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 1.  Sample (A) is mixed with excess 
matrix (M) and dried 
on a MALDI plate.

2.  Laser flash ionizes matrix 
molecules.

3.  Sample molecules are ionized by 
proton transfer from matrix: 

MH+ + A �ÆM + AH+.

Figure  6. 2 Desorption and Ionization processed in MALDI-MS. 
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Figure  6. 3 MALDI-MS spectrum of CaM dansylation in various concentrations.  

A, Cartoon of CaM structure with potential dansylation sites highlighted in light grey sphere. B, the CaM
dansylation product with 1 mM initial protein concentration. C, the CaM dansylation product with 0.5
mM initial protein concentration. D, the CaM dansylation product with 0.25 mM initial protein
concentration. E, the CaM dansylation product with 0.125 mM initial protein concentration. 
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Figure  6. 4 MALDI-MS spectrum of CaM and variants dansylation at various pH. 

Cartoon picture of CaM (A, 1-148 aa), N-CaM (B, 1-75 aa) and C-CaM (C, 76-148 aa) with potential
dansylation sites highlighted in brown sticks. The dansylation product of CaM (D) and N-CaM (E) at pH
6.5. The dansylation product of CaM (G), N-CaM (H) and C-CaM (I) at pH 7.0. F, the spectrum of C-
CaM without dansylation. C-CaMF stands for the major degradation fragment of C-CaM. 
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Figure  6. 5 MALDI-MS spectrum of CaM variant IAEDANS labeling with cysteine mutation or
insertion.  

Cartoon picture of CaM-Cys (A), T34C (B) and T110C (C) with IAEDANS labeling sites highlighted in
pink color. MS spectrum of CaM-cys (D), T34C (E) and T110C (F).MS spectrum of CaM variant with
IAEDANS dye modification for CaM-Cys (G), T34C (H) and T110C (I).    
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Figure  6. 6 The effect of urea on CaM modification with IAEDANS dye.  

A, MALDI-MS spectrum of reaction product without 6 M urea. B, MALDI-MS spectrum of reaction
product with 6 M urea. The efficiency of CaM chemical labeling in denature condition is much higher
than native solution. 
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Figure  6. 7 MALDI-MS spectrum of CaM and C45 peptide complex.   

The spectrum were obtained after 100 µM CaM with 200 µM  Cx45p peptide was  incubated in
10 mM Tris-HCl, 100 mM KCl (pH 7.4) at room temperature with either 1 mM CaCl2 (A) or 1
mM EGTA (B). The MALDI-MS spectrum of Cx45 peptide from the intracellular loop was
indicated in the inset of A. Both apo-CaM and holo-CaM forms complex with Cx45 peptide.  
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Holo‐CaM
Holo‐CaM+ Cx45p (1 : 1)

Figure  6. 8 Monitoring the interaction between CaM and Cx45 peptides (Cx45p) by (1H, 15N)-HSQC spectroscopy.  
An overlay of HSQC spectra of holo-CaM (red) with the spectrum of the holo-CaM-Cx45p (green).  The NMR spectrum was
obtained with 200 µM N15 CaM in 5 mM CaCl2, 10 mM Bis-Tris, 5 mM MES, 0.1% NaN3 at pH 6.5 and 20 µl 3 mM Cx45p
dissolved in DD H2O. 
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Figure  6. 9 Chemical shift perturbation in CaM induced by addition of 2-fold molar excess of
Cx45p 
A, The chemical shift change of the assigned CaM residues in 1H NMR spectrum. B, The chemical shift
change of the assigned CaM residues in 15N NMR spectrum. C, The weight average chemical shift change
(∆δ) was calculated using Equation 2.5. 
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Figure  6. 10 MALDI-MS spectrum of CD2.STIM1.EF in the presence of CaCl2. 

A, the monomer of CD2.STIM1.EF. B, the dimer of CD2.STIM1.EF. C, the trimer of CD2.STIM1.EF.
Sample of 50 µM CD.STIM1.EF with 500 µM CaCl2 in 10 mM Tris, pH 7.4 was incubated at room
temperature for 2 hours before spotting on the MALDI plate. 
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Figure  6. 11 MALDI-MS spectrum of CD2.STIM1.EF in the presence of EGTA.  

A, the monomer of CD2.STIM1.EF. B, the dimer of CD2.STIM1.EF. C, the trimer of CD2.STIM1.EF.
Sample of 50 µM CD.STIM1.EF with 500 µM EGTA in 10 mM Tris, pH 7.4  was incubated at room
temperature for 2 hours before spotting on the MALDI plate. 
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Figure  6. 12 MALDI-MS spectrum of CD2.D1 in the presence of CaCl2.  

A, the monomer of CD2.D1. B, the dimer of CD2.D1. C, the trimer of CD2.D1. Sample of 50 µM CD.D1
with 500 µM CaCl2 in 10 mM Tris, pH 7.4  was incubated at room temperature for 2 hours before spotting
on the MALDI plate. 
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Figure  6. 13 MALDI-MS spectrum of CD2.D1 in the presence of EGTA.  

A, the monomer of CD2.D1. B, the dimer of CD2.D1. C, the trimer of CD2.D1. Sample of 50 µM CD.D1
with 500 µM EGTA  in 10 mM Tris, pH 7.4  was incubated at room temperature for 2 hours before
spotting on the MALDI plate. 
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Figure  6. 14 Analysis of oligomer status of CD2.STIM1.EF by both MALDI-MS and crosslinking SDS-PAGE. 

A, Semi-quantitative analysis of monomer and dimer population of CD2.STIM1.EF with additional calcium and EGTA in the MALDI-MS. B, 
SDS-PAGE result of CD2.STIM1.EF after crosslinking with additional calcium and EGTA (data from Dr. Yun huang)  . 100 μg proteins in 20 
mM HEPES buffer (pH 7.5) with 0.2% (w/v) glutaraldehyde reacted at 37 ºC for 10 min. 
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Figure  6. 15 MALDI-MS spectrum of MRI contrast agent 7E15 labeling with PEG. 

The exposed lysine residues of 7E15 in solution were labeled with PEG0.6 (A, 0.6 kDa), PEG2.4 (B, 2.4 kDa) and PEG5 (C, 5 kDa). 
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7E15-2T calculated M.W. = 11290.65 Da
GS RDSGTVWGAL GHGIELNIPN FQMTDDIDEV 

RWERGSTLVA EFKRKMKPFL KSGAFEIDAN
GDLDIKNLTR DDSGTYNVTV YSTNGTRILN  
KALDLRILE

K66

K91

Figure  6. 16 The possible PEGylation sites determined by Nano spray ESI-MS. 

Only the peptide fragment with underline can be observed in the mass spectrum. Red and green color
letters are the amino acids forming the calcium binding pocket in 7E15. All the lysine residues are in
purple color in the sequence. K66 and K91 (Marine blue in the cartoon) are the possible PEGylation
sties.  
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Table 6. 1 UV MALDI Matrix list. 

Compound 
Common 

names 
Solvent 

Wavelength 
(nm) 

Applications Structure 

2,5-dihydroxy benzoic acid 
DHB 

Gentisic acid 

acetonitrile 
water 

methanol 
acetone 

chloroform 

266 
337 
355 

Peptides 
Glycoproteins 
Nucleotides 

Oligonucleotide 
Oligosaccharides 

 

3,5-dimethoxy-4-hydroxycinnamic 
acid 

sinapic acid 
sinapinic acid 

SA 

acetonitrile 
water 

acetone 
chloroform 

266 
337 
355 

Peptides 
Proteins 
Lipids 

 

α-cyano-4-hydroxycinnamic acid CHCA 

Acetonitrile 
Water 

ethanol 
acetone 

337 
355 

Peptides 
Lipids, 

Nucleotides 
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7. MAJOR FINDING AND THE SIGNIFICANCE OF THIS DISSERTATION 

The performed studies of this dissertation are divided in three major parts: 1) investigating CaM 

regulation of gap junction proteins, 2) identifying EF-hand viral calcium binding proteins using grafting 

approaches, and 3) probing protein modification by mass spectrometry.   

7.1. Investigating CaM regulation of gap junction proteins 

Connexin 50 (Cx50), a member of the α family of gap junction proteins expressed in the lens of the 

eye, has been shown to be essential for normal lens development. Working with Dr. Yubin Zhou in 

Yang's lab, we have first reported a Ca2+-dependent regulation of Cx43, and Cx44, the sheep ortholog of 

human Cx46 via the association of Ca2+-CaM at the intracellular loop domain of alpha-family gap 

junction proteins [103, 104].  However, several major questions remain to be answered: 

1. Is lens specific Cx50 also regulated by CaM via interacting at this cystosolic region of gap 

junction protein?  

