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Abstract 

Title of Dissertation: Targeting Malignant Melanoma and Potential Off-target Effects in EC-

Coupling 

Zephan Melville, Doctor of Philosophy, 2017 

Dissertation directed by:  Dr. David J. Weber, Professor and Director 
    Center for Biomolecular Therapeutics 
    Department of Biochemistry & Molecular Biology 
    University of Maryland School of Medicine 

S100B belongs to the S100 family of Ca2+-binding proteins, a family known for calcium-

dependent interactions that regulate biological processes. Upregulation of S100B in malignant 

melanoma (MM) downregulates p53 tumor suppressor function and is correlated with poor 

prognosis, making S100B a therapeutic target for MM. A fragment-based drug discovery 

program is underway to develop small-molecule S100B inhibitors. Compounds SC0025 and 

SC1990 occupy part of the S100B hydrophobic cleft, termed site 3, while compounds SBi5361 

and 5363 occupy sites 1-3. Crystal structures show specific protein-inhibitor interactions to 

exploit in further studies for improving affinity and specificity. 

Heteronuclear RNA-binding protein (hnRNP) A18 is also involved in MM. A18 is 

upregulated in tumors and promotes tumor growth via coordination of pro-survival mRNA. The 

crystal structure for the RNA recognition motif (RRM) of A18 is reported here, with 

comparisons to the homologous RNA-binding protein, hnRNP A1. These comparisons show a 

conserved global fold and conservation of known RNA-binding residues. Given this, it would be 

impossible to design inhibitors specific for A18. Instead, it is the intrinsically disordered domain 

of A18 that must endow specificity, as this is not conserved. As such, this structure serves as a 

foundation for work with full-length A18 and drug-design efforts targeting A18 in MM. 



The sibling protein to S100B, S100A1 regulates several cellular processes, including 

Ca2+-signaling in striated muscle, through interaction with the ryanodine receptor. The crystal 

structure of S100A1, reported here, provides insights into S100A1-target binding specificity 

through key differences in the binding pockets of S100A1 and S100B. In cardiac cells, S100A1 

increases Cav1 channel current amplitude, an effect blocked by inhibition of protein kinase A 

(PKA), implying a PKA-dependent process. As this did not require cAMP, its mechanism of 

activation remained unknown. Biochemical studies demonstrate that S100A1 directly activates 

PKA in a Ca2+-dependent manner. A functional role for this pathway is also established as PKA-

dependent subcellular redistribution of HDAC4 was abolished in S100A1 knockout mice. Thus, 

the interaction between S100A1 and PKA provides a link between Ca2+- and PKA-signaling. 

  



 
 
 

 
 
 

 
 

 
 
 

Targeting Malignant Melanoma and Potential Off-target Effects in EC-Coupling 
 
 

 
 
 
 

by 
Zephan Melville 

 
 
 
 
 
 
 
 
 
 
 

 
Dissertation submitted to the Faculty of the Graduate School of the 

University of Maryland, Baltimore in partial fulfillment 
of the requirements for the degree of  

Doctor of Philosophy 
2017 

  



 iii 

Acknowledgements 

 First and foremost I would like to thank Dr. David J. Weber for the providing me the 

opportunity to work in his lab and serving as my mentor for the duration of my time as a 

graduate student. I would like to thank Drs. Paul Wilder and Laura McKnight for substantial 

training in fluorescence, ITC, NMR spectroscopy, and X-ray crystallography. I would like to 

thank Dr. Mike Cavalier for training in X-ray crystallography as well. I would like to thank the 

above as well as Drs. Sean Stowe and Braden Roth for training in protein purification and for 

general advice throughout graduate school. 

  



 iv 

Table of Contents 

Acknowledgements ........................................................................................................................ iii 

Table of Contents ........................................................................................................................... iv 

List of Tables ................................................................................................................................ vii 

List of Figures ................................................................................................................................ ix 

List of Abbreviations .................................................................................................................... xii 

Chapter I. Novel Protein–inhibitor Interactions in Site 3 of Ca2+-bound S100B as Discovered by 

X-ray Crystallography .....................................................................................................................1 

1. Overview ........................................................................................................................1 

2. Introduction ....................................................................................................................1 

3. Methods..........................................................................................................................3 

4. Results & Discussion ...................................................................................................10 

5. Conclusions ..................................................................................................................17 

Chapter II. Crystal Structure of the Human Heterogeneous Ribonucleoprotein A18 (hnRNP A18) 

RNA Recognition Motif ................................................................................................................18 

1. Overview ......................................................................................................................18 

2. Introduction ..................................................................................................................18 

3. Methods........................................................................................................................20 

4. Results & Discussion ...................................................................................................25 

5. Conclusions ..................................................................................................................30 

Chapter III. Crystal Structure of Human Ca2+-bound S100A1 ......................................................31 

1. Overview ......................................................................................................................31 



 v 

2. Introduction ..................................................................................................................31 

3. Methods........................................................................................................................33 

4. Results & Discussion ...................................................................................................37 

5. Conclusions ..................................................................................................................43 

Chapter IV. Regulation and Dysregulation of EC-coupling ..........................................................45 

1. Overview ......................................................................................................................45 

2. EC-Coupling ................................................................................................................45 

3. Regulatory Proteins ......................................................................................................49 

4. Malignant Hypothermia ...............................................................................................56 

5. Catecholaminergic Polymorphic Ventricular Tachycardia & Long QT Syndrome ....59 

6. Hypertrophic Cardiomyopathy ....................................................................................60 

7. Central Core Disease ....................................................................................................61 

8. Hypokalemic Periodic Paralysis ..................................................................................61 

9. Other Causes ................................................................................................................62 

10. Summary ......................................................................................................................64 

Chapter V. The Activation of PKA by the Calcium-binding Protein S100A1 is Independent of 

Cyclic AMP ...................................................................................................................................66 

1. Overview ......................................................................................................................66 

2. Introduction ..................................................................................................................67 

3. Materials & Methods ...................................................................................................69 

4. Results ..........................................................................................................................78 

5. Discussion ....................................................................................................................86 



 vi 

6. Conclusions ..................................................................................................................91 

Appendix A Supplementary Figures ..............................................................................................93 

Appendix B. Purification protocols ...............................................................................................95 

Appendix C. Crystal structures of S100B-inhibitors complexes .................................................108 

Appendix D. Crystal structures of Ca2+-Mn2+-bound S100B ± Pentamidine ..............................115 

Appendix E. Hydrogen Exchange ................................................................................................119 

References ....................................................................................................................................121 

  



 vii 

List of Tables 

Chapter I. Novel Protein–inhibitor Interactions in Site 3 of Ca2+-bound S100B as Discovered by 

X-ray Crystallography .....................................................................................................................1 

Table 1.1 Ca2+-S100B-SBiX X-ray data-collection and refinement statistics .....................9 

Table 1.2 S100B Cellular assays and binding data for investigated compounds ..............13 

Chapter II. Crystal Structure of the Human Heterogeneous Ribonucleoprotein A18 (hnRNP A18) 

RNA Recognition Motif ................................................................................................................18 

Table 2.1 hnRNP A18 Data collection and processing ......................................................24 

Chapter III. Crystal Structure of Human Ca2+-bound S100A1 ......................................................31 

Table 3.1Ca2+-S100A1 Crystallographic Statistics ............................................................36 

Table 3.2 Interhelical angles and distances for Ca2+-S100A1 and other Ca2+-S100 

structures ............................................................................................................................40 

Table 3.3 S100 Sequence Alignments ...............................................................................43 

Chapter IV. Regulation and Dysregulation of EC-coupling ..........................................................45 

Table 4.1 Summary Model of Disease-causing Point Mutations in Key EC-coupling 

Proteins ..............................................................................................................................58 

Chapter V. The Activation of PKA by the Calcium-binding Protein S100A1 is Independent of 

Cyclic AMP ...................................................................................................................................66 

Table 5.1 PKA Binding and activation constants ..............................................................82 

Appendix C. Crystal structures of S100B-inhibitors complexes .................................................108 

Table C1. SBi 5359 & 5373 Crystallographic Statistics ..................................................112 

Table C2. SBi 5363 & 5361 Crystallographic Statistics ..................................................113 



 viii 

Table C3. SBi 5369 Crystallographic Statistics ...............................................................114 

Appendix D. Crystal structures of Ca2+-Mn2+-bound S100B ± Pentamidine ..............................115 

Table D1. Ca2+-Mn2+-S100B Crystallographic Statistics ................................................117 

Table D2. Ca2+-Mn2+-S100B-Pnt Crystallographic Statistics ..........................................118 

  



 ix 

List of Figures 

Chapter I. Novel Protein–inhibitor Interactions in Site 3 of Ca2+-bound S100B as Discovered by 

X-ray Crystallography .....................................................................................................................1 

Figure 1.1SILCS Apolar GFE FragMaps ..........................................................................12 

Figure 1.2 The affinity of inhibitors for S100B as measured by direct fluorescence ........13 

Figure 1.3 Crystallographic structure of the S100B-SC1990 complex .............................15 

Figure 1.4 Crystallographic structure of the S100B-SC0025 complex .............................16 

Chapter II. Crystal Structure of the Human Heterogeneous Ribonucleoprotein A18 (hnRNP A18) 

RNA Recognition Motif ................................................................................................................18 

Figure 2.1 Ribbon diagram of the hnRNP A18 RRM crystal structure .............................25 

Figure 2.2 Overlay and alignment of the RRM of hnRNP A18 and the first RRM of 

hnRNP A1 ..........................................................................................................................26 

Figure 2.3 Electron density map for the beta sheets of the RRM of the hnRNP A18 

crystal structure ..................................................................................................................26 

Figure 2.4 The interactions between hnRNP A1 and RNA highlighting conserved 

residues in hnRNP A18 ......................................................................................................27 

Chapter III. Crystal Structure of Human Ca2+-bound S100A1 ......................................................31 

Figure 3.1 Ribbon diagram of the full asymmetric unit of the Ca2+-S100A1 crystal 

structure ..............................................................................................................................35 

Figure 3.2 Ribbon diagram of Ca2+-S100A1 dimer crystal structure ................................38 

Figure 3.3 Electrostatic surface model and ribbon diagram of Ca2+-S100A1 crystal 

structure ..............................................................................................................................42 



 x 

Chapter IV. Regulation and Dysregulation of EC-coupling ..........................................................45 

Figure 4.1 Summary model of EC-coupling in skeletal muscle ........................................47 

Figure 4.2 Structures of EF-hand proteins involved in EC-coupling ................................50 

Figure 4.3 Conformation changes in S100A1 as a result of Ca2+- and target binding ......52 

Figure 4.4 Cryo-EM structure of RyR1 tetramer in the closed and open states ................54 

Chapter V. The Activation of PKA by the Calcium-binding Protein S100A1 is Independent of 

Cyclic AMP ...................................................................................................................................66 

Figure 5.1 Western blot of Ca2+-S100A1 interacting with RIIβ ........................................79  

Figure 5.2 Enzymatic activation of PKA by S100A1 ........................................................81 

Figure 5.3 Western blot of Ca2+-S100A1 interacting with RIIβ ........................................83 

Figure 5.4 Chemical shift perturbations of Ca2+-S100A1 from RIIβ-binding ...................84 

Figure 5.5 HDAC4 nuclear localization is PKA- and S100A1-dependent ........................85 

Figure 5.6 Reaction schemes for activation of PKA by cAMP or Ca2+-S100A1 in skeletal 

muscle fibers ......................................................................................................................90 

Figure 5.7 Cartoon schematic of PKA activation by either S100A1 or cAMP .................92 

Appendix A Supplementary Figures ..............................................................................................93 

Figure A1. ITC thermogram of S100A1 titrated into RIIβ under saturating Ca2+ .............93 

Figure A2. FPCA data of RIIβ and RIIα displacing TAMRA-HDM4 from S10A1 .........94 

Appendix B. Purification protocols ...............................................................................................95 



 xi 

Figure B1. Gel & chromatogram of RyR1 purification .....................................................97 

Appendix C. Crystal structures of S100B-inhibitors complexes .................................................108 

Figure C1. Crystal structure of Ca2+-S100B-SBi5359 .....................................................109 

Figure C2. Crystal structures of Ca2+-S100B-SBi5361 & 5363 ......................................110 

Figure C3. Crystal structure of Ca2+-S100B-SBi5369 .....................................................111 

Figure C4. Crystal structure of Ca2+-S100B-SBi5373 .....................................................111 

Appendix D. Crystal structures of Ca2+-Mn2+-bound S100B ± Pentamidine ..............................115 

Figure D1. Crystal structure of Ca2+-Mn2+-S100B ..........................................................116 

Figure D2. Crystal structure of Ca2+-Mn2+-S100B-Pnt ...................................................116 

Figure D3. Anomalous difference map of Ca2+-Mn2+-S100B-Pnt ..................................116 

Appendix E. Hydrogen Exchange ................................................................................................119 

Figure E1. HX HSQC spectra of apo-S100B at 30ms, 100ms, and baseline exchange 

times .................................................................................................................................120 

 

  



 xii 

List of Abbreviations 
Dihydropyridine receptor DHPR 
Sarcoplasmic reticulum SR 
Ryanodine receptor RyR 
Sarco/endoplasmic reticulum calcium-ATPase SERCA 
Calcium-induced calcium release CICR 
Calmodulin CaM 
Malignant hypothermia MH 
Central core disease CCD 
Catecholaminergic polymorphic ventricular tachycardia CPVT 
Hypertrophic cardiomyopathy HCM 
Transvers tubule t-tubule 
Hypokalemic periodic paralysis HOKPP 
Alpha 1 subunit α1S 
Long QT syndrome LQTS 
Idiopathic ventricular fibrillation IVF 
Store overload induced calcium release SOICR 
Calsequestrin CASQ 
Protein kinase A PKA 
Dilated cardiomyopathy DCM 
Nuclear factor of activated T cells NFAT 
Calmodulin-dependent protein kinase II CaMKII 
A-kinase anchoring protein AKAP 
Carney complex CNC 
Protein kinase A catalytic subunit C alpha PRKACA 
Escherichia Coli E. Coli 
Diethylaminoethyl-sepharose DEAE 
Stanford Synchrotron Radiation Lightsource SSRL 
X-ray detector software XDS 
Receptor for advanced glycation endproducts RAGE 
Histone deacetylase HDAC 
PKA type-2α regulatory subunit RIIα 
PKA type-2β regulatory subunit RIIβ 
Isothermal titration calorimetry ITC 
Fluorescence polarization competition assay FPCA 
Nuclear magnetic resonance spectroscopy NMR 
Phosphate-buffered saline PBS 
Band pass filter BPF 
Flexor digitorum brevis FDB 
Minimal essential medium MEM 
Extensor digitorum longus EDL 
Soleus SOL 
PKA catalytic PKAcat 
Nuclear Nuc 
Cytoplasmic Cyto 
Cyclic nucleotide-binding domain CNB-B 



 xiii 

Heterogeneous ribonucleoprotein A18 hnRNP A18 
RNA recognition motif RRM 
Cold inducible RNA binding protein CIRP 
Intrinsically disordered domain IDD 
Tobacco etch virus TEV 
Isopropyl-β-D-thiogalactopyranoside IPTG 
Northeastern Collaborative Access Team NE-CAT 
Ribonucleoprotein domain RNP 
Advanced Photon Source APS 
Department of Energy DOE 
S100B inhibitor SBiX 
Malignant melanoma MM 
p90 ribosomal S6 kinase RSK 
(R)-6-Methyl-5,6,6a,7-tetrahydro-4H-dibenzo[de,g]quinoline-
10,11-diol hydrochloride 

Apomorphine 
hydrochloride 

3,8-Diamino-5-ethyl-6-phenylphenanthridin-5-ium Bromide Ethidium bromide 
Site Identification by Ligand Competitive Saturation SILCS 
Molecular-dynamics MD 
Grid free-energy GFE 
American Type Culture Collection ATCC 
Fetal bovine serum FBS 
Penicillin-streptomycin PS 
Molecular replacement MR 
Advanced Light Source ALS 
Hydrogen Exchange HX 
4,4-Dimethyl-4-silapentane-1-sulfonic Acid DSS 
Heteronuclear single-quantum coherence HSQC 
Trimethylsilylpropionic acid TSP 



 
	

1 

Chapter I Novel Protein–inhibitor Interactions in Site 3 of Ca2+-bound S100B as 
Discovered by X-ray Crystallography 

1. Overview 

 This chapter discusses inhibition of S100B in malignant melanoma with two small-

molecule inhibitors that bind in site 3 of the S100B binding pocket. Structure-based drug 

discovery is under way to identify and develop small-molecule S100B inhibitors (SBiXs). Such 

inhibitors have therapeutic potential for treating malignant melanoma as high levels of S100B 

downregulate wildtype p53 tumor suppressor function in this cancer. Computational and X-ray 

crystallographic studies of two S100B–SBiX complexes are described, and both compounds 

(apomorphine hydrochloride and ethidium bromide) occupy an area of the S100B hydrophobic 

cleft which is termed site 3. These data also reveal novel protein–inhibitor interactions which can 

be used in future drug-design studies to improve SBiX affinity and specificity. Of particular 

interest, apomorphine hydrochloride showed S100B-dependent killing in melanoma cell assays, 

although the efficacy exceeds its affinity for S100B and implicates possible off-target 

contributions. Because there are no structural data available for compounds occupying site 3 

alone, these studies contribute towards the structure-based approach to targeting S100B by 

including interactions with residues in site 3 of S100B. This work is published in Acta Cryst 

Section D 1. 

2. Introduction 

Highly proliferative and resistant to conventional chemotherapies, malignant melanoma 

(MM) is driven by mutations that activate the oncogenes such as BRAF and NRAS, and 

inactivate cell-cycle regulators such as CDKN2A and PTEN 2. Unlike most cancers, MM 

generally maintains the wild-type p53 genotype until the late stages. However, while the p53 

gene typically remains intact in MM (>50%), protein levels are downregulated aberrantly by 
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elevated S100B 2. In normal melanocytes, when p53 levels are elevated p53 binds directly to the 

promoter site of S100B and activates its expression, and in turn S100B binding to p53 disrupts 

p53 oligomerization and promotes the hdm2-dependent polyubiquination of p53 and degradation 

while also blocking p53 acetylation and phosphorylation. However, in MM, when S100B levels 

are high S100B is likely to co-regulate p53 degradation, since S100B binds to both the p53 E3 

ligase hdm2 and the hdm2 co-regulator hdm4 2. S100B has a measurable effect on cell viability 

through the modulation of MAPK signaling via direct interaction with the p90 ribosomal S6 

kinase (RSK). This interaction blocks ERK-dependent phosphorylation and sequesters RSK into 

the cytoplasm. Systematic circulation of S100B also is a likely contributor to melanoma 

progression via its role in chronic inflammation 3, so the role of S100B in several important 

cancer pathways makes this protein a new and relevant therapeutic target. In fact, the suppression 

of S100B activity via RNA interference or by small-molecule inhibitors has been demonstrated 

to raise p53 protein levels and its tumor suppression activities, including UV-activated apoptosis 

4,5, and an S100B-directed inhibitor has been tested in a stage II clinical trial for the treatment of 

relapsed or refractory MM in patients with wild-type p53 and detectable S100B 

(www.clinicaltrials.gov, identifier NCT00729807; 6. Importantly, elevated S100B is an 

established diagnostic tool indicating a poor prognosis for MM patients, so personalized 

medicine approaches for targeting S100B are a possibility. 

As part of a drug discovery program, a rational-drug design approach for developing 

S100B inhibitors is being used. This approach relies heavily on structural biology and 

computational and experimental screening techniques for the detailed characterization of small-

molecule/protein interactions. Previous inhibitor-design studies have generated small molecules 

that target two pockets on S100B simultaneously, including the p53-binding cleft of calcium-
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loaded S100B (i.e. sites 1 and 2; 7,8) or the pentamidine-binding sites (i.e. sites 2 and 3; 7,9) 

however, a detailed examination of molecules that bind to site 3 alone has not yet been 

performed. The data presented here for two site 3 binders (apomorphine hydrochloride or 

SC0025 and ethidium bromide or SC1990) have revealed new protein-inhibitor interactions that 

can be considered for improving existing site 2/3 binders. As part of this drug-design approach, 

the novel interactions discovered here with site 3 residues, along with computational functional 

group mapping results, may produce inhibitors that bind all three persistent sites in S100B 

simultaneously using a single small-molecule inhibitor. 

3. Experimental Procedures 

3.1 Materials 

(R)-6-Methyl-5,6,6a,7-tetrahydro-4H-dibenzo[de,g]quinoline-10,11-diol hydrochloride 

(apomorphine hydrochloride or SC0025) was acquired from Sigma Aldrich (catalog No. A4393) 

and stocks were prepared in DMSO. 

3,8-Diamino-5-ethyl-6-phenylphenanthridin-5-ium bromide (ethidium bromide or SC1990) 

was acquired from Sigma–Aldrich (catalog No. E8751) and stocks were prepared in DMSO. 

3.2 Computational methods 

The general procedure for carrying out site identification by ligand competitive saturation 

(SILCS; 10,11) calculations was similar to that used in our previously reported studies 12,13. 

Briefly, SILCS involves computationally immersing a protein in an aqueous solution 

simultaneously containing different types of small solutes (propane, benzene, imidazole, 

methanol, formamide, acetaldehyde, methylammonium and acetate) that represent different 

classes of chemical functional groups 13. The system is then subjected to multiple molecular-
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dynamics (MD) simulations allowing competitive binding of the small solutes with each other 

and with water to the protein. The MD simulations include protein flexibility, allowing the 

identification of regions of the protein that can undergo conformational changes to allow ligand 

binding to be identified. Three-dimensional probability distributions of the functional groups are 

obtained from the simulations. These are normalized by the bulk voxel occupancies and 

converted into free energies based on a Boltzmann distribution, yielding grid free-energy (GFE) 

FragMaps. The FragMaps may then be used for a number of ligand-design protocols 14,15, 

including the identification of regions of the protein that are suitable for ligand design, as 

performed in the present study. MD simulations were initiated from the structure of S100B in the 

presence of inhibitor (PDB entry 3gk1; 16), with the inhibitor removed, and performed using 

inhouse analysis scripts along with the GROMACS simulation program 17. All calculations used 

the CHARMM36 protein force field 18,19 with the CHARMM TIP3P 20 water model 21 and the 

CHARMM General Force Field for the solute molecules 22-24. 

3.3 Purification 

15N-labelled bovine or rat S100B was expressed and purified (> 99%) using methods similar 

to those described previously 25,26. The concentrations of S100B stock solutions were determined 

using the Bio-Rad Protein Assay (Bio-Rad, Hercules, California, USA) using bovine serum 

albumin as a standard. The S100B was stored at a concentration of ~10 mM in 0.25 mM Tris-

HCl pH 7.2 with and 0.5 mM DTT at –20°C until use. 

3.4 Direct Fluorescence 

The affinities between S100B and inhibitors were determined by measuring the decreases in 

compound fluorescence intensity with titrated amounts of rat S100B. The assays were performed 
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in 10 mM HEPES pH 7.2, 10 mM CaCl2, 15 mM NaCl, 100 mM KCl, and 0.01%(v/v) Triton X-

100. The fluorescence data for 25 µM SC0025 (λex = 273, λem = 465) were collected in quartz 

cuvettes on a Varian Cary Eclipse fluorescence spectrophotometer with the temperature 

maintained at 37 °C using a circulating constant-temperature bath. The fluorescence data for 25 

µM SC1990 in black 384-well microplates (20 µl total volume) was measured at room 

temperature in a BMG PHERAstar FS multimode microplate reader with excitation at 540 nm 

and emission at 590 nm. 

3.5 Cell-based assay with WM115 malignant melanoma cells 

The malignant melanoma cell line WM115 was obtained from the American Type Tissue 

Collection (ATCC) and was cultured in Minimum Essential Medium (MEM; Invitrogen) 

supplemented with 10%(v/v) heat-inactivated fetal bovine serum (FBS), and 100 units/mL 

penicillin-streptomycin (PS). SC0025 was tested for its ability to inhibit the growth of WM115 

human melanoma cells expressing high levels of S100B (shRNAscrambled) and low levels of 

S100Bƒmalash (shRNAS100B) 7,9,27 using a modification of the high-throughput screening assay 

performed by Bachman et al. (2015). The methods used were similar to previous methods and 

included the use of a Biomek FX Laboratory Automation Workstation (Beckman Coulter) 

equipped with a 96-channel pipetting head 28. Specifically, 20 µl of MEM (Corning) 

supplemented with 10%(v/v) fetal bovine serum, 0.5 µg/ml puromycin, and 1%(v/v) PS was 

added to each well of a 384-well clear bottom tissue-culture plate (Corning) containing 600 cells 

per well such that growing uninhibited they reach 80% confluence in 5 d. After 24 h of growth at 

37°C in a 5% CO2 humidity-controlled incubator 20 µl of cell-culture medium containing 

compound from DMSO stocks was added to the cells, while control cultures received medium 

containing an equivalent amount of DMSO. After an additional 4 d of incubation, the cells were 
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lysed by transferring 20 µl lysis buffer consisting of 1.8%(v/v) IGEPAL with a 1:10 000 dilution 

of SYBR Green I (10 000x, Invitrogen) to each well. The plates were then returned to the 

incubator for 24 h. The fluorescence intensity was then read through the bottom of the plate 

using a Polar-Star plate reader (BMG) using 485 nm excitation and 520 nm emission filters. The 

SYBR Green fluorescence was used to measure total DNA, which in turn correlates with cell 

number as described previously 29. The EC50 of each compound was determined using serial 

dilutions and performed as a minimum of three replicates. Hill curves for each replicate were 

generated using Origin data-analysis software (OriginLab). 

To analyze the changes in the total p53 protein levels upon treatment with SC0025, 

WM115 cells were seeded in triplicate at 70 x 104  cells/ml in 60 mm dishes in 1x MEM 

(Cellgro) supplemented with 10%(v/v) FBS, 100 units/ml  PS, 0.5 µg/ml puromycin and allowed 

to adhere overnight. The following day, the old media were removed and new media containing 

15 µM SC0025 or an equivalent volume of DMSO were added. The cells were harvested at 4 h 

post-treatment using cold 1x RIPA lysis buffer [0.5 M  Tris–HCl pH 7.4, 1.5 M NaCl, 2.5%(w/v) 

deoxycholic acid, 10%(v/v) NP-40, 10 mM EDTA] and subjected to Western blotting. 

3.5.1  Western blotting  

Western blotting was performed using 30 µg cell lysates loaded onto a 12% SDS–PAGE gel 

(NuPage). They were subsequently transferred to PVDF membranes (Millipore) and reacted with 

p53 mouse monoclonal antibody (DO-1, Santa Cruz), mouse anti-S100B antibody (BD 

Biosciences) and mouse anti-GAPDH at dilutions recommended by the reagent suppliers. The 

blots were then reacted with goat anti-mouse secondary antibodies (Kirkegaard & Perry 

Laboratories) and treated with Immobilon Western Chemiluminescent HRP Substrate (Millipore) 

at dilutions recommended by the reagent suppliers. 
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3.6 Crystallization 

All crystallization experiments were conducted using vapor-diffusion methods and were set 

up as follows. S100B-SC0025 crystals were grown in sitting drops consisting of 0.75:0.75 µl 

protein solution (40 mg/ml bovine S100B; 10 mM Cacodylate, pH 7.2, 7.5 mM CaCl2, and 4 

mM SC0025 prepared in DMSO) and mother liquor [25% polyethylene glycol monomethyl ether 

550, 0.1 M HEPES pH8.0, 5%(v/v) Glycerol, 7.5 mM CaCl2). S100B-SC1990 crystals were 

grown in sitting drops consisting of 0.75:0.75 µl protein solution (40 mg/mL bovine S100B, 10 

mM Cacodylate pH 7.2, 7.5 mM CaCl2, and 4 mM SC1990 prepared in DMSO) and mother 

liquor [25% PEG 3350, 0.1 M HEPES pH7.0, 5%(v/v) Glycerol, 7.5 mM CaCl2). The crystals 

were grown over a period of 1-14 d at a temperature of 295K. Crystals were not cryoprotected 

before being flash-cooled in liquid nitrogen. 

3.7 Data collection 

Diffraction data for S100B-SC0025 crystals were collected 100 K using a MicroMax-007 X-

ray generator (Rigaku, The Woodlands, Texas, USA) and a R-AXIS IV++ imaging-plate detector 

(Rigaku/MSC) at the University of Maryland School of Medicine, X-ray Crystallography Core 

Facility. A 1.81 Å resolution data set was collected at a wavelength of 1.5418 Å while rotating 

the crystal by 1.8° each frame. The data were processed and integrated using MOSFLM 30 within 

the CCP4 program suite 31. The space group was determined to be C2221. 

Diffraction data for S100B-SC1990 crystals were collected remotely 32,33 on beamline 7-1 at 

the Stanford Synchrotron Radiation Lightsource (SSRL). Data were recorded at 100 K on an 

ADSC Q315 (315 mm x 315 mm) detector with data-collection strategies generated by Blu-Ice 

34. Datasets were processed and integrated by AUTOXDS 35 A 1.26 Å dataset was collected at a 
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wavelength of 1.1271 Å while rotating the crystal by 0.55° each frame. The space group was 

determined to be C2221. 

Diffraction data statistics are summarized in Table 1.1. 

3.8 Phasing and refinement 

To determine the structure of S100B in complex with SBiXs, molecular replacement (MR) 

was performed using a previously determined S100B structure (PDB entry 1mho; 36. MR was 

carried out using the AUTOMR 37 function of the PHENIX software suite 38. The models were 

finished by manual building within Coot 39. The models was refined the phenix.refine 40 function 

of the PHENIX software suite 38. Ligands and waters were incorporated into the models by 

referring to the |Fo| - |Fc| OMIT maps. As the diffraction data from S100B-SC1990 crystals were 

collected at such high resolutions, careful refinement while extending the phases in reasonable 

steps was performed. H atoms were added to the model and anisotropic B factors were used. The 

structure-refinement statistics are summarized in Table 1.1.  

Coordinates and structure factors have been deposited in the Protein Data Bank as PDB 

entries: 5er4 (S100B-SC0025) and 5er5 (S100B-SC1990). 
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Table 1.1 Data collection and processing  

	
Values for the outer shell are given in parentheses.  
† 〈I/σ(I)〉 in the outer shell is <2.0 as a CC1/2 of 0.531 was used to determine 
the resolution cutoff. 
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4. Results and Discussion 

4.1 Overall structure of S100B 

S100B is functional as a homodimer, with each subunit consisting of four helices (helix 1, 

Glu2–Gly19; helix 2, Lys28–Leu40; helix 3, Glu49–Asp61; helix 4, Asp69–Phe88). The S100B 

fold contains both typical and noncanonical EF-hand calcium-binding domains in each subunit. 

In the presence of calcium, each EF-hand coordinates a single Ca2+ ion. In this Ca2+-bound state 

the typical EF-hand of S100B is in an ‘open’ conformation and the dimer interface forming the 

biologically active unit is aligned as a symmetric X-type four-helix bundle comprising helices 1, 

1’ and 4, 4’, respectively 36,41-44. Comparisons of S100B models derived by X-ray 

crystallography both in the apo form and in the presence of ligands shows a strong conservation 

of the global fold, with the primary deviation between models seen at C-terminal residues His85-

Glu91 45. This region of the polypeptide readily accommodates the binding of small molecules. 

4.2 S100B has three sites suitable for ligand binding 

Through the structural characterization of the interactions between S100B and both peptidic 

and small-molecule inhibitors, three persistent binding sites were revealed. Site 1 is the pocket 

where targeted peptides, such as the TRTK peptide or the C-terminus of p53, are bound. 

Accordingly, site 1 is an obvious early choice for targeting S100B with small molecules to 

inhibit its interaction with p53. However, until more recently 7 very few inhibitors had been 

found to occupy this site, whereas targeting of sites 2 and 3 has been well documented 16,27,46, 

particularly in studies involving the binding of pentamidine and pentamidine derivatives 9,47,48. 

These studies include both reversible inhibitors as wells as those that form covalent adducts 45. 

Altogether, the permissible chemical space and the available interactions within Site 2 have been 
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well explored. Conversely, the exploration of Site 3 has been limited to pentamidine and its 

analog heptamidine 41,44. Furthermore, no inhibitors that bind only site 3 have been characterized 

to date. The present study extends the characterization of site 3 and its relationship to sites 1 and 

2, suggesting howe the spatial relationship of these sites can be exploited for ligand design using 

fragment-based approaches. 

