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S100B is a calcium-binding protein that is highly upregulated in malignant melanoma and is
currently used as a prognostic indicator for the disease. S100B has been shown to bind to p53,
decreasing p53 protein levels and inhibiting its function. Small molecule inhibitors are being
investigated which use the S100B-p53 interaction as a therapeutic target, and the drug pentamidine was
found to bind S100B; pentamidine-derived compounds were then designed, synthesized, and analyzed.
Molecular Dynamics simulations of the pentamidine-S100B complex were performed in an effort to
determine what properties would be desirable in a pentamidine-derived compound as an inhibitor for
S100B. These simulations predicted that increasing the linker length of the compound would allow a
single molecule to span both pentamidine binding sites on the protein. The resulting compound,
SBi4211 or heptamidine, was synthesized and experiments to study its inhibition of S100B were
performed. The 1.65 Å X-ray crystal structure was determined for Ca2+-loaded S100B bound to
heptamidine and gives high-resolution information about key contacts that facilitate the interaction
between heptamidine and S100B. Additionally, NMR HSQC experiments with both compounds show
that SBi4211 causes perturbations in the chemical shifts of the same residues of S100B as pentamidine.
SBi4211 is able to selectively kill melanoma cells with S100B over those without S100B, indicating
that its binding to S100B has an inhibitory effect and that this compound may be useful in designing
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Chapter I. Introduction to EF-hand proteins and S100 Proteins
A. Overview.
This chapter provides background on the S100 family of proteins as well as on the
EF hand domain and its calcium binding properties. Much of the information presented
centers around the structure and function of the S100 proteins, using S100B as a primary
example. The calcium- and target-binding properties of S100 proteins are discussed in
detail, as well as the physiologically significant effects that S100 proteins exert.
B. Calcium Signaling and Calcium-Binding Proteins
Calcium is an important secondary messenger in cells, transmitting signals from
external stimuli and triggering a variety of cellular processes3; 4. A calcium transient, or a
spike in the level of calcium in the cell, is a common means of effecting physiological
changes, and can be achieved by release of calcium from stores or opening of calcium
channels in cell membranes, often in a time-dependent and/or spatially localized fashion.
In a resting cell, the concentration of calcium is maintained at submicromolar levels (10-7
M) so that a transient influx of calcium ions can effectively transmit information from
upstream signals4. Calcium-binding proteins are important for maintaining resting levels
of calcium and participating in calcium signaling pathways, including localization of
signal, release of calcium ions, and inducing effects in downstream targets5. Because of
their role in calcium signaling, these proteins are involved in numerous cellular processes
in eukaryotes, including gene expression, apoptosis, cell motility, and cell cycle

1

Figure 1.1. The EF-Hand Motif and Minimal Structural/Functional Unit of EF-Hand
Proteins. (a). Kretsinger et al. described the EF-hand domain as a helix-loop-helix structure
where the E and F helices of parvalbumin resemble the thumb and forefinger pair of the hand1.
(b). The minimal functional unit found in EF-hand proteins consists of two HLH domains
tethered by a linker of variable length. Figure taken from Capozzi et al. 20062.

progression. Calcium-binding proteins are equally critical in calcium homeostasis and in
interpreting changes in calcium concentration into a coordinated cellular response.
C. EF-Hand Proteins.
The EF-hand calcium-binding motif is one of the most well-characterized binding
domains in proteins, and the EF-hand super family represents a very large and diverse
group of proteins, including signaling proteins, calcium buffers, and a variety of
enzymes. There are currently over 650 protein structures known which contain EF-hand
domains and this wealth of structural information allows for a more complete
understanding of the motif’s biochemical properties. The EF-hand was first observed by
Kretsinger et al. in the X-ray crystal structure of carp parvalbumin over 40 years ago1; 6.
2

Parvalbumin contains six alpha helices (labeled A-F) and calcium ions were only
observed between the helix pairs “CD” and “EF”, consistent with the 2:1 molar ratio of
calcium to protein that had been previously determined7. Each pair of helices flanks a
12-14 amino acid long interhelical loop that coordinates the calcium ion. The authors
observed that the helix-loop-helix (HLH) motif bound to calcium resembled the thumb
and two fingers of a hand, and this lead to the use of the term ‘EF-hand’ to describe the
motif (Figure 1.1a). The calcium-binding “CD” and “EF” HLH domains form an
approximate right angle between the two helices, while the N-terminal “AB” HLH
domain, which contains 2 less residues in the loop region, does not bind calcium6. In the
CD and EF hand domains, terminal carboxylate oxygens in the side chains of aspartate
and glutamate amino acid residues are mainly responsible for coordinating the calcium
ions (Figure 1.2).

3

Figure 1.2 The S100 and Canonical EF Hands Found in S100B. Comparison of the S100 EF
hand (yellow) to the canonical EF hand (green) from the crystal structure of S100B-Ca2+ (PDB
ID: 3IQQ)8. In the S100 EF hand, calcium is mainly coordinated by backbone carbonyl oxygens,
while in a true EF hand, calcium is coordinated by terminal carboxylate oxygens in acidic amino
acid side chains.

Sequence alignment studies were performed and important elements of HLH
domains hand proteins, calcium coordination occurs through a pentagonal bipyramidal
scheme, were identified based on conserved calcium-binding ligands, steric requirements
needed to bind calcium, and hydrophobic interactions9. A 29- residue consensus was
found, which included the 12 residues necessary to bind calcium (Table 1.1). There are a
total of 7 ligands that coordinate calcium in the loop of an EF-hand: the terminal
carboxylate oxygens of aspartic acid/asparagine residues provide 3 in positions 1, 3 and
5, a backbone carbonyl oxygen coordinates calcium in position 7, a water molecule Hbonded to an aspartic residue in position 9, and the bidentate ligand is found in position
4

12 provided by a highly conserved glutamate residue (Table 1.1; Figure 1.2). There is
also a conserved glycine in position 6 that allows for a sharp bend in the loop, necessary
for the side chain ligands to wrap around the ion and a hydrophobic residue (usually an
isoleucine) at position 8 needed to attach the loop to the protein’s hydrophobic core
(Table 1.1).
Since the discovery and classification of EF-hands in parvalbumin, more EF-hand
containing proteins have been studied and some conclusions can be drawn about the basic
EF-hand structure and function. All EF-hand protein domains consist of 2 EF-hand
motifs connected by a flexible linker region of variable lengths (Figure 1.1b)2, and in
general, calcium binding induces a conformational exchange in the protein, exposing a
hydrophobic pocket necessary for protein-protein interactions and cellular responses.
One protein, calmodulin (CaM), is often considered a prototypical model for EF hand
proteins. CaM is found in all cells and therefore has a diverse array of physiological
functions and interactions10. The crystal structure of CaM11; 12 shows that the protein
consists of 2 globular domains found on either terminus with two EF hands each, tethered
by a long alpha helix (27 residues). At low levels of calcium the EF hands are “closed”,
forming a small hydrophobic core within each HLH domain13. Upon binding to calcium,
the linker region between the globular domains becomes more flexible, causing a larger
hydrophobic surface to be exposed whereupon a number of molecular targets can bind.
CaM is known to interact with many targets, giving it a diverse array of cellular functions
which vary based on cell type and the localization of signaling partners. CaM is known

5

to be involved in cell growth and differentiation, inflammation, apoptosis, memory,
smooth muscle contraction and the immune response14; 15; 16; 17; 18.
D. S100 Proteins.
S100s are a unique class of EF-hand proteins that were first discovered in 196519
and get their name from their solubility in 100% saturated ammonium sulfate.19; 20 Like
CaM, S100 proteins have no enzymatic activity but rather exert their effects via specific
Ca2+-dependent protein-protein interactions with a variety of targets to elicit a biological
response20; 21. S100 proteins consist of approximately 100 residues (9-12 kDa) and often
exist as homodimers (Figure 1.3). There are currently over 20 proteins belonging to the
S100 family, which are identified by the characteristic N-terminal “S100” or “pseudo”
EF-hand (Ψ-EF; EF1). This domain, a variant of the canonical EF-hand, contains 14
residues in its calcium-coordinating loop and tends to contain basic residues rather than
the acidic residues found in canonical EF-hands. S100 EF hands generally coordinate
calcium through backbone carbonyl oxygen atoms, with the exception of the highly
conserved bidentate glutamate in position 12. In addition to the S100 EF-hand, S100
proteins also contain a typical EF-hand (EF2) at the C-terminus; the two EF-hand
domains in each monomer are linked by a stretch of variable residues termed the “hinge”.
The affinity for Ca2+ in each of these sites vary widely throughout the S100 family but
typically the S100 EF-hand binds Ca2+ with a much lower affinity than the true EF-hand.

6

Figure 1.3 Overall Structure of S100B and Change in Conformation Upon Binding to Ca2+.
S100B homodimer is depicted in cartoon format to highlight helices. One monomer is colored
red, the other in blue, and calcium ions are depicted as green spheres. On the left, the NMR
structure of the apo form of S100B is shown (PDB ID 1B4C)22 while on the right, the Ca2+-loaded
NMR structure of S100B is shown (PDB ID 2K7O).23

While CaM is found in all cells, S100 proteins are found only in vertebrates and
are expressed in a highly tissue-specific fashion, a pattern which has been observed in a
number of human cancers19. Members of the S100 family share approximately 50%
sequence homology24 and because of the extensive homology found between S100B and
S100A1, it was theorized that S100 proteins were functionally redundant and
interchangeable25. However, as more S100 proteins were discovered with varying
physical properties, localization, and molecular targets, new theories have been
developed which ascribe unique biological functions to S100 family members26; 27; 28; 29.
For example, S100A1 is found primarily in cardiomyocytes, muscle fibers and neurons of
the hippocampus30; 31; 32 whereas S100A4 is expressed in certain cells of the immune
system (macrophages, lymphocytes, neutrophils) and metastatic cancers33; 34; 35. S100
proteins are involved in a diverse variety of functions including growth, differentiation,
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inflammation, morphology, motility, muscle contraction, and calcium homeostasis29.
This involvement in multiple cellular functions corresponds with dysfunction of S100
proteins in a number of pathological processes such as cancers35; 36; 37; 38; 39,
neurodegenerative diseases40, cardiomyopathies41; 42, autoimmune disorders43 and
inflammatory diseases44; 45; 46.
S100B (S100ββ) is one of the best-characterized members of the S100 family.
This small (21-kDa), acidic, symmetric homodimer is predominantly found in astrocytes
and its upregulation has been associated with a number of cancers, most notably
malignant melanoma37; 47; 48. S100B has been used as clinical marker for patients with
malignant melanoma for a number of years, where elevated levels of S100B directly
correlate with poor patient prognosis37. Although the mechanism is not fully understood,
increased S100B contributes to a decrease in p53 protein levels and its tumor suppression
activities, including growth arrest and apoptosis in malignant melanoma and possibly
other cancers with elevated levels of S100B38; 49. Thus, therapeutic strategies are
underway to target Ca2+-bound S100B with small molecule inhibitors which block the
S100B-p53 interaction, thereby restoring p53-dependent tumor suppressor activities in
cancers such as melanoma.
S100B exists as a homodimer, and each monomer of S100B is composed of 4
alpha helices: helix I, helix II, and loop I comprise the first HLH motif of the S100 EFhand, where as helix III, helix IV, and loop II make up the second canonical EF-hand
(Figure 1.2, Figure 1.3). Both domains are joined together by the “hinge” region, which
consists of 10-12 residues important for molecular target interactions. S100B folds into
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an X-type 4-helix bundle with hydrophobic residues found in the dimer interface (DimerKD
< 10 nM)50, in an anti-parallel manner. Upon addition of Ca2+, S100B undergoes a large
conformational change where helix III rotates approximately 90° (Figure 1.3), exposing a
hydrophobic patch of residues that forms a hydrophobic pocket along with the hinge
domain, where molecular targets can bind51. This is in contrast to CaM and other EFhand proteins where the exiting helix, helix IV, undergoes the large structural change
upon calcium binding, and the bidentate Glu residue in position 12 reorients to
accommodate the calcium ion. The “S100 calcium switch” is a feature unique to S100
proteins where Asp 61 and Asp 63 in positions 1 and 3 of the canonical EF-hand, not
position 12, must reorient themselves significantly to allow calcium binding due to the
strong hydrophobic interactions experienced by H4 at the S100-dimer interface.
Over 20 protein targets have been reported for S100B27; 29, corresponding to a
number of functions that can be attributed to S100B. For example, S100B has been
implicated in neuronal differentiation through its interaction with RAGE28; 52, cell
signaling through protein kinase c (PKC) substrates34, metabolism by inhibiting
phosphoglucomutase activity53, cytoskeletal motility via interactions with microtubleassociated proteins such as tau54; 55, and it may regulate actin filament growth through the
interaction of an actin capping protein, CapZ8; 56. In fact, one of the best-studied
interactions between S100B and a molecular target from a structural standpoint is the
interaction of S100B with TRTK-12 (TRTKIDWNKILS), a peptide derived from CapZ.
The reported binding affinity of S100B to TRTK-12 varies from 0.2 – 10 µM depending
on the salt conditions found in the buffer57; 58, but all research groups agree that the
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interaction is calcium-dependent and that structural changes occur in the TRTK-12
peptide upon binding to S100B8; 56; 57. McClintock’s group observed that TRTK has a
random-coil structure when bound to S100B57, however NMR and crystallography
structures solved in the Weber lab show that TRTK-12 takes on an alpha helical
conformation8; 56. Binding of TRTK-12 to an S100B EF2 mutant, E72A, is further
discussed in chapter 4 of this dissertation.
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Chapter II. Pentamidine-Derived Inhibitors of the S100B-p53 interaction 1
A. Overview
This chapter will outline the rationale for using pentamidine-derived compounds
as inhibitors for the S100B-p53 interaction and the methods used to examine the binding
of these compounds to S100B. The theory and application of Molecular Dynamics
simulations in determining potential candidate compounds and the synthesis of small
molecules will be briefly covered. The focus of this chapter is on the process of
identifying and evaluating these compounds in an effort to discover a novel inhibitor that
may lead to a potential therapy for malignant melanoma.
B. Introduction
In patients with malignant melanoma, the level of S100B protein is used as a
marker for disease progression, recurrence of disease, and metastatic potential; high
S100B levels correlate with a poor prognosis59; 60; 61; 62. S100B is known to bind the
tumor suppressor protein p5363, inhibit phosphorylation of its C-terminal domain64; 65,
dissociate oligomers of p5366, and down-regulate levels of p53 protein and its function38;
49; 63; 67

, indicating that it has a role in disease in addition to being a useful prognostic

indicator. In an effort to further investigate this interaction, S100B protein was down-

1

Chapters II and III contain information from the manuscript Structure-Based Discovery of a
Novel Pentamidine-Related Inhibitor of the Calcium-Binding Protein S100B, ACS Medicinal
Chemistry Letters, Accepted Manuscript. L. E. McKnight, E. P. Raman, P. Bezawada, S.
Kudrimoti, P. T. Wilder, K. G. Hartman, E. A. Toth, A. Coop, A. D. MacKerrell Jr., and D. J.
Weber.
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regulated in primary malignant melanoma cells using siRNAS100B, and as a result, wildtype levels of p53 protein and function were restored49. These experiments provided
evidence that if a small molecule could be designed to inhibit the interaction between
S100B and p53, it may be useful as a therapeutic to treat malignant melanoma and other
forms of S100B-related cancers, including astrocytomas68, renal tumors69, and some
forms of leukemia70. As a result, the Weber lab began investigating compound libraries
to find S100B inhibitors (designated SBiX, where ‘X’ is the compound number) as a
novel chemotherapy71; 72. The active form of p53 is a tetramer, and each subunit is
composed of an N-terminal transactivation domain (TAD), a DNA binding domain
(DBD), a tetramerization domain, and a C-terminal negative regulatory domain (CTD).
S100B binds to the tetramerization domain most tightly, an interaction that disrupts
tetramer equilibrium66 and causes the C-terminal negative regulatory domain (also called
the “extreme C-terminus”) to become helical64; 73; 74. S100B binds to p53 only in the
presence of Ca2+, which causes several hydrophobic residues of S100B to become
exposed, creating a hydrophobic patch which is essential for interaction with p5364.
With the extensive structural information available for S100B, it was possible to
use a structure-based approach to identify small molecules that bind to this hydrophobic
patch and potentially inhibit the S100B-p53 interaction75. Computer-Aided Drug Design
(CADD) was used to search virtual compound libraries and select compounds which
would likely bind the hydrophobic patch on S100B based on shape, electrostatics and/or
other physical attributes71; 75. A DOCK search of over 640,000 compounds resulted in 60
potential inhibitors, 21 of which were soluble and suitable for fluorescence binding
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assays. These 21 compounds were assayed for binding to S100B and provided 7 hits
with binding affinities in the µM range71. Five of these candidate compounds inhibited
the growth of primary malignant melanoma cells at µM concentrations, and NMR
experiments identified that they interacted with the p53 binding site on S100B75. One of
the final candidate compounds, pentamidine (also abbreviated Pnt and designated SBi1),
is an FDA-approved drug whose pharmacology is well understood76, and was thus
selected for further study75. Pentamidine was found to inhibit primary malignant
melanoma cell growth with an IC50 = 1.2 + 0.3 µM75. Heteronuclear Single Quantum
Coherence (HSQC) NMR experiments were used to map the binding site of Pnt on
S100B, and 3-dimensional NOE data was used to confirm the NMR assignments. These
chemical shift perturbations, along with Saturation Transfer Difference (STD) data, were
used to generate an NMR-docked model of pentamidine bound to Ca2+-loaded S100B75,
which was then used to design further pentamidine-related compounds and predict their
binding using CADD methods71 performed by the MacKerrell lab. New pentamidinederived compounds were then synthesized by the Coop lab, and further analyzed by the
Weber lab. Figure 2.1 depicts the cyclical approach involved in obtaining new molecules
for study based on information from previous compounds.
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Figure 2.1 Diagram of an Iterative Approach for Rational Drug Design. Flow chart
illustrating the steps involved in designing and evaluating potential inhibitors of the S100B-p53
interaction, and developing new compounds based on this information. Figure adapted from
Markowitz et al. 200772.

The crystal structure of calcium-loaded S100B bound to pentamidine has been
solved, and it shows that two molecules of pentamidine bind per monomer of S100B77.
A variety of pentamidine-based compounds were modeled into the binding site of S100B
and select derivatives were chosen for chemical synthesis. Newly synthesized
compounds were examined an effort to find a small molecule that binds more tightly to
S100B, in the range that is necessary for pharmaceutical use, and is a specific inhibitor
for the S100B-p53 interaction. The activity of new pentamidine derivatives is examined
using several techniques, which monitor activity in cells and binding to S100B. The first
is a cell growth inhibition assay, which monitors the effect of compounds on the growth
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of a S100B-dependent malignant melanoma cell line; the results are compared to an
S100B-free control in order to determine the specificity of the compound’s activity. In
tandem, a high-throughput fluorescence polarization competition assay (FPCA) is
performed, which evaluates the ability of a compound to compete off a labeled peptide
from S100B, giving an indication of its effectiveness at inhibiting S100B interactions
with a target protein. Both of these high-throughput assays provide a useful readout of
activity, but tend to involve high levels of error on the first pass and may include
nonspecific interactions or false positives, so further experiments must be performed.
The interaction of each compound with S100B is then studied using NMR; an HQSC
experiment is collected, which allows visualization of the backbone amide peaks for each
residue in the protein, and perturbations of chemical shifts upon addition of compound
are observed. These perturbations indicate the residues that interact with the compound,
and roughly map out the site where that compound binds. For compounds that show
promising results in the previous three screens, ITC experiments are performed to obtain
binding constants.
C. Materials and Methods
1. Materials
All chemicals and reagents were of ACS grade or higher and were typically
purchased from Sigma-Aldrich unless otherwise indicated. All buffers were passed
through Chelex-100 resin to remove trace metals prior to use.
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2. Molecular Dynamics Simulations
Calculations were performed with the programs CHARMM78 and NAMD79.
Molecular dynamics (MD) simulations of S100B-Pentamidine (Pnt) complex were
initiated from the co-crystal structure (PDB ID 3CR4)77 of S100B in complex with Pnt.
The initiator methionine (Met0) was removed as it would be cleaved in cells and the two
terminal residues (His90, Glu91), which were unstructured in the crystal, were not
included. The simulated system consisted of the S100B dimer complexed with four Pnt
molecules and four calcium ions. The waters observed in the crystal structure were
retained and 14,331 water molecules and 10 randomly placed sodium ions were added to
make a neutral solvated system with dimensions 79 Å x 79 Å x 79 Å. The CHARMM
protein force field80 with CMAP backbone correction81 was used to model the protein,
and the TIP3P model was used for water82. The CHARMM general force field83 was used
for Pnt and its modifications. Following a short energy minimization, heating and
equilibration, a 16-ns production MD simulation in the NPT ensemble was performed
using the NAMD simulation program79 with snapshots output every 5 ps. Water
geometries and bonds involving hydrogen atoms were constrained using the SHAKE
algorithm84 and a 2-fs integration time step was used for dynamics. Long-range
electrostatic interactions were handled with the particle-mesh Ewald method85 with a real
space cutoff of 12 Å and a switching function was applied to the Lennard-Jones
interactions in the range of 10 to 12 Å. Production simulations in the NPT ensemble
maintained 298 K temperature and 1 atm pressure using Langevin thermostat86 and
Langevin piston barostat, respectively. The first 2 ns from the first production trajectory
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were considered equilibration and were not included in the analysis. In order to increase
sampling, nine other trajectories were initiated from snapshots randomly chosen from the
initial trajectory. The cumulative sampling time was 98 ns. From the simulations
probability distributions of selected atoms were calculated on a 3D grid composed of 1 Å
X 1 Å X 1 Å volume elements (voxels) and normalized with respect to number of MD
snapshots. Accordingly, a voxel occupancy of 1% indicates that the voxel is occupied in
one out of every 100 snapshots. When calculating the occupancies, in order to capture
interactions that involve direct interactions with the protein, only those atoms that lie
within 5 Å of the protein were included in the probability map calculation.
In order to obtain the conformational distributions of Pnt, hexamidine (Hex), and
heptamidine (Hep) in solution, the compounds were simulated in the absence of protein
with the aqueous environment modeled using the GBMV implicit solvent model87 with
the solvent dielectric constant set to 80. Three 20-ns simulations were performed on each
molecule with snapshots saved every 5 ps. Distance probability distributions between the
terminal amidine hydrogens were calculated with a bin width of 1 Å.

