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Calmodulin (CaM) binds to the membrane-proximal cytosolic C-terminal

domain of CaV1.2 (residues 1520–1669, CT(1520–1669)) and causes Ca2+-

induced conformational changes that promote Ca2+-dependent channel inacti-

vation (CDI). We report biophysical studies that probe the structural interac-

tion between CT(1520–1669) and CaM. The recombinantly expressed CT

(1520–1669) is insoluble, but can be solubilized in the presence of Ca2+-

saturated CaM (Ca4/CaM), but not in the presence of Ca
2+
-free CaM

(apoCaM). We show that half-calcified CaM (Ca2/CaM12) forms a complex

with CT(1520–1669) that is less soluble than CT(1520–1669) bound to Ca4/

CaM. The NMR spectrum of CT(1520–1669) reveals spectral differences

caused by the binding of Ca2/CaM12 versus Ca4/CaM, suggesting that the

binding of Ca2+ to the CaM N-lobe may induce a conformational change in

CT(1520–1669).

Keywords: calmodulin; CaV1.2; CaV1.4; IQ-switch; L-type Ca2+ channel;

NMR

Long-lasting (L-type) voltage-gated Ca2+ channel

(CaV1.2) regulates neuronal excitability in the brain

and heart [1]. The activation of CaV1.2 channels elicits

several Ca2+-dependent biological processes, including

gene transcription [2], neurite outgrowth in neuron

cells [3], release of neurotransmitter [4], and Ca2+-

dependent enzyme activation [5]. The Ca2+-dependent

CaV1.2 channel activity is regulated by calmodulin

(CaM) [6]. CaM binding to the IQ-motif of CaV1.2

promotes Ca2+-dependent channel inactivation (CDI)

[7,8 and others] and augments channel open probabil-

ity at basal Ca2+ levels [9]. Defects in the Ca2+-

dependent CaV1.2 channel regulation are associated

with several disorders such as arrhythmia, autism spec-

trum disorders including Timothy’s syndrome [10,11],

and epilepsy [12].

CaV1.2 is a multimeric complex consisting of a

transmembrane a1-subunit, cytosolic b-subunit, and

extracellular a2-subunit. The a1-subunit contains four

transmembrane domains (I–IV, Fig. 1A) and a long

cytosolic C-terminal tail called the CT-domain

(Fig. 1A). The cytosolic CT-domain consists of two

EF-hands, pre-IQ, IQ-motif, and proximal C-terminal

regulatory domain (PCRD) (Fig. 1A). The Cryo-EM

structure of the closely related L-type Ca2+ channel

CaV1.1 [13,14] revealed a linker between domains III

and IV that contacts the two EF hands, which may

form a plug at the channel entrance to cause channel

inactivation [6]. The interaction between the III–IV lin-

ker and CT-domain might be controlled by the bind-

ing of CaM. Unfortunately, the CaM binding to the

IQ-motif and all residues downstream of the pre-IQ

Abbreviations

BME, b-mercaptoethanol; CaCl2, calcium chloride; CaM, calmodulin; CDI, Ca2+-dependent channel inactivation; EGTA, ethylene glycol-bis(b-

aminoethyl ether)-N,N,N0,N0-tetraacetic acid; HSQC, heteronuclear single quantum coherence; IPTG, isopropyl b-D-1-thiogalactopyranoside;

KCl, potassium chloride; NMR, nuclear magnetic resonance; SEC, size exclusion chromatography; TCEP, tris(2-carboxyethyl)phosphine.

1FEBS Letters (2022) � 2022 Federation of European Biochemical Societies.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14529 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [09/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-4555-3851
https://orcid.org/0000-0002-4555-3851
https://orcid.org/0000-0002-4555-3851
https://orcid.org/0000-0003-0934-2595
https://orcid.org/0000-0003-0934-2595
https://orcid.org/0000-0003-0934-2595
mailto:
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.14529&domain=pdf&date_stamp=2022-11-08


are dynamically disordered or otherwise undetected in

the cryo-EM structure of CaV1.1 [13,14]. A crystal

structure is known for CaM bound to a peptide frag-

ment of the IQ-motif [15], but the structure of CaM

bound to the full-length CaV1.2 is currently not

known. An atomic-level structure of CaV1.2 bound to

CaM is critical for understanding the mechanism of

CDI.

Ideally, we would like to solve the atomic-level struc-

ture of CaM bound to the full-length CaV1.2, but the

CaM binding site remains structurally disordered in the

cryo-EM structure even in the presence of CaM [13,14].