 To investigate the potential of the development of ‘multi-site’ ligands, the three-

dimensional functional group affinity patterns (GFE FragMaps) of the entire protein were 

mapped using the SILCS approach. Shown in Figure 1.1 are the Apolar GFE FragMaps overlaid 

on S100B along with the three sites shown in solvent-accessible surface representation (site 1, 

magenta; site 2, yellow; site 3, gray). Apolar FragMaps are evident in each of the sites, with the 

map in site 2 being elongated. The presence of the FragMaps indicates the potential for 

favourable ligand binding in each of the sites, consistent with the known ligand structures from 

crystallographic studies discussed above. Notable is the elongated, continuous nature of the 

FragMaps through the three sites, indicating the potential of designing inhibitors that link all 

three sites, taking advantage of the binding potential of all three sites. 
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Figure 1.1 SILCS Apolar GFE FragMaps. FragMaps (green wire mesh) are shown at a 
cutoff of -1.0 kcal/mol overlaid on the crystal structure of S100B (PDB entry 3gk1). The 
full protein is represented as a ribbon diagram (blue) with site 1 (magenta), site 2 
(yellow) and site 3 (gray) highlighted as solvent-accessible protein surfaces. The presence 
of Apolar FragMaps in each site indicates the potential for the favorable binding of drug-
like molecules, with the extended nature of site 2 FragMap indicating the potential to link 
sites 1 and 3 via site 2. Apolar FragMaps were calculated based on the benzene and 
propane carbon three-dimensional probability distributions. 

4.3 In vitro characterization of S100B inhibitors 

SC0025 and SC1990 were first identified as inhibitors of S100B during the development of a 

fluorescence polarization competition assay (FPCA; Table 1.2; 43. Using FPCA-derived IC50 data 

and the Nikolovska-Coleska equation, the dissociation constant (Kd) of SC1990 was determined 

to be 422.9 ± 219.0 µM. The same could not be applied to SC0025 as the compound produced 

fluorescent interference in the assay. To better characterize the affinity of these compounds for 

S100B, direct fluorescence of the compounds was measured while S100B protein was titrated. 
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Direct fluorescence measurements determined the Kd for SC0025 and SC1990 to be 1752 ± 

176.5 and 215.4 ± 9.0 µM, respectively (Table 1.2 and Figure 1.2).  

 
Figure 1.2 The affinity of inhibitors for S100B as measured by direct fluorescence. 
SC0025 or SC1990 was added to increasing concentrations of S100B protein, and the 
binding is measured as the change in fluorescence intensity. The change in fluorescence 
intensity is plotted versus S100B concentration fitted to a single ligand-binding model. 

Table 1.2 Cellular assays and binding data for investigated compounds. 

 SC0025 SC1990 

 
Structure 

  

Kd FPCA† (µM) 43 FI‡   423 ± 219   

Kd direct fluorescence§ (µM) 1752 ± 177   215.4 ± 9.0   

Cell assay (high S100B)†¶ (µM) 10.8 ± 3.3   ND††   

Cell assay (low S100B)†¶ (µM) 19.2 ± 2.3   ND††   

† Error Represented as the standard deviation. ‡ Fluorescent interference. § Error 
represented as the standard error. ¶ High S100B (shRNAscrambled), low S100B 
(shRNAS100B), n = 8, t-test < 0.0001. †† Not determined. 

 The in vivo efficacy (LD50) of SC0025 was determined in WM115 melanoma cell lines 

containing lentiviral infections (Table 1.2). These cell lines allow testing of S100B-dependent 

killing through stable or impotent knockdowns of S100B expression by S100B-directed 
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(shRNAS100B) or scrambled shRNA (shRNAscrambled), respectively. Indeed, SC0025 demonstrated 

S100B-dependent killing with an in vivo efficacy of 10.75 µM in shRNAscrambled cells and an in 

vivo efficacy of 19.19 µM in shRNAS100B cells. However, SC0025 did not demonstrate an 

S100B-dependent increase in p53 levels, suggesting that binding this site alone may not be 

sufficient to completely block the S100B-p53 interaction. SC1990 was not tested in cellular 

studies owing to its low binding affinity and its well documented toxicity (National Toxicity 

Program, 2015). 

4.4 Crystallographic structure of the S100B-SC1990 complex 

Despite its poor binding affinity and its potential toxicity (National Toxicity Program, 2015) 

SC1990 was included in co-crystallization trials as it may produce additional insights into ligand 

binding to S100B. The X-ray structure of SC1990 bound, calcium-loaded S100B (S100B-

SC1990) was solved at 1.26 Å resolution (Figure 1.3a, Table 1.1). The asymmetric unit 

contained one S100B molecule, which is one-half of the biologically active dimeric form of two 

S100B molecules in the crystal. Residues Met0-Glu89 were built into the electron-density map. 

Each subunit in the S100B-SC1990 complex bound two calcium ions and a single SC1990 

molecule. In the final refined model (Rcrys and Rfree of 0.152/0.187, respectively), all residues 

were in the favored region of the Ramachandran plot with no outliers (see Table 1.1). SC1990 is 

situated in an area defined by helix 4 and helix 1´ (Figure 1.2b) occupying the pocket formed by 

residues Ile11, Asp12, His15, His25, Phe88´, and Glu89´. It makes interactions with helix 1´, 

including hydrogen bonds with Asp12 and a water-bridged interaction with the backbone 

carbonyl of Val8. The tertiary amine of SC1990 is also 3.0Å from the side chain of Glu89 (helix 

4). Only a single molecule of SC1990 was modeled, but owing to the crystal symmetry, a second 

symmetry-generated copy is represented within Figure 1.2a so that the entirety of the observed 
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electron density could be interpreted. For the same reason, the SC1990 molecule was modeled at 

one-half occupancy. 

 
Figure 1.3 Crystallographic structure of the S100B-SC1990 complex. (a) SC1990 (ball-
and-stick representation) is shown within site 3 of the S100B dimer (surface rendering 
with site 3 highlighted in gray). An |Fo| - |Fc| electron-density OMIT map (orange) of 
SC1990 is also shown with the map contoured at 2.5σ levels, but owing to the ligand 
density sitting on the rotation axis in the crystal symmetry a second symmetry-generated 
copy (green sticks) is represented so that the entirety of the observed electron density 
could be interpreted. (b) Dimeric S100B is rendered in a ribbon diagram with residues 
(sticks) within 4 Å of the SC1990 (ball-and-stick representation) highlighted in gray. 
SC1990 is situated within the pocket formed by Ile11, Asp12, His15, and His 25 of helix 
1´; and Phe88 and Glu89 of helix 4. Polar interactions are available with SC1990 at the 
side chains of Asp12 and Glu89. 

4.5 Crystallographic structure of the S100B-SC0025 complex 

 Co-crystallization trials were also attempted with S100B and SC0025. The X-ray 

structure of SC0025 bound, calcium loaded S100B (S100B-SC0025) was solved at 1.81 Å 

resolution (Figure 1.4a, Table 1.1). The asymmetric unit contained one S100B monomers which 

is one-half of the biologically active dimeric form of two S100B molecules in the crystal. 

Residues Met0-Glu89 were built into the electron-density map. Each subunit in the S100B-
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SC0025 complex bound two calcium ions and a SC0025 molecule. In the final refined model 

(Rcrys and Rfree of 0.181/0.224, respectively), all residues were in the favored region of the 

Ramachandran plot, with no outliers (see Table 1.1). SC0025 is situated in an area defined by 

helix 4 and helix 1´ (Figure 1.3b). It makes interactions with helix 4, including hydrogen bonds 

to the backbone carbonyls of Cys84 and His85, a water-bridged interaction with Glu89 and 

hydrophobic interactions with Phe88. The amine of SC0025 is also within hydrogen-bonding 

distance of the side chain of Asp12 (helix 1´).  

 
Figure 1.4 Crystallographic structure of the S100B-SC0025 complex. (a) SC0025 (ball-
and-stick representation) is shown within site 3 of the S100B dimer (surface rendering 
with site 3 highlighted in gray). An |Fo| - |Fc| electron density omit map (orange) of 
SC0025 is also shown with the map contoured at 2.5σ levels (b) Dimeric S100B is 
rendered in a ribbon diagram with residues (sticks) within 4 Å of the SC0025 (ball-and-
stick) highlighted in gray. SC0025 is situated within the pocket formed by Ile11 and 
Asp12 of helix 1´; and Cys84, His85, and Phe88 of helix 4. Polar interactions are 
available to SC0025 at the side chain of Asp12 and the backbone of Cys84 and His85. 
 

As observed in the crystals structures, both compounds aid in the characterization of the 

poorly explored site 3 pocket in the S100B binding cleft (Figure 1.2a and Figure 1.3a). The 

contribution of SC1990 to the drug-discovery efforts will likely be gained solely from these 
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structure-function details as the health risks of SC1990 (ethidium bromide) as a potent mutagen 

are well documented (National Toxicity Program, 2015). Conversely, SC0025 is a significantly 

more interesting lead and may have value outside of the knowledge gained from its occupancy of 

site 3. SC0025 (apomorphine) is already an FDA-approved drug for the treatment of Parkinson's 

disease, functioning as a strong nonergoline D1 and D2 receptor agonist with a dopaminergic 

effect and is well tolerated by patients 49,50. In the case of MM, we have demonstrated S100B-

dependent killing via cellular assays (Table 1.2). Together, the on-target effects demonstrated in 

MM and the known tolerance in Parkinson’s patients warrants further investigation of SC0025 in 

our structure-based approach for developing SBiXs. 

5. Conclusions 

The characterization of two inhibitors, SC0025 and SC1990, using X-ray crystallography 

reveals that they occupy site 3 of the S100B binding pocket. Both structures, in combination with 

SILCS computational analysis, support the feasibility of polycyclic aromatics as S100B 

inhibitors at site 3, which can be tethered to or applied to the scaffolds of pentamidine or other 

site 2 inhibitor scaffolds. These structures also highlight important protein interactions that 

facilitate compound binding within the hydrophobic cleft. Specifically, there are important 

hydrogen-bonding opportunities with the side chains of Asp12 and Glu89 as well as the 

backbone at residues Cys84 and His85. Hydrophobic interactions with Phe88 and Ile11 are also 

important for compounds binding to site 3. Despite favorable initial results in cellular assays, 

nonspecific cellular effects make it clear that SC0025 is not a pharmaceutical endpoint, but that it 

may be useful for engineering novel SBiXs via a structure-based approach for targeting S100B in 

MM. 
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Chapter II Crystal Structure of the Human Heterogeneous Ribonucleoprotein A18 (hnRNP 

A18) RNA Recognition Motif 

1. Overview 

This chapter introduces hnRNP A18, another protein upregulated in malignant melanoma 

and discusses its role in cancer and its similarities with the homologous protein, hnRNP A1. The 

heterogeneous ribonucleoprotein A18 (hnRNP A18) is up regulated in hypoxic regions of 

various solid tumors and promotes tumor growth via coordination of mRNA transcripts 

associated with pro-survival genes. Thus, hnRNP A18 represents an important therapeutic target 

in tumor cells. Presented here is the first X-ray crystal structure reported for the RNA 

recognition motif of hnRNP A18. By comparing this structure to homologous RNA-binding 

proteins (i.e. hnRNP A1), three residues on one face of an anti-parallel β-sheet (Arg48, Phe50, 

and Phe52) and one residue in an unstructured loop (Arg41) were identified as likely being 

involved in protein-nucleic interactions. This structure helps serve as a foundation for 

biophysical studies of this RNA-binding protein and structure-based drug-design efforts for 

targeting hnRNP A18 in cancer, such as malignant melanoma, where hnRNP A18 levels are 

elevated and contribute to disease progression. This work is published in Acta Cryst Section F 51. 

2. Introduction 

Heterogeneous ribonucleoprotein A18 (hnRNP A18) is an RNA binding protein 

expressed in a variety of cell and tissue types, and its contribution to translation initiation is 

induced by cellular stresses such as UV radiation, hypoxia, and cold shock 52,53.  hnRNP A18 is 

thus also known as Cold Inducible RNA Binding Protein. hnRNP A18 is located predominantly 

in the nucleus under normal conditions, but under cellular stress, hnRNP A18 is phosphorylated 

by kinases such as GSK-3β and/or CK2 54,55. Phosphorylated hnRNP A18 translocates from the 
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nucleus to the cytoplasm 53. In the cytoplasm, hnRNP A18 binds mRNA, promoting the 

translation of several pro-survival gene products such as thioredoxin 56, DNA damage repair 

protein RPA 54, and telomerase 57. The binding of hnRNP A18 to mRNA is mediated in part 

through a defined RNA recognition motif (RRM), which is a domain of approximately 90 amino 

acid residues that binds to single-stranded RNA 58,59 including an mRNA consensus sequence 

found specifically in hnRNP A18 target genes 53. It is the details of the hnRNP A18-mRNA 

complex that is of particular interest, as such information will contribute to a more complete 

mechanistic understanding of how hnRNP A18 regulates translation initiation for specific target 

genes in both normal and transformed cells. 

 Artero-Castro et al. recently showed hnRNP A18 to be up regulated in the cytosol of 

human melanoma, breast, colon, and prostate cancer cells 70, and immunohistochemistry data 

demonstrated that hnRNP A18 is over expressed in solid tumors compared to normal tissue from 

the same patients 71. This is congruent with most solid tumors developing hypoxic 

microenvironments at their center, having outgrown the nearby vasculature 60. Up regulation of 

hnRNP A18 is advantageous for cancerous cells, due to stabilization of proliferation-associated 

mRNA harboring the hnRNP A18 signature motif in their 3’UTRs.  Importantly, when hnRNP 

A18 protein levels are reduced via siRNA approaches, tumor growth is decreased significantly in 

mouse models 71. As such, hnRNP A18 represents a novel therapeutic target for selectively 

blocking translation initiation for several growth promoting transcripts in cancer. 

Targeting translation-initiation via blocking hnRNP A18 provides a therapeutic 

advantage for treating cancer.  In particular, normal cells express hnRNP A18 at very low levels 

and primarily in the nucleus, so its activation via stress-activated kinases under normal 

conditions is minimal 61.  Whereas, in cancer cells, hypoxia and other stress responses lead to 
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hnRNP A18 overproduction and a cascade of pro-survival activities from its targeted gene 

products.  Thus, developing small molecule inhibitors for hnRNP A18 will abrogate this pro-

survival cascade occurring in many human cancers.  Thus, it is critically important that specific 

structure-function relationships are delineated for hnRNP A18 and that structure-based drug 

design approaches take advantage of these data for drug design using a combination of X-ray 

crystallography and nuclear magnetic resonance (NMR) spectroscopy data (PDB ID: 1X5S; 

unpublished) 62.  Owing to the conserved nature of the RRM domain, rational design of small 

molecule inhibitors will have to take advantage of the unique hnRNP A18 RRM-RNA 

interactions to create inhibitors specific for targeting hnRNP A18 (i.e. versus other RNA-binding 

proteins).  Towards these goals, the crystal structure of the hnRNP A18 RRM reported here 

provides pertinent atomic level details regarding backbone and sidechain positioning for residues 

throughout the RRM domain and represents a major step towards answering mechanistic 

questions regarding hnRNP A18-dependent activation of translation initiation.  Furthermore, 

comparisons of the hnRNP A18 RRM structure to an analogous domain of the human 

heterogeneous ribonucleoprotein A1 (hnRNP A1) provide pertinent information regarding the 

mechanism by which hnRNP A18 interacts with mRNA via three residues (Arg48, Phe50, and 

Phe52) on one face of a β-sheet and one residue (Arg41) in an unstructured loop identified in this 

structure.  

3. Methods 

3.1 Materials 

Chromatography columns and resins were obtained from GE Healthcare Life Sciences. 

All other chemical reagents used were ACS grade or higher and were purchased from Sigma-

Aldrich unless otherwise stated.  
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3.2 Expression and purification of human heterogeneous ribonucleoprotein A18 RNA 

Recognition Motif (RRM). 

The wild-type human hnRNP A18 (residues 1-172) contains an RRM (residues 1-92) and 

an intrinsically disordered domain (IDD; residues 93-172) that contains the GSK-3β and CK2 

protein kinase substrate sites on hnRNP A18 (residues 138-172).  For the structural studies 

reported here, a 93 amino acid (~10.1 kDa) truncated version of human hnRNP A18 was 

produced that encompasses a single non-native glycine (Gly-1; G1) followed by the first 92 

residues of hnRNP A18.  This construct represents the structured RRM and is hereafter termed 

hnRNP A18 RRM.  The hnRNP A18 RRM construct was cloned into the E. coli expression 

plasmid pHGK-IF (unpublished) in-frame and downstream of a Tobacco Etch Virus (TEV)-

cleavable N-terminal 6xHis-tagged GB1 (protein G, B1 domain) fusion protein. pHGK-A18 

RRM was transformed into E. coli BL21(DE3) cells and a single colony was selected for 

expression.  Cells were grown in 1L M9 minimal media 63 with 15N-labeled (>99%) NH4Cl as 

the sole nitrogen source at 37 °C until A600 reached 0.8.  The incubation temperature was reduced 

to 18 °C, and His6GB1-A18 RRM expression was induced by the addition of 0.3 mM IPTG 

(isopropyl β-D-thiogalactopyranoside), and cells were grown for an additional 16 hours.  Cells 

were pelleted by centrifugation at 10,000 g for 20 minutes and resuspended in denaturing buffer, 

buffer A (20 mM Tris pH 7.4, 500 mM NaCl, 5 mM Imidazole, 6 M urea).  The cells were lysed 

by sonication and centrifuged at 18,000 g for 30 minutes to pellet the cell debris.  The cleared 

lysate was applied to a 5 ml HisTrap FF column (G.E. #17-5255-01), which was equilibrated 

with buffer A and refolded in buffer B (20 mM Tris pH 7.4, 500 mM NaCl, 5 mM Imidazole) 

applied as a linear gradient over 20 column volumes.  His6GB1-A18 RRM was eluted from the 

column with a linear gradient of buffer C (20 mM Tris pH 7.4, 500 mM NaCl, 500 mM 
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Imidazole) over 10 column volumes.  Eluted fractions were analyzed by SDS-PAGE and 

fractions containing the GB1-A18 RRM were simultaneously treated with His-tagged TEV 

protease to liberate A18 RRM from the His6GB1 fusion partner and buffer exchanged into buffer 

B via overnight dialysis.  The sample was applied to a HisTrap HP column (G.E. #17-5247-01) 

buffer A and the flow-through was collected, containing purified A18 RRM.  The protein was 

exchanged into ultrapure water, concentrated, and quantified by absorbance at 280 nm.  

Approximately 30 mg of [15N]-A18 RRM was typically purified from 1L of M9 media and its 

identity was confirmed using NMR (1H-15N TROSY) and mass spec analyses. 

3.3 Crystallography 

 Diffraction quality crystals of purified human hnRNP A18 RRM were obtained via 

sitting-drop vapor diffusion in 96-well trays (Hampton Research) with 50 µL mother liquor and a 

0.75:0.75 µL drop size. The reservoir solution for crystal formation was 0.2 M sodium acetate 

trihydrate pH 8.0, 20% w/v PEG 3350 (PEG/Ion HT crystallization screen condition C3, 

Hampton Research).  Protein sample conditions for crystal formation were 12.1 mg/mL hnRNP 

A18 RRM protein in distilled, de-ionized water. Crystals were flash cooled in liquid nitrogen for 

storage prior to data collection with no cryoprotectant used. 

 Diffraction data were collected at the Northeastern Collaborative Access Team (NE-

CAT) 24 ID-E beam line at the Advanced Photon Source (Argonne National Laboratory, 

Argonne, IL). Data were collected at 100 K on an ADSC Q315 3X3 CCD detector with 

collection strategies generated by NE-CAT’s RAPD automated processing 

(https://rapd.nec.aps.anl.gov/rapd), which uses XDS 64,65, pointless 73,74, and aimless 66 for 

integration and scaling. The diffraction statistics are summarized in Table 2.1. 
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The space group was determined to be P212121 and the BALBES server 34 was utilized to 

identify an appropriate search model and to perform molecular replacement with MOLREP 67,68. 

The UP1 region of hnRNP A1 (PDB ID: 1U1Q) 69,70 was identified as the most appropriate 

search model. Manual building was done in COOT 71-73. Refinement of the model was performed 

using the PHENIX.REFINE 72 function of the PHENIX software suite 38. The structure 

refinement statistics are summarized in Table 2.1. Final figures and alignments were generated 

using PyMOL software 74.  
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Table 2.1 Data collection and processinga 

 
aValues for the outer shell are given in parentheses. 
bRamandranchran statistics are derived from MolProbity 78. 
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4. Results & Discussion  

In response to cellular stress, hnRNP A18 is phosphorylated and then translocated from 

the nucleus to the cytoplasm where it promotes the translation of pro-survival transcripts 

harboring its signature motif in their 3’UTRs 54,55,61. In hypoxic cancer cells, down regulation of 

hnRNP A18 was shown to significantly decrease tumor proliferation and invasion 61. While 

hnRNP A18 represents an attractive target for the development of pharmacological antagonists, 

no small-molecule inhibitors have been identified to date. Here, the crystal structure of the 

hnRNP A18 RRM is presented (Figure 2.1), and is solved at 1.77 Å resolution.  Figure 2.2 

illustrates the structural homology of hnRNP A18 with hnRNP A1, and Figures 2.3 and 2.4 

highlight the similarities and differences in the RNA-binding sites of hnRNP A18 and hnRNP 

A1 when the two structures are compared.  These data provide a foundation for using a structure-

based approach to design inhibitors that specifically target hnRNP A18 in cancers where this 

protein is expressed at elevated levels. 

 
Figure 2.1 Ribbon diagram of the hnRNP A18 RRM crystal structure front (left) and rear 
(right) with helices in blue and the beta sheet in green. 
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Figure 2.2 Overlay and alignment of the 
RRM of hnRNP A18 (green) and the first 
RRM of hnRNP A1 (grey, PDB ID: 1U1Q). 
All atoms align at an RMSD of 1.23 Å. The 
second RRM domain of hnRNP A1 has been 
omitted for clarity. 

 
Figure 2.3 Electron density map for the beta sheet of the hnRNP A18 RRM (left) and 
highlighting the conserved RNA-binding residues of hnRNP A18 RRM (right). For 
clarity, only strands β1 and β3 are in green (left) and the RNA-binding residues are in 
green (right). Electron density maps are displayed at 2.0 σ. 
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Figure 2.4 The interactions between hnRNP A1 (left, gray) and RNA (yellow) (PDB ID 
1U1Q) highlighting conserved residues in hnRNP A18. (Right) Overlay of hnRNP A1 
with hnRNP A18 (green) showing the conserved RNA-binding residues. Arg55 in 
hnRNP A1 forms a salt bridge with the phosphate of the sugar backbone of the 
nucleotide. Phe17 and Phe59 form π-stacking interactions with the purine bases of the 
nucleotide. Phe57 interacts hydrophobically with the sugar ring of both nucleic acids. 
Arg41 in hnRNP A18 is also poised to form a salt bridge with the phosphate of the sugar 
backbone. Pro49 instead occupies this same position in hnRNP A1. 
 

4.1 Crystal structure of Human Heterogeneous ribonucleoprotein A18 RRM. 

Initial attempts to crystallize full-length hnRNP A18 were unsuccessful; however, after 

the IDD was removed, hnRNP A18 RRM readily crystallized using sitting-drop vapor diffusion. 

X-ray diffraction data were collected and the crystal structure of the hnRNP A18 RRM was 

solved at 1.77 Å resolution with final Rcryst and Rfree values of 0.2177 and 0.2474, respectively 

(Table 2.1, Figure 2.1). Two hnRNP A18 molecules were present per asymmetric unit, and the 

space group, P212121, was confirmed via the program Zanuda 33 in the CCP4 software suite 75,76.  

Consistent with other single-stranded RNA (ssRNA) binding proteins, the hnRNP A18 RRM has 

two alpha helices and four anti-parallel beta strands with an β1α1β2β3α2β4 alignment.  The RRM 

of hnRNP A18 folds into an αβ sandwich, where the strands of the beta-sheet run anti-parallel in 

the order of β4β1β3β2 and the two alpha-helices pack against residues on the side of the beta 

sheet, which likely does not interact with ssRNA.  As found in other RNA binding proteins, 
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several solvent exposed aromatic residues reside on the other face of the β-sheet, opposite of the 

alpha-helices, and are likely involved in the binding of ssRNA 77. In fact, when the hnRNP A18 

structure was compared to the crystal structure of hnRNP A1 (PDB ID: 1U1Q) 70, the alignment 

of all atoms had an RMSD of 1.23 Å (PyMOL), and the residues that interact with RNA in 

hnRNP A1 aligned closely with the predicted RNA binding residues of hnRNP A18 (Figure 2.4). 

4.2 Detailed comparison of the RRMs of hnRNP A18 and hnRNP A1. 

 Proteins containing RRMs have two highly conserved regions important for binding 

single-stranded RNA 78, termed ribonucleoprotein domain 1 (RNP1) and ribonucleoprotein 

domain 2 (RNP2).  In a typical RRM, RNP1 is located on beta strand three, β3, and has a 

consensus sequence defined as (Lys/Arg)-Gly-(Phe/Tyr)-(Gly/Ala)-(Phe/Tyr)-(Val/Ile/Leu)-X-

(Phe/Tyr), where X is any amino acid 58,78-80.  For hnRNP A18, the RNP1 sequence is Arg48-

Gly49-Phe50-Gly51-Phe52-Val53-Thr54-Phe55 and, when aligned, differs by only a single 

amino acid residue from that found in hnRNP A1, where the last position is a tyrosine residue 

(i.e. Tyr62 in hnRNP A1 versus Phe55 in hnRNP A18).  For RNP1 of hnRNP1 A1, the residues 

involved in binding nucleic acid are Arg55, Phe57, and Phe59, termed positions 1, 3, and 5 of 

RNP1 (Figure 2.4; PDB ID: 1U1Q).  The residues in these positions for hnRNP A18 are Arg48, 

Phe50, and Phe52, respectively, and it is clear that they also align structurally with positions 1, 3, 

and 5 of RNP1 in hnRNP A1, as was predicted previously 70.  Thus, like Arg55 in hnRNP A1, 

Arg48 of hnRNP A18 likely forms a salt bridge with the phosphate of the sugar backbone of the 

nucleotide; likewise, Phe52 of hnRNP A18 likely forms a π-stacking interaction with a purine 

base in the hnRNP A18 target RNA, as found for Phe59, in position 5 of RNP1, respectively 70. 

Phe50, on the other hand, may form a hydrophobic interaction with the sugar rings of both 

nucleotides, as is the case for Phe57 of hnRNP A1 70. Arg41 in hnRNP A18 is also poised to 
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form a salt bridge with the phosphate of the sugar backbone (Figure 2.4); whereas, this position 

is occupied by Pro49 in hnRNP A1 and is therefore a potentially unique RNA interaction for 

hnRNP A18. 

 The second RRM consensus sequence (RNP2) is located on β1, and is defined as 

(Ile/Val/Leu)-(Phe/Tyr)-(Ile/Val/Leu)-X-Asn-Leu 58.  In RNP2 of hnRNP A18, this sequence is 

Leu9-Phe10-Val11-Gly12-Gly13-Leu14 and differs from the RNP consensus sequence at the 

fifth position, where hnRNP A18 has a glycine residue rather than an asparagine residue as found 

in other RRMs.  Interestingly, hnRNP A1 also has a glycine at position 5 of RNP2, and thus 

represents the hnRNP protein that most closely matches the hnRNP A18 sequence.  Thus, based 

on the hnRNP A1 structure, Phe10 (position 2) of hnRNP A18 likely interacts directly with a 

purine ring via aromatic stacking in a manner similar to hnRNP A1 since this residue is 

structurally conserved when the structures of hnRNP A1 and hnRNP A18 are compared (Figure 

2.4). 

 It is important to consider that hnRNP A18 binds to specific mRNA sequences 55, yet it 

retains the global fold of an RRM as found in other RNA-binding proteins in the hnRNP family, 

including hnRNP A1. While the mRNA recognition sequence for hnRNP A1 was previously 

determined to be UAGGGA 76, no conserved recognition sequence has been identified for 

hnRNP A18. However, a 51-nucleotide motif has been identified that is specific for hnRNP A18 

but displays U/A rich regions with low similarity to the hnRNP A1 binding sequence 77. This 

indicates clear RNA-binding specificity between hnRNP A1 and hnRNP A18 despite overall 

similarities in the conserved RRM. Figure 2 displays the alignment of the crystal structure of the 

hnRNP A18 RRM determined here with the crystal structure of RRM1 from human hnRNP A1 

(PDB ID: 1U1Q) determined previously 70.  The structures of hnRNP A18 and hnRNP A1 align 
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at 1.23 Å RMSD for all atoms revealing that the overall global fold of these two domains is 

highly conserved, including their RNA-binding motifs, RNP1 and RNP2.  Therefore, the 

differences in the amino acid sequence for hnRNP A18 and hnRNP A1 81, at sites outside RRMs 

must account for differences in the RNA binding specificity for these RRM proteins via more 

subtle interactions throughout the protein and/or target RNA.  Also of particular interest for 

further study is the C-terminal IDD of A18 (residues 93-172), which contains several protein 

kinase substrate sites important for transport to the cytoplasm (residues 138-172) and RNA 

binding activity 56 that could also provide regions contributing towards RNA-binding specificity. 

5. Conclusions  

Provided here is the crystal structure of the hnRNP A18 RRM. This structure illustrates a 

similar global fold to that of the NMR structure of the hnRNP A18 RRM in solution (PDB ID: 

1X5S; unpublished) as well as RRMs from other hnRNPs (i.e. hnRNP A1). Although few 

insights into the specificity of the hnRNP A18 RRM-RNA interaction can be derived because of 

the structural and sequential similarities to hnRNP A1, particularly with regard to conserved 

residues in RNP1 and RNP2 (Figures 2.3, 2.4), this structure can serve as a model for further 

investigation with full-length hnRNP A18 and of hnRNP A18-RNA complex(es) involving its 

consensus RNA binding sequence. 
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Chapter III X-ray Crystal Structure of Human Calcium-Bound S100A1 

1. Overview 

This chapter discusses the sibling protein to S100B, S100A1, and highlights key 

differences in the structure of the two proteins to exploit in the development of small-molecule 

inhibitors selective for each. S100A1 is a member of the S100 family of Ca2+-binding proteins 

and regulates several cellular processes including those involved in Ca2+-signaling and cardiac 

and skeletal muscle function.  In Alzheimer’s disease, brain S100A1 is overexpressed and gives 

rise to disease pathologies, making it a potential therapeutic target, like S100B. Unlike S100B, 

S100A1 also plays a critical role in calcium signaling as S100A1 interacts with the ryanodine 

receptor, competing for binding with calmodulin and serving to sensitize and activate the 

ryanodine receptor for calcium release from the sarcoplasmic reticulum, a process necessary for 

muscle contraction. As such, it is also of critical importance that S100B inhibitors do not bind or 

inhibit the sibling protein S100A1. The 2.25 Å resolution crystal structure of Ca2+-S100A1 was 

solved here and compared to the structures of other S100 protein, most notably S100B. S100A1 

and S100B have a conserved global fold as x-type helical bundles and share 60% sequence 

identity (BLAST); however, the observed structural differences in S100A1 versus S100B 

provide insight regarding target protein-binding specificity and for targeting these two S100 

proteins in human diseases using structure-based drug design approaches. This work is published 

in Acta Cryst Section F 82. 

2. Introduction 

S100 proteins are a family of Ca2+-binding proteins with cell- and tissue-specific 

expression and a variety of intra and extracellular regulatory functions 4–7. Despite having no 
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enzymatic activity, S100 proteins are involved in a range of biological processes including Ca2+ 

homeostasis, cell growth, metabolism, and phosphorylation 83-87. The influence of S100 proteins 

is typically mediated through Ca2+-dependent protein-protein interactions (PPIs). With calbindin 

as the exception, S100s assemble as homo or heterodimers with each subunit having two EF-

hand domains, termed EF1 and EF2. The N-terminal EF-hand, EF1, is a pseudo EF-hand having 

14 amino acid residues (versus 12) and binds calcium with a lower affinity than EF2. The 

canonical EF-hand, EF2, resides in the C-terminal region of an S100 subunit and Ca2+-binding to 

EF2 activates the rotation of helix 3 necessary for target protein binding 88,89. Altered expression 

of several S100 proteins is associated with a variety of disease states including cancer 90-93, 

neurological disorders 13,16,17, and cardiomyopathies 13,16,17 with several S100 proteins (i.e. 

