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19The smoothelin-like 1 protein (SMTNL1) is a modulator of smooth and skeletal muscle contractility and can bind
20to calmodulin and tropomyosin. Calmodulin is the major calcium sensor of eukaryotic cells and it can cycle
21between calcium-free (apo-CaM) and calcium-bound (Ca-CaM) forms. Bioinformatic screening of the SMTNL1
22sequence predicted a second CaM-binding region (CBD1) that is located N-terminal to the previously defined
23apo-CaM-binding site (CBD2). Pull-down assays, surface plasmon resonance, isothermal calorimetry and NMR
24techniques were used to determine that CBD1 associated preferentially to Ca-CaM while CBD2 bound preferen-
25tially to apo-CaM. Mutation of hydrophobic residues abolished Ca-CaM-binding to CBD1while acidic residues in
26CBD2were necessary for apo-CaM-binding to CBD2. The dissociation constant (Kd) for Ca-CaM-binding to a CBD1
27peptidewas 26 ∗ 10−6Mwhile the value for binding to a longer protein construct was 0.5 ∗ 10−6M. The binding
28of SMTNL1 to both apo-CaMand Ca-CaM suggests that endogenous CaM is continuously associatedwith SMTNL1
29to allow for quick response to changes in intracellular calcium levels. We also found that the intrinsically disor-
30dered N-terminus of SMTNL1 can reduce binding to apo-CaM and increase binding to Ca-CaM. This finding
31suggests that an additional CaM-binding region may exist and/or that intramolecular interactions between the
32N-terminus and the folded C-terminus reduce apo-CaM-binding to CBD2. Intriguingly, CBD1 is located close to
33the SMTNL1 phosphorylation site and tropomyosin-binding region. We discuss the possibility that all three
34signals are integrated at the region surrounding CBD1.

35 © 2014 Published by Elsevier B.V.
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40 1 . Introduction

41 The ubiquitous calcium regulatory protein calmodulin (CaM) is the
42 primary cellular signal transducer that provides highly specific and lo-
43 calized responses to changes in the calcium concentration (reviewed
44 in [1–3]). CaM has a dumbbell structure composed of two calcium-
45 binding domains (N- and C-lobes) which are connected by a flexible

46linker region. Each lobe comprises two EF-hands that bind to calcium.
47Calcium binding leads to major conformational rearrangements in
48each lobe and the formation of large hydrophobic patches that accept
49bulky hydrophobic residues of target proteins [4]. In the most common
50protein–protein complex structures, calcium-saturated CaM (Ca-CaM)
51is wrapped around the CaM-binding domain (CBD) of a target protein.
52The association of CaM with a target protein enables selective alter-
53ations in enzymatic activities, intracellular localization and/or other bi-
54ological events. Ca-CaMmost often binds to a classical CBD that consists
55of a basic, amphipathic ~20 residue α-helix with large hydrophobic
56amino acids [4,5].
57The regulation of cellular events is most commonly associated with
58Ca-CaM; however, it is also recognized that calcium-free CaM (apo-
59CaM) has important signaling properties by associating with distinct
60apo-CaM-binding regions of target proteins. The usual apo-CaM-
61binding domain possesses an IQ-motif sequence that is named for the
62conserved IQ-residues that initiate the “IQXXXRGXXXR” consensus se-
63quence (X, any amino acid) [6,7]. Various three-dimensional structures
64of CaM-target complexes highlight the enormous versatility of complex
65formation that is facilitated by CaM [2]. CBDs can be located close to
66phosphorylation sites (and/or other post-translational modification
67sites), protein–protein interaction domains or auto-inhibitory domains,

Biochimica et Biophysica Acta xxx (2014) xxx–xxx

Abbreviations: aa, amino acids; bp, base pair; C-terminal, carboxy-terminal; CaM,
calmodulin; Ca-CaM, calcium-saturated calmodulin; apo-CaM, calcium-free calmodulin;
CBB, coomassie brilliant blue; CBD, aM-binding domain; CH, calponin homology; ΔCH,
deletion of the calponinhomologydomain; CSP, chemical shift perturbation;Δ4K, deletion
of KTKKK; GST, glutathione-S-transferase; HSQC, heteronuclear single quantum
correlation; ITC, isothermal titration calorimetry; kDa, kilodalton; Kd, equilibration disso-
ciation constant; MARCKS, myristoylated alanine-rich protein kinase C substrate; MLCK,
myosin light chain kinase; N-terminal, amino-terminal; NaCl, sodium chloride; [NaCl], so-
dium chloride concentration; pxIDR, proximal intrinsic-disordered region; SMTNL1,
smoothelin-like 1 protein; SPR, surface plasmon resonance; TMB, tropomyosin-binding;
VGCC, voltage-gated calcium channel; WT, full-length wild-type SMTNL1
⁎ Corresponding author at: Smooth Muscle Research Group at the Libin Cardiovascular

Institute of Alberta, University of Calgary, Faculty of Medicine, 3280 Hospital Drive NW,
Calgary, AB T2N 4Z6, Canada. Tel.: +1 403 210 8433; fax: +1 403 270 2211.