Instead, we present a structural analysis of a fragment of

the CaV1.2 CT-domain that includes two EF-hands, the

pre-IQ and IQ-motif (residues 1520–1669, called CT

(1520–1669)). The amino acid sequence alignment of CT

(1520–1669) with the different L-type Ca2+ channels

shows a highly conserved IQ-motif region (90% identity

in Fig. 1B, highlighted in yellow), whereas the EF hand

and pre-IQ regions are slightly less conserved (80%

Fig. 1. Schematic representation of the C-terminal domain of L-type Ca2+ channels and amino acid sequence alignment of CaVs. (A) Trans-

membrane a-helices of the four subunits of CaVs (red), cytoplasmic loops (blue), and C-terminal regulatory domain (CTD). CTD region is

comprised of EF hands (yellow), pre-IQ and IQ (blue) and PCRD (green). Amino acid sequence numbers of CT domains are labelled accord-

ing to rabbit CaV1.2. (B) CT(1520–1669) amino acid sequence (150 amino acid region) of different CaVs [CT(1395–1544)CaV1.1 Human(sp|

Q13698|CAC1S); CT(1538–1687)CaV1.2 Human(sp|Q13936|CAC1C); CT(1478–1627)CaV1.3 Human(sp|Q01668|CAC1D); CT(1455–1604)CaV1.4

Human(sp|O60840|CAC1F); CT(1520–1669)CaV1.2 Rabbit(sp|P15381|CAC1C)] were aligned using CLUSTAL OMEGA (https://www.ebi.ac.uk/Tools/

msa/clustalo/) with IQ-region highlighted in yellow.

2 FEBS Letters (2022) � 2022 Federation of European Biochemical Societies.
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identity) between CaV1.2 and CaV1.4 (Fig. 1B). The

recombinant CT(1520–1669) alone is not soluble enough
for structural studies, but the CT(1520–1669) solubilized
by 8 M urea can be refolded in a soluble form in the pres-

ence of Ca2+-saturated CaM (Ca4/CaM), but not in the

presence of apoCaM [16]. In this study, we show that

half-calcified CaM (Ca2/CaM12) forms a complex with

CT(1520–1669) that is less soluble than CT(1520–1669)
bound to Ca4/CaM. The binding of CaM to CT(1520–
1669) forms at least a tetrameric complex in which four

CaM are bound to four CT(1520–1669). NMR spectra of
15 N-labelled CT(1520–1669) bound to unlabelled CaM

reveal spectral differences caused by Ca2/CaM12 versus

Ca4/CaM binding, suggesting a CaM-induced conforma-

tional change in CT(1520–1669). These results support

the recently proposed IQ-switch model for CDI [6].

Materials and methods

Plasmids used for protein expression

The CaM, CaM12 (Ca2+ binding sites in the N-lobe are

mutated as D21A/D23A/D25A/E32Q/D57A/D59A/N61A/

E68Q so that only the C-lobe can bind Ca2+) and CaMC

(only C-lobe of CaM) expression plasmids were subcloned

into pET11b expression vector (Novagen, Millipore Sigma,

Burlington, MA, USA) as described in Bartels et al., [17].

The CT(1513–1733) expression plasmid was subcloned into

pET24 expression vector (Novagen) from GST-CT-domain

in pGEX vector (gift of Johannes W. Hell lab, UC Davis).

CT(1520–1669) constructs were subcloned into the expres-

sion vector pMA507, a gift from Mark Arbing, David

Eisenberg lab UCLA [18] using sequence and ligation inde-

pendent method as described previously [19,20]. The C-

terminal region of Cav1.4 (two channel EF-hands, pre-IQ

and IQ-motif: residues 1455–1604 called CT(1455–
1604)CaV1.4) was also subcloned into pMA507 expression

vector. The recombinantly expressed proteins CT(1520–
1669) and CT(1455–1604)CaV1.4 each contain a TEV cleav-

able N-terminal 6His-tag, whereas CT(1513–1733) contains
an uncleavable C-terminal 6His-tag.

Protein expression and purification

A single Escherichia coli colony from an overnight grown

streak plate (either BL21 DE3 or Rosetta 2) was inoculated

into 15 mL LB-broth containing antibiotics and grown at

37 °C overnight. This pre-culture was added to 1 L of LB-

broth containing antibiotics and the cells grown at 37 °C
until A600 = 0.5–0.8, then 1 mM IPTG was added to induce

protein expression. Cells were harvested by centrifugation,

resuspended in lysis buffer, and stored at �80 °C. After

thawing, the cell pellet was mixed with one tablet of pro-

tease inhibitor cocktail (Roche, Basel, Switzerland), and the

cell suspension was disrupted by sonication. Inclusion bod-

ies were sedimented by centrifugation and the pellet was

rinsed with wash buffer containing 20 mM Tris pH 7.5, 1 M

urea, 0.15 M KCl, 2 mM TCEP. After spinning down insol-

uble material by centrifugation, the pellet was re-suspended

with solubilizing buffer containing 20 mM Tris pH 7.5, 8 M

urea, 0.15 M KCl, 2 mM TCEP, homogenized, and incu-

bated for 30 min at room temperature. Any remaining

insoluble protein was spun down and the supernatant was

applied onto a Ni-NTA column equilibrated with solubiliz-

ing buffer. The Ni-NTA column was washed with 3–5 col-

umn volumes of solubilizing buffer, then further washed

with the same buffer containing 25 mM imidazole to

remove any impurities. Protein was eluted with buffer con-

taining 20 mM Tris pH 7.5, 8 M urea, 0.75 M Imidazole,

0.15 M KCl, 2 mM TCEP. CaM was expressed and purified

as described previously in Turner et al. (2020) [21] and the

same procedure was followed for CaM12 and CaMC.