2. If yes, does CaM bind to these alpha-family gap junction proteins with different affinities? 

3. What are the CaM binding modes to the Cx? 

4. Can CaM interact with Cx43 via multiple regions? If yes, what is the possible working model?  

Chapters 3 and 4 of this dissertation addressed the above-unanswered questions.  First, we have 

predicted and identified a CaM-target sequence (CaMBD, residues 141-166) at the conserved second half 

of the introcellular loop region of Cx50. Using a peptide model encompassing this predicted CaM region, 

we have determined its strong ability to bind CaM using a variety of in vitro biophysical and 

electrophysiological approaches. NMR and fluorescence spectroscopy further revealed that the peptide 

stoichiometrically binds to Ca2+/CaM with an affinity of ~5 nM. The binding of the peptide expanded the 

Ca2+ sensing range of CaM by increasing the Ca2+ affinity of the C-lobe of CaM, while decreasing the 

Ca2+ affinity of the N-lobe of CaM. In addition, we have shown that elevations in intracellular Ca2+ 

concentration affected a 95% decline in junctional conductance (gj) of Cx50 in N2A cells that is likely 
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mediated by CaM, because inclusion of the CaM inhibitor, calmidazolium, prevented this Ca2+-dependent 

decrease in gj. The direct involvement of the Cx50 CaMBD in this Ca2+/CaM-dependent regulation was 

further demonstrated by inclusion of a synthetic peptide encompassing the CaMBD in both whole cell 

patch pipettes, which effectively prevented the intracellular Ca2+-dependent decline in gj. Overall, these 

results demonstrate that the binding of Ca2+/CaM to the intracellular loop of Cx50 is critical for mediating 

the Ca2+-dependent inhibition of Cx50 gap junctions in the lens of the eye.   

Second, we have further shown that CaM exhibits the differential affinities for Cx43, 44, and Cx50 at 

this conserved loop regions using peptide models. The observed CaM binding affinity order is consistent 

with their helical propensity at the CaM binding regions of the Cxs.   

Third, we have identified additional CaM binding sites on the first half of the intracellular loop and the C-

terminal domain of Cx43 by biophysical studies. Our results indicate that in the presence of Ca2+, 

synthesized Cx peptide fragments, Cx43-2p and Cx43-4p, encompassing predicted CaM binding regions 

are able to bind with high affinity to CaM using NMR spectroscopy. Unlike Cx43-3p, the suggested 

stoichiometry of these newly discovered peptides which bind with CaM is greater than one. The NMR 

RDC result suggests that the CaM binding mode of Cx43-2p to CaM is similar as CaMBD in SK channel 

in an extended mode. 

Fourth, in addition, the conserved CaM binding region in the second half of the intracellular loop has also been 

identified as a gamma-class of gap junction Cx45.   

 

Based on our studies on CaM, it directly interacts with Cx43 at three predicted regions including two 

cytosolic loop regions  (Cx43-2p and Cx43-2p) and the C-terminal (Cx43-4p). Based upon dye transfer 

studies via w.t Cx43 and mutations at the predicted CaM binding region, and the electrophysiological 

studies using patch clamp and peptide competition, we propose the working model for CaM regulation of 

alpha-gap junction proteins shown in Fig,. 4.11.   The binding of CaM to the cytoslic region Cx43-3p is 

the major regulation site. Upon response to the cytosolic calcium increase, CaM binds to the cytosolic 
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loop to result in the conformational change of gap junction and close the channel. It is possible CaM 

using Cx43-2p region as an anchor to locate close to the regulation site Cx43-3p to allow fast response.   

Our observation of the direct interaction of Cx43-4p at the C-terminal domain using peptide model by 

NMR is also interesting given the knowledge that this region is involved in trafficking, assembly and 

regulations such as physorylation.  

 

The significance and high impact of this research is multifaceted.  First, our results elucidate the 

molecular level of regulation of Cx43 by multiple CaM targeting regions and provide a proposed model 

about how CaM regulate gap junction assemble, trafficking and gating. Second, a large number of 

residues in the Cxs mutated in human diseases reside at the highly conserved CaM binding site in our 

prediction. Our studies provide insights that define the critical cellular changes and molecular 

mechanisms contributing to human disease pathogenesis as part of an integrated molecular model for the 

calcium regulation of GJs. Third, our proposed1 model for Ca2+-dependent regulation of the alpha-class 

of gap junction proteins could provide new therapies to manage and/or prevent human maturity onset 

cataract (Cx46 and Cx50) and heart diseases (Cx43) by introducing CaM mutant with altered Ca2+ binding 

affinities. The model of CaM interacts with multiple CaM binding sites in Cx43 will facilitate understanding of 

mechanism underlying gap junction regulation, and thus provide a molecular basis of potential therapeutic 

intervention of heart diseases related to malfunction of gap junction. 

7.2. Identification of continuous calcium binding sites by grafting approach. 

We applied a powerful Calcium Pattern Search (CaPS) method to predict and identify continuous Ca2+ 

binding sites, EF-hand motifs, from linear protein sequences in bacteria and viruses. We have applied a 

grafting approach to predict and identify EF-hand motifs from various biological systems. The calcium 

binding sites identified in nonstructural protein 1 (nsP1) of Sindbis virus and Poxvirus, streptococcal 

hemoprotein receptor (Shr) of Streptococcus pyrogenes provides not only novel insight into the roles of 

Ca2+ and Ca2+-binding proteins in pathogens including bacteria and virus, but also a method to explore 
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and define the role of Ca2+ in other biological systems.  We have also shown that the metal binding 

properties and dimerization study of two EF-hand motifs isolated from Calbindin D9k implicates the key 

role of Ca2+ in protein oligomerization which is important for biological function of protein complex. The 

developed algorithm and grafting approach provide a new way to understand the role of calcium in 

channels and other biological systems.  

7.3. The study of protein-protein interactions by mass spectrometry. 

MALDI-MS has been considered a “softly-soft” ionization mass spectrometry technique in the protein-

protein interaction study. The properties of the soft ionization process make MALDI-MS an advanced 

technique to explore the protein complex without breaking its weak non-covalent bond. The interaction of 

CaM and its targeting peptides fragments from gap junction has been proved by MALDI-MS in a fast, 

efficient and costless manner. MALDI-MS also suggests a de novo application to study the 

oligomerization of calcium binding proteins, and a fast and accurate method for identification of protein 

modification sites. Functional groups with certain properties are often introduced to protein for protein-

protein interaction and metal binding study through protein modification. In this study, MALDI-MS was 

used to improve the protein modification with dye labeling for the fluorescence study or with PEG for the 

protein based contrast agent. 



169 
   

 

PUBLICATIONS AND MANUSCRIPTS 

Chen, Y., Zhou, Y., Lin, X., Wong, H., Xu, Q., Jiang, J., Wang, S., Lurtz, M. M., Louis, C. F., Veenstra, 

R. D., and Yang, J. J. (2011) Molecular interaction and functional regulation of connexin50 gap junctions 

by calmodulin, Biochem. J 435, 711-722. 

Chen, Y., Xue, S., Zhou, Y., and Yang, J. J. (2010) Calciomics: prediction and analysis of EF-hand 

calcium binding proteins by protein engineering, Sci China Chem 53, 52-60. 

Xu Q, Kopp RF, Chen Y, Yang JJ, Roe MW, Veenstra RD. (2012) Gating of connexin43 by a 

cytoplamsic loop calmodulin binding domain, Am J Physiol Cell Physiol., in press. 

Zhou, Y., Xue, S., Chen, Y., and Yang, J. J. (2012) Probing Ca2+ binding capacity of viral proteins with 

the EF-hand motif by grafting approach, Methods in Molecular Biology, in press.  

Huang, Y., Zhou, Y., Wong, H. C., Castiblanco, A., Chen, Y., Brown, E. M., and Yang, J. J. (2010) 

Calmodulin regulates Ca2+-sensing receptor-mediated Ca2+ signaling and its cell surface expression, J 

Biol Chem 285, 35919-35931. 

Jiang, J., Zhou, Y., Zou, J., Chen, Y., Patel, P., Yang, J. J., and Balog, E. M. (2010) Site-specific 

modification of calmodulin Ca2+ affinity tunes the skeletal muscle ryanodine receptor activation profile, 

Biochem. J 432, 89-99. 

Zhou, Y., Tzeng, W. P., Wong, H. C., Ye, Y., Jiang, J., Chen, Y., Huang, Y., Suppiah, S., Frey, T. K., 

and Yang, J. J. (2010) Calcium-dependent association of calmodulin with the rubella virus nonstructural 

protease domain, J Biol Chem 285, 8855-8868. 

Zhou, Y., Yang, W., Lurtz, M. M., Chen, Y., Jiang, J., Huang, Y., Louis, C. F., and Yang, J. J. (2009) 

Calmodulin mediates the Ca2+-dependent regulation of Cx44 gap junctions, Biophys J 96, 2832-2848. 



170 
 

Huang, Y., Zhou, Y., Wong, H. C., Chen, Y., Wang, S., Castiblanco, A., Liu, A., and Yang, J. J. (2009) 

A single EF-hand isolated from STIM1 forms dimer in the absence and presence of Ca2+, FEBS J 276, 

5589-5597. 

Zhou, Y., Yang, W., Lurtz, M. M., Ye, Y., Huang, Y., Lee, H. W., Chen, Y., Louis, C. F., and Yang, J. J. 

(2007) Identification of the calmodulin binding domain of connexin 43, J Biol Chem 282, 35005-35017. 

Zhou Y, Tzeng WP, Ye Y, Huang Y, Li S, Chen Y., Frey TK, Yang JJ. A cysteine-rich metal-binding 

domain from rubella virus non-structural protein is essential for viral protease activity and virus 

replication. Biochem. J. 2009 Jan 15; 417(2):477-83. 

Wei, L., Li, S., Yang, J., Ye, Y., Zou, J., Wang, L., Long, R., Zurkiya, O., Zhao, T., Johnson, J., Qiao, J., 

Zhou, W., Castiblanco, A., Maor, N., Chen, Y., Mao, H., Hu, X., Yang, J. J., and Liu, Z. R. (2011) 

Protein-based MRI contrast agents for molecular imaging of prostate cancer, Mol Imaging Biol 13, 416-

423.