E-mail addresses: aulke@ucalgary.ca (A. Ulke-Lemée), hishida@ucalgary.ca (H. Ishida),
mchappel@ucalgary.ca (M. Chappellaz), vogel@ucalgary.ca (H.J. Vogel),
jmacdo@ucalgary.ca (J.A. MacDonald).

BBAPAP-39363; No. of pages: 11; 4C: 6

http://dx.doi.org/10.1016/j.bbapap.2014.05.011
1570-9639/© 2014 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbapap

Please cite this article as: A. Ulke-Lemée, et al., Two domains of the smoothelin-like 1 protein bind apo- and calcium–calmodulin independently,
Biochim. Biophys. Acta (2014), http://dx.doi.org/10.1016/j.bbapap.2014.05.011

http://dx.doi.org/10.1016/j.bbapap.2014.05.011
mailto:aulke@ucalgary.ca
mailto:hishida@ucalgary.ca
mailto:mchappel@ucalgary.ca
mailto:vogel@ucalgary.ca
mailto:jmacdo@ucalgary.ca
http://dx.doi.org/10.1016/j.bbapap.2014.05.011
http://www.sciencedirect.com/science/journal/15709639
http://dx.doi.org/10.1016/j.bbapap.2014.05.011


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

68 which offers an additional explanation for how CaM-binding can con-
69 tribute to the regulation of the cellular activity of a diverse array of
70 targets.
71 The smoothelin-like 1 (SMTNL1) protein, originally termed calponin
72 homology-associated with smoothmuscle (CHASM), was discovered as
73 a protein phosphorylated during calcium desensitization in the smooth
74 muscle [8,9,15]. Several studies have implicated SMTNL1 in themodula-
75 tion of vascular smooth muscle contractile activity as well as cardiovas-
76 cular and skeletal adaptation to exercise, development and pregnancy
77 [16–20]. A global SMTNL1 knock-out mouse has allowed the study of
78 its physiological role [16]. The first investigations focused on the cardio-
79 vascular system and showed an exercise-adapted phenotype [16].
80 Newer data suggest that SMTNL1 may provide adaptive regulation of
81 blood vessel contractile capacity through transcriptional/translational
82 effects on protein abundance [18,19]. We have previously reported
83 that SMTNL1 possesses an IQ-motif located within the terminal α-
84 helix of its CH domain [12]. Calponin homology (CH)-domains are pro-
85 tein–protein interaction modules that are involved in cytoskeletal dy-
86 namics and signal transduction (for review, see [10,11]). The CH-
87 domain of SMTNL1 is integral to several functional properties of thepro-
88 tein, including its association with apo-CaM [12]. The CH-domain to-
89 gether with a portion of the intrinsically disordered N-terminal region
90 forms a tropomyosin-bindingdomain thatwasnecessary for association
91 with contractile filaments [13,14]. Furthermore, the SMTNL1 IQ-motif
92 enabled the interaction with apo-CaM but not Ca-CaM. Interestingly,
93 the interaction with the SMTNL1 IQ-motif was mediated by the two
94 EF-hands in the C-lobe of apo-CaM rather than theflexible linker region.
95 Many of the CaM side chains that also serve as calcium-binding ligands
96 formed electrostatic contacts with SMTNL1. Thus we rationalized that
97 binding of calcium to the EF-hand disrupts the interactions with the
98 IQ-motif by requiring the same binding region.
99 In the current study in silico analysis of the SMTNL1 sequence re-
100 vealed a potential additional CBD that was expected to associate with
101 Ca-CaM. This CBD is located upstream of the CH-domain and within
102 the tropomyosin-binding region near the S301 phosphorylation site.
103 In this work, we verified the binding activity of the newly identified
104 CBD within SMTNL1. Using pull-down studies, isothermal calorimetry,
105 surface plasmon resonance and NMR spectroscopy we demonstrate
106 that SMTNL1 possesses two CBDs, a novel site that specific for Ca-CaM
107 and the previously described IQ-motif that is specific for apo-CaM. The
108 vast majority of proteins regulated by CaM bind either to its calcium-
109 free or -saturated form, creating a calcium-dependent regulatory
110 switch. Intriguingly, SMTNL1 has the ability to associate with both
111 apo-CaM and Ca-CaM, suggesting a novel regulatory mechanism.

112 2 . Material and methods

113 2.1. Materials

114 Mammalian CaM was expressed and purified from Escherichia coli
115 strain BL21 (DE3) as described previously [21]. The CBD1 peptide (aa
116 307–329, Ac-RGPRAQNRKAIMDKFGGAASGPT-NH2) was synthesized
117 by the University of Calgary Peptide Synthesis Facility (Calgary, AB),
118 confirmed bymass spectrometry and shown to be N95% pure by analyt-
119 ical HPLC. PreScission protease, glutathione-Sepharose 4B, CNBr-
120 activated CH Sepharose and pGEX-6P1 were purchased from GE
121 Healthcare (Piscataway, NJ). All other chemicals were purchased from
122 VWR Scientific (Edmonton, AB) or Sigma Chemical Company (St.
123 Louis, MO).

