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Abstract 

Title of Dissertation: The Role and Inhibition of S100B in Melanoma Cell Signaling 

Kira Gianni Hartman, Doctor of Philosophy, 2012 

Dissertation Directed by:  Dr. David Weber, Professor and Director,  

Center of Biomolecular Therapeutics  

Department of Biochemistry and Molecular Biology 

School of Medicine at the University of Maryland, 

Baltimore 

 

The calcium-binding protein S100B is an effective and extensively used 

prognostic marker for melanoma, with increasing S100B being predictive of disease 

stage, increased recurrence, and low survival. Establishing the mechanism by which 

S100B alters cell signaling provides insight into how it may facilitate the progression of 

melanoma and aid in developing new pharmacological drugs to inhibit cancer 

advancement. To evaluate the significance of S100B in melanoma, knock-down and 

over-expression studies were conducted, finding a positive correlation between S100B 

expression and cell viability, as well as ERK phosphorylation. However, phosphorylation 

of RSK, a downstream ERK target, was determined to have an inverse relationship with 

S100B. Over-expression of a calcium-binding mutant S100B yields neither effect, 

indicating that each response is calcium-dependent. Pull-down experiments established 

the direct calcium-dependent binding of S100B to the C-terminus of RSK and kinase 

assays demonstrated that S100B prevents RSK phosphorylation at Thr573. Over-

expression of S100B in melanoma cells reduces the phosphorylation of RSK, 

sequestering it in the cytosol. Conversely, cells with diminished S100B expression 

exhibited increased staining of phosphorylated RSK within the nucleus. Together these 

data are consistent with a mechanism in which elevated S100B binds RSK directly in a 



calcium-dependent manner, preventing ERK-mediated phosphorylation and subsequent 

nuclear translocation. Thus, S100B uniquely affects MAPK signaling by increasing levels 

of phosphorylated ERK while simultaneously preventing the phosphorylation of RSK.  

Capitalizing on this discovery, in addition to previously known S100B 

interactions such as with p53, we are searching for S100B inhibitors that will prevent 

cancer progression. To this end, in vitro FPCA was employed to rapidly screen 2,000 

compounds, establishing whether they bind Ca
2+

-loaded S100B and inhibit S100B target 

complex formation. Building upon this, we developed a cell-based high throughput assay 

capable of screening an extensive library of 14,400 compounds, in addition to 26 putative 

S100B inhibitors identified through FPCA, by comparing their effects on cells expressing 

elevated S100B to cells where S100B has been significantly knocked-down. The desired 

endpoint of this research is the development of a drug with therapeutic activity for the 

treatment of malignant melanoma and/or other cancers with elevated S100B.
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Chapter I.  Introduction 

 

A. Human Melanoma 

a. Overview 

Human melanoma is defined and a brief background on the disease is given. 

Clinical statistics are provided, including lifetime risk and survival rates. Diagnostic tools 

and biomarkers are discussed, as well as current treatment options.  

 

b. Characteristics and statistics 

Melanoma of the skin arises when melanocytes, one of the cells found in the 

epidermis, experience unregulated cell growth, forming tumors, and invading 

neighboring tissues (Figure 1.1). Although melanoma is the least common of all the skin 

cancers, it accounts for 79% of skin cancer-related deaths. According to the American 

Cancer Society the number of new melanoma cases has been increasing for years, and it 

is estimated that 76,250 new patients will be diagnosed with melanoma in 2012 (1-3).  

In general, an individual has about a 2% risk of developing melanoma of the skin 

in their lifetime; however, there are several additional factors that can increase this risk. 

Excessive exposure to ultraviolet (UV) light, mainly from the sun and tanning lamps, is 

thought to be the greatest contributor, along with family history, and complexion. 

Caucasians with fair skin, light hair, light eyes, and freckles, who easily burn in the sun, 

are at a significantly higher risk of developing skin cancer. The amount of moles present 

on the skin is also a red flag because the chance of abnormalities increases with number. 

Several easy steps can be taken to reduce the environmental risk factors, such as limiting 
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exposure to intense sunlight and UV rays, always wearing sunscreen with a minimum sun 

protection factor (SPF) of 30, and regularly checking moles (1-3). 

 

 

 

 

 

The discovery of a new spot on the skin or a pre-existing freckle or mole that has 

changed is the classic warning sign of melanoma. By inspecting the spot for asymmetry, 

irregular borders, uneven coloring, or an increase in diameter, known as the ABCD rule, 

abnormalities can be detected early and removed. Shortly following the diagnosis of 

melanoma, the tumor stage is determined. Tumors are assigned a stage (0 – IV) based on 

the thickness of the melanoma, mitotic rate, presence of ulceration, lymph node 

involvement, and metastasis. Staging can also be determined with the use of clinical 

biomarkers, proteins that are present in the blood or other bodily fluids that assess the 

severity or progression of a disease. Several biomarkers for melanoma have been 

Epidermis 

Dermis 

Subcutis 

Figure 1.1 Location of melanocytes in human skin. Skin is made up 

of three layers; the epidermis, dermis, and subcutis. The epidermis is 

the outermost layer, and is where normal melanocytes reside. 

Melanoma is the cancer that arises when melanocytes experience 

unregulated cell growth as a result of genetic or acquired mutations. 

Figure from A.D.A.M., Inc. 
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proposed including lactate dehydrogenase (LDH), melanoma inhibiting activity protein 

(MIA), and S100B (4). S100B is the best-studied and most widely used melanoma 

marker, with increased S100B indicative of advanced disease stage, poor therapeutic 

response, increased recurrence, and low overall survival (5,6). Additional data relating to 

S100B’s prognostic value will be presented in the next section (1-3). 

Stage 0, I, and II are considered localized tumors, while stage III is regional, and 

stage IV is distant or metastasized. The higher the stage of the melanoma, the more 

advanced the cancer is, and the worse the prognosis is for the patient. This is exemplified 

by comparing the 5-year relative survival rates for localized, regional, and distant 

melanomas, which are 98.2%, 62.4%, and 15.1%, respectively (1-3).  

 

c. Current therapies 

Surgery is almost always the first and best treatment option, often curing early 

stage melanomas. More advanced cancers; however, require additional treatments 

including chemotherapy and radiation. Melanoma is notoriously resistant to these 

conventional treatments though, and as a result they are mainly used to relieve painful 

symptoms, reduce tumor size, and extend the life of the patient (1-3).  

Immunotherapy of malignant melanoma has recently received attention following 

the FDA approval of a monoclonal antibody targeting cytotoxic T lymphocyte-associated 

antigen 4 (CTLA-4) called Ipilimumab (Bristol-Myers Squibb) (7). This treatment 

functions by blocking CTLA-4 expressed on cytotoxic T lymphocytes thereby allowing 

for sustained immune activity and inducing an antitumor response (7,8). Ipilimumab has 

produced relatively meaningful results in clinical trials; however, only a percentage of 
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patients respond to the treatment (7). While continued research on immune-mediated 

targeting of tumor cells will provide a more complete mechanistic understanding and 

potentially drive the development of improved monoclonal antibodies, additional 

treatments must still be pursued. 

The development of protein inhibitors capable of targeting specific oncogenic 

signaling pathways are very promising alternative treatments for melanoma; however, 

many of the target inhibitors presented to-date exhibit detrimental off-target effects. A 

thorough discussion of the compounds designed to inhibit the kinases of the MAPK 

signaling cascade, including BRAF, MEK, and RSK will be presented in a later section 

of this chapter. 
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B. The S100B calcium-binding protein 

a. Overview  

The S100 family of calcium-binding proteins is introduced, providing background 

on their discovery, various functions, and clinical implications, particularly their roles in 

human diseases. The importance of S100B is discussed at length, focusing on its cellular 

targets and significance in human diseases, including malignant melanoma. Strategies for 

the successful design of small molecule inhibitors of S100B are briefly summarized. 

 

b. S100 protein family  

The S100 family of proteins is a unique class of EF-hand calcium binding 

proteins composed of more than 20 members making it the largest of the EF-hand super 

family (Table 1.1). The majority of the genes encoding the S100 proteins are clustered at 

chromosome locus 1q21, and are subsequently designated by the stem symbol S100A and 

differentiated by an Arabic number. Those members of the S100 family that are not 

located in this cluster are given the stem symbol S100 followed by a letter other than A 

(S100B, S100G, and S100P) (9). The first S100 was discovered in 1965 in a subcellular 

fraction from bovine brain tissue and procured its name from being soluble in 100% 

saturated ammonium sulfate at neutral pH during purification. It was later determined 

that this sample contained two similar, but distinct proteins that were designated S100  

and S100 , now referred to as S100A1 and S100B, respectively (10,11).  All of the S100 

proteins are relatively small (9-12 kDa) and most commonly exist as homodimers in 

which the two monomers are held together by non-covalent bonds and arranged in an 

anti-parallel fashion, though heterodimers have also been documented, particularly 
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between S100A1 and S100B, as well as S100A8 and S100A9 (12,13). S100G, the sole 

outlier, is currently the only known member that exists as a monomer, as it lacks the 

hydrophobic residues that are required to form the dimerization plane. As a result, S100G 

serves as a cytosolic Ca
2+

 buffer instead of functioning as a Ca
2+

 signaler like the other 

S100 proteins (9,14). A possible explanation for why dimers are usually the preferred 

formation is due to the fact that helix 1 has been found to be involved in the binding 

interfaces of both monomers, which increases the target binding strength (15,16). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.2.  (Following page) Alignment of the amino acid sequence of the 

S100 protein family to S100B with the conserved residues shaded in gray, the 

EF-hand residues of the N-terminal “S100” or pseudo EF-hand in blue letters, 

and the C-terminal typical EF-hand in green letters.  The secondary structure of 

Ca
2+

-S100B is shown with loops representing -helices and the arrow -sheet.  

Known Zn
2+

/Cu
2+

-ligands are underlined in red letters and the boxed area shows 

areas of conserved amino acids ligands for Zn
2+

/Cu
2+

 (C,H,D,E) that may form a 

common Zn
2+

/Cu
2+

 binding site composed of residues from helix 1 of one 

monomer to helix 4 of the second monomer.  All of the sequences are human 

except S100A17, which is mouse.  (* = mpaawilwahshse; # = hkpglgegtp; ψ = 

for S100A17 only residues 1 - 99 of 638 total are shown; Φ = for repetin only 

residues 1 - 99 of 784 total are shown) 
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  Table 1.1         

              

  S100 nomenclature and synonyms     

              

  S100 Protein   Synonyms   

              

  S100A1     S100      

  S100A2     S100L, CaN19   

  S100A3     S100E     

  S100A4     metastasin, calbasculin, MTS1, CAPL, p9Ka, pEL98,    

        18A2, 42A, FSP   

  S100A5     S100D     

  S100A6     calcyclin, CACY, 2A9, PRA, CABP, 5B10, SIP   

  S100A7 (isoforms a-c) psoriasin, PSOR1, BDA111, CAAF2   

  S100A7A     S100A15, S100A7L1   

  S100A7B     S100A7L2 (S100A7-like2)   

  S100A7D     S100A7P1 (S100A7-pseudogene 1)   

  S100A7E     S100A7P2 (S100A7-pseudogene 2)   

  S100A8     calgranulin A, CAGA, MRP8, p8, CGLA, CP-10, L1    

        light chain, MIF, NIF, L1Ag, MA387, 60B8AG, CFAG   

  S100A9     calgranulin B, CAGB, MRP14, p14, CGLB, L1 heavy    

        chain, MIF, NIF, L1Ag, MA387, 60B8AG, CFAG   

  S100A10     annexin II ligand, calpactin I, light polypeptide,    

        ANX2LG, CAL1L, CLP11, ANX2L, p11, p10, 42C,   

        GP11     

  S10011     calgirzzin, S100C, MLN70   

  S10011P     S100A11 pseudogene, S100A14   

  S100A12     calgranulin C, CAAF1, CGRP, MRP6, p6, ENRAGE   

  S100A13           

  S100A14     BCMP84, S100A15   

  S100A15     S100A7L1, S100A7a   

  S100A16     S100F, DT1P1A7, MGC17528   

  S100A17           

  S100B     S100      

  S100G     CALB3, Calbindin D9K, CaBP9K, ICaBP, CABP1   

  S100P           
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The S100 genes are only present in vertebrates and their coding sequences are 

approximately 50% homologous (Figure 1.2) (9). Generally, the S100 gene structure 

consists of three exons and two introns, where the first exon is noncoding. The highest 

sequence similarity is found in the Ca
2+

 binding domains, while the hinge region and the 

C-terminal loop share the least amount of sequence similarity, likely allowing for 

individual target specificity (9,15,17). While S100 proteins have no inherent enzymatic 

activity, they are still important biological regulators through specific Ca
2+

-dependent 

protein-protein interactions (11,18). Each monomer of this family of proteins contains 

two EF-hand calcium-binding domains interconnected by a hinge region. At the N-

terminus resides the “S100” or “pseudo” EF-hand (EF1), a variant composed of basic 

residues as opposed to acidic residues, and distinguishes S100s from other calcium 

signaling proteins. The canonical EF-hand (EF2) can be found at the C-terminus of each 

monomer (Figure 1.3). Typically, the S100 EF-hand binds Ca
2+

 with a much lower 

affinity than the true EF-hand, though this varies among the S100 family members. In 

addition to binding Ca
2+

, S100 proteins also bind Zn
2+

, and some even bind Cu
2+

 at a 

separate site from the calcium-binding domains, often affecting the protein’s affinity for 

Ca
2+

, as well as the target.  Similar to Ca
2+

 , when bound to these other metals, S100 

proteins undergo a conformation change that is also thought to expose hydrophobic 

residues (19).  However, in most studies, particularly in the case of S100B, Zn
2+

-binding 

alone is not capable of inducing target binding, but functions in conjunction with Ca
2+

 by 

increasing S100B’s affinity for its target proteins (20,21).  In fact, S100B’s affinity for 

intracellular Ca
2+

 may be too low to be activated without the addition of Zn
2+

. This is 
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unlikely to be an issue for extracellular functionality, since Ca
2+

 and the other metals are 

present at higher concentrations in this location (15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Along with the different metal binding properties of the S100 proteins, the fact 

that the S100 genes are expressed in both a cell type and tissue-specific manner helps 

explain the diverse functions this family is responsible for (18,22). Certain S100 proteins 

display extremely restricted distribution, like S100A3 in mammalian hair cuticles, while 

others are more widely expressed, such as S100A2 which is observed in the kidney, lung, 

Figure 1.3. X-ray crystal structure of Ca
2+

-S100.  Typical structure of a 

calcium-loaded S100 homodimer showing the X-type 4-helix bundle with 

helix 4 (H4) and H4’ along with H1 and H1’.  The N-terminal S100 EF-hand 

with calcium binding site I is formed between H1 and H2.  The typical EF-

hand is found at the C-terminus with calcium binding site II between H3 and 

H4.  A flexible linker termed the “hinge” region connects the two EF-hands.  
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brain, intestine, and muscle (23-25). There are also cell types that express multiple S100 

proteins, an example of which are human smooth muscle cells, where S100A1, S100A2, 

S100A4, and S100A6 have all been observed, each in a specific subcellular location. 

S100A1 and S100A4 are associated with active stress fibers, as well as the sarcoplasmic 

reticulum, while S100A6 is mainly found around the nucleus, and S100A2 resides inside 

the nucleus (25,26). Additionally, extracellular functions have been documented for 

S100A4, S100A8, S100A9, and S100B, among others, in part mediated by the cell 

surface receptor for glycation end products (RAGE) (9,22,25).  

Accordingly, the functional roles of the S100 proteins are equally diverse and are 

involved in calcium homeostasis, cell-cell communication, cell proliferation, 

differentiation, cytoskeletal dynamics, and cell morphology (6,9,15,27).  The exact 

pathophysiological implications of deregulated S100 gene expression are still largely 

unknown; however, links have been made to numerous diseases including 

cardiomyopathies, inflammatory diseases, mental disorders, neurodegeneration, and 

cancer (Table 1.2). For example, down-regulation of S100A1 is associated with end-

stage heart failure, while S100A8, S100A9, and S100A12 have pro-inflammatory 

functions that have been observed in rheumatoid arthritis, chronic bronchitis, and cystic 

fibrosis (9,28-30). Differential S100 protein expression is exhibited in several types of 

cancer including breast, lung, and pancreatic cancer (9,15). This is possibly attributable to 

the frequency in which chromosome 1q21 undergoes deletions and/or rearrangements. 

Breast cancer tumors can even express elevated levels of more than one S100 protein, 

such as S100A4, S100A6, and S100P (31-33). S100B is strongly associated with human 

malignant melanoma, in addition to neurodegenerative and mental disorders (6,34-37). 
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Future research on the members of this protein family will likely lead to a more complete 

understanding of how these diseases arise and how to treat them. 

 

 

 

 

 

  Table 1.2         

              

  Human diseases associated with S100 proteins   

              

  Protein     Disease association   

              

  S100A1     Cardiomyopathies   

             

  S100A2         

  S100A3         

  S100A4         

  S100A5   
Cancer 

    

  S100A6       

  S100A10         

  S100P         

  S100B         

            

  S100A7  
Psoriasis 

    

  S100A15     

          

  S100A8        

  S100A9 Inflammatory disorders   

  S100A12       

          

  S100B     Neurodegeneration   
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c. S100B 

i. Characteristics and activities 

S100B (previously described as S100 ) is one of the most extensively studied 

members of the S100 family. S100B is a 21.5 kDa symmetric homodimer that is found in 

melanocytes, glial cells, chondrocytes, and adipocytes, exhibiting both intra- and 

extacellular functionality (6,15). For example, S100B is present at high intracellular 

levels in glial cells and, when excreted, regulates neuronal cell activities. Low amounts of 

extracellular S100B promote growth and survival in nearby neuronal cells, while elevated 

amounts can lead to neuronal cell apoptosis (6,38). Similarly, in melanocytes, low levels 

of S100B are sufficient for normal cellular function, but serious complications arise when 

the levels become elevated.  

Like the rest of the S100s, there are 4 alpha helices found in each monomer of 

S100B: helix 1, helix 2, and loop 1 comprise the first HLH motif of the S100 EF-hand, 

whereas helix 3, helix 4, and loop 2 make up the canonical EF-hand. These motifs are 

connected by the “hinge” region, consisting of 10-12 residues crucial for target 

interactions. Upon binding Ca
2+

, S100B undergoes a significant conformational change 

where helix 3 becomes perpendicular to helix 4, exposing a hydrophobic cleft where 

molecular targets are bound (Figure 1.4) (17). It has previously been determined that the 

Ca
2+

 binding affinity of the typical EF-hand of the S100B monomer is 5-fold tighter than 

that of the S100 EF-hand (39). The weaker S100 EF-hand binds Ca
2+

 with a relatively 

low affinity (KD = 200 – 500 µM), while the true EF-hand binds Ca
2+

 with a much higher 

affinity (KD = 20 – 50 µM) (39,40). As previously stated, S100B also binds Zn
2+

 with a 

relatively high affinity (KD = 94.2 ± 16.7 nM), increasing S100B Ca
2+

-binding by as 
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much as 10-fold (40,41). The addition of Zn
2+

 also results in significantly tighter target 

protein binding (20,41).  

 

 

 

 

 

 

S100B has been discovered to have a variety of target proteins, and thus has been 

implicated in a wide range of cellular functions (42). The Weber group has previously 

shown that S100B directly interacts with p53, inhibiting tetramerizaton and protein 

kinase C (PKC)-dependent phosphorylation, consequently decreasing p53 DNA binding 

and transcriptional activity (40,43-45). Hdm2 has also been identified as a S100B target, 

suggesting the possibility that the two work in concert to regulate p53 function (46). In 

addition to p53, S100B inhibits the phosphorylation of multiple other PKC targets, 

including myristoylated alanine-rich C-kinase substrate (MARCKS), -protein, and 

caldesmon (47-49). S100B’s calcium-dependent interactions with -protein and 

caldesmon contribute to the modulation of cytoskeletal dynamics via microtubule 

assembly and/or disassembly, and regulation of actin and myosin, respectively (49,50).  

Apo-S100B Holo-S100B 

Figure 1.4. Apo- vs. Holo- S100B. Ribbon diagrams comparing the 

structure of unbound S100B to the structure of calcium-loaded S100B, 

illustrating the drastic conformational change that occurs between helix 3 and 

helix 4 in order to create the hydrophobic cleft necessary to bind target 

proteins. 
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Several important kinases have also been identified as S100B targets. The nuclear 

Dbf2-related (NDR) protein is a serine/threonine kinase that is targeted by S100B. This 

particular interaction does not appear to be completely calcium-dependent; however, 

binding does occur at a much higher affinity in the presence of calcium. Unlike, the 

targets mentioned previously, S100B exhibits a stimulatory effect on NDR, inducing 

autophosphorylation, and a subsequent increase in its kinase activity. Therefore, S100B is 

thought to play a role in cell division, as well as cell morphology (42,51). S100B has 

been discovered to further impact cytoskeletal dynamics by binding and activating Src 

kinase in astrocytes thereby inducing PI3K activity. As a result of this interaction, S100B 

was found to participate in organizing F-actin bundles in cell extensions and to have an 

inverse relationship with GFAP filaments, suggesting a role for S100B in regulating cell 

shape and maintaining an invasive phenotype (52). 

S100B is also associated with the regulation of AHNAK, a protein found in 

epithelial cells, cardiomyocytes, and in abundance in melanoma cell cytoplasm. Both 

Ca
2+

 and Zn
2+

 are required for maximal binding, consequently affecting AHNAK-protein 

interactions, in particular with the L-type calcium channel. With AHNAK implicated in 

calcium flux and S100B modulating AHNAK activity, S100B is posited to also be 

involved in cellular Ca
2+

 homeostasis regulation (21,42). 

S100B’s ability to bind such a diverse array of proteins is partially attributable to 

the loosely defined S100B target consensus sequence that features a hydrophobic residue 

in the protein target that interacts directly with S100B (46). In addition to those listed 

above, there are still several other proteins that have been implicated as S100B targets 

and it is likely that there are even more that are yet to be identified. S100B can also 
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employ different modes of function depending on the specific target it is interacting with. 

For example, in the S100B-NDR association, S100B binds to a region distinct from the 

active site, inducing a conformational change in NDR that stimulates 

autophosphorylation, ultimately activating the protein (51). The alternative mechanism 

known to be utilized by S100B is observed with the well documented interactions 

between S100B and several PKC phosphorylation targets, in which S100B binds to a 

critical location on the target that sterically blocks its phosphorylation by an upstream 

kinase, usually to inhibit its activation (44,45,52). 

S100B also has discrete extracellular signaling functions. S100B is actively 

secreted in certain cell types and is regulated by numerous factors. For example, in 

astrocytes, increased S100B secretion can be stimulated by tumor necrosis factor (TNF)-

, MPTP, natural antioxidants, or high cystolic Ca
2+

 and decreased by high glucose or 

glutamate (42,53-59). It is also possible that S100B enters the bloodstream after leaking 

from damaged cells into the extracellular space. Extracellular S100B exerts effects on 

cellular activities that are transduced by RAGE and likely additional receptors that are yet 

to be identified (42,60,61).  In microglia, there are multiple pathways that are transduced 

as a result of extracellular S100B-receptor binding (Figure 1.5) (42). Specifically, 

accumulation of S100B stimulates expression of iNOS, NO release, and upregulation of 

cyclo-oxygenase (COX)-2, all of which participate in the brain inflammatory response. 