3. SBiX Compound Synthesis
The following synthetic protocol was adapted from a previously published
protocol88. Synthesis of SBi4211 (Heptamidine) is provided as an example, but all
compounds were synthesized using the same methods and different starting materials.
Cesium Carbonate (10.93 g/31.69 mmoles/4 equivalents) and 1,7-dibromoheptane
(compound-2) (1.025 g/3.97 mmoles/ 0.5 equivalents) was added to 4-cyano phenol
(compound-1) (1 g/ 8.5 mmoles/1 equivalent) in 50 mL of acetone. The reaction mixture
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was refluxed for 48 hours at 60 oC, then cooled to room temperature. Acetone was
removed under reduced pressure to give a solid residue. Water (75 mL) was added to the
residue and extracted with dichloromethane (25 mL x 3). The organic layer was separated
and washed with 10% sodium hydroxide in water (10 mL x 3) and washed with water
until neutral to pH paper. The organic layer was dried with sodium sulfate, filtered, and
evaporated to give pure solid AC-1(2 g, 70%yield) (Scheme 2.1, Step 1).
1.0 g of AC-1 (2.99 mmoles) in 25 mL of anhydrous dioxane and 20 mL of dry
methanol was saturated with hydrochloric acid gas at 0-5 oC under nitrogen atmosphere.
The reaction mixture was stirred at room temperature for 36 hours, after which the
solvent was reduced by 50%. 30 mL of anhydrous ether was added and the resulting
precipitate was filtered, washed with anhydrous ether (10 mL x 5) and dried under
vacuum to yield AC-2(0.99 g, 75% yield) (Scheme 2.1, Step 2).
Dry solid AC-2 (0.9 g, 2.26 mmoles) was dissolved in 50 mL of dry ethanol and
50 mL of 2 M ethanolic ammonia, to which ammonium chloride (0.025 g, 0.5 mmoles)
was added. This mixture was refluxed at 80 oC for 32 hours under nitrogen atmosphere,
after which it was cooled and concentrated. The solid obtained was filtered and washed
with cold ethanol (5 mL x 3) and ether (10 mL x 3) to give 0.7 g (85% yield) of
diamidine product SBi4211 (Scheme 2.1, Step 3). The compound was then dissolved in
D6-DMSO (Cambridge Isotope Labs, Cambridge MA) to a concentration of 50 mM and
aliquoted for use in all further experiments.
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Scheme 2.1 Synthesis of SBi4211. Synthesis pathway adapted from Tidwell, et al. 199088.

4. Establishment of Stable RNAi MALME-3M Cell Lines
The 21-nt double-stranded anti-S100B siRNA (Ambion, catalog number
AM16704) and the 23-nt double-stranded scrambled negative control siRNA (Ambion,
catalog number 4611) were synthesized and purified using standard methods. The siRNA
duplex sequences are listed in Table 2.1. The sequences of both the anti-S100B siRNA
and the scrambled negative control siRNA duplexes were then cloned into
pSuppressorNeo (pSupNeo) vector (Imgenex). The hairpin RNAs produced by the
pSupNeo vector were designed to be identical to the siRNA duplex oligonucleotides. The
sequences inserted into the pSupNeo vector are listed in Table 2.2.

19

siRNA
duplex

Sense strand (5’→3’)

Antisense strand (5’→3’)

S100B

GGAAUUCAUGGCCUUUGUU

AACAAAGGCCAUGAAUUCC

SCR
AGUACUGCUUACGAUACGGdTdT
Table 2.1 Sequences of siRNA Duplexes.

CCGUAUCGUAAGCAGUACUdTdT

Hairpin
RNA

Sense strand (5’→3’)

S100B

TCGACCCGGAATTCATGGCCTTTGTTTTCAAGAGAAACAAAGGCCAT
GAATTCCTTTTTTGGAAT

SCR

TCGACCCAGTACTGCTTACGATACGGTTCAAGAGACCGTATCGTAAG
CAGTACTTTTTTTGGAAT
Table 2.2 Sequences of Hairpin RNAs.

The human melanoma cell line MALME-3M was purchased through American
Type Culture Collection (Manassas, VA). Cells were maintained in Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 20% fetal bovine serum and 1%
penicillin/streptomycin and cultured at 37°C at 5% CO2 and sub-cultivated twice a week.
MALME-3M cells were cultured in T-25 flasks at 37 oC to 60-70% confluency. The cells
were then transfected with the S100B or scrambled siRNA hairpin-generating vector
using Mirus TransIT-LT1 reagent. For each, 6 µL of TransIT-LT1 was added to 60 µL of
serum-free RPMI media in a 5 mL polystyrene round-bottom tube and incubated at room
temperature for 15 minutes. Next, 2 µg of the vector-based hairpin siRNA was added to
the mixture and again incubated at room temperature for 15 minutes. The complete
mixture was then added drop-wise to the cells in complete growth medium. The
transfected cells were incubated for 48 hours at 37oC, after which they were transferred to
IMDM medium containing 20% fetal bovine serum and 1% penicillin/streptomycin and
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neomycin (0.5 mg/mL) and single-cell diluted into 96-well plates. Wells were screened
for neomycin-resistant clones, expanded, and then the levels of S100B protein were
determined. A “high S100B” clone (SCR) containing the scrambled shRNA and a “low
S100B” clone (#7) containing the anti-S100B shRNA were selected, and thereafter
maintained in neomycin-containing medium.
For Western blot analysis, total cell lysates from “high S100B” and “low S100B”
clones 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
4oC. 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
manufacturer’s recommendations, then blocked with 5% nonfat dry milk in TBS with
0.5% Tween-20 (USB Corporation) and incubated with the indicated antibody. In this
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 manufacturer’s recommendations (GE Healthcare) Signal was quantified with
an EpiChemi3 Imaging System (UVP) with an attached Hamamatsu CCD camera
(Hamamatsu Photonics) and analyzed with UVP Labworks Image Acquisition and
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Analysis Software v. 4.6. The density of the S100B bands were normalized to their
respective GapDH control band, and the average normalizations and standard deviation
were calculated for each of the cell lines (n=5). Statistical analysis was performed using a
two-tailed Student’s t-test calculated with Excel (Microsoft) with a p value < 0.05 was
considered statistically significant. Western blots showing protein levels of S100B and
control GapDH in both “high S100B” and “low S100B” (knockdown) clones are shown
in Figure 2.2.

Figure 2.2 Western Blot of Cell Lysates from Stable RNAi Transfections in MALME-3M
Cells. Western blot of cell lysates from stable RNAi transfections in MALME-3M cells. Lane 1
shows the expression levels of normal MALME-3M cells. Stable MALME-3M scrambled
negative control clones and stable MALME-3M anti-S100B clones are shown in lanes 2 and 3,
respectively.

5. Growth Inhibition Assay
Compounds were tested for their ability to inhibit the growth of MALME-3M
melanoma cells that express relatively high levels of S100B (SCR) as compared to the
same cell line with a reduction of S100B protein (#7) using a modification of the high22

throughput screening assay performed by Bachman et al.89 Using a Biomek FX
Laboratory Automation Workstation (Beckman-Coulter) equipped with a 96-channel
pipetting head, 20 µl of IMDM (Invitrogen) supplemented with 20% fetal bovine serum
and 1% Pen/Strep, were added to each well of a 384-well tissue culture plate (Corning)
containing enough cells such that growing uninhibited they reach ~80% confluence in 5
days. The cells are propagated in the presence of 0.5 mg/ml neomycin to maintain the
vector expressing S100B siRNA to knockdown the protein or the same vector containing
a scrambled control siRNA; however, the neomycin is not added to the media for the
growth inhibition assay. After 24 hours of growth at 37°C in a 5% CO2 humiditycontrolled incubator the cells were treated with 20 µl of compound in the same culture
media, while in the control cultures only a equivalent amount of DMSO added with the
compound is added. After four additional days of incubation, the cells were lysed by the
adding 40 µl of lysis buffer consisting of 1.2% Igepal with 1:10,000 dilution of SYBR
Green I (Invitrogen). The covered plates were incubated for another 24 hours at 37 °C in
a 5% CO2 humidity-controlled incubator. At every incubation step the 384-well culture
plates were wrapped in plastic film. This did not appear to affect the growth of the cells
but was very effective in preventing edge affects due to evaporation of the media from
the outer wells. The fluorescence intensity was then read through the bottom of the plate
using a FLOUstar Optima (BMG) fluorescent plate reader using 485 nm excitation and
520 nm emission filter. The SYBR-green fluorescence is used to measure total DNA that
in turn correlates with cell number. The IC50 of the compounds were determined using
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serial dilutions and done in quadruplicate, as above, with no more than 1.0% DMSO or
200 µM compound.

6. Fluorescence Polarization Competition Assay
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, 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 eight-span pipetting head-equipped Biomek NXP, or a 96-well
pipetting head-equipped Biomek FX laboratory automation workstation (BeckmanCoulter). 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 performed to
determine more accurate IC50 values for the compounds under the same conditions. All
solutions used in the FPCA were incubated for a minimum of 15 minutes 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 were evaluated using the
Z factor developed by Zhang et al.90 The Z factor = 1 – (3SDb + 3SDf)/(μb-μf), where μb
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and μf are the mean polarization (mP) values of the bound and free probe, respectively,
and SDb and SDf are the standard deviations of those values for bound and free probe,
respectively. The Z factor can be any value ≤ 1, with a value of 1 being an ideal assay, ≥
0.5 but < 1.0 being an excellent assay, and a value < 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.91 was used to calculate the KD from IC50 titrations
as follows: KD = [I]50/([L]50/TAMRA-TRTKKD + [P]0/TAMRA-TRTKKD + 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-TRTKKD is the dissociation constant of the S100B-TAMRATRTK complex (TAMRA-TRTKKD = 1.19 ± 0.65 μM)92.

7. HSQC Perturbations
The Ca2+-loaded S100B-SBiX HSQC samples were prepared in a manner similar
to that previously described93 and each contained 0.1 mM S100B subunit, 0.25 mM
SBiX, 0.34 mM NaN3, 15 mM NaCl, 5% DMSO-d6, 10 mM CaCl2, 10% D2O, and 10
mM TES, adjusted to pH 7.2 with HCl. Heteronuclear single-quantum coherence
(HSQC) NMR data were collected at 37°C with a Bruker Avance 800 US2 (800.27 MHz
for protons) instrument equipped with an autoloader, pulsed-field gradients, four
frequency channels, and triple-resonance, z-axis gradient cryogenic probes. Data were
processed with NMRPipe94, and proton chemical shifts were reported with respect to the
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H2O or HDO signal taken as 4.658 ppm relative to external TSP (0.0 ppm). The 15N
chemical shifts were indirectly referenced as previously described95 using the following
ratio of the zero-point frequency: 0.10132905 for 15N to 1H. A labeled HSQC of 15NS100B at pH 7.2, which has not previously been reported, is given in Figure 2.3. The
HSQC of Ca2+-S100B control are overlaid with that of Ca2+-S100B-SBiX, and
perturbations are noted in an effort to elucidate whether a particular compound is binding,
and where on the protein it binds.

Figure 2.3 HSQC Spectrum of 15N S100B at pH 7.2. Peaks of backbone residues labeled with
corresponding amino acid. Sidechain amides are labeled in parentheses.
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8. Isothermal Titration Calorimetry
Binding of candidate compounds to Ca2+–S100B and was examined via ITC with
a VP-ITC titration microcalorimeter (MicroCal, Inc., Northampton, MA), as described
previously96. For ITC, all solutions were degassed under vacuum for 5 min and
equilibrated at 37°C prior to use. The reference cell contained ddH2O, and the sample
cell (1.4 mL) contained 10 mM TES at pH 7.2, 15 mM NaCl, 10 mM CaCl2, and 0.1 mM
S100B. Upon equilibration, a 2.5 mM SBiX compound solution prepared in the same
buffer as above (without protein) was injected in 5-μL aliquots with a 300-s interval
between each injection. The resulting titration curves were corrected by subtracting a
control of the SBiX solution injected into protein-free buffer and analyzed using the
Origin for ITC software supplied by MicroCal, Inc. For SBiX compounds which caused
excessive precipitation, a ‘reverse’ ITC experiment was performed where the cell
contained 0.1 mM compound, and 2.5 mM S100B was injected; the control for these
experiments is S100B solution injected into compound-free buffer.

D. Results
Thirty-eight pentamidine-derived compounds were tested using the various
assays described above; their chemical structures are shown in Table 2.1. The highthroughput FPCA and cell growth assays revealed few compounds had significant
binding to S100B and activity against the S100B-containing melanoma cells, as
compared to the S100B-free control (Table 2.2). NMR HSQC data was collected for all
38 compounds and compared to that of pentamidine, and 11 compounds caused
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perturbations (Table 2.2). Three additional compounds (SBi4213, 4225, and 4239) had
low HSQC signal due to precipitation, aggregation, and/or nonspecific binding but
showed perturbations in the few peaks that were present. These 15 compounds were
studied further using ITC, and in most cases an attempt was made to crystallize the
compound with S100B. The results of these experiments is given in Table 2.3;
unfortunately, most compounds either did not bind to S100B by ITC or caused significant
precipitation, and most compounds precipitated in the crystal trays despite numerous
efforts to adjust the conditions. One compound, SBi4207, provided good ITC data but
the affinity was too low to merit future study. Another compound, SBi4225, was found to
bind S100B with an affinity of 70.2 µM, which is in a useful range for structural studies
and further compound development. Some progress has been made with crystal trays of
SBi4225, but thus far none of the crystals have diffracted at a high enough resolution, so
these experiments are still ongoing. The final compound of interest from the original 39
is SBi4211, which is discussed in further detail in Chapter 3 of this dissertation. The ITC
curve of SBi4211 added to S100B shows that the compound does bind to S100B, but
precipitation caused the curve to be irregular and a fit could not be obtained. Further
efforts to improve the ITC experiment by changing salt conditions, concentration, and
temperature were unsuccessful, so alternate methods to obtain a dissociation constant
were explored (see Chapter 3). ITC is a useful method for determining KD values, but it
should be noted that the high concentrations of protein needed for this experiment often
lead to precipitation and are not always well-suited for high-affinity interactions. It is our
belief that fits obtained by ITC reveal weak binding sites on S100B, but not tighter sites,
28

which are usually revealed by fluorescence experiments. This might explain the
discrepancy in KD values for pentamidine binding to S100B reported in our lab;
Markowitz et al. reports a KD = 1.0 + 0.6 µM using intrinsic fluorescence and a
competition experiment75, while Charpentier et al. reports a KD = 53 + 10 µM by ITC
measurements77.
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Table 2.3 Structures of SBiX Compounds. Compound structures were made using
ChemBioDraw Ultra 12.0 (CambridgeSoft).
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SBi#

FPCA

MALME-3M
+S100B IC50 (µM)

MALME-3M S100B IC50 (µM)

HSQC result

1

1.29 + 0.10
mM

10 + 4

12 + 5

pert. observed

37 + 6

few pert.
observed

16 + 3

few pert.
observed

4205

NB

4206

0.97 + 0.04
mM

27 + 8

17 + 4

4207

NB

49 + 10

45 + 11

few pert.
observed

4208

NB

NA

NA

no pert.

4209

NB

NA

NA

no pert.

4210

4.3 + 3.9 mM

86 + 68

117 + 100

pert. observed

4211

0.44 + 0.15
µM

4.2 + 2.0

6.8 + 1.9

pert. observed

4212

NB

NA

NA

no pert.

4213

NB

15.9 + 1.5

8.6 + 0.5

low signal

4214

NB

NA

NA

low signal

4215

NB

91 + 90

20 + 13

pert. observed

4216

NB

NA

NA

no pert.

4217

NB

3.7 + 0.8

2.4 + 0.4

very low signal

4218

NB

NA

NA

low signal

4219

NB

NA

NA

no pert.

4221

NB

13 + 5

6.7 + 0.5

low signal

4222

NB

30 + 5

12.7 + 0.8

low signal

4223

NB

74 + 13

44 + 5

low signal
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4224

NB

38 + 10

24 + 3

low signal

4225

NB

79 + 27

46 + 0.8

low signal

4226

NB

11 + 2

5.9 + 0.4

low signal

4227

NB

24 + 4

8.3 + 0.7

no pert./
low signal

4228

NB

8+2

4.5 + 0.6

very low signal

4229

NB

33 + 2

33 + 4

no signal

4230

9.09 µM

56 + 3

37 + 2

low signal

4231

4.4 µM

28.2 + 0.8

21.2 + 0.9

low signal

4232

<0.1 µM

18 + 3

13.5 + 1.0

low signal

4233

1.42 µM

33.7 + 0.5

24.3 + 1.3

low signal

4234

2.14 µM

34 + 9

27.6 + 1.6

low signal

4235

NB

1.9 + 0.7

1.5 + 1.3

no pert.

4236

11.51 µM

86 + 43

45 + 4

pert. observed

4237

NB

NA

NA

pert. observed

4238

NB

NA

NA

pert. observed

4239

NB

129 + 6

109 + 2

low signal

4240

NB

110 + 2

73 + 3

low signal

4241

NB

158 + 54

92 + 20

very slight pert.

4242

NB

34 + 6

17.7 + 1.4

very slight pert.

Table 2.4 High-throughput Screening and HSQC Results for SBiX Compounds. NB: No
Binding, NA: No activity, pert: perturbations. Values are reported + the standard deviation of the
mean in cases where experiments were run in triplicate. For HSQC experiments, ‘low signal’
indicates that very few peaks were visible above the noise, while ‘no signal’ indicates that no
signal could be observed above the noise; this is likely a result of precipitation, aggregation,
and/or nonspecific binding of the compound to the entire protein.
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SBi Number

ITC

X-Ray

1

53 + 10 µM77

structure solved77

4205

no binding

4206

no binding

4207

4.7 mM

4210

no binding

4211

unfittable/pptn

structure solved

4213

pptn

pptn

4215

NB

pptn

4225

70.2 µM

crystals obtained

4236

pptn

pptn

4237

pptn

pptn

4238

pptn

pptn

4239

pptn

pptn

4241

pptn

pptn

4242

pptn

pptn

Table 2.5 Results of Further Screening Analysis of Selected SBiX Compounds. Pptn:
precipitation; NB: no binding. ITC conditions included 10 mM Tes, pH 7.2, 15 mM NaCl, and
10 mM CaCl2 at 37 oC.

E. Summary
Thirty-nine pentamidine derivatives were tested for inhibition of the S100B-p53
using a variety of assays. Two of these compounds, SBi4211 and SBi4225, showed
promising results in each round of testing, and two of them were crystallized with S100B.
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Experiments are ongoing to obtain a crystal structure of the Ca2+-S100B-SBi4225
complex; to date, the datasets collected have been of poor quality. The complex of
calcium-loaded S100B bound to SBi4211 has been solved (see Chapter 3). In addition,
further efforts are being made to design new derivatives with the assistance of CADD
that will incorporate the newly-obtained data from these thirty-nine compounds,
maximizing positive interactions between the small molecules and S100B and
minimizing unfavorable characteristics.