Refolding of protein complexes and gel

electrophoresis

The CT(1520–1669) (or CT(1455–1604)CaV1.4 or CT(1513–
1733)) was mixed with 1 or 3 equivalents of purified CaM,

CaM12 or CaMC separately, each in the presence of 2 mM

CaCl2. For the control reaction mixture, CT(1520–1669) (or
CT(1455–1604)CaV1.4 or CT(1513–1733)) were mixed with 1

or 3 equivalents purified apoCaM in the presence of 2 mM

EGTA. For protein refolding, the reaction mixture was dial-

ysed twice against 2 L dialysis buffer containing 20 mM Tris

pH 7.5, 0.15 M KCl, 2.0 mM CaCl2, 2 mM BME for calcified

CaMs, and 20 mM Tris pH 7.5, 0.15 M KCl, 2.0 mM EGTA,

2 mM BME for apoCaM. Any precipitated complex in the

dialysate was sedimented by centrifugation and washed again

with dialysis buffer. After collecting the soluble solution and

insoluble pellet, the protein complex was analysed by SDS/

PAGE. SDS/PAGE was run using commercial gels (Invitro-

gen, Thermo Fisher Scientific, Waltham, MA, USA) and

each sample was mixed 1 : 1 with SDS/PAGE treatment buf-

fer. The gel was stained with Coomassie brilliant blue R-250.

Complexes were further purified by size exclusion chro-

matography before NMRmeasurements.

NMR spectroscopy and size exclusion

chromatography

The 2D 1H-15N HSQC NMR spectrum was measured using

a Bruker Avance III 600 or 800 MHz (Bruker, San Jose,

CA, USA) spectrometer at 37 °C. NMR samples of com-

plexes were prepared by purifying through size exclusion

(S75) column chromatography and exchanged with NMR

buffer: 20 mM Tris-d11 pH 7.5, 0.1 M KCl, 1.0 mM CaCl2,

2 mM DTT-d10, 10% D2O. For the NMR sample, 15N-

labelled CT(1520–1669) (or CT(1455–1604)CaV1.4 or CT

(1513–1733)) was refolded in the presence of more than 3-

3FEBS Letters (2022) � 2022 Federation of European Biochemical Societies.
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fold excess unlabelled CaMs as described above. To remove

excess CaMs, we ran size exclusion (S75) column chro-

matography at 4 °C with SEC buffer: 20 mM Tris pH 7.5,

0.1 M KCl, 1.0 mM CaCl2, 2 mM BME. Fractions with both

protein bands on SDS/PAGE were pooled and concen-

trated down to 500 lL for NMR measurements. 15N-

labelled CT(1520–1669), CT(1455–1604)CaV1.4, and CT

(1513–1733) samples were overexpressed in M9 minimal

media, containing 1 g�L�1 15NH4Cl (Cambridge Isotopes

Laboratories, Tewksbury, MA, USA) as described in the

above section for the expression in LB-broth. NMR data

were processed and visualized by using software TOPSPIN

3.6.1 (Bruker), NMRFX [22], and NMRVIEW [23].

Results

Refolding of CT(1520–1669) (and CT(1513–1733))
in the presence of Ca4/CaM, Ca2/CaM12, and

Ca2/CaMC

The recombinantly expressed C-terminal domain of

CaV1.2 that includes two channel EF-hand motifs, pre-

IQ and IQ-motif (residues 1520–1669, called CT(1520–
1669)), or a similar construct that contained the proxi-

mal C-terminal regulatory domain (residues 1513–1733,
called CT(1513–1733)) were not soluble as described by

Xiong et al. [16]. To form a soluble complex of CT

(1520–1669) bound to CaM, the urea-solubilized CT

(1520–1669) (or CT(1513–1733)) was refolded by dialys-

ing away the urea in the presence of CaM. The CT

(1520–1669) domain refolding in the presence of

apoCaM (2 mM EGTA) caused the CT(1520–1669) pro-
tein to precipitate without binding to CaM (Fig. 2A,