171 
   

MANUSCRIPT IN REVISION OR IN PREPARATION 

Chen, Y., Zhuo, Y., Zou, J., Yang, J. J., "Explore multiple calmodulin binding sites in connexin43”.  

Chen, Y., Zou, J., Yang, J. J., "Elucidation of a nova extracullular calcium binding site on gap junction 

protein connexin26.”  

Zou, J., Chen, Y., Yang, J. J., "Identification of Calmodulin binding domain in gamma family gap 

junction protein connexin45”  

Yang, W., Chen, Y., Zhou, Y., Zou, J., Huang, Y., Lurtz, M., Louis, C., Yang, J. J., "A diffusion NMR 

study on the CaM-Cx43 peptide complex indicates the direct binding of CaM at the gap junction entrance.” 

Jiang, J., Wong, H. C, Chen, Y., Liu, X. Zou, J., Balog, E. M. and Yang, J. J., "Structural bases for Ca2+ 

Modulated CaM activation and inhibition of RyR1 via the multiple interaction sites with and without 

calcium.” 

 

 

 



172 
   

REFERENCES 

1. Berridge, M.J., M.D. Bootman, and P. Lipp, Calcium--a life and death signal. Nature, 1998. 

395(6703): p. 645-8. 

2. Dvorak, M.M. and D. Riccardi, Ca2+ as an extracellular signal in bone. Cell calcium, 2004. 

35(3): p. 249-55. 

3. MacLennan, D.H., Ca2+ signalling and muscle disease. European journal of biochemistry / 

FEBS, 2000. 267(17): p. 5291-7. 

4. Niki, I., et al., Ca2+ signaling and intracellular Ca2+ binding proteins. Journal of biochemistry, 

1996. 120(4): p. 685-98. 

5. Roderick, H.L. and S.J. Cook, Ca2+ signalling checkpoints in cancer: remodelling Ca2+ for 

cancer cell proliferation and survival. Nature reviews. Cancer, 2008. 8(5): p. 361-75. 

6. Bronner, F., Bone and calcium homeostasis. Neurotoxicology, 1992. 13(4): p. 775-82. 

7. Williams, R.J., The evolution of calcium biochemistry. Biochimica et biophysica acta, 2006. 

1763(11): p. 1139-46. 

8. Ross, M.D., The influence of gravity on structure and function of animals. Advances in space 

research : the official journal of the Committee on Space Research, 1984. 4(12): p. 305-14. 

9. Stini, W.A., Calcium homeostasis and human evolution. Collegium antropologicum, 1998. 22(2): 

p. 411-25. 

10. Case, R.M., et al., Evolution of calcium homeostasis: from birth of the first cell to an omnipresent 

signalling system. Cell calcium, 2007. 42(4-5): p. 345-50. 

11. Brown, E.M., Clinical lessons from the calcium-sensing receptor. Nature clinical practice. 

Endocrinology & metabolism, 2007. 3(2): p. 122-33. 

12. Berridge, M.J., M.D. Bootman, and H.L. Roderick, Calcium signalling: dynamics, homeostasis 

and remodelling. Nature reviews. Molecular cell biology, 2003. 4(7): p. 517-29. 

13. Dominguez, D.C., Calcium signalling in bacteria. Molecular microbiology, 2004. 54(2): p. 291-7. 



173 
 

14. Gangola, P. and B.P. Rosen, Maintenance of intracellular calcium in Escherichia coli. The 

Journal of biological chemistry, 1987. 262(26): p. 12570-4. 

15. Rosen, B.P., Bacterial calcium transport. Biochimica et biophysica acta, 1987. 906(1): p. 101-10. 

16. Vyas, N.K., M.N. Vyas, and F.A. Quiocho, A novel calcium binding site in the galactose-binding 

protein of bacterial transport and chemotaxis. Nature, 1987. 327(6123): p. 635-8. 

17. Watkins, N.J., et al., Free calcium transients in chemotactic and non-chemotactic strains of 

Escherichia coli determined by using recombinant aequorin. The Biochemical journal, 1995. 306 

( Pt 3): p. 865-9. 

18. Reusch, R.N., R. Huang, and L.L. Bramble, Poly-3-hydroxybutyrate/polyphosphate complexes 

form voltage-activated Ca2+ channels in the plasma membranes of Escherichia coli. Biophysical 

journal, 1995. 69(3): p. 754-66. 

19. Durell, S.R. and H.R. Guy, A putative prokaryote voltage-gated Ca(2+) channel with only one 

6TM motif per subunit. Biochemical and biophysical research communications, 2001. 281(3): p. 

741-6. 

20. Kippert, F., Endocytobiotic coordination, intracellular calcium signaling, and the origin of 

endogenous rhythms. Annals of the New York Academy of Sciences, 1987. 503: p. 476-95. 

21. Kretsinger, R.H. and C.E. Nockolds, Carp muscle calcium-binding protein. II. Structure 

determination and general description. J Biol Chem, 1973. 248(9): p. 3313-26. 

22. Kawasaki, H., S. Nakayama, and R.H. Kretsinger, Classification and evolution of EF-hand 

proteins. Biometals, 1998. 11(4): p. 277-95. 

23. Kim, Y., et al., Chimeric HTH motifs based on EF-hands. J Biol Inorg Chem, 2001. 6(2): p. 173-

81. 

24. Pal, G.P., J.S. Elce, and Z. Jia, Dissociation and aggregation of calpain in the presence of 

calcium. J Biol Chem, 2001. 276(50): p. 47233-8. 

25. Raser, K.J., M. Buroker-Kilgore, and K.K. Wang, Binding and aggregation of human mu-calpain 

by terbium ion. Biochim Biophys Acta, 1996. 1292(1): p. 9-14. 



174 
 

26. Ravulapalli, R., et al., Homodimerization of calpain 3 penta-EF-hand domain. Biochem J, 2005. 

388(Pt 2): p. 585-91. 

27. Tajima, M., et al., Role of calcium ions in the thermostability of thermolysin and Bacillus subtilis 

var. amylosacchariticus neutral protease. European journal of biochemistry / FEBS, 1976. 64(1): 

p. 243-7. 

28. Ikura, M. and J.B. Ames, Genetic polymorphism and protein conformational plasticity in the 

calmodulin superfamily: two ways to promote multifunctionality. Proceedings of the National 

Academy of Sciences of the United States of America, 2006. 103(5): p. 1159-64. 

29. Kretsinger, R.H. and C.E. Nockolds, Carp muscle calcium-binding protein. II. Structure 

determination and general description. The Journal of biological chemistry, 1973. 248(9): p. 

3313-26. 

30. Schroder, B., et al., Role of calbindin-D9k in buffering cytosolic free Ca2+ ions in pig duodenal 

enterocytes. The Journal of physiology, 1996. 492 ( Pt 3): p. 715-22. 

31. Levine, B.A., et al., The mobility of calcium-trigger proteins and its function. Ciba Foundation 

symposium, 1983. 93: p. 72-97. 

32. Ye, Y., et al., Probing site-specific calmodulin calcium and lanthanide affinity by grafting. J Am 

Chem Soc, 2005. 127(11): p. 3743-50. 

33. Yanyi, C., et al., Calciomics: prediction and analysis of EF-hand calcium binding proteins by 

protein engineering. Sci China Chem, 2010. 53(1): p. 52-60. 

34. Zhou, Y., et al., Prediction of EF-hand calcium-binding proteins and analysis of bacterial EF-

hand proteins. Proteins, 2006. 65(3): p. 643-55. 

35. Wang, X., et al., Analysis and prediction of calcium-binding pockets from apo-protein structures 

exhibiting calcium-induced localized conformational changes. Protein science : a publication of 

the Protein Society, 2010. 19(6): p. 1180-90. 

36. Zhou, Y., et al., Identification of a Ca2+-binding domain in the rubella virus nonstructural 

protease. J Virol, 2007. 81(14): p. 7517-28. 



175 
 

37. Ye, Y., et al., Calcium and lanthanide affinity of the EF-loops from the C-terminal domain of 

calmodulin. J Inorg Biochem, 2005. 99(6): p. 1376-83. 

38. Ye, Y., et al., Metal binding affinity and structural properties of an isolated EF-loop in a scaffold 

protein. Protein Eng, 2001. 14(12): p. 1001-13. 

39. Horrocks, W.D., Jr., Luminescence spectroscopy. Methods Enzymol, 1993. 226: p. 495-538. 

40. Brittain, H.G., F.S. Richardson, and R.B. Martin, Terbium (III) emission as a probe of calcium(II) 

binding sites in proteins. J Am Chem Soc, 1976. 98(25): p. 8255-60. 

41. Yang, W., et al., Structural analysis, identification, and design of calcium-binding sites in 

proteins. Proteins, 2002. 47(3): p. 344-56. 

42. Deng, H., et al., Predicting calcium-binding sites in proteins - a graph theory and geometry 

approach. Proteins, 2006. 64(1): p. 34-42. 

43. Wang, X., et al., Towards predicting Ca2+-binding sites with different coordination numbers in 

proteins with atomic resolution. Proteins, 2009. 75(4): p. 787-98. 

44. Yang, J.J., http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm. 

45. Kretsinger, R.H., http://prosite.expasy.org/PDOC00018. 

46. Kawasaki, H. and R.H. Kretsinger, Calcium-binding proteins 1: EF-hands. Protein profile, 1995. 

2(4): p. 297-490. 

47. Zhou, Y., T.K. Frey, and J.J. Yang, Viral calciomics: interplays between Ca2+ and virus. Cell 

Calcium, 2009. 46(1): p. 1-17. 