Microglial production of interleukin (IL)-1  and TNF-  is also stimulated, suggesting a 

positive feedback cycle favoring these effects, as TNF-  increases S100B secretion from 

astrocytes, which allows for continued S100B-mediated paracrine signaling in microglia 

(42,62). The cellular responses elicited by extracellular S100B vary depending on 
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concentration (nM or µM), cell type, and environment. Chapter V will investigate the 

effects of extracellular S100B on MAPK signaling in human malignant melanoma. 

 

 

Figure 1.5. Model of S100B molecular mechanisms. Accumulation of 

S100B in the extracellular space and binding to RAGE or a yet unknown 

receptor leads to over-production of ROS, which activates the ERK MAPK 

pathway, while inhibiting p38 MAPK, ultimately affecting cell proliferation, 

survival, and differentiation. 
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 Despite its apparent disparate cellular functions, evidence is mounting that 

indicates that S100B acts to stimulate proliferation and migration, while suppressing 

differentiation and apoptosis (Figure 1.5) (52,63,64). Arcuri et al. showed that 

expression of S100B in neuronal cells results in increased proliferation and decreased 

responsiveness to the differentiation agent NGF, attributed to S100B-induced AKT 

activation (64). Shortly thereafter Riuzzi et al. found that in myoblasts S100B stimulated 

ERK phosphorylation, promoting proliferation, and, at low concentrations, also induced 

NF-κB activity, resulting in protection from apoptosis. Concomitantly, but independently, 

S100B inhibited p38 phosphorylation and, as a result, differentiation (63). Similarly, in 

astrocytes, an increase in activated ERK was observed upon addition of extracellular 

S100B, suggesting that proliferation in this cell type may be mediated by the MAPK 

pathway as well (65). With this knowledge, therapeutic strategies are underway to target 

Ca
2+

-bound S100B with small molecule inhibitors, block the Ca
2+

-dependent S100B-

target interactions with the hopes of inhibiting the progression of cancers, particularly 

malignant melanoma. Chapters III and IV will focus on the development and screening of 

compounds that target S100B.
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ii. S100B in pathology 

Over-expression of S100B in brain tissue can be detrimental and has been linked 

to several neurological disorders (66). S100B in neuropathology has been most 

extensively studied in Alzheimer’s disease (AD), with postmortem, cerebrospinal fluid 

(CSF), and serum studies having been conducted (36). Patients suffering specifically 

from senile AD or vascular dementia were shown to have very high concentrations of 

S100B antibodies in their sera (67). Additionally, increased densities of activated 

astrocytes located near neuritic plaques express significantly elevated levels of S100B in 

AD patients, and an association was established between S100B concentration and 

increasing brain atrophy (68-70).  

Down’s syndrome (DS) arises from trisomy of chromosome 21, where the human 

S100B gene resides (bands 21q22.2 and 22.3); thus, observed elevation of S100B 

concentrations in DS patients is not surprising. S100B expression was found to be 

significantly correlated with cerebral -amyloid depositions. DS patients not only exhibit 

similar pathology to AD, but are also predisposed to early onset AD (71). 

The clinical utility of S100B as a marker to identify and characterize the severity 

of neurological diseases and traumas is uncertain due to the overlapping expression of 

S100B in several cell types, multiple mechanisms of secretion, and possible confounding 

factors that need to be considered. Because S100B is associated with more than one 

neurodegenerative disorder, it is not recommended for use in differential diagnoses (36). 

Continued research is necessary to determine its usefulness in monitoring disease 

progression but S100B still remains a potential biomarker.  
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More recently, patients diagnosed with acute schizophrenia were found to 

demonstrate increased levels of CSF and serum S100B, with consistently high S100B 

indicative of persistent negative symptoms and poor therapeutic response. It was 

determined that the increase in S100B was specifically due to active secretion from 

astrocytes as opposed to cellular damage (72). S100B has therefore been proposed as a 

way to evaluate drug efficacy, with the expectation that successful drugs will result in 

decreasing S100B levels in schizophrenic patients (37,73). 

In 1980, S100B was found to be expressed in cultured human malignant 

melanoma cells, and shortly afterwards was determined to be present in melanoma tumor 

biopsies but absent in normal skin samples and non-melanoma tumors (34). Since then 

S100B has proven to be a strong cancer biomarker for melanoma. For example, a study 

conducted by Hauschild et al. with 412 melanoma patients established a threshold value 

of 0.2µg/l S100B, where patients expressing levels below this cutoff were considered 

negative. It was found that S100B serum levels increase with advancing tumor stage, 

indicative of micro- or macro-metastases (Figure 1.6a). Though S100B cannot be used to 

identify tumor thickness or lymph node status, it is still of prognostic value. The higher 

the concentration is at each stage is indicative of poor prognosis, increased recurrence, 

and low overall patient survival (Figure 1.6b) (5,6,74). This suggests that S100B should 

be used as a monitoring therapy. Rising levels of S100B have consistently shown to be a 

sensitive and specific marker of cancer progression and able to detect metastases or 

relapse weeks or even months earlier than alternative methods. S100B can also assist in 

assigning proper treatment and identifying unsuccessful treatments early (6).  
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Figure 1.6 S100B as a prognostic biomarker.  A. S100B serum levels in 

control patients compared to melanoma (stages I-IV) patients. S100B levels 

below the 0.2µg/l threshold were considered negative. Small circles represent 

1 patient and large circles represent 10 patients.  B. Patient survival with 

respect to S100B level. A = consistently negative patients, B = patients 

initially negative but later positive, C = consistently positive patients. Figures 

from Hauschild et al., 1999. 

A. 

B. 
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iii. S100B mutations 

Several studies have been conducted comparing wild-type S100B to various 

mutant S100B proteins in order to gain insight into how target protein function is 

regulated. Individual site-directed point mutations have been created in the Zn
2+

 binding 

site and two key cysteine (Cys) residues, as well as both the S100 and canonical EF-hand 

Ca
2+

 binding domains (39,41,75). Additional double and triple combination mutant 

S100B proteins were also made (Table 1.3) (39,75).  

Wilder et al. identified the residues that affect S100B Zn
2+

-binding the most as 

His-15 and Cys-84, since mutation of these sites resulted in greater than a 28-fold 

decrease in S100B’s affinity for Zn
2+

. However, these mutations do not inhibit the ability 

of S100B to bind its targets, only reducing target peptide affinity (41). Cys-84 not only 

influences Zn
2+

-binding, but has also been found to modulate specific target interactions. 

Mutation of this residue to a serine (C84S) resulted in a loss of phosphoglucomutase 

calcium dependency and loss of tau protein phosphorylation inhibition, but did not affect 

aldolase stimulation. This suggests that S100B may contain more than one target protein 

interaction site (75). The susceptibility of the cysteine residues to redox modifications is 

also of importance and has been shown to be metal binding-dependent, linking the two 

signal transduction processes (76). The effects of oxidative stress on S100B and the 

relation to brain injury has not yet been fully elucidated, but may be advanced though the 

use of the C68S, C84S, and C68S + C84S S100B mutant proteins (55). 

  To thoroughly investigate calcium dependency, a glutamic acid residue in each 

of the Ca
2+

-binding sites of S100B has been changed to an alanine, E31A in the S100 EF-

hand and E72A in the true EF-hand, and the Ca
2+

 affinity for each was determined. 



23 
 

 

Mutation of the S100 EF-hand produces a full order of magnitude reduction in Ca
2+

 

binding to the canonical EF-hand, while the S100 EF-hand retains its ability to weakly 

bind Ca
2+

 even in the presence of the true EF-hand mutation. As a result, it was deduced 

that the two EF-hand domains must be structurally linked. The S100B mutant protein 

containing both of these substitutions (E31A + E72A) was then determined to render the 

protein completely incapable of binding Ca
2+

. Previous structural characterization on the 

each of these Ca
2+

-binding mutant forms of S100B by NMR found minimal chemical-

shift perturbations compared to the wild-type S100B, indicating that proper protein 

folding is preserved (39). Experiments and results described in Chapter II will refer to 

these S100B Ca
2+

-binding mutant proteins. 

 

  Table 1.3           

              

  Mutations of S100B           

              

  Mutation   Site Function   Impact   

              

  C68S   Potential redox regulation site   Control   

              

  C84S   Potential redox regulation site   Affects Ca
2+

, Zn
2+

, &   

          target binding   

              

  C68S + C84S   Both potential redox regulation   Affects Ca
2+

, Zn
2+

, &   

      sites   target binding   

              

  H15A   Zn
2+

 binding site   Abolishes Zn
2+

 binding   

              

  E31A   S100 EF-hand Ca
2+

 binding site   Abolishes Ca
2+

 binding 

              

  E72A   True EF-hand Ca
2+

 binding site   Reduces Ca
2+

 binding   

              

  E31A + E72A   Both EF-hand Ca
2+

 binding sites   Abolishes Ca
2+

 binding 

              

  E31A + E72A + H15A Both EF-hand Ca
2+

 binding sites  Abolishes Ca
2+

 &   

      & Zn
2+

 binding site   Zn
2+

 binding   
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B. The MAPK signaling cascade 

a. Overview 

This section will briefly review the mitogen-activated protein kinase (MAPK) 

signaling cascade, specifically the BRAF-MEK-ERK pathway, and how deregulation 

gives rise to cancer. This chapter concentrates on the ERK target protein p90 kDa 

ribosomal S6 kinase (RSK), its regulation, and its role in human pathology. Strategies for 

inhibiting the constituents of this pathway as a means to treat cancer will also be 

discussed.  

 

b. BRAF-MEK-ERK pathway 

The mitogen-activated protein kinase (MAPK) pathways are critical to many 

aspects of cellular function. The BRAF-MEK-ERK signaling cascade is activated by cell 

surface receptors, transmitting information crucial for proper regulation of gene 

transcription, cellular proliferation, differentiation and apoptosis (77-79). The 

extracellular-signal-regulated kinases (ERKs) comprise one of several members of the 

MAP kinase family, and respond to signals relating to growth and differentiation (79).  

Activation of ERK is dependent upon the phosphorylation status of MEK, and can 

be achieved when extracellular ligands, such as growth factors, bind to cell surface 

receptor tyrosine kinases (RTKs) located on the plasma membrane (Figure 1.7) (78,79). 

This interaction stimulates autophosphorylation of the cytoplasmic tail of the RTK and 

activation of the Shc/Grb-2/SOS complex. SOS then facilitates exchange of GDP for 

GTP, activating RAS, and stimulating the recruitment of RAF isoforms to the plasma 

membrane. The RAF family consists of ARAF, BRAF, and CRAF. Upon 
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phosphorylation by RAS, active RAFs can then phosphorylate and activate the mitogen-

activated protein kinase/ERK kinase (MEK). It has been observed that BRAF is the most 

potent activator of MEK, followed by CRAF, with ARAF being the least potent of the 

three. Active MEK in turn phosphorylates and activates ERK (77-79).  ERK is then free 

to activate a broad spectrum of over 160 substrates, including membrane proteins, 

cytoskeletal proteins, transcription factors, and MAPK-activated protein kinases (MKs) 

(77,80,81). 

 

 

 
 

Figure 1.7. Overview of the 

MAPK signaling cascade. The 

MAPK pathway is triggered in 

response to growth factor 

binding to receptor tyrosine 

kinases (RTKs), facilitating RAS 

activation, and the subsequent 

phospho-relay activation of 

BRAF-MEK-ERK, culminating 

in the activation of a variety of 

downstream proteins, including 

transcription factors regulating a 

diverse set of cellular functions. 

Figure from Chin, 2003. 
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ERK has been found to be hyperactive in 90% of melanomas, which is 

attributable to mutations in several different upstream proteins, such as N-RAS 

(mutations observed in 15-30% of melanomas) and BRAF (mutations observed in 50-

70% of melanomas) that render ERK constitutively active. BRAF is thought to be more 

frequently mutated because unlike the other RAF isoforms which require input from both 

RAS and Src kinase, BRAF is Src-independent. Therefore, it is only necessary for a 

single region of the BRAF gene to be mutated in order to attain constitutive activity, 

while ARAF and CRAF would require two successive genetic events. The substitution of 

a valine residue for a glutamic acid residue at nucleotide 600 (V600E) accounts for 80% 

of all BRAF mutations in melanoma, mimicking its phosphorylation and resulting in 

constitutive kinase activity that elevates and sustains the phosphorylation of MEK, as 

well as downstream ERK (77,82,83). 
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c. RSK 

i. Characteristics and activities 

The ERK-mediated activation of one of the MKs,  the p90 kDa ribosomal S6 

kinase (RSK), is of particular interest and will be the focus of  Chapter II. In humans, the 

RSK family of proteins consists of four isoforms, RSK 1-4, each a serine/threonine 

kinase comprised of two functionally distinct kinase domains. RSK1 has been mapped to 

chromosome 1p36.11, RSK2 to Xp22.12, RSK3 to 6q27, and RSK4 to Xq21.1. All four 

human isoforms share a strong degree of sequence similarity with each other, as well as 

with RSK orthologs from several other species, the greatest percent identity occurring 

among vertebrates (Figure 1.8) (84). RSKs, along with their upstream activator ERK, are 

evenly distributed throughout cells in both the cytoplasm and the nucleus, but accumulate 

in the nucleus upon phosphorylation (85).  

 

 

Figure 1.8. Sequence similarity among RSK orthologs. The basic domain 

structure of the RSKs is depicted using human RSK1 as the model and the 

percentage amino acid identity for each domain is compared to the other human 

isoforms, as well as to RSK orthologs from various other species. Overall 

percentage similarity shows that the highest conservation occurs within 

vertebrates. Figure from Carriere et al., 2008. 
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There are 6 highly conserved phosphorylation sites that are imperative for the 

tight regulation of RSK, as specific, sequential phosphorylations are necessary for full 

activation (Figure 1.9). ERK first binds RSK at a specific docking site on the C terminal 

tail termed the D domain (green region) made up of residues 
722

LAQRRVRKLPSTTL
735

 

(86-88). Once directly associated with RSK, ERK phosphorylates threonine 573 of the C 

terminal tail, and possibly threonine 359 and serine 363 in the linker region, activating 

the C terminal kinase domain (CTKD). Activation of the CTKD leads to 

autophosphorylation of serine 380, creating a docking site for PDK1 (87-89). PDK1 in 

turn phosphorylates serine 221 in the N terminal kinase domain (NTKD), fully activating 

RSK. The NTKD is then able to phosphorylate target substrates, as well as itself at serine 

749, causing dissociation from ERK, and thus controlling the duration of activity (87,88).  

RSK activation is also regulated by events independent of ERK and PDK1, as 

well as membrane localization, adding to the complexity of this process. Membrane 

targeting of RSK is thought to be a particularly important transient step occurring prior to 

nuclear accumulation. Previous studies have found that following mitogen stimulation, 

RSK translocates from the cytoplasm to the cell membrane resulting in ERK-independent 

phosphorylation of serine 363 and normal RSK phosphotransferase activity. This is not to 

say that ERK is unnecessary, as it likely escorts RSK to the membrane, but that an 

alternative mechanism exists in which ERK binding can be bypassed (88,90). Additional 

research needs to be conducted as the exact requirements and steps for the complex 

activation of RSK remain elusive. 
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Figure 1.9. RSK phosphorylation sequence. a) ERK docks at the D domain 

(green region in the C terminal tail) and phosphorylates Thr573 of the CTKD.  

b) ERK or other kinases phosphorylate Thr359 and Ser363, fully activating the 

CTKD, allowing for autophosphorylation of Ser380.  c) A docking site is 

created for PDK1.  d) PDK1 phosphorylates Ser221, activating the NTKD 

which can then phosphorylate RSK target substrates. Phosphorylation of 

Ser749 in the D domain by NTKD results in complete dissociation of the 

ERK-RSK complex. Figure from Anjum and Blenis, 2008. 
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The ability of RSK to reside in various subcellular locations suggests that it is 

capable of regulating proteins throughout the cell and, unsurprisingly, that RSK is 

involved in a wide repertoire of cellular functions. The ERK-mediated activation of RSK 

makes it an extension of the well characterized MAPK pathway, and therefore is thought 

to play a role in  cell growth, proliferation, and survival, as well as transcriptional and 

translational regulation. There are currently about 40 known RSK substrates; however, 

this section will only focus on a select few (Figure 1.10) (88).  

The precise role of RSK in cell cycle progression is still unclear; however, several 

important proteins have been established as RSK targets. RSK was found to regulate the 

cyclin-dependent kinase (CDK) inhibitor p27
KIP1

 via phosphorylation at Thr198. 

Phosphorylation at this residue induces association with 14-3-3 which localizes p27
KIP1

 to 

the cytoplasm and prevents its translocation to the nucleus. As a result, p27
KIP1 

is not 

available to negatively regulate G1 cell cycle progression, allowing for continued cell 

proliferation (91). RSK can also promote cell cycle progression by directly and indirectly 

modulating transcription factors. RSK directly mediates transcriptional control by 

phosphorylating transcription factors, such as CREB, or immediate-early gene products, 

such as c-Fos (92,93). Additionally, gene expression can also be indirectly regulated 

through GSK . RSK phosphorylates Ser9 of GSK , inactivating the protein and 

promoting stabilization of cyclin D1 and Myc, which leads to cell cycle progression, as 

well as cell survival (88,94). 

RSK has also been found to mediate survival signaling by targeting pro-apoptotic 

proteins for inactivation and stimulating transcription of anti-apoptotic proteins (88).  
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RSK directly phosphorylates the apoptotic factor Bad at Ser112. Phosphorylation at this 

serine residue and/or Ser136 induces binding of Bad to 14-3-3, sequestering Bad in the 

cytosol, and preventing its association with Bcl-xL. As a result, initiation of the cell death 

program is averted, promoting survival instead (95,96). Additionally, RSK has been 

identified as an IκB kinase. The IκB family of inhibitory proteins is responsible for 

regulating the well known transcription factor NF-κB. IκBs bind NF-κB and obstruct its 

nuclear localization signal, thus retaining NF-κB in the cytoplasm. In turn, IκBs are 

tightly regulated by their own set of kinases. RSK acts as an IκB  and IκB  kinase, 

capable of phosphorylating Ser32 and both Ser19 and Ser23, respectively, thereby 

inducing ubiquitination and degradation (97-99). Following RSK-mediated 

phosphorylation of IκB, NF-κB is released and translocates to the nucleus where it 

modulates the transcription of target genes promoting survival and proliferation (88).  

Several of these RSK targets are also modified by additional kinases. In the case 

of the proto-oncogene transcription factor c-Fos, phosphorylation at Ser362 is carried out 

by RSK, while Ser374 is phosphorylated by ERK, tightening c-Fos regulation and 

increasing overall complexity (93). Melanoma cells often express mutations, like BRAF 

V600E, which render the MAPK pathway constitutively active, resulting in high 

phosphorylation of c-Fos that stabilizes the protein and increases its transactivation 

activity, contributing to cell proliferation (100). Dual regulation by the MAPK and PI3K 

pathways also occur. For example, RSK and AKT have been found to phosphorylate 

several of the same targets, in some cases even phosphorylating the same residue, such as 

Thr198 of p27
KIP1

 and Ser9 of GSK3 (91,94,101). These two kinases can also regulate 

their common targets at distinct phosphorylation sites as seen with the proapoptotic 
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protein Bad. As mentioned previously, RSK phosphorylates Ser112 of Bad, sequestering 

it in the cytosol and promoting cell survival; however, AKT has been shown to elicit 

essentially the same results via phosphorylation at Ser136 of Bad (95,96,102). While 

phosphorylation by either RSK or AKT is sufficient to trigger cell survival signals, 

concomitant phosphorylation is thought to produce the most robust response (102).  

 

 

 

 

 

Figure 1.10. Schematic of RSK downstream targets. Both 

cytoplasmic and nuclear proteins are phosphorylated by RSK, driving 

cell survival and cell cycle progression, among other functions. Only a 

small subset of RSK targets is depicted as examples. Figure from 

Carriere et al., 2008. 
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ii. RSK in pathology 

Deregulation of the RSK proteins has been linked to several diseases. For 

example, RSK2 loss-of-function results in the rare X-linked Coffin-Lowry syndrome 

(CLS). Males affected with CLS usually present with characteristic facial abnormalities, 

digital dysmorphisms, retardation of growth and psychmotor development, and 

progressive skeletal malformations. With the use of positional cloning the CLS locus was 

mapped to chromosome Xp22.2, which overlaps with the gene encoding RSK2. The 

RSK2 mutations that have been identified in CLS patients are extremely heterogeneous 

and do not correlate to specific phenotypes or severity. RSK1 and RSK3 expression 

levels in CLS patients were unaltered compared to controls, suggesting that neither 

protein is able to compensate for the RSK2 deficiency and that each isoform has 

distinctive biological roles (103,104). 

Over-expression of RSK proteins is also problematic and is associated with 

several types of cancer. Increased levels of RSK have been observed in approximately 

50% of prostate tumors and regulate expression of the diagnostic marker prostate-specific 

antigen (PSA). RSK was also found to contribute to proliferation in two different prostate 

cancer cell lines (105). Additionally, a link between RSK and cancer progression was 

discovered in breast cancer cells. Reduction of RSK activity in MCF-7 cells through the 

use of siRNA or specific inhibitors resulted in significantly decreased cell proliferation 

(106). In melanoma cells, RSK can promote cell survival by phosphorylation of the 

proapoptotic protein Bad. Phosphorylation of Bad results in its sequestration to the 

cytosol and inactivation, conferring resistance to apoptosis (107).  
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d. Inhibiting the MAPK pathway in malignant melanoma 

Inhibitors are used to increase our knowledge of the cellular roles of protein 

kinases, as well as to develop clinically useful anticancer drugs. Malignant melanoma is 

notoriously resistant to conventional cancer therapies and, as a result, the pursuit and 

validation of novel inhibitors as treatment agents has become a top priority. The 

significantly increased activity of the MAPK pathway in melanoma makes its 

constituents particularly attractive targets (108). 

Mutated BRAF has been observed in greater than 50% of malignant melanomas, 

with 80% of those cases harboring the BRAF V600E substitution mutation (109). Thus, 

for the last decade, BRAF has been the focus for the targeted therapy of melanoma. 

Clinical trials began with the pan-kinase inhibitor sorafenib which showed little efficacy 

with many off-target effects, highlighting the importance of selectivity when developing 

BRAF inhibitors (108,110). Recently, more potent and specific compounds have been 

established. Vemurafenib (PLX4032, Plexxicon) and dabrafenib (GSK2118436, 

GlaxoSmithKline) have both been extensively studied and were found to inhibit tumor 

growth in melanoma patients. Though the initial responses were impressive, follow-up 

studies revealed that they were short-lived, with treated patients eventually acquiring 

resistance in every case (108,111,112). 

Resistance to BRAF inhibition has been determined to occur as a result of 

reactivation of MAPK signaling (113). In order to avert this onset of resistance, 

combination therapies targeting multiple pathways or multiple kinases in the same 

pathway are being investigated. For example, dual inhibition of BRAF and MEK has 

been found to increase apoptosis while preventing the acquisition of resistance in 
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melanoma cells (113). Clinical trials are currently underway to evaluate the efficacy of 

combined targeting of BRAF and MEK with dabrafenib and trametinib (GSK1120212, 

GlaxoSmithKline), respectively (112). Preclinical studies performed on BRAF resistant 

melanoma cell clones found that combination therapy using these two inhibitors 

suppressed MAPK signaling and reduced cellular proliferation, suggesting that the dual 

targeting could deter the outgrowth of resistant cells, as well as inhibit cell growth (114). 