lane 4), indicating that apoCaM does not bind strongly

enough to solubilize the tertiary complex. Increasing the

apoCaM concentration by 3-fold still was not able to

solubilize CT(1520–1669) (Fig. 2B, lane 4). By contrast,

if Ca2+-saturated CaM (Ca4/CaM) is added to the urea-

solubilized CT(1520–1669) domain, then the refolding

of CT(1520–1669) (during dialysis) forms a soluble ter-

tiary complex CT(1520–1669):Ca4/CaM (Fig. 2A, lane

8). Half-calcified CaM (Ca2/CaM12) and Ca2+-bound

CaM C-lobe (Ca2/CaMC) solubilized about 50% of the

tertiary complexes (CT(1520–1669):Ca2/CaM12 or CT

(1520–1669):Ca2/CaMC) as shown in Fig. 2A lane 11

and lane 14, respectively. The remaining 50% of the ter-

tiary complexes (CT(1520–1669):Ca2/CaM12 and CT

(1520–1669):Ca2/CaMC) was insoluble as shown in

Fig. 2A lane 10 and lane 13, respectively. The results

indicate two types of tertiary complexes: one is highly

soluble (bound to Ca4/CaM) and the other is much less

soluble (bound to Ca2/CaM12 or Ca2/CaMC). Increas-

ing the CaM concentration by 3-fold permitted Ca2/

CaM12 (or Ca2/CaMC) to solubilize the majority of the

tertiary complex as shown in Fig. 2B lane 10 and lane

13, respectively. However, the refolding of CT(1520–
1669) with a 3-fold excess of CaMC still had some pre-

cipitated tertiary complex CT(1520–1669):Ca2/CaMC

(Fig. 2B lane 12). The increased solubility of CT(1520–
1669) in the presence of 3-fold excess of Ca2/CaM12

might be caused by the artificial binding of two Ca2/

CaM12 that bind to one CT(1520–1669). Indeed, our

recent NMR structure of Ca2/CaM12 bound to the IQ

peptide revealed that two Ca2/CaM12 can bind to one

IQ peptide when the concentration of Ca2/CaM12 is

more than 3-fold greater than the IQ peptide concentra-

tion [17]. We suggest that the binding of a second Ca2/

CaM12 to CT(1520–1669) might mimic the binding of

Fig. 2. Ca2+-bound CaM promotes soluble refolding of CT(1520–1669). (A) SDS/PAGE monitoring the refolding of CT(1520–1669) in

presence of Ca2+ free CaM (apoCaM), Ca4/CaM, Ca2/CaM12, and Ca2/CaMC at 1 : 1 mixing ratio. Lane 1: Free unfolded CT(1520–1669) in

8 M urea, Lane 2: protein mass standards, Lane 3: total CT(1520–1669) mixture with apoCaM after dialysis, Lane 4: precipitated fraction of

CT(1520–1669) refolded in the presence of apoCaM, Lane 5: solubilized fraction of CT(1520–1669) refolded in the presence of apoCaM,

Lane 6: total CT(1520–1669) mixture with Ca4/CaM after dialysis, Lane 7: precipitated fraction of CT(1520–1669) refolded in the presence of

Ca4/CaM, Lane 8: solubilized fraction of CT(1520–1669) refolded in the presence of Ca4/CaM, Lane 9: total CT(1520–1669) mixture with Ca2/

CaM12 after dialysis, Lane 10: precipitated fraction of CT(1520–1669) refolded in the presence of Ca2/CaM12, Lane 11: solubilized fraction of

CT(1520–1669) refolded in the presence of Ca2/CaM12, Lane 12: total CT(1520–1669) mixture with Ca2/CaMC after dialysis, Lane 13:

precipitated fraction of CT(1520–1669) refolded in the presence of Ca2/CaMC, Lane 14: solubilized fraction of CT(1520–1669) refolded in the

presence of Ca2/CaMC, and Lane 15: free CaM. (B) SDS/PAGE monitoring the refolding of CT(1520–1669) in presence of Ca2+ free CaM

(apoCaM), Ca4/CaM, Ca2/CaM12, and Ca2/CaMC at 1 : 3 mixing ratio. Each experiment was repeated twice (n = 2). Lane 1: protein mass

standards, Lane 2: total CT(1520–1669) mixture with apoCaM after dialysis, Lane 3: precipitated fraction of CT(1520–1669) refolded in the

presence of apoCaM, Lane 4: solublized fraction of CT(1520–1669) refolded in the presence of apoCaM, Lane 5: total CT(1520–1669)

mixture with Ca4/CaM after dialysis, Lane 6: precipitated fraction of CT(1520–1669) refolded in the presence of Ca4/CaM, Lane 7: solubilized

fraction of CT(1520–1669) refolded in the presence of Ca4/CaM, Lane 8: total CT(1520–1669) mixture with Ca2/CaM12 after dialysis, Lane 9:

precipitated fraction of CT(1520–1669) refolded in the presence of Ca2/CaM12, Lane 10: solubilized fraction of CT(1520–1669) refolded in the

presence of Ca2/CaM12, Lane 11: total CT(1520–1669) mixture with Ca2/CaMC after dialysis, Lane 12: precipitated fraction of CT(1520–1669)

refolded in the presence of Ca2/CaMC, Lane 13: solubilized fraction of CT(1520–1669) refolded in the presence of Ca2/CaMC, Lane 14: free