43

Chapter III. Binding of SBi4211 to S100B 2
A. Overview
This section will discuss the binding of a specific pentamidine-related compound,
SBi4211 (Heptamidine or Hep) to S100B. HSQC perturbations in the chemical shifts of
S100B upon addition of SBi4211 are detailed and compared those caused by Pentamidine
(Pnt). One-dimensional NMR experiments were used to determine a binding constant for
both Hep and Pnt binding to S100B. The three-dimensional structure of the co-crystal of
Ca2+-S100B with Hep, solved using X-ray crystallography, is also presented. The X-ray
structure of Ca2+-S100B-Hep is compared to the X-ray crystal structure of Ca2+-S100BPnt, Ca2+-S100B. The task of obtaining this structure was undertaken to provide a
platform for future Computer Aided Drug Design (CADD), this time with a compound
that binds with only one molecule per monomer of S100B in hopes of providing a
scaffold on which additional functional groups may be added for improved inhibition of
the S100B-p53 interaction.
B. Introduction
There are several structures available of S100B bound to various targets,
including a p53 peptide73 (PDB ID 1DT7), TRTK-128; 56 (PDB IDs 1MWN, 3IQQ),

2

Chapters II and III contain information from the manuscript Structure-Based Discovery of a
Novel Pentamidine-Related Inhibitor of the Calcium-Binding Protein S100B, ACS Medicinal
Chemistry Letters, Accepted Manuscript. L. E. McKnight, E. P. Raman, P. Bezawada, S.
Kudrimoti, P. T. Wilder, K. G. Hartman, E. A. Toth, A. Coop, A. D. MacKerrell Jr., and D. J.
Weber.
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pentamidine77 (PDB ID 3CR4), and other inhibitors92 (PDB IDs 3LK0, 3LK1, and
3LLE). There are also NMR structures of apo97 and calcium-loaded S100B51 (PDB IDs
1SYM and 1QLK, respectively), as well as crystal structures of S100B bound to calcium
alone8 (PDB ID 3IQO) or calcium and zinc77 (PDB ID 3CR2). In all of the known
structures, S100B is a symmetrical homodimer, where each subunit contains two EFhand calcium-binding domains that are brought to close proximity by a short, antiparallel β-sheet. The C-terminal region of S100B contains the 12-residue consensus
sequence of a canonical EF-hand (EF2; residues 61-72) that binds calcium more tightly
than the N-terminal EF-hand or “S100” EF-hand (EF1; residues 18-31). The hinge
region and the C-terminus are not well conserved throughout the S100 family and it is
usually these domains that contribute specificity for S100-target interactions25; 98. In
target-bound structures, S100B maintains the same global fold and overall structure.
There are three general sites that targets of S100B occupy, termed Site 1, Site 2, and Site
3 (Figure 3.1). TRTK-12 and the C-terminal p53 peptide bind to Site 1 on S100B (Figure
3.1a, b), while pentamidine and other small molecules bind mainly to Sites 2 and 3
(Figure 3.1c). In order to make an effective inhibitor of the S100B-p53 interaction, it
would be ideal if a small molecule could be engineered which spans Site 1, for better
inhibition of p53.
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Figure 3.1 Depiction of the Three Binding Sites on S100B. Surface representation of the
structures of Ca2+-S100B bound to (a) TRTK-12 (PDB ID: 1MWN)56, (b) the C-terminal negative
regulatory domain of p53 (PDB ID: 1DT7)73, and (c) pentamidine (PDB 1D: 3CR4)77. Sites 1, 2,
and 3 are labeled, as well as helix 4 (H4). The protein is depicted as a blue surface, and regions
within 3 Å of the peptide or small molecule bound are colored yellow. TRTK-12, p53 peptide,
and pentamidine are colored magenta.

Comparison of the 3D structures of apo and calcium-loaded S100B reveals a large
conformational change where helix 3 rotates out approximately 90° exposing a
hydrophobic pocket that in S100B and other S100 proteins is important for molecular
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target interactions.8; 25; 27; 55; 98; 99; 100 Upon binding a full-length target, the calcium
affinity of an S100 protein can increase as much as 400-fold as was seen with S100A1
once bound to the RyR99; 101. When bound to a peptide of the negative regulatory domain
of p53, helix 4 of S100B is extended by five residues and loop 2, also called the ‘hinge’
region, rotates to accommodate the peptide.73 These regions of S100B share the least
sequence homology with other S100 proteins, which can be exploited to design inhibitors
with specificity for S100B.102 In order to inhibit the p53-S100B interaction, small
molecules have been designed and tested for binding activity.
Molecular dynamics (MD) simulations of the S100B dimer in complex with
pentamidine were performed to analyze the conformational distribution of pentamidine
when bound to the protein. In the analysis, atoms of pentamidine were classified into four
functional group types: phenyl ring carbons, amidinium hydrogen atoms, aliphatic chain
carbons and ether oxygen atoms. 3D distributions for each atom type were computed
from the simulations. Figure 3.2 (a) and (b) show the resulting 3D probabilities overlaid
on the binding sites on the S100B-pentamidine co-crystal. The probability maps show
that the pentamidine molecules sample a diverse collection of conformations and cover a
wide region of the protein surface. Consistent with the crystal structure in which two
pentamidine molecules in two conformations were observed, it is clear that the
benzamindine moieties are not located in well defined binding pockets. Rather, they are
sampling a broad region on the protein surface.
Because the range of conformations that pentamidine sampled in the simulations
was promising, additional analysis was performed to better understand the spatial
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distributions of the amidine moieties in pentamidine, based on the assumption that these
groups are essential for binding. To perform this, the distribution of the distances
between high probability voxels sampled by amidinium hydrogen atoms was determined.
This was performed by identifying voxels with an occupancy cutoff of 0.5% (Figure
3.2c). The 3D distributions were then converted to a 1D distribution of amidine H-H
distances based on the distances between all high occupancy voxels with respect to each
other. The resulting distribution (Figure 3.2d) shows a maximum at ~18.5 Å. To
understand how this distance compares to the intrinsic conformational flexibility of
pentamidine alone, GBMV MD simulations of pentamidine in the absence of protein
were performed. From these simulations, the 1D probability distribution of the amidine
H-H distances was obtained. As shown in Figure 3.2d, the intrinsic conformational
dynamics of pentamidine yields distances between amidinium hydrogen atoms ~ 2 Å
shorter than the optimal distance between high probability voxels predicted from the
pentamidine-S100B MD simulations.
This observation indicated that increasing the linker length between the amidine
moieties in pentamidine would yield intrinsic conformational properties better suited to
optimize ligand-protein interactions based on the pentamidine-S100B simulations,
thereby improving ligand affinity. To test this hypothesis, we performed MD simulations
on the pentamidine derivatives heptamidine and hexamidine, which have a linker of
seven or six methylene units as compared to the 5-unit linker of pentamidine,
respectively. The same analysis was also performed for octamidine (not shown), which
has an 8-carbon linker; this data was similar to that of heptamidine, but the compound
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was not soluble and thus was not studied further. Figure 3.2d includes the distance
distribution obtained from the simulations of pentamidine, hexamidine, and heptamidine.
There is a peak at ~ 18 Å for heptamidine, closest to the value of 18.5 Å obtained from
the pentamidine-S100B based amidine H-H probability distribution. The data from the
hexamidine probability distribution, on the other hand, are not significantly different
from that of pentamidine. Thus, we concluded that heptamidine might bind S100B more
tightly than pentamidine because the conformations it frequently samples place the
amidine moieties in a position to make favorable contacts with S100B. We therefore
synthesized heptamidine to test its potency as an S100B inhibitor. In Figure 3.2 (e) and
(f), the probability distributions that were obtained from the S100B-pentamidine
simulations in (a) and (b) are overlaid with the heptamidine crystal structure, showing
that the heptamidine binding mode is largely consistent with our predictions based on
S100B-pentamidine simulations. This compound, given the database number SBi4211,
showed positive screening results (see Chapter 2) and the crystal structure of the Ca2+S100B-SBi4211 complex has been solved to 1.65 Å.

49

Figure 3.2 Molecular Dynamics Simulation Results for Pentamidine, Hexamidine, and
Heptamidine. (a) and (b) Two binding sites of pentamidine to S100B onto which grid-based
probability isocontour surfaces of pentamidine atoms are overlaid; benzene carbons (purple),
aliphatic chain carbons (green), amidinium hydrogen atoms (blue) and ether oxygen atoms (red,
not visible clearly). (c) Centers of high occupancy (>0.5%) amidinium hydrogen voxels in site A.
(d) Distribution of distances between the high occupancy voxel centers and that between
amidinium hydrogen atoms of the two benzamidine groups in pentamidine, hexamidine and
heptamidine. (e) and (f) Overlay of heptamidine crystal conformation on the protein and
probability maps obtained at an occupancy isocontour value of 1.5%.
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C. Materials and Methods
1. Materials
All chemicals and reagents were of ACS grade or higher and were typically
purchased from Sigma-Aldrich unless otherwise indicated. All buffers were passed
through Chelex-100 resin to remove trace metals prior to use.
2. Bacterial Expression and Purification of S100B
Recombinant S100B protein (rat and bovine) was expressed in Escherichia coli
[HMS174(DE3) strain] using isotopically labeled minimal media and purified as
previously described103 with some modifications (Appendix A). Briefly, cells were lysed
and impurities were precipitated with 80% ammonium sulfate. The protein was further
purified using a DEAE anion exchange column and two size exclusion columns (G75 and
G25). Yields of S100B protein were typically 20–30 mg of purified protein per liter of
bacterial culture. For NMR experiments, S100B protein was prepared using defined
medium that included 15N-labeled NH4Cl as the only nitrogen source.
3. NMR Analysis of S100B and Pentamidine-Derived Compounds
Purified 15N-labeled was dialyzed against 0.25 mM Tris (pH 7.5) and 0.25 mM
DTT, concentrated to 10-15 mM using Amicon Ultra centrifugal filter units with a 10
kDa MWCO, concentration was determined using Bradford reagent (BioRad) and protein
was then aliquoted and stored at −20 °C. For 1D NMR experiments to determine binding,
control samples were made with 1 µM compound, 0.34 mM NaN3, 15 mM NaCl, 10 mM
CaCl2, and 10 mM Tris-D11 in 100% D2O. Protein was lyophilized and resuspended in
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D2O twice, and samples were made with the same conditions as the control, but with the
addition of 10-30 µM 15N S100B. This sample was then titrated into the control sample,
and 1D experiments were collected at various concentrations of protein. Change in
height of the compound peaks was monitored and fit using MicroCal Origin software,
using a Hill function. The resulting binding constants for each titrated peak were then
averaged, and results from two titrations were averaged together.
The Ca2+-loaded S100B-SBi4211 HSQC sample was prepared in a manner similar
to that previously described93 and contained 0.1 mM S100B subunit, 0.25 mM SBi4211,
0.34 mM NaN3, 15 mM NaCl, 5% DMSO-d6, 10 mM CaCl2, 10% D2O, and 10 mM TES,
adjusted to pH 7.2 with HCl. Heteronuclear single-quantum coherence (HSQC) NMR
data were collected at 37 °C with a Bruker Avance 800 US2 (800.27 MHz for protons)
instrument equipped with pulsed-field gradients, four frequency channels, and tripleresonance, z-axis gradient cryogenic probes. Data were processed with NMRPipe94, and
proton chemical shifts were reported with respect to the H2O or HDO signal taken as
4.658 ppm relative to external TSP (0.0 ppm). The 15N chemical shifts were indirectly
referenced as previously described using the following ratio of the zero-point frequency:
0.10132905 for 15N to 1H. A labeled HSQC of 15N-S100B at pH 7.2, which has not
previously been reported, is given in Figure 2.3.
4. Protein Crystallization, X-ray Data Collection, Model Building and Refinement
Bovine S100B protein was dialyzed into buffer [0.25 mM Tris (pH 7.2) and 0.25
mM DTT], concentrated to 80–100 mg/mL (~8–10 mM subunit concentration using
Amicon Ultra centrifugal filter units with a 10 kDa MWCO, concentration was
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determined using Bradford reagent (BioRad) and protein was then aliquoted and stored at
−20 °C. We obtained diffraction quality crystals for the SBi4211–Ca2+-S100B complex
by sitting drop vapor diffusion at 22°C by mixing 1 μL of S100B protein and SBi4211
compound [40 mg/mL S100B, 4.0 mM SBi4211, 7.5 mM CaCl2, and 10 mM sodium
cacodylate buffer (pH 7.21)] with 1 μL of reservoir solution [7.5 mM CaCl2, 100 mM
sodium cacodylate (pH 7.21), 25% PEG3350] and equilibrating for 2–3 days. After
crystals formed, they were cryoprotected in a harvest solution [4.0 mM SBi4211, 7.5 mM
CaCl2, 10 mM sodium cacodylate buffer (pH 7.21), 27% PEG3350, and 5% glycerol] for
30–60 s and then flash-cooled in liquid nitrogen. Space groups and unit cell parameters
are given in Table 3.1. The crystal had one S100B subunit in the asymmetric unit.
X-ray data for the SBi4211–Ca2+-S100B crystals 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). The reflection intensities were integrated and
scaled with the HKL2000 suite of computer programs104. The crystal of the SBi4211–
Ca2+-S100B complex diffracted to 1.65 Å resolution. Preliminary phases were obtained
via molecular replacement techniques using the structure of Ca2+-bound S100B [PDB
entry 1MHO] as a search model and the computer program Phaser from the CCP4
program suite105; 106. Model building and refinement of S100B were performed using
COOT and REFMAC5107; 108. The locations of the SBi4211 molecule and several water
molecules were determined by visual inspection of electron density maps calculated with
2mFo−DFc and mFo−DFc coefficients with COOT. The occupancy was set to 1.0 for
SBi4211 except for the C9 and C10 atoms in the linker region, which were set to 0.5
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occupancy because these atoms reside on a crystallographic 2-fold axis. The
stereochemistry and validity of the final structure were checked with MOLPROBITY109
and PROCHECK110. The coordinates were deposited in the Protein Data Bank and
assigned the accession number 4FQO. Figures were generated with PyMol
(“http://www.pymol.org”). Diffraction statistics are given in Table 3.1.
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Diffraction Statistics
Space Group

P41212

Cell dimensions a, b, c 63.1, 63.1, 49.0
(Ǻ)
Cell angles
(degrees)

α,

β,

γ 90.0, 90.0, 90.0

Resolution (Ǻ)

44.60–1.65 (1.65–1.68)a

No. of unique reflections

11701 (832)

Completeness (%)

99.6 (99.9)

Rsymb

0.068 (0.651)

Average (I/σ)

12.1 (4.4)

Multiplicity

13.5 (13.5)

Refinement Statistics
Rcrysc (%)

20.0 (21.3)

c

Rfree (%)

21.4 (25.0)

Protein Atoms

732

Water Molecules

89

Non-Hydrogen Atoms

844

RMSD
Bond Length (Ǻ)

0.012

Bond Angles (Ǻ)

1.434

Mean B Values ( Ǻ )
2

22.73
d

Ramachandran Plot (%)
Favored

98.9

Allowed

1.1

Outliers

0.0

Table 3.1 Ca2+-S100B-SBi4211 Crystal Refinement Statistics. aNumbers in parentheses
represent the last outer shell. bRsym = ΣhΣi(|Ii(h)| - |{l(h)}|)/ΣhΣiIj(h), where Ii(h) = observed
intensity, and {l(h)} = mean intensity obtained from multiple measurements. cRcrys 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. dAccording to MolProbity analysis
89 out of 90 residues were in favored (98%) regions and 1 additional residue was in allowed
(>99.8%) regions.
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D. Results
1. NMR HSQC Chemical Shift Perturbations in S100B upon Addition of Heptamidine
As part of initial screening of all pentamidine-derived compounds, an HSQC
spectrum is collected and the perturbations in S100B chemical shifts resulting from
addition of compound are compared to those observed with pentamidine. Only those
residues that are affected by binding of compound will experience a perturbation in
chemical shift, so this technique is a useful method for roughly mapping the binding site
of compounds. The HSQC spectrum of calcium-loaded S100B with heptamidine (Figure
3.3a) is very similar to that of S100B bound to pentamidine (Figure 3.3b), indicating that
the two molecules bind a similar site on the protein. When the perturbations of individual
residues are plotted, it is apparent that both compounds cause significant perturbations in
helix 1, helix 4, and the loop between helix 2 and helix 3 (Figure 3.3c,d). Direct
comparison of this data reveals that pentamidine causes additional perturbations in helix
2 and the intrahelical region between helices 2 and 3 (Figure 3.3e). Additionally, some
peaks disappear completely upon addition of compound; these residues, along with
residues which exhibit significant perturbations, are mapped onto a surface representation
of S100B to better demonstrate the binding site of each compound (inset of Figure
3.3c,d). While the compounds occupy a similar space on S100B, there are some
differences which might be useful in future molecular modeling experiments. Until the
structure of calcium-loaded S100B was solved, it was difficult to ascertain why an
addition of only two carbons in linker length of the compound resulted in an alternative
binding pocket.
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Figure 3.3 HSQC Perturbations Upon Addition of Pentamidine or Heptamidine to S100B.
(a) and (b) HSQC spectrum with heptamidine (a), or pentamidine (b) in red overlaid onto S100B
control (black). Residues which experience significant perturbations (more than twice the
average) are labeled. (c) and (d) Graphical representation of the perturbation of chemical shifts
experienced by S100B upon addition of heptamidine (c) or pentamidine (d). The red bar denotes
twice the average perturbation, and perturbations greater than this line are considered significant.
The insets depict a surface representation of S100B bound to heptamidine (c) or pentamidine (d);
residues which are significantly perturbed or disappear completely upon addition of compound
are colored red, and atoms of the compound are colored yellow (carbon), blue (nitrogen), and red
(oxygen). (e) Difference between perturbations of chemical shifts of S100B caused by
heptamidine from those cause by pentamidine. The inset depicts residue perturbation effects
which are not shared by the two compounds in yellow.
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2. Binding of Heptamidine to S100B by 1D NMR
In order to determine the binding constant for the binding of heptamidine to
S100B, a one-dimensional NMR titration was performed with 1 µM heptamidine and
increasing concentrations of S100B (0-40 µM). Other methods, such as standard NMR
titrations, ITC, and fluorescence measurements were unsuccessful because heptamidine
causes precipitation of S100B at the high concentrations needed for protein NMR and
ITC, and heptamidine was too weakly fluorescent for direct measurements, but interfered
with the various probes that were attempted for kickoff studies. The 1D NMR spectrum
of heptamidine was monitored, and compound peaks decreased in intensity upon addition
of S100B. The change in peak height was plotted for each peak versus the concentration
of S100B, and the resulting graph was fit with a Hill function using Microcal Origin
software. The resulting Kd values were averaged for all titrated peaks, and the resulting
average KD values from two separate experiments were averaged together and reported +
the standard deviation (Table 3.2). For comparison, the identical experiment was
performed for pentamidine and the results are also reported in Table 3.2.
Heptamidine Pentamidine
Average KD (µM) 6.8 + 1.9

0.13 + 0.04

Table 3.2 Dissociation Constants for Binding of Heptamidine and Pentamidine to S100B
Obtained Using 1D NMR. Data were collected at 37oC using an Bruker Avance 800 US2. Data
from multiple peaks from an experiment were averaged, then the averages from two experiments
were averaged together and are reported + the standard deviation of the mean. Only the highaffinity site for pentamidine is being measured in this experiment.
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3. The X-ray Structure of Calcium-Loaded S100B with Heptamidine
In the crystal structure of pentamidine bound to Ca2+-loaded S100B, two
molecules of Pnt are bound per single monomer of S100B77. In the interest of having a
better scaffold for drug discovery, we endeavored to find a compound that binds only one
molecule per monomer, so that effects of manipulation of functional groups could be
better predicted. With this in mind, we solved the 1.65-Å-resolution structure of Ca2+S100B bound to SBi4211 (heptamidine or Hep) (Figure 3.4) and compared this structure
to that of Ca2+-S100B-Pnt. In both structures, the asymmetric unit of calcium-loaded
S100B consists of one subunit of S100B; the biologically significant model is a dimer
consisting of the asymmetric unit and a symmetry mate. Each monomer contains two
calcium ions 89 water molecules (Table 3.1). Interpretable electron density exists for
residues fMet0 to Phe88, and the density for Hep is highly visible and covers all atoms of
the compound (Figure 3.4a).
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Figure 3.4 High-Resolution Crystal Structure of S100B Bound to Heptamidine and
Comparison to Pentamidine. (a) and (b) Surface representations of the structure of S100B
bound to heptamidine (a) and pentamidine (b). The compounds are depicted in orange, and
residues within 3 Å are colored yellow to highlight the binding pocket. Below, the electron
density maps calculated with the 2mFo-DFc coefficients (contoured at 1.0σ) for each compound
are shown. The atoms of the compound are colored orange (carbon), blue (nitrogen). (c) and (d)
Ribbon representation depicting the orientation of helices and placement of calcium ions in the
structures of S100B bound to heptamidine (c) and pentamidine (d). The atoms of the compound
are colored as in (a) and (b), and calcium ions are depicted as cyan spheres.
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Figure 3.5 Ramachandran Analysis of the Ca2+-S100B-SBi4211 Crystal Structure.
Ramachandran plot of Psi vs Phi angles of each residue in the crystal structure. The favored
(98%) region is outlined in cyan, while the allowed (>99.8%) region is outlined in darker blue.
98.9% of all residues (89/90) were in favored regions, and 100% (90/90) are in the allowed
region. Adapted from MolProbity Ramachandran analysis.109; 111

Nearly all the residues in Ca2+-S100B-Hep were in the most favored regions of
the Ramachandran plot (98.99%), with the remaining 1.1% in the additionally allowed
region (Figure 3.5; Table 3.1). The global fold of our crystal structure is in good
agreement with the Ca2+-S100B-Pnt X-ray structure reported previously77. Each
monomer in the Ca2+-S100B-Hep crystal structure contained four helices (helix 1, 4-20;
helix 2, 29-39; helix 3, 50-61; helix 4: 70-87), with a symmetrical X-type four-helixbundle at the dimer interface (Figure 3.4c). There are two helix-loop-helix domains
found in each subunit, including an S100 EF-hand domain (EF1) that consists of helix 1,
loop 1 and helix 2 and a canonical EF-hand (EF2) contributed by helix 3, loop 3, and
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helix 4 (Figure 3.4c). The most significant difference between the crystal structures of
Ca2+-S100B-Pnt and Ca2+-S100B-Hep is the number and position of the compound(s).
Only one molecule of Hep binds per monomer of S100B, as opposed to two molecules of
Pnt, and the lone Hep molecule spans the two Pnt sites (Figure 3.4a, 3.4c). This accounts
for the differences in the observed HSQC perturbations (Figure 3.3), and causes each
compound to make unique interactions with S100B. While Pnt makes π-stacking with
residues His42 and Phe87 (Figure 3.6b), Hep does not have any π-stacking interactions
and instead participates in hydrogen bonds with the backbone carbonyls of residues
Phe43 and His85 and the with the imidazole ring of His85 (Figure 3.6a).