Several promising RSK inhibitors have also been identified. Smith et al. isolated a 

component from a tropical plant extract named SL0101 that is highly specific for 

inhibition of RSK activity. SL0101 is an ATP competitor that binds directly to the NTKD 

of RSK, inhibiting its ability to phosphorylate target proteins (106). SL0101 is a cell 

permeable, reversible inhibitor and was discovered to suppress proliferation of MCF7 

breast cancer cells, as well as prostate cancer cells (105,106). Shortly afterwards, Sapkota 

et al. determined that BI-D1870 inhibits RSK similarly to SL0101, by binding to the 

NTKD and competing with ATP (115). An irreversible RSK inhibitor called 

fluoromethylketone (FMK) was developed by Cohen et al., and is distinct in that it 

selectively inhibits CTKD activity, in addition to consequent target phosphorylation 

(116). The specificity of each of these RSK inhibitors is still uncertain, and thus it is 

currently not possible to evaluate which, if any, would be the best candidate to use 

clinically. 

Identification of additional inhibitors that could work synergistically with BRAF 

inhibitors to treat malignant melanoma is urgently necessary. Chapters III and IV will 

discuss the importance of developing small molecule inhibitors of S100B to aid in the 

treatment of melanoma.
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Chapter II.  The novel calcium-dependent direct binding of S100B to p90 ribosomal 

S6 kinase (RSK) decreases MAP kinase-mediated RSK activation in malignant 

melanoma
1
 

 

A. Overview 

This section will briefly review S100B and the MAPK signaling cascade. A 

novel, calcium-dependent, direct interaction between S100B and RSK is introduced. The 

effects on MAPK constituent phosphorylation resulting from knock-down or over-

expression of S100B is described, as well as changes in nuclear translocation. Potential 

consequences of this interaction are discussed, future avenues are suggested, and the 

importance of S100B inhibition for the treatment of melanoma is examined. 

 

B. Introduction 

The S100 protein family consists of more than twenty members that are expressed 

in a tissue and cell-type specific manner. S100B is a 21.5-kDa symmetric homodimer that 

is found in melanocytes, glial cells, chondrocytes, and adipocytes, exhibiting both intra- 

and extacellular functionality (15,27). High levels of S100B are almost always observed 

in melanoma, and often in several other cancers, including thyroid carcinoma and renal 

cell carcinoma. Clinically, S100B has long been utilized as a strong prognostic marker 

for melanoma, with increasing serum levels predictive of disease stage and correlating to  

 

 
1
 Chapter II contains the text of the manuscript The novel calcium-dependent direct 

binding of S100B to p90 ribosomal S6 kinase (RSK) decreases MAP kinase-mediated 

RSK activation in malignant melanoma, In preparation.  K.G. Hartman, M.I. Vitolo, 

P.T. Wilder, J.M. Fox, P. Shapiro, S.S. Martin, and D.J. Weber. 
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increased recurrence and low overall patient survival (5,6). More recently, however, 

S100B has been investigated as a potenial contributor to cancer progression. 

A defining feature of S100B is its calcium-dependent target binding. Each S100B 

subunit contains 2 EF-hand calcium-binding domains and upon binding calcium, a 

dramatic conformational change occurs, unveiling a hydrophobic cleft to which target 

proteins can bind (17,39,40,44,46). Previous studies conducted in our lab, as well as 

others, have shown that S100B directly interacts with p53, inhibiting protein kinase C 

(PKC)-dependent phosphorylation, consequently decreasing cellular p53 and its DNA 

binding and transcriptional activities (43-45). In addition to p53, S100B inhibits the 

phosphorylation of multiple other PKC targets, including myristoylated alanine-rich C-

kinase substrate (MARCKS) and -protein (47,48). Although the calcium requirement for 

S100B activity has been thoroughly investigated in vitro with the use of purified proteins 

and peptides, the importance of calcium for S100B in human melanoma cells has yet to 

be fully elucidated. 

In melanoma, one of the major overactive signaling pathways contributing to 

tumorigenesis is the RAF/MEK/ERK mitogen-activated protein kinase (MAPK) cascade 

(reviewed in reference 117). Extracellular-signal-regulated kinase (ERK) has been found 

to be hyperactive in 90% of melanomas, which is attributable to mutations in several 

different upstream proteins, such as BRAF (mutations observed in 50-70% of 

melanomas) and N-RAS (mutations observed in 15-30% of melanomas) that render ERK 

constitutively active. As ERK is then able to phosphorylate and activate its myriad 

targets, deregulation of this pathway leads to increased cell proliferation, differentiation, 

survival, and decreased apoptosis (82,109,117,118).  
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The p90 ribosomal S6 kinases (RSKs) are a family of serine/threonine kinases 

comprised of four members (RSK1-4) that are downstream effectors of ERK. The RSKs 

are highly homologous and contain six important phosphorylation sites that are conserved 

in all four isoforms (Thr573, Thr359, Ser363, Ser380, Ser221, and Ser749). The specific, 

sequential phosphorylation of these sites activates the RSKs in a tightly regulated 

manner. Upon docking at the D domain of the C terminal tail ERK phosphorylates 

Thr573, activating the C terminal kinase domain (CTKD), as well as Thr359 and Ser363 

in the linker region. The CTKD then phosphorylates Ser380, making a docking site for 

PDK1, which in turn phosphorylates Ser221 in the N terminal kinase domain (NTKD), 

allowing for phosphorylation of RSK target proteins. The NTKD is also able to 

phosphorylate Ser749, which mediates the association of ERK and RSK. In cancer, the 

direct activation of RSK by constitutively active ERK results in continued signal 

amplification as the RSKs then phosphorylate their own set of diverse targets, further 

contributing to cancer progression (88,90,119).  

In this study, we report that knock-down and over-expression of S100B in 

melanoma cell lines revealed a positive correlation between S100B expression and both 

cell viability and ERK phosphorylation. However, the inverse effect was observed on the 

ERK target RSK, with elevated S100B inhibiting RSK phosphorylation at Thr573. 

Additionally, over-expression of a mutant S100B construct (E31A + E72A) that is 

incapable of binding calcium yielded neither effect, indicating that the presence of 

calcium is a necessity. Moreover, RSK was detected in S100B pull-downs and vice versa 

in the presence of calcium, but not in the presence of the calcium chelator EDTA. 

Subsequent kinase assays demonstrated that when supplemented with calcium, S100B is 
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sufficient to decrease ERK-mediated phosphorylation of RSK at Thr573. Changes in 

RSK cellular localization were also observed, where RSK was enriched in the nuclei of 

cells when S100B expression was reduced by shRNA but diffuse in control cells. Taken 

together, these data showed that upon calcium binding, S100B uniquely modulates 

melanoma cell viability by concomitantly stimulating ERK phosphorylation and directly 

binding RSK, inhibiting its phosphorylation and nuclear translocation. 

  

C. Experimental Procedures 

Cell lines and cell culture–The melanoma cell line WM115 (American Type 

Tissue Collection (ATCC)) was cultured in Minimum Essential medium (Invitrogen) 

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

penicillin-streptomycin (PS). Where indicated, assay media composed of Minimum 

Essential medium, 1% charcoal stripped dextran-treated FBS (Hyclone), and 100 units/ml 

PS was used to culture the WM115 cells.  501-MEL cells were cultured in RPMI 1640 

medium (Invitrogen) with 10% heat-inactivated FBS and 100 units/ml PS.  Where 

indicated, assay media composed of RPMI 1640 medium, 1% charcoal stripped dextran-

treated FBS, and 100 units/ml PS was used to culture the 501-MEL cells.  Cells were 

maintained in a 37ºC incubator with 5% CO2. 

Lentiviral shRNA particle infections–Cells were seeded in triplicate at 1 x 10
4
 per 

well in 96-well plates in normal growth media and allowed to recover overnight.  The 

cells were then infected with SMARTvector 2.0 lentiviral particles containing either non-

targeting scrambled or anti-S100B shRNA according to the manufacturer’s 

recommendations (Thermo Scientific Dharmacon).  The following day, the lentivirus-
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containing media was removed, the cells were washed twice with PBS, then trypsinized 

to expand each well to a well of a 24-well plate in growth media supplemented with 

puromycin (0.5 µg/ml).  Upon confluency, the wells were trypsinized and single-cell 

diluted into 96-well plates.  Clonal lines were maintained in puromycin containing media. 

Site-directed mutagenesis–The human S100B cDNA was purchased from ATCC, 

subcloned into the mammalian expression vector pcDNA3.1(+) (Invitrogen) and 

confirmed by sequence analysis. Using the QuikChange II site-directed mutagenesis kit 

(Agilent), two successive point mutations were then introduced into the calcium-binding 

domains of the S100B cDNA. First the glutamic acid at position 31 was changed to an 

alanine, and then the glutamic acid at position 72 was changed to an alanine, creating the 

S100B E31A + E72A double mutant. The mutations were verified by sequencing.  

Transfections–501-MEL cells were seeded in 6-well plates at 2.5 x 10
5
 cells per 

well and allowed to recover overnight.  The cells were then transfected with the 

pcDNA3.1(+) vector alone, human S100B, or the E31A + E72A double mutant S100B 

using Mirus TransIT-LT1 reagent (Mirus Bio) following the manufacturer’s protocol. 

After 48 hours of incubation at 37ºC, the transfected cells were transferred to growth 

medium containing neomycin (0.5 mg/ml) (Invitrogen) and single-cell diluted into 96-

well plates.  Wells were screened for single neomycin-resistant colonies, and the derived 

clonal lines were maintained in neomycin-containing medium. 

Western blot analysis–Western blot analyses were performed as described 

previously (120). Primary antibodies for S100B (BD Transduction Laboratories), 

pERK1/2, ERK 1/2, pRSK (Thr359/Ser363), pRSK  (Ser380), pRSK (Thr573), RSK 

(Cell Signaling), and GAPDH (CalBiochem) were used at the manufacturer’s 
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recommended dilutions.  Protein-antibody complexes were detected using Amersham 

ECL Western Blot Detection Reagents (GE Healthcare). 

Cell viability assays–Assays were performed as previously described (121). 

Absorbance readings taken on day 0 were used to represent the starting cell number, from 

which the number of viable cells over cells plated was calculated, and shown as cell 

viability percentages. 

Kinase assays–The C- terminal kinase domain, amino acids 386-735, of human 

RSK1 cDNA (Addgene) was subcloned into the pET-41 Ek/LIC expression vector 

(Novagen) according to the manufacturer’s recommendations, resulting in a GST-tagged 

protein (GST-RSK1
386-735

). Confirmation was obtained by sequence analysis. Active 

ERK2 (2 ng, Millipore) was incubated with 0.5 μg GST-RSK1
386-735

 in the presence and 

absence of 0.5 µg S100B for 15 minutes at 30°C in 10x NEBuffer for Protein Kinases 

(PK), for a final concentration of 50 mM Tris-HCl, 10 mM MgCl2, 0.1 mM EDTA, 2 

mM DTT, 0.01% Brij 35 (pH 7.5) (New England Biolabs) containing 20 μM ATP, and 

where indicated, 1 mM CaCl2. Reactions were stopped with an equal volume of 4x SDS-

PAGE sample buffer and analyzed by Western blot.  

Pull-down assays–S100B or BSA was covalently attached to magnetic Dynabeads 

(Invitrogen) according to the manufacturer’s recommendations. An aliquot of protein-

bound beads was washed 3 times in RIPA buffer (40 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 0.3% Triton X-100) supplemented with 5 mM EDTA or 5 mM calcium chloride, 

and mixed with 500 µg total cell lysate from WM115 cells for 1 hour at 4ºC, then washed 

3 times.  Bound target proteins were then eluted by boiling the beads in SDS-PAGE 

buffer for Western blot analysis. For the GST pull-downs, 100 µL of glutathione-
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sepharose beads (GE Healthcare) was washed 3 times with TBS containing either 5 mM 

EDTA or 5 mM calcium chloride prior to the addition of 200 µg of GST or GST-

RSK1
386-735 

for 30 minutes at 4°C. The protein-bead complexes were washed 3 times, 

blocked in TBS with 1% BSA for 30 minutes, then 500 µg of purified S100B protein or 

the E31A + E72A mutant S100B protein was added, rocked for 2 hours at 4°C, and 

washed 5 times. The beads were boiled in SDS-PAGE buffer and the eluted proteins were 

analyzed by Western blot. 

Isothermal Titration Calorimetry (ITC)– Heat changes during the titration of the 

RSK1
386-735

 peptide into Ca
2+

-S100B were measured using a VP-ITC titration 

microcalorimeter (MicroCal, Inc.) as previously described (46). For each titration the 

sample cell (1.4 mL) contained 10 mM TES pH 7.2, 15 mM NaCl, and 10 mM CaCl2, 

100 mM KCl, and 0.1 mM S100B while the reference cell contained water with all 

solutions being degassed under vacuum and equilibrated at 37°C prior to titration. Upon 

equilibration, a 1.25–1.8 mM RSK1
386-735

 solution prepared in the same buffer without 

S100B was injected in 29×5 μL aliquots using the default injection rate with a 300 

second interval between each injection to allow the sample to return to baseline. The 

resulting titration curves were corrected for buffer-protein interactions by subtracting a 

protein-free buffer control and analyzed using the Origin for ITC software supplied by 

MicroCal. 

Subcellular fractionation–Cells were grown and harvested at sub-confluence and 

the resultant pellets were prepared for cytoplasmic and nuclear extraction using the 

NucBuster kit (Novagen) according to the manufacturers’ recommendations. The 

fractions were then analyzed by Western blot. Primary antibodies for MEK1/2 (Cell 
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Signaling) and p84 (Abcam) served as controls and were used at the manufacturer’s 

recommended dilutions. 

Immunofluorescence– Cells were grown on glass coverslips, fixed with methanol, 

and blocked for one hour at room temperature. Primary antibody incubations were 

performed overnight at 4°C. Secondary antibody incubations with Hoechst were 

performed for one hour at room temperature after PBS washes. A second set of PBS 

washes was performed prior to mounting. Antibodies and stains used included: pRSK 

573 (Cell Signaling Technologies), S100B (BD Transduction Laboratories), and Hoechst 

33342 (Sigma). Imaging was performed on an Olympus IX-81 microscope and images 

were acquired using Volocity software (ImproVision Inc.). 

 

D. Results 

S100B increases cellular viability–S100B has been shown to promote neurite 

extension in neuronal cells, as well as proliferation of glial cells, neuronal cells, and 

myoblasts, however, its influence on melanoma cell viability has not yet been determined 

(63,64,122,123). To address whether S100B plays a role in human melanoma cell 

viability, the WM115 melanoma cell line, which expresses high levels of S100B, was 

infected with lentivirus containing one of three different human anti-S100B shRNA 

constructs. Of the three constructs, only one resulted in significant knock-down of S100B 

(data not shown), and therefore was the construct that was used for the remaining 

experiments. WM115 cells were separately infected with lentivirus containing a 

scrambled, non-targeting shRNA control and the appropriate S100B shRNA construct, 

and stable, single cell clonal lines were obtained. Western blot analysis was performed to 
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assess the extent of S100B protein suppression and two clonal lines were identified that 

displayed significant knock-down of S100B. The two clonal lines and a scrambled 

control were subjected to a MTT-based assay that measures cell metabolic activity to 

determine whether the quantity of expressed S100B protein affects the cellular viability 

of the melanoma cells. Both S100B knock-down clonal cells 1 and 2 were found to have 

a decreased number of viable cells over the course of seven days compared to the control 

line (Figure 2.1A). 

Conversely, over-expression studies were then conducted using the 501-MEL 

human melanoma cells. The 501-MEL cell line does not express detectable levels of 

S100B, a rarity in human melanoma cell lines, and thus was the optimal line for our 

studies. The cells were transfected with either pcDNA3.1(+) vector alone or containing 

human S100B and subsequently single cell clones were identified and expanded to create 

clonal cell lines.  High S100B protein expression was confirmed by Western blot in two 

individual clonal lines. When cellular viability over a period of seven days was 

examined, a significant increase in the number of viable cells was observed for the 

S100B-expressing clonal lines compared to cells containing only the vector control 

(Figure 2.1B).  
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Figure 2.1. S100B increases melanoma cell viability. A. Western blot analysis of total 

cell lysates (25 µg) showing the level of S100B expression of the non-targeting 

scrambled WM115 cells, as well as two S100B knock-down clonal lines (inset). Cell 

viability of each line was assessed at several timepoints over the course of seven days 

using a MTT assay to determine the change in cell number (n=9). The scrambled 

control cells, S100B knock-down clonal line 1, and line 2 are represented as S, 1, and 2, 

respectively.  B. Western blot analysis of 25 µg total cell lysate to confirming 

expression of S100B in the 501-MEL cells. Shown are 501-MEL cells containing vector 

alone and the S100B clonal lines A and B (inset). Cell viability of the 501-MEL S100B-

expressing clonal lines and the vector control cells was measured at several timepoints 

over a period of seven days (n=9). The vector control cells, S100B-expressing clonal 

line A, and line B are represented as V, A, and B, respectively. 
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S100B stimulates phosphorylation of ERK while inhibiting phosphorylation of 

RSK–S100B has previously been found to increase phosphorylation of ERK in myoblasts 

and astrocytes, indicating that S100B may be mediating cell viability via the MAPK 

pathway (63,65). To assess whether S100B affects the constituents of the MAPK 

pathway in melanoma cells, the WM115 cells expressing non-targeting scrambled or anti-

S100B shRNA were grown and harvested at sub-confluence to be analyzed by Western 

blot. The results revealed a significant decrease in ERK phosphorylation in both of the 

S100B knock-down clonal lines. As we were interested in determining the downstream 

effects of this reduction in ERK activation, RSK, an ERK target protein known to be 

aberrantly activated in some cancers(105) was consequently investigated. However, 

contrary to expectation, phosphorylation of RSK was increased at threonine 573, the 

primary site phosphorylated by ERK (Figure 2.2A). It has been proposed that ERK may 

also phopshorylate threonine 359 and serine 363(88); however, we did not observe any 

significant phosphorylation changes at either of these sites, indicating that the effect is 

specific to the threonine 573 residue (data not shown). Western blot analysis was then 

performed using lysates of 501-MEL cells transfected with either vector alone, wild-type 

human S100B, or the double mutant S100B E31A + E72A. In the double mutant, a 

glutamate in each of the EF-hand calcium-binding sites of S100B has been changed to an 

alanine, rendering the protein incapable of binding calcium. Calcium binding is a critical 

step in the activation of S100B necessary to induce the conformation change and expose 

its target binding cleft. Previous structural characterization on the E31A + E72A mutant 

S100B found minimal chemical-shift perturbations compared to the wild-type S100B, 

indicating that proper protein folding is preserved (39). Observed signaling differences 
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can then be attributed specifically to the calcium-binding properties of the S100B protein. 

Western blot analysis confirms S100B expression in the lanes designated for wild-type 

and mutant S100B. Additionally, with the introduction of wild-type S100B, ERK 

phosphorylation was increased, while phosphorylation at RSK threonine 573 was 

inhibited. Neither of these changes were seen with the S100B E31A + E72A mutant, 

from which we can deduce that calcium is required for both of these interactions to occur. 

(Figure 2.2B).  

 

 

 

 

 

 

 

 

Figure 2.2. S100B stimulates ERK phosphorylation while suppressing RSK 

phosphorylation.  A. Western blot analysis (25 µg) of the WM115 non-

targeting, scrambled cells and the two S100B knock-down clonal lines 

represented as S, 1, and 2, respectively.  B. Western blot showing the protein 

expression of wild-type S100B (lane 3), and the double-calcium mutant S100B 

E31A + E72A (lane 4), compared to untreated 501-MEL cells (lane 1) and 

control cells expressing an empty vector (lane 2).  
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To evaluate whether the protein S100B alone is sufficient to interfere with RSK 

phosphorylation, in vitro kinase assays were performed in which ERK2-mediated 

phosphorylation of RSK at threonine 573 was observed over time. A truncated version of 

the RSK1 protein consisting of amino acids 386-735 (RSK1
386-735

) was created in order to 

focus our study on the C-terminal kinase domain, specifically on the phosphorylation of 

threonine 573. Active ERK2 successfully activated RSK1
386-735

 within 15 minutes of 

incubation, producing a robust phosphorylation response. In the presence of S100B 

supplemented with 1 mM calcium chloride this phosphorylation of RSK was significantly 

decreased; however, the reduction was not observed when S100B was deprived of its 

calcium source (Figure 2.3).  

Collectively, these results suggest that the presence of elevated S100B in 

melanoma cells is capable of profoundly impacting MAPK pathway signaling via RSK, 

but only when calcium is available to induce the conformational change in S100B 

allowing for target protein binding. 

 

 

 

Figure 2.3.  RSK phosphorylation 

is inhibited by S100B. In vitro 

kinase assays examining the ERK-

mediated phosphorylation of RSK 

Thr573 in the absence and presence 

of S100B and 1 mM CaCl2. 

Western blot analysis was employed 

following a 15 minute incubation 

period and changes in pRSK at 

Thr573 were observed. 
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S100B directly interacts with RSK in a calcium-dependent manner–S100B has 

been found to inhibit protein function by binding targets at critical regions and preventing 

phosphorylation (17,39,40). Such is the case with several PKC protein targets, including 

p53. Our lab has previously shown that S100B binds to p53, inhibiting PKC-dependent 

phosphorylation, and affecting the ability of p53 to activate transcription (40,44). We 

hypothesized that a similar mode of function occurs between S100B and RSK, with 

S100B directly binding to RSK, preventing its phosphorylation by ERK, and 

consequently affecting downstream proteins. A consensus sequence for S100B target 

proteins ([K/R]-[L/I]-[P/S/N/D]-[W/L/I]-[S/D/L]-X-[L/I]-[L/F]), expanded from the 

original target sequence determined by Ivanenkov et al., has lead to the identification of 

novel S100B binding partners in the past, and again was employed here (46,124). A 

potential S100B target sequence has been identified in the C-terminal region of RSK1, 

specifically in the D domain, overlapping with the region where ERK must dock in order 

to phosphorylate RSK threonine 573 and begin the activation sequence (Figure 2.4A) 

(86,125). 

To determine whether S100B is interacting with RSK in cultured human 

melanoma cells and if the interaction is calcium-dependent, S100B or BSA was 

covalently attached to magnetic Dynabeads, then mixed with WM115 cell lysate.  One 

set of lysates was supplemented with 5 mM EDTA to chelate calcium, making it 

unavailable to S100B, while a second set was supplemented with 5 mM calcium chloride 

to maximize the binding potential of S100B. Western blot analysis of the eluates 

relvealed that RSK, but not ERK, appeared in the S100B pull-down supplemented with a 

calcium source, showing that S100B is interacting with endogenous cellular RSK and 
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that the interaction is calcium-dependent (Figure 2.4B). Additional pull-down 

experiments were performed using GST-tagged RSK1
386-735

 to identify whether S100B is 

binding in the predicted C-terminal region of RSK1. GST or GST-RSK1
386-735

 was 

immobilized on glutathione-sepharose beads in the presence of either 5 mM EDTA or 5 

mM calcium chloride and mixed with purified S100B or the S100B E31A + E72A 

mutant. Western blot analysis of the eluates found S100B bound to GST-RSK1
386-735

 

when supplemented with calcium, while no S100B was detected in those containing 

EDTA or the GST controls (Figure 2.4C). The S100B E31A + E72A mutant did not bind 

GST-RSK1
386-735

 under either condition. These data show that S100B is directly 

interacting with RSK, as opposed to indirectly, through another protein, and that the 

interaction occurs in the C-terminal region of RSK. Importantly, we confirm here that 

S100B requires the presence of calcium and the ability to utilize it in order to bind RSK. 