Ca2/CaM12 and Lane 15: free Ca2/CaMC.
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the Ca2+-bound CaM N-lobe, which would cause the

1 : 2 complex (CT(1520–1669):(Ca2/CaM12)2) to look

structurally similar to the 1 : 1 complex (CT(1520–
1669):Ca4/CaM). Therefore, we suggest that a 1 : 1 com-

plex of CT(1520–1669) bound to one Ca2/CaM12 (or

Ca2/CaMC) is structurally distinct from the 1 : 1 com-

plex of CT(1520–1669) bound to Ca4/CaM. This is the

first evidence that the structure of CT(1520–1669)
bound to Ca2/CaM12 might be different from the struc-

ture of CT(1520–1669) bound to Ca4/CaM.

The fact that apoCaM is not able to solubilize CT

(1520–1669) is consistent with a low affinity binding of

CT(1520–1669) to Ca2+-free CaM, as reported previ-

ously for apoCaM binding to the IQ peptide

(Kd ~ 10 lM, [21]). Similar results were shown for CT

(1513–1733). Again, apoCaM did not form a tertiary

complex with CT(1513–1733) (Fig. S1A lane 5),

whereas Ca4/CaM formed a highly soluble tertiary

complex (Fig. S1A lane 8). One equivalent of Ca2/

CaM12 and Ca2/CaMC both form insoluble complexes

with CT(1513–1733) (Fig. S1A lane 10 and lane 13) in

contrast to the soluble complexes that formed in the

presence of 3-fold excess Ca2/CaM12 or Ca2/CaMC

(Fig. S1B lane 8 and lane 11).

Refolding of CT(1455–1604)CaV1.4 in the presence

of Ca4/CaM, Ca2/CaM12, and Ca2/CaMC

To check whether the C-terminal domain of the retinal

L-type Ca2+ channel CaV1.4 (residues 1455–1604,
called CT(1455–1604)CaV1.4) can be solubilized by

CaM, we performed similar refolding experiments with

CT(1455–1604)CaV1.4 in the presence of apoCaM, Ca2/

CaM12, Ca2/CaMC, and Ca4/CaM as described above

for CT(1520–1669). The refolding of urea-solubilized

CT(1455–1604)CaV1.4 in the presence of calcified CaMs

caused formation of soluble tertiary complexes after

removing urea by dialysis. By contrast, CT(1455–
1604)CaV1.4 precipitated while dialysing away urea in

the presence of apoCaM (Fig. 3A, lane 4). Adding 1

equivalent of Ca4/CaM to urea-solubilized CT(1455–
1604)CaV1.4 promoted the soluble refolding of a tertiary

complex of CT(1455–1604)CaV1.4 bound to Ca4/CaM

(Fig. 3A, lane 8), whereas Ca2/CaM12 (or Ca2/CaMC)

did not solubilize the tertiary complex (Fig. 3A lane 11

and lane 14, respectively). Adding 3 equivalents of

Ca2/CaM12 (or Ca2/CaMC) to the urea-solubilized CT

(1455–1604)CaV1.4 enabled soluble refolding of a much

smaller fraction of tertiary complex (Fig. 3B lane 10

and lane 13, respectively) compared to that of Cav1.2

(Fig. 2B lane 10 and lane 13, respectively). The partial

refolding of CT(1455–1604)CaV1.4 in the presence of

half-calcified CaM suggests that Ca2/CaM12 forms a

2 : 1 complex with CT(1455–1604)CaV1.4 when the Ca2/

CaM12 concentration is 3-fold higher than that of CT

(1455–1604)CaV1.4. This is the first evidence of two con-

formational states of CT(1455–1604)CaV1.4 that have

different solubility.

NMR spectroscopy of CT(1520–1669) or CT(1455–
1604)CaV1.4/CT(1513–1733) bound to CaM

Ideally, we would like to solve the atomic-level struc-

ture of the tertiary complexes by NMR or X-ray crys-

tallography. We screened thousands of conditions for

crystallizing CT(1513–1733) bound to Ca4/CaM, but

so far none of these conditions produced any diffrac-

tion quality crystals. Instead, we performed SEC and
1H-15N NMR HSQC on samples of 15N-labelled CT

(1520–1669) bound to unlabelled Ca2/CaM12 or Ca4/

Fig. 3. Ca2+-bound CaM promotes soluble refolding of CT(1455–1604)CaV1.4. (A) SDS/PAGE monitoring the refolding of CT(1455–1604) in

presence of Ca2+ free CaM (apoCaM), calcified Ca4/CaM, Ca2/CaM12, and Ca2/CaMC at 1 : 1 mixing ratio. Lane 1: Free unfolded CT(1455–