S100A1, S100A4, S100A7, S100B, and others) considered as potential therapeutic targets for 

drug development 90,91,93,94. 

S100A1 is highly expressed in cardiac and skeletal muscle and interacts with a number of 

proteins, including the ryanodine receptor (RyR), an interaction that regulates Ca2+ transients in 

heart and skeletal muscle 88,95-102. In a heart failure model, decreased S100A1 expression 

followed by adenoviral reintroduction of the S100A1 gene restored diminished Ca2+ transients 

and reversed contractile dysfunction 23. However, in brain, overexpressed S100A1 contributes to 

pathologies related to neurological diseases 12. Specifically, high levels of extracellular S100A1 

is cytotoxic and its intracellular processes augment Alzheimer’s disease pathologies including 

altered amyloid precursor protein expression, destabilization of calcium homeostasis, increased 

cell growth, decreased dendritic arborization, and lower tubulin polymerization/stability 12,27. 

Thus, incentives to develop S100A1 antagonists are in place to regulate both its intra and 

extracellular functions when elevated in neurological diseases. On the other hand, blocking 
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S100A1 needs to be avoided when S100A1 levels are in the normal range, so its critical roles in 

Ca2+-signalling and muscle contraction remain functional. The approach of avoiding S100A1-

blockade remains an important consideration for developing other S100 inhibitors, including 

S100B inhibitors for treating melanoma 13. The crystal structure of Ca2+-S100A1 is reported here 

to provide details for better understanding of S100-specific targets and for developing S100A1- 

and/or S100B-specific inhibitors. Thus, the crystal structure of Ca2+-S100A1 was determined and 

compared to previously published structures of S100A1 (NMR) and S100B (NMR, X-ray) to 

facilitate these goals as well as to better understand the structure/function relationships within the 

S100 protein family. 

3. Methods 

3.1.  Materials 

Chromatography columns and resins were obtained through GE Healthcare Life 

Sciences. All buffers were passed through Chelex-100 (BioRad) to remove trace metals and 

divalent ions. All recombinant proteins were dialyzed using Chelex-100 resin for the same 

purpose. All other chemical reagents used were ACS grade or higher and were purchased from 

Sigma-Aldrich unless otherwise stated.  

3.2. Expression and purification of S100A1 

Recombinant human S100A1 was expressed in Escherichia coli (E. coli) strain BL21(DE3) cells 

transformed with an expression plasmid (pET-11b; Novagen) containing the gene for codon-

optimized human S100A1. E. coli cultures were allowed to grow at 37°C to 0.8-1.0 OD600 and 

were induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 hours or overnight 

(8 hours) at 25°C. Cultures were then pelleted and stored at -80°C before purification. Lysis was 
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performed at room temperature with buffer A (50 mM Tris HCl pH 7.50, 0.5 mM DTT), 0.5 mM 

AEBSF, 1 mg lysozyme per gram of pellet, 0.5 mg DNAse I, and 10 mM MgCl2. Following this, 

sonication was performed on ice to ensure total cell lysis. Lysate was then pelleted and the 

supernatant was kept for precipitation with ammonium sulfate and streptomycin sulfate. 

Bacterial lysates were precipitated with slow addition of ammonium sulphate to 65% saturation 

and streptomycin sulfate up to 1% (w/v). Lysate was then pelleted again and supernatant was 

dialyzed against buffer A to remove ammonium sulphate. The sample was loaded onto a DE52 

diethylaminoethyl-sepharose (DEAE) column (Whatman, Inc.). The column was equilibrated 

and unbound proteins were eluted with buffer A. S100A1 bound to the column was eluted next 

via stepwise additions of buffer with increasing NaCl concentrations. Fractions were analysed by 

SDS-PAGE, and S100A1 protein-containing fractions were pooled. Pure S100A1 (>99%) was 

concentrated (to >5 mM) and buffer-exchanged using gel filtration on a Sephadex G-25 column 

equilibrated in buffer B (0.25 mM Tris HCl pH 7.50, 50 mM NaCl, 0.25 mM DTT). S100A1 

from this column was concentrated (>5 mM) and stored frozen as separate aliquots to avoid 

repeated freeze-thaws. 

3.3. Crystallography 

Diffraction quality crystals of human S100A1 were obtained via sitting-drop vapor 

diffusion in 24-well trays (Hampton Research) using 250 µL of reservoir solution and 0.75:0.75 

µL drop size. Mother liquor for crystal formation included: 100 mM cacodylate pH 7.0-7.5, 10 

mM CaCl2, and 25-28% PEG 8000. Initial crystals were obtained under identical conditions 

using PEG 3350 in place of PEG 8000. Protein sample conditions for crystal formation included: 

20 mg/mL S100A1, 10 mM cacodylate pH 7.20, 7.5 mM CaCl2, and no cryoprotectants were 

used. Crystals were flash-cooled in liquid nitrogen for storage before data collection.  
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Remote data collection was performed at the Stanford Synchrotron Radiation Lightsource 

(SSRL; SLAC National Accelerator Laboratory, Menlo Park, CA) beamline 7-1 28,29. Data were 

collected at 100 K on an ADSC Q315 (315 mm x 315 mm) detector with collection strategies 

generated by Web-ice 30. The diffraction statistics are summarized in Table 3.1. Processing of 

reflections was accomplished using the AUTOXDS script 103 developed at SSRL to automate the 

existing X-ray Detector Software (XDS) 32. The space group and structure was initially solved in 

C2. Following this, however, we determined that the correct space group was in fact P3221, with 

confirmation by Zanuda 33, and the structure was solved again in this space group. The BALBES 

server 34 was utilized to identify an appropriate search model and to perform molecular 

replacement with MOLREP 67,68. S100Z (PDB ID: 2Y5I) was identified as the best search model 

37. Restrained refinement was performed using phenix.refine 71,72 and BUSTER-TNT 40, and 

manual building was done in COOT 41. The structure refinement statistics are summarized in 

Table 3.1, and final figures and alignments were made using PyMOL software 42 unless 

otherwise stated. The full asymmetric unit of S100A1 is shown in Figure 3.1. 

 
Figure 3.1. Ribbon diagram of the full asymmetric unit of the Ca2+-S100A1 crystal 
structure showing the three monomers in the asymmetric unit from the front (left) and 
rear (right). 
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Table 3.1.  Crystallographic Statisticsa 

 
aValues for the highest-resolution shell are given in parentheses.
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4. Results & Discussion 

S100A1 is an enhancer of cardiac and skeletal muscle contractility and exhibits potential 

as a gene therapeutic agent for treatment of cardiomyopathies. S100A1 competes with 

calmodulin for binding RyR1 and acts as a sensitizer and activator of Ca2+ release 104-107. On the 

other hand, when overexpressed in brain, S100A1 contributes to pathologies related to 

neurological diseases 12. Therefore, it is important to understand the specifics involved in 

S100A1-dependent regulation of biological targets at atomic resolution. For this, the X-ray 

crystal structure of human Ca2+-S100A1 is presented here, and comparisons of S100A1 and 

S100B are presented to understand better their target-binding specificities required to generate 

their unique biological responses.  

4.1. X-ray crystal structure of calcium-bound S100A1. 

X-ray diffraction data was collected and the crystal structure of Ca2+-bound S100A1 was solved 

at 2.25 Å resolution with Rwork and Rfree values of 0.275 and 0.290, respectively (Table 3.1; 

Figure 3.2). The electron density was limited in places due to anisotropy, particularly in loop 

regions such as the hinge region (loop 2) and the C-terminal loop.  The asymmetric unit contains 

three S100A1 molecules – one full dimer and another monomer that forms the biological dimer 

by crystal symmetry. Like other members of the S100 protein family, S100A1 is a homodimer 

with an X-type four helical bundle comprising its dimer interface (Figure 3.2). Ca2+-coordination 

in the helix-loop-helix EF-hand domains of S100A1 could be modeled readily but not without 

some ambiguity.  For example, the density for a water ligand at position 7 of each EF-hand was 

lacking, so it was not modeled, for EF1 or EF2, as is typically found.  Nonetheless, as with other 

S100s, Ca2+-coordination in EF1 of S100A1 is via the oxygen atoms from backbone carbonyl 
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moieties of Ser20, Glu23, Asp25, Lys28 and the sidechain carboxylate of Glu33, which 

coordinates in a bidentate manner. In EF2, Ca2+-coordination is via sidechain carboxylate oxygen 

atoms of Asp63, Asn65, Asp67, Glu74, and the backbone oxygen carbonyl moiety of Glu69, as 

is typical for canonical EF-hand motifs such as those in other S100 proteins, calmodulin, 

troponin C, and other EF-hand containing proteins 86. The one difference being that the oxygen 

atom of Asn65 coordinates calcium in the EF2 domain of Ca2+-S100A1 and this analogous 

coordination is via an oxygen atom of an aspartate residue in S100B 47. 

 
Figure 3.2. Ribbon diagram of Ca2+-S100A1 dimer crystal structure front (left) and rear 
(right). Helices are colored as blue, green, yellow, and red for helices 1-4; Ca2+ atoms are 
yellow. 
 

 The four helices in each subunit of Ca2+-S100A1 and their alignment at the dimer 

interface of the crystal structure are very similar to that found previously via NMR (Table 3.2).  

This includes the perpendicular arrangement of helices 3 & 4 of Ca2+-S100A1 to give an open 

conformation as is necessary to bind its protein targets, including a peptide derived from RyR1. 

In the absence of the RyR1 target peptide (1ZFS), the crystal and NMR structures also show a 

reasonable level of similarity when interhelical angles and metal ion coordination distances are 

compared (Table 3.2).  The crystal structure of S100A1 aligns similarly with Ca2+-S100A1 NMR 

structures in the absence (1ZFS, 2LP3) 48,49 or presence (2K2F, 2KBM) 106 of peptide targets 
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(RMSD 2.3-2.6 Å) as well as other x-type helical bundle S100 proteins (Table 3.2) with 

differences localized to the most dynamic regions, the hinge region and the c-terminus, which are 

involved in target binding.  When comparisons are made to S100B in particular, the global fold 

of Ca2+-S100A1 determined here was similar to that of several crystal structures available for 

S100B 1,108-110. In such comparisons, the RMSD ranged between 0.7 and 1.2 Å with the 

exception of S100B bound to a peptide derived from the receptor 

for advanced glycation endproducts (RAGE) (5D7F, unpublished, 1.6 Å RMSD), which diverges 

primarily in the dynamic C-terminus.  When Ca2+ coordination distances were compared for the 

S100A1 and S100B structures, they were also found to be essentially within the margin of error 

(all atom alignment RMSD of 1.0 Å; Cruickshank DPI of the model approximately 0.24 Å) 

(PyMOL), so like other S100 protein structures determined, the crystal structure of Ca2+-S100A1 

determined here is similar in its overall global fold to that of other S100 structures available. 
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4.2. Detailed comparison of S100A1 and S100B structures 

The crystal structure of Ca2+-S100A1 shows a high degree of similarity in the global 

structure to the previously reported crystal (1MHO) and NMR (2K7O) structures of S100B 89, 

aligning at 1.0 and 2.9 Å RMSD, respectively. In addition, similarities also exist in the binding 

pockets of Ca2+-S100A1 and Ca2+-S100B. This includes the presence of a cysteine residue Cys86 

(Cys84 in S100B) bridging what is termed Sites 1 & 2 of the target-binding pocket 55,56. While 

target-binding pockets in Ca2+-S100A1 and Ca2+-S100B are composed largely with hydrophobic 

residues, it is clear that these pockets are not identical. Upon closer inspection, there are 

structural differences that provide means for specificity in target and inhibitor binding. 

Specifically, the binding pocket in Ca2+-S100B has an additional aromatic residue 

(Phe76) available for π-stacking as compared to an aliphatic residue (i.e. Leu78) in the analogous 

location in Ca2+-S100A1 (Figure 3.3, Table 3.3). There is also a negatively charged sidechain on 

helix 3 (Glu61) in Ca2+-S100A1 that is occupied by a polar residue (i.e. Thr59) in the analogous 

position of Ca2+-S100B. In helix 4, a polar residue Asn87 in Ca2+-S100A1 is occupying a 

position where a positively charged His85 resides in Ca2+-S100B. This histidine residue is also 

part of the Zn2+-binding site in S100B 57, and S100A1 does not have this Zn2+ binding site.  In 

the hinge region (loop 2), the positively charged His42 in Ca2+-S100B differs from a Gly44 in 

Ca2+-S100A1. Also, in the hinge region, the residues Glu45, Glu46, and Ile47 in Ca2+-S100B are 

occupied by residues Asp47, Ala48, and Gln49 in the analogous positions in Ca2+-S100A1 

(Table 3.3). These differing three residues in the hinge region are also dynamic in nature, in the 

absence of target, so they could not be modelled in the Ca2+-S100A1 crystal structure due to 

weak electron density. In addition, Met1 and Gly2 in the N-terminus and Trp91, Glu92, Arg93, 

and Ser94 in the C-terminus could not be modelled in one of the three molecules of S100A1 in 
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the asymmetric unit. Thus, there are important differences in charge and polarity when the two 

binding pockets of these S100s are compared. Another difference can be observed for residues 

Glu10, Asn14, Ala18 in the target-binding pocket of Ca2+-S100A1 versus Val8, Asp12, and 

Gln16 in the analogous positions of Ca2+-S100B, which again would alter the mode of target and 

inhibitor binding. These would additionally contribute to specificity upon target binding and 

functional folding events necessary for Ca2+-binding affinities to increase, as have been observed 

previously for S100B 92,111-113. With these differences observed, there are numerous structural 

and dynamic properties within Ca2+-S100A1 and Ca2+-S100B that can mechanistically explain 

how these two proteins bind specific protein targets in a cell-specific manner to generate unique 

biological responses, as have been observed for these S100s 83,87,88,90,106,113-115. 

 
Figure 3.3. Electrostatic surface model (A) and ribbon diagram (B) of Ca2+-S100A1 
crystal structure highlighting the binding pocket. Electrostatic surface model (C) and 
ribbon diagram (D) of Ca2+-S100B crystal structure (1MHO). For ribbon diagrams, 
hydrophobic residues are in yellow, positively charged residues are in blue, 
negatively charged residues are in red. Key residues are labelled; see text for 
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additional details. Electrostatic surface models were generated using PDB2PQR 64,65, 
APBS 66, and UCSF Chimera 67. 

Table 3.3. Sequence alignmentsa 
S100A1  1 MGSELETAMETLINVFHAHSGKEGDKYKLSKKELKELLQTELSGFLDAQKDVDAV 
S100A4  1 MACPLEKALDVMVSTFHKYSGKEGDKFKLNKSELKELLTRELPSFLGKRTDEAAF 
S100B   1 M-SELEKAVVALIDVFHQYSGREGDKHKLKKSELKELINNELSHFLEEIKEQEVV 
S100Z   1 MPSKLEGAMDALITVFHNYSGSEGDKYKLSKGELKELLNAELTDFLMSQKDPMLV 
 
S100A1 56 DKVMKELDENGDGEVDFQEYVVLVAALTVACNNFFWEN-------S 
S100A4 56 QKLMSNLDSNRDNEVDFQEYCVFLSCIAMMCNEFFEGFPDKQPRKK 
S100B  55 DKVMETLDSDGDGECDFQEFMAFVAMITTACHEFFEHE-------- 
S100Z  56 EKIMNDLDSNKDNEVDFNEFVVLVAALTVACNDFFQEQQ--KKRSK 
aSequence alignments generated using T-Coffee 68,69 and BoxShade. S100A sequences 
correspond to the human sequence, S100B corresponds to the bovine sequence, and 
S100Z corresponds to the zebrafish sequence. 

5. Conclusions 

The first crystal structure of Ca2+-S100A1 is presented here at 2.25 Å resolution. As a 

complement to the previously published NMR data, crystallography provides a detailed 

examination of the atomic structure of S100A1 and its binding pocket to reveal small but 

significant differences between S100A1 and other S100 proteins (i.e. S100B) as necessary to 

understand its specific biological functions 7,83,87,106,115. These data can be used to aid in the 

development of more specific, efficacious inhibitors that target one versus another S100 proteins. 

It also agrees with the modelling of the Ca2+ ion coordination sphere by previous NMR studies, 

which is necessary to understand the role S100A1 plays as a calcium-signalling protein in 

mammals. While numerous similarities are in place among S100 family members, including their 

global fold and overall Ca2+-dependent conformational change, detailed differences need to be 

catalogued for understanding their specific S100-target protein interactions and perhaps for 

developing therapeutics targeting such family members in various disease states. Some of these 

differences include one of the Ca2+-coordinating residues (Asn65, S100A1; Asp65, S100B), 

numerous residues in the binding pocket of the two proteins (Figure 3.3, Table 3.3), and other 

residues throughout the protein that likely affect the binding and functional folding events 
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associated with increasing Ca2+-binding upon binding its specific protein targets. The crystal 

structure for Ca2+-S100A1 will also impact our understanding of protein-protein interactions 

involving S100A1 with full-length targets such as the ryanodine receptors in skeletal (RyR1) and 

cardiac (RyR2) muscle as well as how it responds to [Ca2+] fluctuations within mammalian cells 

104,106,114,116. 
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Chapter IV Overview of Regulation and Disease states in EC-coupling 

1. Overview 

 This chapter discusses the regulation of EC-coupling and many of the mutations of the 

proteins involved in EC-coupling that give rise to various disease states, including proteins such 

as S100A1, calmodulin, and the ryanodine receptor and disease states such as malignant 

hypothermia and catecholaminergic polymorphic ventricular tachycardia. EC-coupling is the 

process by which sarcolemmal depolarization activates the DHPR, causing calcium release and 

muscle contraction. Many other proteins are also involved in EC-coupling as well as regulation 

of EC-coupling through Ca2+-signaling with calmodulin, S100A1, and calsequestrin and 

phosphorylation with calmodulin kinase II and protein kinase A and both with calcineurin. 

Irregularities in this process lead to a multitude of diseases and disorders including various forms 

of cardiac arrhythmia and heart failure. Understanding the structure and function of these 

proteins, the interactions made with target proteins, and the biological results are crucial for 

understanding EC-coupling and treating irregularities in calcium release in cardiac and skeletal 

muscle. 

2. EC-Coupling 

Numerous cell types and intra- and extra-cellular mechanisms form the complex skeletal 

muscle tissue responsible for voluntary movement. The driving force for this movement is 

Excitation-Contraction (EC)-coupling, which is responsible for muscle contraction. EC-coupling 

is the process by which sarcolemmal depolarization activates the dihydropyridine receptor 

(DHPR), resulting in calcium release and muscle contraction. The DHPR is a voltage-gated L-

type calcium channel located in the transverse tubules (t-tubule) of muscle cells and is known as 

Cav1.1 in skeletal muscle (Figure 4.1). In skeletal muscle, EC-coupling relies on the direct, 
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mechanical interaction between the DHPR and the sarcoplasmic reticulum (SR) calcium release 

channel, the ryanodine receptor (RyR), one of the largest proteins in human biology and the 

largest receptor 117,118. The RyR acts as the controlling gate of EC-coupling as it must be opened 

to allow the calcium-release necessary to drive downstream motor proteins 119. Three isoforms of 

RyR (RyR1-3) are expressed in mammalian cells and expression of each varies among tissues. 

Isoform 1 accounts for the bulk of RyR expression in skeletal muscle, RyR2 in cardiac muscle, 

and RyR3 primarily in neurons. Ryanodine binds in the pore of RyR and acts as an agonist at 

low concentrations and an inhibitor at high concentrations; meanwhile caffeine acts as an agonist 

and sensitizer of RyR to calcium. The DHPR is also blocked by its natural substrate, 

dihydropyridine. 
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Figure 4.1. Summary model of EC-coupling in skeletal muscle. Reproduced from 
MacIntosh et al. and Song et al. with permissions 120,121. 

 

The interaction between RyR and DHPR triggers a conformational change that opens the 

RyR, releasing calcium from the SR into the cytosol. Calcium, a critical secondary messenger, 

binds the EF-hand calcium-binding protein, Troponin C, on actin thin filaments. This promotes 

the interaction of actin with the myosin thick filament and initiates the process known as cross-

bridge cycling 122,123. Myosin, in the unbound state, maintains a high potential energy with ATP 

bound. The binding of actin to myosin causes this energy to be released, hydrolyzing ATP and 
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generating force (Figure 4.1). Muscle relaxation occurs as the sarco/endoplasmic reticulum 

calcium-ATPase (SERCA) pumps calcium back into the SR. The exact steps of the cross-bridge 

cycle remain an area of fervent research 122,124,125. 

This mechanism contrasts sharply with EC-coupling in cardiac muscle. In cardiac 

muscle, calcium serves as the signal between the DHPR and the RyR and EC-coupling is 

triggered by the release of intracellular Ca2+ stores in a process termed calcium-induced calcium 

release (CICR) 126-129. In this pathway, DHPR and RyR are not physically coupled. Instead, 

calcium, resulting from the activation of DHPR, carries the signal to RyR. This increase in local 

calcium is detected by RyR, which releases calcium as calcium sparks in a positive feedback 

response. Calcium sparks arise from the activation of RyR in individual clusters rather than cell-

wide activation. These sparks are sufficient to increase the cytoplasmic calcium level to the point 

of activation of Troponin C 128,130,131. From this point, EC-coupling in cardiac muscle is identical 

to that of skeletal muscle with activation of actin by Troponin C and myosin by actin. RyR is 

also regulated by various calcium-binding proteins such as calmodulin, S100A1, calstabin, and 

calsequestrin. 

In both skeletal and cardiac muscle, EC-coupling and the involved calcium signaling is 

mediated by calcium-binding proteins 83,98,114,117,132, the most well known of these proteins are 

calsequestrin and calmodulin (CaM). Calsequestrin, as its name suggests, is responsible for 

replenishing calcium stores in the sarcoplasmic reticulum between muscle contractions. CaM, on 

the other hand, binds directly to RyR. CaM is a 17 kDa monomer with four EF-hands to bind 

four calcium ions at a time and regulates RyR response differently depending on tissue type and 

intracellular calcium levels. For example, in skeletal muscle, low cytosolic calcium levels (<1 

µM) trigger CaM-mediated activation of RyR, driving calcium release from the cell. Conversely, 
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at high cytosolic calcium levels (>1 µM), CaM acts as a potent inhibitor of RyR1, halting 

calcium release after muscle contraction 133-136. In cardiac muscle, CaM inhibits RyR regardless 

of calcium levels. CaM regulates RyR3 in the same manner as RyR1 1. S100A1, another calcium 

binding protein that regulates RyR, competes with CaM for RyR binding and acts as a sensitizer 

and activator for calcium release 106,116,137. 

3. Regulatory Proteins 

 Calmodulin is one of the calcium-binding messenger proteins that shuttles cellular 

calcium throughout the cell to regulate myriad systems including muscle contraction, 

metabolism, gene expression, and apoptosis 116,138. CaM is highly conserved, ubiquitously 

expressed and contains a flexible linker region that splits the EF-hands in pairs (Figure 4.2a). 

Calcium binding induces a conformational change in CaM that modulates its interactions with 

target proteins 139,140. This conformational change exposes the hydrophobic binding pocket in 

CaM containing methionine residues; CaM binds to proteins with complementary hydrophobic 

regions. The flexible linker region allows CaM to tightly bind target proteins by clamping down 

on the target 141.  CaM is also one of two calcium-binding proteins involved in the activation of 

RyR, the other being S100A1, a member of the S100 family of EF-hand calcium-binding 

proteins 101,106,137. 
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Figure 4.2. Structures of EF-hand proteins involved in EC-coupling. A, bovine CaM 
(PDBID 1CLL) 142. B, human calsequestrin (3TRP) 143. C, human S100A1 (5K89). D, 
human calcineurin (PDBID 4OR9) 144. CaM and calsequestrin are monomeric, S100A1 is 
a homodimer, and calcineurin is a heterodimer. Helices are colored blue, green, yellow, 
orange, and red from the N- to C-terminus. Ions are shown as spheres with calcium in 
yellow, iron in orange, and zinc in purple. 
 

S100A1, a member of the S100 family of calcium-binding proteins, is highly expressed 

in cardiac and skeletal muscle and is known to interact with the actin capping protein, CapZ, in 

the presence of Ca2+; S100A4, reducing S100A4-induced metastatic potential in breast tissue; 

and RyR, an interaction that regulates Ca2+ transients 83,88,106. Proteins in this family have a 

variety of cell- and tissue-specific expression with intra and extracellular regulatory functions, 

but no enzymatic activity 83. The influence of S100 proteins is typically mediated through 

protein-protein interactions in a Ca2+-dependent manner, such as the one between S100A1 and 

RyR. Altered expression of various S100 proteins has been linked to a variety of cancers 
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including melanoma, neurological disorders such as Alzheimer’s, and cardiomyopathies 84,90. 

While CaM can act as an inhibitor or an activator of RyR depending on tissue type and calcium 

levels, S100A1 sensitizes RyR for activation at low calcium and serves as an activator at high 

calcium in both heart and skeletal muscle. In the absence of a target, the Ca2+ affinity of S100A1 

is relatively low, in the low µM range; however, in the presence of a target, Ca2+ affinity 

increases dramatically, into the nM range 88. This increase in affinity has been attributed to 

elimination of protein dynamics upon target binding 88,145. In the absence of a molecular target, 

S100 proteins exist in a multitude of conformations with dynamic movements in different 

timescales and becomes locked in a final conformation as a result of interactions made with full-

length targets 112.  

The mechanism of interaction for most S100 proteins is a two-step process. First, the 

S100 protein binds calcium and undergoes a conformational change (Figure 4.3) in which helix 

three of each monomer rotates 90-degrees, exposing a hydrophobic pocket that serves as the 

binding site for S100-protein interactions 90. Second, the S100-target protein interaction takes 

place, during which the S100 protein undergoes a second conformational change (Figure 4.3) in 

which helices three and four shift to coordinate the bound target 146-148. The interaction between 

S100A1 and the RyR has been shown in vitro with recombinant protein and in vivo with mice 

including the use of RyR1-L3625D mice, which showed no S100A1 binding and impaired CaM 

binding when this mutation was made in the CaM/S100A1-binding site 149. Despite this, these 

mice were phenotypically normal. Meanwhile, decreased expression of S100A1 in cardiac 

muscle is a characteristic of heart failure; adenoviral S100A1 gene delivery normalized the 

expression of S100A1 in a postinfarction rat heart failure model and reversed contractile 

dysfunction by restoring Ca2+ transients 98,150. 
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Figure 4.3. Conformation changes in S100A1 as a result of Ca2+- and target binding. 
Helices are colored blue, green, yellow, and red for helices 1-4, respectively. 
 

 While CaM and S100A1 regulate RyR externally, calsequestrin acts as a luminal calcium 

sensor. Calsequestrin is the calcium-binding protein that sequesters calcium in the lumen of the 

SR near RyR (Figure 4.1) and like RyR, calsequestrin has a skeletal muscle isoform (CASQ1) 

and a cardiac muscle isoform (CASQ2) 151,152,153. Unlike CaM and S100A1, Calsequestrin does 

not bind calcium using discrete EF-hand motifs; instead, calsequestrin uses its acidicly charged 

surface to bind up to 50 calcium ions at a time with a binding affinity between 1 and 100 µM 

(Figure 4.2b). Calsequestrin is the most abundant protein in the SR of skeletal and cardiac 

muscle and the release of calcium from calsequestrin and the SR through RyR triggers muscle 

contraction 152. Although the exact mechanism of how calsequestrin regulates RyR is still 

uncertain, it is currently hypothesized that calsequestrin regulates RyR through the accessory 

proteins, junctin and triadin, that bridge the gap between calsequestrin and RyR 154,155. 

Two more accessory proteins, calstabin 1 and 2, also known as FKBP12 and FKBP12.6 

(12 and 12.6 kDa FK506-binding proteins), preferentially bind to and stabilize the closed states 

of RyR1 and RyR2, respectively, with one calstabin molecule per RyR subunit 119. Calstabin 

binds in a cleft formed by the handle, NTD, and SPRY1 and SPRY3 domains of RyR (Figure 
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4.4) 119,156. This stabilization is often used in cryo-EM structures of RyR 119,156. This interaction 

is a part of regulating EC-coupling in cardiac and skeletal muscle as stabilizing the closed state 

serves to prevent calcium leaks 157. Calstabin 2 binding to RyR2 is disrupted by binding by the 

immunosuppressant drug FK506 and by phosphorylation and activation of RyR2 by cAMP-

dependent protein kinase A (PKA), though the exact details of this activation remain a subject of 

controversy 158. The immunosuppressant drug rapamycin also disrupts the calstabin-RyR 

interaction. Calstabin binding may also be necessary for the interaction between RyR1 and 

DHPR in skeletal muscle 159. 
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Figure 4.4. Cryo-EM structure of RyR1 tetramer in the closed (left, PDBID: 5TB0) and 
open (right, 5TAL) states 160 at 4.4 and 4.3 Å, respectively. Subunits are in green, red, 
blue, and magenta. FKBP12.6 is in yellow. 
 

Several enzymes are also involved in regulating EC-coupling, including but certainly not 

limited to calcineurin, Calmodulin-dependent protein kinase II, and protein kinase A. 

Calcineurin, also known as protein phosphatase 2B, is a heterodimeric ser/thr phosphatase that 

depends on calcium and calmodulin for diverse cellular functions including muscle maintenance, 
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regeneration, and possibly muscle development 161,162. Calcineurin is involved in immune 

response as calcineurin activates nuclear factor of activated T cells (NFAT) transcription factors, 

which ultimately leads to growth and differentiation of T cells. Calcineurin is composed of an N-

terminal catalytic subunit and a C-terminal calcium-binding regulatory subunit. The interaction 

between calcineurin and RyR in skeletal and cardiac muscle depends on calcium for activation 

and calstabin 2 for inhibition 163-165. Figure 4.2 shows the structures of CaM, calsequestrin, 

S100A1, and calcineurin for comparison of the significant structural differences between these 

four calcium-binding proteins involved in EC-coupling. CaM, S100A1, and calcineurin each 

bind calcium with EF-hands though in calcineurin this is only one of the subunits of the dimer 

and calsequestrin simply uses its acidicly charged surface to act as a weak calcium-binder. CaM 

and calsequestrin are monomeric while S100A1 is a homodimer, and calcineurin is a 

heterodimer. Calcineurin is also the only one of the four with enzymatic activity. 

 Calmodulin-dependent protein kinase II (CaMKII) does not bind calcium directly, but 

instead requires it indirectly and plays a role in regulation of EC-coupling. In cardiac muscle, 

CaMKII is a necessary protein for calcium reuptake and homeostasis 166,167. CaMKII is a ser/thr 

kinase regulated by the Ca2+-calmodulin complex. When sufficient calcium and calmodulin are 

present, CaMKII undergoes multimerization and activates by autophosphorylation at Thr286, 

which converts CaMKII to a Ca2+-independent form 166,168,169. CaMKII is a dodecameric protein 

with two stacked hexameric rings. Each monomer consists of a catalytic domain, an 

autoinhibitory domain with a pseudosubstrate site, and a c-terminal association domain 

responsible for multimerization 167. The associative domain controls CaM binding 166. The 

CaMKIIδ isoform is ubiquitously expressed but is the most highly expressed CaMKII isoform in 

cardiac muscle and is involved in EC-coupling via regulation of RyR2 and calcium-binding 
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proteins such as CaM. CaMKII phosphorylates RyR2 at S2814 (oryctolagus cuniculus and homo 

sapiens), whether this activates or inhibits RyR2 is a subject of ongoing research, though the 

majority of evidence appears to suggest that CaMKII activates RyR2 170. 