 

S100B affects the nuclear localization of RSK–ERK and RSK reside in both the 

cytoplasm and the nucleus of cells, and can be phosphorylated themselves, as well as 

phosphorylate their targets in both compartments (85,88). As a result, it is thought that 

RSK regulates different arrays of proteins depending on its localization (88). With the 

inhibition of RSK phosphorylation by S100B, it was then of interest to investigate how 

RSK localization is affected, as this could impact the activation of downstream proteins.  
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Figure 2.4. S100B directly binds to RSK. A. Schematic diagram of RSK1. 

The ERK binding site is underlined and the predicted S100B binding site is 

outlined. B. Western blot analysis of RSK and ERK protein levels from BSA 

or S100B pull-down eluates performed in the presence of either 5 mM EDTA 

(lanes 1-3) or 5 mM calcium chloride (lanes 2-6). Lanes 1 & 4 contain total 

WM115 cell lysate antibody controls, while eluates of BSA and lysate are 

shown in lanes 2 & 5, and S100B and lysate are in lanes 3 & 6. C. Western 

blot of GST or GST-RSK1
386-752

 pull-downs supplemented with either 5 mM 

EDTA (lanes 2-5) or 5 mM calcium chloride (lanes 6-9). Eluates of GST with 

S100B (lanes 2 & 6), GST-RSK1
386-752

 with S100B (lanes 3 & 7), GST with 

the E31A + E72A mutant (lanes 4 & 8) and GST-RSK1
386-752

 with the E31A + 

E72A mutant (lanes 5 & 9) are shown. S100B protein was loaded in lane 1 as 

an antibody control. 
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 In order to visualize localization differences, cytoplasmic and nuclear protein 

fractions were isolated from WM115 cells expressing non-targeting scrambled or anti-

S100B shRNA. Western blot analysis of those fractions shows an increase in nuclear 

phosphorylated RSK in the S100B knock-down clone in comparison to the control 

(Figure 2.5A). Immunofluorescence studies were then performed and the results are 

shown in Figure 2.5B. The nuclei of the S100B knock-down clonal cells are enriched 

with phosphorylated RSK, while in the non-targeting scrambled cells, phosphorylated 

RSK is more diffuse. Individual xyz images were further examined to establish that the 

enrichments were actually inside of the cell nuclei as opposed to in the cytoplasm overtop 

of or underneath the nuclei creating an illusion. Areas within the nuclear boundaries that 

are devoid of Hoechst staining, which is specific for DNA, indicate the presence of 

nucleoli and the exclusion of pRSK from those areas shows that the nuclear localization 

observed with the S100B knock-down cells is genuine, as RSK does not normally 

accumulate in nucleoli (Figure 2.5C). These findings indicate that the removal of S100B 

allows active RSK to move into the nucleus. Taken together with the previous data, this 

indicates that S100B is binding to RSK and ultimately preventing its nuclear 

translocation. 
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Figure 2.5. RSK nuclear localization is 

inhibited by S100B.  A. Western blot comparing 

the cytoplasmic (C) and nuclear (N) protein 

levels of S100B knock-down clonal line 1 to 

those of the non-targeting scrambled cell line, 

represented as 1 and S, respectively. Shown are 

results representative of three experiments. The 

nuclear matrix protein p84 and MEK were used 

as controls for the nuclear and cytoplasmic 

fractions, respectively.  B. Immunofluorescence 

studies showing the localization of pRSK 573 in 

both the S100B knock-down clonal line 1 and 

non-targeting scrambled cell lines. 

Representative of three fields of vision. C. 

Immunofluorescence studies focusing on a single 

xyz image showing the localization of pRSK 

573, as well as nucleolar exclusion for each cell 

line. Planes are indicated by dotted lines and 

examples of nucleolar exclusion by arrows. 

Representative of numerous xyz images. 

 

A. 

B. 

C. 
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E. Discussion 

In this chapter, we have presented data supporting our hypothesis that the 

calcium-binding protein S100B regulates the serine/threonine kinase RSK through a 

direct interaction and modulates its function by inhibiting phosphorylation (Figure 2.6). 

This interaction is specific to the C-terminal region of RSK and is dependent upon the 

ability of S100B to bind calcium, inducing the conformational change required to reveal 

the target-binding pocket. Prior to this study, S100B’s reliance on calcium in cells was 

established through the use of ionophores that increase membrane permeability, resulting 

in increased intracellular calcium levels (51). This tool, though useful, cannot control the 

level of calcium achieved or prevent the reverse outflow of calcium and can also 

inadvertently allow several other ions to cross the membrane. Instead, we created the 

S100B double calcium mutant E31A + E72A protein in which calcium binding at both 

EF-hands is abolished, resulting in the ideal calcium control. No effects on RSK 

phosphorylation were observed when the E31A + E72A mutant S100B was transfected 

into melanoma cells compared to the dramatic effects elicited with wild-type S100B, 

confirming that calcium is absolutely necessary for S100B to function and associate with 

RSK.  

S100B has been found to have a multitude of binding partners, which include 

NDR and p53; however, this is the first documentation of an interaction of S100B with 

RSK (Table 2.1) (44,51,52,126). S100B’s ability to bind such a diverse array of proteins 

is partially attributable to the loosely defined S100B target consensus sequence that 

features a hydrophobic residue in the protein target that interacts directly with S100B 

(46). We believe the key hydrophobic residue for RSK to be Leu730. We propose that 
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upon binding to the C-terminal region of RSK, S100B prevents ERK-mediated RSK 

phosphorylation at Thr573 by one of a few known S100B mechanisms. In the S100B-

NDR association, S100B binds, inducing a conformational change in NDR that 

stimulates autophosphorylation, ultimately activating the protein (51). Likewise, S100B’s 

interaction with RSK could result in a conformational change causing the ERK docking 

motif to be unavailable. Alternatively, the S100B-RSK interaction could utilize a similar 

mechanism to the well documented interactions between S100B and several protein 

kinase C phosphorylation targets, in that S100B binds to the target at a critical location 

that sterically blocks phosphorylation of that target by an upstream kinase (44,45,52). 

Future studies with smaller RSK peptides, NMR spectroscopy, and x-ray crystallography 

will aid in determining the exact mechanism being employed. 

 

 

 

 
Figure 2.6. Schematic representation of the effects of S100B on the MAPK 

signaling cascade. S100B-Ca
2+

 directly interacts with RSK, inhibiting 

phosphorylation at Thr573 by ERK and reducing subsequent translocation of 

RSK to the nucleus, while concomitantly stimulating ERK phosphorylation, 

potentially contributing to increased melanoma cell viability.  
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 As a result of RSK’s dual functionality in both the cytoplasm and the nucleus and 

its wide array of targets in both compartments, RSK is responsible for regulating a 

diverse set of cellular processes. By controlling the localization of RSK in melanoma 

cells, it is possible that S100B is able to drive the activation of a particular subset of these 

targets to promote cancer progression. The inhibition of RSK nuclear translocation 

concentrates its activity in the cytoplasm, potentially focusing phosphorylation on 

proteins involved in cell proliferation and cell survival, including inducing degradation of 

the inhibitor of NF- B I B  and inactivating the tumor suppressors DAPK and TSC2 

(97,98,127,128). Moreover, S100B’s sequestration of RSK in the cytoplasm would 

decrease the activity of target transcription factors, several of which are promoters of 

differentiation (129,130). Shifting protein activation in this direction would be highly 

beneficial to malignant melanoma cells, which are already notorious for upregulating NF-

B and inhibiting tumor suppressors in order to gain growth advantages and propagate 

disease. 

Like many previous studies, we report here that S100B levels positively correlate 

with levels of activated ERK (63,65). Although an investigation of the mechanism by 

which S100B stimulates ERK phosphorylation was beyond the scope of our present 

study, it would be of interest to determine if S100B interacts with any of the phosphatases 

known to regulate ERK, such as PP2A, PTP-SL, MKP-3, MKP-X, or MKP-4 (117,118). 

Indirect avenues by which S100B could be modulating ERK activity are more likely to 

yield results since we did not observe ERK in any of the pull-down experiments, and thus 

conclude that S100B is not binding directly to ERK. In a recent study focusing on RSK 

activity and inhibition, a significant increase in active ERK was detected upon addition of 
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the RSK inhibitor BI-D1870, indicating that a negative-feedback loop exists between the 

two proteins (115). Since S100B binds RSK and prevents its phosphorylation, thereby 

acting as an inhibitor, it is possible that the increase in phosphorylated ERK observed 

here was also the result of this feedback cycle.  

The discovery of this novel S100B-RSK interaction, as well as S100B’s indirect 

stimulation of ERK activation, allows for the opportunity to develop pharmacological 

drugs that prevent S100B binding and the consequent downstream effects. High-

throughput screening (HTS) methods have been utilized in the past to identify possible 

S100B inhibitors in vitro using the 2000-compound Spectrum Collection library and can 

be now be expanded upon with our 14000-compound library in cultured human 

melanoma cells (131). The WM115 modified cell lines described here (scrambled and 

S100B KD clone 1) are currently undergoing a HTS to identify additional inhibitors of 

S100B. With the emergence of patient resistance to BRAF inhibitors and reactivation of 

MEK/ERK, compounds that successfully target S100B may prove to be extremely 

beneficial, particularly when used in combination therapy with BRAF and/or MEK 

inhibitors as an additional means of suppressing ERK activation and melanoma cell 

viability (112,132). 
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Chapter III.  In vitro screening and structural characterization of inhibitors of the 

S100B-p53 interaction
2
 

 

A. Overview 

The importance of identifying putative S100B low molecular weight inhibitors is 

discussed. Background information on S100B and its target interactions is briefly 

reviewed. The purpose and rationale for the fluorescence polarization competition assay 

(FPCA) is explained and confirmation of the resulting lead compounds using NMR 

spectroscopy and x-ray crystallography is described. The NMR experiments presented in 

this chapter were performed by Paul Wilder, Ph.D., Thomas Charpentier, Ph.D., and 

Kristen Varney, Ph.D. and the x-ray crystallography experiments were performed by 

Thomas Charpentier, Ph.D. and Eric Toth, Ph.D. 

 

B. Introduction 

S100B, a small (21 kDa), dimeric, Ca
2+-

 and Zn
2+

-binding protein, is elevated in 

several types of cancer including reactive gliomas, renal cell tumors, malignant mature T-

cells, and malignant melanoma, where its expression correlates inversely with patient 

survival (6,133). While aberrant expression of S100B has been used as a cancer marker in 

melanoma for over 20 years, more recent discoveries indicate that S100B, and other S100 

proteins (S100A1, S100A2, S100A4, S100A6), contribute to tumorigenesis by interacting  

 

 
2
Chapter III contains the text of the manuscript In vitro screening and structural 

characterization of inhibitors of the S100B-p53 interaction, International Journal of 

High Throughput Screening, Volume 2010(1) pp109-126, 2010.  P.T. Wilder, T.H. 

Charpentier, M.A. Liriano, K. Gianni, K.M. Varney, E. Pozharski, A. Coop, E.A. Toth, 

A.D. MacKerell, and D.J. Weber. 
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with and downregulating the tumor suppressor protein, p53, and its homologs p63 and 

p73 (43,45,134-143). Specifically, a decrease in transcription activation, as well as 

protein levels of ectopically expressed p53 and p53-regulated gene product, occurred in 

H1299 cells upon coexpression with S100B (43). The C8146A malignant melanoma cells 

express high levels of S100B that, when knocked down by the introduction of 

siRNA
S100B

, result in a corresponding increase in wild-type p53 protein levels and its 

associated gene products (135). Cancer cells with elevated levels of S100B escape p53-

dependent tumor suppression pathways even when the wild-type p53 genotype is intact 

because the S100B-p53 interaction downregulates p53 at the protein level. In vitro, 

S100B was found to bind p53 directly, prevent its temperature-dependent 

oligomerization, and to inhibit protein kinase C (PKC)-dependent phosphorylation of the 

tumor suppressor (45). Therefore, a drug development program that disrupts the S100B-

p53 interaction is underway as a means to restore functional p53 in cancers with elevated 

S100B, such as occurs in malignant melanoma that typically expresses wild-type p53 

(43,135). 

While many drugs target receptors, transporters, ion channels, and enzymes that 

have very discrete ligand binding sites, the development of small compounds that block 

the S100B-p53 interaction requires inhibition of larger protein-protein interfaces (PPIs) 

that were once thought to be difficult, if not impossible, to inhibit with small molecules. 

It is now recognized that the interfaces of most PPIs have smaller amino acid domain(s), 

termed “hot spots”, that contribute more energetically to the PPIs than the surrounding 

protein surface (144). Successful strategies to target small molecule PPI inhibitors were 

developed and, as a result, several PPIs have been successfully blocked, including those 
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involving Bcl-2, p53, ERK, tubulin, and several SH2 domains, to name but a few 

(145,146). As with these proteins, a “hot spot” on S100B was recognized in structural 

studies with several different S100B-peptide complexes and small compounds (46,147). 

Taking advantage of existing atomic resolution structural information for S100B 

and its Ca
2+

-dependent target protein interactions (see Figure 3.1), a high-throughput 

screening (HTS) method was designed and implemented to identify rapidly and reliably 

compounds that bind the p53 binding site on S100B and inhibit their complex formation. 

A peptide derived from the C-terminus of p53 residues 367–388 (p53
367–388

) was found to 

bind S100B in a Ca
2+

-dependent manner, inhibiting the PKC-dependent phosphorylation 

of the peptide in a manner identical to what is seen for full length p53 (40,44). Therefore, 

the three-dimensional structure of this peptide bound to Ca
2+

-S100B was determined 

using nuclear magnetic resonance (NMR) spectroscopic methods, revealing that a 

hydrophobic cleft exposed upon Ca
2+

 binding to S100B is necessary for binding p53 

(40,148,149). Several other peptides and small molecules have been shown to interact 

with this hydrophobic pocket on S100B, in particular a small 12-residue peptide, TRTK-

12, that was sufficient for inhibiting complex formation between S100B and full-length 

p53 (46,147). The NMR solution and x-ray crystal structure TRTK-12 bound to S100B 

confirms that it binds in the same hydrophobic pocket on S100B as does p53 (see Figure 

3.1B) (150,151). With this in mind, an in vitro fluorescence polarization competition 

assay (FPCA) using an N-terminal 5-carboxytetramethylrhodamine (TAMRA)-labeled 

version of the TRTK-12 peptide (TAMRA-TRTK) was developed to screen for inhibitors 

that target this discrete hydrophobic pocket on Ca
2+

-loaded S100B. 
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Figure 3.1 The calcium-dependent 

interaction of S100B with p53.  (A) The 

solution structures of, from top to 

bottom, apo-S100B (PDB 1SYM), Ca-

S100B (PDB 1QLK), and p53-Ca-S100B 

(PDB 1DT7) reveal a large 

conformational change in S100B upon 

binding Ca
2+

, exposing a hydrophobic 

cleft that is capable of binding the tumor 

suppressor p53. One monomer of the 

dimeric S100B is shown in blue and the 

other in red with yellow residues, 

highlighting amino acids known to 

interact with the p53
367–388

 peptide. The 

structured region of the p53
367–388

 peptide 

formed by residues 374–388, shown in 

green, binds to the hydrophobic cleft 

between helix 3 (H3) and 4 (H4) of the 

Ca
2+

-bound protein, thus connecting 

Ca
2+

-signaling pathways with p53. There 

are actually two identical p53 binding 

site on S100B but only one is shown 

occupied.  (B) A close-up of helix 3 (H3) 

and 4 (H4) have been aligned with the 

same region in the TRTK-12 bound Ca-

S100B structure (PDB 1MWN) show 

that the p53 peptide (green) and the 

TRTK-12 peptide (red) bind the same 

site but with slightly different 

orientations. In addition, the large 

hydrophobic Trp in TRTK-12 buries 

itself deeper in the core of S100B than 

the smaller, but homologous, Leu in the 

p53
367–388

 peptide. 
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  Fluorescent polarization assays have been increasingly used in HTS due to their 

generally good sensitivity, rapid response, homogeneous format (no separation steps 

needed), and simple instrumentation, as reviewed by Huang and Aulabaugh (152). The 

principle of fluorescence polarization is well suited to studying the interaction of 

molecules with significantly different molecular weights, such as the S100B at 10.7 kDa 

and the TRTK-12 peptide at 1.5 kDa used here. The smaller probe is labeled with a 

fluorophore and then exposed to polarized light, leading to excitation of only those 

molecules in the correct orientation. The fluorescence emission is measured parallel and 

perpendicular to the excitation source, allowing the degree of polarization to be 

determined. The larger, slower, tumbling molecules will retain a higher degree of 

polarization, such as when the peptide probe is bound to the larger S100B, while the 

smaller faster-moving unbound probe will have a lower polarization. In our FPCA assay, 

the probe will be displaced, or competed off, by small molecules decreasing the 

fluorescence polarization (Figure 3.2). 

The high-throughput FPCA developed was used to screen the 2000-compound 

Spectrum Collection comprised of known drugs and biologically active compounds, and 

revealed several compounds that inhibit the TRTK-S100B interaction. NMR 

spectroscopic methods confirm that the compounds bind S100B, and x-ray crystal 

structures have been determined for three of the compounds from the library. Structures 

of chlorpromazine (SC0067), thimerosal (SC0322), and sanguinarine (SC0844) bound to 

S100B indicate that all three molecules have the same hydrophobic cleft of Ca
2+

-loaded 

S100B. Two of the structures reveal that the compounds covalently modify Cys84 in 
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S100B, and further studies confirm that many of the inhibitors found in this screen may 

function in a similar mannner. 

 

 

 

 

 

Figure 3.2 Schematic 

illustrating the FPCA.  The 

FPCA uses the change in 

polarization of a TAMRA-labeled 

peptide derived from residues 

265–276 of the actin capping 

protein CapZ (TAMRA-TRTK) 

that binds to S100B in the same 

region as p53 peptide (see Figure 

1). In the presence of calcium, 

S100B binds TAMRA-TRTK 

causing the peptide to rotate 

slower, and the polarization 

values to increase. The addition of 

compounds that bind the same 

region displace the peptide, 

allowing it to rotate freely and 

decreasing the polarization value. 

A HTS version of this assay was 

used to screen for putative 

inhibitors of S100B, and it is also 

used to determine the binding 

affinity (KD) of the compound to 

S100B (see Table 2). The S100B 

dimer is shown in blue, the 

TAMRA-TRTK in red, and the 

Ca
2+

 ions are shown as orange 

spheres. 
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C. Experimental Procedures 

Materials–All chemical reagents were ACS grade or higher unless otherwise 

indicated.  All buffers were passed through Chelex-100 (Bio-Rad) to remove trace 

metals.  The D2O, D6-DMSO, 
15

NH4Cl and 
13

C-labeled glucose were purchased from 

Cambridge Isotope Laboratories, Inc (Andover, MA).  The 2000 compound Spectrum 

Collection of known drugs and natural products was purchased from MicroSource 

Discovery Systems Inc. (Gaylordsville, CT), and suspended in 100% DMSO or D6-

DMSO for NMR experiments.  All other chemicals and small compounds screened were 

purchased from LKT (St. Paul, MN), Sigma-Aldrich (St. Louis, MO), Calbiochem (San 

Diego, CA), or Chembridge (San Diego, CA). 

Preparation of recombinant S100B–The pET11b  expression vector (Novagen, 

Inc., Madison, WI) containing either rat S100B cDNA, a double mutant (C68/84S) rat 

S100B cDNA, or the bovine S100B cDNA was used for the production of the S100B in 

HMS174(DE3) cells (Novagen) (153).  In the past, structural studies in our lab were 

conducted using rat S100B, and due to the extremely high sequence similarity between 

rat and human S100B, compounds identified in this study are expected to also bind and 

inhibit the human protein. However, we were unable to crystallize rat S100B, so for 

crystallization experiments, bovine S100B was used instead. Unlabeled and 
15

N-labeled 

S100B were prepared and purified (>99%) under reducing conditions using procedures 

similar to those described previously (153,154), except DTT was used as a reducing 

agent instead of -mercaptoethanol.  The concentrations of S100B stock solutions were 

determined using the Bio-Rad Protein Assay (Bio-Rad) using wild type S100B of known 

concentration as the standard.  The concentration of this S100B standard was determined 
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by quantitative amino acid analysis (BioSynthesis, Inc., Lewisville, TX).  The S100B was 

stored at a concentration of ~10 mM in < 2 mM TES or HEPES, pH 7.2, with 0.5 mM 

DTT at –20°C until use. 

Peptides–All peptides were synthesized using solid-state peptide synthesis and 

their purity was determined to be >95% by HPLC and mass spectrometry (Biosynthesis 

Inc., Lewisville, Texas).  The p53 peptides are derived from the terminal 27 residues of 

human p53 (residues 367-393; SHLKSKKGQSTSRHKKLMFKTEGPDSD) either with 

the N-terminus acetylated (p53
367-393

), fluorescein isothiocyanate (FITC) labeled (FITC-

p53
367-393

), or N-terminal 5-carboxytetramethylrhodamine (TAMRA) labeled (TAMRA-

p53
367-393

).  The TRTK-12 peptides are derived from the CapZ protein residues 265 to 

276 (TRTKIDWNKILS) the C-termini are amidated, and have either the N-terminus 

acetylated (TRTK) or TAMRA labeled (TAMRA-TRTK).  The Hdm4 peptides, derived 

from the human homolog of Mdm4 residues 25 to 43 (QINQVRPKLPLLKILHAAGAQ), 

have the C-termini amidated, and have either the N-terminus acetylated (Mdm4
25-43

) or 

TAMRA labeled (TAMRA-Mdm4
25-43

).  Each peptide was soluble and stored in H2O, pH 

7.2.  The concentration of the stock solutions of unlabeled peptides were determined by 

quantitative amino acid analysis (Biosynthesis Inc., Lewisville, Texas) and/or determined 

using the extinction coefficient for the methyl ester of N-acetyl tryptophan, ε280 = 5600 

cm
-1

M
-1

, as previously described (40).  The concentration of FITC peptides were 

determined at pH 8.0 using the extinction coefficient for amide-linked FITC(155), ε494 = 

68,000 cm
-1

M
-1

, and the TAMRA peptides by using the extinction coefficient for 

TAMRA, ε547 = 65,000 cm
-1

M
-1

. 
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Fluorescent polarization competition assay (FPCA)–Fluorescence polarization 

experiments were performed in Corning 96-well, flat bottom, black assay plates 

(Corning, NY) in a final volume of 200 µl.  The final assay buffer used in the screens 

contained 2.5 µM rat S100B (or 5 µM C68/84S mutant rat S100B), 50 nM TAMRA-

TRTK, 50 mM TES or HEPES, pH 7.2, 15 mM NaCl, 100 mM KCl, 10 mM CaCl2, 

0.10% Triton X-100, and 5% DMSO.  Automation of the liquid handling and compound 

addition was performed using either an 8-span pipetting head equipped Biomek NX
P
, or a 

96-well pipetting head equipped Biomek FX laboratory automation workstation 

(Beckman-Coulter).  Increasing amounts of S100B were added to determine the affinity 

of S100B for the peptide in these buffer conditions.  The high throughput FPCA was 

performed at four different concentrations of compound, 62.5, 31.3, 15.6, and 7.8 µM 

that, with the “no S100B” control and the “no inhibitor” control, could be used to 

estimate the IC50.  More robust titrations of the “hits” from the high throughput FPCA 

were completed to determine a more accurate IC50 value for the compounds under the 

same conditions.  All solutions used in the FPCA were incubated for 15 minutes 

minimum at 37°C, at which time, the polarization was read at 37°C from the top of the 

well with a BMG POLARstar fluorescent plate reader (BMG Labtech, Durham, NC) 

using a 544 ±5 nm excitation and 590 ±15 nm emission filter.  