1604) in 8 M urea, Lane 2: protein mass standards, Lane 3: total CT(1455–1604) mixture with apoCaM after dialysis, Lane 4: precipitated

fraction of CT(1455–1604) refolded in the presence of apoCaM, Lane 5: solubilized fraction of CT(1455–1604) refolded in the presence of

apoCaM, Lane 6: total CT(1455–1604) mixture with Ca4/CaM after dialysis, Lane 7: precipitated fraction of CT(1455–1604) refolded in the

presence of Ca4/CaM, Lane 8: solubilized fraction of CT(1455–1604) refolded in the presence of Ca4/CaM, Lane 9: total CT(1455–1604)

mixture with Ca2/CaM12 after dialysis, Lane 10: precipitated fraction of CT(1455–1604) refolded in the presence of Ca2/CaM12, Lane 11:

solubilized fraction of CT(1455–1604) refolded in the presence of Ca2/CaM12, Lane 12: total CT(1455–1604) mixture with Ca2/CaMC after

dialysis, Lane 13: precipitated fraction of CT(1455–1604) refolded in the presence of Ca2/CaMC, Lane 14: solubilized fraction of CT(1455–

1604) refolded in the presence of Ca2/CaMC, and Lane 15: free CaM. (B) SDS/PAGE monitoring the refolding of CT(1455–1604) in presence

of Ca2+ free CaM (apoCaM), Ca4/CaM, Ca2/CaM12, and Ca2/CaMC at 1 : 3 mixing ratio. Each experiment was repeated twice (n = 2) except

for experiments with CaMC (n = 1). Lane 1: protein mass standards, Lane 2: total CT(1455–1604) mixture with apoCaM after dialysis, Lane

3: precipitated fraction of CT(1455–1604) refolded in the presence of apoCaM, Lane 4: solublized fraction of CT(1455–1604) refolded in the

presence of apoCaM, Lane 5: total CT(1455–1604) mixture with calcified Ca4/CaM after dialysis, Lane 6: precipitated fraction of CT(1455–

1604) refolded in the presence of Ca4/CaM, Lane 7: solubilized fraction of CT(1455–1604) refolded in the presence of Ca4/CaM, 8: total CT

(1455–1604) mixture with Ca2/CaM12 after dialysis, Lane 9: precipitated fraction of CT(1455–1604) refolded in the presence of Ca2/CaM12,

Lane 10: solubilized fraction of CT(1455–1604) refolded in the presence of Ca2/CaM12, Lane 11: total CT(1455–1604) mixture with Ca2/CaMC

after dialysis, Lane 12: precipitated fraction of CT(1455–1604) refolded in the presence of Ca2/CaMC, Lane 13: solubilized fraction of CT

(1455–1604) refolded in the presence of Ca2/CaMC, Lane 14: free Ca2/CaM12 and Lane 15: free Ca2/CaMC.
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Fig. 4. NMR and SEC analysis of CT

(1520–1669) binding to CaM. To determine

the molar mass of the complex in solution,

size exclusion chromatography (SEC) was

run with Superdex 75 column in presence

of 1 mM CaCl2. SEC experiments were

repeated twice (n = 2). (A) Curves from

protein standards carbonic anhydrase

(~ 30 kDa), chicken albumin (~ 43 kDa),

bovine serum albumin (~ 66.5 kDa) and

aldolase (~ 161 kDa) were overlaid with

the CT(1520–1669):Ca4/CaM complex of

CaV1.2. SDS/PAGE was run after SEC to

check the co-elution of both CT(1520–

1669) and CaM in fractions were CT

(1520–1669):Ca4/CaM complex (fractions

5th to 10th) and access free CaM elution

(fractions 17th to 23rd) peak observed,

scanned SDS/PAGE gel picture is inserted

in A right side. SEC fractions containing

CT(1520–1669):Ca4/CaM were pooled and

concentrated to form the NMR sample.

(B) 2D 1H-15N HSQC NMR spectrum of
15N-labelled CT(1520–1669) bound to

unlabelled Ca4/CaM. (C) 1D proton NMR

spectra of CT(1520–1669):Ca4/CaM (red)

and CT(1520–1669):Ca2/CaM12 (blue). Each

NMR experiment was repeated twice

(n = 2).

8 FEBS Letters (2022) � 2022 Federation of European Biochemical Societies.

Calmodulin binding to the CaV1.2 C-terminal domain D. K. Yadav et al.

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14529 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [09/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CaM (Fig. 4). The SEC chromatogram of CT(1520–
1669) bound to Ca4/CaM with protein standards indi-

cates that the complex forms a mixture of tetramer or

higher order oligomer (Fig. 4A). SDS/PAGE analysis

of the SEC fractions confirmed the formation of a

stable complex of CT(1520–1669) bound to Ca4/CaM.