48. Kakiuchi, S. and R. Yamazaki, Calcium dependent phosphodiesterase activity and its activating 

factor (PAF) from brain studies on cyclic 3',5'-nucleotide phosphodiesterase (3). Biochemical 

and biophysical research communications, 1970. 41(5): p. 1104-10. 

49. Cheung, W.Y., Cyclic 3',5'-nucleotide phosphodiesterase. Demonstration of an activator. 

Biochemical and biophysical research communications, 1970. 38(3): p. 533-8. 



176 
 

50. Cheung, W.Y., T.J. Lynch, and R.W. Wallace, An endogenous Ca2+-dependent activator protein 

of brain adenylate cyclase and cyclic neucleotide phosphodiesterase. Advances in cyclic 

nucleotide research, 1978. 9: p. 233-51. 

51. Watterson, D.M., F. Sharief, and T.C. Vanaman, The complete amino acid sequence of the Ca2+-

dependent modulator protein (calmodulin) of bovine brain. The Journal of biological chemistry, 

1980. 255(3): p. 962-75. 

52. Watterson, D.M. and T.C. Vanaman, Affinity chromatography purification of a cyclic nucleotide 

phosphodiesterase using immobilized modulator protein, a troponin C-like protein from brain. 

Biochemical and biophysical research communications, 1976. 73(1): p. 40-6. 

53. Fischer, R., et al., Multiple divergent mRNAs code for a single human calmodulin. The Journal of 

biological chemistry, 1988. 263(32): p. 17055-62. 

54. Zielinski, R.E., Calmodulin and Calmodulin-Binding Proteins in Plants. Annual review of plant 

physiology and plant molecular biology, 1998. 49: p. 697-725. 

55. Lee, S.H., et al., Identification of a novel divergent calmodulin isoform from soybean which has 

differential ability to activate calmodulin-dependent enzymes. The Journal of biological chemistry, 

1995. 270(37): p. 21806-12. 

56. Davis, T.N., et al., Isolation of the yeast calmodulin gene: calmodulin is an essential protein. Cell, 

1986. 47(3): p. 423-31. 

57. Matsuura, I., et al., Mutagenesis of the fourth calcium-binding domain of yeast calmodulin. The 

Journal of biological chemistry, 1993. 268(18): p. 13267-73. 

58. Linse, S., A. Helmersson, and S. Forsen, Calcium binding to calmodulin and its globular domains. 

The Journal of biological chemistry, 1991. 266(13): p. 8050-4. 

59. Crouch, T.H. and C.B. Klee, Positive cooperative binding of calcium to bovine brain calmodulin. 

Biochemistry, 1980. 19(16): p. 3692-8. 

60. Zhang, M., T. Tanaka, and M. Ikura, Calcium-induced conformational transition revealed by the 

solution structure of apo calmodulin. Nature Structural Biology, 1995. 2(9): p. 758-67. 



177 
 

61. Chou, J.J., et al., Solution structure of Ca(2+)-calmodulin reveals flexible hand-like properties of 

its domains. Nature Structural Biology, 2001. 8(11): p. 990-7. 

62. Yap, K.L., et al., Calmodulin target database. J Struct Funct Genomics, 2000. 1(1): p. 8-14. 

63. O'Neil, K.T. and W.F. DeGrado, How calmodulin binds its targets: sequence independent 

recognition of amphiphilic alpha-helices. Trends in biochemical sciences, 1990. 15(2): p. 59-64. 

64. Yuan, T., H. Ouyang, and H.J. Vogel, Surface exposure of the methionine side chains of 

calmodulin in solution. A nitroxide spin label and two-dimensional NMR study. The Journal of 

biological chemistry, 1999. 274(13): p. 8411-20. 

65. Gellman, S.H., On the role of methionine residues in the sequence-independent recognition of 

nonpolar protein surfaces. Biochemistry, 1991. 30(27): p. 6633-6. 

66. Siivari, K., et al., NMR studies of the methionine methyl groups in calmodulin. FEBS letters, 1995. 

366(2-3): p. 104-8. 

67. Crivici, A. and M. Ikura, Molecular and structural basis of target recognition by calmodulin. 

Annual review of biophysics and biomolecular structure, 1995. 24: p. 85-116. 

68. Mal, T.K., et al., Detecting protein kinase recognition modes of calmodulin by residual dipolar 

couplings in solution NMR. Biochemistry, 2002. 41(43): p. 12899-906. 

69. Zhang, M., H.J. Vogel, and H. Zwiers, Nuclear magnetic resonance studies of the structure of 

B50/neuromodulin and its interaction with calmodulin. Biochemistry and cell biology = 

Biochimie et biologie cellulaire, 1994. 72(3-4): p. 109-16. 

70. Baudier, J., et al., Purification and characterization of a brain-specific protein kinase C substrate, 

neurogranin (p17). Identification of a consensus amino acid sequence between neurogranin and 

neuromodulin (GAP43) that corresponds to the protein kinase C phosphorylation site and the 

calmodulin-binding domain. The Journal of biological chemistry, 1991. 266(1): p. 229-37. 

71. Slemmon, J.R., et al., Camstatins are peptide antagonists of calmodulin based upon a conserved 

structural motif in PEP-19, neurogranin, and neuromodulin. The Journal of biological chemistry, 

1996. 271(27): p. 15911-7. 



178 
 

72. Ruan, J., et al., Inducible nitric oxide synthase requires both the canonical calmodulin-binding 

domain and additional sequences in order to bind calmodulin and produce nitric oxide in the 

absence of free Ca2+. The Journal of biological chemistry, 1996. 271(37): p. 22679-86. 

73. Sonnenburg, W.K., et al., Identification of inhibitory and calmodulin-binding domains of the 

PDE1A1 and PDE1A2 calmodulin-stimulated cyclic nucleotide phosphodiesterases. The Journal 

of biological chemistry, 1995. 270(52): p. 30989-1000. 

74. Dasgupta, M., T. Honeycutt, and D.K. Blumenthal, The gamma-subunit of skeletal muscle 

phosphorylase kinase contains two noncontiguous domains that act in concert to bind calmodulin. 

The Journal of biological chemistry, 1989. 264(29): p. 17156-63. 

75. Espreafico, E.M., et al., Primary structure and cellular localization of chicken brain myosin-V 

(p190), an unconventional myosin with calmodulin light chains. The Journal of cell biology, 1992. 

119(6): p. 1541-57. 

76. Cimler, B.M., et al., P-57 is a neural specific calmodulin-binding protein. The Journal of 

biological chemistry, 1985. 260(19): p. 10784-8. 

77. Hill, A.P., O. Kingston, and R. Sitsapesan, Functional regulation of the cardiac ryanodine 

receptor by suramin and calmodulin involves multiple binding sites. Molecular pharmacology, 

2004. 65(5): p. 1258-68. 

78. Alexander, K.A., et al., Identification and characterization of the calmodulin-binding domain of 

neuromodulin, a neurospecific calmodulin-binding protein. The Journal of biological chemistry, 

1988. 263(16): p. 7544-9. 

79. Munshi, H.G., et al., Ca2+ regulates calmodulin binding to IQ motifs in IRS-1. Biochemistry, 

1996. 35(49): p. 15883-9. 

80. Houdusse, A. and C. Cohen, Target sequence recognition by the calmodulin superfamily: 

implications from light chain binding to the regulatory domain of scallop myosin. Proceedings of 

the National Academy of Sciences of the United States of America, 1995. 92(23): p. 10644-7. 



179 
 

81. Drum, C.L., et al., Structural basis for the activation of anthrax adenylyl cyclase exotoxin by 

calmodulin. Nature, 2002. 415(6870): p. 396-402. 

82. Keen, J.E., et al., Domains responsible for constitutive and Ca(2+)-dependent interactions 

between calmodulin and small conductance Ca(2+)-activated potassium channels. The Journal of 

neuroscience : the official journal of the Society for Neuroscience, 1999. 19(20): p. 8830-8. 

83. Schumacher, M.A., et al., Structure of the gating domain of a Ca2+-activated K+ channel 

complexed with Ca2+/calmodulin. Nature, 2001. 410(6832): p. 1120-4. 

84. Peracchia, C., Structural correlates of gap junction permeation. International Review of Cytology, 

1980. 66: p. 81-146. 

85. Sohl, G., S. Maxeiner, and K. Willecke, Expression and functions of neuronal gap junctions. Nat 

Rev Neurosci, 2005. 6(3): p. 191-200. 

86. Sohl, G., S. Maxeiner, and K. Willecke, Expression and functions of neuronal gap junctions. 

Nature reviews. Neuroscience, 2005. 6(3): p. 191-200. 

87. Toyofuku, T., et al., Intercellular calcium signaling via gap junction in connexin-43-transfected 

cells. The Journal of biological chemistry, 1998. 273(3): p. 1519-28. 

88. Arellano, R.O., A. Rivera, and F. Ramon, Protein phosphorylation and hydrogen ions modulate 

calcium-induced closure of gap junction channels. Biophysical journal, 1990. 57(2): p. 363-7. 

89. Unwin, P.N. and P.D. Ennis, Calcium-mediated changes in gap junction structure: evidence from 

the low angle X-ray pattern. The Journal of cell biology, 1983. 97(5 Pt 1): p. 1459-66. 

90. Peracchia, C., Calcium effects on gap junction structure and cell coupling. Nature, 1978. 

271(5646): p. 669-71. 

91. Sun, J., et al., Cochlear gap junctions coassembled from Cx26 and 30 show faster intercellular 

Ca2+ signaling than homomeric counterparts. Am J Physiol Cell Physiol, 2005. 288(3): p. C613-

23. 