The quality and suitability of the high-throughput FPCA was evaluated using the 

Z-factor developed by Zhang et al. (156).  The Z-factor = 1 – (3SDb + 3SDf)/(µb-µf) 

where µb and µf are the mean value polarization (mP) of the bound and free probe, 

respectively, and SDb and SDf are the standard deviation of those values for bound and 

free probe, respectively.  The Z-factor can be any value ≤ 1 with a value of 1 being an 
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ideal assay, ≥ 0.5 but <1.0 being an excellent assay, and a value of < 0.5 being 

unacceptable for our application. 

The binding data were fit using a single site binding model with Origin software 

(OriginLab Corp., Northampton, MA), with one peptide bound per symmetrical S100B 

subunit.  For the fluorescence polarization competition titrations, an equation derived by 

Nikolovska-Coleska et al. was used to calculate the KD from IC50 titrations as follows:  

KD = [I]50/([L]50/
TAMRA-TRTK

KD + [P]0/
TAMRA-TRTK

KD + 1) where [I]50 is the concentration 

of the unlabeled compound at 50% inhibition, [L]50 is the concentration of the free 

TAMRA-TRTK at 50% inhibition,  [P]0 is the concentration of the free protein at 0% 

inhibition, and 
TAMRA-TRTK

KD is the dissociation constant of the S100B-TAMRA-TRTK 

complex (
TAMRA-TRTK

KD = 1.19 ± 0.65 µM; see Figure 3.3) (157). 
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Figure 3.3 Data from the FPCA assay (A) The binding of S100B to TAMRA-

TRTK was measured in the FPCA buffer conditions giving a KD = 1.19 ± 0.65 

µM.  (B) The Z factor of 0.71 within the acceptable range of 0.5 to 1.0 was 

determined for the FPCA assay with 2.5 µM S100B and 50 nM TAMRA-

TRTK (see Materials and methods section for equation).  (C) The HTS FPCA 

was run on four different concentrations of compounds; shown is the resulting 

percentage inhibition from the 62.5 µM concentration for each compound. Any 

compounds inhibiting greater than two standard deviations from the mean, 

shown with the dashed line, were tested by NMR to confirm that they bound 

S100B for each compound concentration, resulting in 26 inhibitors (see Table 

2). There were some compounds that appeared to increase the binding, two 

standard deviations below the average; however, none of these compounds 

bound S100B, with the false signal caused by fluorescence interference (FI) in 

the FPCA. 
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 Fluorescent polarization binding assay–The same buffer conditions as the FPCA 

were used when determining the affinity of the different peptides to rat S100B or the 

C68/84S mutant except that increasing concentrations of S100B protein were added 

while monitoring the change in polarization with a 544 ±10 nm excitation and 590 ±10 

nm emission filter for the TAMRA labeled peptides and 485 ±10 nm excitation and 520 

±10 nm emission filter for the FITC labeled peptides.  All measurements were performed 

on a Varian Carey Eclipse fluorescence spectrophotometer with a control temperature 

cell at 37°C in a 3 x 3 mm cuvette.  The binding data were fit using a single site binding 

model with Origin software (OriginLab Corp., Northampton, MA), with one peptide 

bound per symmetrical S100B subunit.   

Nuclear magnetic resonance spectroscopy–NMR spectra were collected at 37°C 

with either a Bruker DMX600 NMR spectrometer (600.13 MHz for protons) or a Bruker 

AVANCE 800 NMR spectrometer (800.27 MHz for protons) equipped with pulsed-field 

gradients, four frequency channels, and triple resonance, z-axis gradient cryogenic 

probes.  A one-second relaxation delay was used, and quadrature detection in the indirect 

dimensions was obtained with states-TPPI phase cycling (158); initial delays in the 

indirect dimensions were set to give zero- and first-order phase corrections of 90° and –

180°, respectively (159).  Data were processed using the processing program nmrPipe 

(160) on Linux workstations.  All proton chemical shifts are reported with respect to the 

H2O or HDO signal taken to be 4.658 ppm relative to external TSP (0.0 ppm) at 37°C.  

The 
15

N chemical shifts were indirectly referenced using the zero-point frequency at 37°C 

of 0.10132905 for 
15

N-
1
H, as previously described (161-163). 
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Uniformly 
15

N-labeled S100B was used to collect two-dimensional heteronuclear 

single quantum coherence (HSQC) spectra of S100B-compound complexes.  

Specifically, the 
1
H,

15
N-fast HSQC (164) experiment was collected for each point in 

titrations of Ca
2+

-loaded S100B with various compounds to monitor changes in the 

backbone 
15

N and 
1
H resonances of S100B.  Typical NMR samples contained 0.05-0.50 

mM rat S100B (or C68/84S rat S100B), 0-5.0 mM compound, 10 mM TES or 10 mM 

HEPES, pH 7.2, 15 mM NaCl, 10 mM CaCl2, 0.34 mM NaN3, 5-10% D2O, and 0-5% D6-

DMSO. 

Group epitope mapping via saturation transfer difference (STD) NMR was 

completed for the chlorpromazine-S100B complex in a manner similar to that described 

previously (165).  Specifically, during the 2 second pre-saturation pulse, the on-resonance 

irradiation of the protein was performed at a chemical shift of -0.4 ppm and the off-

resonance irradiation was applied at 30 ppm, where no protein signals were present.  As a 

control, the STD experiments were collected in the absence of a T1ρ filter, and as 

expected, the one-dimensional spectrum of holo-S100B was fully restored.  The final 

sample contained 50 µM S100B, 1.0 mM SC0067, 10 mM CaCl2, 5% D6 DMSO, 99.98% 

D2O, 15 mM NaCl, 0.34 mM NaN3, and 10mM Tris D11, pH 7.2.  The STD data was 

collected at 25ºC to achieve more efficient saturation of the protein.  Proton assignments 

of SC0067 were confirmed in the above conditions in the absence and presence of S100B 

using two-dimensional total correlation spectroscopy experiments (166). 

Protein Crystallization–Diffraction quality crystals for the chlorpromazine-Ca
2+

-

S100B complex were obtained by sitting drop vapor diffusion at 22
o
C by mixing 2 µL of 

S100B protein (40 mg/mL S100B, 7.5 mM CaCl2, 4.0mM SC0067, 20 mM cacodylate 
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buffer pH 7.2) with 2 µL of reservoir solution (200 mM CaCl2, 0.1 M Bis-Tris buffer pH 

7.0, and 42% MPD) and equilibrating for 30-60 days.  After crystals formed, they were 

cryoprotected in a harvest solution (200 mM CaCl2, 4.0 mM SC0067, 0.1 M Bis-Tris 

buffer pH 7.0, 45% MPD, and 5% glycerol) for 30-60 seconds and then flash-cooled in 

liquid nitrogen.  The thimerosal (SC0332)-Ca
2+

-S100B (2-3 day crystal formation) and 

sanguinarine (SC0844)-Ca
2+

-S100B (15-30 day crystal formation) complexes were 

crystallized in a similar manner using complex-specific protein buffers [SC0332-Ca
2+

-

S100B,  40 mg/mL S100B, 15 mM CaCl2, 4.0 mM SC0332, and 20 mM cacodylate 

buffer (pH 7.2); SC0844-Ca
2+

-S100B, 40 mg/mL S100B, 7.5 mM CaCl2, 4.0 mM 

SC0844, 20 mM Tris buffer (pH 7.2)], reservoir solutions [SC0332-Ca
2+

-S100B, 50 mM 

MgCl2, 0.1 M HEPES buffer (pH 7.4), and 34% PEGMME550; SC0844-Ca
2+

-S100B, 7.5 

mM CaCl2, 0.2M Li2SO4, 62.5 mM cacodylate buffer (pH 8.5), and 38% PEG3350] and 

harvest solutions [SC0332-Ca
2+

-S100B, 7.5 mM CaCl2, 50mM MgCl2, 4.0 mM SC0332, 

0.1 M HEPES buffer (pH 7.4), 34% PEGMME550, and 5% glycerol; SC0844-Ca
2+

-

S100B, 7.5 mM CaCl2, 0.1M Li2SO4, 0.5 mM SC0844, 27.5 mM Tris buffer (pH 8.5), 

39% PEG3350, and 5% glycerol].  Space groups and unit cell parameters are given in 

Table 1.  SC0067-Ca
2+

-S100B, SC0332-Ca
2+

-S100B and SC0844-Ca
2+

-S100B had four, 

one, and two S100B subunits in the asymmetric unit, respectively.  

X-ray data collection, model building, and refinement–X-ray data for SC0067-

Ca
2+

-S100B were collected at 100 K using an in-house X-ray generator (MSC micromax 

7; Rigaku Texas, USA) and a Raxis-4++ image plate detector (Rigaku Texas, USA).  X-

ray data for crystals SC0332-Ca
2+

-S100B and  SC0844-Ca
2+

-S100B  were collected 

remotely at Stanford Synchrotron Radiation Laboratory (beamlines 9-1 and 12-2, 
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respectively) (Menlo Park, CA) using an ADSC Quantum-315 CCD detector (Area 

Detector Systems Corp.) and a MAR325 CCD detector (Marresearch, Germany), 

respectively.  The reflection intensities were integrated and scaled with the HKL2000 

suite of computer programs (167).  The crystals of SC0067-Ca
2+

-S100B, SC0332-Ca
2+

-

S100B and SC0844-Ca
2+

-S100B diffracted to 2.04 Å, 1.79 Å and 1.85 Å resolution, 

respectively.  Preliminary phases were obtained via molecular replacement techniques 

using the structure of Ca
2+

-bound S100B (PDB file: 1MHO; (168)) as a search model and 

the computer program Phaser from the CCP4 program suite (169).  Refinement and 

Model building was completed using REFMAC5 and COOT (170,171).  The locations of 

the SC inhibitors and several water molecules were determined by visual inspection of 

electron density maps calculated with 2mFo-DFc and mFo-DFc coefficients with COOT 

(171).  It was evident from visual inspection of the 2mFo-DFc and mFo-DFc electron 

density maps that SC0067 was bound to only two monomers of the four in the 

asymmetric unit and the occupancy of both SC0067 were 1.0.  The mercury for the 

SC0332 molecule was covalently linked to the Cys84 with the mercury at an occupancy 

of 0.25.  The other half of SC0332 was found in the hydrophobic pocket and also was set 

to an occupancy of 1, except for the sulfur which was set to an occupancy of 0.25.  

SC0844 occupancy was set to 1.0 and was covalently attached to the Cys84 sulfur similar 

to the mercury of SC0332 (Table 3.1). The stereochemistry was checked with the 

programs WHATCHECK and PROCHEK (172,173).  The quaternary structure and 

accessible surface areas were analyzed using the PISA server (http://www.ebi.ac.uk/msd-

srv/prot_int/cgi-bin/piserver).  The coordinates for SC0067-Ca
2+

-S100B, SC0332-Ca
2+

-

S100B and SC0844-Ca
2+

-S100B X-ray structure were deposited in the Protein Databank 

http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver
http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver
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(174,175) and assigned the following accession numbers: 3LK0 for SC0067-Ca
2+

-S100B, 

3LK1 for SC0332-Ca
2+

-S100B and 3LLE for SC0844-Ca
2+

-S100B.  Figures were 

generated with the program PyMol (http://www.pymol.org). 

http://www.pymol.org/
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Table 3.1    

Diffraction and refinement statistics 

 SC0067 

Ca
2+

-S100B 

SC0322 

Ca
2+

-S100B 

SC0844 

Ca
2+

-S100B 

Diffraction Statistics    

Space Group P21 C2221 P3221 

Cell dimensions a,b,c (Å) 28.6, 59.1, 104.0 35.2, 88.8, 59.0 46.3, 46.3, 172.4 

Cell angles , , γ (deg) 90, 92.5, 90 90, 90, 90 90, 90, 120 

Resolution (Å) 103.7-2.04 

(2.09-2.04) 

44.41-1.79 

(1.84-1.79) 

57.45-1.85 

(1.89-1.85) 

No. of unique reflections 20393 (1190) 7229 (188) 18153 (1202) 

Completeness (%) 96.86 (79.95) 84.36 (30.40) 99.27 (93.01) 

Rsym
a 

0.075 (0.428) 0.057 (0.308) 0.055 (0.519) 

Average I/σ 14.14 (2.94) 29.09 (2.31) 37.48 (2.80) 

Multiplicity  4.0 (4.0) 5.9 (3.4) 9.6 (6.4) 

Refinement Statistics    

Rcrys
b

 (%) 23.7 (19.7) 19.8 (23.6) 19.5 (24.1) 

Rfree
b
 (%) 29.1 (29.3) 24.2 (28.8) 21.8 (24.1) 

Protein Atoms 2887 704 1481 

Water Molecules  82 47 127 

Non-Hydrogen Atoms  3014 779 1658 

Mean B values (Å
2
)    

Overall 44.54 48.52 33.90 

Protein atoms 43.48 48.48 33.61 

Water Molecules 47.03 63.46 37.48 

Ca
2+

 ions 39.69 43.58 31.29 

small molecules 113.50 56.37, 91.30 33.62
 

RMSD    

Bond Length (Å) 0.017 0.012 0.012 

Bond Angles (Å) 1.557 1.427 2.166 

Ramachandran plot (%)
c 

   

Most Favored 94.9 91.5 95.2 

Additionally Allowed 5.1 6.1 4.8 

Generously Allowed  0.0 2.4 0.0 

PDB identification 3LKO 3LKI 3LLE 

Notes: Numbers in parentheses represent the last outer shell. 
a
Rsym = ΣhΣi(|Ii(h)| - 

|{l(h)}|)/ΣhΣiIj(h), where Ii(h) = observed intensity, and {l(h)} = mean intensity 

obtained from multiple measurements. 
b
Rcrys and Rfree = Σ||Fo| - |Fc||/Σ||Fo|, where 

|Fo| = observed structure factor amplitude and |Fc| = calculated structure factor 

amplitude for the working and test sets, respectively. 
c
For SC0833-Ca

2+
-S100B the 

calculations had 160 residues in the most favored region and eight residues in 

additionally allowed regions.  
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D. Results 

 Fluorescence polarization competition assay development–Fluorescence 

polarization assays have been used for HTS applications due to their high sensitivity, 

rapid readout, homogenous format, and relatively simple instrumentation (152). 

However, such assays require optimization to develop a rapid and sensitive method for 

efficient and reliable screening of large compound libraries. Some of these issues are not 

necessarily exclusive to polarization assays, or even fluorescent-based assays, but had to 

be addressed when developing the assay for discovering S100B inhibitors. 

 

Fluorescence polarization competition assay buffer–The buffer originally used 

was based on the conditions used for the NMR structure determination of peptide-bound 

S100B (10 mM Tris, pH 6.5, 15 mM NaCl, 10 mM CaCl2) but was modified to represent 

intracellular conditions better with the addition of 100 mM KCl (148,150). The pH and 

buffer was switched to 50 mM HEPES, pH 7.2, in place of Tris, pH 6.5, again to mimic 

better intracellular pH and to provide a higher buffering capacity as necessary to prevent 

compounds from changing pH. This is important during an HTS scenario in which the pH 

is not trivial to adjust after the addition of each compound. It was also necessary to add 

5% DMSO and 0.1% Triton X-100 to provide the optimal conditions for compound 

solubility. 

Typically, compound libraries used for HTS screens are prepared in 100% DMSO 

due to its ability to dissolve a wide range of compounds. The FPCA assay will be used to 

screen relatively high concentrations of compound, so even weakly binding compounds 

including those that bind with low micromolar affinities could be identified; under such 



77 
 

 

conditions, the final concentration of DMSO would also increase. Therefore, it was 

necessary to determine a concentration of DMSO that appreciably solubilized the 

compounds in aqueous solutions, but had a minimal affect on peptide binding (176). With 

this in mind, the affinity of S100B for target peptide was tested under varying 

concentrations of DMSO. In the final FPCA, 5% DMSO was used because it only 

decreased the affinity for the peptide minimally (< 2.0-fold) and allowed a high enough 

concentration of compound to be screened, consistent with previous studies showing that 

the use of 5% DMSO or greater increases the solubility of some of the compounds in 

aqueous solutions (176). 

The inclusion of Triton X-100 in the FPC assay was done to reduce false positives 

caused by compounds that themselves form aggregates and, in turn, sequester proteins 

non-specifically. Compounds such as these, termed “promiscuous binders”, need to be 

minimized, as previously described (177,178). The FPCA was tested on the same library 

of compounds in the absence and presence of either 0.05% or 0.10% Triton X-100 in 

order to identify “promiscuous binders”. While both 0.10% and 0.05% Triton X-100 

effectively reduced such false positives in the FPCA, it was decided that 0.10% Triton X-

100 would be used in the final assay as a cautious measure. As an additional benefit, the 

addition of Triton X-100, like the small amount of DMSO, also increased the solubility of 

many of the compounds. 
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Selection of fluorescently-labeled peptide probes– Several peptides have been 

found to bind S100B with different affinities, including one derived from p53, CapZ 

(TRTK-12), Hdm2, and Hdm4 (46). These peptides were also synthesized with a specific 

N-terminal FITC or TAMRA label. To screen for inhibitors of the S100B-p53 interaction, 

it seemed logical to use a peptide based on the well-characterized C-terminal peptide of 

p53, and initially the FPCA was performed with a peptide comprising residues 367–393 

of human p53 with a single FITC conjugated to its amino-terminus (FITC-p53
367–393

). 

This peptide was shown to bind to Ca
2+

-S100B by fluorescence polarization, and could 

be competed off with the unlabeled p53, TRTK-12, and Hdm4 peptides, showing that the 

four peptides bind in the same location on S100B. However, the KD of FITC-p53
367–393

 

was found to have a significantly higher affinity than the unlabeled version, indicative of 

the FITC moiety contributing to the binding interaction. In addition, the fluorescence 

lifetime of the FITC varies with pH, so any slight change in pH could result in a false-

positive reading. Lastly, it is also documented that FITC is sensitive to the solution’s 

redox state, which is another source of false-positive readings, particularly with 

numerous compounds in the Spectrum Collection library (179). Thus, for compounds 

such as these, a time-dependence and sensitivity to reducing agents was noted, again due 

to the physical characteristics of FITC responding to the solution’s redox state and not as 

the result of binding to S100B. To avoid these problems with the use of FITC, the N-

terminal TAMRA-labeled peptides were used here. 

TAMRA-labeled versions of the p53 peptide (TAMRA- p53
367–393

), TRTK-12 

(TAMRA-TRTK), and Hdm4 (TAMRA-Hdm4) were synthesized, and their affinities for 

S100B determined under assay conditions. The TAMRA- p53
367–393

, TAMRA-TRTK, 
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and TAMRA-Hdm4 were found to have KD values of 25.39 ± 2.97 µM, 1.19 ± 0.65 µM 

(see Figure 3.3A), and 3.08 ± 0.39 nM, respectively. The particularly high affinity of the 

Hdm4 peptide was surprising, and the peptide can be used in secondary screens for the 

highest binding inhibitors discovered. However, this peptide would not be useful for 

screening large libraries because the probe concentration would have to be < 1 nM, which 

is too low to make accurate polarization readings for many commercially available plate 

readers. On the other hand, the relatively low affinity binding of the TAMRA-p53
367–393

 

peptide would require high concentrations of S100B that would be prohibitive to 

complete a screen of a large compound library. However, the affinity of the TAMRA-

TRTK peptide for S100B was ideally suited to accommodate sufficient screening ability 

without the need for extremely large quantities of protein. For these reasons, it was 

chosen for use in the FPCA assay. The dynamic range for measuring polarization for this 

peptide in the free and bound state was also favorable, with the free TAMRA-TRTK 

peptide giving a polarization value of 134.2 ± 5.1 mP that increased to 308.2 ± 7.4 mP 

with saturating S100B (> 99.5% occupancy). For the most sensitive polarization 

competition assay, the fraction of [ligand bound]/[total ligand] should be between 0.5 and 

0.8, with the total ligand (TAMRA-TRTK) being ≤ 2 x KD (180); therefore, 2.5 µM 

S100B was used with 50 nM TAMRA-TRTK for a fractional occupancy of 0.67, within 

the range. When the FPCA assay was run under these conditions, a Z factor of 0.71 is 

obtained, which is within the acceptable range of 0.5–1.0 (see Material and Methods 

section for calculation) (156). 
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High-throughput screen using FPCA–As illustrated (see Figure 3.2), the 

TAMRA-TRTK FPCA was used to screen the 2000-compound Spectrum Collection 

library, and 26 compounds were identified as possible S100B inhibitors. The assay was 

done in a high-throughput mode using four different concentrations of compound, ie, 

62.5, 31.3, 15.6, and 7.8 µM. Under these conditions, compounds that inhibited the 

binding by at least twice the standard deviation from the mean values of all the tested 

compounds were considered to be top candidate inhibitors (see Figure 3.3C). Using these 

selection criteria, there were 39 (2.0%), 39 (2.0%), 37 (1.9%), and 32 (1.6%) compounds 

from the 2000 total that were selected for secondary screens for the 62.5, 31.3, 15.6, and 

7.8 µM concentrations, respectively. Several other compounds were initially identified 

because they appeared to increase the binding to the peptide. However, upon closer 

inspection, these compounds were causing fluorescence interference (FI) with the assay. 

The FI could be due to the compound having overlapping fluorescence, quenching the 

fluorophore, and/or changing the fluorescence lifetime of the probe. Once these 

compounds were eliminated from further consideration, a total of 49 compounds were 

selected for secondary screening using NMR, with 26 compounds meeting the selection 

criteria. In the end, it was determined that all 26 compounds shown to bind S100B using 

the NMR secondary screening method would have been selected using either the 31.3 or 

62.5 µM concentrations alone. Nonetheless, the use of four concentrations is still in use 

because it also allows for an estimation of the IC50, and also allows for easy identification 

of FI in the FPCA that might not be seen using a single concentration. However, for very 

large screens, to save material, the assay can be reliably completed using only 31.3 or 

62.5 µM. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995924/figure/F2/
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Secondary screening of compounds by NMR–The monitoring of NMR chemical 

shift perturbations for 
1
H and 

15
N resonances in S100B upon the addition of compound 

was used as a secondary screen of the top 49 compounds identified from the FPCA. 