Figure 3.6 Closer View of the Compound Binding Sites for Heptamidine and Pentamidine
on S100B. Protein residues within 3 Å of heptamidine (a) and pentamidine (b) are shown,
colored green (carbon), blue (nitrogen), and red (oxygen). Hydrogen bonds are represented with
dashed lines, and the distance between nitrogen atoms is noted. Compounds are colored orange
(carbon), blue (nitrogen), and red (oxygen).
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E. Summary
The crystal structure of calcium-loaded S100B bound to heptamidine was solved
to determine where it binds to S100B and the orientation of the compound within that
binding site. The resulting structure revealed that one molecule of heptamidine binds per
monomer of S100B, and that the compound spans the two sites occupied by pentamidine
in the Ca2+-S100B-Pnt structure. Therefore, the Ca2+-S100B-Hep structure will be useful
for molecular modeling and heptamidine can be used as a scaffold to engineer various
functional groups in an effort to design better inhibitors of the S100B-p53 interaction. It
is our hope that combining information from this structure, along with that of calciumloaded S100B bound to a p53 peptide64, will allow us to model a compound which better
covers the p53 binding site, and will therefore act as a better inhibitor.
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Chapter IV. Binding Studies of an S100B EF Hand Mutant 3
A. Overview
This chapter will briefly outline studies of the interaction of TRTK-12 peptide
with S100B E72A mutant, which has a mutation in the canonical EF hand, eliminating
calcium binding to that region. These experiments were undertaken to elucidate the
effect of target binding on the affinity of S100B for calcium, studying the pseudo-EF
hand site only. Previous studies showed that another S100B target, a peptide derived
from the C-terminus of p5393, was able to restore this mutant’s affinity for calcium, and
these experiments were undertaken to confirm that the effect is not specific for a single
target peptide. This chapter focuses only on the pertinent work reported in this
dissertation.
B. Introduction
S100B contains two EF-hand domains, a typical or ‘canonical’ EF hand spanning
residues 61-72 which binds calcium tightly (EF2 KD = 56 + 9 µM)64, and a pseudo or
‘S100B’ EF-hand made up of residues 18-31, which binds calcium more weakly (EF1 KD
> 350 µM)8. A conformational change in EF2 occurs upon calcium binding, which
allows S100B to then bind targets, including a C-terminal p53 peptide and a peptide

3

Chapter IV contains information from the manuscript The effects of CapZ peptide (TRTK-12)
binding to S100B-Ca2+ as determined by NMR and X-ray crystallography, Journal of Molecular
Biology 2010 . T.H Charpentier, L. E. Thompson, K. M. Varney, P. T. Wilder, E. Pozharski, E.
A. Toth, and D. J. Weber.
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derived from CapZ protein known as TRTK-12.8; 64; 73 On the HSQC spectrum of S100B,
a significant perturbation in the chemical shift corresponding to the residue Gly66 is
observed upon binding to calcium, which is characteristic of all EF-hand calcium binding
domains. Gly66 of S100B corresponds to position 6 of the 12 consensus residues of the
EF2 hand. Though TRTK-12 does not bind to S100B in the absence of calcium, binding
of TRTK-12 to S100B causes a 5-fold increase in calcium affinity in the canonical EFhand, and Gly66 is also significantly downfield shifted in the Ca2+-S100B-TRTK
complex in a very similar position as Gly66 in the Ca2+-S100B NMR spectrum.8
The tightening of calcium binding upon target binding is a noteworthy
phenomenon because it is an effect that can be exploited to design therapeutically
relevant inhibitors, since this effect would need to be mimicked in order for a compound
to be effective in vivo. In order to examine the calcium dependence of the interaction of
S100B with target, the EF1 hand was mutated at the 6th position, reducing calcium
binding of S100B E72A to KD = 480 + 130 µM, which is consistent with the pseudo EFhand and was confirmed to be due only to binding at the EF1 site.93 When a peptide
derived from the C-terminal negative regulatory domain of p53 is added to S100B E72A,
the affinity for calcium in the canonical EF-hand increases three-fold64. Additionally,
this peptide causes the dissociation rate of Ca2+ from the E72A mutant to decrease by 8.5fold, which is likely due to a conformational change in the EF2 hand upon binding to the
p53 peptide93. Thus, the E72A construct is a useful tool for probing effects on only the
pseudo-EF hand and provides information about the interaction of specific residues
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within the EF2 hand with calcium and their involvement in the ‘calcium switch’93, which
can be exploited for effective inhibitor design.
Recent NMR dynamics experiments performed in the Weber lab support the idea
that S100B follows what has been termed a ‘target binding and final mini-folding’
(TBFF) model112. In this model, S100B is more dynamic in the absence of target,
contributing to a “less-defined” form of the protein where an equilibrium exists between
states with higher and lower affinity for Ca2+. S100B is then stabilized upon target
binding, shifting the equilibrium towards a well-defined state with high affinity for Ca2+
which exhibits a much narrower range of dynamic motion throughout the protein112. This
model highlights one of the biologically relevant features of S100 proteins; a weak
affinity for calcium in the absence of target is useful because it allows S100 proteins to
exist in cells in high concentrations without acting as a Ca2+ sink, depleting levels of free
calcium in the cell and preventing important calcium transients. An effective,
functionally relevant S100B inhibitor is one that mimics this target effect; experiments
with the E72A mutant enable the elucidation of the mechanisms involved in this
phenomenon, eventually allowing for improved computer modeling and drug design
which takes this effect into account.
C. Materials and Methods
1. NMR Spectroscopy
Purified 15N-labeled S100B E72A was prepared as described in Appendix A and
was dialyzed against 0.1 mM Tes, pH 7.2, lyophilized, hydrated in a small aliquot of
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deionized and doubly distilled water, and stored at − 80 or − 20 °C. The apo and Ca2+loaded E72A S100B mutant NMR samples contained 0.25 mM E72A mutant S100B
subunit concentration, 0.625 mM TRTK-12, 0.34 mM NaN3, 15 mM NaCl, 15 mM
CaCl2, 10% D2O, and 10 mM TES buffer; and adjusted to pH 7.2 with HCl. The apoS100B sample contained 1 mM ethylenediaminetetraacetic acid, and no CaCl2. In order
to provide backbone assignments for E72A, several NMR experiments were collected at
600 and 800 MHz. Water solvent suppression was achieved by using the WATERGATE
technique and pulse field gradients were included to purge undesired transverse
magnetization.113 The following experiments were performed: 2D 1H, 15N-fast HSQC114,
15

N-edited TOCSY-HSQC (HOHAHA-HSQC)115; 116, 3D 15N, 15N edited HMQC-

NOESY-HSQC117, 3D HNHA (can determine backbone coupling constants, 3JHNHα)118;
119

.
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C, 15N labeled protein and was used for the 3D HNCA, 3D HN(CO)CA, 3D

CBCA(CO)NH120, 3D HNCACB120, 3D HNCO.121 The resulting backbone assignments
are shown in Figure 4.1.
2. Tb3+Luminescence Assay
All luminescence spectra were collected on a Varian Eclipse spectrometer. The
temperature of the cell was maintained at 37 °C using a circulating constant-temperature
bath. To measure calcium binding of wild-type and mutant forms of S100B, the emission
of terbium (λem = 545 nm; λex = 230) was monitored as a function of titrating calcium into
a sample containing 20 mM Hepes pH 7.0, 3.25 µM Tb3+, 2 μM S100B (wild-type or
E72a), and 4 μM TRTK-12. In these competition assays, the dissociation of calcium from
S100B, CaKD, was calculated using CaKD = K‘/(1 + [Tb3+]/TbKD), where K‘ is from the
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best-fit curve of the titration data and TbKD is the dissociation constant for terbium from
S100B.
3. Fluorescence Polarization Competition Assay
Fluorescence polarization competition assays were performed in Corning 96-well,
flat-bottom plates (Corning, NY) in a final volume of 200 μL. The S100B titration into
TAMRA–TRTK-12-am contained 0–40 μM S100B, 50 nM TAMRA–TRTK-12-am,
50 mM Tris, pH 7.5, 10 mM MnCl2 or CaCl2, and 0.10% Triton X-100. The polarization
was read from the top of the well with a PolarStar fluorescent plate reader (BMG
Labtech, Durham, NC) using excitation at 544 ± 10 nm and an emission filter of
590 ± 10 nm, with the temperature maintained at 30 °C. Titrations of TRTK-12 into a
solution of TAMRA–TRTK-12-am bound to Ca2+–S100B or Mn2+–S100B (wild type or
E72A mutant) were performed by monitoring the change in polarization of TAMRA–
TRTK-12-am with a Varian Cary Eclipse fluorescence spectrophotometer in quartz
cuvettes. In these competition binding experiments, the sample contained 5 μM S100B,
50 nM TAMRA–TRTK-12, 0–100 μM TRTK-12, 50 mM Tris, pH 7.2, 15 mM NaCl,
100 mM KCl, 10 mM CaCl2 or MnCl2, and 0.10% Triton X-100, and the temperature was
maintained at 30 °C using a circulating constant-temperature bath. 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 NikolovskaColeska et al. was used to calculate the dissociation constant (Kd) using the IC50 values as
follows: Kd = [I]50/([L]50/TAMRA–TRTK-12Kd + [P]0/TAMRA–TRTK-12Kd + 1), where [I]50 is the
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concentration of the unlabeled TRTK-12 at 50% inhibition, [L]50 is the concentration of
the free TAMRA–TRTK-12 at 50% inhibition, [P]0 is the concentration of the free
protein at 0% inhibition, and TAMRA–TRTK-12Kd is the dissociation constant for the
dissociation of TAMRA–TRTK-12-am from the S100B–Ca2+–TAMRA–TRTK-12-am
complex.91
D. Results
To examine the effect of TRTK-12 binding to the S100B E72A mutant, several
experiments were performed. First, the NMR HSQC spectra of the protein in various
states were collected to observe the resulting chemical shift perturbations. Unlike wildtype S100B, the E72A mutant does not display a significant perturbation for residue G66
upon addition of calcium (Figure 4.2, black and blue spectra). However, addition of a
target such as TRTK-12 rescues this effect, as shown in the boxed inset in Figure 4.2.
The chemical shift perturbation of this glycine residue is typical for EF-hand calciumbinding domains51, and such a shift is slow on the chemical-shift timescale, indicating
that the rate of calcium ion dissociation must be less than 400 s-1.8 To test whether the
shift in G66 is due solely to the presence of TRTK-12 in the NMR sample, a similar set
of experiments was performed in the absence of Ca2+. Figure 4.3 shows that without
calcium present, TRTK-12 does not cause a significant perturbation for residue G66, and
in general there are very few differences in the two spectra, indicating that the peptide
does not have significant interactions with the protein. This is expected, because
previous studies have shown that TRTK-12 does not bind to S100B in the absence of
calcium.56
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Figure 4.1 Comparison of the HSQC Spectra of S100B E72A Apo, Ca2+-Loaded, and in
Complex with TRTK-12. The HSQC spectrum of apo-E72A (black) is overlaid with that of
Ca2+-E72A (blue) and Ca2+-E72A bound to TRTK-12 (red). Of note is the chemical shift of
residue G66, indicated with the black box, which is shifted significantly only in the presence of
Ca2+ and TRTK-12, not with Ca2+ alone. Shifts for Ca2+-E72A-TRTK are labeled, with side
chains denoted in parentheses.
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Figure 4.2 Effect of TRTK-12 Binding to S100B E72A in the Absence of Calcium. The
HSQC spectra of apo E72A (black) is overlaid with the spectra of E72A in the presence of
TRTK-12 (red). 1 mM EDTA was present in both samples to remove all traces of calcium.
Notably, there is no characteristic shift in residue G66 in the absence of calcium, even upon the
addition of TRTK-12.

In addition to NMR, experiments were performed to observe the tyrosinesensitized Tb3+ luminescence from Tyr17 to Tb3+, which occurs only when calcium is
bound to the EF1-hand as described previously.93; 122 This confirmed that the E72A
mutation causes loss of Ca2+ binding to the canonical EF2-hand.8 Despite the difference
in calcium affinity, binding of TRTK-12 to the E72A mutant (KD = 3.2 + 1.5 µM) was
similar to the affinity of TRTK-12 for wild-type S100B (KD = 1.2 + 0.2 μM),8 which was
confirmed using a fluorescence polarization competition experiment with TAMRAlabeled TRTK-12 (Figure 4.4).8 Figure 4.4 also shows the comparison of the HSQC
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chemical shift of residue G66 for wild-type and E72A S100B. The experiment was also
performed in the presence of Mn2+, which is used as a probe for EF-hands, and it was
determined that the E72A mutation does not affect TRTK-12 binding in the presence of
either ion.

Figure 4.3 Binding of TRTK-12 to the E72A Mutant of S100B. Displacement of the
TAMRA–TRTK-12 peptide from the E72A S100B–Ca2+–TAMRA–TRTK-12 complex by
unlabeled TRTK-12 as monitored by fluorescence polarization. The solution contained 1.5 μM
E72A S100B, 50 nM TAMRA–TRTK-12, and 10 mM CaCl2 in 50 mM Tris–HCl, pH 7.5. The
curve represents a Kapp value of 109.6 ± 10.3 μM and TAMRA–TRTK-12 was found to bind to
the E72A mutant with a Kd of 16.8 ± 3.1 μM; these titrations were repeated in triplicate and used
to determine the dissociation of TRTK-12 from the E72A–Ca2+-TRTK-12 complex
(Kd = 3.2 ± 1.5 μM) as described in Methods. (Inset) NMR heteronuclear single quantum
coherence (HSQC) spectra of wild-type S100B (black; control) and E72A mutant of S100B (red)
in the presence of calcium and TRTK-12 (inset). In the absence of TRTK-12, the E72A mutant of
S100B showed no downfield HSQC correlation for glycine-66 (G66) indicating that the Ca2+
binding properties of this mutant were significantly weakened in the absence of TRTK-12. For
wild-type S100B (Black), the solution contained wild-type S100B (100 μM), Ca2+ (20 mM) and
TRTK-12 (250 μM). For the E72A mutant of S100B, the solution contained E72A S100B (250
μM), Ca2+ (20 mM), and TRTK-12 peptide (625 μM). Figure taken from Charpentier et al. 2010.8
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The mechanism for the increased affinity of S100B for calcium upon addition of
TRTK-12 is unknown, but one possibility is that target binding induces a conformational
change in the EF-hands that results in a more favorable orientation for calcium binding.
In order to determine whether TRTK-12 binding causes such a conformational change in
S100B, the crystal structure of Ca2+-loaded S100B bound to TRTK-12 was solved and
compared to that of Ca2+-S100B,8 which revealed that the EF-hands in wild-type S100B
are virtually identical in the presence and absence of calcium. Interestingly, though, the
crystal structures did reveal high isotropic displacement parameters for the residues of the
hinge region between helix 3 and helix 4 in the absence of TRTK-12, which are reduced
in the presence of TRTK-12.8 Since isotropic displacement parameters account for
displacement of atoms from their mean position, they can indicate either lattice disorder
or dynamic thermal motion. Based on these results, then, it is possible that target binding
causes a decrease in the dynamic behavior of this region, which may be responsible for
the increased affinity of S100B for calcium when bound to target. To this end, other lab
members have undertaken NMR dynamics studies in an effort to elucidate the effect of
target binding on dynamics and calcium affinity.112

73

Chapter V. S100A1
A. Overview
This chapter will discuss the structure of S100A1 and its binding to other
moieties. The focus will be NMR experiments that have been collected to solve the
structure of S100A1 bound to a 25 amino acid peptide of the preIQ domain of L-caveolin
1 (L-cav 1) called preIQ-25, a scaffolding protein found in caveolae in plasma
membranes of cells, and various attempts that have been made to obtain a crystal
structure of S100A1 with various small molecules and peptides. Binding studies using
ITC are also included to provide insight on the interactions that S100A1 makes with
several compounds and cellular components.
B. Introduction
S100A1 is one of the first S100 family members to be characterized123, and more
than 20 targets of S100A1 have been identified, including calcium channels (such as
ryanodine receptor and SERCA in muscle), cytoskeletal and filament proteins (CapZ,
microtubules, tubulin, actin, and others), and several enzymes 27; 34; 98. Like other S100
proteins, S100A1 exists as a homodimer, and each monomer contains an N-terminal
pseudo EF-hand (residues 19-32) and a canonical EF-hand at the C-terminus (residues
62-73)124. Several NMR structures of S100A1 are available99; 100; 125; 126, showing that
upon calcium binding, the canonical EF hand undergoes a large conformational change
and helix 3 rotates almost 90o to expose a hydrophobic pocket which is important for
target interactions127, similar to the effect of calcium on S100B51; 97 (Figure 5.1). S100A1
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is expressed in cardiomyocytes, muscle fibers and neurons of the hippocampus30; 31; 32,
and has been shown to co-localize with ryanodine receptor (RyR) in cardiac and skeletal
muscle32; 128, interacting with RyR in a Ca2+-dependent manner to activate calcium
transients through the receptor101. Another calcium-binding protein, CaM, binds to RyR
in the presence of calcium and inhibits RyR-induced calcium release129; S100A1 binds to
RyR at the same site as CaM, and may activate RyR by competing with CaM99. Another
reported molecular target of S100A1 is the regulatory subunit of protein kinase A (PKA)
IIb; binding by S100B causes an increase in PKA activity and activates the PKAdependent L-type calcium channel (LTCC) in cardiomyocytes130. This interaction has
not been observed universally131, however, making it necessary for additional
experiments to be performed to better elucidate this interaction.
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Figure 5.1 Conformational Change of S100A1 Upon Calcium Binding and Target Binding.
Structures are depicted in cartoon format, with one monomer colored red and the other colored
blue. Calcium ions, where present, are depicted as green spheres, and TRTK12 peptide is
depicted in yellow. On top, the structure of apo S100A1 (PDB ID: 1K2H); in the middle, Ca2+bound S100A1 (PDB ID: 1ZFS); on the bottom, Ca2+-S100A1 bound to the CapZ peptide TRTK12 (PDB ID: 2KBM).
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Dysregulation of S100A1 is involved in a variety of diseases, including
neurological disorders132, heart failure133 and other muscle diseases134, and several types
of cancer135; 136. Efforts are underway to discover inhibitors for S100A1 as a potential
therapy for certain diseases124; 137 and also to increase levels of S100A1 in disorders that
result from a lack of S100A1, such as cardiac failure138; 139. Because of its role in various
cellular processes, particularly in cardiac muscle, it is important that the S100B-p53
inhibitors mentioned previously do not also target S100A1. For this reason, screens of
pentamidine-derived inhibitors include S100A1 in order to avoid off-target effects. NMR
structures of S100A1 bound to peptides derived from the actin-capping protein CapZ
(TRTK-12) (PDB ID 2KBM)100 and from RyR (RyRP12) (PDB ID 2K2F)99 have been
solved and provide insight into how S100A1 interacts with targets, which may be useful
for future molecular modeling studies. Currently, experiments are underway to solve the
crystal structure of S100A1 with these and other targets in an effort to better elucidate
specific interactions, particularly with calcium and zinc ions. NMR experiments are also
being conducted to solve the structure of S100A1 bound to preIQ-25 peptide.
C. Peptides and Small Molecules Binding to S100A1
Various peptides are known to bind to S100A1, including the CapZ peptide
TRTK-12100 and a peptide of the ryanodine receptor (RyR).140 The NMR structure of
S100A1 has been solved in a variety of forms100; 124; 126, some of which are shown in
Figure 5.1, but efforts are underway to obtain crystal structures of apo, calcium-bound,
and target-bound S100A1. A crystal structure would provide insight on calciumcoordinating residues, which are poorly resolved using NMR, and allow for the study of
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larger complexes. Ideally, larger portions of S100A1 binding partners, including RyR,
and PKA, can be crystallized with S100A1 and thus structures of these complexes could
be determined. To date, S100A1 has crystallized in its apo and Ca2+-bound forms, as well
as in complex with TRTK-12 (Figure 5.2), but the resolution of the data obtained from
these crystals is too low to interpret structural information. The conditions for these
crystals are currently being optimized, in the hopes of obtaining diffraction-quality
crystals.

