforma-
tions that are a prerequisite for the formation of a membrane-
C2A complex, and thus, contribute to the calcium sensitivity
of C2A-membrane binding.

PI(4,5)P2 binding by C2A is thought to be integral to the
formation of the complex between C2A and the phospholipid
membrane. Our results show that the headgroup IP3 interacts
with the concave face of the 3-sandwich fold and CBL3. This
binding region agrees with the consensus site seen in type
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I C2 domains (8-11), though dysferlin C2A is of a type II
fold. Tyr23 in 3-strand 2, Lys32 and Arg34 in 3-strand 3, and
Asn78 on CBL3 are all conserved, the exception is a serine in
place of a lysine at position 25. In addition, measurements of
chemical exchange values revealed IP3 sensitivity within the
CBL3, suggesting that a structural rearrangement of the loop
may occur to accommodate IP3. Loop rearrangement would
also distinguish the dysferlin C2A domain from rabphilin 3A
C2A, which remains structurally unchanged when bound to
PI(4,5)P2 (9).

Previous studies of C2A have shown that calcium binding
enhances PI(4,5)P2 binding (13). Our results offer a molec-
ular scale mechanism for this observation. Calcium bind-
ing to C2A stabilizes both the calcium binding loops and
the B-strands near these binding loops, including Tyr23 and
Asn78 which comprise the top region of the PI(4,5)P2 site.
Our CEST results show that several key residues in this site
undergo increasing chemical exchange as the calcium con-
centration decreases. These residues are clearly sampling a
structurally different state, as indicated by the significant dif-
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ferences in chemical shifts for the excited state. However,
the observed chemical shifts for the excited state are not con-
sistent with the expected chemical shifts for an unfolded state
(Figure S1). Thus, we propose that calcium binding enhances
PI(4,5)P2 binding by switching C2A from a more dynamic,
PI(4,5)P2 low affinity state, to a more rigid, PI(4,5)P2 high
affinity state, where the B-strands in the concave face of the
B-sandwich are stabilized for PI(4,5)P2 binding. Previously
it was postulated that in the case of PKCa-C2, calcium bind-
ing enhanced PI(4,5)P2 binding by facilitating access to the
polybasic cluster (30). Our findings provide support for a
different mechanism: the low calcium concentrations in un-
stimulated cells would allow the C2A domain to occupy a
dynamic, low PI1(4,5)P2 affinity state and thus would be pre-
dominantly unbound from membranes. Upon calcium influx,
through microtears in the sarcolemma or through DHPR or
ryanodine receptors in the transverse tubules, C2A is stabi-
lized and converted from the low PI(4,5)P2 affinity state to
the high PI(4,5)P2 affinity state, resulting in membrane bind-
ing and activation of dysferlin (Figure 6b).

Based on our measurements, we propose that the C2A docks
with the membrane at an acute angle that includes contact
between {3-strands 2 and 3 on the domain and the PI(4,5)P2
headgroup in the membrane. A reorientation of CBL3 ap-
pears to help facilitate binding with the lipid headgroup, how-
ever this does not inhibit calcium ion coordination by the do-
main. The calcium binding region of many C2 domains sta-
bilizes domain interaction with phosphatidylserine through a
calcium bridging mechanism, and liposome binding assays
support a similar bridging effect for dysferlin C2A (6). The
inositol phosphate sensitive residues identified in our study
are distinct from the region of the domain that interacts with
phosphatidylserine, allowing for simultaneous membrane in-
teractions in the presence of calcium. The observed reduction
in dynamics of the CBL region of the domain upon calcium
binding may serve to preorganize the loops for interaction
with the phosphatidylserine lipid, and thus serve as a second
method for conferring calcium sensitivity to membrane bind-
ing.