CT(1520–1669) and Ca4/CaM both co-elute as a com-

plex (SEC fractions 5–10 in Fig. 4A) that is resolved

from free CaM (SEC fractions 17–23 in Fig. 4A). The

large size of the tetrameric complex explains why the

HSQC NMR spectrum of 15N-labelled CT(1520–1669)
(bound to unlabelled Ca4/CaM) exhibits such broad

NMR peaks (Fig. 4B). Interestingly, the amide peaks

assigned to the IQ-motif were much sharper than the

peaks from the channel EF-hand region, which sug-

gests that the helical IQ-motif bound to Ca4/CaM may

exhibit segmental flexibility relative to the overall

structure of the tetramer. A dynamically flexible and

helical IQ-motif bound to Ca4/CaM is consistent with

the lack of electron density for the IQ-motif in the

cryo-EM structure of CaV1.1 [14]. We could not

obtain a 2D 1H-15N HSQC NMR spectrum of the

half-calcified tertiary complex (CT(1520–1669):Ca2/
CaM12), due to its limited solubility. Instead, we

recorded a 1D NMR spectrum of CT(1520–1669)
bound to Ca2/CaM12, which looks somewhat different

from the 1D NMR spectrum of CT(1520–1669) bound
to Ca4/CaM (Fig. 4C). The spectral differences are

consistent with two distinct conformations of CT

(1520–1669) bound to Ca2/CaM12 versus Ca4/CaM,

consistent with their different solubility. The 2D
1H-15N HSQC NMR spectrum of CT(1513–1733):Ca4/
CaM complex (Fig. S2) shows additional amide peaks

not seen in the spectrum of CT(1520–1669):Ca4/CaM.

The overlaid 2D 1H-15N HSQC NMR spectra indicate

amide peaks from CT(1520–1669):Ca4/CaM (assigned

to the IQ-motif) matched well with those of CT(1513–
1733):Ca4/CaM, whereas new amide peaks could be

assigned to the PCRD domain (Fig. S2A). The 2D
1H-15N HSQC NMR spectrum for CT(1455–
1604)CaV1.4:Ca4/CaM complex (Fig. S2B) also exhib-

ited very broad NMR signals like that seen for the

CaV1.2 construct, and the broadness of the NMR

peaks precluded doing a high-resolution atomic-level

structural analysis of any of these complexes.

Discussion

In this study, we show that the C-terminal regulatory

domain from CaV1.2 (CT(1520–1669)) and CaV1.4

(CT(1455–1604)) both form a soluble complex with

half-calcified CaM (Ca2/CaM12) and fully calcified

CaM (Ca4/CaM) (Figs 2 and 3). By sharp contrast,

CT(1520–1669) cannot be solubilized in the presence

of excess apoCaM, consistent with previous observa-

tions of low affinity apoCaM binding to the IQ-motif

[21,24]. The CT(1520–1669):Ca4/CaM complex is more

soluble than CT(1520–1669):Ca2/CaM12, suggesting

that CT(1520–1669) may adopt different structures

when bound to Ca2/CaM12 versus Ca4/CaM. Indeed,

the NMR spectrum of CT(1520–1669):Ca2/CaM12 is

somewhat different from that of CT(1520–1669):Ca4/
CaM (Fig. 4), consistent with a Ca2+-induced confor-

mational change in CT(1520–1669) as predicted by

Ames [6]. Both SEC and NMR suggest that a tetra-

meric CT(1520–1669) is bound to four CaM in a 4 : 4

complex (Fig. 4). The broad NMR resonances are con-

sistent with a large 4 : 4 complex; however, a few

sharp NMR peaks were assigned to residues in the IQ-

motif bound to Ca4/CaM. We suggest that the helical

IQ-motif bound to Ca4/CaM might be dynamically

disordered in the complex to account for the sharp

NMR linewidths, and these dynamics are consistent

with the lack of electron density for the IQ-motif in

the cryo-EM structure [14]. Lastly, the oligomerization

of CT(1520–1669) (and CT(1513–1733)) suggests that

the CaV1.2 C-terminal domain might make intermolec-

ular contacts that could be important for channel clus-

tering [25]. Future studies are needed to test the role

of CT(1520–1669) in promoting channel clustering.

The different solubility between CT(1520–1669):Ca2/
CaM12 and CT(1520–1669):Ca4/CaM (Fig. 2) suggests

that Ca2+ binding to the CaM N-lobe might trigger a

conformational change in CT(1520–1669) (Fig. 5A,B).