180 
 

92. Forge, A., et al., Gap junctions in the inner ear: comparison of distribution patterns in different 

vertebrates and assessement of connexin composition in mammals. J Comp Neurol, 2003. 467(2): 

p. 207-31. 

93. Saez, J.C., et al., Plasma membrane channels formed by connexins: their regulation and functions. 

Physiol Rev, 2003. 83(4): p. 1359-400. 

94. Cruciani, V. and S.O. Mikalsen, The vertebrate connexin family. Cellular and molecular life 

sciences : CMLS, 2006. 63(10): p. 1125-40. 

95. Sohl, G. and K. Willecke, An update on connexin genes and their nomenclature in mouse and 

man. Cell communication & adhesion, 2003. 10(4-6): p. 173-80. 

96. !!! INVALID CITATION !!! 

97. Segretain, D. and M.M. Falk, Regulation of connexin biosynthesis, assembly, gap junction 

formation, and removal. Biochimica et biophysica acta, 2004. 1662(1-2): p. 3-21. 

98. Saimi, Y. and C. Kung, Calmodulin as an ion channel subunit. Annual review of physiology, 

2002. 64: p. 289-311. 

99. Herve, J.C., et al., Gap junctional channels are parts of multiprotein complexes. Biochimica et 

biophysica acta, 2011. 

100. Peracchia, C., et al., Calmodulin directly gates gap junction channels. J Biol Chem, 2000. 

275(34): p. 26220-4. 

101. Peracchia, C., Chemical gating of gap junction channels; roles of calcium, pH and calmodulin. 

Biochim Biophys Acta, 2004. 1662(1-2): p. 61-80. 

102. Peracchia, C., et al., Inhibition of calmodulin expression prevents low-pH-induced gap junction 

uncoupling in Xenopus oocytes. Pflugers Arch, 1996. 431(3): p. 379-87. 

103. Zhou, Y., et al., Calmodulin mediates the Ca2+-dependent regulation of Cx44 gap junctions. 

Biophys. J., 2009. 96: p. 2832-2848. 

104. Zhou, Y., et al., Identification of the calmodulin binding domain of connexin 43. The Journal of 

biological chemistry, 2007. 282(48): p. 35005-17. 



181 
 

105. Sotkis, A., et al., Calmodulin colocalizes with connexins and plays a direct role in gap junction 

channel gating. Cell Commun Adhes, 2001. 8(4-6): p. 277-81. 

106. Peracchia, S., C. A., et al., Calmodulin Directly Gates Gap Junction Channels. J. Biol. Chem., 

2000. 275: p. 26220-26224. 

107. Johnson, J.D. and L.A. Wittenauer, A fluorescent calmodulin that reports the binding of 

hydrophobic inhibitory ligands. The Biochemical journal, 1983. 211(2): p. 473-9. 

108. Sun, H., D. Yin, and T.C. Squier, Calcium-dependent structural coupling between opposing 

globular domains of calmodulin involves the central helix. Biochemistry, 1999. 38(38): p. 12266-

79. 

109. Delaglio, F., et al., NMRPipe: a multidimensional spectral processing system based on UNIX 

pipes. J Biomol NMR, 1995. 6(3): p. 277-93. 

110. Goddard, T.D. and D.G. Kneller, SPARKY 3. University of California, San Francisco. 

111. Wilkins, D.K., et al., Hydrodynamic radii of native and denatured proteins measured by pulse 

field gradient NMR techniques. Biochemistry, 1999. 38(50): p. 16424-31. 

112. Lee, H.W., et al., Isolated EF-loop III of calmodulin in a scaffold protein remains unpaired in 

solution using pulsed-field-gradient NMR spectroscopy. Biochimica et biophysica acta, 2002. 

1598(1-2): p. 80-7. 

113. Mills, R., Self-diffusion in normal and heavy water in the range 1-45.deg. J. Phys. Chem., 1973. 

77(5): p. 685-688. 

114. Zhou, Y., et al., Identification of the calmodulin binding domain of connexin 43. J Biol Chem, 

2007. 282(48): p. 35005-17. 

115. Zhou, Y., et al., Calmodulin mediates the Ca2+-dependent regulation of Cx44 gap junctions. 

Biophys J, 2009. 96(7): p. 2832-48. 

116. LaPorte, D.C., et al., Preparation of a fluorescent-labeled derivative of calmodulin which retains 

its affinity for calmodulin binding proteins. Biochemistry, 1981. 20(14): p. 3965-72. 



182 
 

117. Theoharis, N.T., et al., The neuronal voltage-dependent sodium channel type II IQ motif lowers 

the calcium affinity of the C-domain of calmodulin. Biochemistry, 2008. 47(1): p. 112-23. 

118. VanScyoc, W.S., et al., Calcium binding to calmodulin mutants monitored by domain-specific 

intrinsic phenylalanine and tyrosine fluorescence. Biophys J, 2002. 83(5): p. 2767-80. 

119. Whitmore, L. and B.A. Wallace, DICHROWEB, an online server for protein secondary structure 

analyses from circular dichroism spectroscopic data. Nucleic Acids Res, 2004. 32(Web Server 

issue): p. W668-73. 

120. Munoz, V. and L. Serrano, Elucidating the folding problem of helical peptides using empirical 

parameters. II. Helix macrodipole effects and rational modification of the helical content of 

natural peptides. J Mol Biol, 1995. 245(3): p. 275-96. 

121. Munoz, V. and L. Serrano, Elucidating the folding problem of helical peptides using empirical 

parameters. III. Temperature and pH dependence. J Mol Biol, 1995. 245(3): p. 297-308. 

122. Munoz, V. and L. Serrano, Elucidating the folding problem of helical peptides using empirical 

parameters. Nat Struct Biol, 1994. 1(6): p. 399-409. 

123. Mitaku, S., T. Hirokawa, and T. Tsuji, Amphiphilicity index of polar amino acids as an aid in the 

characterization of amino acid preference at membrane-water interfaces. Bioinformatics, 2002. 

18(4): p. 608-16. 

124. Krogh, A., et al., Predicting transmembrane protein topology with a hidden Markov model: 

application to complete genomes. J Mol Biol, 2001. 305(3): p. 567-80. 

125. Jones, D.T., Do transmembrane protein superfolds exist? FEBS Lett, 1998. 423(3): p. 281-5. 

126. Tusnady, G.E. and I. Simon, The HMMTOP transmembrane topology prediction server. 

Bioinformatics, 2001. 17(9): p. 849-50. 

127. Bruzzone, R., T.W. White, and D.L. Paul, Connections with connexins: the molecular basis of 

direct intercellular signaling. Eur J Biochem, 1996. 238(1): p. 1-27. 

128. Evans, W.H. and P.E. Martin, Gap junctions: structure and function (Review). Mol Membr Biol, 

2002. 19(2): p. 121-36. 



183 
 

129. Willecke, K., et al., Structural and functional diversity of connexin genes in the mouse and human 

genome. Biol Chem, 2002. 383(5): p. 725-37. 

130. Gandolfi, S.A., et al., Mammalian lens inter-fiber resistance is modulated by calcium and 

calmodulin. Curr Eye Res, 1990. 9(6): p. 533-41. 

131. Crow, J.M., M.M. Atkinson, and R.G. Johnson, Micromolar levels of intracellular calcium 

reduce gap junctional permeability in lens cultures. Invest Ophthalmol Vis Sci, 1994. 35(8): p. 

3332-41. 

132. Churchill, G.C., M.M. Lurtz, and C.F. Louis, Ca(2+) regulation of gap junctional coupling in 

lens epithelial cells. Am J Physiol Cell Physiol, 2001. 281(3): p. C972-81. 

133. Lurtz, M.M. and C.F. Louis, Calmodulin and protein kinase C regulate gap junctional coupling 

in lens epithelial cells. Am J Physiol Cell Physiol, 2003. 285(6): p. C1475-82. 

134. Torok, K., K. Stauffer, and W.H. Evans, Connexin 32 of gap junctions contains two cytoplasmic 

calmodulin-binding domains. Biochemical Journal, 1997. 326: p. 479-483. 

135. Dodd, R., et al., Calmodulin association with connexin32-derived peptides suggests trans-domain 

interaction in chemical gating of gap junction channels. J Biol Chem, 2008. 283(40): p. 26911-20. 

136. O'Day, D.H., CaMBOT: profiling and characterizing calmodulin-binding proteins. Cell Signal, 

2003. 15(4): p. 347-54. 

137. Jones, D.T., W.R. Taylor, and J.M. Thornton, A model recognition approach to the prediction of 

all-helical membrane protein structure and topology. Biochemistry, 1994. 33(10): p. 3038-49. 

138. Tusnady, G.E. and I. Simon, Principles governing amino acid composition of integral membrane 

proteins: application to topology prediction. J Mol Biol, 1998. 283(2): p. 489-506. 

139. Hofmann, K. and W. Stoffel, TMbase - a database of membrane spanning protein segments. Biol 

Chem Hoppe-Seyler, 1993. 374: p. 166. 

140. Nicol, S., D. Rahman, and A.J. Baines, Ca2+-dependent interaction with calmodulin is conserved 

in the synapsin family: identification of a high-affinity site. Biochemistry, 1997. 36(38): p. 11487-

95. 



184 
 

141. Yamauchi, E., et al., Crystal structure of a MARCKS peptide containing the calmodulin-binding 

domain in complex with Ca2+-calmodulin. Nature Structural Biology, 2003. 10(3): p. 226-31. 