Finally, cyclic AMP-dependent protein kinase A is a major enzyme family that has been 

the focus of considerable research 171. PKA is regulated by cAMP from the β-adrenergic receptor 

with localization governed by a-kinase anchoring proteins (AKAPs). PKA is a heterotetramer 

composed of two catalytic (Cα, Cβ, Cγ, or PrKX) and two regulatory (RIα, RIβ, RIIα, or RIIβ) 

subunits. The isoforms of the subunits vary in expression levels in different cell types with RIα 

and RIIα being the dominant subunits in cardiac and skeletal muscle 172-174. The involvement of 

PKA with RyR remains a matter of significant debate. Several research groups have published 

data indicating that PKA phosphorylates RyR at S2843 (S2808 in cardiac muscle) and that this 

phosphorylation is sufficient to activate RyR 175,176. However, other research groups have 

published data indicating that this phosphorylation does not activate RyR as well as arguing that 

it would be biologically inviable for RyR to be activated by phosphorylation due to the 

possibility of upregulation and/or constitutive activation of PKA 177-179. It is clear that PKA does 

phosphorylate RyR, a key player in excitation-contraction coupling and Ca2+-release in muscle 

tissue, but the full impact of this phosphorylation remains a key piece of the puzzle to be 

properly understood. 

4. Malignant Hypothermia 

Mutations in key EC-coupling proteins are also responsible for myriad disease states. 

Mutations in RyR are associated with a host of different diseases including malignant 

hypothermia, central core disease, catecholaminergic polymorphic ventricular tachycardia, and 

hypertrophic cardiomyopathy. Many of these mutations and their deleterious effects are 
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summarized in Table 4.1. Mutations in RyR1 at residues R1127H, R1140C, and R2508G/H, are 

associated with malignant hyperthermia (MH), a condition linked to gain-of-function RyR1 

mutations and triggered often under general anesthesia 180,181, though MH can also be diagnosed 

by genotyping or via the halothane-caffeine contracture test using biopsied muscle tissue 2. In 

susceptible patients, certain drugs cause a pronounced increase in oxidative metabolism in 

skeletal muscle, causing the patient to lose the ability to regulate body temperature, leading to 

circulatory collapse and eventual death if left untreated. Dantrolene, a muscle relaxant that 

weakens EC-coupling, is used to treat MH 182,183. Residues R1127 and R1140 are both exposed 

to the surface of the protein and, as such, are believed to affect surface properties and disrupt 

domain-domain interactions of the SPRY2 domain 181. The SPRY2 domain contributes to ion 

channel gating through an intramolecular interaction with a regulatory site 2. 
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Table 4.1. Summary of Disease-causing Point Mutations in Key EC-coupling Proteins 
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5. Catecholaminergic Polymorphic Ventricular Tachycardia & Long QT Syndrome 

More than 150 mutations in RyR2 are known to cause autosomal dominant 

catecholaminergic polymorphic ventricular tachycardia (CPVT) and hypertrophic 

cardiomyopathy (HCM) 184-186. Deletion of exon 3 of RyR 2 is known to cause CPVT, which is 

characterized by cardiac arrhythmias in response to physical or emotional stress that may lead to 

syncope or death 187,188. Further evidence for the role of RyR2 in CPVT was validated by the 

elucidation of CPVT-causing and CPVT-related point mutations  (G357S, R420Q, and A4860G) 

in research conducted in vitro with recombinant mutant RyR2 as well as in vivo with human 

patients 185,189-193. The R420Q mutation in RyR2 results in the reorientation of the first two RyR2 

domains relative to the third. This change is believed to activate the channel by destabilizing 

intersubunit interactions 191. 

Mutations in CaM associated with RyR2-mediated cardiac arrhythmias include CPVT, 

long QT syndrome (LQTS), and idiopathic ventricular fibrillation (IVF). LQTS is a condition in 

which there is a delayed repolarization of the heart following a heartbeat, which may cause 

ventricular fibrillation.  The point mutation N53I in CaM is known to cause CPVT 194,195. LQTS 

results from the D95V, D129G, D133H, and F141L mutations in CaM 194,196,197. N97S, D131E, 

and Q135P mutations result in both CPVT and LQTS 194. All of these mutations result in 

increased calcium release and render RyR2 more prone to store overload induced calcium release 

(SOICR) by lowering the stored calcium threshold for SOICR 194. Curiously, N53 appears to be 

the only CaM mutation that causes CPVT alone. Given the distant location of N53 relative to 

other CaM mutations, this mutation may affect binding or activation of RyR in a unique manner 

from the other mutations, causing irregular activation but not prolonged depolarization and 

repolarization of the ventricles. LQTS-associated mutations were also found to reduce calcium 
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affinity. The research of Søndergaard and Vassilakopoulou revealed that N53I and N97S 

decreases the calcium-binding affinity of the N-domain of CaM while the other mutations have a 

similar but much more pronounced reduction in the calcium-binding affinity of the C-domain of 

CaM, suggesting that the C-terminal mutations affect the interaction of CaM with RyR2 and that 

the N53I and N97S mutations likely cause different mechanisms of aberrant regulation that are 

still under investigation 194,195. 

Mutations in cardiac calsequestrin (CASQ2) in mice and humans are associated with 

vacuolar aggregation and CPVT in muscle tissue. Curiously, mutations in CASQ2 cause an 

autosomal recessive form of CPVT (CPVT-2) as opposed to the autosomal dominant form 

observed as a result of RyR2 mutants (CPVT-1) 151,198. Ablation of CASQ2 entirely is associated 

with CPVT and MH 199. Several mutations are associated with this including the R33Q and 

D244G point mutation; both of these mutations have been shown to disrupt calcium binding 200-

203. The R33Q mutation also appears to cause degradation of CASQ2 204. The L167H mutation 

disrupts calcium-dependent folding while D307H and P308L mutants both show a loss of 

calcium selectivity 205-207. D307H and P308L CASQ2 also aggregate in the presence of 

magnesium 205. Of course, given the role of CASQ in maintaining calcium stores in the SR, it 

makes sense that mutation or ablation of CASQ would disrupt calcium homeostasis. 

6. Hypertrophic Cardiomyopathy 

HCM is characterized by the thickening of the myocardium (hypertrophy), resulting in 

reduced blood flow, which may cause angina, palpitations, syncope, and death. Primary 

treatment includes beta-blockers such as propranolol 208,209. Mutations associated with HCM 

include the T1107M mutation in the SPRY2 domain of RyR2, which causes a reduced calcium 

release from RyR2 as a result of local misfolding around the mutated region with the loss of a 
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salt-bridge 181. HCM-causing mutations of RyR2 have also been found in the CaM-binding 

domain, including W3587A, L3591D, and F3603A 210,211. These mutations impair CaM binding 

and thus limit the inhibition of RyR2 by CaM at resting calcium. 

7. Central Core Disease  

Mutations in RyR1 also lead to central core disease (CCD) 186,212,213. Like MH, CCD is an 

autosomal dominant disease; however CCD is characterized by hypotonia and may appear at 

birth or with late onset in adults. The R1076W amino acid substitution in the SPRY2 domain is 

suggested to result in CCD. Mutation of this residue reduces the thermal stability of RyR1 and 

may lead to a loss-of-function phenotype 181,214. 

8. Hypokalemic Periodic Paralysis 

Mutations in DHPR can result in malignant hyperthermia as well as paralysis. In 

particular, loss-of-function mutations in the voltage sensor domains of DHPR lead to 

hypokalemic periodic paralysis (HOKPP) 215-217. HOKPP patients show reduced RyR activation 

as a result of DHPR losing sensitivity to depolarization. This leads to limited muscle contraction 

and paralysis as it becomes much more difficult to achieve muscle contraction and the muscle 

rapidly relaxes upon contraction. Specific HOKPP-causing mutations of DHPR in skeletal 

muscle include R528H and R1239H, both mutations located in the alpha 1 subunit (α1S) of 

DHPR, which is the pore-forming subunit of DHPR that interacts with and activates RyR1, 

though several studies have shown that α1S may not act alone in activating RyR1 218-220.  The 

α1s subunit of DHPR is required for EC-coupling as this subunit contains the voltage sensor as 

well as binding sites for regulatory molecules 3. Defective genes encoding the α1S have also 

been linked to MH 221. 
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9. Other Causes 

A number of other deficiencies or abnormalities in the EC-coupling regulatory proteins 

also result in various disease states. Calstabin 1-deficient mice show a normal skeletal muscle 

phenotype but show dilated cardiomyopathy (DCM) 222. DCM is a condition characterized by 

enlarged left ventricle muscle fibers, which results in decreased heart function and a reduced 

ability for the heart to pump blood, as the heart is less able to relax and fill with blood. Calstabin 

2 deficiency results in dysregulation of calcium release and is associated with DCM in male mice 

but not in female mice 223. Calstabin 2 deficiency is also associated with heart failure and CPVT 

224. JTV-519 or K201, a benzothiazepine derivative, is used to restore RyR2-FKBP12.6 

stoichiometry and eliminate PKA-induced hyperphosphorylation of RyR in heart failure, CPVT, 

and SOICR in animals 225-227. Whether calstabin 2 is necessary for or has secondary benefits for 

the effects of JTV-519 is the subject of ongoing research as JTV-519 may be able to act on RyR 

directly or may induce binding of calstabin 2 to RyR, inhibiting calcium leaks and sparks by 

stabilizing the closed state of the channel. Propranolol is also used to restore the RyR2-

FKBP12.6 interaction 228. 

Calcineurin appears to activate RyR as overexpression expression of WT or expression of 

constitutively active calcineurin in cardiac muscle increases CICR while inhibition of calcineurin 

by cyclosporin A decreases CICR 229. Cyclosporin A is an eleven amino acid cyclic 

nonribosomal peptide and an immunosuppressant. Overexpression and constitutive activity of 

calcineurin has also been found to be a factor in the development of cardiac hypertrophy and 

heart failure in cell and animal models 230-232. Calcineurin is also elevated in patients with 

congestive heart failure wherein the autoinhibitory domain of calcineurin is cleaved, resulting in 

constitutive activation 233,234. Upregulation of calcineurin has also been associated with 
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Alzheimer’s disease, with inhibition of calcineurin restoring postsynaptic density composition 

235. Decreases in calcineurin expression levels has been linked to such disease states as 

Alzheimer’s, Down’s syndrome, and Huntington’s disease 236-238.  

CaMKII dysfunction is associated with Alzheimer’s disease and heart failure with 

upregulation and constitutive activity of CaMKII found in cardiac hypertrophy and in advanced 

and end-stage heart failure 239,240. Conversely, CaMKIIδ knockout mice were protected against β-

adrenergic-induced cardiac dysfunction 239. Increased CaMKII activity can also cause calcium 

leaks and arrhythmia through RyR2, making CaMKII a key target in effective heart failure 

therapy. Naturally, these inhibitors must be highly-specific in order to avoid off-target effects 

that may result from binding to other isoforms, including CaMKIIα and CaMKIIβ which are 

primarily expressed in the brain and play a critical role in strengthening active synapses and 

calcium-signaling in the post-synaptic density, processes believed to be crucial for memory 

formation 240-242. KN-93, a methoxybenzene sulfonyl derivative, is used to inhibit CaMKII in 

arrhythmic cardiac muscle including mice with CPVT 240,243. Extensive crosstalk has also been 

found between CaMKII and PKA, suggesting that the pathways are complementary rather than 

mutually exclusive 240,243. 

PKA mutations are known to cause multiple neoplasia (tumor growth) as well as 

lentiginosis syndrome Carney Complex (CNC). CNC is an autosomal dominant condition 

resulting in hyperpigmentation of the skin (lentiginosis), endocrine hyperactivity, and cardiac 

myxomas, which may result in heart failure 244,245. CNC-causing mutations are primarily 

attributed to frame-shift and missense mutations in RIα. Many of these mutations create 

premature stop codons in RIα mRNA resulting in non-sense mediated mRNA decay and 

ultimately haploinsufficiency 246,247. The point mutations A183Y, A213D, and G289W in the 
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cAMP-binding domain of RIα significantly disrupt cAMP-binding; this is believed to be through 

conformation changes in RIα 246. Recently, disease-related mutations were also discovered in 

catalytic subunit C alpha (PRKACA). The L206R mutation was found in a significant number of 

cases of adrenocortical tumors 248-250. Study of this mutation revealed constitutive PRKACA 

activity. L206 forms part of a conserved hydrophobic cleft in PRKACA that allows regulatory 

subunits to bind and inactivate PRKACA. Therefore the L206R mutation, replacing hydrophobic 

leucine with charge arginine, destroys the interaction between the catalytic and regulatory 

subunits 249-251. 

10. Summary 

EC-coupling is the process by which sarcolemmal depolarization activates the DHPR, 

causing calcium release and muscle contraction. In skeletal muscle, EC-coupling relies on the 

direct interaction between the DHPR and the RyR. In cardiac muscle, EC-coupling depends on 

CICR. Many other proteins are also involved in EC-coupling as well as regulation of EC-

coupling through Ca2+-signaling and phosphorylation. Calmodulin and S100A1 compete for 

binding to RyR, activating calcium release. Calstabin stabilizes the closed state of RyR while 

calsequestrin and CAMKII work to rebuild SR calcium stores. Calcineurin and PKA also appear 

to play a role in EC-coupling and calcium release; however their roles are still subject to debate, 

as the exact mechanisms are not fully elucidated. 

Ultimately, EC-coupling is a complex process involving a number of proteins directly 

and indirectly. Irregularities in this process lead to a multitude of diseases and disorders 

including various forms of cardiac arrhythmia and heart failure.  Hypotonia, hypertrophy, and 

paralysis can also result from point mutations and gain- and loss-of-function in the proteins 

involved in EC-coupling. It is also critically important that drugs designed to treat any of these 
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mutations and conditions are selective for their target protein to prevent off-target effects that 

could make the condition worse. This remains true for drugs designed to treat homologous 

proteins involved in other processes as well. Treating melanoma patients with elevated S100B, 

the sibling protein to S100A1, with the wrong drug could result in heart failure as a result of 

S100A1 inhibition. Treating cardiac arrhythmia with immunosuppressant drugs can also prove 

difficult in patients with underlying factors or diseases and, obviously, will leave patients 

susceptible to infections. Protein and gene delivery therapies remain promising avenues and a 

burgeoning field of research 252,253. Understanding the structure and function of these proteins, 

the interactions made with target proteins, and the biological results are crucial for understanding 

EC-coupling and treating irregularities in calcium release in cardiac and skeletal muscle. 
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Chapter V The activation of PKA by the calcium-binding protein S100A1 is independent of 

cyclic AMP 

1. Overview 

This chapter discusses the interaction of S100A1 with the Protein Kinase A holoenzyme 

and a potential role for this interaction in skeletal muscle. Biochemical and structural studies 

demonstrate that S100A1 is involved in a Ca2+-dependent interaction with the type-2α and type-

2β regulatory subunits of PKA (RIIα and RIIβ) to activate holo-PKA.  The interaction was 

specific for S100A1 since other calcium-binding proteins (i.e. S100B, calmodulin) had no effect. 

Likewise, a role for S100A1 in PKA-dependent signaling was established since PKA-dependent 

subcellular redistribution of HDAC4 was abolished in cells derived from S100A1 knockout 

mice. Thus, the Ca2+-dependent interaction between S100A1 and the type-2 regulatory subunits 

represents a novel mechanism that provides a link between Ca2+- and PKA-signaling, which is 

important for the regulation of gene expression in skeletal muscle via HDAC4 cytosolic-nuclear 

trafficking. 

In peripheral ganglion neurons and cardiac cells, S100A1 increases Cav1 channel current 

amplitude. This effect was blocked by the inhibition of PKA, suggesting it is the result of a 

PKA-dependent process. However, the PKA-dependent affect on Cav1 current did not require 

cAMP, so its mechanism of activation has long remained elusive.  Here, biochemical and 

structural studies demonstrate that S100A1 is involved in a Ca2+-dependent interaction with the 

type-2β regulatory subunit of PKA (RIIβ) to fully activate holo-PKA.  The interaction was 

specific for S100A1 since other calcium-binding proteins (i.e. S100B, calmodulin) had no effect.  

Likewise, a role for S100A1 in PKA-dependent signaling was established since PKA-dependent 

subcellular redistribution of HDAC4 was abolished in cells derived from S100A1 knockout 
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mice.  In summary, the Ca2+-dependent interaction between S100A1 and the RIIβ regulatory 

subunit represents a novel-signaling hub that provides a link between Ca2+- and PKA-signaling, 

which is important for the regulation of gene expression in skeletal muscle via HDAC4 

cytosolic-nuclear trafficking. This work is published in Biochemistry 254. 

2. Introduction 

Skeletal muscle, the most abundant tissue of the human body, constituting more than 40% 

by mass, controls vital functions such as locomotion and breathing 255. These processes are 

regulated by phosphorylation and by Ca2+ signaling. Ca2+ signaling is a vital process for signal 

transduction, homeostasis, protein-protein interactions, muscle contraction, and a host of other 

biochemical processes 132. 

Eukaryotic protein kinases (EPK) are critical for the regulation of numerous cellular 

processes and signaling pathways 256.  From the time the first EPK structure was solved and the 

superfamily was determined to be highly regulated molecular switches rather than efficient 

catalysts, EPKs have become the second-most targeted enzyme class for drug development 257. 

Protein phosphorylation plays a vital role in innumerable biochemical processes including 

protein-protein interactions, muscle contraction, and regulation of the fore-most drug target, G-

protein coupled receptors (2). Irregularities in EPK regulation have been implicated in diseases 

and disorders ranging from Alzheimer’s and cancer to diabetes and heart disease 258,259. EPKs 

have evolved to initiate signal cascades often under single turnover conditions; as such, precise 

regulation of EPKs is critical for appropriate cell and tissue function. The most well-known and 

studied of this superfamily, PKA, has long been considered to be regulated exclusively by the 

presence of cAMP and directed throughout the cell by A-kinase anchoring proteins 171. On rare 

occasions, however, evidence has been reported suggesting activation of PKA independently of 



 
	

68 

cAMP, though the precise mechanism for cAMP-independent activation of PKA has remained 

elusive 260. For example, in peripheral ganglion neurons and cardiac cells, S100A1 increases 

Cav1 channel current amplitude. This effect was blocked by the inhibition of PKA, suggesting it 

is the result of a PKA-dependent process. However, the PKA-dependent affect on Cav1 current 

did not require cAMP, so its mechanism of activation has long remained elusive 261.  Herein, we 

describe a mechanism of cAMP-independent activation of PKA in skeletal muscle that involves 

the calcium-binding protein, S100A1. 

 S100A1, an 11kDa dimeric Ca2+-binding protein, plays an important role in Ca2+ 

signaling and homeostasis in heart and skeletal muscle 262. In cardiac and skeletal muscle, 

S100A1 binds to the RyR to promote Ca2+ release from the sarcoplasmic reticulum, a process 

necessary for muscle contraction 106,263. Here, we demonstrate for the first time that S100A1 also 

binds to the full-length regulatory subunits type II α and β (RIIα and RIIβ) of the PKA 

heterotetramer. In parallel with cAMP, this interaction activates the catalytic subunit, PRKACA 

(Cα), and PKA-dependent signal cascades in muscle. 

In order to explore the physiological relevance of the S100A1-PKA interaction in skeletal 

muscle function, we also examined the effects of activating PKA in regulating nucleo-

cytoplasmic movement of HDAC4 in wild type and S100A1 knockout (S100A1KO) mice. Class 

IIa histone deacetylases (HDACs), including HDAC isoforms 4, 5, 7 and 9, move between 

skeletal muscle fiber cytoplasm and nuclei in response to diverse cellular cues, suppressing 

activity of the nuclear transcription factor, myocyte enhancer factor-2 264. PKA phosphorylates 

HDAC4 in skeletal muscle, resulting in HDAC nuclear accumulation 265,266. Using HDAC4-

green fluorescent protein (HDAC4-GFP) expressed in isolated skeletal muscle fibers and time-

lapse confocal microscopy, we show that activation of PKA, by the β-receptor agonist 
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isoproterenol, caused a steady HDAC4-GFP nuclear influx. The PKA inhibitor H-89 blocked the 

effects of isoproterenol on the nuclear influx of HDAC4-GFP.  Interestingly, the effect of 

isoproterenol on HDAC4 nuclear influx was also attenuated in muscle fibers from S100A1KO 

mice. Collectively, our results demonstrate a novel interaction between S100A1 and PKA and 

suggest that this interaction could play an important role in the regulation of gene expression in 

skeletal muscle by modulating HDAC4 nuclear-cytoplasmic movement.  Other physiological 

roles resulting from the Ca2+-dependent S100A1-PKA complex formation and cAMP-

independent activation of PKA are certainly possible and worthy of investigation.  

3. Materials & Methods 

Materials—M-280 tosyl-activated Dynabeads were obtained from Invitrogen and protease 

inhibitor cocktails from Sigma-Aldrich. Column resins were obtained through GE Healthcare 

Life Sciences. All buffers were passed through Chelex-100 resin (Biorad) to remove trace metals 

and divalent ions. All proteins used were recombinant and purified (>99%) and were dialyzed 

using Chelex-100 resin for the same purpose. All other chemical reagents used were ACS grade 

or higher and were purchased from Sigma-Aldrich unless otherwise stated. Figure 5.7 was 

generated using Inkscape. 

Expression and purification of S100A1 and PKA subunits—All purification steps were 

performed on ice or at 4°C unless otherwise stated. Recombinant human S100A1 was expressed 

in Escherichia coli (E. coli) strain BL21(DE3) cells transformed with an expression plasmid 

(pET-11b; Novagen) containing the gene for human S100A1. Protein expression and bacterial 

lysis was performed as recommended by the manufacturer (Novagen). S100A1-containing 

bacterial lysates were precipitated with ammonium sulfate at 65% saturation.  The supernatant 

was dialyzed against buffer A (50 mM Tris pH 7.50, 0.5 mM DTT) to remove ammonium 
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sulfate, and the sample was loaded onto a DE52 diethylaminoethyl-sepharose (DEAE) column 

(Whatman, Inc.). The column was equilibrated and unbound proteins were washed away with 

buffer A. S100A1 was eluted stepwise with increasing NaCl concentrations. Fractions were 

analyzed by SDS-PAGE, and S100A1 protein-containing fractions were pooled. Pooled DEAE 

fractions were concentrated to 1mL and further purified by gel filtration on a Sephadex G-25 

column equilibrated in buffer B (0.25 mM Tris pH 7.50, 50 mM NaCl, 0.25 mM DTT). S100A1 

aliquots were stored at -20°C. 

Recombinant full-length rat PKA subunits were individually expressed in E. coli strain 

BL21(DE3) cells transformed with an expression plasmid (pET-15b) containing the gene for rat 

RIα, RIIα, RIβ, or RIIβ. RIIβ was expressed with a ten-histidine tag and an enterokinase 

cleavage site. All other PKA regulatory subunits were expressed with a six-histidine tag and a 

tobacco etch virus (TEV) protease cleavage site.  Protein expression was performed as 

recommended by the manufacturer (Novagen). The cell pellet was resuspended in buffer C (50 

mM TRIS pH 7.50, 5 mM BME, 20 mM Imidazole, 0.5 mM AEBSF, 0.1% Triton X-100, 0.5 

mg/ml lysozyme) with 0.1% protease inhibitor cocktail (Sigma-Aldrich). The cell suspension 

was sonicated to ensure sufficient lysing, and the debris was pelleted by centrifugation.  The 

supernatant was filtered and loaded over a HisTrap IMAC FF (GE Healthcare Life Sciences). 

The column was equilibrated and the unbound proteins were washed away with buffer D (50 

mM Tris pH 7.50, 300 mM NaCl, 5 mM BME, 20 mM Imidazole). Each PKA subunit was 

eluted with a stepwise gradient (0-100%) with buffer D containing 0.5 M Imidazole. Fractions 

were analyzed by SDS-PAGE and PKA subunit-containing fractions were pooled. Purified 

subunits were dialyzed against buffer C. His-tags were removed using 2 mg of enterokinase or 

TEV protease via overnight treatment (8 hours). The protease mixture was loaded over a HisTrap 
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HP (GE Healthcare Life Sciences) column and pure PKA subunits were eluted with buffer D 

containing no imidazole. Fractions were analyzed by SDS-PAGE and PKA subunit-containing 

fractions were pooled. Pooled fractions were concentrated to 1-2 mg/ml and stored at -4C to 

prevent aggregation and degradation. 

Enzymatic characterization of PKA—Enzymatic activity for PKA was measured as the 

change of fluorescence intensity at 485nm (ex: 360 nm) upon PKA-dependent phosphorylation 

of the commercially available Sox peptide (i.e. Omnia assay; Thermo Fisher Scientific) 267,268. 

This assay was optimized for fluorescence measurements in black, 384-well, flat-bottom plates 

(Corning) using a PHERAstarPlus plate-reader (BMG Labtech) in 20 µL total volumes per well. 

For enzymatic assays, a kinase buffer solution was prepared that contained 1.0 mM ATP, 10.0 

mM DTT, 100 µg/mL BSA, and a buffer solution provided by the vendor, pH 7.5. In all studies 

where Ca2+ was a dependent variable, solutions were chelexed prior to the addition of 1.0 mM 

Mg2+. For PKA assays with other subunits (RIα, RIIα, or RIβ), the same kinase buffer solution 

required 5.0 µM of the regulatory subunit in order to inhibit the catalytic subunit. RIIα also 

required RNAse treatment (5 mg/ml, Sigma-Aldrich) to inhibit the catalytic subunit. For cAMP-

dependent enzymatic activation, kinase buffer, the catalytic subunit (PKACat; 3 nM), RIIβ (1.0 

µM) or RIIα (5.0 µM), and cAMP (0-5.0 µM cAMP) were incubated 12 hrs prior to the addition 

of substrate (10.0 µM Sox peptide). The plate was then read every 30 seconds for one hour at 

25°C 267,268. Addition of CaCl2 (0-2 mM) in the absence of S100A1 was tested under these 

conditions as a control. For studies that varied in S100A1 concentration (0-200 µM), Ca2+ 

concentrations were kept constant (2 mM). The most closely related family member, S100B, and 

calmodulin (CaM) were also tested under the same conditions to determine whether activation 

was specific for S100A1. To determine the level of Ca2+ free needed for S100A1-dependent 
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activation of PKA, lower amounts of RIIβ (0.1 µM) and S100A1 (1.0 µM) were used and the 

Ca2+ free concentrations (0 to 6 µM) were prepared using EGTA-containing calcium buffers 

(Thermo Fisher Scientific). To test whether S100A1 directly affects the activity of PKACat (3 

nM), S100A1 (0-200 µM) was added to the enzyme in the presence of Ca2+ (1.0 mM) but with 

no RIIβ or cAMP present. Similar experiments with calmodulin or another S100 protein (i.e. 

S100B) were completed in the same manner, but they had no measurable affect on PKA activity 

(not shown). Enzymatic data was processed using Origin 6.1 (OriginLab) and fit using a Dose-

Response curve. 

Fluorescence Polarization Competition Assay (FPCA)—The ability of RIIα or RIIβ to compete 

with a peptide probe, TAMRA-labeled Hdm4, bound to Ca2+-S100A1 was evaluated as detailed 

in Wilder et al, 2010 46. FPCA titrations of RII subunits into a solution of S100A1 bound to 

TAMRA-Hdm4 was performed in triplicate with three biological replicates in a 384-well black 

polypropylene microplate with a final volume of 20 µL. Conditions were as follows: 10 nM 

TAMRA-Hdm4, 6 µM S100A1, 50 mM HEPES, pH 7.4, 50 mM NaCl, 5 mM CaCl2, 5 mM 

DTT, 0.1% Triton X-100. Fluorescence polarization was measured at room temperature in a 

BMG PHERAstar Plus multimode microplate reader equipped with dual detection PMTs with an 

excitation of 544 nm and emission of 590 nm. FPCA data were processed using Origin 6.1 and 

fit using the Hill function. Binding affinities were calculated using the Cheng-Prusoff equation 

269. 

Isothermal Titration Calorimetry (ITC)—Heat changes during the titration of Ca2+-S100A1 into 

RIIβ was measured using a VP-ITC titration microcalorimeter (MicroCal) as performed 

previously 270. All proteins involved were dialyzed into ITC buffer (20 mM HEPES, 50 mM 

NaCl, 10 mM MgCl2, 10 mM CaCl2, 0.5 mM TCEP, pH 7.40) prior to use. All solutions were 
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degassed under vacuum and equilibrated to 37°C prior to titration. The sample cell (1.4 mL) 

contained ITC buffer with 40 µM RIIβ, or no protein, while the reference cell contained water. A 

700 µM S100A1 solution in the same buffer without RIIβ was injected in 30x 10 µL aliquots 

using the default injection rate with a 180 sec interval between each injection to allow the sample 

to return to baseline. The resulting titration curves were corrected with a buffer control in the 

absence of RIIβ in the cell and analyzed using Origin for ITC (MicroCal). 

Nuclear Magnetic Resonance Spectroscopy (NMR)—NMR spectra were collected at 37°C with a 

Bruker AVANCE 800 NMR spectrometer (800.27 MHz for protons), equipped with four 

frequency channels and a 5-mm triple-resonance z-axis gradient cryogenic probe head. Chemical 

shift perturbations were obtained by comparing 15N-TROSY-HSQC data of 15N-labeled Ca2+-

S100A1 assigned previously to those of titrations with individual, unlabeled PKA regulatory 

subunits up to a 1:1 ratio 148. The sample conditions during these titrations included 10mM 

HEPES pH 7.40, 15 mM NaCl, 10 mM CaCl2, 2 mM DTT, 200 µM S100A1, 0.34 mM NaN3, 

37°C. Perturbations were determined as previously described 271,272. 

S100A1-RIIβ pull-down assay using magnetic beads—M-280 tosylactivated magnetic beads (i.e. 

Dynabeads) were washed with buffer A (0.1 M sodium borate, pH 9.50). 100 µg of full-length, 

purified, rat RIIβ (>99%) in 150 µL of buffer B (3 M ammonium sulfate in buffer A, pH 9.50) 

was directly conjugated to 5 mg of washed magnetic beads according to manufacturer 

instructions (Invitrogen). 100 µg of purified human S100A1 (>99%) in 150 µL of buffer C (10 

mM HEPES, 150 mM NaCl, pH 7.40) was used to interact with conjugated RIIβ. The RIIβ 

conjugation and S100A1 binding experiments were performed at 4°C and included 1000, 500, 

and 100 nM [Ca2+]total. Buffer D (5 mM EDTA in buffer C) was used for control experiment in 
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the absence of Ca2+. After each binding experiment, unbound S100A1 was washed with buffer C 

while maintaining [Ca2+]total; S100A1 was eluted with buffer D for Western Blot analysis. 

Western blots—For the analysis of recombinant PKA regulatory subunits, protein concentration 

was determined with the Bio-Rad Protein Assay. Protein was resolved on 4-12% Nu-PAGE gel 

(Invitrogen), and transferred to PVDF membrane (EMD Millipore). Protein concentrations were 

22, 22, and 13 µg for RIα, RIIα, and RIIβ, respectively. RIIβ monoclonal rabbit antibody 

(1:50,000; #75993, Abcam, Cambridge, MA) was used. Blots were incubated with primary 

antibody followed by horseradish peroxidase-conjugated goat anti-rabbit IgG (KPL laboratories) 

and developed with enhanced chemiluminescence (EMD Millipore) and autoradiography film 

(Denville). 

For the analysis of the pull-down assay, protein concentration was determined with the Bio-

Rad Protein Assay. Protein (8.33 µg) was resolved on 4-12% Nu-PAGE gels (Invitrogen), and 

transferred to PVDF membranes (EMD Millipore). S100A1 polyclonal rabbit antibody (1:1000 

dilution, #5066, Cell Signaling) was used. Blots were incubated with primary antibody followed 

by horseradish peroxidase-conjugated goat anti-rabbit IgG (KPL laboratories) and developed 

with enhanced chemiluminescence (EMD Millipore) and autoradiography film (Denville). 

For the analysis of RIIβ expression in muscle tissue, protein extraction and western blotting 

techniques were performed as previously described with slight modifications 273. Muscle tissue 

was dissected and immediately frozen in liquid nitrogen to minimize tissue proteolytic damage. 

Frozen muscle tissue was ground with a pestle in T-PER lysis buffer (Thermo Scientific, 

Rockford, IL) supplemented with protease inhibitors (Complete-Mini EDTA free; Roche 

Diagnostics, Indianapolis, IN) and kept on ice with periodic trituration for up to two hours.  