Figure 5.2 Preliminary Crystals of S100A1. (a), (e), and (f) Ca2+-S100A1 co-crystal with
TRTK-12; (b) and (c) Ca2+-Zn2+-S100A1 co-crystal with TRTK-12; (d) Ca2+-S100A1 crystal

D. Structural Studies of S100A1 Bound to PreIQ-25 Peptide
To solve the structure of the S100A1-preIQ-25 complex, (> 99%) 15N and
15

N/13C-labeled S100A1 was purified from E. coli using methods outlined in Appendix B.

NMR samples of 15N, or 15N, 13C-labeled S100A1 consist of 10 mM Tris pH 7.2, 50 mM
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NaCl, 10 mM CaCl2, 2mM DTT, 0.4 mM NaN3, 10% D2O, 710 µM S100A1, and 870
µM preIQ-25 peptide. The composition and concentration of the preIQ-25 peptide was
determined by amino acid analysis (Biosynthesis, Inc., Lewisville, TX). The preIQ-25
peptide was previously determined to bind to S100A1 with a Kd of 98 + 11 µM using
ITC. All NMR experiments were run on either a Bruker DMX 600 NMR spectrometer
(600.13 MHz for protons) or a Bruker AVANCE 800 NMR spectrometer (800.27 MHz
for protons) at 37 ºC. Both magnets are equipped with four frequency channels and a
triple-resonance z-axis gradient 5mm cryoprobe, and run Topspin 2.0 on a Linux-based
platform. Data were analyzed and processed using the NMRPipe software package,
including visualization with NMRDraw and NMRViewJ running on Mac OSX. All
proton chemical shifts are reported with respect to water signal, taken at 4.658 ppm
downfield from the reference compound TMS (0.00 ppm) at 37 ºC. The heteronuclear
chemical shifts of 13C and 15N are referenced indirectly via their gyromagnetic ratios.115
The first set of experiments collected was to determine the 1H, 15N, and 13C
sequence-specific resonance assignments of S100A1 bound to the peptide.
WATERGATE was used to achieve water suppression and pulse field gradients were
included to purge undesired transverse magnetization.113 This involved the following
experiments: 2D 1H, 15N-fast HSQC,114 3D 15N, 15N edited HMQC-NOESY-HSQC,117
and 3D 15N-edited NOESY-HSQC spectra.141

13

C, 15N labeled protein and unlabeled

peptide was then used to collect: 3D HNCA, 3D HN(CO)CA, 3D CBCA(CO)NH,120 3D
HNCACB,120 3D HNCO,121 and a 3D C(CO)NH120 and H(CCO)NH.142 The structure has
not yet been solved, but these datasets have been collected. Secondary structure can be
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determined using chemical shift deviations from random coil values. Deviations from
random coil chemical shift values will be observed for Cα and Hα, where a series of
downfield-shifted Cα and upfield-shifted Hα would indicate a stretch of strand, and the
opposite for an α–helix. In the 3D 15N-edited NOESY-HSQC, through-space
connectivities between amide protons are observed that are diagnostic of secondary
structure. For example, in a β-strand, strong correlations are observed between Hα, HN
(i,i+1), whereas for α-helix HN,HN(i,i+1) connectivities are strong and Hα, HN(i,i+1)
tend to be weak. The 3JHNHα coupling constant and hydrogen exchange rates of amide
protons can also be used to assign secondary structure.143; 144
To determine the complex structure of S100A1 bound to preIQ-25, a series of 2D
isotope-filtered experiments will be collected, such as the [F2-N] NOESY, [F1-C, F2-C]
COSY, [F1-C, F2-C] NOESY, and F1-C/N, F2-C/N] NOESY.145 These experiments
selectively edit out the 15N and/or 13C, 15N-labeled S100A1 resonances, enabling the
determination of the proton resonance assignments and preliminary structural information
for the bound peptide. Previous lab members have developed an efficient strategy to
distinguish between intermolecular and intramolecular NOE correlations in S100-peptide
complexes. A 3D 13C-edited, 13C-filtered HMQC-NOESY spectrum with 13C, 15Nlabeled S100A1 and unlabeled peptide will provide NOE correlations from 12C-attached
protons to 13C-attached protons at the protein-peptide interface, as previously
described.23; 56 Additionally, a sample containing 1:1 of S100A1 and preIQ-25 will be
used to obtain NOE correlations at the dimer interface of S100A1 as well as the proteinpeptide interface. The filtered NOE correlations from these two samples will be
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compared in order to differentiate intermolecular NOE correlations at the dimer interface
from those at the S100A1-preIQ-25 interface. Once that has been completed, it should be
possible to analyze the remaining NOE correlations, including those from the 2D
NOESY, 3D 15N and 13C-edited NOESY-HSQC, and 4D 13C, 13C-edited and 4D 13C, 15Nedited NOESY-HMQC data.
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Chapter VI. Future Directions and Conclusions
A. Overview
This chapter will briefly discuss two projects that have been undertaken but not
yet brought to fruition, as well as plans for moving forward the drug design projects
previously discussed in this dissertation. The first two sections are related to the
interaction of S100B with p53, which is involved in malignant melanoma. A construct of
p53 protein, called p53 SL, has been purified in an effort to determine the structure of this
construct bound to S100B. Additionally, S100B is known to interact with Mdm2, a
protein which is a well-known negative regulator of p53 function. Experiments have
been performed to elucidate the structure of S100B bound to Mdm2 in an effort to better
understand the interaction of S100B, p53, and Mdm2 and determine whether the S100BMdm2 interaction is at least partially involved in the effect that S100B has on p53 protein
and function. The final section outlines future directions in the design and study of small
molecule inhibitors for the S100 family of proteins, namely S100B.
B. Interaction of S100B with p53 and Mdm2
The tumor suppressor protein p53 is highly regulated due to its involvement in
several key cellular processes, and dysfunctional p53 leads to a host of problems146; 147;
148

. One level of control is degradation through a polyubiquitination pathway, which

involves several proteins including the E3 ubiquitin ligase Mdm2 and its human
homologue, Hdm2 146; 149. Previous work in the Weber lab showed that S100B increases
ubiquitination of p53 and decreases overall protein levels 38; 67, but the mechanism
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responsible for these effects remains unclear. Mdm2 interacts directly with both S100B
and p53150; 151, and S100B also directly interacts with p5373, leaving the possibility that
these three proteins form a ternary complex or that S100B functions in some other way to
affect Hdm2-mediated ubiquitination of p53152.
While the structure of S100B bound to a peptide of the c-terminal negative
regulatory domain of p53 has already been solved73, it would be useful to have the
structure of S100B in complex with a larger portion of the p53 protein, particularly if the
binding of both S100B and Mdm2 are being investigated. The p53 SL construct, which
consists of residues 300-393, contains the minimum transforming domain of p53,
encompassing two phosphorylation sites and the regions responsible for nuclear
localization, oligomerization, and regulation. S100B is known to bind to this region of
the p53 protein, and the SL construct is currently being used for structural studies
because it expresses more robustly than full-length p53 and is small enough to study in
complex with S100B using NMR. Attempts will also be made to obtain a diffractionquality crystal of the S100B-p53 SL complex, and various fluorescence experiments may
be employed using labeled p53 and Mdm2 peptides in an effort to determine whether a
ternary complex is formed with S100B.
To address the Mdm2 portion of this interaction, a peptide corresponding to
residues 25-41 of Mdm2 has been synthesized for use in NMR, and the following
experiments have been collected in an effort to solve the structure of the S100B-Mdm22541

complex: HNCO121, HNCA, HNCACB120, CBCACONH120, CCONH120, HCCONH142,
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C-filtered NOESY. It is our hope to determine the specific interactions that these two
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proteins make with one another, as well as with p53, and to eventually determine if
S100B and Mdm2 act alone or in concert to down-regulate p53.
C. Future Directions
To date, a number of small molecule inhibitors for the interaction between S100B
and p53 have been studied by the Weber group. There are a number of improvements
that can be made to the current screening methods based upon the work discussed here.
For example, the benchmark used to determine the success of a pentamidine-related
compound is comparison to pentamidine, but there are some unresolved issues with the
binding of pentamidine to S100B. The crystal structure of Ca2+-S100B-Pnt reveals that
two molecules of pentamidine bind per monomer of S100B (Figure 3.3b), but NMR
HSQC experiments show perturbations of residues in only one of these two sites (Figure
3.2d). This does not necessarily mean that the crystal structure does not reflect the
solution structure, but further NMR experiments could be used to examine the two sites.
The residue His42, which lies between the two binding sites (Figure 3.5b), would be a
good site to probe via selective labeling experiments to further elucidate the two
pentamidine binding sites. Another question that remains to be answered involves the
affinities of the two pentamidine binding sites; while we have made progress toward this
end using 1D NMR experiments (discussed in Chapter 3), precise KD values have not
been obtained for the two sites using the same experiment. More rigorous data collection
and analysis will be necessary to finally determine the affinities of the tight and weak
pentamidine sites.
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To better ascertain whether a compound is functionally relevant, multiple
properties could be monitored by slight modifications to current screening methods. The
TBFF model outlined in Chapter 4 involves target-dependent stabilization of a form of
S100B which tightly binds Ca2+, and effective inhibitors should mimic this effect of
target. To achieve this, HQSC experiments of compounds with the E72A S100B mutant
should be performed. These experiments would provide information on the effect that
compounds have on the tightening of Ca2+ binding; the drastic perturbation of residue
G66 would act as a simple and effective readout of activity, as mentioned in Chapter 4,
without requiring an exhaustive comparison of all of the backbone residues. A highthroughput kickoff assay using Tb3+ could also be employed to determine the effect of a
compound on the affinity of S100B for Ca2+, and those compounds that exhibit a
significant effect would be good candidates for further development as inhibitors. In
order to design functionally relevant inhibitors which exert the appropriate effect on Ca2+
binding, the crystal structure of the E72A mutant would be beneficial for use in CADD
experiments; to this end, future efforts will be made to obtain a diffraction-quality crystal
of S100B E72A in complex with pentamidine or other small molecules. These
improvements, combined with the information gained from the S100B-heptamidine
crystal structure, can be used to design inhibitors of the S100B-p53 interaction with better
affinity and specificity, and may also be applied to the development of inhibitors for
other S100 proteins, such as S100A1 and S100A4.
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D. Conclusion
The S100 family of proteins, most notably S100B, is involved in a variety of
important cellular processes. Through its interaction with the tumor suppressor protein
p53, S100B plays a role in malignant melanoma, making it a good target for inhibition.
Taking advantage of the previously discovered inhibitory effect of the compound
pentamidine, computer-aided drug design was used to predict the behavior of several
pentamidine-derived small molecules, which were then synthesized and tested for
inhibitory effects. The molecule heptamidine, also named SBi4211, had positive results
in the various assays performed, and the crystal structure of the S100B-SBi4211 complex
was solved to 1.65 Å. This structure revealed significant differences from the
pentamidine crystal structure, and will be a good model for further molecular dynamics
simulations to design compounds with higher affinity and better specificity for the
S100B-p53 interaction.
Further experiments will be performed to ascertain the interactions that
pentamidine makes with S100B in both binding sites, as well as the precise affinities for
both the weak and tight interactions. Previous research using the S100B E72A mutant,
which can be used to probe effects of the pseudo-EF hand, will be applied to the design
process in order to ensure that candidate compounds have in the same Ca2+-tightening
effect as native targets of S100B. This and other improvements to current screens will be
implemented in the future, and these techniques may also be used to screen other S100
proteins, such as S100A1.
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Appendix A. Protein Growth and Purification Protocols of 15N S100B
*Note: Protein is prepared from glycerol stocks of HMS174 (DE3) cells expressing
S100B in a pet11b vector. Purification is the same for both rat and bovine isoforms.
Section I: Growth in 15N Medium
a. Solutions
All water is ddH2O. Amounts given are sufficient for 5.2 L of minimal medium.
Prepare M solution and P solution first, then combine M solution and ddH2O
following the table in Step 11. Autoclave M solution and ddH2O in shaker flasks,
and P solution in 1-L flask. Other solutions can then be prepared separately.
1. M solution: 1100 mL, autoclaved*

Date prepared __________

__ 46.2 g MOPS (acid form)

pH _______

__ 4.4 g tricine
__ 8.0 g NaCl
__ 12.65 g KOH
Prepare no more than one day in advance of inoculation. Do not adjust pH.
*

Add M solution to H2O according to table below (“11. Minimal media”) and
autoclave in culture flasks.

2. O solution: 20 mL, sterile filtered

Date prepared __________

__ 400 µL mineral nutrient solution (“Swamp water;” see below)
__ 1.07 g MgCl2·6H2O (Use 1.07 mL, 1 g/mL solution)
3. P solution: 1M potassium/hydrogen phosphate, pH 7.50, ≥400 mL autoclaved
Date prepared __________
First prepare:
__ 1M KH2PO4 (“monobasic”; use 20.43 g KH2PO4 to make 150 mL)
__ 1M K2HPO4 (“dibasic”; use 91.28 g K2HPO4·3H2O or 69.67 g
K2HPO4 to make 400 mL)
Then mix to achieve pH 7.50:
__ ~92 mL 1M KH2PO4 + ~308 mL 1M K2HPO4
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pH ______

4. S solution: 10 mL, sterile filtered

Date prepared __________

__ 275 mM K2SO4 (0.48 g to make 10 mL)
Place in water bath to get into solution
5. 40% glucose: 60 mL, sterile filtered

Date prepared __________

__ 24g glucose
Use hotplate to dissolve completely. *For a 13C-labeled growth, use 12 g of 13Cglucose in 60 mL; cells will grow more slowly in 20% glucose.
6. Vitamin B1: 1 mg/mL, 12 mL sterile filtered

Date prepared __________

__ 12 mg thiamine
Prepare fresh and cover entirely with aluminum foil to protect from light.
7. LB solution: 50 mL, autoclaved

Date prepared __________

__ 1.25 g dry Luria-Bertani broth powder
After autoclaving and cooling, add 50-100 µL ampicillin solution.
8. Ampicillin: 50 mg/mL, 5-10 mL sterile filtered

Date prepared __________

__ 300 mg ampicillin sodium in 6 mL for a 5.2-L prep
Prepare fresh or thaw from –20°C storage. Keep on ice until use.
9. Mineral nutrient solution (“Swamp water”)
Each 100 mL contains
__ 8 mL concentrated HCl
__ 5 g FeCl2·4H2O
__ 184 mg CaCl2·2H2O
__ 64 mg H3BO3
__ 40 mg MnCl2·4H2O
__ 18 mg CoCl2·6H2O
__ 4 mg CuCl2·2H2O
__ 340 mg ZnCl2
__ 605 mg Na2MoO4·2H2O
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Date prepared __________

Can be stored at room temperature indefinitely.

10. N solution: 22 mL, sterile filtered
__ 3.0 g 15NH4Cl dissolved in 20 mL, q.s. 22 mL
11. Minimal media
Autoclave ddH2O and M solution together in culture flasks (see above), along
with P solution in a separate container. Ice can be used to cool after autoclaving,
and the remaining components can be added shortly before inoculation as follows:
mL of solution needed for:
Solution
200-mL Culture
1-L Culture
H2O
150
735
M
40
200
N
1.0
4.0
O
0.4
2
P
10
50
S
0.2
1
40% glucose
2
10
vitamin B1
0.4
2
ampicillin
0.2
1
12. Isopropyl-1-thio-ß-D-galactopyranoside (IPTG) 0.2 g/mL, 1 mL/L culture.
__ ____ g IPTG dissolved in ____ mL ddH2O
(1 g in 5 mL for a 5-L growth)
Make shortly before induction and sterile-filter (optional)

Time: __________

b. Procedure
1. Inoculate several 5-mL LB/Amp cultures with a single colony or small amount of
frozen stock, and grow at 37oC until A600 is between 0.3 and 0.8 O.D. units (to
add directly to 200-mL culture) or overnight.
Inoculum source: _________________________________
2. Inoculate a 200 mL minimal media culture (2 L flask and already at 37ºC) with an
aliquot from the 5 mL LB culture and grow overnight on shaker at 37oC, 150 rpm.
Calculate aliquot size on the basis of a 1-hour doubling time (HMS174 cells),
aiming for A600 = 0.5 at time of inoculation of main growth. If LB culture was
left overnight, add entire 5-mL culture to 200-mL culture, as many cells will now
be in lag phase and will grow slowly.
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3. Take a 0.5 mL aliquot from the overnight culture and measure A600.
A600: __________
4. Inoculate each 6 L flask (already at 37ºC) with equal amounts of the overnight
culture. NB: Volume typically decreases during overnight growth.
Measure A600: __________
Graph this as the 0-hr reading on a semilog plot. Grow cultures at 37oC with
shaking at 200-250 rpm. Record A600 every hour or so from all flasks (or at least
the most and least dense). Cultures will be ready for induction when A600=0.8 to
1.0. Avoid overshooting by taking more frequent measurements as this point is
approached.
5. Prepare IPTG solution a few minutes prior to induction.
6. Before induction, take a 20- µL sample for SDS-PAGE (A600 of sample:
__________).
7. For induction, add 1 mL of the IPTG solution to each flask.
Time: _________ Final A600= __________
8. Incubate overnight at room temperature, continuing shaking.
9. The next morning, take a 20- µL sample for SDS-PAGE (A600 of sample:
__________).
10. Weigh six centrifuge bottles empty and record their total weight.
Total weight, empty, with lids: __________
11. Load the centrifuge bottles and spin at 6000 rpm for 20 min at 4oC in the Sorvall
GS-3 rotor. Keep remaining culture suspension on ice. Pour off and temporarily
reserve supernatant in a 6-L flask. Additional culture suspension can be added to
tubes without first removing pellets. After final supernatant is decanted, weigh
bottles with the pellets and subtract the weight of the bottles. Add about 10 mL of
5% bleach to the supernatant and allow it to stand before discarding in sink.
Total weight, full, with lids: _________ g
Weight of pellet: _________ g
12. Place centrifuge bottles in -80oC freezer.
13. To run samples on SDS-PAGE, spin the samples down and remove supernatant.
Multiply the A600 measurement by 30, and add that volume of 2x SDS loading
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buffer to the pellet, then resuspend the pellet. Boil for 10 minutes, then spin the
sample down and pipet the supernatant onto a gel.
Section II: Cell Lysis and Initial Purification
a. Solutions
1. Lysis buffer, 40 mL; use 1 mL per gram of pellet
__ 40 mL DEAE Buffer A or DEAE dialysis buffer (see below)
__ 0.5 mM AEBSF (4.8 mg; add shortly before using)
2. Lysozyme solution, 80 µL/g pellet
10 mg/mL in ddH2O
____ g pellet x 0.08 mL/g pellet = ______ mL lysozyme solution
____ mL lysozyme soluton x 10 mg/mL = ______ mg lysozyme
3. DNase solution (stored at –20°C), 300 µL