These NMR data were important to eliminate false positives as well as to provide 

residue-specific information for mapping the compound binding site on Ca
2+

-bound 

S100B. For such measurements, recombinant S100B protein was produced with 
15

N 

ammonium chloride as its only nitrogen source, so backbone 
15

N amide and 
1
HN protons 

could be readily detected in the presence and absence of the small molecule inhibitor 

using the 
1
H-

15
N edited HSQC experiment. However, collecting HSQC data such as these 

is not as rapid as with the FPCA, such that it is most useful as a secondary screen when 

only a limited number of samples need to be examined. For example, the automatic 

sample changers commercially available for NMR spectrometers typically hold 60 to 250 

samples, with each sample requiring two 10-minute periods of data collection. Here, the 

samples were all prepared using 10-fold excess compound versus S100B (100 µM; 10 

mM Ca
2+

). These data were compared with a S100B spectrum in the absence of 

compound, and only compounds that caused changes in the chemical shift values and/or 

caused loss of peaks due to chemical exchange broadening were considered to be S100B 

inhibitors. In addition to these data providing confirmation compound binding, the NMR 

chemical shift perturbations also provide residue-specific data that are useful for defining 

the compound binding site on the protein in solution, particularly given that the high 

resolution structure of Ca
2+

-S100B is known (see Figure 3.4A).  
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Figure 3.4 NMR data for the SC0067-S100B complex.  (A) The binding of 

chlorpromazine (SC0067) to Ca
2+

-S100B was monitored by HSQC NMR 

titrations and the combined perturbation in the chemical shifts of the 

backbone amide and proton were graphed. The asterisk indicates the peak 

was lost due to chemical exchange broadening.  (B) The binding of 

chlorpromazine (SC0067) to Ca
2+

-S100B, as monitored by saturation transfer 

difference, NMR spectroscopy showing the strongest peaks for the atoms 

closest to S100B. 
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The NMR screening confirmed that 26 of the 49 compounds identified in the 

FPCA assay were indeed binding Ca
2+

-bound S100B. Many of the "false-positive" hits 

originally identified in the FPCA were subsequently found to possess intrinsic 

fluorescence that directly interfered with fluorescence polarization (ie, FI). However, 

nine compounds initially selected in the FPCA, but later shown to have FI in the FPCA, 

did in fact still bind S100B as determined by NMR. Therefore, it is not recommended to 

have a prescreen to eliminate compounds that potentially have FI in the FPCA. For 

example, two compounds, SC0931 and SC1036, are structurally very similar. In a 

quantitative titration using the FPCA, SC0931 was found to bind to Ca
2+

-S100B with the 

highest affinity (KD = 0.04 ± 0.01 µM) of all the compounds that were discovered here 

(0.04 µM < KD < 1500 µM); whereas the affinity of SC1036 could not be determined 

quantitatively in the FPCA due to FI. Thus, this compound showed some binding in the 

initial screen and was found to bind S100B by NMR. If a prescreen had eliminated the 

testing of compounds with FI, then SC1036 would not have been included in the NMR 

screen and hence not discovered as a potential lead. In addition, it should also be noted 

that the intrinsic fluorescence of a compound, while interfering with quantitative 

interpretation of the FPCA screen, is useful for monitoring binding via direct 

fluorescence changes (ie, as was the case with SC0844, see Table 3.2). For the other nine 

compounds that had FI but were determined to bind S100B via NMR, only very rough 

estimates of their binding affinities could be obtained at this time, and they remain 

compounds of interest for further investigation. In order to provide further structural 

details of how the compounds identified interact with S100B, several of the compound-

S100B complexes were crystallized and their structures determined at atomic resolution. 
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Table 3.2  

Summary of the 26 compounds confirmed to bind S100B by NMR 

Cmpd NMR
a
 IC50 (µM)

b 
KD (µM)

c
 Cys Dependent 

SC0025 Yes FI FI No 
SC0067 Yes 2222.0 ± 1364.3 696.9 ± 427.9 No 

SC0332 Yes 177.7 ± 16.5 55.2 ± 5.1 Yes 

SC0345 Yes 1576.7 ± 274.3 494.3 ± 86.0 No 

SC0377 Yes 4.4 ± 2.2 0.78 ± 0.39 Yes 

SC0676 Yes 606.6 ± 370.7 189.8 ± 116.0 Yes 

SC0844 Yes 35.9 ± 16.4 10.7 ± 4.9 

(5.8 ± 0.2
d
) 

Yes 

SC0931 Yes 2.0 ± 0.6 0.04 ± 0.01 No 

SC1036 Yes FI FI No 

SC1050 Yes 7.6 ± 2.1 1.79 ± 0.50 Yes 

SC1191 Yes FI FI Yes 

SC1193 Yes FI FI Yes 

SC1222 Yes 1926.1 ± 1050.6 604.0 ± 329.5 Yes 

SC1228 Yes 832.0 ± 381.3 260.6 ± 119.4 Yes 

SC1231 Yes FI FI Yes 

SC1233 Yes 4689.2 ± 4521.2 1471.4 ± 1418.7 Yes 

SC1403 Yes 1615.1 ± 906.0 506.4 ± 284.1 Yes 

SC1462 Yes 420.1 ± 66.8 131.3 ± 20.9 Yes 

SC1475 Yes 133.1 ± 65.0 41.2 ± 20.1 Yes 

SC1649 Yes FI FI Yes 

SC1707 Yes FI FI Yes 

SC1778 Yes FI FI Yes 

SC1921 Yes 13.0 ± 3.5 3.5 ± 0.9 No 

SC1928 Yes 728.4 ± 698.7 228.1 ± 218.8 Yes 

SC1982 Yes FI FI Yes 

SC1990 Yes 1349.2 ± 698.7 422.9 ± 219.0 No 

 

 

 

 

Notes: 
a
The compounds identified in the initial screen were confirmed to bind S100B 

via NMR HSQC experiments.  
b
Secondary titrations using the FPCA were done to 

determine IC50 of the compounds, however, fluorescence interference (FI), from 

overlapping fluorescence, quenching, prevented an exact IC50 from being determined 

for certain compounds.  
c
When available, the IC50 from the FPCA was used to 

calculate the KD using the equation as described by Nikolovska-Coleska et al.  
d
Change in the compounds intrinsic fluorescence was used to determine the KD. 
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Structural studies of the chlorpromazine-Ca
2+

-S100B complex–The x-ray 

structure of chlorpromazine bound to Ca
2+

-S100B was solved at 2.04 Å resolution (see 

Figure 3.5 and Table 3.1). In the chlorpromazine-Ca
2+

-S100B structure, the asymmetric 

unit included four subunits of S100B monomers designated A–D; models A and B of the 

monomers formed the biologically active dimeric form of S100B. Each monomer in the 

Ca
2+

-S100B structure contained Met-0 to Glu-89, eight calcium ions, and two 

chlorpromazine molecules. Models A and D, each a monomer representing half of the 

biological dimer, had a bound chlorpromazine molecule. In the final refined models, 

residues of S100B in the chlorpromazine-Ca
2+

-S100B complex were nearly all in the 

most favorable region of their respective Ramachandran plots (95%) with the remaining 

residues falling into the allowed region (5%, see Table 3.1). 

As expected, the two EF-hand calcium binding domains in each subunit were 

found to coordinate two Ca
2+

 ions, as found previously with the typical EF-hand of 

S100B in the Ca
2+

-bound “open” conformation and the dimer interface aligned as a 

symmetric X-type four helix bundle comprising helices 1, 1’ and 4, 4’, respectively (see 

Figure 3.1) (11,17,153,154,181,182). The global fold for S100B in all four monomers in 

the chlorpromazine-Ca
2+

-S100B complex was similar to that reported for Ca
2+

-bound 

S100B, Zn
2+

, Ca
2+

-S100B, and several other Ca
2+

-loaded S100 proteins (133,183-185). 

The binding of chlorpromazine compound caused only minor structural perturbations, as 

evidenced by low root-mean-square distance (RMSD) values between the 

chlorpromazine-bound monomers in the asymmetric unit compared with unbound 

structures in the asymmetric unit (
mainchain

RMSD≈0.27 Å) (17,168). Specifically, each 

subunit of S100B in the chlorpromazine-Ca
2+

-S100B complexes contained four helices 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995924/figure/F5/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995924/table/T1/
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Figure 3.5 X-ray structure of chlorpromazine (SC0067)-Ca
2+

-S100B.  
(A) Surface diagram illustrating the location of the chlorpromazine 

molecule.  (B) Ribbon diagram illustrating the asymmetric unit of SC0067-

Ca
2+

-S100B having only two S100B monomers occupied with 

chlorpromazine.  (C and D) Electron density maps calculated with the 

2mFo-DFc coefficients (1.0σ) for each of the chlorpromazine molecules 

modeled.  (E) Residues of S100B with 5 Å of chlorpromazine are 

illustrated. (Protein Databank accession number: 3LK0) 
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(helix 1, E2-G19; helix 2, K28-L40; helix 3, E49-D61; helix 4, D69-F88) and one small 

antiparallel β-sheet (strand 1, K26-K28; strand 2, D69-E67). 

It was necessary to model the chlorpromazine molecule into sparse electron 

density in only two of the asymmetric units of S100B, with each molecule having an 

occupancy of 1. Modeling chlorpromazine into the electron density maps calculated with 

2mFo-DFc and mFo-DFc coefficients showed that the chlorpromazine molecule was 

oriented in the hydrophobic pocket of Ca
2+

-S100B with the tricyclic moiety nearby 

several hydrophobic residues on the hinge (H42 and F43) and helix 4 (A83, C84, F87, 

and F88). The dimethylamine moiety of chlorpromazine was found to be extending 

toward the C-terminal end of S100B (F87 and F88). Overall, the S100B-chlorpromazine 

interaction was stabilized via hydrophobic interactions, with residues in loop 2 (H42, 

F43) and in helix 4 (A83, C84, F87, F88) contributing most to binding (see Figure 3.5). 

The x-ray structure of the chlorpromazine-Ca
2+

-S100B complex is fully consistent with 

chemical shift perturbation and saturation transfer difference data collected in solution by 

NMR (see Figure 3.4). The binding of chlorpromazine to Ca
2+

-S100B was measured by 

monitoring perturbations of backbone 
1
H-

15
N correlations in two-dimensional 

1
H-

15
N 

NMR experiments (see Figure 3.4A). In HSQC titrations with chlorpromazine the 
1
H-

15
N HSQC correlations of Ca

2+
-S100B shifted for several residues in helix 1 (E2, E4, V8, 

D12, F14, S18), loop 1 (K29), loop 2 (F43, E45, E49, and E51), helix 3 (V52, V56, T59, 

and L60) and helix 4 (M74, A75, V77, M79, A83, F87, E89, and H90). The strength of 

the STD-NMR signals for the methyl group protons from the rings of the molecule, and 

the methyl protons on the tertiary nitrogen interact closely with S100B (see Figure 3.4B). 
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In addition, the location of the chlorpromazine overlaps the binding site found for other 

S100B inhibitors (see Figure 3.6) (147,184). 

 

 

 

 

 

 

Structural studies of thimerosal-Ca
2+

-S100B– The x-ray structure of SC0332 

bound to Ca
2+

-S100B was solved in the C2221 space group at 1.79 Å resolution (see 

Figure 3.7 and Table 3.1). The asymmetric unit for the SC0332-Ca
2+

-S100B structure 

included one monomer of S100B containing 88 residues (Met-0 to Phe-87), two calcium 

ions, two SC0833 molecules, and 71 water molecules. The global fold and Ca
2+

 ion 

coordination of S100B in the SC0322-Ca
2+

-S100B complex were very similar to that 

reported previously for Ca
2+

-S100B (17,168). Specifically, each subunit of S100B in the 

Figure 3.6 Comparison of x-ray structures of small molecules bound to 

S100B. Surface diagrams of chlorpromazine (SC0067)-Ca
2+

-S100B x-ray 

structure is shown overlaid with other small molecules previously 

crystallized with Ca
2+

-S100B:  (A) SBi132,  (B) SBi279,  (C) SBi523, and  

(D) pentamidine. 
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SC0322-Ca
2+

-S100B complex contained four helices (helix 1, E2-G19; helix 2, K28-L40; 

helix 3, E49-D61; helix 4, D69-F88) and one small antiparallel β-sheet (strand 1, K26-

K28; strand 2, D69-E67). The two EF-hand Ca
2+

-binding domains in each subunit were 

found to coordinate two Ca
2+

 ions as found previously with the typical EF-hand of S100B 

in the Ca
2+

-bound “open” conformation and the dimer interface aligned as a symmetric 

X-type four helix bundle comprising helices 1, 1’ and 4, 4’, respectively 

(11,17,153,154,181,182). 

 

 

 

Figure 3.7 X-ray structure of 

thimerosal (SC0332)-Ca
2+

-S100B.  
(A) Ribbon and surface diagram of 

SC0332-Ca
2+

-S100B illustrating the 

location of SC0322 (SC0322, 

orange; nitrogen, blue; oxygen, red; 

sulfur, orange) with one mercury 

moiety covalently bound to Cys84 

and the benzene in the hydrophobic 

pocket.  (B) The electron density 

maps calculated with the 2mFo-DFc 

coefficients (1.0σ) for SC0322 in 

each site.  (C) Residues of S100B 

within 4Ǻ of SC0322 bound to 

benzene site and depicting the 

distance from Cys84 that is modified 

by the mercury. (Protein Databank 

accession number: 3LK1) 
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Thimerosal (SC0332) is known to covalently modify cysteine residues in proteins 

forming ethylmercury adducts and releasing thiosalicylic acid, so it was no surprise that 

one of the two cysteines in S100B, Cys84, was covalently modified (186). However, 

visual inspection of the 2mFo-DFc and mFo-DFc electron density maps show that in 

addition to the ethylmercury adduct on Cys84, the thiosalicylic acid moiety remained 

associated with S100B near helix 3 and the N-terminus of helix 4. In addition, it should 

be noted that the mercury atom and thiosalicylic acid moiety had to be modeled with 0.25 

occupancy. With these parameters, the electron density for the two hydrolyzed products 

of the SC0332 molecule were well defined with reasonable mean B-values (Å
2
; C21: 

32.42 and 89.86; C2221: 56.37 and 91.30) when compared with the average B-factor for 

all protein atoms (C21: 38.92; C2221: 48.48; see Table 3.1). Nearly all of the residues of 

S100B (94.0%) in the SC0332-Ca
2+

-S100B complex were in the most favorable region of 

the Ramachandran plot with the remaining 6.0% of the residues in the allowed region 

(see Table 3.1). The thiosalicylic acid was oriented in the hydrophobic pocket adjacent to 

a p53 peptide-binding site as described previously (see Figure 3.1) (148,187). The ring 

interacted with several hydrophobic residues on the helix 3 (V56, T59, and L60) and 

helix 4 (F76, M79, and I80). 

Due to the interaction seen in the x-ray crystal structure, thiosalicylic acid alone 

was next tested for its ability to bind S100B. While it did not significantly inhibit the 

binding of TAMRA-TRTK in the FPCA even at 2.5 mM, it did cause significant 

chemical shift perturbations of the HSQC NMR spectra in the fast-exchange regime. The 

addition of 1 mM thiosalicylic acid to 100 µM S100B caused shifts in the end of helix 2 

into the hinge region (N38, L40, S41), a flexible loop between helix 2 and 3, helix 3 (V56 
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and L60), and helix 4 (A75, F76, V77, S78, M79, T81, T82, A83) in amino acids 

consistent with the position of the thiosalicylic acid moiety in the SC0332-Ca
2+

-S100B x-

ray crystal structure. 

 

Structural studies of the sanguinarine-Ca
2+

-S100B complex– The x-ray structure 

of SC0844 bound to Ca
2+

-S100B was solved at 1.85 Å (see Figure 3.8 and Table 3.1). 

The asymmetric unit for the SC0844-Ca
2+

-S100B structure included the biologic 

homodimer each consisting of 90 residues per monomer (Met-0 to Glu-89), four calcium 

ions (two per monomer), one SC0844 molecule, and 19 water molecules (see Figure 3.8 

and Table 3.1). It was evident from visual inspection of the electron density maps 

calculated with 2mFo-DFc and mFo-DFc coefficients that the only way to model SC0844 

accurately was to link the molecule to Cys84 covalently. The covalent modification of 

Cys84 by SC0844 observed here was not surprising based on previous observations that 

cysteine residues in proteins are modified by a structurally related compound, 

chelerythrine (188). The SC0844 molecule was found adjacent to the crystallographic 

two-fold axis and modeled with an occupancy of 1.0. Thus, the interactions between 

SC0844 and each S100B dimer were identical across the two-fold axis. Furthermore, the 

electron density for SC0844 was well defined (see Figure 3.8) with reasonable mean B-

values (Å
2
; 33.62), which were comparable with the average B-factor for all protein 

atoms (33.61; see Table 3.1). Modeling SC0844 into the electron density maps calculated 

with 2mFo-DFc and mFo-DFc coefficients showed that the SC0844 molecule was oriented 

in the hydrophobic pocket of Ca
2+

-S100B covalently linked to Cys84, with the five rings 

lying flat across the hydrophobic pocket. Other than the covalent link with Cys84, the 
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other two major interactions are ring stacking with Phe-43 from the flexible hinge region 

connecting helix 2 and helix 3, and with Phe-87 from the C-terminal region on helix 4. 

Surprisingly, the C-terminal end of helix 4 bent approximately 45° towards helix 1 of the 

other dimer. This conformational change was necessary for Phe-87 to ring stack with 

SC0844, and is the largest conformational change seen in S100B as a result of compound 

binding thus far (147,184). 

Nearly all of the residues in SC0844-Ca
2+

-S100B (95.2%) were in the most 

favorable region of the Ramachandran plot, with the remaining 4.8% of the residues in 

the allowed region (see Table 3.1). While the global fold and Ca
2+

-ion coordination of 

S100B in the SC0844-Ca
2+

-S100B complex were very similar to that reported previously 

for Ca
2+

-S100B, the binding of the compound causes a significant bend in helix 4 

following residue Thr-81.(17,168) With the bend induced in helix 4, each subunit of 

S100B in the SC0844-Ca
2+

-S100B complex now contained five helices (helix 1, E2-G19; 

helix 2, K28-L40; helix 3, E49-D61; helix 4a, D69-T81; helix 4b, T82-H85) and one 

small antiparallel β-sheet (strand 1, K26-K28; strand 2, D69-E67). The two EF-hand 

calcium binding domains in each subunit were found to coordinate two Ca
2+

-ions as 

found previously with the typical EF-hand of S100B in the Ca
2+

-bound “open” 

conformation and the dimer interface aligned as a symmetric X-type four helix bundle 

comprising helices 1, 1’ and 4, 4’, respectively (11,17,153,154,181,182). 
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Figure 3.8 X-ray structure of sanguinarine (SC0844)-Ca
2+

-

S100B.  (A) Ribbon and surface diagram of sanguinarine (SC0844)-

Ca
2+

-S100B, illustrating the location of SC0844 (SC0844, orange; 

nitrogen, blue; oxygen, red; sulfur, orange) covalently bound to 

Cys84.  (B  and C) The electron density maps calculated with the 

2mFo-DFc coefficients (1.0σ) for SC0833 in each monomer of the 

biological dimer.  (D) Residues in Ca
2+

-S100B involved in 

coordinating SC0844. (Protein Databank accession number: 3LLE) 
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Cysteine dependence of compound binding– It became clear with the completion 

of the x-ray crystal structures of SC0332 and SC0844 that covalent modification of 

Cys84 within the hydrophobic binding pocket is likely a common mechanism of the 

present S100B inhibitors. Therefore, the FPCA and NMR screens were repeated on the 

26 compounds found to interact with S100B using a mutant of S100B, C68/84S, 

containing no cysteines. The C68/84S mutant S100B is properly folded, as judged by 

very minimal changes in its NMR HSQC spectrum, although it has a slightly decreased 

affinity for TAMRA-TRTK (KD is 2.42 ± 0.46 µM versus 1.19 ± 0.65 µM for the wild 

type). The majority of the S100B inhibitors, 19 out of 26, did not inhibit the binding of 

TAMRA-TRTK to the C68/84S mutant S100B, and these results were confirmed by 

NMR experiments showing the compounds no longer bound the mutant protein (see 

Table 3.2). While there are drugs in use that will covalently modify proteins, they are 

generally avoided due to their potential lack of specificity. However, other groups have 

taken the approach of creating libraries of drugs that bind to cysteine residues on purpose, 

even mutating their protein to contain a cysteine in order to get the structure of 

compound-protein complexes such as these. Such data, in any case, provide a useful 

starting point for building a specific inhibitor, as it will here for S100B (189). 

  

E. Conclusions 

The FPCA developed here can be used in HTS to identify S100B inhibitors. 

Screening of the relatively small spectrum collection resulted in several inhibitors that 

were confirmed by NMR. It was important to show by an independent method that the 

compounds identified in the FPCA directly bind Ca
2+

-loaded S100B. For this purpose, 
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NMR spectroscopy was chosen because chemical shift perturbations or chemical 

exchange broadening, as measured in 
1
H-

15
N HSQC experiments, occur for amino acid 

residues that directly interact with the ligand and/or as a result of more distant structural 

changes in the protein caused by the compound binding (190). The combination of 

screening methods provided 26 compounds that inhibited S100B in vitro. However, for 

the small collection examined here, most of the molecules that showed binding were 

found to modify at least one of the two cysteine residues in S100B covalently. Such 

molecules and the resulting three-dimensional structures determined here will be useful 

probes for the protein binding site that may lead to the design of better compounds, with 

the long-term goal of developing novel therapeutic agents for cancers such as malignant 

melanoma. However, compounds such as chlorpromazine (SC0067), which do not react 

covalently with S100B, will likely represent better leads. The fact that the binding site of 

chlorpromazine on Ca
2+

-S100B overlaps with those discovered for other S100B 

inhibitors (see Figure 3.6) suggests that this region of S100B represents a common “hot 

spot” for S100B inhibitors (147,184). 

Future studies will focus on discovering more lead compounds that inhibit S100B 

using the FPCA in vitro binding assay, including applying this method in combination 

with computer-aided drug design. The lead compounds presented here, as well as others 

discovered in larger screens, will then be further developed by modifying the compounds 

based on structure/activity relationships. It may be possible by tethering two or more lead 

compounds to derive a compound that binds S100B more tightly and with higher 

specificity.
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Chapter IV. A cell-based high throughput assay for inhibitors of S100B-dependent 

melanoma
3
 

 

A. Overview 

The importance of identifying potential S100B inhibitors is reiterated. 

Background information on S100B and its target interactions is briefly reviewed. The 

purpose and rationale for employing a cell-based high throughput assay is explained and 

preliminary results are presented. Additional experiments are described and conclusions 

are predicted. 

 

B. Introduction 

Melanoma is the least common type of skin cancer, but it is nonetheless the most 

dangerous, accounting for 79% of skin cancer deaths (191). The protein S100B is a 

strong prognostic marker used in assessing disease stage and metastatic potential in 

melanoma patients, with greater than 80% of those experiencing metastasizing melanoma 

demonstrating significantly elevated levels of S100B. Additionally, high expression of 

S100B is indicative of increased recurrence, decreased survival, and low therapeutic 

response (6). Because melanoma is notoriously resistant to chemotherapy, radiotherapy, 

and immunotherapy, the discovery of novel therapeutics is crucial to the medical and 

research community. The identification of compounds that could differentiate between 

 

 

3
Chapter IV contains the text of the manuscript A cell based high throughput assay for 

inhibitors of S100B dependent melanoma, In preparation.  K.G. Hartman, D.L. Green, 

D.J. Weber and P.T. Wilder. 
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cancerous and noncancerous melanoma cells based on their S100B expression would be 

invaluable, potentially improving patient prognosis. 

The S100 family of calcium-binding proteins consists of more than twenty 

members which are widely expressed in human tissue (15,27). The S100 family earned 

its name for the proteins’ solubility in 100% ammonium sulfate at neutral pH (10). 

S100B is a 21.5-kDa symmetric homodimer that is normally found in melanocytes, glial 

cells, chondrocytes, and adipocytes, and is over-expressed in many tumor cells (15,27). 