142. Meador, W.E., A.R. Means, and F.A. Quiocho, Modulation of calmodulin plasticity in molecular 

recognition on the basis of x-ray structures. Science, 1993. 262(5140): p. 1718-21. 

143. Andre, I., et al., The role of electrostatic interactions in calmodulin-peptide complex formation. 

Biophys J, 2004. 87(3): p. 1929-38. 

144. Lurtz, M.M. and C.F. Louis, Intracellular calcium regulation of connexin43. Am J Physiol Cell 

Physiol, 2007. 293(6): p. C1806-13. 

145. Yang, D.I. and C.F. Louis, Molecular cloning of ovine connexin44 and temporal expression of 

gap junction proteins in a lens cell culture. Invest Ophthalmol Vis Sci, 2000. 41(9): p. 2658-64. 

146. Illiano, S., T. Nagao, and P.M. Vanhoutte, Calmidazolium, a calmodulin inhibitor, inhibits 

endothelium-dependent relaxations resistant to nitro-L-arginine in the canine coronary artery. 

British journal of pharmacology, 1992. 107(2): p. 387-92. 

147. Wine, Y., et al., Elucidation of the mechanism and end products of glutaraldehyde crosslinking 

reaction by X-ray structure analysis. Biotechnology and bioengineering, 2007. 98(3): p. 711-8. 

148. Fielding, L., NMR methods for the determination of protein-ligand dissociation constants. Curr 

Top Med Chem, 2003. 3(1): p. 39-53. 

149. Weljie, A.M., et al., Protein conformational changes studied by diffusion NMR spectroscopy: 

application to helix-loop-helix calcium binding proteins. Protein Sci, 2003. 12(2): p. 228-36. 

150. Yang, J.J., et al., Conformational properties of four peptides spanning the sequence of hen 

lysozyme. J Mol Biol, 1995. 252(4): p. 483-91. 

151. Johnson, J.D. and L.A. Wittenauer, A fluorescent calmodulin that reports the binding of 

hydrophobic inhibitory ligands. Biochemical Journal, 1983. 211(2): p. 473-9. 

152. Ludescher, R.D., et al., Rotational dynamics of the single tryptophan of porcine pancreatic 

phospholipase A2, its zymogen, and an enzyme/micelle complex. A steady-state and time-resolved 

anisotropy study. Biochemistry, 1988. 27(17): p. 6618-28. 



185 
 

153. Xu, Q., et al., Calcium regulation of connexin43 via a cytoplamsic loop calmodulin binding 

domain gating mechanism. Circ res., submitted., 2011. 

154. Veenstra, R.D., et al., Selective dye and ionic permeability of gap junction channels formed by 

connexin45. Circ Res, 1994. 75(3): p. 483-90. 

155. Beblo, D.A., et al., Unique conductance, gating, and selective permeability properties of gap 

junction channels formed by connexin40. Circ Res, 1995. 77(4): p. 813-22. 

156. Donaldson, P. and J. Kistler, Reconstitution of channels from preparations enriched in lens gap 

junction protein MP70. J Membr Biol, 1992. 129(2): p. 155-65. 

157. Srinivas, M., et al., Voltage dependence of macroscopic and unitary currents of gap junction 

channels formed by mouse connexin50 expressed in rat neuroblastoma cells. J Physiol, 1999. 517 

( Pt 3): p. 673-89. 

158. Xu, X., et al., Functional role of the carboxyl terminal domain of human connexin 50 in gap 

junctional channels. J Membr Biol, 2002. 186(2): p. 101-12. 

159. Peracchia, C. and X.C. Wang, Connexin domains relevant to the chemical gating of gap junction 

channels. Braz J Med Biol Res, 1997. 30(5): p. 577-90. 

160. Dodd, R., et al., Calmodulin association with connexin32-derived peptides suggests trans-domain 

interaction in chemical gating of gap junction channels. J. Biol. Chem, 2008. 283(40): p. 26911-

20. 

161. Ahmad, S., P.E. Martin, and W.H. Evans, Assembly of gap junction channels: mechanism, effects 

of calmodulin antagonists and identification of connexin oligomerization determinants. Eur J 

Biochem, 2001. 268(16): p. 4544-52. 

162. Blodow, A., et al., Calmodulin antagonists suppress gap junction coupling in isolated Hensen 

cells of the guinea pig cochlea. Pflugers Arch, 2003. 446(1): p. 36-41. 

163. Paznekas, W.A., et al., GJA1 mutations, variants, and connexin 43 dysfunction as it relates to the 

oculodentodigital dysplasia phenotype. Hum Mutat, 2009. 30(5): p. 724-33. 



186 
 

164. Beahm, D.L., et al., Mutation of a conserved threonine in the third transmembrane helix of alpha- 

and beta-connexins creates a dominant-negative closed gap junction channel. J Biol Chem, 2006. 

281(12): p. 7994-8009. 

165. Maeda, S., et al., Structure of the connexin 26 gap junction channel at 3.5 A resolution. Nature, 

2009. 458(7238): p. 597-602. 

166. Oshima, A., et al., Three-dimensional structure of a human connexin26 gap junction channel 

reveals a plug in the vestibule. Proc Natl Acad Sci U S A, 2007. 104(24): p. 10034-9. 

167. Peracchia, C., X.G. Wang, and L.L. Peracchia, Chemical gating of gap junction channels. 

Methods, 2000. 20(2): p. 188-95. 

168. Paul, D.L., et al., Connexin46, a novel lens gap junction protein, induces voltage-gated currents 

in nonjunctional plasma membrane of Xenopus oöcytes. J. Cell Biol., 1991. 115: p. 1077-1089. 

169. Tenbroek, E.M., et al., The distribution of the fiber cell intrinsic membrane proteins MP20 and 

connexin46 in the bovine lens. J. Cell. Sci., 1992. 103: p. 245-257. 

170. TenBroek, E.M., R. Johnson, and C.F. Louis, Cell-to-cell communication in a differentiating 

ovine lens culture system. Invest. Ophthalmol. Vis. Sci., 1994. 35: p. 215-228. 

171. Brook, J.L., C. Branford-White, and W.J. Whish, Calmodulin from the Eucestoda and its use as a 

probe for calmodulin binding proteins. Biochemical Society transactions, 1992. 20(3): p. 300S. 

172. Klevit, R.E., et al., 1H-NMR studies of calmodulin. The nature of the Ca2+-dependent 

conformational change. Eur J Biochem, 1984. 139(1): p. 109-14. 

173. Wang, C.L., A note on Ca2+ binding to calmodulin. Biochem Biophys Res Commun, 1985. 

130(1): p. 426-30. 

174. Bhattacharya, S., C.G. Bunick, and W.J. Chazin, Target selectivity in EF-hand calcium binding 

proteins. Biochim Biophys Acta, 2004. 1742(1-3): p. 69-79. 

175. Bers, D.M. and E. Grandi, Calcium/Calmodulin-dependent Kinase II Regulation of Cardiac Ion 

Channels. J Cardiovasc Pharmacol, 2009. 54(3): p. 180-7. 



187 
 

176. Dai, S., D.D. Hall, and J.W. Hell, Supramolecular assemblies and localized regulation of voltage-

gated ion channels. Physiol Rev, 2009. 89(2): p. 411-52. 

177. Tadross, M.R., I.E. Dick, and D.T. Yue, Mechanism of local and global Ca2+ sensing by 

calmodulin in complex with a Ca2+ channel. Cell, 2008. 133(7): p. 1228-40. 

178. Rhoads, A.R. and F. Friedberg, Sequence motifs for calmodulin recognition. Faseb J, 1997. 11(5): 

p. 331-40. 

179. Chen, Y., et al., Molecular interaction and functional regulation of connexin50 gap junctions by 

calmodulin. Biochemical Journal, 2011. 

180. Clapperton, J.A., et al., Structure of the complex of calmodulin with the target sequence of 

calmodulin-dependent protein kinase I: studies of the kinase activation mechanism. Biochemistry, 

2002. 41(50): p. 14669-79. 

181. Rosenberg, O.S., et al., Structure of the autoinhibited kinase domain of CaMKII and SAXS 

analysis of the holoenzyme. Cell, 2005. 123(5): p. 849-60. 

182. Burr, G.S., et al., Calcium-dependent binding of calmodulin to neuronal gap junction proteins. 

Biochemical and biophysical research communications, 2005. 335(4): p. 1191-8. 

183. Peracchia, C., X.G. Wang, and L.L. Peracchia, Slow gating of gap junction channels and 

calmodulin. The Journal of membrane biology, 2000. 178(1): p. 55-70. 

184. Dodd, R., et al., Calmodulin association with connexin32-derived peptides suggests trans-domain 

interaction in chemical gating of gap junction channels. J. Biol. Chem., 2008. 283: p. 26911-

26920. 

185. Török, K., K. Stauffer, and W.H. Evans, Connexin 32 of gap junctions contains two cytoplasmic 

calmodulin-binding domains. Biochem. J., 1997. 326: p. 479-483. 

186. Paznekas, W.A., et al., GJA1 mutations, variants, and connexin 43 dysfunction as it relates to the 

oculodentodigital dysplasia phenotype. Human mutation, 2009. 30(5): p. 724-33. 

187. Yang, J.J., et al., Conformational Properties of Four Peptides Spanning the Entire Sequence of 

Hen Lysozyme. J. Mol. Biol., 1995. 252: p. 483-491. 



