




149 
 

 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. 
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