Insoluble debris was removed by centrifugation.  The supernatant was removed and 
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concentration was estimated by Nanodrop-1000 spectrophotometer (Thermo Scientific; 

Wilmington, DE). Purified RIIβ was used as a control. 30 µg of sample per lane was denatured at 

74°C, resolved on precast 4-12% SDS-PAGE gel, and transferred to PVDF membrane. Blots 

were then processed and probed with primary rabbit antibody against RIIβ (1:5000) and mouse 

antibody against Hsp90 (1:5000; #610418, BD Biosciences, San Jose, CA). Blots were incubated 

with the secondary antibodies, alexa-647 goat anti-rabbit and alexa-488 goat anti-mouse (1:1000; 

#A21244 and A11029 respectively, Thermo-Fisher, Rockford, IL). Membranes were imaged on 

a Typhoon FLA 9500 biomolecular imager (GE Healthcare Bio-Sciences, Pittsburgh, PA).  

Bands were visualized using ImageJ (NIH, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/), 

following automated background subtraction. 

Immunofluorescence—Immunostaining was performed according to previously published 

methods 274. Muscle fibers were fixed in Phosphate-buffered saline (PBS; pH 7.4) containing 4% 

(w/v) of paraformaldehyde for 20 min, permeabilized in PBS containing 0.1% (v/v) Triton ×100 

(Sigma) for 15 min, then incubated in PBS containing 8% (v/v) of goat serum for 1 h at room 

temperature to block non-specific labeling.  Fibers were incubated overnight in primary 

antibodies.  Primary antibodies were then washed out and secondary fluorescent antibodies were 

applied for 24 hours and washed out.  Sequential incubation (first primary antibody then first 

secondary followed by second primary then second secondary) was used for α-actinin and 

dystrophin as both were developed in mouse.  All antibodies used are commercially available as 

follows: RIIβ (1:100; #ab75993), α-actinin (1:250; #A7811, Sigma, Saint Louis, MO), 

dystrophin (1:100; #MANDRA1, Developmental Studies Hybridoma Bank, Iowa City, IA), 

alexa-488 goat anti-mouse, alexa-568 goat anti-mouse and alexa-647 goat anti-rabbit (1:1000, 

#A21244, A11004, and A11029, respectively, Thermo-Fisher, Rockford, IL,).  POPO-1 (1:1000; 
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#P3580, Thermo Fisher) was used to stain the nuclei for 30 min and applied previous to the last 

washout. For each primary antibody-treated dish, another dish was treated with the secondary 

antibody only, and used as control. Antibody-fluorescence and POPO-1 labeled muscle fibers 

were imaged on a Fluoview 500 Olympus LSM system, based on an IX/71 inverted microscope 

using a 60× NA 1.2 water immersion objective lens.  Sequential excitation for POPO-1, alexa-

488, alexa-568 and alexa-647 was provided by using 440, 488, 533 and 633 nm lasers, 

respectively; the emitted light was collected with a 460-500 nm band pass filter (BPF), 510-530 

nm BPF, 560-600 nm BPF and >640 nm long-pass filter, respectively.  Confocal images were 

collected using the same image acquisition settings and enhancing parameters so that all images 

could be directly compared.  Images were background corrected and processed using ImageJ. 

Animals—All experiments, protocols, and mice care guidelines were approved by the 

Institutional Animal Care and Use Committee, University of Maryland, Baltimore, MD, in 

compliance with the National Institutes of Health Guidelines. Young adult, male S100A1KO and 

wild-type mice on a hybrid C57/129 background were used in this study. The generation and 

genotyping of these animals have been previously reported 263. S100A1KO transgenic founders 

were obtained from Dr. D. Zimmer, University of Maryland, MD. Mice were group housed in a 

pathogen-free area at the University of Maryland, Baltimore. Mice were killed by regulated 

delivery of compressed CO2 overdose followed by cervical dislocation. The flexor digitorum 

brevis (FDB) muscles were dissected for further evaluation. 

Infection of recombinant adenoviruses in muscle fibers—Single muscle fibers were 

enzymatically dissociated from FDB muscles of 4–6-week-old S100A1KO and wild-type 

C57/129 mice and cultured as previously described 265. Isolated fibers were cultured on laminin-

coated glass-bottomed Petri dishes. Fibers were cultured in minimal essential medium (MEM) 
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containing 10% fetal bovine serum and 50 µg/mL gentamicin sulfate in 5% CO2 (37°C). 

Recombinant adenovirus (Ad5) containing HDAC4-GFP was produced as described previously 

265,266. Viral infections were performed with approximately 108 particles per muscle fiber. The 

recombinant adenoviruses were added to the culture dishes with MEM without serum. After 1 h 

of infection, the medium was changed to virus-free MEM with serum for continued culture. 

Microscopy, image acquisition and analysis—To study the intracellular localization of HDAC4-

GFP, two days after infection the culture medium was changed to Ringer's solution (135 mM 

NaCl, 4 mM KCl, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose and 1.8 mM CaCl2, pH 7.40). 

The culture dish was mounted on an Olympus IX70 inverted microscope equipped with an 

Olympus FluoView 500 laser scanning confocal imaging system. Fibers were viewed with an 

Olympus 60× 1.2 NA water immersion objective and scanned at 2.0× zoom with constant laser 

power and gain. These imaging experiments were carried out at room temperature. 

 The average fluorescence of pixels within user specified areas of interest in each image 

were quantified using Image J (NIH). The nuclear fluorescence values at each time point were 

normalized by the nuclear fluorescence value of 0 min of that specific muscle fiber to obtain the 

N/N0 ratio. Results are expressed as the mean ± SEM. If an image of a fiber had more than one 

nucleus in focus, then all the nuclei in good focus were analyzed and the multiple nuclei were 

treated equally. 

Data analysis—All data processing and statistical analysis was performed using OriginPro 8.0. 

All data are presented as mean ± SEM unless otherwise noted. Statistical significance was 

assessed using either parametric two sample t-test or with the non-parametric Mann-Whitney 

rank-sum test. Significance was set at p < 0.05. 
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4. Results 

The PKA holoenzyme comprises different isoforms of regulatory (R) (RIα, RIβ, RIIα, and 

RIIβ) and catalytic (C) (Cα, Cβ, and Cγ) subunits that are encoded by different genes and splice 

variants. Previous reports have shown that in skeletal muscle, the PKA subunits are concentrated 

at the neuromuscular junction, but are also expressed outside of the end-plate region 275,276. 

While the cytoplasmic expression of RIα and RIIα subunits tend to predominate, the RIIβ 

subunit is also present in the cytosolic fraction 174. To characterize the expression and 

localization of RIIβ we conducted western blot experiments in flexor digitorum brevis (FDB), 

extensor digitorum longus (EDL) and soleus (SOL) muscle homogenates. As a control, the 

specificity of the antibody used in our western blot assays was tested (Figure 5.1A). The blot 

shows that RIα and RIIα are not detected by the RIIβ antibody. Similar to previous studies in 

skeletal muscle, a band for RIIβ was detected in FDB, EDL and SOL muscles (Figure 5.1B) 174. 

The cellular distribution of RIIβ was examined using indirect immunofluorescence and confocal 

microscopy on isolated FDB muscle fibers that were also labeled with antibodies against 

dystrophin, to delineate the surface membrane, α-actinin, to track the z-line –which forms 

sarcomere boundaries in striated muscles, and labeled with POPO-1, to stain the nuclei (Figures 

5.1C-D). As shown in Figure 5.1D, RIIβ is localized in the myoplasm in a double band pattern 

between the z-lines. Transversely oriented and regularly spaced bands of RIIβ fluorescence were 

observed as two fluorescent lines separated by a thin unlabeled region. The fluorescence signal 

in the no-primary control was negligible (Figures 5.1E-F). These in vitro and in cellulo studies 

demonstrate the presence of RIIβ in skeletal muscle tissue. 
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Figure 5.1. Western blot and immunofluorescence analysis of PKA. A, 
western blot for RIIβ showing antibody specificity. Lanes are 1,000-, 2,000-, 
and 5,000-fold dilutions for RIIβ (lanes 1-3), RIα (4-6), and RIIα (7-9). B, 
Western blot showing the presence of RIIβ in FDB, EDB, and soleus muscle 
tissue. C, Representative confocal images of a segment of FDB fiber 
indirectly immunolabeled with antibodies against RIIβ (red), α-actinin (cyan), 
dystrophin (green), and POPO-1, to define the nuclei. D, left panels, zoom-in 
versions of the boxed region indicated in C for RIIβ (top), α-actinin (middle) 
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and merged images (bottom); right, averaged fluorescence profiles of RIIβ 
(red trace) and α-actinin (blue trace) signals across the box. E-F, same 
labeling as in C-D, except that anti-RIIβ was not included. Scale bars in C and 
E, 20 µm; D and F, 2 µm. 

 

Activation of PKA by S100A1 is Ca2+-dependent—To gain further biochemical information 

about the activation of holo PKA, a tetramer that contains two catalytic (PKACat) and two 

regulatory subunits (RIIβ), was studied in titrations with cAMP and S100A1 (Figures 5.2A-B). 

While S100A1 and cAMP were both found to activate holo PKA (cAMPEC50 = 236 ± 11 nM; 

S100A1EC50 = 5.2 ± 0.2 µM; Figure 5.2, Table 5.1), S100A1-dependent activation required 

calcium. The Ca2+-dependence of PKA activation by S100A1 was determined next (CaEC50 = 

341 ± 90 nM; Figure 5.2D, Table 5.1) and demonstrates that S100A1-dependent PKA activation 

occurs at physiologically relevant calcium-free concentrations 277. Activation of holo PKA by 

S100A1 was also determined using the regulatory subunit RIIα in place of RIIβ (S100A1EC50 = 

149 ± 13 µM; Figure 5.2C, Table 5.1). Notably, it required 5-fold more RIIα (5.0 µM) to inhibit 

PKAcat in vitro as compared to RIIβ (1.0 µM). No activation by S100A1 was observed with RIα 

or RIβ. The addition of CaCl2 alone was tested as a control (0-2 mM) and had no effect on PKA 

activity in the absence of S100A1 under the conditions tested.  Further, S100A1 was found to 

have no measurable effect on PKA activity in the absence of Ca2+ or when it is was added to 

PKA catalytic subunit alone (not shown). PKA activation was shown next to be highly specific 

for S100A1 as titrations with other EF-hand Ca2+-binding proteins (i.e. S100B, CaM) showed 

almost no PKA activation (S100BEC50 > 130 µM, 1.0 µM RIIβ; no activation with CaM with RIIα 

or RIIβ; Table 5.1) under the same conditions. These studies demonstrate that S100A1 

specifically activates PKA via the RII subunits, in a Ca2+-dependent manner, in the absence of 
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cAMP, and represents a novel Ca2+-dependent activation mechanism for this important protein 

kinase. 

 
Figure 5.2. Enzymatic activation of PKA by S100A1, measured as the increase in 
fluorescence intensity (∆F). A, increasing PKA activity in response to cAMP, in the 
absence of S100A1 (1.0 µM RIIβ) B, increasing PKA activity in response to Ca2+-
S100A1, in the absence of cAMP (1.0 µM RIIβ). C, increasing PKA activity in response 
to Ca2+-S100A1, in the absence of cAMP (5.0 µM RIIα). Error bars represent one 
standard deviation from the mean. D, increasing PKA activity in response to addition of 
Ca2+-EGTA in the absence of cAMP (100 nM RIIβ, 10 µM S100A1). Error bars represent 
the standard error of the mean (α=0.01). Each experiment was performed in triplicate 
with at least two biological replicates. 
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Table 5.1. PKA Binding and 
activation constants 

 
aActivation constants were 
determined with 1.0 µM 
RIIβ or 5.0 µM RIIα. 

 
Direct interaction of S100A1 with full-length RIIβ at physiological Ca2+ levels—To confirm that 

S100A1-dependent PKA activation was the result of a calcium-dependent interaction with RIIβ, 

magnetic-bead pull-down studies (i.e. with Dynabeads) were completed in the absence or 

presence of calcium (100-1000 nM). In these experiments, S100A1 was found to interact with 

RIIβ only in the presence of Ca2+, and the complex was detected at Ca2+ concentrations even as 

low as 100 nM; no interaction was observed in the absence of Ca2+ (Figure 5.3). Additionally, 

the binding affinity of this interaction in the presence of saturating (5 mM) Ca2+ was determined 

to be 2.16 ± 1.3 µM by FPCA, with secondary confirmation by ITC; no interaction was observed 

in the absence of Ca2+. The binding affinity for the interaction with RIIα was determined to be 

similar (990 ± 80 nM by FPCA, Table 5.1). NMR titrations were completed next and confirmed 

that CaS100A1-RIIβ was calcium-dependent since a large number of chemical shift perturbations 

were observed upon adding RIIβ to 15N-labeled Ca2+-S100A1, but no perturbations were 

observed upon titrations of RIIβ into apo-S100A1. 
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Figure 5.3. Western blot of Ca2+-S100A1 
interacting with RIIβ- (lanes 1-4) or BSA- (lane 5) 
conjugated Dynabeads. Lane 6 (UC) was eluted 
from unconjugated beads. 100 µg RIIβ or 5 mg 
BSA were used for conjugation. 100 µg S100A1 
was used for binding. Binding was performed in the 
presence of 1000, 500, 100 nM total Ca2+, or 5 mM 
EGTA with 0 nM total Ca2+ (lanes 1-4); 1000 nM 
Ca2+ was used for BSA-conjugated and 
unconjugated beads. 
 

Characterization of the S100A1-RIIβ binding interface—NMR was used next to characterize the 

binding site of full-length RIIβ on Ca2+-S100A1 (Figure 5.4). To do this, unlabeled RIIβ was 

titrated slowly into a sample of 15N-labeled Ca2+-S100A1, and a series of TROSY-HSQC spectra 

were collected upon S100A1-RIIβ complex formation (Figure 5.4A). Upon saturation, most of 

the backbone N-H amide correlations in the titration could be assigned without difficulty (75/94; 

80%) since they could be monitored unambiguously throughout the titration. Assigning 

perturbation values for other residues were ambiguous under these conditions either due to 

resonance overlap (11 residues) and/or because of broadening due to exchange characteristics (6 

residues). Despite peak broadening, it was still possible to assign perturbations for residues G44 

and F45 in the hinge region, but these values have larger associated error. The amide and/or 

amide proton chemical shift perturbations that could be assigned unambiguously upon 

CaS100A1-RIIβ complex formation were for residues in helix one (E10, N14) the hinge region 

(Q49), helix three (A54, K60), helix four (V76, V77, L68, L78, A80, T83, F90, E92), and the 

Ca2+-binding EF hands (G24, E64, V70) of S100A1 (Figure 5.4B). The average chemical shift 

perturbation for these perturbed residues was quantified by Euclidean weighting (Figure 5.4C) 



 
	

84 

271,272 and consistent with RIIβ binding in a region of Ca2+-S100A1 similar to that observed for 

PKA-derived peptides 114,271,272. 

 
Figure 5.4. Chemical shift perturbations of Ca2+-S100A1 from RIIβ-binding. A, 
Representative region of 15N TROSY-HSQC experiment for Ca2+-S100A1 (black) and 
1:1 Ca2+-S100A1-RIIβ (red), showing peak shifts of Ala-8, Ala-18, Leu-37, and Glu-64. 
B, Quantification of chemical shift perturbations calculated using Euclidean weighting 
and using two times the σ0 cutoff of 0.051ppm for greater stringency in perturbations. C, 
Ribbon diagram highlighting significantly perturbed residues. Modified from PDB # 
1ZFS 148. These data were collecting using a sample of 15N-Ca2+-S100A1 with unlabeled 
FL-RIIβ. 
 

S100A1 modulates PKA-dependent nuclear-cytoplasmic distribution of HDAC4 in skeletal 

muscle—We next examined whether S100A1 modulated PKA action in skeletal muscle. S100A1 

is an S100 family member most highly expressed in cardiac and skeletal muscle 278,279. PKA 

phosphorylates HDAC4 in skeletal muscle, resulting in HDAC nuclear accumulation 266. To 

examine the physiological roles for S100A1-dependent activation of PKA in skeletal muscle we 

examined the kinetics of PKA-dependent nuclear fluxes of HDAC4-GFP expressed in living 

skeletal muscle fibers. For these studies we monitored the time course of mean pixel 

fluorescence due to HDAC4-GFP in nuclear (Nuc; Figure 5.5A) or cytoplasmic (Cyto; Figure 

5.5A) areas of interest in muscle fibers from wild type and S100A1KO mice. 
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Figure 5.5. HDAC4 nuclear localization is PKA- and S100A1-dependent. A, Confocal 
microscope image of a live resting skeletal muscle fiber expressing HDAC4-GFP. Nuc1 
and Nuc2 are the areas of interest monitored in 2 different nuclei in the same muscle 
fiber. Cyt is a cytoplasmic area of interest. B, Time course of nuclear HDAC4-GFP 
mean pixel fluorescence in muscle fibers from wild type (black open squares) or 
S100A1 KO (red open circles) mice, before and during application of isoproterenol (5 
µM). Blue filled symbols give time course of nuclear HDAC4-GFP in wild type (filled 
squares) or S100A1 KO (filled circles) muscle fibers exposed to isoproterenol after pre-
exposure to PKA inhibitor H89 (5 µM), which completely blocks the increase in nuclear 
HDAC4-GFP. Error bars are SEM, and are smaller than the size of the symbol when not 
shown. C, Difference in nuclear HDAC due to β-adrenergic stimulation is significantly 
larger in wild type than in S100A1 KO muscle fibers. * Indicates P<0.05, Two sample t-
Test. D-E. Confocal images of exemplar nuclei expressing HDAC4-GFP before and 
after 60 minutes of isoproterenol treatment in a muscle fiber from the S100A1KO group 
and from a corresponding WT counterpart. 
 

We previously found that both isoproterenol (Figure 5.5B-C) and the membrane permeable 

cAMP analog, dibutyryl cAMP (not shown), cause net nuclear accumulation of HDAC4-GFP in 

skeletal muscle, whereas the cytoplasmic concentration of HDAC4-GFP remains constant in all 

cases examined (not shown) due to the much larger cytoplasmic than nuclear volume 266. Prior to 

isoproterenol application, nuclear HDAC4-GFP remains constant (Figure 5.5B, open squares, t < 

0). During isoproterenol application to muscle fibers from wild-type mice (Figure 5.5B, open 
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squares, t > 0), the nuclear concentration of HDAC4-GFP increases with time, indicating 

activation of net nuclear influx of HDAC4 by isoproterenol. 

We have also shown that the HDAC4-GFP net nuclear influx during isoproterenol 

application is mediated by PKA activation, and that the resulting PKA phosphorylation of 

HDAC4 at specific PKA sites is important for muscle function 266. Figure 5.5B presents evidence 

that the effect of β-adrenergic activation of PKA is decreased in S100A1KO muscle fibers. As 

seen in Figures 5.5B-C, muscle fibers from mice lacking S100A1 exhibit a suppressed net 

nuclear import of HDAC4-GFP compared to muscle fibers from wild-type littermates. Likewise, 

pre-application of the PKA kinase inhibitor (H89) eliminated the isoproterenol induced HDAC4-

GFP nuclear influx in wild type and S100A1 KO muscle (Figures 5.5B-C). Figure 5D and 5E 

present representative nuclei from WT and S100A1KO muscle fibers before (left) and after 

(right) application of isoproterenol. Our results indicate that Ca2+-S100A1, via PKA regulation, 

constitutes an additional molecular switch in the modulation of HDAC4 nuclear/cytoplasmic 

distribution by β-adrenergic activation in skeletal muscle. 

5. Discussion 

 S100A1 is a well-known enhancer of cardiac and skeletal muscle contractility and 

exhibits strong potential as a gene therapeutic agent for treatment of cardiomyopathy. PKA is an 

extremely well-characterized molecular effector involved in a number of biological processes, 

including activation of RyR1 in skeletal muscle 176. In addition to the involvement of S100A1 

with the ryanodine receptor in heart and skeletal muscle, we now present evidence for a novel 

mechanism of cAMP-independent PKA activation by S100A1. This interaction may serve as an 

additional and important means of PKA regulation. 
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As with most S100 protein interactions, S100A1 binds to PKA in a Ca2+-dependent manner 

(Figures 5.2, 5.3). Interestingly, like cAMP, this interaction was shown to activate PKA even in 

the absence of cAMP, but only when calcium ions are present (Figures 5.2). It was also 

determined that S100A1 has no effect on the catalytic domain of PKA in the absence of the 

regulatory domain (not shown). 

 While the S100A1-RIIβ interaction was observed at very low Ca2+ levels (100 nM), 

significant PKA activation was not observed until Ca2+ were elevated somewhat above this basal 

level (CaEC50 = 341 ± 90 nM; Table 5.1). The implication of this CaEC50 value is that S100A1-

dependent PKA activation may be in response to intracellular Ca2+ release mechanisms. In 

skeletal muscle, this includes Ca2+ release via a mechanical coupling of the dihydropyridine 

receptor (DHPR) and RyR1, rather than through calcium-induced calcium release (CICR) 

126,128,280. As previously established, Ca2+ release in skeletal and cardiac muscle is finely tuned 

through the interaction between S100A1 and RyR 106,263. As such, activation of PKA by S100A1 

may be a result of Ca2+ release in response to activation of RyR by DHPR, PKA, or even 

S100A1 itself, in a feed-forward manner. 

 Upon Ca2+-binding, S100A1 undergoes a significant conformational change, rotating 

helix three (the entering helix) by 90° to expose a hydrophobic pocket in helix three, the hinge 

region, and helix four (the exiting helix) of each subunit for binding of target protein 148,281. 

These residues were the most dramatically perturbed as a result of S100A1 binding to RIIβ. 

Substantial perturbations were observed primarily in the EF-hands, responsible for Ca2+ binding, 

and in the hinge region and helices three and four of S100A1, and make up the binding interface 

between S100A1 and the target protein, RIIβ (Figure 5.4). Significant broadening effects were 
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also observed for residues G44 and F45, which reside in the hinge region and may broaden as a 

result of direct interaction with RIIβ. 

 The perturbations in Ca2+-S100A1 resonances upon binding RIIβ were found to be 

relatively similar to those observed for S100A1 binding to CapZ peptide, TRTK 88,148,282, and the 

RyR peptide, RyRP-12 88,148,282. In each case, the largest perturbations were localized in the 

hinge region (loop 2), helix three, and helix four. Perturbations were observed for known S100-

target binding site residues for binding sites 1 (F45, Q49, A54, V58, L78, A85), 2 (G44, A85, 

C86, F90), and 3 (E10, N14, F45, A85, C86, N88) of S100A1. A significant number of 

perturbations were also observed for adjacent residues, hence the need for greater stringency in 

the cutoff threshold to focus on the most significantly perturbed residues. These data suggest a 

typical S100 protein interaction with Ca2+-tightening and binding of target protein within the 

exposed hydrophobic pocket. S100A1 was also found to bind identically to a truncated form of 

RIIβ (Δ1-100, not shown) by NMR. Experiments are underway to monitor the perturbations of 

S100A1-RIIβ binding from the side of truncated RIIβ as the full-length protein proved to be too 

large and too dynamic to observe by NMR. S100A1 was also found to bind full-length RIIα by 

NMR; however, no binding was observed with S100A1 in the presence of RIα or RIβ (not 

shown). Taken together with previously published data using a peptide derived from RIIβ, our 

results indicate that S100A1 forms a specific interaction with the second cyclic nucleotide-

binding domain (CNB-B) of RIIβ and shows selectivity for the type-2 regulatory subunits 114,283. 

However, further characterization of this complex at atomic resolution will be necessary for a 

more complete understanding of the mechanistic and functional significance of this interaction 

and the cAMP-independent activation of PKA via S100A1 in skeletal muscle. 
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The expression of RIIβ in skeletal muscle tissue has been reported before.  The presence of 

the RIIβ mRNA in EDL and SOL muscle was reported by Hoover F et al., 2001 275. Western blot 

assays demonstrated expression of RIIβ in SOL and EDL muscle 174. While the localization of 

RIIβ was reported to be punctate and negligible in intercostal muscles, here we found that RIIβ is 

expressed in FDB, EDL, and SOL skeletal muscle 174.  Our immunofluorescence assays provide 

further evidence that RIIβ is localized within the FDB muscle fiber displaying a sarcomeric 

pattern between z-lines. S100A1 was found to localize in a sarcomeric pattern by Prosser B.L. et 

al 263. A previous report by Weiss M. et al., 1996 showing no RIIβ expression in fetal muscle 

tissue also suggested developmental differences in the expression of PKA regulatory subunits 284. 

Previous work from our group has shown that beta-adrenergic agonists or membrane 

permeable cAMP analogs modulate HDAC4 localization in skeletal muscle, enhancing the 

nuclear influx of HDAC4 via activation of PKA and the resulting PKA-dependent 

phosphorylation of HDAC4 266. Mutation of Ser265 and Ser266, the PKA phosphorylation sites 

of HDAC4, blocks the effects of PKA activation on HDAC4 nuclear influx, thus confirming that 

these effects are indeed mediated by PKA 266. Previous results demonstrated that nuclear efflux 

of HDAC4 enhances transcriptional activity of MEF2, thereby promoting slow fiber gene 

expression 262. Here, we monitored intracellular fluorescence changes of the PKA-dependent 

HDAC4-GFP nuclear translocation in living single muscle fibers using time series confocal 

microscopy. The nuclear traffic of HDAC4-GFP was used as a biosensor for PKA activation. We 

present evidence that the beta-adrenergic-induced and PKA-dependent HDAC4 nuclear influx is 

suppressed on muscle fibers lacking the expression of S100A1. This effect suggests the 

contribution of S100A1 in the activation of the PKA dependent HDAC4 nuclear influx initiated 

by beta-adrenergic activation. Judging by the above effects of S100A1 on HDAC4 traffic and 
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considering the function of S100A1 in other systems, it seems that S100A1 “tunes” the effects of 

PKA activation on HDAC4 nuclear influx response mediated by beta-adrenergic activation 83,285. 

These observations directly demonstrate the synergistic effects of beta-adrenergic signaling and 

S100A1 on HDAC4 nuclear influx. The beta-adrenergic signaling pathway to HDAC4 can 

include: beta-adrenergic receptor → cAMP → PKA → HDAC4 phosphorylation causes HDAC4 

nuclear influx (Figure 5.6, Scheme 1).  The beta-adrenergic signaling pathway can also include, 

in parallel, an S100A1-dependent route to HDAC4 as follows: beta-adrenergic receptor → 

cAMP and/or S100A1 → PKA → HDAC4 phosphorylation, which causes enhanced HDAC4 

nuclear influx (Figure 5.6, Schemes 2 & 3). Thus, S100 regulated PKA-dependent nuclear 

increase of HDAC4 should suppress the transcriptional activity of MEF2, which would 

otherwise promotes slow fiber gene expression. 

 
Figure 5.6. Reaction schemes for activation of PKA by cAMP or Ca2+-
S100A1 in skeletal muscle fibers during beta-adrenergic activation 
(Scheme 1), Ca2+-S100A1-mediated activation (Scheme 2), or during 
parallel activation by adrenergic signaling and Ca2+-S100A1 (Scheme 3). 
S, R, and C and represent S100A1 and regulatory and catalytic subunits of 
PKA, respectively. PKA moves left to right from the inactive to the 
activated due to beta-adrenergic activation cAMP-dependent activation 
(Scheme 1) or in parallel with Ca2+-S100A1 dependent activation (Scheme 
3). Scheme 2 illustrates the case for Ca2+-S100A1-dependent PKA 
activation with no cAMP present. 
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6. Conclusions 

 These data describe a novel interaction between S100A1 and the type-2 regulatory 

subunits of PKA. This interaction is sufficient for the cAMP-independent activation of PKA. 

This pathway utilizes S100A1 in a Ca2+-dependent manner and data from muscle cells suggests it 

may act in parallel with activation by cAMP.  The interaction between S100A1 and PKA appears 

to play an important role in the regulation of gene expression in skeletal muscle by modulation of 

HDAC4 nuclear-cytoplasmic translocation. This may represent a major advance for 

pharmacological PKA regulation as a therapeutic topic. Studies are ongoing to further 

characterize this interaction by NMR and X-ray crystallography. 

 In isolated sympathetic ganglion neurons, S100A1 enhances Ca2+ channel currents in a 

PKA-dependent manner and amplifies action potential-induced Ca2+ transients 114. By NMR 

chemical shift perturbations, S100A1 was shown to interact with a peptide derived from RIIβ 114. 

These data suggested a direct interaction between S100A1 and PKA, which may have significant 

biological implications. In order to fully characterize Ca2+-dependent S100A1-PKA complex 

formation, full-length PKA regulatory subunits were used here. First, the binding-interface of 

Ca2+-S100A1 that interacts with full-length RIIβ was identified via NMR, and the S100A1 

interaction with PKA was shown to be calcium-dependent. Next, we showed that S100A1 was 

able to activate PKA enzymatic activity in vitro in a cAMP-independent manner in the presence 

of either RIIα or RIIβ. Lastly, PKA-dependent effects via S100A1 were demonstrated in muscle 

via HDAC translocation, which were suppressed in side-by-side comparison with studies on 

muscle fibers isolated from S100A1 KO mice. 
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Figure 5.7 Cartoon schematic of PKA activation by either S100A1 or cAMP. 
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Appendix A Supplementary Figures 

  
Figure A1. ITC thermogram of S100A1 titrated into RIIβ under saturating 
Ca2+ (10 mM). 
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Figure A2. FPCA data of RIIβ (A) and RIIα (B) displacing TAMRA-
HDM4 from S100A1 under saturating Ca2+ (10 mM). 
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Appendix B Purification Protocols 

RyR Purification 

FKBP12.6 Lysis buffer (L) 100 mL: 1X PBS (10 mL 10X), 1 mM EDTA (200 µL 0.5 M), 1 

mM DTT (100 µL 1M), 1 mM Benzamidine (1 mL 0.1 M), 1 mM PMSF (666.7 µL 150 mM), 20 

mM imidazole (0.14 g). 

Homogenization buffer (H) 500 mL: 10 mM Tris Maleate pH 6.8 (1.19 g), 1 mM EDTA (1 mL 

0.5 M), 1 mM DTT (0.5 mL 1 M), 1 mM Benzamidine (78.3 mg), 150 µM PMSF (0.5 mL, 150 

mM), 1 µg/ml Leupeptin (0.5 mg). 

Buffer S 45 mL: 10 mM HEPES pH 7.4 (0.9 mL 0.5 M), 1 M NaCl (2.63 g), 1% CHAPS (0.45 

g) 0.1% lecithin (450 µL, stock: 10% in 10% CHAPS), 1 mM EGTA (90 µL 0.5M), 1 mM DTT 

(45 µL 1 M), 1 mM Benzamidine (450 µL 0.1 M), 150 µM PMSF (45 µL 150 mM), 1 protease 

inhibitor (PI) tablet. 

Buffer D 45mL: 10 mM HEPES pH 7.4 (0.9 mL 0.5 M), 1% CHAPS (0.45 g) 0.1% PC (450 µL, 

stock: 10% in 10% CHAPS), 1 mM EGTA (90 µL 0.5M), 1 mM DTT (45 µL 1 M), 1 mM 

Benzamidine (450 µL 0.1 M), 150 µM PMSF (45 µL 150 mM). 

Buffer W (2x) 100 mL: 20 mM HEPES pH 7.4 (4 mL 0.5 M), 0.3 M NaCl (1.75 g), 1% CHAPS 

(1 g), 2 mM DTT (200 µL 1 M), 1 mM Benzamidine (1 mL 0.1 M), 150 µM PMSF (200 µL 150 

mM), 0.02% DOPC (evaporate 800 µL from chloroform solvent in glass tube and dissolve in 

buffer W). 

TOSOH buffer (T) 1L: 10 mM HEPES pH 7.5 (20 mL 0.5 M), 0.25% CHAPS (2.5 g), 0.15 M 

NaCl (8.77 g), 1 mM TCEP (0.29 g), 0.001% DOPC (400 µL evaporate as before). 
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FKBP12.6: 

1. Resuspend pellet in 50 mL buffer L 

2. Add 20 mg lysozyme, 200 µL DNAse solution, 2.5 mM MgCl2 (250 µL 0.5 M). 

3. Lyse for 30 min and sonicate. 

4. Centrifuge at 12,500 rpm for 30 min. 

5. Filter supernatant and load onto Ni column (3-5 mL) pre-equilibrated with buffer L. 

RyR1: 

Blend 100 g snap frozen rabbit muscle in 500 mL buffer H at 4°C in Waring blender for 90 sec. 