S100B has been determined to exert both intracellular and extracellular effects, regulating 

calcium homeostasis, cell growth, and protein phosphorylation (42). Although the exact 

functional mechanism is not fully understood, S100B is known to interact with a variety 

of proteins, including p53, NDR, and RSK (45,51). Elevated levels of S100B lead to 

deregulation of these targets, contributing to the progression of cancer. 

Previous studies have been conducted in which S100B inhibitors have been 

identified, however, the effects of these compounds in culture, including toxicity,  are yet 

to be determined (131). In this chapter we introduce a cell-based high-throughput 

screening (HTS) technique that can rapidly test thousands of compounds, determining the 

extent to which each inhibits cell growth. Compounds with the capacity to selectively 

target melanoma cells expressing high levels of S100B were characterized for their 

ability to bind to S100B, as well as inhibit the phosphorylation and activation of 

extracellular-signal-regulated kinases (ERKs). The top compounds identified in this study 

could aid in the treatment of malignant melanoma, greatly improving patient prognosis. 

Future research should be conducted to determine which of these compounds, if any, 

would also be beneficial in combination with BRAF or MEK inhibitors. 
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C. Experimental Procedures 

Cell Culture Conditions –The human melanoma cell line WM115 was purchased 

from American Type Culture Collection (ATCC). Cells were maintained in Minimum 

Essential medium (MEM) (Invitrogen) containing 10% fetal bovine serum and 100 

units/ml penicillin-streptomycin (PS) and cultured at 37°C at 5% CO2 and sub-cultivated 

twice a week. 

Lentiviral shRNA particle infections–Cells were seeded in triplicate at 1 x 10
4
 

cells per well in 96-well plates in normal growth media and allowed to recover overnight. 

The cells were then infected with SMARTvector 2.0 lentiviral particles containing non-

targeting scrambled or anti-S100B shRNA according to the manufacturer’s 

recommendations (Thermo Scientific Dharmacon). The following day, the media 

containing lentivirus was removed from each well, washed twice with PBS, then the cells 

were trypsinized and expanded to a well of a 24-well plate in growth media supplemented 

with puromycin (0.5 µg/ml). Upon confluency, wells were trypsinized and single-cell 

diluted into 96-well plates. Clones were maintained in puromycin containing media. 

Western Blot Analysis –Total cell lysates were prepared in RIPA lysis buffer 

(Upstate Biologicals) supplemented with 1X protease inhibitor cocktail EDTA-free 

(Roche) and 1X phosphatase inhibitor cocktail II (Calbiochem).  Lysates were cleared by 

centrifugation at 16,000 x g for 15 minutes at 4
o
C.  Protein concentration was determined 

by a Bradford assay (Bio-Rad).  Twenty-five micrograms of each lysate were 

electrophoresed on a 12% Bis-Tris NuPage gel (Invitrogen) and transferred onto a PVDF 

membrane (Invitrogen) according to the manufacturer’s recommedations, then blocked 

with 5% nonfat dry milk in TBST and incubated with the indicated antibody. In this 
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study, the following antibodies and dilutions were used: S100B mouse monoclonal 

antibody (BD Transduction Laboratories) at 1:1,000 and GAPDH mouse monoclonal 

antibody (CalBiochem) at 1:10,000 as a loading control.  The blots were then incubated 

with secondary antibodies conjugated to horseradish peroxidase. Protein-antibody 

complexes were detected using Amersham ECL Western Blot Detection Reagents 

following the manufacturer’s recommendations (GE Healthcare). 

High-throughput screen–Cells were plated in Corning 384-well, flat bottom, 

tissue culture treated assay plates (600 cells per well) in a volume of 20 µL normal 

growth media and allowed to recover overnight at 37°C. The next day, 20 µL of diluted 

compound from the Maybridge HitFinder 14,400-compound library were added to each 

well and incubated at 37°C for four days. The high throughput assay was performed at 

four different concentrations of compound, 12.5, 6.25, 3.125, and 1.5625 µM that along 

with the control wells could be used to estimate the IC50.  After the four-day incubation 

period, 40 µL of lysis buffer solution (76% Igepal, 24% dH2O, 1/10,000 SYBR green) 

was added to each well and incubated for approximately 24 hours. Automation of the 

liquid handling and compound addition was performed using a 96-well pipetting head 

equipped Biomek FX laboratory automation workstation (Beckman-Coulter). 

Fluorescence intensity was then measured from the bottom of the well with a BMG 

POLARstar OPTIMA plate reader, data was analyzed with Origin software (OriginLab 

Corp.), and the standard error for each of the top candidate compounds was calculated. 

More robust titrations of the “hits” from this initial screen were completed to determine 

more accurate IC50 values for the compounds under the same conditions.   
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Protein phosphorylation evaluation –Cells were seeded in 6-well plates at (3 x 

10
5
 per well) in normal growth media and allowed to recover overnight. Triplicate wells 

were treated with the optimal concentration of each compound determined during the 

secondary screen and incubated for 1, 2, or 3 days, after which the cells were harvested 

for Western blot analysis. Antibodies used include: pERK1/2, ERK1/2, pRSK (Thr573), 

RSK (Cell Signaling Technologies) at 1:1,000, S100B (BD Transduction Laboratories) at 

1:1,000, and GAPDH (CalBiochem) at 1:10,000 as a loading control. 

 

D. Results 

Generation of well-matched comparative cell lines –Malignant melanoma 

samples exhibit significantly elevated levels of S100B in 80% of cases in comparison to 

normal melanocytes (6). This suggests that S100B-selective drugs might be able to 

preferentially induce cell death in these malignant cells without major detriment to 

noncancerous ones. In order to identify such selective compounds, treatments must be 

performed using melanoma cells expressing increased S100B, as well as cells expressing 

very low S100B protein levels that act more closely to normal melanocytes. Immortalized 

melanoma cell lines exist that adhere to these criteria; however, each of these cell lines is 

affected by numerous different mutations, which would make direct comparisons 

between them extremely difficult. In order to minimize the number of variables in this 

study, a melanoma cell line termed WM115, which expresses elevated S100B, was 

infected with lentivirus containing either scrambled, non-targeting shRNA or anti-S100B 

shRNA, and individual clones of each were obtained (Figure 4.1). From this point 

forward the scrambled non-targeting clonal line will be referred to as Scrambled or S and 
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the anti-S100B shRNA expression clonal line as S100B KD 1 or 1. Characterization of 

these clonal lines was described in greater detail in Chapter II. Because these clonal lines 

were isolated from the same parental cells, it is assumed that observed differences are 

solely due to S100B expression levels. 

 

 

 
 

 

 

 

Cell-based high-throughput screen–The WM115 S100B KD 1 cell line and the 

WM115 Scrambled line were used to screen the Maybridge HitFinder 14,400-compound 

library, and 26 compounds were identified as possible selective S100B inhibitors. The 

assay was done in a high-throughput mode using four different concentrations of 

compound, ie, 12.5, 6.25, 3.125, and 1.5625 µM. Under these conditions, compounds that 

selectively induced cell death in the Scrambled cells (>25%), while allowing the S100B 

KD cells to continue to grow at a near normal rate, were considered to be top candidate 

inhibitors. Compounds that resulted in indiscriminate cell death were noted, but 

eliminated from this study. Using these selection criteria, there were 77 (5%), 129 (9%), 

32 (2%), and 89 (6%) compounds from the 14,400 total that were selected for the 12.5, 

6.25, 3.125, and 1.5625µM concentrations, respectively. Of these compounds, eight 

produced significant differences at all four concentrations and were selected for further 

characterization (Figure 4.2). A second screen using the full library was then performed 

Figure 4.1. WM115-derived clonal 

lines. Western blot showing the level of 

S100B protein expression of the 

WM115 Scrambled clone line (S) and 

the S100B KD 1 line (1). 
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in order to further refine this list. There were 18 compounds that showed consistent, 

selective results in both full screens (4 at 12.5 µM, 8 at 6.25 µM, 4 at 3.125 µM, and 2 at 

1.5625 µM) and were chosen to undergo a more thorough characterization as well 

(Figure 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Initial S100B-selective candidate compounds. (Following Page) 

Results from the initial full-library high-throughput screen identified eight 

compounds that selectively inhibited the growth of the WM115 Scrambled 

clone line over the S100B KD 1 line. Each line graph shows the percent of 

growth inhibition induced by each of these compounds. Any positive growth 

was interpreted as no inhibtion and; therefore, was recorded as zero. These 

eight compounds will undergo a thorough secondary screen to confirm 

selectivity and determine the optimal concentration for use in culture. 
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Figure 4.3. Established S100B-selective compounds by optimal concentration. 
Compounds that selectively inhibited the growth of S100B-expressing cells more 

than S100B KD cells in both of the full-library screens are shown according to 

concentration. Each bar graph shows the percent of growth inhibition induced by 

the indicated compounds. Any positive growth was interpreted as no inhibtion 

and; therefore, was recorded as zero. A total of 18 putative S100B-selective 

inhibitors met the criteria during both screens, with the maximum number 

identified when using a concentration of 6.25 M. 
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E. Preliminary Conclusions 

The cell-based assay developed here presents a novel way to identify S100B-

selective inhibitors for malignant melanoma. Screening of the Maybridge HitFinder 

14,400-compound library resulted in the discovery of 26 promising selective inhibitors. 

Additional confirmation obtained through robust secondary screening, as well as Western 

blot analysis will refine this list, establishing the most selective and potent S100B-

specific inhibitors. Assessment of the extent to which ERK and RSK are phosphorylated 

and; thus, activated during each inhibitor treatment will provide additional insight into 

how cellular signaling is affected, contributing to our overall understanding of the 

mechanisms underlying malignant melanoma. Compounds that selectively inhibit S100B-

expressing cells, as well as decrease ERK activation will be especially exciting, and 

represent a possible new generation of anti-cancer agents. With elevated S100B occurring 

in almost all melanoma cases, the development of one or more pharmacological drugs 

capable of specifically targeting these malignant cells would be a therapeutic 

breakthrough. The disappointing discovery that re-activation of ERK continues to occur 

even in the presence of potent BRAF inhibitors highlights the necessity of identifying 

novel downstream inhibitors to use alone or in conjunction with a BRAF or MEK 

inhibitor to halt cancer progression.  

Future studies will determine if the compounds identified via this high-throughput 

assay are binding directly to S100B, or possibly inhibiting one or more of S100B’s 

downstream target proteins. Additionally, some of these compounds could potentially be 

modified to yield higher cell specificity and lower toxicity. The clinical benefits of such a 

selective drug would be invaluable, conceivably improving patient outcomes. 
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Chapter V. Miscellaneous Data 

 

A. Overview 

This chapter contains projects and figures that were completed during my 

graduate career, but were not incorporated into any papers. Results will be discussed and 

methods will briefly be described. These sections represent potential future S100B 

research projects in the Weber Lab. 

 

B. S100B expression correlates with melanoma cell density 

In 1988 it was discovered that S100B levels in glioma cells increase 20-fold from 

subconfluency to postconfluency, suggesting that S100B regulates important intracellular 

processes in this cell type (192). The relationship between S100B and cell confluency in 

melanoma cells, however, is yet to be fully elucidated. In investigating this relationship, 

the previously developed WM115-derived clone lines were utilized (Chapter II). WM115 

scrambled cells and S100B KD 1 cells were plated at increasing densities, allowed to 

grow under normal conditions for two days, then harvested. Western blot analysis 

revealed that S100B levels accumulate with increased confluency in the WM115 S100B 

KD lines (Figure 5.1). No significant changes were observed with the WM115 scrambled 

cells, possibly due to the fact that S100B is already maximally expressed in those cells. It 

is of note that at the highest seeded density, the small increase in S100B protein in the 

S100B KD 1 cells produces a substantial increase in phosphorylated ERK, as well as 

inhibition of RSK phosphorylation at Thr573. These results are in agreement with those 

presented in Chapter II, showing that increased S100B is capable of binding to RSK, 
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inhibiting its phosphorylation by ERK, and triggering a negative-feedback loop that 

results in the sustained activation of ERK. However, it must also be noted that 

transfection efficiency was not determined in these cells and that an alternative 

hypothesis could be that RNA interference (RNAi) pathway activity varies as a function 

of confluence, possibly resulting in decreased expression and/or activity of Dicer in high 

confluence cells. This would cause decreased S100B mRNA cleavage, increasing protein 

expression. 

 

 

 

Figure 5.1. S100B expression increases with cell confluency. The 

WM115 scrambled, non-targeting and S100B knock-down clone 1 cell 

lines were plated at increasing cell densities, allowed to grow for two 

days, then harvested. Cell lysates were prepared and analyzed by 

Western blot. Differences in protein expression and phosphorylation 

were observed. 
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C. Effects of extracellular S100B 

S100B is known to be secreted by many cell types, and therefore exerts not only 

intracellular effects, but also extracellular effects. Serum and glucose deprivation, or 

addition of certain compounds such as resveratrol, are capable of inducing secretion of 

S100B (42,55,193). Recent studies have identified the receptor for advanced glycation 

end products (RAGE) as one possible receptor for S100B. Secreted, or extracellular, 

S100B has been found to bind RAGE which can activate the MAPK pathway (194). The 

means by which S100B is secreted and the degree of RAGE involvement in melanoma 

cells has yet to be elucidated, and will be the focus of a future Weber Lab project (195). 

 

Extracellular S100B is sufficient to elicit an increase in ERK phosphorylation 

To differentiate the roles of intracellular S100B from those of extracellular 

S100B, melanoma cells lacking abundant endogenous S100B protein expression, 501-

MEL cells, were incubated with S100B-containing media and analyzed for ERK 

phosphorylation. Cells were seeded in 6-well plates at 2.5 x 10
5
 cells per well and 

allowed to recover overnight in normal growth media. The following day, the media was 

removed and replaced with media containing either 0, 2, 20, or 200 ng/mL of purified, 

endotoxin-free S100B protein, incubated for 15 minutes, then harvested, and analyzed by 

Western blot. It was discovered that 2 ng/mL of extracellular S100B is enough to elicit a 

significant increase in ERK phosphorylation, while the higher concentrations of 20 

ng/mL and 200 ng/mL do not (Figure 5.2).  This result is not surprising, as it has long 

been established that S100B affects cells differently depending on its location and 

concentration. The increase in ERK phosphorylation indicates that extracellular S100B 
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can trigger cell signaling pathways either by acting as a receptor ligand at the cell 

membrane or by transfusing across the membrane and acting intracellularly. It is also of 

interest to note that there is no increase in MEK phosphorylation with the 2 ng/mL 

S100B, suggesting that the increase in ERK phosphorylation is MEK-independent. Based 

on results presented in Chapter II, we hypothesize that S100B indirectly modulates ERK 

activity, either by acting as a RSK inhibitor and triggering a negative-feedback loop (115) 

or possibly through an interaction with the kinase COT. It was recently discovered that 

COT expression is capable of phosphorylating ERK in the presence of a MEK inhibitor. 

Kinase assays confirmed that COT alone is sufficient to attain this level of ERK 

phosphorylation, suggesting a novel MEK-independent mechanism of ERK activation 

(196). 

 

 

 

 

 

 

Figure 5.2. Extracellular S100B increases ERK phosphorylation. 

Several concentrations of purified, endotoxin-free S100B were added 

to the media of 501-MEL cells, incubated for 15 minutes, then 

harvested. Cell lysates were prepared and analyzed by Western blot 

using the antibodies listed on the left. 
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To pursue this finding, 501-MEL cells were treated with 5 µM of the U0126 

MEK inhibitor for 30 minutes, then incubated with increasing concentrations of purified, 

endotoxin-free S100B.  As a control, completely untreated 501-MEL cells were also 

included.  As expected, phosphorylation of ERK is completely inhibited upon treatment 

with U0126, however, when also incubated with 2 ng/mL of S100B ERK activity returns 

(Figure 5.3).  The level of phosphorylation with the 2 ng/mL S100B treatment is even 

slightly higher than that in the untreated control cells. This, taken with our previous data, 

 

 

 

 
Figure 5.3 ERK phosphorylation resulting from extracellular 

S100B is MEK-independent. 501-MEL cells were treated with the 

U0126 MEK inhibitor for 30 minutes to ensure complete repression of 

ERK phosphorylation, followed by a 15 minute incubation with 

increasing concentrations of purified, endotoxin-free S100B. Cell 

lysates were prepared and analyzed by Western blot. 
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further supports the hypothesis that S100B is able to stimulate ERK phosphorylation in a 

MEK-independent manner. Moreover, 2 ng/mL of extracellular S100B was capable of 

inhibiting RSK phosphorylation at Thr573. Together with the results presented in Chapter 

II, this suggests that S100B may be able to cross the cell membrane and bind RSK, 

preventing ERK-mediated phosphorylation of this residue. 

 

D. S100B transcription may be regulated by the MAPK pathway 

We hypothesize that the activating BRAF mutation V600E is a major contributor 

to the high levels of S100B observed in melanoma. Melanomas harbor the BRAF V600E 

activating mutation in 70% of cases, leading to the sequential phosphorylation and 

activation of MEK and ERK. Hyperactivated ERK then phosphorylates and activates a 

plethora of substrates, including numerous transcription factors regulating cell growth 

(83). Since S100B is a strong prognostic marker for malignant melanoma and has also 

previously been shown to promote neurite extension in neuronal cells and glial cell 

proliferation, it is possible that the RAF-MEK-ERK pathway regulates S100B expression 

(27,38).  

 

Treatment with the MEK pharmacological inhibitor U0126 down-regulates S100B   

Melanoma cells pre-determined to express high levels of S100B, as well as harbor 

the V600E BRAF mutation (MALME-3M, WM115, SK-MEL-28) were treated with the 

U0126 MEK inhibitor (Cell Signaling Technologies) at concentrations determined by an 

MTT-based growth assay. An optimal concentration of 15 M U0126 for the MALME-

3M and WM115 cells and 30 M for the SK-MEL-28 cells has been established. Cells 
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(3x10
5
 cells per well) were plated in 6-well tissue culture dishes and either remain 

untreated or receive the established amount of U0126 for 1, 2, or 3 days, at which time 

the cells are harvested and pelleted. Verification of pERK inhibition can be observed by 

Western blot. In this way it was also possible to monitor expression levels of S100B at 

these timepoints. In MALME-3M cells under normal growth conditions, S100B 

expression appears to increase over the three day time course; however, in the presence 

of the U0126 MEK inhibitor S100B levels steadily decrease over time (Figure 5.4). After 

three days of inhibitor treatment expression of S100B is drastically decreased. We 

attribute the necessity of the relatively long treatment periods (days as opposed to hours) 

to the extreme stability of the S100B protein. Reproducing these results in additional 

melanoma cell lines, particularly the WM115 cell line, would greatly strengthen this 

finding. 

 

 

 

 

 

 

 

Figure 5.4. Inhibition of ERK results in reduced S100B expression. 

MALME-3M cells were either left untreated or treated with 15 µM 

U0126 for 1, 2, or 3 days. Cells were harvested at the indicated 

timepoints, and lysates were prepared. Protein expression was evaluated 

by Western blot, confirming that pERK is inhibited upon U0126 

treatment, while a steady decrease in S100B expression is observed. 

1           2           3                       1           2           3 

-          -          -                          +             +            + U0126 

Day 

pERK 

ERK 

S100B 

-tubulin 
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VI. Future Directions 

 

A. Overview 

Many additional scientific questions were generated by my graduate work. 

Unfortunately, I was not able to explore all of them during my tenure; however, they are 

still viable projects that should be investigated. This chapter contains future directions for 

the Weber Lab, stemming from the results presented in Chapters II and V. Relevant 

questions are posed and potential means of elucidating answers are suggested. 

 

B. Continued characterization of the S100B-RSK interaction 

Where is S100B binding RSK, specifically? 

In Chapter II, data was presented indicating that S100B is directly binding to RSK 

at the C-terminus; however, the precise location was not determined. The creation of 

several progressive RSK deletion constructs would allow for the identification of the 

critical residues necessary for this interaction when utilized in pull-down experiments 

with S100B. Comparison of the binding affinities between S100B and each RSK deletion 

protein can also be determined through ITC, providing quantitative information on how 

the residues affect the interaction. 

 

Structural studies involving S100B and RSK. 

NMR studies should be performed to visualize the structure of the C-terminal 

RSK peptide bound to S100B. As a result, we could determine the mechanism by which 

S100B inhibits RSK phosphorylation at threonine 573. S100B could be binding to RSK 
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and sterically blocking phosphorylation of this residue, or S100B could be binding at a 

location that induces a conformational change in RSK, making threonine 573 inaccessible 

to ERK.  

 

C. Effects of extracellular S100B  

Does extracellular S100B enter the cell or act as a membrane receptor ligand? 

By fluorescently tagging purified, endotoxin-free S100B, we can observe where 

extracellular S100B localizes and if it is possible for S100B to transfuse across the cell 

membrane. Purified S100B protein can be labeled using Alexa Fluor 555 dye (Molecular 

Probes) and added extracellularly to 501-MEL cells on glass coverslips and fixed to be 

examined by immunofluorescence.  

 

Is intracellular S100B secreted by melanoma cells? 

The ability of melanoma cell to actively secrete S100B as a potential means of 

cell-cell communication can be investigated using the WM115 scrambled, non-targeting 

clones and the S100B knock-down clones. By plating the cells, then washing away the 

growth media along with any residual supplements, and replenishing with serum and 

glucose-free media, we can establish a time zero, as all extracellular proteins have now 

been removed. At various consequent timepoints, the media/supernatant alone would be 

collected and analyzed by an enzyme-linked immunosorbent assay (ELISA) for S100B 

(Bio Vendor). Once quenched by the addition of the stop solution, the absorbance is 

measured at 450 nm. If S100B is indeed being actively secreted, then the later timepoints 

of the WM115 cell media should reflect that in the ELISA results.  



115 
 

 

D. MAPK pathway regulation of S100B transcription 

Will dominant negative mutant constructs of MEK and ERK down-regulate S100? 

 Three dominant negative (DN) mutant constructs, kindly provided by Dr. Paul 

Shapiro, can be employed to show that biological reduction of pERK also results in 

decreased expression of S100B. The constructs are named: DN-MEK1(8E), DN-

ERK2(AEF), and DN-ERK2(K52N), each of which resides in a pMCL vector and is HA-

tagged. The dominant negative constructs can be transfected into the WM115 melanoma 

cells using Mirus TransIT-LT1 reagent, harvested, and subjected to Western blot analysis 

in order to confirm decreased levels of pERK and observe the predicted decrease in 

S100B protein levels. 

 

Will over-expression of MEK up-regulate S100B? 

 A pCMV plasmid containing cDNA encoding a constitutively active mutant 

MEK, kindly provided by Dr. Paul Shapiro, can be transfected into SK-MEL-31 

melanoma cells (ATCC), which are NRAS and BRAF wild-type. For this experiment, it 

would be important that the cell line used is NRAS and BRAF wild-type, as these 

mutations are mutually exclusive in human melanoma and each can increase ERK 

activity (197,198). Western blot analysis can be employed to monitor S100B levels in 

response to the increased MEK activity with the expectation that the increased activation 

of ERK would produce increased S100B protein expression. 