Dysferlin is a broadly conserved membrane trafficking pro-
tein, present from sea stars (31) to humans (32, 33). Muta-
tions in dysferlin have been directly linked to muscular dys-
trophies and cardiomyopathy, and dysferlin-null mouse mod-
els display muscular dystrophy-like pathologies (34). The
large size of the full-length protein prohibits its utility in gene
delivery therapies (35), thus we must be judicious in our de-
sign of smaller constructs more appropriate for gene deliv-
ery. A truncated dysferlin composed of the only the two most
C-terminal C2 domains can rescue the membrane resealing
deficiency, but it is not sufficient to completely alleviate the
dystrophic phenotype in mice (36). This indicates that there
is perhaps an equally important role for the N-terminal dys-
ferlin domains in muscle tissue. Here our work argues for
the importance of the N-terminal C2A domain and provides
a rationale for including the domain in future gene therapy
constructs.

It remains to be seen how mutations, such as V67D, that lie
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far from the calcium binding loops and the canonical polyba-
sic cluster, impact the two states, however the calcium sen-
sitive exchange beyond these regions we have identified may
provide the explanation for the resulting pathology. Further-
more, while we have shown how calcium binding modulates
PI(4,5)P2 affinity, interaction with other C2A binding part-
ners may also influence the populations of the exchanging
states, leading to modulation of activity. Further refinement
of structural methods for probing protein-membrane interac-
tion, like those demonstrated in this study, may shed light on
these future directions.

Materials and Methods

Molecular Biology and Protein Purification. Human dys-
ferlin cDNA (AF075575), a gift from Dr. Kate Bushby (New-
castle University), was used as a template for cloning. The
C2A domain (amino acids 1-129) was cloned into the pET-
28a(+) vector (Novagen) between the BamHI and HindIII re-
striction sites. Complementary flanking restriction sites for
the dysferlin insert were generated by PCR amplification us-
ing the following primers: forward 5’-GCG CGC GGA TCC
ATG CTG AGG GTC TTC ATC CTC TAT GCC-3’ reverse
5’-GCG CGC AAG CTT TTA AGC TCC AGG CAG CGG-
3’. BL21 DE3 cells harboring the expression plasmid were
cultured overnight at 37°C in Luria-Bertani broth contain-
ing 50 pg/mL kanamycin and 1% w/v glucose and were used
to seed 1 liter cultures of Luria-Bertaini broth containing 50
pg/mL kanamycin at a ratio of 1:1000. >N and N/!3C iso-
topically labeled protein was produced by bacteria grown in
MJ9 media containing 1 g/L. "NH4Cl and 2 g/L of >C or
13C glucose. These were then grown to an optical density
of 0.6 at 37°C and induced with 0.5 mM isopropyl 3-D-
1-thiogalactopyranoside (IPTG). Protein was expressed for
16 hours at 18°C. Cultures were centrifuged at 4000 rpm at
4°C for 20 minutes and resuspended in lysis buffer: 50 mM
HEPES pH 8, 250 mM NaCl, 10% (v/v) glycerol, 5 mM
CaCl,, 1 mM phenylmethanesulfonyl fluoride (PMSF), and
1 uM leupeptin, pepstatin A, and aprotonin. Cells were lysed
using a Microfluidics M-11P microfluidizer at 18,000 psi.
0.5% CHAPS (w/v) was added to the total lysate and left to
rock for 1 hour on ice. Soluble fractions were then obtained
by centrifugation in a Beckman J2-21 centrifuge at 20,000 x
g at 4°C for 20 minutes. Clarified lysate was bound to His-
Pur Cobalt resin (Thermo Scientific) for 2 hours with rocking
at 4°C. Beads were then washed with 20 column volumes of
lysis buffer and protein was eluted with 50 mM HEPES, 150
mM NaCl, 5 mM CaCl,, and 200 mM imidazole. Purity of
the elution fractions was confirmed via SDS-PAGE, pooled,
and dialyzed against 50 mM HEPES, 150 mM NaCl, 5 mM
CaCl, and 1 mM 1,4-dithiothreitol (DTT). The hexahisti-
dine purification tag was cleaved from isotopically labeled
samples by thrombin during dialysis into a low salt buffer
(50 mM HEPES, 20 mM NaCl, 5 mM CaCl,, 1 mM DTT,
pH 7). The cleaved protein was further purified by cation
exchange chromatography (HiTrap™ SP HP, GE). Samples
were then dialyzed into NMR buffer (50 mM HEPES, 100
mM KCI, 5 mM CaCl,, 5 mM DTT, pH 7), concentrated, and
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supplemented with 1 mM sodium azide, 10% D,0, and 2-2
dimethylsilapentane-5-sulfonic acid prior to data collection.