1. Centrifuge at 7000xg (6300 rpm) for 12 min. 

2. Filter supernatant through gauze or cheesecloth and centrifuge again at 35,000xg (15,500 

rpm) for 30 min. 

3. Resuspend pellets in buffer S with 20 up & down strokes in a glass-glass homogenizer. 

4. Add buffer D and mix with 10 up & down strokes. 

5. Centrifuge at 100,000xg (29,000 rpm) for 30 min. 

6. Wash Ni-FKBP1.26 column with 25 mL 1X W. 

7. Filter and bind overnight on rocker with Ni-FKBP1.26 column. 

 

8. Wash with 50 mL 1X W with 20 mM imidazole. 

9. Elute with imidazole gradient up to 500 mM imidazole through fraction collector. 

10. Concentrate to 1.0 mL with 100K MWCO centricrons. 

11. Filter through 0.5 µm centrifugal units and degas under vacuum. 

12. Load onto FPLC TOSOH column pre-eliquilibrated with buffer T. 
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13. Elute at 0.5 mL/min in 0.5 mL fractions (TOSOH FPLC program). 

14. Pool fractions containing RyR1 and concentrate to ~5 mg/mL and add ATP to 5 mM. 

 

 
Figure B1 Gel & Chromatogram of RyR1 purification 
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Protein Growth in 15N medium 

     Media 

  All water is ddH2O. Amounts given are for 5.2 L of minimal medium.  Prepare M and P 

solutions first, then combine M and ddH2O following the table in Step 9.  Autoclave M 

and ddH2O in baffled flasks and P solution in 1 L flask; other solutions can then be 

prepared separately. 

 1. M solution: 1100 mL, autoclaved  

__ 46.2 g MOPS (acid form) 

__ 4.4 g Tricine 

__ 8.0 g NaCl 

__ 12.65 g KOH 

 2. O solution: 15 mL, sterile filtered 

__ 300 µL mineral nutrient solution (“Swamp water;” see below) 

__ MgCl2·6H2O (2 mL of 2 M solution) 

  Prepare fresh. 

 3. P solution: 1 M potassium/hydrogen phosphate, pH 7.50, ≥400 mL, autoclaved 

__ 1 M KH2PO4 (“monobasic”; use 20.43 g KH2PO4 to make 150 mL) 

__ 1 M K2HPO4 (“dibasic”; use 91.28 g K2HPO4·3H2O to make 400 mL) 

Mix to achieve pH 7.50: 

__ ~100 mL 1 M KH2PO4 + ~300 mL 1 M K2HPO4 

 4. S solution: 8 mL, sterile filtered 
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__ 275 mM K2SO4 (0.38 g) 

Place in warm water bath to dissolve 

5. 40% glucose: 60 mL, sterile filtered 

__ 24 g glucose 

  Use hotplate to dissolve in glass beaker. 

 

 6. Vitamin B1: 1 mg/mL, 15 mL sterile filtered 

__ 15 mg thiamine 

 7. Ampicillin: 50 mg/mL, 8 mL 

__ 400 mg ampicillin sodium 

  Prepare fresh or thaw from –20°C.  Keep on ice. 

 

 8. N solution: 22 mL, sterile filtered 

__ 3.0 g 15NH4Cl dissolved in 20 mL, q.s. 22 mL 

 9. Minimal media: 

 
 mL of solution needed for: 

Solution 200mL Culture 1L Culture 
H2O 150 735 
M 40 200 
N 1.0 4.0 
O 0.4 2 
P 10 50 
S 0.2 1 

40% glucose 2 10 
vitamin B1 0.4 2 
ampicillin 0.2 1 
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 12. Isopropyl-1-thio-ß-D-galactopyranoside (IPTG) 0.2 g/mL, 1 mL/L culture. 

_______g IPTG dissolved in ____mL ddH2O 

(1 g in 5 mL for a 5 L growth) 

  Make shortly before induction. Some proteins work better with 0.2 to 1 X IPTG 

     Growth 

 1. Inoculate 2 5 mL LB/Amp cultures with a single colony or small amount of frozen 

glycerol stock (-80°C), and grow at 37°C until A600 is between 0.3 and 0.8 O.D. 

 2. Inoculate 200 mL minimal media culture (37°C) with an aliquot from the 5 mL LB 

culture and grow overnight on shaker at 37°C, 150-250 rpm. 

 3. Inoculate main growth (37°C) with equal amounts of 200 mL culture. 

 4. Grow cultures at 37°C with shaking at 150-250rpm. Induce at A600=0.8 to 1.0. 

 5. For induction, add 1mL of the IPTG solution to each flask. 

 7. Incubate shaking at room temperature for 4 hours or overnight. Some proteins may 

require incubation at 18°C. 

 9. Load centrifuge bottles and centrifuge 6000 rpm for 10 min at 4°C in the Sorvall GS-3 

rotor.  

 10. Store pellets at -80°C dry or resuspended in appropriate lysis buffer. 
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Purification of S100A1 & S100B 

     Solutions 

1. Lysis buffer, 40 mL not sterilized; use 1 mL per gram of pellet 

- 40 mL DEAE Buffer A (see below) 

- 0.5 mM AEBSF (5 mg; add shortly before using) 

2. Lysozyme solution, 80 uL/g pellet 

- 10 mg/mL in ddH2O 

_____ g pellet X 0.08 mL/g pellet = _______ mL lysozyme solution 

______ mL lysozyme solution x 10 mg/mL = _______ mg lysozyme 

3. DNAse solution (stored at –20°C), 300 uL 

1 mg/mL DNAse 

5 mM NaOAc 

1 mM CaCl2 

50% glycerol 

4. MgCl2*6H2O, 1 g/mL, 100 uL 

5. Streptomycin sulfate, 10%, 

   Need .11 mL for each mL of supernatant after first centrifugation 

6.      Ammonium Sulfate, sufficient to make supernatant 65% (S100A1) or 80% (S100B) 

saturated 

S100A1: 

      0.42 g (NH4)2SO4 per mL of supernatant yields 65% saturated solution 

 Volume supernatant: ______mL x 0.42 g/mL = ______g (NH4)2SO4 



 

 102 

S100B: 

      0.52 g (NH4)2SO4 per mL of supernatant yields 80% saturated solution 

 Volume supernatant: ______mL x 0.52 g/mL = ______g (NH4)2SO4 

7. DEAE buffer (4 L) 

-50mM Tris-HCl (24.23 g Tris), pH 7.50 

-HCl (approx. 14 mL conc. HCl) 

-0.5 mM DTT (2 mL of 1 M stock) 

     Lysis 

1. Thaw pellets briefly by placing the centrifuge bottle under warm water then dislodge using a 

spatula. 

2. Suspend pellets in lysis buffer.  

3. Add lysozyme, 300uL DNAse solution, and 100uL MgCl2 solution. Continue stirring for 

20mins. 

4. Sonicate on ice using program 9 (5 second on, 15 seconds off for 3 minutes total 

sonication). 

5. Centrifuge for 30 mins at 12,500 rpm and 4°C in the SS-34 rotor. 

6. Pour supernatant into a 100 mL plastic beaker with a stir bar, in an ice bath.  Slowly add 

streptomycin AND ammonium sulfate over the next 30 min. 

7. Centrifuge for 30 min at 12,500 rpm and 4°C in the SS-34 rotor. 

8. Using 8000 kDa MWCO tubing, dialyze the supernatant twice against 4 L DEAE Buffer A, 

overnight at 4oC or for four hours at room temperature.  (Allow 2-2.5x room for volume 

expansion) 



 

 103 

Anion Exchange Chromatography 

     Solutions 

 1. DEAE Buffer A (4 L), filtered 

50 mM Tris (24.23 g) 

0.5 mM DTT (2 mL 1 M stock solution) 

HCl to pH 7.5 (approximately 14 mL concentrated HCl) 

 2. DEAE Buffer B (1 L), filtered 

2M NaCl (116.9 g) in Buffer A 

Procedure 

 1. Equilibrate with Buffer A using at least 5 column volumes (150 mL) at no more than 

5mL/min.  

 2. Filter sample and load onto DEAE column. 

 3. Elute with DEAE protocol on FPLC 

 4. Run fractions on SDS-PAGE; pool fractions containing S100 protein. 

 5.  Store column with 150mL storage buffer. 

G75 Size Exclusion 

     Solutions 

 1. G75 Column Buffer (4 L), filtered 

10 mM Tris (40 mL 1 M stock) 

50 mM NaCl (11.69 g) 

Chelex (2 mL slurry) 

0.25 mM DTT (1 mL 1 M stock) 
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HCl/NaOH to pH 7.5 

 3. Resin Storage Buffer 500 mL 

G75 Column Buffer with 0.02% NaN3 (0.1 g) 

     Procedure 

 1. Equilibrate with 1-2 CV (500-1000mL) G75 Column Buffer at 4°C. This will require 

equilibrating overnight. 

 2. Set up fraction collector for 3mL (100 drop) fractions. 

 3. Concentrate sample to 1-2 mL.  Load and run overnight. 

 4. Run fractions on SDS-PAGE; pool fractions containing S100 protein. 

 5. Store column with 500mL Storage Buffer. 

G25 Size Exclusion 

     Solutions 

 1. G25 Column Buffer (4 L), filtered 

0.25 mM Tris (1 mL 1 M stock) 

50 mM NaCl (11.69 g) 

Chelex (2 mL slurry) 

0.25 mM DTT (1 mL 1 M stock) 

HCl to pH 7.50 

 2. Resin Storage Buffer 500 mL 

G25 Column Buffer with 0.02% NaN3 (0.1 g) 
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     Procedure 

 2. Equilibrate with 2-3 CV (50-75 mL) G25 Column Buffer at 4°C. 

 3. Set up fraction collector for 1 mL (30 drop) fractions. 

 4. Concentrate sample to 1mL and add 20mM EDTA to sample. Load sample and run. 

 5. Run eluted fractions on SDS-PAGE; pool fractions containing S100 protein.  

 6.  Chelex dialyze protein and concentrate.  Determine concentration by Bradford or A280; 

concentration should be between 8-10 mM; aliquot and store at -20oC. 

 7. Store column with one bed volume of Storage Buffer. 
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PKA Purification 

     Lysis 

Perform all steps on ice. 

Lysis buffer, 3 mL per gram of pellet: 50 mM Tris (pH 7.5), 200 mM NaCl, 5 mM BME, 20 mM 

Imidazole, 0.5 mM AEBSF, 1.0% Protease inhibitor cocktail (Sigma P8340) 

15. Lysozyme 

a. 10 mg/ml stock. 

b. Use 150 ul stock per gram of pellet. 

16. DNAse 

a. 1mg/ml DNAse I, 5 mM NaOAc, 1 mM CaCl2, 50% glycerol, stored at -20C 

b. Add 12-14 ul per gram of pellet. 

c. Add 2.5 mM MgCl2 from 0.5 M stock. 

d. Let stir for 1 hr. 

17. Sonicate (program 9: 5 sec off, 15 sec off, 3 min total sonication). 

18. Centrifuge 30 mins at 12500 rpm. Filter and save supernatant for Ni column; take a 

sample of pellet for SDS-PAGE. 

 

     Ni-affinity Chromatography 

1. Buffers 

a. Buffer A – 50 mM Tris (pH 7.5), 200 mM NaCl, 5 mM BME, 20 mM Imidazole. 

b. Buffer B – buffer A with 0.5M Imidazole. 

2. Load onto Ni-NTA resin equilibrated with Buffer A. 

3. Wash and elute by FPLC stepwise with buffer B. 
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4. Cleave his-tag with TEV (RIa, RIIa, RIB) or enterokinase (RIIB) in dialysis with Nickel 

buffer A with no Imidazole overnight. 

5. Run over Ni-NTA column again, PKA should collect in flow through and wash. 

6. Chelex dialyze twice into final buffer (10 mM HEPES pH 7.50, 50 mM NaCl, and 2 mM 

DTT). 

7. Concentrate and store at 4oC between 1-2 mg/mL (50-100 uM). 
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Appendix C, S100B Inhibitor Methods, Structures, & Tables 

     Crystallization 

S100B inhibitors SBi5359, 5361, 5363, 5369, and 5371 were obtained through 

collaboration with the National Center for Advancing Translational Sciences (NCATS). 

Diffraction quality crystals of bovine S100B were obtained via sitting-drop vapor diffusion in 

24-well trays (Hampton Research) using 250 µL of reservoir solution and 0.75:0.75 µL drop 

size. Reservoir conditions were as follows: 25-30% MPD, 7.5 mM CaCl2, and 0.1 M Hepes pH 

6.0. Protein sample conditions for crystal formation included: 10 mg/mL S100B, 10 mM 

cacodylate pH 7.20, and 7.5 mM CaCl2; no cryoprotectants were used. Crystals were flash-

cooled in liquid nitrogen for storage before data collection. Remote data collection for SBi 5359 

and 5373 was performed at the Avanced Light Source (ALS; Lawrence Berkeley National 

Laboratory, Berkeley, California) beamline 8.2.2. Remote data collection for SBi 5361, 5363, 

and 5369 was performed at the Northeastern Collaborative Access Team (NE-CAT) 24 ID-E 

beam line at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL). Data 

were collected at 100 K on a CCD (ALS) or ADSC Q315 (315 mm x 315 mm) (APS) detector. 

APS data collection was performed with collection strategies generated by NE-CAT’s RAPD 

automated processing (https://rapd.nec.aps.anl.gov/rapd) (APS), which uses XDS 268, pointless, 

and aimless for integration and scaling 268,282,283. Data collected at ALS was also processed using 

XDS, pointless, and aimless. The diffraction statistics are summarized in Tables C1-3. The space 

groups were determined to be P212121 (5359, 5361, 5363), P21 (5369), and C2221 (5373). S100B 

(PDB ID: 1MHO) was used as a model for molecular replacement with MOLREP 163,164. 

Restrained refinement was performed using phenix.refine 165,166 and manual building was done in 
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COOT 245. The structure refinement statistics are summarized in Table C1, and final figures and 

alignments were made using PyMOL software 274. 

 
Figure C1 Crystal Structure of Ca2+-S100B-SBi5359 
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Figure C2 Crystal Structures of Ca2+-S100B-SBi5361 & 
5363 
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Figure C3 Crystal Structure of Ca2+-S100B-5369 

 
Figure C4 Crystal Structure of Ca2+-S100B-SBi5373 
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Table C1 SBi 5359 & 5373 Crystallographic Statistics 

 
Values for the outer shell are given in parentheses.  
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Table C2 SBi 5363 & 5361 Crystallographic Statistics  

 
Values for the outer shell are given in parentheses.  
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Table C3 SBi 5369 Crystallographic Statistics  

 
Values for the outer shell are given in parentheses.
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Appendix D S100B Mn Figures & Tables 

     Crystallization 

Diffraction quality crystals of bovine S100B were obtained via sitting-drop vapor 

diffusion in 24-well trays (Hampton Research) using 250 µL of reservoir solution and 0.75:0.75 

µL drop size. Reservoir conditions were as follows: 20-28% PEG 3350, 7.5mM CaCl2, and 0.1 

M Cacodylate pH 7.0-7.2. Protein sample conditions for crystal formation included: 40 mg/mL 

S100B, 10 mM cacodylate pH 7.20, and 7.5 mM CaCl2; no cryoprotectants were used. Crystals 

were flash-cooled in liquid nitrogen for storage before data collection. Data collection in the 

absence of pentamidine was performed in-house using a Rigaku MSC micromax 7 X-ray 

generator with an R-axis IV+++ detector and an Oxford Cryosystem. Anomalous datasets were 

collected using remote data collection performed at the Northeastern Collaborative Access Team 

(NE-CAT) 24 ID-E beam line at the Advanced Photon Source (Argonne National Laboratory, 

Argonne, IL). Remote data were collected at 100 K on an ADSC Q315 (315 mm x 315 mm) 

detector using collection strategies generated by NE-CAT’s RAPD automated processing 

(https://rapd.nec.aps.anl.gov/rapd) (APS), which uses XDS 26864646463626262, pointless, and aimless 

for integration and scaling 268,282,283. The diffraction statistics are summarized in Tables D1 & 2. 

The space groups were determined to be C2221 and P212121 in the absence and presence of 

pentamidine. S100B (PDB ID: 1MHO) was used as a model for molecular replacement with 

MOLREP 163,164. Restrained refinement was performed using phenix.refine 165,166 and 

PDB_REDO 284 and manual building was done in COOT 245. The structure refinement statistics 

are summarized in Table D1, and final figures and alignments were made using PyMOL 

software 274. 
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Figure D1. Crystal structure of Ca2+-Mn2+-S100B. 
 

 
Figure D2. Crystal structure of Ca2+-Mn2+-S100B-Pnt. 
 

 
Figure D3. Anomalous difference map of Ca2+-
Mn2+-S100B-Pnt at the peak (6580eV) and 
trough (6520eV) of Mn2+ X-ray absorption. 
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Table D1 Data collection and refinement for Ca2+-Mn2+-S100B 

 
Values for the outer shell are given in parentheses.  
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Table D2 Crystallographic Statistics for Ca2+-Mn2+-S100B-Pnt 

 
Values for the outer shell are given in parentheses. 
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Appendix E Hydrogen Exchange Methods 

1.1.  Hydrogen Exchange 

Hydrogen exchange experiments were modified from the work by Walter Englander et al 

285-291 for studying protein folding and dynamics. Hydrogen exchange (HX) was performed at 

20°C using a KinTek Chemical-Quench Flow RQF-3. Bovine apo-S100B was lyophilized and 

brought up in buffer A (20 mM Tricine pD 7.0, 2 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid 

(DSS)) at 2 mM S100B in 99% D2O with pD adjustments made using deuterium chloride and 

sodium deuteroxide. DSS was included for use as a non-exchanging standard. HX was initiated 

by a 1:1 mixing of the deuterated protein sample with buffer B (20 mM Tricine pH 7.40) in H2O. 

HX was allowed to proceed for variable time periods between 2 and 200 msec prior to 

quenching. Quenching was accomplished by 3-fold dilution on ice with buffer C (100 mM 

NaOAc pH 4.60, 3.0 mM EGTA, 22.5 mM NaCl, 150 mM KCl, 3.0 mM DTT, 75 mM GuHCl) 

for a final protein concentration of 333 µM. Samples were stored at -4°C overnight prior to 

analysis by NMR spectroscopy. 

1.2 NMR Spectroscopy 

HX samples were analyzed by heteronuclear single-quantum coherence (HSQC) at 20°C 

on a Bruker DMX 600 (600.13 MHz for protons) spectrometer equipped with pulsed-field 

gradients, four frequency channels, and a triple-resonance, z-axis gradient cryogenic probe. Data 

were processed with NMRPipe and NMRView. Proton chemical shifts were reported with 

respect to the H2O signal at 4.75 relative to external trimethylsilylpropionic acid (TSP) (0.0 

ppm). The 15N chemical shifts were indirectly referenced as previously described using the 

following ratio of the zero-point frequency: 0.10132905 for 15N to 1H 286-288. 
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Figure E1. HX HSQC spectra of apo-S100B at 30ms, 100ms, and baseline exchange times. 



 

 121 

References: 
 
1. Cavalier MC, Melville Z, Aligholizadeh E, Raman EP, Yu W, Fang L, Alasady M, Pierce 

AD, Wilder PT, MacKerell AD, Jr and others. Novel protein-inhibitor interactions in site 
3 of Ca2+-bound S100B as discovered by X-ray crystallography. Acta Crystallographica 
Section D 2016;72(6):753-760. 

2. Bresnick AR, Weber DJ, Zimmer DB. S100 proteins in cancer. Nat Rev Cancer 
2015;15(2):96-109. 

3. Hartman KG, Vitolo MI, Pierce AD, Fox JM, Shapiro P, Martin SS, Wilder PT, Weber 
DJ. Complex Formation between S100B Protein and the p90 Ribosomal S6 Kinase 
(RSK) in Malignant Melanoma Is Calcium-dependent and Inhibits Extracellular Signal-
regulated Kinase (ERK)-mediated Phosphorylation of RSK. J Biol Chem 
2014;289(18):12886-95. 

4. Lin J, Yang Q, Yan Z, Markowitz J, Wilder PT, Carrier F, Weber DJ. Inhibiting S100B 
restores p53 levels in primary malignant melanoma cancer cells. J Biol Chem 
2004;279(32):34071-7. 

5. Markowitz J, Chen I, Gitti R, Baldisseri DM, Pan Y, Udan R, Carrier F, MacKerell AD, 
Jr., Weber DJ. Identification and characterization of small molecule inhibitors of the 
calcium-dependent S100B-p53 tumor suppressor interaction. J Med Chem 
2004;47(21):5085-5093. 

6. Smith J, Stewart BJ, Glaysher S, Peregrin K, Knight LA, Weber DJ, Cree IA. The effect 
of pentamidine on melanoma ex vivo. Anticancer Drugs 2010;21(2):181-185. 

7. Cavalier MC, Ansari MI, Pierce AD, Wilder PT, McKnight LE, Raman EP, Neau DB, 
Bezawada P, Alasady MJ, Charpentier TH and others. Small Molecule Inhibitors of 
Ca(2+)-S100B Reveal Two Protein Conformations. Journal of Medicinal Chemistry 
2016;59(2):592-608. 

8. Rustandi RR, Baldisseri DM, Weber DJ. Structure of the negative regulatory domain of 
p53 bound to S100B([beta][beta]). Nat Struct Mol Biol 2000;7(7):570-574. 

9. Hartman KG, McKnight LE, Liriano MA, Weber DJ. The evolution of S100B inhibitors 
for the treatment of malignant melanoma. Future medicinal chemistry 2013;5(1):97-109. 

10. Guvench O, MacKerell AD. Computational Fragment-Based Binding Site Identification 
by Ligand Competitive Saturation. PLoS Computational Biology 2009;5(7):e1000435. 

11. Raman EP, Yu W, Guvench O, MacKerell AD. Reproducing Crystal Binding Modes of 
Ligand Functional Groups using Site-Identification by Ligand Competitive Saturation 
(SILCS) Simulations. Journal of chemical information and modeling 2011;51(4):877-
896. 

12. Cao X, Yap JL, Newell-Rogers MK, Peddaboina C, Jiang W, Papaconstantinou HT, 
Jupitor D, Rai A, Jung K-Y, Tubin RP and others. The novel BH3 α-helix mimetic JY-1-
106 induces apoptosis in a subset of cancer cells (lung cancer, colon cancer and 
mesothelioma) by disrupting Bcl-xL and Mcl-1 protein-protein interactions with Bak. 
Molecular Cancer 2013;12:42-42. 

13. Raman EP, Yu W, Lakkaraju SK, MacKerell AD. Inclusion of multiple fragment types in 
the Site Identification by Ligand Competitive Saturation (SILCS) approach. Journal of 
chemical information and modeling 2013;53(12):3384-3398. 

14. Lakkaraju SK, Yu W, Raman EP, Hershfeld AV, Fang L, Deshpande DA, MacKerell 
AD. Mapping Functional Group Free Energy Patterns at Protein Occluded Sites: Nuclear 



 

 122 

Receptors and G-Protein Coupled Receptors. Journal of chemical information and 
modeling 2015;55(3):700-708. 

15. Yu W, Lakkaraju SK, Raman EP, Fang L, MacKerell AD. Pharmacophore modeling 
using Site-Identification by Ligand Competitive Saturation (SILCS) with multiple probe 
molecules. Journal of chemical information and modeling 2015;55(2):407-420. 

16. Charpentier TH, Wilder PT, Liriano MA, Varney KM, Zhong S, Coop A, Pozharski E, 
MacKerell AD, Toth EA, Weber DJ. Small Molecules Bound to Unique Sites in the 
Target Protein Binding Cleft of Calcium-Bound S100B As Characterized by Nuclear 
Magnetic Resonance and X-ray Crystallography. Biochemistry 2009;48(26):6202-6212. 

17. Hess B, Kutzner C, van der Spoel D, Lindahl E. GROMACS 4: Algorithms for Highly 
Efficient, Load-Balanced, and Scalable Molecular Simulation. Journal of Chemical 
Theory and Computation 2008;4(3):435-447. 

18. Best RB, Zhu X, Shim J, Lopes PEM, Mittal J, Feig M, MacKerell AD. Optimization of 
the additive CHARMM all-atom protein force field targeting improved sampling of the 
backbone φ, ψ and side-chain χ(1) and χ(2) dihedral angles. Journal of Chemical Theory 
and Computation 2012;8(9):3257-3273. 

19. MacKerell AD, Bashford D, Bellott M, Dunbrack RL, Evanseck JD, Field MJ, Fischer S, 
Gao J, Guo H, Ha S and others. All-Atom Empirical Potential for Molecular Modeling 
and Dynamics Studies of Proteins. The Journal of Physical Chemistry B 
1998;102(18):3586-3616. 

20. Jorgensen WL. Transferable Intermolecular Potential Functions for Water, Alcohols, and 
Ethers. Application to Liquid Water. J. Am. Chem. Soc. 1981;103:335-340. 

21. Reiher WE. Harvard University; 1985. 
22. Vanommeslaeghe K, Hatcher E, Acharya C, Kundu S, Zhong S, Shim J, Darian E, 

Guvench O, Lopes P, Vorobyov I and others. CHARMM General Force Field (CGenFF): 
A force field for drug-like molecules compatible with the CHARMM all-atom additive 
biological force fields. Journal of computational chemistry 2010;31(4):671-690. 

23. Vanommeslaeghe K, MacKerell AD. Automation of the CHARMM General Force Field 
(CGenFF) I: bond perception and atom typing. Journal of chemical information and 
modeling 2012;52(12):3144-3154. 

24. Vanommeslaeghe K, Raman EP, MacKerell AD. Automation of the CHARMM General 
Force Field (CGenFF) II: Assignment of bonded parameters and partial atomic charges. 
Journal of chemical information and modeling 2012;52(12):3155-3168. 

25. Drohat AC, Amburgey JC, Abildgaard F, Starich MR, Baldisseri D, Weber DJ. Solution 
structure of rat apo-S100B(beta beta) as determined by NMR spectroscopy. Biochemistry 
1996;35(36):11577-88. 

26. Amburgey JC, Abildgaard F, Starich MR, Shah S, Hilt DC, Weber DJ. 1H, 13C and 15N 
NMR assignments and solution secondary structure of rat Apo-S100 beta. J Biomol NMR 
1995;6(2):171-9. 

27. Cavalier MC, Pierce AD, Wilder PT, Alasady MJ, Hartman KG, Neau DB, Foley TL, 
Jadhav A, Maloney DJ, Simeonov A and others. Covalent Small Molecule Inhibitors of 
Ca(2+)-Bound S100B. Biochemistry 2014;53(42):6628-6640. 

28. Bachman KE, Sager J, Cheong I, Catto M, Bardelli A, Park BH, Vogelstein B, Carotti A, 
Kinzler KW, Lengauer C. Identification of compounds that inhibit growth of 2-amino-1-
methyl-6-phenylimidazo(4,5-b)pyridine-resistant cancer cells. Mol Cancer Ther 
2005;4(6):1026-30. 



 

 123 

29. Myers MA. Direct measurement of cell numbers in microtitre plate cultures using the 
fluorescent dye SYBR green I. J Immunol Methods 1998;212(1):99-103. 

30. Leslie AGW, Powell HR. Processing Diffraction Data with Mosflm Evolving Methods 
for Macromolecular Crystallography 2007;245:41-51. 

31. Collaborative Computational Project N. The Ccp4 Suite - Programs for Protein 
Crystallography. Acta Crystallographica Section D-Biological Crystallography 
1994;50:760-763. 

32. Soltis SM, Cohen AE, Deacon A, Eriksson T, Gonzalez A, McPhillips S, Chui H, Dunten 
P, Hollenbeck M, Mathews I and others. New paradigm for macromolecular 
crystallography experiments at SSRL: automated crystal screening and remote data 
collection. Acta Crystallogr D Biol Crystallogr 2008;64(Pt 12):1210-21. 

33. Cohen AE, Ellis PJ, Miller MD, Deacon AM, Phizackerley RP. An automated system to 
mount cryo-cooled protein crystals on a synchrotron beamline, using compact sample 
cassettes and a small-scale robot. Journal of Applied Crystallography 2002;35:720-726. 

34. McPhillips TM, McPhillips SE, Chiu HJ, Cohen AE, Deacon AM, Ellis PJ, Garman E, 
Gonzalez A, Sauter NK, Phizackerley RP and others. Blu-Ice and the Distributed Control 
System: software for data acquisition and instrument control at macromolecular 
crystallography beamlines. J Synchrotron Radiat 2002;9(Pt 6):401-6. 

35. Gonzalez A, Tsai Y. AUTOXDS. Volume 
http://smb.slac.stanford.edu/facilities/software/xds/#autoxds_script. Stanford 
University2010. 

36. Matsumura H, Shiba T, Inoue T, Harada S, Kai Y. A novel mode of target recognition 
suggested by the 2.0 A structure of holo S100B from bovine brain. Structure 
1998;6(2):233-41. 

37. Mccoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ. Phaser 
crystallographic software. Journal of Applied Crystallography 2007;40:658-674. 

38. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung 
LW, Kapral GJ, Grosse-Kunstleve RW and others. PHENIX: a comprehensive Python-
based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 
2010;66(Pt 2):213-21. 

39. Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta 
Crystallogr D Biol Crystallogr 2010;66(Pt 4):486-501. 

40. Afonine PV, Grosse-Kunstleve RW, Adams PD. The Phenix refinement framework. 
CCP4 Newsletter 2005(July):Contribution 8. 

41. McKnight LE, Raman EP, Bezawada P, Kudrimoti S, Wilder PT, Hartman KG, Godoy-
Ruiz R, Toth EA, Coop A, Mackerell AD, Jr. and others. Structure-Based Discovery of a 
Novel Pentamidine-Related Inhibitor of the Calcium-Binding Protein S100B. ACS Med 
Chem Lett 2012;3(12):975-979. 

42. Charpentier TH, Thompson LE, Liriano MA, Varney KM, Wilder PT, Pozharski E, Toth 
EA, Weber DJ. The effects of CapZ peptide (TRTK-12) binding to S100B-Ca2+ as 
examined by NMR and X-ray crystallography. J Mol Biol 2010;396(5):1227-1243. 

43. Wilder PT, Charpentier TH, Liriano MA, Gianni K, Varney KM, Pozharski E, Coop A, 
Toth EA, Mackerell AD, Weber DJ. In vitro screening and structural characterization of 
inhibitors of the S100B-p53 interaction. Int J High Throughput Screen 2010;2010(1):109-
126. 



 

 124 

44. Charpentier TH, Wilder PT, Liriano MA, Varney KM, Pozharski E, MacKerell AD, Jr., 
Coop A, Toth EA, Weber DJ. Divalent metal ion complexes of S100B in the absence and 
presence of pentamidine. J Mol Biol 2008;382(1):56-73. 

45. Cavalier MC, Pierce AD, Wilder PT, Alasady MJ, Hartman KG, Neau DB, Foley TL, 
Jadhav A, Maloney DJ, Simeonov A and others. Covalent small molecule inhibitors of 
Ca(2+)-bound S100B. Biochemistry 2014;53(42):6628-40. 

46. Wilder PT, Charpentier TH, Liriano MA, Gianni K, Varney KM, Pozharski E, Coop A, 
Toth EA, MacKerell AD, Weber DJ. In vitro screening and structural characterization of 
inhibitors of the S100B-p53 interaction. International journal of high throughput 
screening 2010;2010(1):109-126. 

47. Charpentier TH, Wilder PT, Liriano MA, Varney KM, Pozharski E, MacKerell AD, 
Coop A, Toth EA, Weber DJ. Divalent Metal Ion Complexes of S100B in the Absence 
and Presence of Pentamidine. Journal of Molecular Biology 2008;382(1):56-73. 

48. McKnight LE, Raman EP, Bezawada P, Kudrimoti S, Wilder PT, Hartman KG, Godoy-
Ruiz R, Toth EA, Coop A, MacKerell AD and others. Structure-Based Discovery of a 
Novel Pentamidine-Related Inhibitor of the Calcium-Binding Protein S100B. ACS 
Medicinal Chemistry Letters 2012;3(12):975-979. 