188 
 

188. Balog, E.M., et al., Calmodulin oxidation and methionine to glutamine substitutions reveal 

methionine residues critical for functional interaction with ryanodine receptor-1. The Journal of 

biological chemistry, 2003. 278(18): p. 15615-21. 

189. Maximciuc, A.A., et al., Complex of calmodulin with a ryanodine receptor target reveals a novel, 

flexible binding mode. Structure, 2006. 14(10): p. 1547-56. 

190. Prestegard, J.H., C.M. Bougault, and A.I. Kishore, Residual dipolar couplings in structure 

determination of biomolecules. Chemical reviews, 2004. 104(8): p. 3519-40. 

191. Contessa, G.M., et al., Structure of calmodulin complexed with an olfactory CNG channel 

fragment and role of the central linker: residual dipolar couplings to evaluate calmodulin 

binding modes outside the kinase family. Journal of biomolecular NMR, 2005. 31(3): p. 185-99. 

192. Liu, Y. and J.H. Prestegard, Measurement of one and two bond N-C couplings in large proteins 

by TROSY-based J-modulation experiments. J Magn Reson, 2009. 200(1): p. 109-18. 

193. Valafar, H. and J.H. Prestegard, REDCAT: a residual dipolar coupling analysis tool. Journal of 

magnetic resonance, 2004. 167(2): p. 228-41. 

194. Bertini, I., et al., Accurate solution structures of proteins from X-ray data and a minimal set of 

NMR data: calmodulin-peptide complexes as examples. Journal of the American Chemical 

Society, 2009. 131(14): p. 5134-44. 

195. Feeny, J., et al., Calmodulin tagging provides a general method of using lanthanide induced 

magnetic field orientation to observe residual dipolar couplings in proteins in solution. Journal of 

biomolecular NMR, 2001. 21(1): p. 41-8. 

196. Sun, H., et al., Mutation of Tyr138 disrupts the structural coupling between the opposing domains 

in vertebrate calmodulin. Biochemistry, 2001. 40(32): p. 9605-17. 

197. Ladant, D., Interaction of Bordetella pertussis adenylate cyclase with calmodulin. Identification 

of two separated calmodulin-binding domains. The Journal of biological chemistry, 1988. 263(6): 

p. 2612-8. 



189 
 

198. Trewhella, J., et al., Small-angle scattering studies show distinct conformations of calmodulin in 

its complexes with two peptides based on the regulatory domain of the catalytic subunit of 

phosphorylase kinase. Biochemistry, 1990. 29(40): p. 9316-24. 

199. Huber, P.A., et al., Multiple-sited interaction of caldesmon with Ca(2+)-calmodulin. The 

Biochemical journal, 1996. 316 ( Pt 2): p. 413-20. 

200. Yap, K.L., et al., Structural basis for simultaneous binding of two carboxy-terminal peptides of 

plant glutamate decarboxylase to calmodulin. Journal of molecular biology, 2003. 328(1): p. 193-

204. 

201. Goold, R. and A.J. Baines, Evidence that two non-overlapping high-affinity calmodulin-binding 

sites are present in the head region of synapsin I. European journal of biochemistry / FEBS, 1994. 

224(1): p. 229-40. 

202. Diel, S., et al., Two interaction sites on mammalian adenylyl cyclase type I and II: modulation by 

calmodulin and G(betagamma). The Biochemical journal, 2008. 411(2): p. 449-56. 

203. Kataoka, M., et al., Small-angle X-ray scattering study of calmodulin bound to two peptides 

corresponding to parts of the calmodulin-binding domain of the plasma membrane Ca2+ pump. 

Biochemistry, 1991. 30(25): p. 6247-51. 

204. Mouton, J., A. Feltz, and Y. Maulet, Interactions of calmodulin with two peptides derived from 

the c-terminal cytoplasmic domain of the Ca(v)1.2 Ca2+ channel provide evidence for a 

molecular switch involved in Ca2+-induced inactivation. The Journal of biological chemistry, 

2001. 276(25): p. 22359-67. 

205. Orsale, M., et al., Two distinct calcium-calmodulin interactions with N-terminal regions of the 

olfactory and rod cyclic nucleotide-gated channels characterized by NMR spectroscopy. FEBS 

letters, 2003. 548(1-3): p. 11-6. 

206. Zhu, M.X., Multiple roles of calmodulin and other Ca(2+)-binding proteins in the functional 

regulation of TRP channels. Pflugers Archiv : European journal of physiology, 2005. 451(1): p. 

105-15. 



190 
 

207. Rhoads, A.R. and F. Friedberg, Sequence motifs for calmodulin recognition. The FASEB journal : 

official publication of the Federation of American Societies for Experimental Biology, 1997. 

11(5): p. 331-40. 

208. Rodney, G.G., et al., Regulation of RYR1 activity by Ca(2+) and calmodulin. Biochemistry, 2000. 

39(26): p. 7807-12. 

209. Gangopadhyay, J.P. and N. Ikemoto, Interaction of the Lys(3614)-Asn(3643) calmodulin-binding 

domain with the Cys(4114)-Asn(4142) region of the type 1 ryanodine receptor is involved in the 

mechanism of Ca2+/agonist-induced channel activation. Biochem J, 2008. 411(2): p. 415-23. 

210. Moore, C.P., et al., Apocalmodulin and Ca2+ calmodulin bind to the same region on the skeletal 

muscle Ca2+ release channel. Biochemistry, 1999. 38(26): p. 8532-7. 

211. Xiong, L., et al., A Ca2+-binding domain in RyR1 that interacts with the calmodulin binding site 

and modulates channel activity. Biophys J, 2006. 90(1): p. 173-82. 

212. Vergara, C., et al., Calcium-activated potassium channels. Current opinion in neurobiology, 1998. 

8(3): p. 321-9. 

213. Kohler, M., et al., Small-conductance, calcium-activated potassium channels from mammalian 

brain. Science, 1996. 273(5282): p. 1709-14. 

214. Cruciani, V. and S.O. Mikalsen, The connexin gene family in mammals. Biological chemistry, 

2005. 386(4): p. 325-32. 

215. Welsh, M.J., et al., Calmodulin binds to chick lens gap junction protein in a calcium-independent 

manner. Science, 1982. 216(4546): p. 642-4. 

216. Gandolfi, S.A., et al., Mammalian lens inter-fiber resistance is modulated by calcium and 

calmodulin. Curr. Eye Res., 1990. 9: p. 533-541. 

217. Crow, J.M., M.M. Atkinson, and R.G. Johnson, Micromolar levels of intracellular calcium 

reduce gap junctional permeability in lens cultures. Invest. Ophthalmol. Vis. Sci., 1994. 35: p. 

3332-3341. 



191 
 

218. Churchill, G.C., M.M. Lurtz, and C.F. Louis, Ca2+ regulation of gap junctional coupling in lens 

epithelial cells. Am. J. Physiol. Cell Physiol., 2001. 281: p. C972-C981. 

219. Lurtz, M.M. and C.F. Louis, Calmodulin and Protein Kinase C regulate gap junctional coupling 

in lens epithelial cells. Am. J. Physiol. Cell. Physiol., 2003. 285: p. C1475-1482. 

220. Gerido, D.A. and T.W. White, Connexin disorders of the ear, skin, and lens. Biochimica et 

biophysica acta, 2004. 1662(1-2): p. 159-70. 

221. Xia, C.H., et al., Absence of alpha3 (Cx46) and alpha8 (Cx50) connexins leads to cataracts by 

affecting lens inner fiber cells. Experimental Eye Research, 2006. 83(3): p. 688-96. 

222. Gao, J., et al., Connections between connexins, calcium, and cataracts in the lens. Journal of 

General Physiology, 2004. 124(4): p. 289-300. 

223. Laird, D.W., Closing the gap on autosomal dominant connexin-26 and connexin-43 mutants 

linked to human disease. Journal of Biological Chemistry, 2008. 283(6): p. 2997-3001. 

224. Arora, A., et al., A novel GJA8 mutation is associated with autosomal dominant lamellar 

pulverulent cataract: further evidence for gap junction dysfunction in human cataract. Journal of 

medical genetics, 2006. 43(1): p. e2. 

225. Ri, Y., et al., The role of a conserved proline residue in mediating conformational changes 

associated with voltage gating of Cx32 gap junctions. Biophysical journal, 1999. 76(6): p. 2887-

98. 

226. Huang, R.Y., et al., Identification of CaMKII phosphorylation sites in Connexin43 by high-

resolution mass spectrometry. Journal of proteome research, 2011. 10(3): p. 1098-109. 

227. Giepmans, B.N., et al., Gap junction protein connexin-43 interacts directly with microtubules. 

Current biology : CB, 2001. 11(17): p. 1364-8. 

228. Shaw, R.M., et al., Microtubule plus-end-tracking proteins target gap junctions directly from the 

cell interior to adherens junctions. Cell, 2007. 128(3): p. 547-60. 

229. He, L., Z. Hou, and R.Z. Qi, Calmodulin binding and Cdk5 phosphorylation of p35 regulate its 

effect on microtubules. The Journal of biological chemistry, 2008. 283(19): p. 13252-60. 



192 
 

230. Bosc, C., et al., Identification of novel bifunctional calmodulin-binding and microtubule-

stabilizing motifs in STOP proteins. The Journal of biological chemistry, 2001. 276(33): p. 

30904-13. 

231. Lee, Y.C. and J. Wolff, The calmodulin-binding domain on microtubule-associated protein 2. 

The Journal of biological chemistry, 1984. 259(13): p. 8041-4. 