124 2.2. Expression and purification of recombinant SMTNL1 proteins

125 Various SMTNL1 mutants derived frommouse Smtnl1 (GenBank ID:
126 EDL27304.1) were utilized (see Fig. 1C for an overview): Full-length
127 SMTNL1 (WT, base pairs (bp) 1–1377/amino acids (aa) 1–459) CH-
128 domain (CH, lacking the intrinsically disordered domain, bp

1291038–1380/aa 346–459), tropomyosin-binding fragment (TMB
130lacks the initial 194 amino acids, bp 583–1380/aa 195–459), deletion
131of CH-domain (ΔCH, bp 1–1038, aa 1–346) and proximal intrinsically
132disordered region (pxIDR, lacking the CH-domain, aa 583–1038/aa
133195–346; termed ΔTBD/ΔCT in [14]) were described previously [9,13,
13414]. Several novel constructs, including CBD1/2 (bp 879–1377/aa
135293–459) that contains both CBD1 and CBD2 but lacks the intrinsically
136disorderedN-terminus,were newly generated using standard PCR tech-
137niques. The Δ4K truncations that lack the terminal five amino acids of
138CBD2 (KTKKK) were generated using primers with a premature stop-
139codon. Various single and double amino acid point mutants of WT-
140SMTNL1, TMBΔ4K and CH were generated with the QuickChange site-
141directed mutagenesis kit (Stratagene, La Jolla, CA). All SMTNL1 variants
142were cloned into the pGEX-6P1 vector (GE Healthcare) to generate N-
143terminal glutathione-S-transferase (GST)-fusion proteins. Proteins
144were expressed in E. coli strain BL21 (DE3) and isolated using
145glutathione-Sepharose following the manufacturer's protocol. In most
146cases, the N-terminal GST was removed by cleavage with PreScission
147protease followed by MonoQ or glutathione-Sepharose chromatogra-
148phy. The purified SMTNL1 proteins all contain the cloning artifact
149“GPLGS” at the N-terminus. Purified proteins were concentrated with
150an Amicon centrifugal filter (Millipore, Billerica, MA) and the buffer ex-
151changed if necessary for the ensuing experiments. Proteinswere not ag-
152gregated as judged from native gel-electrophoresis and dynamic light
153scattering (Supplementary Fig. 1).

1542.3. Binding of CaM to immobilized GST-SMTNL1

155Pull-down experiments with various GST-SMTNL1 proteins were
156performed to demonstrate CaM-binding. GST-SMTNL1 proteins or
157GST alone (200 μg) was immobilized on glutathione-Sepharose
158(20 μL) and then incubated for 2 h with purified CaM (100 μg) in
159buffer either containing 2 mM EDTA or 5 mM CaCl2 plus 25 mM
160Tris, pH 7.2 and 50 mM NaCl. After extensive washing, bound CaM
161was eluted with SDS-PAGE loading buffer, subjected to SDS-PAGE
162and visualized by western blotting with anti-CaM antibody
163(05–173, Millipore). Equal loadings of SMTNL1 proteins onto GST-
164Sepharose were verified by Coomassie brilliant blue (CBB) staining
165of SDS-PAGE gels run in parallel.

1662.4. Binding of SMTNL1 mutants to CaM-Sepharose

167We completed pull-down experiments with CaM-Sepharose which
168was prepared by covalently coupling CaM to CNBr-activated CH Sepha-
169rose (GE Healthcare) following the manufacturer's recommendations.
170Blank-Sepharose was generated as a negative control by immobilizing
171with Tris. Purified SMTNL1 proteins (GST-tag removed) were incubated
172with CaM-Sepharose or blank-Sepharose in 20 mM HEPES, pH 7.0, in
173the presence of 5 mM CaCl2 or 2 mM EDTA. After overnight incubation
174at 4 °C, the Sepharose was washed extensively. One-third of the resin
175was eluted with SDS-PAGE loading buffer and the remainder extensive-
176ly washed in the same buffer plus 50 mM NaCl. Next, one-half of the
177resin was eluted as before and the remainder washed with the same
178buffer plus 150 mM NaCl and eluted. Equal volumes of all elutions
179were separated on SDS-PAGE, and SMTNL1 proteins were visualized
180by CBB staining. The gels were imaged with an LAS4000 luminescent
181image analyzer (GE Healthcare) and bands containing proteins quanti-
182fied using Image Quant TL (GE Healthcare). To avoid inaccuracies intro-
183duced by variations in CBB staining, each band intensitywas normalized
184to the sum of all detected protein. Statistical significance was calculated
185for binding to CaM-Sepharose, blank-Sepharose, presence or absence of
186calcium, as well as the binding dependency on [NaCl]. Binding to CaM-
187Sepharose was considered significant if it was different from blank-
188Sepharose values at the same [NaCl] and calcium level. Graphpad-
189PRISM was used for all statistical calculations, using two-way ANOVA
190with Bonferroni post hoc test, p b 0.05, n ≥ 4, unless otherwise noted.
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