49. Henriksen T. Clinical insights into use of apomorphine in Parkinson's disease: tools for 
clinicians. Neurodegener Dis Manag 2014;4(3):271-82. 

50. Deleu D, Hanssens Y, Northway MG. Subcutaneous apomorphine : an evidence-based 
review of its use in Parkinson's disease. Drugs Aging 2004;21(11):687-709. 

51. Coburn K, Melville Z, Aligholizadeh E, Roth BM, Varney KM, Carrier F, Pozharski E, 
Weber DJ. Crystal structure of the human heterogeneous ribonucleoprotein A18 RNA-
recognition motif. Acta Crystallographica Section F 2017;73(4):209-214. 

52. Sheikh MS, Carrier F, Papathanasiou MA, Hollander MC, Zhan Q, Yu K, Fornace AJ. 
Identification of Several Human Homologs of Hamster DNA Damage-inducible 
Transcripts: CLONING AND CHARACTERIZATION OF A NOVEL UV-INDUCIBLE 
cDNA THAT CODES FOR A PUTATIVE RNA-BINDING PROTEIN. Journal of 
Biological Chemistry 1997;272(42):26720-26726. 

53. Nishiyama H, Higashitsuji H, Yokoi H, Itoh K, Danno S, Matsuda T, Fujita J. Cloning 
and characterization of human CIRP (cold-inducible RNA-binding protein) cDNA and 
chromosomal assignment of the gene. Gene 1997;204(1-2):115-120. 

54. Yang C, Carrier F. The UV-inducible RNA-binding Protein A18 (A18 hnRNP) Plays a 
Protective Role in the Genotoxic Stress Response. The Jourrnal of Biological Chemistry 
2001;276(50):47277-47284. 

55. Yang R, Zhan M, Nalabothula NR, Yang Q, Indig FE, Carrier F. Functional Significance 
for a Heterogenous Ribonucleoprotein A18 Signature RNA Motif in the 3′-Untranslated 
Region of Ataxia Telangiectasia Mutated and Rad3-related (ATR) Transcript. The 
Jourrnal of Biological Chemistry 2010;285(12):8887-8893. 

56. Yang R, Weber DJ, Carrier F. Post-transcriptional regulation of thioredoxin by the stress 
inducible heterogenous ribonucleoprotein A18. Nucleic Acids Research 
2006;34(4):1224-1236. 

57. Zhang Y, Wu Y, Mao P, Li F, Han X, Zhang Y, Jiang S, Chen Y, Huang J, Liu D and 
others. Cold-inducible RNA-binding protein CIRP/hnRNP A18 regulates telomerase 
activity in a temperature-dependent manner. Nucleic Acids Research 2016;44(2):761-
775. 



 

 125 

58. Dreyfuss G, Swanson MS, Piñol-Roma S. Heterogeneous nuclear ribonucleoprotein 
particles and the pathway of mRNA formation. Trends in Biochemical Sciences 
1988;13(3):86-91. 

59. Sachs AB, Davis RW, Kornberg RD. A single domain of yeast poly(A)-binding protein is 
necessary and sufficient for RNA binding and cell viability. Molecular and Cellular 
Biology 1987;7(9):3268-3276. 

60. Harris AL. Hypoxia — a key regulatory factor in tumour growth. Nature Reviews Cancer 
2002;2(1):38-47. 

61. Chang ET, Parekh PR, Yang Q, Nguyen DM, Carrier F. Heterogenous ribonucleoprotein 
A18 (hnRNP A18) promotes tumor growth by increasing protein translation of selected 
transcripts in cancer cells. Oncotarget 2016;7(9):10578-10593. 

62. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, Shindyalov IN, 
Bourne PE. The Protein Data Bank. Nucleic Acids Research 2000;28(1):235-242. 

63. Sambrook J, Russel DW. Molecular cloning: A Laboratory Manual. New York: Cold 
Spring Harbor Laboratory Press; 2001. 

64. Kabsch W. XDS. Acta Crystallographica Section D: Biological Crystallography 
2010;66(Pt 2):125-132. 

65. Kabsch W. Integration, scaling, space-group assignment and post-refinement. Acta 
Crystallographica Section D: Biological Crystallography 2010;66(Pt 2):133-144. 

66. Evans PR, Murshudov GN. How good are my data and what is the resolution? Acta 
Crystallographica Section D: Biological Crystallography 2013;69(Pt 7):1204-1214. 

67. Vagin A, Teplyakov A. MOLREP: an automated program for molecular replacement'. J. 
Appl. Cryst. 1997;30:1022-1025. 

68. Vagin AA. New translation and packing functions'' Newsletter on protein 
crystallography. Daresbury Laboratory 1989;24:117-121. 

69. Long F, Vagin AA, Young P, Murshudov GN. BALBES: a molecular-replacement 
pipeline. Acta Crystallographica Section D: Biological Crystallography 2008;64(Pt 
1):125-132. 

70. Myers JC, Shamoo Y. Human UP1 as a Model for Understanding Purine Recognition in 
the Family of Proteins Containing the RNA Recognition Motif (RRM). Journal of 
Molecular Biology 2004;342(3):743-756. 

71. Adams PD, Afonine PV, Bunkoczi Gb, Chen VB, Davis IW, Echols N, Headd JJ, Hung 
L-W, Kapral GJ, Grosse-Kunstleve RW and others. PHENIX: a comprehensive Python-
based system for macromolecular structure solution. Acta Crystallographica Section D: 
Biological Crystallography 2010;66(Pt 2):213-221. 

72. Afonine P. V. G-KRW, and Adams P. D. The Phenix Refinement Framework, CCP4 
Newsletter, Vol. 42, Contribution 8, Daresbury Laboratory, Warrington, U.K. Acta 
Crystallographica Section D: Biological Crystallography 2005;61:850-855. 

73. Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta 
Crystallographica Section D: Biological Crystallography 2010;66(Pt 4):486-501. 

74. The PyMOL Molecular Graphics System VS, LLC. 
75. Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA, Winn 

MD, Long F, Vagin AA. REFMAC5 for the refinement of macromolecular crystal 
structures. Acta Crystallographica Section D 2011;67(4):355-367. 



 

 126 

76. Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, Keegan RM, 
Krissinel EB, Leslie AGW, McCoy A and others. Overview of the CCP4 suite and 
current developments. Acta Crystallographica Section D 2011;67(4):235-242. 

77. Elson DA, Ryan HE, Snow JW, Johnson R, Arbeit JM. Coordinate up-regulation of 
hypoxia inducible factor (HIF)-1alpha and HIF-1 target genes during multi-stage 
epidermal carcinogenesis and wound healing. Cancer Research 2000;60(21):6189-6195. 

78. Maris C, Dominguez C, Allain FH-T. The RNA recognition motif, a plastic RNA-binding 
platform to regulate post-transcriptional gene expression. FEBS Journal 
2005;272(9):2118-21331. 

79. Adam SA, Nakagawa T, Swanson MS, Woodruff TK, Dreyfuss G. mRNA 
polyadenylate-binding protein: gene isolation and sequencing and identification of a 
ribonucleoprotein consensus sequence. Molecular and Cellular Biology 1986;6(8):2932-
2943. 

80. Swanson MS, Nakagawa TY, LeVan K, Dreyfuss G. Primary structure of human nuclear 
ribonucleoprotein particle C proteins: conservation of sequence and domain structures in 
heterogeneous nuclear RNA, mRNA, and pre-rRNA-binding proteins. Molecular and 
Cellular Biology 1987;7(5):1731-1739. 

81. Karlin S, Altschul SF. Methods for assessing the statistical significance of molecular 
sequence features by using general scoring schemes. Proceedings of the National 
Academy of Sciences of the United States of America 1990;87(6):2264-2268. 

82. Melville Z, Aligholizadeh E, McKnight LE, Weber DJ, Pozharski E, Weber DJ. X-ray 
crystal structure of human calcium-bound S100A1. Acta Crystallographica Section F 
2017;73(4):215-221. 

83. Donato R, Cannon BR, Sorci G, Riuzzi F, Hsu K, Weber DJ, Geczy CL. Functions of 
S100 Proteins. Current molecular medicine 2013;13(1):24-57. 

84. Kligman D, Hilt DC. The S100 protein family. Trends in Biochemical Sciences 
1988;13(11):437-443. 

85. Schäfer BW, Heizmann CW. The S100 family of EF-hand calcium-binding proteins: 
functions and pathology. Trends in Biochemical Sciences 1996;21(4):134-140. 

86. Strynadka NCJ, James MNG. Crystal Structures of the Helix-Loop-Helix Calcium-
Binding Proteins. Annual Review of Biochemistry 1989;58(1):951-999. 

87. Zimmer DB, Cornwall EH, Landar A, Song W. The S100 protein family: History, 
function, and expression. Brain Research Bulletin 1995;37(4):417-429. 

88. Wright NT, Cannon BR, Wilder PT, Morgan MT, Varney KM, Zimmer DB, Weber DJ. 
Solution structure of S100A1 bound to the CapZ peptide (TRTK12). Journal of 
Molecular Biology 2009;386(5):1265-1277. 

89. Wright NT, Inman KG, Levine JA, Cannon BR, Varney KM, Weber DJ. Refinement of 
the solution structure and dynamic properties of Ca(2+)-bound rat S100B. Journal of 
biomolecular NMR 2008;42(4):279-286. 

90. Bresnick AR, Weber DJ, Zimmer DB. S100 proteins in cancer. Nature reviews. Cancer 
2015;15(2):96-109. 

91. Harpio R, Einarsson R. S100 proteins as cancer biomarkers with focus on S100B in 
malignant melanoma. Clinical Biochemistry 2004;37(7):512-518. 

92. Rustandi RR, Drohat AC, Baldisseri DM, Wilder PT, Weber DJ. The Ca2+-Dependent 
Interaction of S100B(beta beta) with a Peptide Derived from p53. Biochemistry 
1998;37(7):1951-1960. 



 

 127 

93. Salama I, Malone PS, Mihaimeed F, Jones JL. A review of the S100 proteins in cancer. 
European Journal of Surgical Oncology (EJSO) 2008;34(4):357-364. 

94. Malashkevich VN, Varney KM, Garrett SC, Wilder PT, Knight D, Charpentier TH, 
Ramagopal UA, Almo SC, Weber DJ, Bresnick AR. Structure of Ca(2+)-Bound S100A4 
and Its Interaction with Peptides Derived from Nonmuscle Myosin-IIA. Biochemistry 
2008;47(18):5111-5126. 

95. Garbuglia M, Verzini M, Rustandi RR, Osterloh D, Weber DJ, Gerke V, Donato R. Role 
of the C-Terminal Extension in the Interaction of S100A1 with GFAP, Tubulin, the 
S100A1- and S100B-Inhibitory Peptide, TRTK-12, and a Peptide Derived from p53, and 
the S100A1 Inhibitory Effect on GFAP Polymerization. Biochemical and Biophysical 
Research Communications 1999;254(1):36-41. 

96. Landar A, Rustandi RR, Weber DJ, Zimmer DB. S100A1 Utilizes Different Mechanisms 
for Interacting with Calcium-Dependent and Calcium-Independent Target Proteins. 
Biochemistry 1998;37(50):17429-17438. 

97. Most P, Pleger ST, Völkers M, Heidt B, Boerries M, Weichenhan D, Löffler E, Janssen 
PML, Eckhart AD, Martini J and others. Cardiac adenoviral S100A1 gene delivery 
rescues failing myocardium. Journal of Clinical Investigation 2004;114(11):1550-1563. 

98. Most P, Remppis A, Pleger ST, Löffler E, Ehlermann P, Bernotat J, Kleuss C, Heierhorst 
Jr, Ruiz P, Witt H and others. Transgenic Overexpression of the Ca2+-binding Protein 
S100A1 in the Heart Leads to Increased in Vivo Myocardial Contractile Performance. 
Journal of Biological Chemistry 2003;278(36):33809-33817. 

99. Most P, Remppis A, Weber C, Bernotat J, Ehlermann P, Pleger ST, Kirsch W, Weber M, 
Uttenweiler D, Smith GL and others. The C Terminus (Amino Acids 75-94) and the 
Linker Region (Amino Acids 42-54) of the Ca2+-binding Protein S100A1 Differentially 
Enhance Sarcoplasmic Ca2+ Release in Murine Skinned Skeletal Muscle Fibers. Journal 
of Biological Chemistry 2003;278(29):26356-26364. 

100. Osterloh D, Ivanenkov VV, Gerke V. Hydrophobic residues in the C-terminal region of 
S100A1 are essential for target protein binding butnot for dimerization. Cell Calcium 
1998;24(2):137-151. 

101. Treves S, Scutari E, Robert M, Groh S, Ottolia M, Prestipino G, Ronjat M, Zorzato F. 
Interaction of S100A1 with the Ca2+ Release Channel (Ryanodine Receptor) of Skeletal 
Muscle. Biochemistry 1997;36(38):11496-11503. 

102. Wang G, Zhang S, Fernig DG, Martin-Fernandez M, Rudland PS, Barraclough R. 
Mutually antagonistic actions of S100A4 and S100A1 on normal and metastatic 
phenotypes. Oncogene 2004;24(8):1445-1454. 

103. Gonzalez A, and Tsai Y. AUTOXDS. Stanford University, Stanford, CA. Volume 
http://smb.slac.stanford.edu/facilities/software/xds/#autoxds_script2010. 

104. Prosser BL, Wright NT, Hernández-Ochoa EO, Varney KM, Liu Y, Olojo RO, Zimmer 
DB, Weber DJ, Schneider MF. S100A1 Binds to the Calmodulin-binding Site of 
Ryanodine Receptor and Modulates Skeletal Muscle Excitation-Contraction Coupling. 
The Journal of Biological Chemistry 2008;283(8):5046-5057. 

105. Schneider MC, Prosser BE, Caesar JJE, Kugelberg E, Li S, Zhang Q, Quoraishi S, Lovett 
JE, Deane JE, Sim RB and others. Neisseria meningitidis recruits factor H using protein 
mimicry of host carbohydrates. Nature 2009;458(7240):890-893. 



 

 128 

106. Wright NT, Prosser BL, Varney KM, Zimmer DB, Schneider MF, Weber DJ. S100A1 
and Calmodulin Compete for the Same Binding Site on Ryanodine Receptor. The Journal 
of Biological Chemistry 2008;283(39):26676-26683. 

107. Yamaguchi N, Prosser BL, Ghassemi F, Xu L, Pasek DA, Eu JP, Hernández-Ochoa EO, 
Cannon BR, Wilder PT, Lovering RM and others. Modulation of sarcoplasmic reticulum 
Ca(2+) release in skeletal muscle expressing ryanodine receptor impaired in regulation by 
calmodulin and S100A1. American Journal of Physiology - Cell Physiology 
2011;300(5):C998-C1012. 

108. Drohat AC, Baldisseri DM, Rustandi RR, Weber DJ. Solution Structure of Calcium-
Bound Rat S100B(betabeta) As Determined by Nuclear Magnetic Resonance 
Spectroscopy. Biochemistry 1998;37(9):2729-2740. 

109. Gógl G, Alexa A, Kiss B, Katona G, Kovács M, Bodor A, Reményi A, Nyitray L. 
Structural Basis of Ribosomal S6 Kinase 1 (RSK1) Inhibition by S100B Protein: 
MODULATION OF THE EXTRACELLULAR SIGNAL-REGULATED KINASE 
(ERK) SIGNALING CASCADE IN A CALCIUM-DEPENDENT WAY. The Journal of 
Biological Chemistry 2016;291(1):11-27. 

110. Jensen JL, Indurthi VSK, Neau DB, Vetter SW, Colbert CL. Structural insights into the 
binding of the human receptor for advanced glycation end products (RAGE) by S100B, 
as revealed by an S100B-RAGE-derived peptide complex. Acta Crystallographica 
Section D: Biological Crystallography 2015;71(Pt 5):1176-1183. 

111. Charpentier TH, Thompson LE, Liriano MA, Varney KM, Wilder PT, Pozharski E, Toth 
EA, Weber DJ. The effects of the CapZ peptide (TRTK-12) binding to S100B-Ca(2+) as 
examined by NMR and X-ray crystallography. Journal of Molecular Biology 
2010;396(5):1227-1243. 

112. Liriano MA, Varney KM, Wright NT, Hoffman CL, Toth EA, Ishima R, Weber DJ. 
Target binding to S100B reduces dynamic properties and increases Ca(2+)-binding 
affinity for wild type and EF-hand mutant proteins. Journal of Molecular Biology 
2012;423(3):365-385. 

113. Zimmer DB, Weber DJ. The Calcium-Dependent Interaction of S100B with Its Protein 
Targets. Cardiovascular Psychiatry and Neurology 2010;2010:728052. 

114. Hernández-Ochoa EO, Prosser BL, Wright NT, Contreras M, Weber DJ, Schneider MF. 
Augmentation of Ca(v)1 channel current and action potential duration after uptake of 
S100A1 in sympathetic ganglion neurons. American Journal of Physiology - Cell 
Physiology 2009;297(4):C955-C970. 

115. Lin J, Yang Q, Wilder PT, Carrier F, Weber DJ. The Calcium-binding Protein S100B 
Down-regulates p53 and Apoptosis in Malignant Melanoma. The Journal of Biological 
Chemistry 2010;285(35):27487-27498. 

116. Prosser BL, Hernández-Ochoa EO, Schneider MF. S100A1 AND CALMODULIN 
REGULATION OF RYANODINE RECEPTOR IN STRIATED MUSCLE. Cell 
Calcium 2011;50(4):323-331. 

117. Bers DM. Cardiac excitation-contraction coupling. Nature 2002;415(6868):198-205. 
118. Franzini-Armstrong C, Protasi F. Ryanodine receptors of striated muscles: a complex 

channel capable of multiple interactions. Physiological Reviews 1997;77(3):699-729. 
119. Zalk R, Clarke OB, des Georges Ade, Grassucci RA, Reiken S, Mancia F, Hendrickson 

WA, Frank J, Marks AR. Structure of a mammalian ryanodine receptor. Nature 
2015;517(7532):44-49. 



 

 129 

120. MacIntosh BR, Holash RJ, Renaud J-M. Skeletal muscle fatigue – regulation of 
excitation–contraction coupling to avoid metabolic catastrophe. Journal of Cell Science 
2012;125(9):2105-2114. 

121. Song DW, Lee J-G, Youn H-S, Eom SH, Kim DH. Ryanodine receptor assembly: A 
novel systems biology approach to 3D mapping. Progress in Biophysics and Molecular 
Biology 2011;105(3):145-161. 

122. Tewari SG, Bugenhagen SM, Palmer BM, Beard DA. Dynamics of cross-bridge cycling, 
ATP hydrolysis, force generation, and deformation in cardiac muscle. Journal of 
Molecular and Cellular Cardiology 2016;96:11-25. 

123. Huxley AF. Muscle structure and theories of contraction. Prog Biophys Biophys Chem 
1957;7:255-318. 

124. Kentish JC, McCloskey DT, Layland J, Palmer S, Leiden JM, Martin AF, Solaro RJ. 
Phosphorylation of Troponin I by Protein Kinase A Accelerates Relaxation and 
Crossbridge Cycle Kinetics in Mouse Ventricular Muscle. Circulation Research 
2001;88(10):1059-1065. 

125. Murphy, Walker. Inhibitory mechanisms for cross-bridge cycling: the nitric oxide-cGMP 
signal transduction pathway in smooth muscle relaxation. Acta Physiologica 
Scandinavica 1998;164(4):373-380. 

126. Endo M. Calcium-Induced Calcium Release in Skeletal Muscle. Physiological Reviews 
2009;89(4):1153-1176. 

127. Endo M, Tanaka M, Ogawa Y. Calcium induced release of calcium from the 
sarcoplasmic reticulum of skinned skeletal muscle fibres. Nature 1970;228(5266):34-6. 

128. Fabiato A. Calcium-induced release of calcium from the cardiac sarcoplasmic reticulum. 
American Journal of Physiology - Cell Physiology 1983;245(1):C1-C14. 

129. Ford LE, Podolsky RJ. Intracellular calcium movements in skinned muscle fibres. The 
Journal of Physiology 1972;223(1):21-33. 

130. Cheng H, Lederer W, Cannell M. Calcium sparks: elementary events underlying 
excitation-contraction coupling in heart muscle. Science 1993;262(5134):740-744. 

131. Cheng H, Lederer WJ. Calcium Sparks. Physiological Reviews 2008;88(4):1491-1545. 
132. Berchtold MW, Brinkmeier H, Müntener M. Calcium Ion in Skeletal Muscle: Its Crucial 

Role for Muscle Function, Plasticity, and Disease. Physiological Reviews 
2000;80(3):1215-1265. 

133. Fuentes O, Valdivia C, Vaughan D, Coronado R, Valdivia HH. Calcium-dependent block 
of ryanodine receptor channel of swine skeletal muscle by direct binding of calmodulin. 
Cell Calcium 1994;15(4):305-316. 

134. Buratti R, Prestipino G, Menegazzi P, Treves S, Zorzato F. Calcium-Dependent 
Activation of Skeletal-Muscle Ca2+ Release Channel (Ryanodine Receptor) by 
Calmodulin. Biochemical and Biophysical Research Communications 1995;213(3):1082-
1090. 

135. Tripathy A, Xu L, Mann G, Meissner G. Calmodulin activation and inhibition of skeletal 
muscle Ca2+ release channel (ryanodine receptor). Biophysical Journal 1995;69(1):106-
119. 

136. Ikemoto T, Iino M, Endo M. Enhancing effect of calmodulin on Ca(2+)-induced Ca2+ 
release in the sarcoplasmic reticulum of rabbit skeletal muscle fibres. The Journal of 
Physiology 1995;487(Pt 3):573-582. 



 

 130 

137. Prosser BL, Wright NT, Hernández-Ochoa EO, Varney KM, Liu Y, Olojo RO, Zimmer 
DB, Weber DJ, Schneider MF. S100A1 binds to the calmodulin-binding site of ryanodine 
receptor and modulates skeletal muscle excitation-contraction coupling. The Journal of 
Biological Chemistry 2008;283(8):5046-5057. 

138. Kursula P. The many structural faces of calmodulin: a multitasking molecular jackknife. 
Amino Acids 2014;46(10):2295-2304. 

139. Ikura M, Ames JB. 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):1159-1164. 

140. Babu YS, Bugg CE, Cook WJ. Structure of calmodulin refined at 2.2 A resolution. 
Journal of Molecular Biology 1988;204(1):191-204. 

141. Bertini I, Del Bianco C, Gelis I, Katsaros N, Luchinat C, Parigi G, Peana M, Provenzani 
A, Zoroddu MA. Experimentally exploring the conformational space sampled by domain 
reorientation in calmodulin. Proceedings of the National Academy of Sciences of the 
United States of America 2004;101(18):6841-6846. 

142. Chattopadhyaya R, Meador WE, Means AR, Quiocho FA. Calmodulin structure refined 
at 1.7 A resolution. Journal of Molecular Biology 1992;228(4):1177-1192. 

143. Sanchez EJ, Lewis KM, Danna BR, Kang C. High-capacity Ca(2+) Binding of Human 
Skeletal Calsequestrin. The Journal of Biological Chemistry 2012;287(14):11592-11601. 

144. Li SJ, Ma L, Wang J, Lu C, Wang J, Wu JW, Wang ZX. Cooperative autoinhibition and 
multi-level activation mechanisms of calcineurin. 2015. 

145. Markowitz J, Rustandi RR, Varney KM, Wilder PT, Udan R, Wu SL, Horrocks WD, 
Weber DJ. Calcium-Binding Properties of Wild-Type and EF-Hand Mutants of S100B in 
the Presence and Absence of a Peptide Derived from the C-Terminal Negative 
Regulatory Domain of p53. Biochemistry 2005;44(19):7305-7314. 

146. Drohat AC, Baldisseri DM, Rustandi RR, Weber DJ. Solution structure of calcium-bound 
rat S100B(betabeta) as determined by nuclear magnetic resonance spectroscopy. 
Biochemistry 1998;37(9):2729-2740. 

147. Drohat AC, Tjandra N, Baldisseri DM, Weber DJ. The use of dipolar couplings for 
determining the solution structure of rat apo-S100B(betabeta). Protein Science : A 
Publication of the Protein Society 1999;8(4):800-809. 

148. Wright NT, Varney KM, Ellis KC, Markowitz J, Gitti RK, Zimmer DB, Weber DJ. The 
Three-dimensional Solution Structure of Ca2+-bound S100A1 as Determined by NMR 
Spectroscopy. Journal of Molecular Biology 2005;353(2):410-426. 

149. Yamaguchi N, Prosser BL, Ghassemi F, Xu L, Pasek DA, Eu JP, Hernández-Ochoa EO, 
Cannon BR, Wilder PT, Lovering RM and others. Modulation of sarcoplasmic reticulum 
Ca(2+) release in skeletal muscle expressing ryanodine receptor impaired in regulation by 
calmodulin and S100A1. American Journal of Physiology - Cell Physiology 
2011;300(5):C998-C1012. 

150. Most P, Remppis A, Pleger ST, Katus HA, Koch WJ. S100A1: a novel inotropic 
regulator of cardiac performance. Transition from molecular physiology to 
pathophysiological relevance. American Journal of Physiology - Regulatory, Integrative 
and Comparative Physiology 2007;293(2):R568-R577. 

151. Chopra N, Knollmann BC. Cardiac Calsequestrin: The New Kid on the Block in 
Arrhythmias. Journal of Cardiovascular Electrophysiology 2009;20(10):1179-1185. 



 

 131 

152. Faggioni M, Knollmann BrC. Calsequestrin 2 and arrhythmias. American Journal of 
Physiology - Heart and Circulatory Physiology 2012;302(6):H1250-H1260. 

153. Gaburjakova M, Bal NC, Gaburjakova J, Periasamy M. Functional interaction between 
calsequestrin and ryanodine receptor in the heart. Cellular and Molecular Life Sciences 
2013;70(16):2935-2945. 

154. Qin J, Valle G, Nani A, Nori A, Rizzi N, Priori SG, Volpe P, Fill M. Luminal Ca(2+) 
Regulation of Single Cardiac Ryanodine Receptors: Insights Provided by Calsequestrin 
and its Mutants. The Journal of General Physiology 2008;131(4):325-334. 

155. Zhang L, Kelley J, Schmeisser G, Kobayashi YM, Jones LR. Complex Formation 
between Junctin, Triadin, Calsequestrin, and the Ryanodine Receptor: PROTEINS OF 
THE CARDIAC JUNCTIONAL SARCOPLASMIC RETICULUM MEMBRANE. 
Journal of Biological Chemistry 1997;272(37):23389-23397. 

156. Yan Z, Bai X, Yan C, Wu J, Li Z, Xie T, Peng W, Yin C, Li X, Scheres SHW and others. 
Structure of the rabbit ryanodine receptor RyR1 at near-atomic resolution. Nature 
2015;517(7532):50-55. 

157. Brillantes A-MB, Ondrias K, Scott A, Kobrinsky E, Ondriasová E, Moschella MC, 
Jayaraman T, Landers M, Ehrlich BE, Marks AR. Stabilization of calcium release 
channel (ryanodine receptor) function by FK506-binding protein. Cell 1994;77(4):513-
523. 

158. Xiao B, Sutherland C, Walsh MP, Chen SRW. Protein Kinase A Phosphorylation at 
Serine-2808 of the Cardiac Ca2+-Release Channel (Ryanodine Receptor) Does Not 
Dissociate 12.6-kDa FK506-Binding Protein (FKBP12.6). Circulation Research 
2004;94(4):487-495. 

159. O'Reilly FM, Robert Mn, Jona I, Szegedi C, Albrieux M, Geib S, De Waard M, Villaz M, 
Ronjat M. FKBP12 modulation of the binding of the skeletal ryanodine receptor onto the 
II-III loop of the dihydropyridine receptor. Biophysical Journal 2002;82(1 Pt 1):145-155. 

160. des Georges  A, Clarke O, B., Zalk R, Yuan Q, Condon K, J., Grassucci R, A., 
Hendrickson W, A., Marks A, R., Frank J. Structural Basis for Gating and Activation of 
RyR1. Cell 2016;167(1):145-157.e17. 

161. Bassel-Duby R, Olson EN. Role of calcineurin in striated muscle: development, 
adaptation, and disease. Biochemical and Biophysical Research Communications 
2003;311(4):1133-1141. 

162. Oh M, Rybkin II, Copeland V, Czubryt MP, Shelton JM, van Rooij E, Richardson JA, 
Hill JA, De Windt LJ, Bassel-Duby R and others. Calcineurin Is Necessary for the 
Maintenance but Not Embryonic Development of Slow Muscle Fibers. Molecular and 
Cellular Biology 2005;25(15):6629-6638. 

163. Weiwad M, Edlich F, Kilka S, Erdmann F, Jarczowski F, Dorn M, Moutty M-C, Fischer 
G. Comparative Analysis of Calcineurin Inhibition by Complexes of Immunosuppressive 
Drugs with Human FK506 Binding Proteins. Biochemistry 2006;45(51):15776-15784. 

164. Sewell TJ, Lam E, Martin MM, Leszyk J, Weidner J, Calaycay J, Griffin P, Williams H, 
Hung S, Cryan J. Inhibition of calcineurin by a novel FK-506-binding protein. Journal of 
Biological Chemistry 1994;269(33):21094-21102. 

165. Liu Z, Cai H, Zhu H, Toque H, Zhao N, Qiu C, Guan G, Dang Y, Wang J. Protein kinase 
RNA-like endoplasmic reticulum kinase (PERK)/calcineurin signaling is a novel pathway 
regulating intracellular calcium accumulation which might be involved in ventricular 
arrhythmias in diabetic cardiomyopathy. Cellular Signalling 2014;26(12):2591-2600. 



 

 132 

166. Hudmon A, Schulman H. Structure-function of the multifunctional Ca2+/calmodulin-
dependent protein kinase II. Biochemical Journal 2002;364(Pt 3):593-611. 

167. Soderling TR, Chang B, Brickey D. Cellular Signaling through Multifunctional 
Ca2+/Calmodulin-dependent Protein Kinase II. Journal of Biological Chemistry 
2001;276(6):3719-3722. 

168. Miller SG, Patton BL, Kennedy MB. Sequences of autophosphorylation sites in neuronal 
type II CaM kinase that control Ca2+-independent activity. Neuron 1988;1(7):593-604. 

169. Thiel G, Czernik AJ, Gorelick F, Nairn AC, Greengard P. Ca2+/calmodulin-dependent 
protein kinase II: identification of threonine-286 as the autophosphorylation site in the 
alpha subunit associated with the generation of Ca2+-independent activity. Proceedings 
of the National Academy of Sciences of the United States of America 1988;85(17):6337-
6341. 

170. Witcher DR, Kovacs RJ, Schulman H, Cefali DC, Jones LR. Unique phosphorylation site 
on the cardiac ryanodine receptor regulates calcium channel activity. Journal of 
Biological Chemistry 1991;266(17):11144-11152. 

171. Taylor SS, Zhang P, Steichen JM, Keshwani MM, Kornev AP. PKA: Lessons Learned 
after Twenty Years. Biochimica et biophysica acta 2013;1834(7):1271-1278. 

172. Amieux PS, McKnight GS. The Essential Role of RIα in the Maintenance of Regulated 
PKA Activity. Annals of the New York Academy of Sciences 2002;968(1):75-95. 

173. Burton KA, Johnson BD, Hausken ZE, Westenbroek RE, Idzerda RL, Scheuer T, Scott 
JD, Catterall WA, McKnight GS. Type II regulatory subunits are not required for the 
anchoring-dependent modulation of Ca2+ channel activity by cAMP-dependent protein 
kinase. Proceedings of the National Academy of Sciences of the United States of 
America 1997;94(20):11067-11072. 

174. Perkins GA, Wang L, Huang LJ-s, Humphries K, Yao VJ, Martone M, Deerinck TJ, 
Barraclough DM, Violin JD, Smith D and others. PKA, PKC, and AKAP localization in 
and around the neuromuscular junction. BMC Neuroscience 2001;2:17-17. 

175. Wehrens XHT, Lehnart SE, Reiken S, Vest JA, Wronska A, Marks AR. Ryanodine 
receptor/calcium release channel PKA phosphorylation: A critical mediator of heart 
failure progression. Proceedings of the National Academy of Sciences of the United 
States of America 2006;103(3):511-518. 