232. Passareiro, H., C. Erneux, and J. Nunez, Interaction of the two structural domains of calmodulin 

with mature and immature rat brain microtubules. Journal of neurochemistry, 1990. 55(5): p. 

1683-9. 

233. Ahmad, S., P.E. Martin, and W.H. Evans, Assembly of gap junction channels: mechanism, effects 

of calmodulin antagonists and identification of connexin oligomerization determinants. European 

journal of biochemistry / FEBS, 2001. 268(16): p. 4544-52. 

234. Gangola, P. and B.P. Rosen, Maintenance of intracellular calcium in Escherichia coli. J Biol 

Chem, 1987. 262(26): p. 12570-4. 

235. Tsujibo, H. and B.P. Rosen, Energetics of calcium efflux from cells of Escherichia coli. J 

Bacteriol, 1983. 154(2): p. 854-8. 

236. Watkins, N.J., et al., Free calcium transients in chemotactic and non-chemotactic strains of 

Escherichia coli determined by using recombinant aequorin. Biochem J, 1995. 306(Pt 3): p. 865-

9. 

237. Reusch, R.N., R. Huang, and L.L. Bramble, Poly-3-hydroxybutyrate/polyphosphate complexes 

form voltage-activated Ca2+ channels in the plasma membranes of Escherichia coli. Biophys J, 

1995. 69(3): p. 754-66. 

238. Henikoff, S., et al., Gene families: the taxonomy of protein paralogs and chimeras. Science, 1997. 

278(5338): p. 609-14. 

239. Wojcik, J., et al., Isolated calcium-binding loops of EF-hand proteins can dimerize to form a 

native-like structure. Biochemistry, 1997. 36(4): p. 680-7. 



193 
 

240. Kawasaki, H., S. Nakayama, and R.H. Kretsinger, Classification and evolution of EF-hand 

proteins. Biometals : an international journal on the role of metal ions in biology, biochemistry, 

and medicine, 1998. 11(4): p. 277-95. 

241. Wasserman, R.H., et al., Intestinal calcium transport and calcium extrusion processes at the 

basolateral membrane. The Journal of nutrition, 1992. 122(3 Suppl): p. 662-71. 

242. Feher, J.J., C.S. Fullmer, and R.H. Wasserman, Role of facilitated diffusion of calcium by 

calbindin in intestinal calcium absorption. The American journal of physiology, 1992. 262(2 Pt 

1): p. C517-26. 

243. Barley, N.F., et al., Factors involved in the duodenal expression of the human calbindin-D9k gene. 

The Biochemical journal, 1999. 341 ( Pt 3): p. 491-500. 

244. Linse, S. and W.J. Chazin, Quantitative measurements of the cooperativity in an EF-hand protein 

with sequential calcium binding. Protein science : a publication of the Protein Society, 1995. 4(6): 

p. 1038-44. 

245. Zhao, L., et al., A novel calcium-dependent bacterial phosphatidylinositol-specific phospholipase 

C displaying unprecedented magnitudes of thio effect, inverse thio effect, and stereoselectivity. J 

Am Chem Soc, 2003. 125(1): p. 22-3. 

246. Trombe, M.C., Characterization of a calcium porter of Streptococcus pneumoniae involved in 

calcium regulation of growth and competence. J Gen Microbiol, 1993. 139(Pt 3): p. 433-9. 

247. Trombe, M.C., V. Rieux, and F. Baille, Mutations which alter the kinetics of calcium transport 

alter the regulation of competence in Streptococcus pneumoniae. J Bacteriol, 1994. 176(7): p. 

1992-6. 

248. Hauck, C.R., Cell adhesion receptors - signaling capacity and exploitation by bacterial 

pathogens. Med Microbiol Immunol (Berl), 2002. 191(2): p. 55-62. 

249. Norris, V., et al., Calcium in bacteria: a solution to which problem? Mol Microbiol, 1991. 5(4): p. 

775-8. 

250. Norris, V., et al., Calcium signalling in bacteria. J Bacteriol, 1996. 178(13): p. 3677-82. 



194 
 

251. Rigden, D.J., M.J. Jedrzejas, and M.Y. Galperin, An extracellular calcium-binding domain in 

bacteria with a distant relationship to EF-hands. FEMS Microbiol Lett, 2003. 221(1): p. 103-10. 

252. Aziz, R.K., et al., Microevolution of group A streptococci in vivo: capturing regulatory networks 

engaged in sociomicrobiology, niche adaptation, and hypervirulence. PloS one, 2010. 5(4): p. 

e9798. 

253. Andrade, M.A., et al., NEAT: a domain duplicated in genes near the components of a putative 

Fe3+ siderophore transporter from Gram-positive pathogenic bacteria. Genome Biol, 2002. 3(9): 

p. RESEARCH0047. 

254. Chen, Y., et al., Calciomics: prediction and analysis of EF-hand calcium binding proteins by 

protein engineering. Sci China Chem, 2010. 53: p. 52-60. 

255. Kurkela, S., et al., Causative agent of Pogosta disease isolated from blood and skin lesions. 

Emerging infectious diseases, 2004. 10(5): p. 889-94. 

256. Ubol, S., et al., Temporal changes in chromatin, intracellular calcium, and poly(ADP-ribose) 

polymerase during Sindbis virus-induced apoptosis of neuroblastoma cells. Journal of virology, 

1996. 70(4): p. 2215-20. 

257. Oliver, K.G., et al., Inhibition of agonist-induced activation of phospholipase C following 

poxvirus infection. The Journal of biological chemistry, 1992. 267(35): p. 25098-103. 

258. Sanderson, C.M., et al., Overexpression of the vaccinia virus A38L integral membrane protein 

promotes Ca2+ influx into infected cells. Journal of virology, 1996. 70(2): p. 905-14. 

259. Bodian, D.L., et al., Crystal structure of the extracellular region of the human cell adhesion 

molecule CD2 at 2.5 A resolution. Structure, 1994. 2(8): p. 755-66. 

260. Altieri, A.S. and R.A. Byrd, Randomization approach to water suppression in multidimensional 

NMR using pulsed field gradients. Journal of magnetic resonance. Series B, 1995. 107(3): p. 260-

6. 



195 
 

261. Shaw, G.S., R.S. Hodges, and B.D. Sykes, Determination of the solution structure of a synthetic 

two-site calcium-binding homodimeric protein domain by NMR spectroscopy. Biochemistry, 

1992. 31(40): p. 9572-80. 

262. Franchini, P.L. and R.E. Reid, Investigating site-specific effects of the -X glutamate in a 

parvalbumin CD site model peptide. Archives of biochemistry and biophysics, 1999. 372(1): p. 

80-8. 

263. Franchini, P.L. and R.E. Reid, A model for circular dichroism monitored dimerization and 

calcium binding in an EF-hand synthetic peptide. Journal of theoretical biology, 1999. 199(2): p. 

199-211. 

264. Julenius, K., et al., Coupling of ligand binding and dimerization of helix-loop-helix peptides: 

spectroscopic and sedimentation analyses of calbindin D9k EF-hands. Proteins, 2002. 47(3): p. 

323-33. 

265. Karas, M., D. Bachmann, and F. Hillenkamp, Influence of the Wavelength in High-Irradiance 

Ultraviolet Laser Desorption Mass Spectrometry of Organic Molecules. Analytical Chemistry, 

1985. 57(14): p. 1935-9. 

266. Tanaka, K., et al., Protein and Polymer Analyses up to m/z 100 000 by Laser Ionization Time-of 

flight Mass Spectrometry. Rapid communications in mass spectrometry : RCM, 1988. 2(20): p. 

151-3. 

267. Gros, C. and B. Labouesse, Study of the dansylation reaction of amino acids, peptides and 

proteins. European journal of biochemistry / FEBS, 1969. 7(4): p. 463-70. 

268. Park, S.J., J.S. Song, and H.J. Kim, Dansylation of tryptic peptides for increased sequence 

coverage in protein identification by matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometric peptide mass fingerprinting. Rapid communications in mass spectrometry : 

RCM, 2005. 19(21): p. 3089-96. 

269. Chiappetta, G., et al., Dansyl-peptides matrix-assisted laser desorption/ionization mass 

spectrometric (MALDI-MS) and tandem mass spectrometric (MS/MS) features improve the liquid 



196 
 

chromatography/MALDI-MS/MS analysis of the proteome. Rapid communications in mass 

spectrometry : RCM, 2010. 24(20): p. 3021-32. 

270. Goodsell, D.S. and A.J. Olson, Structural symmetry and protein function. Annual review of 

biophysics and biomolecular structure, 2000. 29: p. 105-53. 

271. Goodsell, D.S., Inside a living cell. Trends in biochemical sciences, 1991. 16(6): p. 203-6. 

272. Jones, D.T. and J.M. Thornton, Potential energy functions for threading. Curr Opin Struct Biol, 

1996. 6(2): p. 210-6. 

273. Cedervall, T., et al., Calbindin D28k EF-hand ligand binding and oligomerization: four high-

affinity sites--three modes of action. Biochemistry, 2005. 44(41): p. 13522-32. 

274. Ravulapalli, R., et al., Homodimerization of calpain 3 penta-EF-hand domain. The Biochemical 

journal, 2005. 388(Pt 2): p. 585-91. 

275. Hakansson, M., et al., An extended hydrophobic core induces EF-hand swapping. Protein science : 

a publication of the Protein Society, 2001. 10(5): p. 927-33. 

276. Huang, Y., et al., A single EF-hand isolated from STIM1 forms dimer in the absence and 

presence of Ca2+. The FEBS journal, 2009. 276(19): p. 5589-97. 

 

 