116 
 

 

Appendix 1.  Detailed Protocols 

 

A. Transfections using Mirus Transfection Reagent 

1. Count & plate cells in 6-well plates in normal growth media so that by the next 

day they are recovered and ready to transfect at ~40-50% confluency 

2. In the sterile hood, add 30µL of serum-free Opti-MEM media to a 5mL 

polystyrene round-bottom tube + 3µL of Mirus TransIT-LT1 reagent 

a. Tube MUST be polystyrene! The transfections complexes will bind to 

polypropylene 

b. May double amounts to 60µL media + 6µL reagent for transfections in T-

25 flasks 

3. Pipet up & down to mix 

4. Incubate at room temperature for at least 15 min 

5. Add 1µg of DNA to the Mirus/media 

6. Pipet up & down to mix 

7. Incubate at room temperature for at least 15 min 

8. Add mixture dropwise over the cells in normal growth media 

9. Allow cells to grow at 37°C for 2 days 

1. Transient transfections – Harvest at this point 

2. Stable transfections – Trypsinize & single-cell dilute into 96-well plates to 

obtain individual clones 

 

** Use for over-expression studies 
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B. Infections with Lentiviral shRNA  

1. Plate low-passage cells (<p10) in 96-well plates at 10,000 cells/well and allow to 

recover overnight in the incubator at 37°C 

2. Remove media, wash with PBS, then add 80µL Opti-MEM media + 2µg/mL 

polybrene to each well 

a. Must optimize polybrene concentration prior to infection using an MTT 

growth assay to confirm that it is non-toxic to the cells 

3. Prepare dilutions of SMARTvector 2.0 lentiviral shRNA particles (Thermo-

Dharmacon) so that 20µL Opti-MEM + polybrene contains the correct number of 

particles 

a. (MOIxCN)/VT = volume (µL) Ex: (10x10,000)/4.5x10
5
= 1 µL 

MOI = multiplicities of infection 

CN = cells/well 

VT = viral titer (TU/µL) 

4. Add the 20µL media + virus to the 80µL already in each well 

5. Incubate for 24 hours at 37°C 

6. Next day, remove media + virus, wash twice with PBS, then add 100µL of normal 

growth media to each well and allow to grow for an additional 24 hours 

7. Trypsinize each well and to 48-well plate in normal growth media + puromycin to 

select cells successfully expressing the shRNA 

8. Replace media + puromycin every 2-3 days to encourage continued expression, 

expanding as necessary 

9. Screen by Western blot & freeze down cells that show desired knock-down 
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C. Western Blot with NuPAGE System (Invitrogen) 

1. Run 12% Gel 

a. Cut open gel bag, remove white tape strip and place in Xcell module 

b. Make running buffer: 

20x NuPAGE SDS Running Buffer     20mL  

dH2O     380mL 

     Total:  400mL 

 

c. Pour 200mL into the inner chamber and the remaining 200mL in the outer 

chamber 

d. Prepare samples using the NuPAGE 4x buffer and boil for 10 minutes at 75
o
C. 

Do a quick spin down prior to loading samples 

e. Load a standard ladder (Seablue Plus2) and the samples, and run at constant 

volts, 200V for ~40 minutes or until dye front has run off 

2. Transfer 

a. Make the transfer buffer: 

20x NuPage Transfer Buffer    20mL 

Methanol      40mL 

dH2O     340mL 

  Total:  400mL 

 

b. Set out one PVDF membrane sandwich. Set aside the filter papers and place 

membrane in methanol for ~30sec., rinse in dH2O and then add about 20mL 

of transfer buffer (1-3 minutes) in a staining tray   
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c. Place the transfer unit core in a staining tray and add a little bit of transfer 

buffer to it. Soak 3 blotting pads in transfer buffer in different staining tray, 

saturating them and removing all of the air bubbles. Place all 3 in the core 

transfer unit, then place one of the filter papers over them 

d. Crack open the gel from above following the manufacturer’s protocol. Cut off 

the wells and the “foot” at the bottom with the spatula.  The gel should be 

“open” now lying on one-half of the plastic cassette 

e. Carefully remove the gel from the cassette and place on top of the filter paper 

in the transfer unit core arranged so that the standard ladder being on the far 

right 

f. Carefully cut a corner off of the PDVF membrane and place it over the gel 

with the cut corner overtop of the standard ladder on the far right. Avoid air 

bubbles 

g. Place the second layer of filter paper over the membrane, making sure that 

everything is saturated in transfer buffer. 

h. Soak another 3 blotting pads in transfer buffer, saturating them and removing 

air bubbles as before. Place all 3 on top on the filter paper in the transfer unit 

core 

i. Place the unit core lid on top and squeeze together. Leakage will inevitably 

occur, just try to minimize it. Place the complete unit in the Xcell module and 

lock into place. Fill the inner chamber with enough transfer buffer so that it 

just covers the tops of the sandwich.  Fill the outer chamber with dH2O so that 

it reaches about 2cm from the top. This merely acts to cool the inner chamber. 
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j. Run at constant milliamps at 200mA for 75min 

3. Probe 

a. Remove blot from apparatus. Place in a staining tray and pour 20mL of 5% 

dry milk in TBST blocking solution into the tray. Place on shaker to block for 

1 hour at room temperature or in the fridge to block overnight (depending on 

antibody manufacturer’s recommendations). 

b. Dilute primary antibody in 2mL 5% dry milk in TBST.  Prepare bench for 

blotting with Saran Wrap by taping down edges. See the following pics: 

 

     

 

c. Pipette primary antibody directly onto Saran Wrap. Then put blot, protein side 

down, on top of the antibody pool. A thin film of antibody will form between 

the blot and the Saran Wrap. Do this slowly and in one smooth motion to 

avoid bubbles. See the following pics: 
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d. Incubate for 1 hour at room temperature 

e. Wash blot with TBST 5min x 3 

f. Repeat above incubation procedure for secondary antibody 

g. Wash blot with TBST 5 min x 3 

h. Mix GE Healthcare ECL reagents (50µL little bottle + 2mL big bottle per 

blot). Place membrane protein-side up on the Saran Wrap and add the ECL 

mixture dropwise, being careful for cover the entire area and to avoid air 

bubbles. Incubate for 4 min. 

i. Dry the blot by lightly touching it to a KimWipe, wrap in Saran Wrap and 

tape to cassette. 

j. Expose to film for appropriate time (will vary). 
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D. MTT Growth Assay 

1. Plate 2500 cells/well in assay media (1% charcoal stripped FBS) in 96 well plates 

a. Spin down cells in assay media, suck off media, and resuspend for counting in 

assay media 

b. Will be using 3 wells per cell line (triplicate readings) per condition 

c. Set up identical 96 well plates like this for however many time points being 

assessed 

2. Let the cells arrest in assay media for 24 hours 

3. Day 0: 

a. Set one plate aside for DAY 0 time point with assay media still on the cells to 

treat with MTT (see below) 

b. For the rest of the plates, dump off assay media from cells in the sink 

c. Add back the different conditions for each cell line 

d. Let cells grow in different conditions for various timepoints 

4. MTT Treatment (Example Days 0, 3, 5, & 7) 

a. Once resuspended, MTT is a bright yellow liquid kept at -20 degrees as a 

5mg/ml stock 

b. Add 10ul of MTT (5mg/ml) to each well (with medias still on cells) using a 

multichannel pipette 

c. Place cells back in 37°C incubator for 3 hours 

d. Dump out media into the sink 

e. Hit plates upside down on paper towels several times to remove any excess 

drops of media 
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** if necessary, can stop here if plate cannot be read in 24hours ** 

f. Add 100ul per well of a fresh 1:10 dilution of .1M Glycine (pH 10.5) : 

DMSO 

g. Incubate covered plate on bench overnight (MUST read within 24 hours) 

h. Read the plates on the plate reader @ 450nm 

 

Example Plate: 

            

            

            

            

            

            

            

            

 

 

WM115 
WM115 

Scram. 

WM115 

S100B KD 

Clone 1 

WM115 

S100B KD 

Clone 2 

Fill with PBS 

Fill with PBS 

Condition 1 

Condition 2 

Condition 3 

Condition 1 

Condition 2 

Condition 3 
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E. Subcellular Fractionation 

1. Harvest a T-75 flask worth of cells from each cell line to be used, and transfer all 

to a 15 mL conical 

2. Pellet cells using table-top centrifuge 

3. Assess packed cell volume of the pellet 

a. Usually assumed a packed cell volume of 25 µL 

b. All volume used in this protocol are for a 25 µL packed cell volume 

c. If using larger or smaller cell pellet, then adjust volumes accordingly 

4. Resuspend pellet in 75 µL NucBuster reagent 1 

5. Vortex for 15 sec, incubate on ice for 5 min, then vortex again for 15 sec 

6. Centrifuge at max speed for 5 min at 4°C 

7. Transfer supernatant (cytoplasmic fraction) to a new eppendorf tube 

8. Create master mix of 187.5 µL NucBuster reagent 2, 2.5 µL 100x protease 

inhibitor cocktail, and 2.5 µL 100 mM DTT 

9. Resuspend each pellet in 38.5 µL of the master mix 

10. Vortex for 15 sec, incubate on ice for 5 min, then vortex again for 15 sec 

11. Centrifuge at max speed for 5 min at 4°C 

12. Transfer supernatant (nuclear fraction) to a new eppendorf tube 

13. Store samples at -80°C 

 

 For additional information, refer to the Novagen NucBuster protocol 
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F. Real-Time PCR 

1. Each cDNA sample should be run in triplicate for each primer pair 

2. -amyloid primers 302 & 303 are used as a control 

3. Reaction: 

dH2O   11.2 µL 

10x buffer       2 µL 

dNTP mix       2 µL 

DMSO     1.2 µL 

primer 1 (forward)     .4 µL 

primer 2 (reverse)     .4 µL 

SYBR green      .6 µL 

Taq       .2 µL 

cDNA        2 µL 

Total:      20 µL 

4. At least 20 min. prior to use, turn on the BioRad My IQ real-time machine and the 

light source 

5. On the computer, open the MyIQ program 

b. Under KB Protocols, select KBTD55.tmo 

c. Switch to the View Plate Setup tab and select Unknown96.psm 

d. Click Run with Selected Protocol 

e. Change total volume to 20 µL & click Begin Run 

f. Save data to your folder 

 

** SYBR green is stored in the -20°C freezer in 1 µL aliquots. The day before use, an 

aliquot should be thawed and resuspended in 4 mL dH2O. Once resuspended, 

SYBR green is stable for up to 3 months in the +4°C fridge. 
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G. Large-Scale DNA Preparation 

14. Grow 50mL of plasmid containing DH5  bacteria in LB + antibiotic overnight in 

the shaker 

15. Optional: Add 170µg/mL Chloramphenicol to the LB + antibiotic overnight in the 

shaker 

Will stop the cells from growing, but allow the DNA to continue to replicate, 

increasing the yeild 

16. Spin down in 50mL screw-cap tubes (3K, 10min) 

17. Add 4.25mL GTE Buffer (Amresco) and suspend pellet by pipetting up and down 

18. Add 200µL Lysozyme (10mg/mL), gently mix, and sit at room temp for 15-

20min 

19. Add 9mL NaOH-SDS, mix very gently, and wait until semi-transparent (~15min) 

20. Add 6.75mL High Salt Solution, invert the tube immediately several times, and sit 

on ice for 15min 

21. Spin down (3K, 10min) 

22. Filter 18mL supernatant through 0.45µM sterile filter on 20mL syringe 

(Millipore) into a clean 50mL tube 

23. Add 10.8mL isopropanol, mix by inversion, and sit at room temp for 15min 

24. Spin down (3K, 10min) 

25. Wash with cold 70% ethanol, air dry for 10min, and resuspend pellet in 405µL 

ddH2O, and transfer to an Eppendorf tube 

26. Add 13.5µL RNase A (3mg/mL) and incubate at 37°C for 30min 

27. Add 150µL of 10N LiCl, mix by inversion, and sit on ice for 5min 
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28. Spin down (14K, 5min) 

29. Transfer supernatant to a new Eppendorf tube 

30. Add 66µL of 3M sodium acetate (pH 5.2) and 400µL isopropanol 

31. Mix by inversion and spin to precipitate (14K, 10min) 

32. Wash with 70% ethanol, air dry for 10min, and resuspend in 300µL ddH2O 

overnight at 4°C 

33. Next morning, mix by pipetting, and take OD260/280 for each sample 

 

Reagents: 

NaOH-SDS (make fresh)  Stock  10mL/sample  

0.2N NaOH    10N  0.2mL   

1.0% SDS    10%  1.0mL    

High Salt Solution (room temp)   500mL 

3M Kac      147g 

1.8M Formic Acid     45.35g (51.35mL 88%) 

10N LiCl (room temp)    10mL 

10N LiCl      4.24g 
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H. GST-RSK1 Rosetta Cell Growth 

1. One day prior: 

a. start an overnight culture by scratching the GST-RSK1 glycerol stock with a 

pipette tip and swirling/mixing into a sterile glass tube with 10mL LB + 10µL 

Kan + 10µL Cam and shaking overnight in warm room 

b. Prepare and autoclave 1L flask of LB and set it in the 37°C shaker to come to 

temperature 

2. Next morning: 

c. Add 1mL Kan and 1mL Cam to the 1L of LB 

d. Spike the 10mL overnight culture into the 1L flask in the 37°C shaker 

e. Periodically check progress of the cells by drawing off 1mL into a cuvette and 

reading the OD 

f. When the OD is close to 1.0, add IPTG to induce 

g. Centrifuge this sample for 5 min at 5,000 rpm, remove supernatant, and save 

as ‘Pre-Induction’ 

h. Allow to grow in the shaker for 3 hours 

i. Remove 1mL sample, centrifuge for 5 min at 5,000 rpm, remove supernatant, 

and save as ‘Post-Induction’ 

j. Evenly divide the remaining liquid among 3 large conical using the balance 

k. Centrifuge at 6,000 rpm for 20 min at 4°C 

l. Remove supernatant & store cell pellet at -80°C 
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I. GST-RSK1 Purification 

1. Prepare 1x GST Bind/Wash buffer by diluting the 10x stock into dH2O 

a. Ex. 5mL 10x stock in 45mL dH2O 

2. Thaw bacterial cell pellets and resuspend each in ~10mL 1x GST Bind/Wash 

buffer 

3. Add protease inhibitor cocktail then sonicate using program 9 to lyse the cells 

4. Transfer all to screw cap conical to centrifuge at 15,000 rpm for 40min at 4°C 

5. During the spin, thaw an aliquot of 10x GST Elution buffer (-20°C freezer) 

a. Previously prepared by dissolving 1g glutathione in 32.5mL 10x 

Glutathione Reconstitution buffer, then aliquoted 

6. Pipet 3mL of GE Glutathione Sepharose 4B beads into a 15mL conical & 

centrifuge for 1min at 2,000 rpm, discarding supernatant 

7. Add 10mL 1x GST Bind/Wash buffer, invert to mix, spin down, & discar 

8. Supernatant 

9. Add ~1.5mL 1x GST Bind/Wash buffer to the beads & invert to mix to produce a 

50% slurry 

10. Add the protein lysate (supernatant from the lysed bacterial cell spin), invert to 

mix, & incubate at 4°C on the rotating shaker for 30min 

11. Spin down & transfer supernatant (unbound protein) to a 15mL conical and store 

on ice 

12. Resuspend beads in 10mL 1x GST Bind/Wash buffer, invert to mix, & incubate 

on the rotating shaker for 5min, then spin down 

13. Transfer supernatant (wash 1) to a 15mL conical & store on ice 
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14. Repeat 2 more times using 5mL 1x GST Bind/Wash buffer, saving the 

supernatants (washes 2 & 3) 

15. Dilute the 1mL aliquot of 10x GST Elution buffer in 9mL dH2O 

16. Add 1mL 1x GST Elution buffer to the beads, resuspend, & transfer to a mini 

column over a 15mL conical to elute (fraction 1) 

17. Wash original bead conical with 1mL 1x GST Elution buffer, add to column, & 

collect in a 15mL conical (fraction 2) 

18. Repeat 2 more times to collect fractions 3 & 4 

19. Save & store EVERYTHING at -20°C 

20. Resuspend beads in 1x GST Bind/Wash buffer and store at 4°C 

21. Pipet 15µL of each sample into 5µL 4x LDS sample buffer to run on a gel 

22. Coomassie stain to see protein bands 

 

** For additional information, refer to the Novagen GST-Bind Kit protocol and 

Jen Fox’s notebook 
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J. GST Pull-down 

1. Pipet 100µL of glutathione-sepharose 4B beads into an eppeddorf tube  

2. Wash 3 times with 500µL TBS Buffer alone or supplemented with 5mM CaCl2 

3. Add 200µg of RSK1 (or GST) fusion protein to the beads in 500µL of TBS 

Buffer +/- 5mM CaCl2 

4. Place on rotator at 4°C for 30 min 

5. Wash 3 times with TBS Buffer +/- 5mM CaCl2 

6. Block beads in TBS Buffer +/- 5mM CaCl2 + 1% BSA on rotator at 4°C for 30 

min 

7. Add 500µg of purified S100B directly to beads 

8. Place on rotator at 4°C for 2 hours 

9. Wash 5 times with 500µL of TBS Buffer +/- 5mM CaCl2 on the rotator at 4ºC for 

10 min 

10. Elute by adding 100µL LDS Sample Buffer and boiling at 75°C for 10 min 

11. Spin down and transfer supernatant to a new eppendorf tube 

12. Run on SDS-PAGE gel 
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K. S100B Conjugation to Magnetic Beads 

Generally followed protocol for Invitrogen Dynabeads M-280 Tosylactivated 

 

1. Prepare buffers: 

a. Coupling buffer = 0.1M borate buffer, pH 9.5 

b. Blocking buffer = PBS + 0.1% BSA, pH7.4 

2. Resuspend Dynabeads and transfer desired volume to a new eppendorf tube 

3. Place on magnet for ~2 min and remove supernatant 

4. Wash beads with 1mL of Coupling buffer and mix by vortexing or pipetting 

5. Place on magnet for ~2 min and remove supernatant 

6. Add ligand (S100B or BSA control) in x µL Coupling buffer for a final volume of 

150 µL to the beads and vortex to mix 

a. 4 mg S100B 

b. 1% BSA control 

7. Incubate on a roller at 37° overnight 

8. Next morning, place on magnet for ~2 min and remove supernatant 

9. Wash beads twice with Blocking buffer 

10. Block on a roller at 37°C for 1 hour 

11. Store beads in Blocking buffer at 4°C 
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L. Pull-down using S100B-Dynabeads 

1. Prepare the RIPA buffers (40mM Tris-HCl pH 7.5, 150mM NaCl, 0.3% Triton X-

100), each with protease inhibitors (Roche cat# 1 873 580) and phosphatase 

inhibitors (calbiochem cat# 524625), and either 5mM CaCl2 or 5mM EDTA. 

2. Resuspend one cell pellet in RIPA buffer +CaCl2 and another in RIPA buffer 

+EDTA, then centrifuge to pellet cell debris  

3. Run a BioRad protein assay to determine total protein concentration.  Remove the 

correct amount of protein (500µg).  Add RIPA buffer so all samples are at equal 

volume (500µL). 

4. Remove 100µL of S100B-Dynabeads and BSA-Dynabeads (negative control) for 

each condition and wash each 3 times in RIPA buffer +CaCl2 or +EDTA, using 

the magnarack to separate the beads from the liquid and remove the supernatant. 

5. Resuspend the S100B- and BSA-Dynabeads with the protein sample and mix on 

the roller in the cold room for 1 hr. 

6. Place tubes on magnarack for ~2 min., remove the supernatant, and wash the 

beads in RIPA buffer +CaCl2 or +EDTA 3 times. 

7. Elute by boiling beads in 30µL LDS Sample Buffer at 75º C for 10 min. 

8. Place tubes on magnarack and transfer the supernatant to new eppendorf tubes. 

9. Analyze by Western Blot 
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M. Kinase Assay 

1. Decide how many reactions will be done so that master mixes can be made. 

a. Per reaction, mix .5µg of substrate (RSK1), .5µg S100B or E31A/E72A, with 

1µL of 10x p42 MAPK buffer for a final concentration of 1x (50mM Tris-

HCl, 10mM MgCl2, .1mM EGTA, 2mM DTT, 0.01% Brij 35(pH 7.5)), with 

select mixes supplemented with 2mM CaCl2.  

b. Last, add 2ng (.2µL) active ERK, and 20µM ATP to begin the reaction 

2. For a single reaction, the total reaction volume should be 10µL 

a. Adjust the volume up using ddH2O, if necessary 

3. Incubate at 30ºC (heat block), drawing off the earlier timepoints 

a. Example: for each condition, 5 reactions will be incubated together (50µL), 

with 10µL being drawn at each timepoint 

4. Reactions are stopped by adding an equal volume (10µL) of 4x LDS-PAGE 

sample buffer 

5. Load half of each of the final samples (10µL) and analyze by Western Blot 

 

Conditions: 

1. RSK1 + pERK 

2. RSK1 + pERK + Ca
2+

 

3. RSK1 + pERK + S100B 

4. RSK1 + pERK + S100B + Ca
2+
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Appendix 2. Mammalian cell lines 

 

A. Media requirements and supplements 

 

Cell Line Type Media Supplements  

501-MEL Melanoma RPMI 10% FBS 

A2058 Melanoma RPMI 10% FBS 

A-375 Melanoma RPMI 10% FBS 

C81-46A Melanoma RPMI 10% FBS 

HCT116 Colon DMEM 10% FBS 

HEK-293 Kidney DMEM 10% FBS 

Malme-3 Melanoma McCoy’s 5A 15 % FBS 

Malme-3M Melanoma IMDM 20% FBS 

MCF 10A Breast DMEM/F12 5% HS, EGF, 

   HC,C-tox, Ins. 

MCF7 Breast DMEM 10% FBS 

SK-MEL-2 Melanoma MEM 10% FBS 

SK-MEL-5 Melanoma RPMI 10% FBS 

SK-MEL-28 Melanoma RPMI 10% FBS 

SK-MEL-31 Melanoma MEM 15 % FBS 

UACC62 Melanoma RPMI 10% FBS 

UACC2577 Melanoma RPMI 10% FBS 

WM115 Melanoma MEM 10% FBS 
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B.  Selection Concentrations 

 

Cell Line Neomycin Puromycin Hygromycin   

501-MEL 0.5 mg/mL 

C81-46A  0.5 µg/mL 

Malme-3M 0.5 mg/mL 0.5 µg/mL 

MCF 10A 0.12 mg/mL  0.1 mg/mL 

MCF 7 1.0 mg/mL 

SK-MEL-28 2.0 mg/mL 0.5 µg/mL 

WM115 0.2 mg/mL 0.5 µg/mL  0.25 mg/mL 
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C. Engineered Cell Lines 

 

Cell Line Short Name Original Name  Selection      

WM115 Scrambled  LV Scram 1 cL3 Puro

 S100B KD 1 LV S100B-02 2 #1 Puro 

 S100B KD 2 LV S100B-02 2 #2 Puro 

 S100B KD 3 LV S100B-02 2 #3 Puro 

MALME-3M Scrambled pSupNeo Scrambled Neo 

 S100B KD #7 pSupNeo anti-S100B 17831 #7 Neo 

501-MEL Vector pcDNA #14 Neo 

 Clone C pcDNA-S100B #3 Neo 

 Clone A pcDNA-S100B #8 Neo

 Clone B pcDNA-S100B #9 Neo 

MCF10A Vector pcDNA Neo 

 Clone #1 pcDNA-S100B #1 Neo 

 Clone #11 pcDNA-S100B #11 Neo 

 Clone #12 pcDNA-S100B #12 Neo 
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D. Engineered Cell Line Western Blots 

 

WM115 Clones MALME-3M Clones 

 

  

 

 

 

501-MEL Clones MCF10A Clones 
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