Date prepared: _____________

1 mg/mL DNaseI
5 mM NaOAc
1 mM CaCl2
50% glycerol (only if for -20°C storage)
4. MgCl2·6H2O, 100 µL of 1 mg/mL stock or 246 µL of 2 M stock.
5. EDTA, 0.5 M (optional)
Need 1% volume of sonicant
volume of sonicant _____ mL x 0.01 = ______ mL EDTA
6. Streptomycin sulfate, 10%, about 10 mL
Need 0.11 mL for each mL of supernatant after first centrifugation
Volume supernatant ________ mL x 0.11 = ________ mL streptomycin
sulfate
________ mL streptomycin sulfate x 0.10 = _______ g streptomycin
sulfate
Added ______g to ______mL ddH2O
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7. Ammonium sulfate, sufficient to make supernatant 80% saturation
0.52 g (NH4)2SO4 per mL of supernatant yields an 80% saturated solution
at 0oC.
Volume supernatant: _________mL x 0.52 g/mL = _________g (NH4)2SO4
8. DEAE Dialysis buffer (2 x 4 L)

Date prepared: _____________

For each 4-L batch:
50 mM tris-HCl (24.23 g tris or 200 mL 1M stock), pH 7.50
HCl (approximately 14 mL conc. HCl)
1 mM DTT (0.617 g or 4 mL 1M stock; may be added after adjusting pH)
b. Procedure
All steps are to be performed at or near 4 oC. Use ice bucket or cold room.
1. Thaw pellets in water bath at room temperature and immediately put on ice.
2. Dissolve AEBSF in lysis buffer.
3. Suspend the pellets using 1 mL lysis buffer/g pellet. Start with a small amount
and use more only as necessary. Work quickly, but gently, avoiding lather.
Volume lysis buffer:________mL
4. Pour suspension into 250-mL plastic beaker with stir bar and add lysozyme
solution. Stir gently on ice for 20 minutes. The viscosity should increase.
5. Add
300 µL DNase solution
100 µL MgCl2 solution
Continue stirring on ice for 15–20 minutes. The viscosity should decrease.
6. Add sufficient volume of EDTA solution to make suspension 5 mM in EDTA
(i.e., 0.01 x volume of 500 mM EDTA). (OPTIONAL)
7. Remove the stir bar, place solution in a conical-bottomed plastic container. Set
the sonicator to 70 on the high setting. As a rule of thumb, sonicate 1/2 min/mL
solution. Alternatively, set the sonicator to Program 9. Keep the solution on ice
throughout sonication. More or less sonication time may be necessary, depending
on the effectiveness of the enzymes, as judged by the viscosity changes during
initial sonication.
8. Centrifuge the solution for 45 min. at 15,000 rpm and 4oC in the SS-34 rotor.
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9. Pour the supernatant into a 100-mL plastic beaker with a stir bar and stir in an ice
bath. Slowly add streptomycin solution over the next 30 minutes in ten aliquots;
each aliquot should be 0.01 x volume of supernatant.
Time of each aliquot:
_____ _____ _____ _____ _____ _____ _____ _____ _____ _____
Stir for an additional 1/2 hr.
10. Centrifuge the solution for 45 min at 15,000 rpm and 4oC in the SS-34 rotor.
11. Pour supernatant into a 100-mL plastic beaker and estimate its volume. Place on
ice or in the cold room. With constant stirring make the solution 80% in
(NH4)2SO4 by slow addition over a period of one hour. Stir for an additional 1/2
hr.
12. Centrifuge the solution for 45 minutes at 15,000 rpm and 4oC in the SS-34 rotor.
13. Using 8000 MW cut-off tubing, dialyze the supernatant 2x in 4 L DEAE Buffer
A, overnight at 4oC or for four hours at room temperature. (Allow for 3x volume
expansion during dialysis – after ammonium sulfate, the sample volume will
increase very dramatically!)
Section III: Anion Exchange Chromatography
a. Solutions
1. DEAE Buffer A (2 L), filtered
50 mM tris (12.11 g or 100 mL of 1 M stock solution)
HCl to pH 7.5 (add approximately 7 mL concentrated HCl)
0.5 mM DTT (0.154 g or 1 mL 1 M stock solution; add after adjusting pH)
2. DEAE Buffer B (1 L), filtered
2 M NaCl (116.9 g) in Buffer A
Use the above to make the following solutions by diluting in DEAE buffer:
(only necessary if running column by hand, instead of on FPLC)
0.1 M NaCl

Dilute 5.00 mL of Buffer B to 100 mL (100 mM)

0.17 M NaCl

Dilute 2.55 mL of Buffer B to 30 mL (170 mM)

0.22 M NaCl

Dilute 3.30 mL of Buffer B to 30 mL (220 mM)

0.35 M NaCl

Dilute 5.25 mL of Buffer B to 30 mL (350 mM)

0.5 M NaCl

Dilute 15.0 mL of Buffer B to 60 mL (500 mM)
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3. Dialysis buffer after DEAE column, G75 Column Buffer (2 x 4 L)
10 mM tris (4.85 g or 40 mL 1 M stock)
50 mM NaCl (11.69 g)
Chelex (2 mL slurry)
NaOH/HCl to pH 7.5
0.25 mM DTT (0.154 g or 1 mL 1 M stock; may be added after adjusting
pH)
4. Resin storage buffer 150 mL
20% ethanol (30 mL)
0.02% NaN3 (0.03 g)
b. Procedure for Hand-Packed Column
1. NEW COLUMN ONLY: Pour 35 mL settled volume of DEAE Sepharose Fast
Flow (Pharmacia) into a 250-mL beaker. Allow resin to settle, and carefully
aspirate buffer above it to remove fines. Replace with Buffer A, mix thoroughly
and repeat the process two or three times. Pour into a 2.5-cm diameter column (~6
cm bed height gives 30 mL bed volume) and place in the cold room. Clean with
100 mL 1M NaCl in Buffer A.
2. Equilibrate with Buffer A using at least 5 column volumes (150 mL) at no more
than 5 mL/min (60 cm/hr linear flow rate; maximum for this resin is 750 cm/hr).
Flow rate: ______ mL/min
3. Filter sample through a syringe. Load sample and allow to run through column at
a rate not to exceed that of the equilibration step, above. Follow the sample with
100 mL Buffer A to wash the column. Collect and save load and wash eluents in
separate bottles.
4. Set up fraction collector for 3-mL (100-drop) fractions.
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5. Load the salted buffer solutions in increasing concentration as follows. Be sure to
wait until each buffer has run into the resin bed before loading the next one.
[NaCl]

Volume (mL)

0.1 M

100

0.17 M

30

0.22 M

30

0.35 M

30

0.5 M

60

Last tube

Drop No.

Afterward, wash column with ~60 mL Buffer B, followed by 60-100 mL of
Buffer A. Save eluent.
6. Measure the UV absorbance at 280 nm and 260 nm of fractions from peaks
(optional) and run representative fractions on SDS-PAGE. Pool fractions
containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
7. Dialyze pooled fractions twice against 4 L overnight at 4oC or for four hours at
room temperature.
8. After it has been determined that S100B has been eluted, equilibrate column with
150 mL storage buffer. Resin should be stored at 4°C, either in the column or
another container.

c. Procedure for FPLC Column (20 mL column)
1. Ensure the sinkers for A1 and B1 are in the FPLC H2O. Set flow rate to 0.5
mL/min, with a gradient of 50% B1, to connect the column. Unscrew stopper
from top of DEAE column, then unscrew tubing from connector near port. Drip a
few drops of buffer into the top of the column, then partially screw tubing in.
Partially unscrew the bottom stopper, and partially screw in the other side of
tubing into the bottom of the column. Finish tightening the tubing into the top,
then the bottom tubing.
2. Check that the A1 and B1 ports are free from air bubbles by untightening the
valve on the front of the instrument, connecting the syringe, and pulling some
liquid through slowly. If there are air bubbles present, continue to pull buffer
through until they are no longer present. Then change selected port from A1 to
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A2 by going to ‘Flow Path’  ‘Pump A
inlet’, and selecting A2. Ensure that there is a sufficient amount of buffer in the
loading syringe before checking this port. Once you have checked for air, fill the
syringe with buffer and pull a large volume through; this washes the loading
syringe. Next, change the selected port to B2 (‘Flow Path’  Pump B inlet) and
check that port as well. Return ports to A1 and B1 when finished.
3. Set the flow rate to 2 mL/min. Equilibrate the column with 2-3 column volumes
(CV) of FPLC H2O, with the gradient set to 50% B1. Switch A1 to DEAE Buffer
A and B1 to DEAE Buffer B, first rinsing the sinkers with H2O. Change gradient
to 0% B1. Wash with 2-3 CV of Buffer A. End current run when wash is
complete.
4. Filter sample through a syringe filter, then load into A2 syringe.
5. Fill the fraction collector with tubes, and replace wash flask with a clean flask.
6. Click ‘Run’ on the software, and select an S100B DEAE protocol. When
parameters appear, change value for ‘column equilibration’ to (since column was
already washed and equilibrated). Change ‘pressure limit’ to 0.6 mPa. Change
‘wash volume’ to 2 CV. Change ‘sample volume’ to be volume of actual sample
+ at least 10 mL.
7. Once all of the parameters are set, click ‘next’ several times until there is an
option to save results. Rename the file with the date and any particulars of the
run. Click ‘start’.
8. Keep an eye on the sample as it loads, and reduce the flow rate if the column goes
over pressure. You will likely have to refill the load syringe at least once, and
keep an eye on it when it is close to running through; when the syringe is nearly
empty, top off with buffer to ensure that no air loads onto the column. Once the
program is finished running, print the report (select only fractions, absorbance,
and concentration to view).
9. Rinse the A1 and B1 sinkers in ddH2O and place back into the FPLC H2O. Set
gradient to 50% B1, and wash the column with 2-3 CV. Ensure that B2 is in the
EtOH bottle. Change the flow path to B2, set to 100% gradient, and run 2-3 CV
through to store the column in EtOH. Lower flow rate to 0.5 mL/min and detach
column in the reverse order from step 1.
10. Examine the absorbance peaks from the run and run representative fractions on
SDS-PAGE. Pool fractions containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
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11. Dialyze pooled fractions twice against 4 L overnight at 4oC or for four hours at
room temperature.
12. After it has been determined that S100B has been eluted, equilibrate column with
150 mL storage buffer. Resin should be stored at 4°C, either in the column or
another container.

Section IV: G75 Size Exclusion
a. Solutions
1. G75 Column Buffer (4 L), filtered
10 mM tris (40 mL 1 M stock)
50 mM NaCl (11.69 g)
Chelex (2 mL slurry)
NaOH/HCl to pH 7.5
0.25 mM DTT (0.154 g or 1 mL 1 M stock; may be added after adjusting
pH)
2. G25 Dialysis Buffer (2 x 4 L)
0.25 mM tris (1 mL 1 M stock)
50 mM NaCl (11.69 g)
Chelex (2 mL slurry)
0.25 mM DTT (1 mL 1 M stock)
HCl to pH 7.5
3. Resin Storage Buffer 500 mL
G75 Column Buffer with 0.02% NaN3 (0.1 g)
or:
10 mM tris (5 mL 1 M stock)
50 mM NaCl (1.46 g)
0.02% NaN3 (0.1 g)
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HCl to pH 7.5

b. Procedure
1. NEW COLUMN ONLY: Pour a 2.5-cm diameter column with Sephadex G75
regular (Pharmacia 17-0050-01). Bed volume should be around 480 mL.
2. Equilibrate with G75 Column Buffer at 4°C using at least 2 column volumes
(1000 mL) at no more than 1.5 mL/min (18 cm/hr linear flow rate). This will
require equilibrating overnight.
Flow rate: ______ mL/min
3. Set up the fraction collector for 3-mL (100-drop) fractions.
4. Concentrate sample to ~1 mL using Amicon concentrators. Load sample and
allow to run through column at a rate not to exceed that of the equilibration step,
above. Begin the fraction collector as the sample is loaded. Run will take a full
day.
5. Measure the UV absorbance at 260 nm and 280 nm of fractions (optional) and run
representative fractions on SDS-PAGE. Pool fractions containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
6. Dialyze pooled fractions against 4 L G25 buffer overnight at 4oC or for four hours
at room temperature.
7. After it has been determined that S100B has been eluted, equilibrate column with
500 mL Storage Buffer. Resin should be stored at 4°C in the column.
Section V: G25 Size Exclusion
a. Solutions
1. G25 Column Buffer (1 L), filtered
0.25 mM tris (250 µL 1 M stock)
50 mM NaCl (2.92 g)
Chelex (0.5 mL slurry)
0.25 mM DTT (250 µL 1 M stock)
HCl to pH 7.5
2. Resin Storage Buffer 50 mL
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G25 Column Buffer with 0.02% NaN3 (0.01 g)
b. Procedure
1. NEW COLUMN ONLY: Pour a 1.5-cm diameter column with Sephadex G25
medium (Pharmacia 17-0033-01). Column length should be between 25 cm (45
mL bed volume) and 45 cm (80 mL). The longer column more effectively
removes residual EGTA.
2. Equilibrate with G25 Column Buffer at 4°C using 5 column volumes (500 mL) at
no more than 2 mL/min.
Flow rate: ______ mL/min
3. Set up the fraction collector with enough tubes to collect 1 bed volume in 30-drop
(1 mL) fractions.
4. Concentrate the sample to ~1 mL using Amicon concentrators. Begin the fraction
collector. Load the sample and allow the column to run no faster than the
equilibration step, above. A slower flow will achieve better removal of EGTA.
5. Measure the UV absorbance at 260 nm and 280 nm of fractions (optional), run
representative fractions on SDS-PAGE. Pool fractions containing S100 protein
(A260/A280 = 1.2). Expect this peak to occur at the breakthrough volume (about 1/3
column volume).
Fraction numbers pooled: __________ Pool volume: __________
6. Concentrate protein sample to ~1 mL using Amicon concentrators. Check the
concentration by Bradford and concentrate further if necessary. Concentration
should be between 8-10 mM; aliquot and store at -20 oC.
7. Equilibrate column with one bed volume of Storage Buffer. Store at 4°C in the
column.
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Appendix B. Protein Growth and Purification Protocols of 15N S100A1
*Note: Protein is prepared from glycerol stocks of HMS174 (DE3) cells expressing
S100A1 in a pet11b vector. Purification is the same for rat and human isoforms.
Section I: Growth in 15N Medium
Same as S100B; Appendix A, Section 1
Section II: Cell Lysis and Initial Purification
a. Solutions
1. Lysis buffer, 40 mL; use 1 mL per gram of pellet
__ 40 mL DEAE Buffer A or DEAE dialysis buffer (see below)
__ 0.5 mM AEBSF (4.8 mg; add shortly before using)
2. Lysozyme solution, 80 µL/g pellet
10 mg/mL in ddH2O
____ g pellet x 0.08 mL/g pellet = ______ mL lysozyme solution
____ mL lysozyme soluton x 10 mg/mL = ______ mg lysozyme
3. DNase solution (stored at –20°C), 300 µL

Date prepared: _____________

1 mg/mL DNaseI
5 mM NaOAc
1 mM CaCl2
50% glycerol (only if for -20°C storage)
4. MgCl2·6H2O, 100 µL of 1 mg/mL stock or 246 µL of 2 M stock.
5. EDTA, 0.5 M
Need 5% volume of sonicant
volume of sonicant _____ mL x 0.05 = ______ mL EDTA
6. Streptomycin sulfate, 10%, about 10 mL
Need 0.11 mL for each mL of supernatant after first centrifugation
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Volume supernatant ________ mL x 0.11 = ________ mL streptomycin
sulfate
________ mL streptomycin sulfate x 0.10 = _______ g streptomycin
sulfate
Added ______g to ______mL ddH2O
7. Ammonium sulfate, sufficient to make supernatant 80% saturation
0.52 g (NH4)2SO4 per mL of supernatant yields an 80% saturated solution
at 0oC.
Volume supernatant: _________mL x 0.52 g/mL = _________g (NH4)2SO4
8. DEAE Dialysis buffer (2 x 4 L)

Date prepared: _____________

For each 4-L batch:
50 mM tris-HCl (24.23 g tris or 200 mL 1M stock), pH 7.50
HCl (approximately 14 mL conc. HCl)
1 mM DTT (0.617 g or 4 mL 1M stock; may be added after adjusting pH)
b. Procedure
All steps are to be performed at or near 4 oC. Use ice bucket or cold room.
1. Thaw pellets in water bath at room temperature and immediately put on ice.
2. Dissolve AEBSF in lysis buffer.
3. Suspend the pellets using 1 mL lysis buffer/g pellet. Start with a small amount
and use more only as necessary. Work quickly, but gently, avoiding lather.
Volume lysis buffer:________mL
4. Pour suspension into 250-mL plastic beaker with stir bar and add lysozyme
solution. Stir gently on ice for 20 minutes. The viscosity should increase.
5. Add
300 µL DNase solution
100 µL MgCl2 solution
Continue stirring on ice for 15–20 minutes. The viscosity should decrease.
6. Add sufficient volume of EDTA solution to make suspension 20 mM in EDTA
(i.e., 0.05 x volume of 500 mM EDTA).
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7. Remove the stir bar, place solution in a conical-bottomed plastic container. Set
the sonicator to 70 on the high setting. As a rule of thumb, sonicate 1/2 min/mL
solution. Alternatively, set the sonicator to Program 9. Keep the solution on ice
throughout sonication. More or less sonication time may be necessary, depending
on the effectiveness of the enzymes, as judged by the viscosity changes during
initial sonication.
8. Centrifuge the solution for 45 min. at 15,000 rpm and 4oC in the SS-34 rotor.
9. Pour the supernatant into a 100-mL plastic beaker with a stir bar and stir in an ice
bath. Slowly add streptomycin solution over the next 30 minutes in ten aliquots;
each aliquot should be 0.01 x volume of supernatant.
Time of each aliquot:
_____ _____ _____ _____ _____ _____ _____ _____ _____ _____
Stir for an additional 1/2 hr.
10. Centrifuge the solution for 45 min at 15,000 rpm and 4oC in the SS-34 rotor.
11. Set up a double boiler, and boil water.
12. Pour the supernatant into a small centrifuge tube, and boil the solution for 3
minutes.
13. Centrifuge the solution for 45 min at 15,000 rpm and 4oC in the SS-34 rotor.
Filter the supernatant with a syringe filter; it is now ready to be loaded onto the
DEAE column. Resuspend a small amount of pellet in DEAE buffer for SDSPAGE analysis.
Section III: Anion Exchange Chromatography
a. Solutions
1. DEAE Buffer A (2 L), filtered
50 mM tris (12.11 g or 100 mL of 1 M stock solution)
HCl to pH 7.5 (add approximately 7 mL concentrated HCl)
0.5 mM DTT (0.154 g or 1 mL 1 M stock solution; add after adjusting pH)
2. DEAE Buffer B (1 L), filtered
2 M NaCl (116.9 g) in Buffer A
Use the above to make the following solutions by diluting in DEAE buffer:
(only necessary if running column by hand, instead of on FPLC)
0.1 M NaCl

Dilute 5.00 mL of Buffer B to 100 mL (100 mM)

0.17 M NaCl

Dilute 2.55 mL of Buffer B to 30 mL (170 mM)
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0.22 M NaCl

Dilute 3.30 mL of Buffer B to 30 mL (220 mM)

0.35 M NaCl

Dilute 5.25 mL of Buffer B to 30 mL (350 mM)

0.5 M NaCl

Dilute 15.0 mL of Buffer B to 60 mL (500 mM)

3. Dialysis buffer after DEAE column, Phenyl Sepharose Buffer A (2 x 4 L)
10 mM tris (4.85 g or 40 mL 1 M stock)
500 mM NaCl (116.9 g)
Chelex (2 mL slurry)
10 mM CaCl2 (5.88 g)
NaOH/HCll to pH 7.5
0.25 mM DTT (0.154 g or 1 mL 1 M stock; may be added after adjusting
pH)
4. Resin storage buffer 150 mL
20% ethanol (30 mL)
0.02% NaN3 (0.03 g)
b. Procedure for Hand-Packed Column
1. NEW COLUMN ONLY: Pour 35 mL settled volume of DEAE Sepharose Fast
Flow (Pharmacia) into a 250-mL beaker. Allow resin to settle, and carefully
aspirate buffer above it to remove fines. Replace with Buffer A, mix thoroughly
and repeat the process two or three times. Pour into a 2.5-cm diameter column (~6
cm bed height gives 30 mL bed volume) and place in the cold room. Clean with
100 mL 1M NaCl in Buffer A.
2. Equilibrate with Buffer A using at least 5 column volumes (150 mL) at no more
than 5 mL/min (60 cm/hr linear flow rate; maximum for this resin is 750 cm/hr).
Flow rate: ______ mL/min
3. Filter sample through a syringe. Load sample and allow to run through column at
a rate not to exceed that of the equilibration step, above. Follow the sample with
100 mL Buffer A to wash the column. Collect and save load and wash eluents in
separate bottles.
4. Set up fraction collector for 3-mL (100-drop) fractions.
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5. Load the salted buffer solutions in increasing concentration as follows. Be sure to
wait until each buffer has run into the resin bed before loading the next one.
[NaCl]

Volume (mL)

0.1 M

100

0.17 M

30

0.22 M

30

0.35 M

30

0.5 M

60

Last tube

Drop No.