The previously proposed IQ-switch model for CDI [6]

suggests that half-calcified CaM binding to the IQ-

motif causes the sequestration of the IQ helix inside

the channel EF-hands, in contrast to Ca4/CaM binding

that causes the IQ to flip outward and become solvent

exposed. Hydrophobic residues in the IQ-motif

(F1648, Y1649 and F1652) that are sequestered by

their binding to the Ca4/CaM N-lobe become solvent

exposed upon binding to Ca2/CaM12, which might

explain the higher solubility of CT(1520–1669):Ca4/
CaM compared to CT(1520–1669):Ca2/CaM12. The

observation that a 3-fold excess of Ca2/CaM12 sub-

stantially increased the solubility of CT(1520–1669):
Ca2/CaM12 (Fig. 2) suggests the formation of a 1 : 2

complex (Fig. 5C) that it is more soluble than the 1 : 1

complex (Fig. 5A). We suggest that the binding of a

second Ca2/CaM12 to CT(1520–1669) (Fig. 5C) might

resemble the binding of the Ca2+-bound CaM N-lobe

to CT(1520–1669) in the 1 : 1 complex (Fig. 5B). This

might explain why the 1 : 2 complex (CT(1520–1669):
(Ca2/CaM12)2, Fig. 5C) is more soluble than the 1 : 1

complex (CT(1520–1669):Ca2/CaM12, Fig. 5A). Future
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studies are needed to determine separate structures of

CT(1520–1669) bound to Ca2/CaM12 and Ca4/CaM.

The C-terminal regulatory domain of CaV1.2 (CT

(1520–1669)) is about 90% identical in amino acid to

that of CaV1.4 (Fig. 1B). The very high sequence iden-

tity suggests that CT(1520–1669) and CT(1455–
1604)CaV1.4 should have a similar structure. Surpris-

ingly, CaV1.4 does not exhibit channel CDI and does

not bind to CaM in retinal photoreceptor cells. This

lack of CaM binding to CaV1.4 is caused by a down-

stream domain in CaV1.4 (called ICDI) [26] which dis-

ables CaM binding. However, removal of the ICDI

domain allows CaV1.4 to interact with CaM and

restore CDI [27,28]. Consistent with these previous

results, we find in our current study that CT(1455–
1604)CaV1.4 (that lacks the ICDI domain) is struc-

turally similar to CT(1520–1669)CaV1.2 (Fig. 4; Fig

S2). However, an important structural difference is

that the CT(1455–1604)CaV1.4:Ca2/CaM12 is much less

soluble than the CT(1520–1669)CaV1.2:Ca2/CaM12

(Fig. 3). The lower solubility of CT(1455–1604)CaV1.4:
Ca2/CaM12 might indicate that the open conformation

of CaV1.4 bound to Ca2/CaM12 (Fig. 5A) is more

stable than the open conformation of CaV1.2 bound to

Ca2/CaM12. We suggest that the open conformation of

CaV1.4 bound to Ca2/CaM12 in the current study may

be analogous to the open conformation of CaV1.4

bound to Ca2/CaBP4 that exists in dark-adapted pho-

toreceptors [29,30]. It makes sense that the open

conformation of CaV1.4 bound to Ca2/CaBP4 would

be more stable than the open state of CaV1.2 bound to

Ca2/CaM12, because CaV1.4 needs to remain open for

long periods in the dark-adapted photoreceptor, in

contrast to the very short-lived open state of CaV1.2 in

the brain. The increased stability of the open confor-

mation of CaV1.4 bound to Ca2/CaM12 (or Ca2/

CaBP4) might explain why CT(1455–1604)CaV1.4

requires a higher concentration of Ca2/CaM12 to form

the more soluble 1 & 2 complex (CT(1455–1604)CaV1.4:
(Ca2/CaM12)2) that we suggest may represent the inac-

tivated channel (Fig. 5C). Future structural studies on

CT(1455–1604)CaV1.4 bound to CaM and/or CaBP4

are needed to test the prediction of our model.
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Fig. 5. Different solubility of CT(1520–1669):Ca2/CaM12 vs CT(1520–1669):Ca4/CaM explained by a hypothetical IQ-switch model. (A) Chan-

nel activation at low Ca2+ concentration is caused by the binding of Ca2/CaM12 (cyan) to one side of the IQ-motif (red) while the other side

of the IQ helix interacts with the channel EF-hand (green). (B) Channel inactivation at high Ca2+ concentration caused by the binding of Ca4/

CaM (cyan, dark blue) to both sides of the IQ helix, which causes extrusion of the IQ-motif from the channel EF-hand and allows the EF-

hand to interact with the III–IV linker (orange) to form a plug at the entrance of the channel to block Ca2+ influx (red line). (C) Hypothetical

channel inactivation state is suggested to cause artificial binding of two Ca2/CaM12 to one IQ-motif. The binding of a second Ca2/CaM12 to

the IQ helix mimics the binding of Ca2+-bound CaM N-lobe (dark blue). The 1 : 2 complex (CT(1520–1669):(Ca2/CaM12)2) is proposed to be

soluble and only forms when an excess of CaM12 is added to the channel. The 1 : 1 complex (CT(1520–1669):Ca2/CaM12) is proposed to be

insoluble and forms when [Ca2/CaM12] is less than or equal to [CT(1520–1669)].
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Fig. S1. Ca2+-bound CaM promotes soluble refolding

of CT(1513-1733) CaV1.2.

Fig. S2. 2D 1H-15N HSQC NMR of CT(1520-1669)

(or CT(1455-1604)/CT(1513-1733)) bound to CaM.
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