176. Reiken S, Lacampagne A, Zhou H, Kherani A, Lehnart SE, Ward C, Huang F, 
Gaburjakova M, Gaburjakova J, Rosemblit N and others. PKA phosphorylation activates 
the calcium release channel (ryanodine receptor) in skeletal muscle: defective regulation 
in heart failure. The Journal of Cell Biology 2003;160(6):919-928. 

177. Stange M, Xu L, Balshaw D, Yamaguchi N, Meissner G. Characterization of 
Recombinant Skeletal Muscle (Ser-2843) and Cardiac Muscle (Ser-2809) Ryanodine 
Receptor Phosphorylation Mutants. Journal of Biological Chemistry 
2003;278(51):51693-51702. 

178. Xiao B, Jiang MT, Zhao M, Yang D, Sutherland C, Lai FA, Walsh MP, Warltier DC, 
Cheng H, Chen SRW. Characterization of a Novel PKA Phosphorylation Site, Serine-
2030, Reveals No PKA Hyperphosphorylation of the Cardiac Ryanodine Receptor in 
Canine Heart Failure. Circulation Research 2005;96(8):847-855. 

179. Ullrich ND, Valdivia HcH, Niggli E. PKA phosphorylation of cardiac ryanodine receptor 
modulates SR luminal Ca(2+) sensitivity. Journal of Molecular and Cellular Cardiology 
2012;53(1):33-42. 



 

 133 

180. Miyoshi H, Yasuda T, Otsuki S, Kondo T, Haraki T, Mukaida K, Nakamura R, Hamada 
H, Kawamoto M. Several Ryanodine Receptor Type 1 Gene Mutations of p.Arg2508 Are 
Potential Sources of Malignant Hyperthermia. Anesthesia & Analgesia 2015;121(4):994-
1000. 

181. Lau K, Van Petegem F. Crystal structures of wild type and disease mutant forms of the 
ryanodine receptor SPRY2 domain. Nature Communications 2014;5:5397. 

182. Denborough M. Malignant hyperthermia. The Lancet 1998;352(9134):1131-1136. 
183. Krause T, Gerbershagen MU, Fiege M, Weißhorn R, Wappler F. Dantrolene – A review 

of its pharmacology, therapeutic use and new developments. Anaesthesia 
2004;59(4):364-373. 

184. Franz W-M, Müller OJ, Katus HA. Cardiomyopathies: from genetics to the prospect of 
treatment. The Lancet 2001;358(9293):1627-1637. 

185. Zhao Y-T, Valdivia CR, Gurrola GB, Hernández JJ, Valdivia HH. Arrhythmogenic 
mechanisms in ryanodine receptor channelopathies. Science China Life Sciences 
2015;58(1):54-58. 

186. Lanner JT. Ryanodine Receptor Physiology and Its Role in Disease. In: Islam SM, editor. 
Calcium Signaling. Dordrecht: Springer Netherlands; 2012. p 217-234. 

187. Campbell MJ, Czosek RJ, Hinton RB, Miller EM. Exon 3 deletion of ryanodine receptor 
causes left ventricular noncompaction, worsening catecholaminergic polymorphic 
ventricular tachycardia, and sudden cardiac arrest. American Journal of Medical Genetics 
Part A 2015;167(9):2197-2200. 

188. Amador FJ, Kimlicka L, Stathopulos PB, Gasmi-Seabrook GvMC, MacLennan DH, Van 
Petegem F, Ikura M. Type 2 ryanodine receptor domain A contains a unique and dynamic 
α-helix that transitions to a β-strand in a mutant linked with a heritable cardiomyopathy. 
Journal of Molecular Biology 2013;425(21):4034-4046. 

189. Jiang D, Chen W, Wang R, Zhang L, Chen SRW. Loss of luminal Ca(2+) activation in 
the cardiac ryanodine receptor is associated with ventricular fibrillation and sudden death. 
Proceedings of the National Academy of Sciences of the United States of America 
2007;104(46):18309-18314. 

190. Domingo D, López-Vilella R, Arnau M, Ángel, Cano Ó, Fernández-Pons E, Zorio E. A 
new mutation in the ryanodine receptor 2 gene (RYR2 C2277R) as a cause 
catecholaminergic polymorphic ventricular tachycardia. Rev Esp Cardiol (Engl Ed) 
2015;68(01):71-73. 

191. Kimlicka L, Tung C-C, Carlsson A-CC, Lobo PA, Yuchi Z, Van¬†Petegem F. The 
Cardiac Ryanodine Receptor N-Terminal Region Contains an Anion Binding Site that Is 
Targeted by Disease Mutations. Structure 2013;21(8):1440-1449. 

192. Domingo D, Neco P, Fernández-Pons E, Zissimopoulos S, Molina P, Olagüe J, Suárez-
Mier MP, Lai FA, Gómez AM, Zorio E. Non-ventricular, Clinical, and Functional 
Features of the RyR2 R420Q Mutation Causing Catecholaminergic Polymorphic 
Ventricular Tachycardia. Rev Esp Cardiol (Engl Ed) 2015;68(05):398-407. 

193. Wangüemert F, Bosch Calero C, Pérez C, Campuzano O, Beltran-Alvarez P, Scornik FS, 
Iglesias A, Berne P, Allegue C, Ruiz Hernandez PM and others. Clinical and molecular 
characterization of a cardiac ryanodine receptor founder mutation causing 
catecholaminergic polymorphic ventricular tachycardia. Heart Rhythm 2015;12(7):1636-
1643. 



 

 134 

194. Søndergaard MT, Tian X, Liu Y, Wang R, Chazin WJ, Chen SRW, Overgaard MT. 
Arrhythmogenic Calmodulin Mutations Affect the Activation and Termination of Cardiac 
Ryanodine Receptor-mediated Ca2+ Release. Journal of Biological Chemistry 
2015;290(43):26151-26162. 

195. Søndergaard MT, Sorensen AB, Skov LL, Kjaer-Sorensen K, Bauer MC, Nyegaard M, 
Linse S, Oxvig C, Overgaard MT. Calmodulin mutations causing catecholaminergic 
polymorphic ventricular tachycardia confer opposing functional and biophysical 
molecular changes. FEBS Journal 2015;282(4):803-816. 

196. Sorensen AB, Søndergaard MT, Overgaard MT. Calmodulin in a Heartbeat. FEBS 
Journal 2013;280(21):5511-5532. 

197. Hwang H-S, Nitu FR, Yang Y, Walweel K, Pereira L, Johnson CN, Faggioni M, Chazin 
WJ, Laver D, George AL and others. Divergent Regulation of Ryr2 Calcium Release 
Channels by Arrhythmogenic Human Calmodulin Missense Mutants. Circulation 
Research 2014;114(7):1114-1124. 

198. Faggioni M, Kryshtal DO, Knollmann BrC. Calsequestrin Mutations and 
Catecholaminergic Polymorphic Ventricular Tachycardia. Pediatric Cardiology 
2012;33(6):959-967. 

199. Protasi F, Paolini C, Dainese M. Calsequestrin-1: a new candidate gene for malignant 
hyperthermia and exertional/environmental heat stroke. The Journal of Physiology 
2009;587(Pt 13):3095-3100. 

200. D'Adamo MC, Sforna L, Visentin S, Grottesi A, Servettini l, Guglielmi L, Macchioni L, 
Saredi S, Curcio M, De Nuccio C and others. A Calsequestrin-1 Mutation Associated 
with a Skeletal Muscle Disease Alters Sarcoplasmic Ca(2+) Release. PLoS ONE 
2016;11(5):e0155516. 

201. Lewis KM, Ronish LA, Ríos E, Kang C. Characterization of Two Human Skeletal 
Calsequestrin Mutants Implicated in Malignant Hyperthermia and Vacuolar Aggregate 
Myopathy. Journal of Biological Chemistry 2015;290(48):28665-28674. 

202. Terentyev D, Nori A, Santoro M, Viatchenko-Karpinski S, Kubalova Z, Gyorke I, 
Terentyeva R, Vedamoorthyrao S, Blom NA, Valle G and others. Abnormal Interactions 
of Calsequestrin With the Ryanodine Receptor Calcium Release Channel Complex 
Linked to Exercise-Induced Sudden Cardiac Death. Circulation Research 
2006;98(9):1151-1158. 

203. Valle G, Boncompagni S, Sacchetto R, Protasi F, Volpe P. Post-natal heart adaptation in 
a knock-in mouse model of calsequestrin 2-linked recessive catecholaminergic 
polymorphic ventricular tachycardia. Experimental Cell Research 2014;321(2):178-189. 

204. Rizzi N, Liu N, Napolitano C, Nori A, Turcato F, Colombi B, Bicciato S, Arcelli D, 
Spedito A, Scelsi M and others. Unexpected Structural and Functional Consequences of 
the R33Q Homozygous Mutation in Cardiac Calsequestrin: A Complex Arrhythmogenic 
Cascade in a Knock In Mouse Model. Circulation Research 2008;103(3):298-306. 

205. Bal NC, Jena N, Sopariwala D, Balaraju T, Shaikh S, Bal C, Sharon A, Gyorke S, 
Periasamy M. Probing cationic selectivity of cardiac calsequestrin and its CPVT mutants. 
Biochemical Journal 2011;435(2):391-399. 

206. Kalyanasundaram A, Viatchenko-Karpinski S, Belevych AE, Lacombe VA, Hwang HS, 
Knollmann BrC, Gyorke S, Periasamy M. Functional consequences of stably expressing a 
mutant calsequestrin (CASQ2(D307H)) in the CASQ2 null background. American 
Journal of Physiology - Heart and Circulatory Physiology 2012;302(1):H253-H261. 



 

 135 

207. Kim E, Youn B, Kemper L, Campbell C, Milting H, Varsanyi M, Kang C. 
Characterization of Human Cardiac Calsequestrin and its Deleterious Mutants. Journal of 
Molecular Biology 2007;373(4):1047-1057. 

208. Zhang Y, Huang Z-J, Dai D-Z, Feng Y, Na T, Tang X-Y, Dai Y. Downregulated 
FKBP12.6 expression and upregulated endothelin signaling contribute to elevated 
diastolic calcium and arrhythmogenesis in rat cardiomyopathy produced by l-thyroxin. 
International Journal of Cardiology 2008;130(3):463-471. 

209. Wu XD, Dai DZ, Zhang QP, Gao F. Propranolol and verapamil inhibit mRNA expression 
of RyR2 and SERCA in L-thyroxin-induced rat ventricular hypertrophy. Acta Pharmacol 
Sin 2004;25(3):347-51. 

210. Yamaguchi N, Xu L, Pasek DA, Evans KE, Meissner G. Molecular Basis of Calmodulin 
Binding to Cardiac Muscle Ca2+ Release Channel (Ryanodine Receptor). Journal of 
Biological Chemistry 2003;278(26):23480-23486. 

211. Yamaguchi N, Chakraborty A, Huang T-Q, Xu L, Gomez AC, Pasek DA, Meissner G. 
Cardiac hypertrophy associated with impaired regulation of cardiac ryanodine receptor by 
calmodulin and S100A1. American Journal of Physiology - Heart and Circulatory 
Physiology 2013;305(1):H86-H94. 

212. SHY GM, MAGEE KR. A NEW CONGENITAL NON-PROGRESSIVE MYOPATHY. 
Brain 1956;79(4):610-621. 

213. Dirksen RT, Avila G. Altered Ryanodine Receptor Function in Central Core Disease: 
Leaky or Uncoupled Ca2+ Release Channels? Trends in Cardiovascular Medicine 
2002;12(5):189-197. 

214. Murayama T, Kurebayashi N, Yamazawa T, Oyamada H, Suzuki J, Kanemaru K, Oguchi 
K, Iino M, Sakurai T. Divergent Activity Profiles of Type 1 Ryanodine Receptor 
Channels Carrying Malignant Hyperthermia and Central Core Disease Mutations in the 
Amino-Terminal Region. PLoS ONE 2015;10(6):e0130606. 

215. Striessnig J, Hoda J-C, Koschak A, Zaghetto F, Müllner C, Sinnegger-Brauns MJ, Wild 
C, Watschinger K, Trockenbacher A, Pelster G. L-type Ca2+ channels in Ca2+ 
channelopathies. Biochemical and Biophysical Research Communications 
2004;322(4):1341-1346. 

216. Striessnig Jr, Bolz HJr, Koschak A. Channelopathies in Ca(v)1.1, Ca(v)1.3, and Ca(v)1.4 
voltage-gated L-type Ca(2+) channels. Pflugers Archiv 2010;460(2):361-374. 

217. Jurkat-Rott K, Mitrovic N, Hang C, Kouzmenkine A, Iaizzo P, Herzog Jr, Lerche H, 
Nicole S, Vale-Santos J, Chauveau D and others. Voltage-sensor sodium channel 
mutations cause hypokalemic periodic paralysis type 2 by enhanced inactivation and 
reduced current. Proceedings of the National Academy of Sciences of the United States 
of America 2000;97(17):9549-9554. 

218. Fouad G, Dalakas M, Servidei S, Mendell JR, Van den Bergh P, Angelini C, Alderson K, 
Griggs RC, Tawil R, Gregg R and others. Genotype-phenotype correlations of DHP 
receptor alpha 1-subunit gene mutations causing hypokalemic periodic paralysis. 
Neuromuscular Disorders 1997;7(1):33-38. 

219. Kil T-H, Kim J-B. Severe respiratory phenotype caused by a de novo Arg528Gly 
mutation in the CACNA1S gene in a patient with hypokalemic periodic paralysis. 
European Journal of Paediatric Neurology 2010;14(3):278-281. 



 

 136 

220. Lapie P, Lory P, Fontaine B. Hypokalemic periodic paralysis: an autosomal dominant 
muscle disorder caused by mutations in a voltage-gated calcium channel. Neuromuscular 
Disorders 1997;7(4):234-240. 

221. Monnier N, Procaccio V, Stieglitz P, Lunardi J. Malignant-hyperthermia susceptibility is 
associated with a mutation of the alpha 1-subunit of the human dihydropyridine-sensitive 
L-type voltage-dependent calcium-channel receptor in skeletal muscle. American Journal 
of Human Genetics 1997;60(6):1316-1325. 

222. Bellinger AM, Reiken S, Carlson C, Mongillo M, Liu X, Rothman L, Matecki S, 
Lacampagne A, Marks AR. Hypernitrosylated ryanodine receptor/calcium release 
channels are leaky in dystrophic muscle. Nature medicine 2009;15(3):325-330. 

223. Xin H-B, Senbonmatsu T, Cheng D-S, Wang Y-X, Copello JA, Ji G-J, Collier ML, Deng 
K-Y, Jeyakumar LH, Magnuson MA and others. Oestrogen protects FKBP12.6 null mice 
from cardiac hypertrophy. Nature 2002;416(6878):334-338. 

224. Wehrens XHT, Lehnart SE, Huang F, Vest JA, Reiken SR, Mohler PJ, Sun J, 
Guatimosim S, Song L-S, Rosemblit N and others. FKBP12.6 Deficiency and Defective 
Calcium Release Channel (Ryanodine Receptor) Function Linked to Exercise-Induced 
Sudden Cardiac Death. Cell 2003;113(7):829-840. 

225. Kohno M, Yano M, Kobayashi S, Doi M, Oda T, Tokuhisa T, Okuda S, Ohkusa T, 
Kohno M, Matsuzaki M. A new cardioprotective agent, JTV519, improves defective 
channel gating of ryanodine receptor in heart failure. American Journal of Physiology - 
Heart and Circulatory Physiology 2003;284(3):H1035-H1042. 

226. Yano M, Kobayashi S, Kohno M, Doi M, Tokuhisa T, Okuda S, Suetsugu M, Hisaoka T, 
Obayashi M, Ohkusa T and others. FKBP12.6-Mediated Stabilization of Calcium-
Release Channel (Ryanodine Receptor) as a Novel Therapeutic Strategy Against Heart 
Failure. Circulation 2003;107(3):477-484. 

227. Sacherer M, Sedej S, Wakuła P, Wallner M, Vos MA, Kockskämper J, Stiegler P, 
Sereinigg M, von Lewinski D, Antoons G and others. JTV519 (K201) reduces 
sarcoplasmic reticulum Ca(2+) leak and improves diastolic function in vitro in murine 
and human non-failing myocardium. British Journal of Pharmacology 2012;167(3):493-
504. 

228. Doi M, Yano M, Kobayashi S, Kohno M, Tokuhisa T, Okuda S, Suetsugu M, Hisamatsu 
Y, Ohkusa T, Kohno M and others. Propranolol Prevents the Development of Heart 
Failure by Restoring FKBP12.6-Mediated Stabilization of Ryanodine Receptor. 
Circulation 2002;105(11):1374. 

229. Shin DW, Pan Z, Bandyopadhyay A, Bhat MB, Kim DH, Ma J. Ca(2+)-dependent 
interaction between FKBP12 and calcineurin regulates activity of the Ca(2+) release 
channel in skeletal muscle. Biophysical Journal 2002;83(5):2539-2549. 

230. Molkentin JD, Lu J-R, Antos CL, Markham B, Richardson J, Robbins J, Grant SR, Olson 
EN. A Calcineurin-Dependent Transcriptional Pathway for Cardiac Hypertrophy. Cell 
1998;93(2):215-228. 

231. Wilkins BJ, Molkentin JD. Calcineurin and cardiac hypertrophy: Where have we been? 
Where are we going? The Journal of Physiology 2002;541(Pt 1):1-8. 

232. Wilkins BJ, Molkentin JD. Calcium-calcineurin signaling in the regulation of cardiac 
hypertrophy. Biochemical and Biophysical Research Communications 2004;322(4):1178-
1191. 



 

 137 

233. Yang D, Ma S, Tan Y, Li D, Tang B, Zhang X, Sun M, Yang Y. Increased expression of 
calpain and elevated activity of calcineurin in the myocardium of patients with congestive 
heart failure. Int J Mol Med 2010;1:159-64. 

234. Parsons JN, Wiederrecht GJ, Salowe S, Burbaum JJ, Rokosz LL, Kincaid RL, O'Keefe 
SJ. Regulation of calcineurin phosphatase activity and interaction with the FK-506.FK-
506 binding protein complex. Journal of Biological Chemistry 1994;269(30):19610-
19616. 

235. Cavallucci V, Berretta N, Nobili A, Nistico R, Mercuri NB, D'Amelio M. Calcineurin 
Inhibition Rescues Early Synaptic Plasticity Deficits in a Mouse Model of Alzheimer’s 
Disease. Neuromol Med 2013;15:541. 

236. Xifró X, Giralt A, Saavedra A, García-Martínez JM, Díaz-Hernández M, Lucas JJ, 
Alberch J, Pérez-Navarro E. Reduced calcineurin protein levels and activity in exon-1 
mouse models of Huntington's disease: Role in excitotoxicity. Neurobiology of Disease 
2009;36(3):461-469. 

237. Fuentes JJ, Genescà L, Kingsbury TJ, Cunningham KW, Pérez-Riba M, Estivill X, Luna 
Sdl. DSCR1, overexpressed in Down syndrome, is an inhibitor of calcineurin-mediated 
signaling pathways. Human Molecular Genetics 2000;9(11):1681-1690. 

238. Ermak G, Morgan TE, Davies KJA. Chronic Overexpression of the Calcineurin 
Inhibitory Gene DSCR1 (Adapt78) Is Associated with Alzheimer's Disease. Journal of 
Biological Chemistry 2001;276(42):38787-38794. 

239. Zhang T, Brown JH. Role of Ca2+/calmodulin-dependent protein kinase II in cardiac 
hypertrophy and heart failure. Cardiovascular Research 2004;63(3):476-486. 

240. Swaminathan PD, Purohit A, Hund TJ, Anderson ME. CaMKII: linking heart failure and 
arrhythmias. Circulation Research 2012;110(12):1661-1677. 

241. Ataei N, Sabzghabaee AM, Movahedian A. Calcium/Calmodulin-dependent Protein 
Kinase II is a Ubiquitous Molecule in Human Long-term Memory Synaptic Plasticity: A 
Systematic Review. International Journal of Preventive Medicine 2015;6:88. 

242. Soderling TR. Calcium/calmodulin-dependent protein kinase II: role in learning and 
memory. Mol Cell Biochem 1993;127(128):93-101. 

243. Liu N, Ruan Y, Denegri M, Bachetti T, Li Y, Colombi B, Napolitano C, Coetzee WA, 
Priori SG. Calmodulin kinase II inhibition prevents arrhythmias in RyR2(R4496C+/-) 
mice with catecholaminergic polymorphic ventricular tachycardia. Journal of Molecular 
and Cellular Cardiology 2011;50(1):214-222. 

244. Takano K, Yasufuku-Takano J, Morita K, Mori S, Takei M, Osamura RY, Teramoto A, 
Fujita T. Evidence that PKA activity is constitutively activated in human GH-secreting 
adenoma cells in a patient with Carney complex harbouring a PRKAR1A mutation. 
Clinical Endocrinology 2009;70(5):769-775. 

245. Bruystens JGH, Wu J, Fortezzo A, Kornev AP, Blumenthal DK, Taylor SS. PKA RIα 
homodimer structure reveals an intermolecular interface with implications for 
cooperative cAMP binding and Carney complex disease. Structure (London, England : 
1993) 2014;22(1):59-69. 

246. Horvath A, Bertherat J, Groussin L, Guillaud-Bataille M, Tsang K, Cazabat L, Libe R, 
Remmers E, René-Corail F, Faucz FR and others. Mutations and Polymorphisms in the 
Gene Encoding Regulatory Subunit Type 1-alpha of Protein Kinase A (PRKAR1A): An 
Update. Human mutation 2010;31(4):369-379. 



 

 138 

247. Horvath A, Bossis I, Giatzakis C, Levine E, Weinberg F, Meoli E, Robinson-White A, 
Siegel J, Soni P, Groussin L and others. Large deletions of the PRKAR1A gene in Carney 
complex. Clinical Cancer Research 2008;14(2):388-395. 

248. Di Dalmazi G, Kisker C, Calebiro D, Mannelli M, Canu L, Arnaldi G, Quinkler M, Rayes 
N, Tabarin A, Laure Jullié M and others. Novel Somatic Mutations in the Catalytic 
Subunit of the Protein Kinase A as a Cause of Adrenal Cushing's Syndrome: A European 
Multicentric Study. The Journal of Clinical Endocrinology & Metabolism 
2014;99(10):E2093-E2100. 

249. Zilbermint M, Stratakis CA. Protein kinase A defects and cortisol-producing adrenal 
tumors. Current opinion in endocrinology, diabetes, and obesity 2015;22(3):157-162. 

250. Berthon AS, Szarek E, Stratakis CA. PRKACA: the catalytic subunit of protein kinase A 
and adrenocortical tumors. Frontiers in Cell and Developmental Biology 2015;3:26. 

251. Cheung J, Ginter C, Cassidy M, Franklin MC, Rudolph MJ, Robine N, Darnell RB, 
Hendrickson WA. Structural insights into mis-regulation of protein kinase A in human 
tumors. Proceedings of the National Academy of Sciences of the United States of 
America 2015;112(5):1374-1379. 

252. Lathuilière A, Mach N, Schneider BL. Encapsulated Cellular Implants for Recombinant 
Protein Delivery and Therapeutic Modulation of the Immune System. International 
Journal of Molecular Sciences 2015;16(5):10578-10600. 

253. Pakulska MM, Miersch S, Shoichet MS. Designer protein delivery: From natural to 
engineered affinity-controlled release systems. Science 2016;351(6279). 

254. Melville Z, Hernández-Ochoa EO, Pratt SJP, Liu Y, Pierce AD, Wilder PT, Adipietro 
KA, Breysse DH, Varney KM, Schneider MF and others. The Activation of Protein 
Kinase A by the Calcium-Binding Protein S100A1 Is Independent of Cyclic AMP. 
Biochemistry 2017. 

255. Janssen I, Heymsfield SB, Baumgartner RN, Ross R. Estimation of skeletal muscle mass 
by bioelectrical impedance analysis. Journal of Applied Physiology 2000;89(2):465-471. 

256. Endicott JA, Noble MEM, Johnson LN. The Structural Basis for Control of Eukaryotic 
Protein Kinases. Annual Review of Biochemistry 2012;81(1):587-613. 

257. Taylor SS, Keshwani MM, Steichen JM, Kornev AP. Evolution of the eukaryotic protein 
kinases as dynamic molecular switches. Philosophical Transactions of the Royal Society 
B: Biological Sciences 2012;367(1602):2517-2528. 

258. Russo GL, Russo M, Ungaro P. AMP-activated protein kinase: A target for old drugs 
against diabetes and cancer. Biochemical Pharmacology 2013;86(3):339-350. 

259. Zhu X, Lee HG, Raina AK, Perry G, Smith MA. The Role of Mitogen-Activated Protein 
Kinase Pathways in Alzheimer’s Disease. Neurosignals 2002;11(5):270-281. 

260. Maggi LB, Moran JM, Scarim AL, Ford DA, Yoon J-W, McHowat J, Buller RML, 
Corbett JA. Novel Role for Calcium-independent Phospholipase A(2) in the Macrophage 
Antiviral Response of Inducible Nitric-oxide Synthase Expression. Journal of Biological 
Chemistry 2002;277(41):38449-38455. 

261. Weiss S, Oz S, Benmocha A, Dascal N. Regulation of cardiac L-type Ca²⁷ channel 
CaV1.2 via the β-adrenergic-cAMP-protein kinase A pathway: old dogmas, advances, 
and new uncertainties. Circulation Research 2013;113(5):617. 

262. Zimmer DB, Eubanks JO, Ramakrishnan D, Criscitiello MF. Evolution of the S100 
family of calcium sensor proteins. Cell Calcium 2013;53(3):170-179. 



 

 139 

263. Prosser BL, Wright NT, Hernãndez-Ochoa EO, Varney KM, Liu Y, Olojo RO, Zimmer 
DB, Weber DJ, Schneider MF. S100A1 Binds to the Calmodulin-binding Site of 
Ryanodine Receptor and Modulates Skeletal Muscle Excitation-Contraction Coupling. 
Journal of Biological Chemistry 2008;283(8):5046-5057. 

264. Bassel-Duby R, Olson EN. Signaling pathways in skeletal muscle remodeling. Annu Rev 
Biochem 2006;75:19-37. 

265. Liu Y, Randall WR, Schneider MF. Activity-dependent and -independent nuclear fluxes 
of HDAC4 mediated by different kinases in adult skeletal muscle. The Journal of Cell 
Biology 2005;168(6):887-897. 

266. Liu Y, Schneider MF. Opposing HDAC4 nuclear fluxes due to phosphorylation by β-
adrenergic activated protein kinase A or by activity or Epac activated CaMKII in skeletal 
muscle fibres. The Journal of Physiology 2013;591(Pt 14):3605-3623. 

267. Shults MD, Imperiali B. Versatile Fluorescence Probes of Protein Kinase Activity. 
Journal of the American Chemical Society 2003;125(47):14248-14249. 

268. Shults MD, Janes KA, Lauffenburger DA, Imperiali B. A multiplexed homogeneous 
fluorescence-based assay for protein kinase activity in cell lysates. Nat Meth 
2005;2(4):277-284. 

269. Cheng Y, Prusoff W. Relationship between the inhibition constant (K1) and the 
concentration of inhibitor which causes 50 per cent inhibition (I50) of an enzymatic 
reaction. Biochem Pharmacol 1973;23:3099-108. 

270. Wilder PT, Baldisseri DM, Udan R, Vallely KM, Weber DJ. Location of the Zn2+-
Binding Site on S100B As Determined by NMR Spectroscopy and Site-Directed 
Mutagenesis. Biochemistry 2003;42(46):13410-13421. 

271. Schumann F, Riepl H, Maurer T, Gronwald W, Neidig K-P, Kalbitzer H. Combined 
chemical shift changes and amino acid specific chemical shift mapping of protein-protein 
interactions. Journal of Biomolecular NMR 2007;39(4):275-289. 

272. Williamson MP. Using chemical shift perturbation to characterise ligand binding. 
Progress in Nuclear Magnetic Resonance Spectroscopy 2013;73:1-16. 

273. Hernández-Ochoa EO, Robison P, Contreras M, Shen T, Zhao Z, Schneider MF. Elevated 
extracellular glucose and uncontrolled type 1 diabetes enhance NFAT5 signaling and 
disrupt the transverse tubular network in mouse skeletal muscle. Experimental biology 
and medicine (Maywood, N.J.) 2012;237(9):1068-1083. 

274. Hernández-Ochoa EO, Vanegas C, Iyer SR, Lovering RM, Schneider MF. Alternating 
bipolar field stimulation identifies muscle fibers with defective excitability but 
maintained local Ca(2+) signals and contraction. Skeletal Muscle 2015;6:6. 

275. Hoover F, Kalhovde JM, Dahle MK, Skålhegg B, Taskén K, Lømo T. Electrical Muscle 
Activity Pattern and Transcriptional and Posttranscriptional Mechanisms Regulate PKA 
Subunit Expression in Rat Skeletal Muscle. Molecular and Cellular Neuroscience 
2002;19(2):125-137. 

276. Hoover F, Mathiesen I, Skålhegg B, Lømo T, Taskén K. Differential expression and 
regulation of the PKA signalling pathway in fast and slow skeletal muscle. Anat Embryol 
(Berl) 2001;203(3):193-201. 

277. Baudier J, Glasser N, Gerard D. Ions binding to S100 proteins. I. Calcium- and zinc-
binding properties of bovine brain S100 alpha alpha, S100a (alpha beta), and S100b (beta 
beta) protein: Zn2+ regulates Ca2+ binding on S100b protein. Journal of Biological 
Chemistry 1986;261(18):8192-8203. 



 

 140 

278. Haimoto H, Hosoda S, Kato K. Differential distribution of immunoreactive S100-alpha 
and S100-beta proteins in normal nonnervous human tissues. Laboratory Investigation 
1987;57(5):489-498. 

279. Haimoto H, Kato K. S100a0 (alpha alpha) protein in cardiac muscle. Isolation from 
human cardiac muscle and ultrastructural localization. Eur J Biochem 1988;171(1-2):409-
15. 

280. Schneider MF. Control of Calcium Release in Functioning Skeletal Muscle Fibers. 
Annual Review of Physiology 1994;56(1):463-484. 

281. Wright NT, Cannon BR, Zimmer DB, Weber DJ. S100A1: Structure, Function, and 
Therapeutic Potential. Current chemical biology 2009;3(2):138-145. 

282. Inman KG, Yang R, Rustandi RR, Miller KE, Baldisseri DM, Weber DJ. Solution NMR 
Structure of S100B Bound to the High-affinity Target Peptide TRTK-12. Journal of 
Molecular Biology 2002;324(5):1003-1014. 

283. Vigil D, Blumenthal DK, Heller WT, Brown S, Canaves JM, Taylor SS, Trewhella J. 
Conformational Differences Among Solution Structures of the Type Iα, IIα and IIβ 
Protein Kinase A Regulatory Subunit Homodimers: Role of the Linker Regions. Journal 
of Molecular Biology 2004;337(5):1183-1194. 

284. Imaizumi-Scherrer T, Faust DM, Benichou J-C, Hellio R, Weiss MC. Accumulation in 
fetal muscle and localization to the neuromuscular junction of cAMP-dependent protein 
kinase A regulatory and catalytic subunits RI alpha and C alpha. The Journal of Cell 
Biology 1996;134(5):1241-1254. 

285. Schaub MC, Heizmann CW. Calcium, troponin, calmodulin, S100 proteins: From 
myocardial basics to new therapeutic strategies. Biochemical and Biophysical Research 
Communications 2008;369(1):247-264. 

286. Edison AS, Abildgaard F, Westler WM, Mooberry ES, Markley JL. [1] Practical 
introduction to theory and implementation of multinuclear, multidimensional nuclear 
magnetic resonance experiments. Methods in Enzymology. Volume Volume 239: 
Academic Press; 1994. p 3-79. 

287. Live D, Davis D, Agosta W, Cowburn D. Long range hydrogen bond mediated effects in 
peptides: 15N NMR study of gramicidin S in water and organic solvents. J. Am. Chem. 
Soc. 1984;106:1939-41. 

288. Spera S, Bax A. Empirical correlation between protein backbone conformation and Ca 
and Cb/13-C nuclear magnetic resonance chemical shifts. J. Am. Chem. Soc. 
1991;113:5490-2. 

 

 