Afterward, wash column with ~60 mL Buffer B, followed by 60-100 mL of
Buffer A. Save eluent.
6. Measure the UV absorbance at 280 nm and 260 nm of fractions from peaks
(optional) and run representative fractions on SDS-PAGE. Pool fractions
containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
7. Dialyze pooled fractions twice against 4 L overnight at 4oC or for four hours at
room temperature.
8. After it has been determined that S100A1 has been eluted, equilibrate column
with 150 mL storage buffer. Resin should be stored at 4°C, either in the column or
another container.

c. Procedure for FPLC Column (20 mL column)
1. Ensure the sinkers for A1 and B1 are in the FPLC H2O. Set flow rate to 0.5
mL/min, with a gradient of 50% B1, to connect the column. Unscrew stopper
from top of DEAE column, then unscrew tubing from connector near port. Drip a
few drops of buffer into the top of the column, then partially screw tubing in.
Partially unscrew the bottom stopper, and partially screw in the other side of
tubing into the bottom of the column. Finish tightening the tubing into the top,
then the bottom tubing.
2. Check that the A1 and B1 ports are free from air bubbles by untightening the
valve on the front of the instrument, connecting the syringe, and pulling some
liquid through slowly. If there are air bubbles present, continue to pull buffer
through until they are no longer present. Then change selected port from A1 to
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A2 by going to ‘Flow Path’  ‘Pump A
inlet’, and selecting A2. Ensure that there is a sufficient amount of buffer in the
loading syringe before checking this port. Once you have checked for air, fill the
syringe with buffer and pull a large volume through; this washes the loading
syringe. Next, change the selected port to B2 (‘Flow Path’  Pump B inlet) and
check that port as well. Return ports to A1 and B1 when finished.
3. Set the flow rate to 2 mL/min. Equilibrate the column with 2-3 column volumes
(CV) of FPLC H2O, with the gradient set to 50% B1. Switch A1 to DEAE Buffer
A and B1 to DEAE Buffer B, first rinsing the sinkers with H2O. Change gradient
to 0% B1. Wash with 2-3 CV of Buffer A. End current run when wash is
complete.
4. Filter sample through a syringe filter, then load into A2 syringe.
5. Fill the fraction collector with tubes, and replace wash flask with a clean flask.
6. Click ‘Run’ on the software, and select a DEAE protocol. When parameters
appear, change value for ‘column equilibration’ to (since column was already
washed and equilibrated). Change ‘pressure limit’ to 0.6 mPa. Change ‘wash
volume’ to 2 CV. Change ‘sample volume’ to be volume of actual sample + at
least 10 mL.
7. Once all of the parameters are set, click ‘next’ several times until there is an
option to save results. Rename the file with the date and any particulars of the
run. Click ‘start’.
8. Keep an eye on the sample as it loads, and reduce the flow rate if the column goes
over pressure. You will likely have to refill the load syringe at least once, and
keep an eye on it when it is close to running through; when the syringe is nearly
empty, top off with buffer to ensure that no air loads onto the column. Once the
program is finished running, print the report (select only fractions, absorbance,
and concentration to view).
9. Rinse the A1 and B1 sinkers in ddH2O and place back into the FPLC H2O. Set
gradient to 50% B1, and wash the column with 2-3 CV. Ensure that B2 is in the
EtOH bottle. Change the flow path to B2, set to 100% gradient, and run 2-3 CV
through to store the column in EtOH. Lower flow rate to 0.5 mL/min and detach
column in the reverse order from step 1.
10. Examine the absorbance peaks from the run and run representative fractions on
SDS-PAGE. Pool fractions containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
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11. Dialyze pooled fractions twice against 4 L overnight at 4oC or for four hours at
room temperature.
12. After it has been determined that S100A1 has been eluted, equilibrate column
with 150 mL storage buffer. Resin should be stored at 4°C, either in the column or
another container.

Section IV: Phenyl Sepharose Column
a. Solutions
1. Phenyl Sepharose Buffer A (1 L), filtered
10 mM tris (10 mL 1 M stock)
500 mM NaCl (29.2 g)
10 mM CaCl2 (1.47 g)
NaOH/HCl to pH 7.5
0.25 mM DTT (250 µL 1 M stock; may be added after adjusting pH)
2. Phenyl Sepharose Buffer B (1 L), filtered
10 mM tris (10 mL 1 M stock)
500 mM NaCl (29.2 g)
10 mM EDTA (10 mL of 0.5 M stock)
NaOH/HCl to pH 7.5
0.25 mM DTT (250 µL 1 M stock; may be added after adjusting pH)
3. G25 Dialysis Buffer (2 x 4 L)
0.25 mM tris (1 mL 1 M stock)
50 mM NaCl (11.69 g)
Chelex (2 mL slurry)
0.25 mM DTT (1 mL 1 M stock)
HCl to pH 7.5
4. Resin Storage Buffer (500 mL), filtered
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20% EtOH (100 mL of 100%)
0.02% NaN3 (0.1 g)
b. Procedure
1. NEW COLUMN ONLY: Pour 30 mL settled volume of Phenyl Sepharose
(Pharmacia) into a 250-mL beaker. Allow resin to settle, and carefully aspirate
buffer above it to remove fines. Replace with Buffer A, mix thoroughly and
repeat the process two or three times. Pour into a 2.5-cm diameter column (~6 cm
bed height gives 30 mL bed volume) and place in the cold room. Clean with 100
mL 1M NaCl in Buffer A. Alternatively, use Phenyl Sepharose column on FPLC.
2. Equilibrate with 1:10 dilution of Buffer B into Buffer A using at least 5 column
volumes (150 mL) at no more than 5 mL/min (60 cm/hr linear flow rate;
maximum for this resin is 750 cm/hr). Repeat with 100% Buffer A.
Flow rate: ______ mL/min
3. Add filtered sample to column. Wash with 5 CV of Buffer A. Collect and save
load and wash eluents in separate bottles, or collect as fractions.
4. Set up fraction collector for 3-mL (100-drop) fractions.
5. Elute with 3 CV of Buffer B. Wash with 3 CV (90 mL) of Buffer A.
6. Measure the UV absorbance at 280 nm and 260 nm of fractions (optional) and run
representative fractions on SDS-PAGE. Pool fractions containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
7. If SDS-PAGE shows contaminants at this step, dialyze into G75 buffer and run a
G75 column (same as S100B; Appendix A, Section 4). If not, dialyze pooled
fractions twice against 4 L of G25 buffer overnight at 4oC or for four hours at
room temperature.
8. After it has been determined that S100A1 has been eluted, equilibrate column
with 2 CV (60 mL) storage buffer. Resin should be stored at 4°C, either in the
column or another container.

Section V: G25 Size Exclusion
a. Solutions
1. G25 Column Buffer (1 L), filtered
0.25 mM tris (250 µL 1 M stock)
107

50 mM NaCl (2.92 g)
Chelex (0.5 mL slurry)
0.25 mM DTT (250 µL 1 M stock)
HCl to pH 7.5
2. Resin Storage Buffer 50 mL
G25 Column Buffer with 0.02% NaN3 (0.01 g)
b. Procedure
1. NEW COLUMN ONLY: Pour a 1.5-cm diameter column with Sephadex G25
medium (Pharmacia 17-0033-01). Column length should be between 25 cm (45
mL bed volume) and 45 cm (80 mL). The longer column more effectively
removes residual EGTA.
2. Equilibrate with G25 Column Buffer at 4°C using 5 column volumes (500 mL) at
no more than 2 mL/min.
Flow rate: ______ mL/min
3. Set up the fraction collector with enough tubes to collect 1 bed volume in 30-drop
(1 mL) fractions.
4. Concentrate the sample to ~1 mL using Amicon concentrators. Begin the fraction
collector. Load the sample and allow the column to run no faster than the
equilibration step, above. A slower flow will achieve better removal of EGTA.
5. Measure the UV absorbance at 260 nm and 280 nm of fractions (optional), run
representative fractions on SDS-PAGE. Pool fractions containing S100 protein
(A260/A280 = 1.2). Expect this peak to occur at the breakthrough volume (about 1/3
column volume).
Fraction numbers pooled: __________ Pool volume: __________
6. Concentrate protein sample to ~1 mL using Amicon concentrators. Check the
concentration by Bradford and concentrate further if necessary. Concentration
should be between 8-10 mM; aliquot and store at -20 oC.
7. Equilibrate column with one bed volume of Storage Buffer. Store at 4°C in the
column.
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Appendix C. Protein Growth and Purification Protocols of 15N p53 SL
*Note: Protein is prepared from glycerol stocks of BL21 (DE3*) cells expressing p53 SL
in a pet11b vector.
Section I: Growth in 15N Medium
a. Solutions
All water is ddH2O. Amounts given are sufficient for 5.2 L of minimal medium.
Prepare M solution and P solution first, then combine M solution and ddH2O
following the table in Step 11. Autoclave M solution and ddH2O in shaker flasks,
and P solution in 1-L flask. Other solutions can then be prepared separately.
1. M solution: 1100 mL, autoclaved*

Date prepared __________

__ 46.2 g MOPS (acid form)

pH _______

__ 4.4 g tricine
__ 8.0 g NaCl
__ 12.65 g KOH
Prepare no more than one day in advance of inoculation. Do not adjust pH.
*

Add M solution to H2O according to table below (“11. Minimal media”) and
autoclave in culture flasks.

2. O solution: 20 mL, sterile filtered

Date prepared __________

__ 400 µL mineral nutrient solution (“Swamp water;” see below)
__ 1.07 g MgCl2·6H2O (Use 1.07 mL, 1 g/mL solution)
Prepare fresh.
3. P solution: 1M potassium/hydrogen phosphate, pH 7.50, ≥400 mL autoclaved
Prepare fresh.

Date prepared __________

First prepare:
__ 1M KH2PO4 (“monobasic”; use 20.43 g KH2PO4 to make 150 mL)
__ 1M K2HPO4 (“dibasic”; use 91.28 g K2HPO4·3H2O or 69.67 g
K2HPO4 to make 400 mL)
Then mix to achieve pH 7.50:
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__ ~92 mL 1M KH2PO4 + ~308 mL 1M K2HPO4
4. S solution: 10 mL, sterile filtered

pH ______

Date prepared __________

__ 275 mM K2SO4 (0.48 g to make 10 mL)
Place in water bath to get into solution
5. 40% glucose: 60 mL, sterile filtered

Date prepared __________

__ 24g glucose
Use hotplate to dissolve completely. *For a 13C-labeled growth, use 12 g of 13Cglucose in 60 mL; cells will grow more slowly in 20% glucose.
6. Vitamin B1: 1 mg/mL, 12 mL sterile filtered

Date prepared __________

__ 12 mg thiamine
Prepare fresh and cover entirely with aluminum foil to protect from light.
7. LB solution: 50 mL, autoclaved

Date prepared __________

__ 1.25 g dry Luria-Bertani broth powder
After autoclaving and cooling, add 50-100 µL ampicillin solution.
8. Ampicillin: 50 mg/mL, 5-10 mL sterile filtered

Date prepared __________

__ 300 mg ampicillin sodium in 6 mL for a 5.2-L prep
Prepare fresh or thaw from –20°C storage. Keep on ice until use.
9. Mineral nutrient solution (“Swamp water”)
Each 100 mL contains
__ 8 mL concentrated HCl
__ 5 g FeCl2·4H2O
__ 184 mg CaCl2·2H2O
__ 64 mg H3BO3
__ 40 mg MnCl2·4H2O
__ 18 mg CoCl2·6H2O
__ 4 mg CuCl2·2H2O
__ 340 mg ZnCl2
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Date prepared __________

__ 605 mg Na2MoO4·2H2O
Can be stored at room temperature indefinitely.
10. N solution: 22 mL, sterile filtered
__ 3.0 g 15NH4Cl dissolved in 20 mL, q.s. 22 mL
11. Minimal media
Autoclave ddH2O and M solution together in culture flasks (see above), along
with P solution in a separate container. Ice can be used to cool after autoclaving,
and the remaining components can be added shortly before inoculation as follows:
mL of solution needed for:
Solution
200-mL Culture
1-L Culture
H2O
150
735
M
40
200
N
1.0
4.0
O
0.4
2
P
10
50
S
0.2
1
40% glucose
2
10
vitamin B1
0.4
2
ampicillin
0.2
1
12. Isopropyl-1-thio-ß-D-galactopyranoside (IPTG) 0.2 g/mL, 1 mL/L culture.
__ ____ g IPTG dissolved in ____ mL ddH2O
(1 g in 5 mL for a 5-L growth)
Make shortly before induction and sterile-filter (optional)

Time: __________

b. Procedure
1. Inoculate several 5-mL LB/Amp cultures with a single colony or small amount of
frozen stock, and grow at 37oC until A600 is between 0.3 and 0.8 O.D. units (to
add directly to 200-mL culture) or overnight.
Inoculum source: _________________________________
2. Inoculate a 200 mL minimal media culture (2 L flask and already at 37ºC) with an
aliquot from the 5 mL LB culture and grow overnight on shaker at 37oC, 150 rpm.
Calculate aliquot size on the basis of a 1-hour doubling time (HMS174 cells),
aiming for A600 = 0.5 at time of inoculation of main growth. If LB culture was
left overnight, add entire 5-mL culture to 200-mL culture, as many cells will now
be in lag phase and will grow slowly.
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3. Take a 0.5 mL aliquot from the overnight culture and measure A600.
A600: __________
4. Inoculate each 6 L flask (already at 37ºC) with equal amounts of the overnight
culture. NB: Volume typically decreases during overnight growth.
Measure A600: __________
Graph this as the 0-hr reading on a semilog plot. Grow cultures at 37oC with
shaking at 200-250 rpm. Record A600 every hour or so from all flasks (or at least
the most and least dense). Cultures will be ready for induction when A600=0.8 to
1.0. Avoid overshooting by taking more frequent measurements as this point is
approached.
5. Prepare IPTG solution a few minutes prior to induction.
6. Before induction, take a 20- µL sample for SDS-PAGE (A600 of sample:
__________).
7. For induction, add 1 mL of the IPTG solution to each flask.
Time: _________ Final A600= __________
8. Incubate 3 hours at 37 oC, continuing shaking.
9. After three hours, take a 20- µL sample for SDS-PAGE (A600 of sample:
__________), and keep flasks on ice.
10. Weigh six centrifuge bottles empty and record their total weight.
Total weight, empty, with lids: __________
11. Load the centrifuge bottles and spin at 6000 rpm for 20 min at 4oC in the Sorvall
GS-3 rotor. Keep remaining culture suspension on ice. Pour off and temporarily
reserve supernatant in a 6-L flask. Additional culture suspension can be added to
tubes without first removing pellets. After final supernatant is decanted, weigh
bottles with the pellets and subtract the weight of the bottles. Add about 10 mL of
5% bleach to the supernatant and allow it to stand before discarding in sink.
Total weight, full, with lids: _________ g
Weight of pellet: _________ g
12. Place centrifuge bottles in -80oC freezer.
13. To run samples on SDS-PAGE, spin the samples down and remove supernatant.
Multiply the A600 measurement by 30, and add that volume of 2x SDS loading
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buffer to the pellet, then resuspend the pellet. Boil for 10 minutes, then spin the
sample down and pipet the supernatant onto a gel.

Section II: Cell Lysis and Initial Purification
a. Solutions
1. Lysis buffer, 150 mL; store at 4 oC, add AEBSF just before use
Lysozyme***

***No

use 1 mL per gram of pellet
__ 7.5 mL 1 M Tris stock or 0.909 g Tris
__ 0.435 g mM NaCl
__ 8.4 mg AEBSF
__ pH to 8.0

2. Solubilization Buffer, 50 mL; store at 4 oC
__ 24 g urea
__ 0.15 g sodium phosphate monobasic
__ 0.15 g NaCl
__ 0.15 g EDTA
__ pH to 7.0

3. DNase solution (stored at –20°C), 300 µL

Date prepared: _____________

1 mg/mL DNaseI
5 mM NaOAc
1 mM CaCl2
50% glycerol (only if for -20°C storage)
4. MgCl2·6H2O, 100 µL of 1 mg/mL stock or 246 µL of 2 M stock.
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b. Procedure
All steps are to be performed at or near 4 oC. Use ice bucket or cold room.
1. Thaw pellets in water bath at room temperature and immediately put on ice.
2. Dissolve AEBSF in lysis buffer.
3. Suspend the pellets using 1 mL lysis buffer/g pellet. Start with a small amount
and use more only as necessary. Work quickly, but gently, avoiding lather.
Volume lysis buffer:________mL
4. Remove the stir bar, place solution in a conical-bottomed plastic container. Set
the sonicator to 70 on the high setting. As a rule of thumb, sonicate 1/2 min/mL
solution. Alternatively, set the sonicator to Program 9. Keep the solution on ice
throughout sonication. More or less sonication time may be necessary, depending
on the effectiveness of the enzymes, as judged by the viscosity changes during
initial sonication.
5. Add
___ 300 µL DNase solution
___ 100 µL 1 g/mL MgCl2 solution or 256 µL of 2 M stock
Continue stirring at room temperature (to avoid precipitation issues) for 1 hour.
The viscosity should decrease.
6. Centrifuge the solution for 45 min. at 15,000 rpm and 4oC in the SS-34 rotor.
7. Decant the supernatant, syringe-filter and store at 4 oC.
8. Resuspend the pellet in 10 mL of Solubilization Buffer and leave for >2 hours
with stirring at room temperature.
10. Centrifuge the solution for 1 hour at 15,000 rpm and 4oC in the SS-34 rotor.
11. Filter the supernatant through a syringe filter and load onto an SP column.
12. Centrifuge the solution for 45 minutes at 15,000 rpm and 4oC in the SS-34 rotor.
13. Run samples from first supernatant, second pellet, and second supernatant on
SDS-PAGE. If a lot of protein is found in the pellet, resuspend in solubilization
buffer and repeat purification below.
Section III: SP Sepharose Column (10-mL column)
a. Solutions
1. SP Low Salt Buffer, 1 L; filter, store at 4 oC

(25 mM Phosphate)

__ 3.0 g sodium phosphate monobasic
114

__ 2.3 g EDTA
__ pH to 7.0

2. SP High Salt Buffer, 1 L; filter, store at 4 oC

(25 mM Phosphate, 1 M NaCl)

__ 3.0 sodium phosphate monobasic
__ 2.3 g EDTA
__ 58.44 g NaCl
__ pH to 7.0

Use the SP buffers above to make the following solutions:
Step
Low Salt

High Salt

200 mM NaCl

40 mL

10 mL

400 mM NaCl

30 mL

20 mL

600 mM NaCl

20 mL

30 mL

800 mM NaCl

10 mL

40 mL

3. Dialysis buffer after SP column, G75 Buffer (2 x 4 L)
50 mM tris (24.2 g)
200 mM NaCl (46.8 g)
Chelex (2 mL slurry)
NaOH/HCll to pH 7.5
0.25 mM DTT (0.154 g or 1 mL 1 M stock; may be added after adjusting
pH)
4. Resin storage buffer 150 mL
20% ethanol (30 mL)
0.02% NaN3 (0.03 g)
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b. Procedure
1. Wash column with 50 mL of ddH2O, followed by 50 mL of Low Salt Buffer, then
50 mL of High Salt Buffer. Equilibrate with another 50 mL of Low Salt Buffer.
Flow rate: ______ mL/min
2. Load the filtered samples (first supernatant and solubilized pellet) and allow to
run through column at a rate not to exceed that of the equilibration step, above.
Follow the sample with 100 mL of Low Salt Buffer to wash the column. Collect
and save load and wash eluents in separate bottles.
3. Set up fraction collector for 5-mL (150-drop) fractions.
4. Load the salted buffer solutions in increasing concentration as follows. Be sure to
wait until each buffer has run into the resin bed before loading the next one. The
p53 protein comes out at 600 mM NaCl.
[NaCl]

Volume
(mL)

200 mM

15

400 mM

15

600 mM

15

800 mM

15

1 M (high
salt)

30

Last tube

Drop No.