NMR Backbone Assignments. NMR spectra were col-
lected at 303K on a 800-MHz Bruker Avance IIIHD spec-
trometer equipped with a TCI cryoprobe. Backbone res-
onance assignments were determined from a set of [!°N,
'H] TROSY based triple-resonance experiments. (HNCA,
HNCACB, HNCOCACB, HNCO, HNCACO). NMR spec-
tra were processed with NMRPipe (37) and analyzed with
CcpNmr Analysis (38). TALOS+ was used to calculate sec-
ondary structure propensity (39). Chemical shifts have been
deposited with the BMRB under accession number 50753.

NMR Titrations. Peak intensities for the titration experi-
ments were normalized to the DSS signal to correct for
changes in sample concentration. For the calcium titration
a sample in 5 mM CaCl, was back titrated with 0.5 mM
EDTA (ethylenediaminetetraacetic acid) dissolved in NMR
buffer lacking CaCl,. D-myo-Inositol 1,4,5-tris-phosphate
trisodium salt (Sigma-Aldrich) was dissolved in appropriate
NMR buffer to stock concentrations of 2.057 or 20.57 mM
and titrated to a final IP3:C2A ratio of 7.6:1.

NMR Spin Relaxation. T; and T, >N relaxation times and
steady-state '"’N-'"H NOE values for all samples were ob-
tained using standard ['°N, '"H] TROSY based Bruker pulse
sequences. (trtletf3gpsitc3d, trt2eft3gpsitc3d, trnoef3gpsi)
Relaxation delay times for T experiments varied from 20
ms to 1.2 s, relaxation delay times for T, experiments ranged
from 33.9 ms to 271.4 ms. The steady-state ’N-H NOE ex-
periment included a total recovery delay of 8 seconds. Peak
intensities were measured as peak heights, which were fit to
a single exponential, I=Ipe™™ using CcpNMR Analysis
to extract R and R, values. NOE values were calculated by
dividing peak intensity in the presence of amide saturation
by peak intensity in the absence of amide saturation. Error
(o) in NOE values was calculated using the equation 6/NOE
= [(Bunsat/Tunsat)*+(Bsai/Lsat)*] where 3 is the baseline noise in
each spectrum. Quadric diffusion (40) was used to determine
the diffusion tensor with PDB model 4IHB. We used FAST-
Modelfree to extract generalized order parameters and Rex
terms from spin-relaxation data (29, 41)

Chemical Exchange Saturation Transfer (CEST) Mea-
surements. >N CEST data was collected using a standard
Bruker pulse sequence (hsqc_cest_etf3gpsitc3d) with satu-
ration field strengths of 50, 25, and 10 hz, with a satura-
tion time of 0.4 seconds, and a 1.5 second recovery delay.
A total of 64 planes were collected, 0.5 ppm steps from
103.0 ppm and 134.0 ppm and one reference plane. Fits to
CEST intensity profiles were done using the ChemEx pro-
gram (https://github.com/gbouvignies/chemex) (42). Indi-
vidual fits were made for each residue to a two-state exchange
model, then residues where the error in exchange rate ex-
ceeded the exchange rate itself were rejected. The remaining
residues yielded similar populations and exchange rates. We
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subsequently globally fit these residues to the two-state ex-
change model, yielding global exchange parameters (Table
1). Gibbs free energies were calculated from the population
differences. To identify additional residues that were in ex-
change, but where the chemical shift differences were small,
we further fit the data for residues close to those previously
fit in the global model, using the global exchange rate and
populations as fixed parameters. This analysis resulted in
the identification of 4 additional exchanging residues in the 3
mM Ca>* sample.
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