Afterward, wash column with 50 mL Low Salt Buffer. Save eluent.
5. Measure the UV absorbance at 280 nm and 260 nm of fractions from peaks
(optional) and run representative fractions on SDS-PAGE. Pool fractions
containing p53 protein.
Fraction numbers pooled: __________ Pool volume: __________
6. Dialyze pooled fractions twice against 4 L overnight at 4oC or for four hours at
room temperature.
7. After it has been determined that the protein has been eluted, equilibrate column
with 150 mL storage buffer. Resin should be stored at 4°C, either in the column or
another container.
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Section IV: G75 Size Exclusion
a. Solutions
1. G75 Column Buffer (4 L), filtered
10 mM tris (40 mL 1 M stock)
50 mM NaCl (11.69 g)
Chelex (2 mL slurry)
NaOH/HCl to pH 7.5
0.25 mM DTT (0.154 g or 1 mL 1 M stock; may be added after adjusting
pH)
2. Resin Storage Buffer 500 mL
G75 Column Buffer with 0.02% NaN3 (0.1 g)
or:
10 mM tris (5 mL 1 M stock)
50 mM NaCl (1.46 g)
0.02% NaN3 (0.1 g)
HCl to pH 7.5
b. Procedure
1. NEW COLUMN ONLY: Pour a 2.5-cm diameter column with Sephadex G75
regular (Pharmacia 17-0050-01). Bed volume should be around 480 mL.
2. Equilibrate with G75 Column Buffer at 4°C using at least 2 column volumes
(1000 mL) at no more than 1.5 mL/min (18 cm/hr linear flow rate). This will
require equilibrating overnight.
Flow rate: ______ mL/min
3. Set up the fraction collector for 3-mL (100-drop) fractions.
4. Try to concentrate the sample to ~1 mL using Amicon concentratorsm SLOWLY.
Do not load more than 10 mL of SP fractions onto G75 column at a time, because
the column can be overloaded. If precipitation occurs, try to resuspend in SP
buffer. If it does not go back into solution, resuspend in solubilization buffer and
re-run the SP column. Load sample and allow to run through column at a rate not
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to exceed that of the equilibration step, above. Begin the fraction collector as the
sample is loaded. Run will take a full day.
5. Measure the UV absorbance at 260 nm and 280 nm of fractions (optional) and run
representative fractions on SDS-PAGE. Pool fractions containing p53 SL protein.
Fraction numbers pooled: __________ Pool volume: __________
6. Do not dialyze the sample because it will precipitate. Pool fractions from all G75
columns (if had to divide among more than one) and slowly concentrate using
Amicon concentrators. Determine the concentration using a Bradford assay.
Ideal concentration range is 2-5 mM; concentrate further if necessary. Once this
concentration is reached, aliquot protein and store at -20 oC.
7. After it has been determined that the protein has been eluted, equilibrate column
with 500 mL Storage Buffer. Resin should be stored at 4°C in the column.
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Appendix D. Protein Growth and Purification Protocols of GST-p53 SL
*Note: Protein is prepared from glycerol stocks of BL21-Codon Plus (DE3)-RIL cells
expressing p53 SL in a pGEX 4T1 vector.
Section I: Growth in Luria Broth
a. Solutions
All water is ddH2O. Amounts given are sufficient for 5 L of media.
1. LB solution: 6 L, autoclaved
Date prepared __________
__ 150 g dry Luria-Bertani broth powder in ddH2O
Divide into 5 6-L baffled flasks containing 1 L each, 1 1-L flask containing 200
mL, and the rest in a glass bottle. After autoclaving and cooling, add 50 µg/mL
ampicillin and 35 µg/mL chloramphenicol to each flask (1 mL in 1L, 200 µL in
200 mL).
2. Ampicillin: 50 mg/mL, 6 mL sterile filtered

Date prepared __________

__ 300 mg ampicillin sodium in 6 mL ddH2O for a 5-L prep
Prepare fresh or thaw from –20°C storage. Keep on ice until use.
3. Chloramphenicol: 35 mg/mL, 6 mL sterile filtered

Date prepared __________

__ 210 mg chloramphenicol sulfate in 6 mL 100% EtoH for a 5-L
prep
Prepare fresh or thaw from –20°C storage. Keep on ice until use.
4. Isopropyl-1-thio-ß-D-galactopyranoside (IPTG) 0.2 g/mL, 1 mL/L culture.
__ 1 g IPTG dissolved in 5 mL ddH2O
(1 g in 5 mL for a 5-L growth)
Make shortly before induction and sterile-filter (optional)
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Time: __________

b. Procedure
1. Inoculate several 10-mL LB/Amp/Chlor starter cultures (10 mL LB, 50 µL amp,
35 µL chlor) with a single colony or small amount of frozen stock, and grow at
37oC until A600 is between 0.3 and 0.8 O.D. units (to add directly to 5L growth) or
overnight.
Inoculum source: _________________________________
2. Inoculate a 200 mL LB culture (flask already at 37ºC) with an aliquot from the
starter culture and grow overnight on shaker at 37oC, 150 rpm. Calculate aliquot
size on the basis of a 1-hour doubling time, aiming for A600 = 0.5 at time of
inoculation of main growth. If LB culture was left overnight, add entire 5-mL
culture to 200-mL culture, as many cells will now be in lag phase and will grow
slowly.
3. Take a 0.5 mL aliquot from the overnight culture and measure A600.
A600: __________
4. Inoculate each 6 L flask (already at 37ºC) with equal amounts of the overnight
culture. NB: Volume typically decreases during overnight growth.
Measure A600: __________
Graph this as the 0-hr reading on a semilog plot. Grow cultures at 37oC with
shaking at 200-250 rpm. Record A600 every hour or so from all flasks (or at least
the most and least dense). Cultures will be ready for induction when A600=0.8 to
1.0. Avoid overshooting by taking more frequent measurements as this point is
approached.
5. Prepare IPTG solution a few minutes prior to induction.
6. Before induction, take a 20- µL sample for SDS-PAGE (A600 of sample:
__________).
7. For induction, add 1 mL of the IPTG solution to each flask.
Time: _________ Final A600= __________
8. Incubate 3 hours at 37 oC, continuing shaking.
9. After three hours, take a 20- µL sample for SDS-PAGE (A600 of sample:
__________), and keep flasks on ice.
10. Weigh six centrifuge bottles empty and record their total weight.
Total weight, empty, with lids: __________
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11. Load the centrifuge bottles and spin at 6000 rpm for 20 min at 4oC in the Sorvall
GS-3 rotor. Keep remaining culture suspension on ice. Pour off and temporarily
reserve supernatant in a 6-L flask. Additional culture suspension can be added to
tubes without first removing pellets. After final supernatant is decanted, weigh
bottles with the pellets and subtract the weight of the bottles. Add about 10 mL of
5% bleach to the supernatant and allow it to stand before discarding in sink.
Total weight, full, with lids: _________ g
Weight of pellet: _________ g
12. Place centrifuge bottles in -80oC freezer.
13. To run samples on SDS-PAGE, spin the samples down and remove supernatant.
Multiply the A600 measurement by 30, and add that volume of 2x SDS loading
buffer to the pellet, then resuspend the pellet. Boil for 10 minutes, then spin the
sample down and pipet the supernatant onto a gel.

Section II: Cell Lysis and Initial Purification
a. Solutions
1. Lysis buffer, 150 mL; store at 4 oC, add AEBSF just before use
Lysozyme***
use 1 mL per gram of pellet
__ 7.5 mL 1 M Tris stock or 0.909 g Tris
__ 0.435 g mM NaCl
__ 8.4 mg AEBSF
__ pH to 8.0

2. Solubilization Buffer, 50 mL; store at 4 oC
__ 24 g urea
__ 0.15 g sodium phosphate monobasic
__ 0.15 g NaCl
__ 0.15 g EDTA
__ pH to 7.0
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***No

3. DNase solution (stored at –20°C), 300 µL

Date prepared: _____________

1 mg/mL DNaseI
5 mM NaOAc
1 mM CaCl2
50% glycerol (only if for -20°C storage)
4. MgCl2·6H2O, 100 µL of 1 mg/mL stock or 246 µL of 2 M stock.
b. Procedure
All steps are to be performed at or near 4 oC. Use ice bucket or cold room.
1. Thaw pellets in water bath at room temperature and immediately put on ice.
2. Dissolve AEBSF in lysis buffer.
3. Suspend the pellets using 1 mL lysis buffer/g pellet. Start with a small amount
and use more only as necessary. Work quickly, but gently, avoiding lather.
Volume lysis buffer:________mL
4. Remove the stir bar, place solution in a conical-bottomed plastic container. Set
the sonicator to 70 on the high setting. As a rule of thumb, sonicate 1/2 min/mL
solution. Alternatively, set the sonicator to Program 9. Keep the solution on ice
throughout sonication. More or less sonication time may be necessary, depending
on the effectiveness of the enzymes, as judged by the viscosity changes during
initial sonication.
5. Add
___ 300 µL DNase solution
___ 100 µL 1 g/mL MgCl2 solution or 256 µL of 2 M stock
Continue stirring at room temperature (to avoid precipitation) for 1 hour. The
viscosity should decrease.
6. Centrifuge the solution for 45 min. at 15,000 rpm and 4oC in the SS-34 rotor.
7. Filter the supernatant through a syringe filter to load onto the GST column.
Reserve pellet for SDS-PAGE analysis.
8. Run samples from supernatant and pellet on SDS-PAGE. If a significant amount
of protein is found in the pellet, resuspend in solubiliziation buffer (see 15N p53
SL purification, Appendix C), filter, and run on GST column.
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Section III: GST Purification (batch)
Note: This was performed with Glutathione Sepharose 4B resin from Amersham
Biosciences, which came with Hi and Lo pH wash buffers. Other resins could be used;
follow preparation and wash directions from the manufacturer.
a. Solutions
1. PBS (Phosphate Buffered Saline), 1L; store at 4 oC

(or use store-bought)

__ 8.0 g NaCl
__ 0.2 g KCl
__ 1.4 g Na2HPO4
__ 0.24 g KH2PO4
__ pH to 7.4

2. Elution Buffer, 25 mL; filter, store at 4 oC
glutathione)

(50 mM Tris, 10 mM reduced

__ 2.5 mL of 0.5 M Tris
__ 6.14 mg reduced glutathione (GSH)
__ pH to 8.0

3. Storage Buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.25 mM DTT, 0.1 mM
PMSF, 25% glycerol)
__ 2.5 mL of 1 M Tris
__ 3.75 mL of 2 M NaCl
__ 125 µL of 1 M DTT
__ 0.87 mg PMSF
__ 15.6 mL of 80% glycerol
__ pH to 7.5
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b. Procedure
1. Use 10 mL of GST resin slurry for 5 mL. Centrifuge resin at 1500 rpm for 5 min
and decant the supernatant. Add 10 mL of cold PBS, centrifuge again and decant
supernatant. Add 10 mL PBS and shake gently to mix.
3. Add filtered protein supernatant from previous lysis step, incubate on a platform
shaker at 4 oC for 30 min.
4. Centrifuge, decant and save supernatant. Add 30 mL cold PBS, mix, and
centrifuge. Repeat 2x for a total of 3 washes, saving each supernatant separately.
5. Add 5 mL of elution buffer, mix, and incubate on a platform shaker at 4 oC for 10
minutes.
6. Centrifuge, decant and save supernatant. Repeat 2x for a total of 3 elutions, saving
each supernatant separately.
7. Run load, wash, and elution sample on SDS-PAGE. Pool fractions containing
p53 protein.
Fraction numbers pooled: __________ Pool volume: __________
8. Perform buffer exchange into storage buffer on fractions containing p53 using an
Amicon centrifuge concentrator, then concentrate to ~1 mL and determine the
protein concentration using a Bradford assay. Ideal concentration range is 2-5
mM; concentrate further if necessary. Once this concentration is reached, aliquot
protein and store at -20 oC.
9. After it has been determined that the protein has been eluted, wash resin with 3x
with Hi and Lo pH buffers (included with resin), then 3x with PBS. After the last
centrifuge step, resuspend in 20% EtOH and store at 4°C.
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Appendix E. Protein Growth and Purification Protocols of 15N S100A4
*Note:

Protein is prepared from glycerol stocks of BL21 (DE3*) cells expressing

S100A4 in a pET23a vector.
Section I: Growth in 15N Medium
Same as S100B; Appendix A, Section 1

Section II: Cell Lysis and Initial Purification
a. Solutions
1. Lysis buffer, 50 mL; use 1 mL per gram of pellet
__ 50 mM Tris pH 7.5; 2.5 mL of 1 M stock
__ 0.5 mM AEBSF (4.8 mg; add shortly before using)
__ 10% glycerol; 5 mL of 100%
__ 300 mM KCl; 7.5 mL of 2 M stock
__ 2 mM DTT; 100 µL of 1 M stock
__ 1 mM EDTA; 100 µL of 0.5 M stock
7. Ammonium sulfate, sufficient to make supernatant 30% saturation
16.4 g (NH4)2SO4 per 100 mL of supernatant yields a 30% saturated
solution at 0oC.
Volume supernatant: _________mL x 0.164 g/mL = _________g (NH4)2SO4

b. Procedure
All steps are to be performed at or near 4 oC. Use ice bucket or cold room.
1. Thaw pellets in water bath at room temperature and immediately put on ice.
2. Dissolve AEBSF in lysis buffer.
3. Suspend the pellets using 1 mL lysis buffer/g pellet. Start with a small amount
and use more only as necessary. Work quickly, but gently, avoiding lather.
Volume lysis buffer:________mL
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4. Place solution in a conical-bottomed plastic container. Set the sonicator to 70 on
the high setting. As a rule of thumb, sonicate 1/2 min/mL solution.
Alternatively, set the sonicator to Program 9. Keep the solution on ice throughout
sonication. More or less sonication time may be necessary, depending on the
effectiveness of the enzymes, as judged by the viscosity changes during initial
sonication.
5. Centrifuge the solution for 30 min. at 16,000 rpm and 4oC in the SS-34 rotor.
6. Pour supernatant into a 100-mL plastic beaker and estimate its volume. Place on
ice or in the cold room. With constant stirring make the solution 30% in
(NH4)2SO4 by slow addition over a period of 30 minutes. Stir for an additional
20 minutes.
7. Centrifuge the solution for 30 minutes at 16,000 rpm and 4oC in the SS-34 rotor.
8. Add CaCl2 to the supernatant to make a final solution of 2 mM. Filter through a
0.2-µm syringe filter

Section III: Phenyl Sepharose Column
a. Solutions
1. Phenyl Sepharose Buffer 1 (400 mL), filtered
20 mM Tris pH 7.5 (8 mL 1 M stock)
300 mM KCl (8.94 g)
2 mM CaCl2 (1.6 mL 0.5 M stock)
1 mM DTT (400 µL 1 M stock)
30% ammonium sulfate (65.6 g)
0.02% NaN3 (0.08 g)
2. Phenyl Sepharose Buffer 2 (400 mL), filtered
20 mM Tris pH 7.5 (8 mL 1 M stock)
300 mM KCl (8.94 g)
2 mM CaCl2 (1.6 mL 0.5 M stock)
1 mM DTT (400 µL 1 M stock)
0.02% NaN3 (0.08 g)
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3. Phenyl Sepharose Buffer 3 (400 mL), filtered
20 mM Tris pH 7.5 (8 mL 1 M stock)
5 mM EGTA (0.76 g)
1 mM EDTA (800 µL 0.5 M stock)
1 mM DTT (400 µL 1 M stock)
0.02% NaN3 (0.08 g)
4. Q Dialysis Buffer (2 x 2 L), filtered
20 mM Tris (4.85 g)
Chelex (2 mL slurry)
0.5 mM DTT (1 mL 1 M stock)
0.02% NaN3 (0.4 g)
HCl to pH 7.5
5. 1 M NaOH (500 mL), filtered
1 M NaOH (20 g)
6. Resin Storage Buffer (500 mL), filtered
0.02% NaN3 (0.1 g)

b. Procedure (FPLC Column, 20 mL)
1. Equilibrate the column with 3 CV (60 mL) of Buffer 1 (flow rate = 2 mL/min).
2. Load the filtered sample onto the column (flow rate = 2 mL/min) and collect the
flow-through in a clean flask.
3. Set up fraction collector for 3-mL (100-drop) fractions.
4. Wash with 3CV of Buffer 1, then 3 CV of Buffer 2 (flow rate = 2 mL/min)
5. Elute with 3 CV of Buffer 3 or until UV signal returns to baseline. Note:
sometimes protein comes out before elution.
6. Examine the UV absorbance readout and run representative fractions on SDSPAGE. Pool fractions containing S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
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7. Dialyze pooled fractions against 2x 2 L of Q Buffer (4 oC overnight or room
temperature for 4 hours).
8. After it has been determined that S100A4 has been eluted, clean column with 4
CV 1 M NaOH, then 4 CV of 0.02% NaN3 (flow rate = 2 mL/min). Column
should be stored at 4°C.

Section IV: Q Column
a. Solutions
1. Q Buffer (500 mL), filtered
20 mM Tris pH 7.5 (10 mL 1 M stock)
0.5 mM DTT (250 µL 1 M stock)
0.02% NaN3 (0.1 g)
2. Dialysis Buffer 1 (4 L), filtered
1 mM Tris pH 7.5 (4 mL 1 M stock)
1 mM EGTA (7.6 g)
0.25 mM DTT (1 mL 1 M stock)
NaOH to pH 7.5
3. Dialysis Buffer 2 (4 L), filtered
1 mM Tris pH 7.5 (4 mL 1 M stock)
0.25 mM DTT (1 mL 1 M stock)
Chelex slurry (2 mL)
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4. NaCl Buffers
Buffer
2 M NaCl
0.5 M NaCl
0.35 M NaCl

Volume
1L
100 mL
100 mL

0.22 M NaCl
0.17 M NaCl

100 mL
100 mL

0.1 M NaCl

100 mL

NaCl
116.9 g
25 mL of 2 M
17.5 mL of 2
M
11 mL of 2 M
8.5 mL of 2
M
5 mL of 2 M

Add
1 L water
75 mL Q buffer
82.5 mL Q buffer
89 mL Q buffer
91.5 mL Q buffer
95 mL Q buffer

5. 1 M NaOH (500 mL), filtered
1 M NaOH (20 g)
6. Resin Storage Buffer (500 mL), filtered
20% EtOH (10 mL of 100%)
0.02% NaN3 (0.1 g)

b. Procedure (By Hand, 20 mL Column)
1. Wash the column with 2 CV (40 mL) of 2 M NaCl. Equilibrate the column with 3
CV (60 mL) of Q Buffer.
2. Set up fraction collector for 3-mL (100-drop) fractions.
3. Load the filtered sample onto the column, collecting flow-through.
Fractions: ____ to ____
4. Wash with 2CV of Q Buffer.
Fractions: ____ to ____
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5. Load NaCl solutions in increasing concentrations as follows:
[NaCl]

Volume (mL)

0.1 M

100

0.17 M

30

0.22 M

30

0.35 M

30

0.5 M

60

Start Fraction

End Fraction

Note: If resin is disturbed by addition of buffer, stop column and allow the resin
to settle for 5 minutes before continuing.
6. Wash column with 2 CV of 2 M NaCl, saving wash.
7. Measure the UV absorbance at 260 nm and 280 nm of fractions (optional), run
representative fractions and final wash on SDS-PAGE. Pool fractions containing
S100 protein.
Fraction numbers pooled: __________ Pool volume: __________
7. Dialyze pooled fractions against dialysis buffers 1 and 2, in order (4 oC overnight
or room temperature for 4 hours).
8. After it has been determined that S100A4 has been eluted, clean column with 4
CV 1 M NaOH, then 4 CV of resin storage buffer. Column should be stored at
4°C.

Section V: G25 Size Exclusion
a. Solutions
1. G25 Column Buffer (1 L), filtered
0.25 mM Tris pH 7.5 (250 µL 1 M stock)
50 mM NaCl (2.92 g)
Chelex (0.5 mL slurry)
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0.25 mM DTT (250 µL 1 M stock)
2. Resin Storage Buffer 50 mL
G25 Column Buffer with 0.02% NaN3 (0.01 g)
b. Procedure
1. NEW COLUMN ONLY: Pour a 1.5-cm diameter column with Sephadex G25
medium (Pharmacia 17-0033-01). Column length should be between 25 cm (45
mL bed volume) and 45 cm (80 mL). The longer column more effectively
removes residual EGTA.
2. Equilibrate with G25 Column Buffer at 4°C using 5 column volumes (500 mL) at
no more than 2 mL/min.
Flow rate: ______ mL/min
3. Set up the fraction collector with enough tubes to collect 1 bed volume in 30-drop
(1 mL) fractions.
4. Concentrate the sample to ~1 mL using Amicon concentrators. Begin the fraction
collector. Load the sample and allow the column to run no faster than the
equilibration step, above. A slower flow will achieve better removal of EGTA.
5. Measure the UV absorbance at 260 nm and 280 nm of fractions (optional), run
representative fractions on SDS-PAGE. Pool fractions containing S100 protein
(A260/A280 = 1.2). Expect this peak to occur at the breakthrough volume (about 1/3
column volume).
Fraction numbers pooled: __________ Pool volume: __________
6. Concentrate protein sample to ~1 mL using Amicon concentrators. Check the
concentration by Bradford and concentrate further if necessary. Concentration
should be between 8-10 mM; aliquot and store at -20 oC.
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