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Abstract 

Title of Dissertation: The Allostery and Specificity of EF hand Calcium-Binding Proteins 

Brianna Young, Doctor of Philosophy, 2022 

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

EF-hand Ca2+-binding proteins (CBPs), such as calmodulin (CaM) or those 

belonging to the S100 protein family (S100s) undergo conformational changes upon 

increasing intracellular Ca2+, facilitating interactions with protein targets and inducing 

important biological responses. In the absence of target, the Ca2+-binding affinity of CaM 

and most S100 proteins is weak (CaKD >1 μM). However, when bound to effectors, 

allosteric mechanisms increase the Ca2+ affinity of these CBPs (CaKD <1 μM) to allow for 

proper Ca2+ homeostasis and maintenance of Ca2+-signaling. The Ca2+-tightening of these 

CBPs is described here by the “binding and functional folding” framework for detailing 

this physiologically relevant phenomenon. This research seeks to elucidate both the 

mechanisms of allostery and the basis of ligand- and target- specificity for S100 proteins 

and CaM. First, molecular fragments were used to differentiate between two highly similar 

S100 proteins, S100B and S100A1, with the goal of designing S100-specific inhibitors to 

block these elevated S100 proteins in various disease states. This provided insight into the 

specificity of S100A1 versus S100B for small molecules and will enable improved S100 

protein-based drug design efforts. S100A1 and S100B binding to ions was also compared 

and differences between ion binding sites within the two highly similar proteins were 

determined. Another study revealed an allosteric mechanism in which a peptide termed 



 
 

 

BP2, derived from the STRA6 vitamin A transporter, increased the Ca2+-binding affinity 

of CaM upon binding. CaM-STRA6 complex formation was observed at physiologically 

relevant free Ca2+ concentrations (<1 μM), suggesting that retinol transport by full-length 

CaCaM-STRA6 may be regulated by Ca2+-signaling. The effect of CaM on multiple full-

length target proteins was then discussed to further describe CaM allostery. Together, these 

studies lead to an improved understanding of Ca2+ signaling, CBP allostery and CBP-

target- and ligand- interaction specificity.  
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1. Introduction to Ca2+ binding proteins under the Binding and Functional Folding

(BFF) Framework for Studying Biomolecular Interactions and Allostery 

A. Overview.

EF-hand Ca2+-binding proteins (CBPs), such as S100 proteins (S100s) and 

calmodulin (CaM), are signaling proteins that undergo conformational changes upon 

increasing intracellular Ca2+. Upon binding Ca2+, S100 proteins and CaM interact with 

protein targets and induce important biological responses. The Ca2+-binding affinity of 

CaM and most S100s in the absence of target is weak (CaKD >1 μM). However, upon 

effector protein binding, the Ca2+ affinity of these proteins increases via allostery (CaKD < 

1 μM). Because of the high number and micromolar concentrations of EF-hand CBPs in a 

cell, at any given time, allostery is required physiologically, allowing for (i) proper 

Ca2+ homeostasis and (ii) strict maintenance of Ca2+-signaling within a narrow dynamic 

range of free Ca2+ ion concentrations, free[Ca2+]. In this discussion, mechanisms of allostery, 

considered over the last 60 years, are coalesced into an empirical “binding and functional 

folding (BFF)” physiological framework.  At the molecular level, a BFF event includes all 

amino acid residues throughout the sequences of the CBP and its protein target.  The BFF 

empirical approach considers that homologous and nonhomologous sequences of CBPs 

and effector protein have evolved to provide allosteric tightening of Ca2+ within each EF-

hand Ca2+-binding domain and simultaneously to resolve how specific CBP-target 

complexes form. In essence, complex formation, the “on” switch, the lifetime of the 

functional complex, and its dissociation, the “off switch,” are in place in nature to function 

optimally towards survival of a species. 
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B. Overview of Calcium Signaling, Calcium Binding Proteins and Allostery. 

Biomolecular complex formation, including allosteric ones, are needed to maintain 

proper levels of important substrates, products, cofactors, and other biomolecules, all of 

which must be exquisitely regulated for normal cellular and biological functions. The 

calcium-ion (Ca2+) is a cation key to cell survival, which can function as a “second 

messenger” to deliver biological signals within a very narrow dynamic range of 

cytoplasmic free Ca2+ ion concentration, free[Ca2+].  In muscle and nerve, for example, cells 

are considered either “resting” at the 100 nM level of free[Ca2+] or “active” when its 

concentration approaches or at times exceeds 500 nM. Moreover, spikes of free[Ca2+] 

distribute spatially and with cell-specific frequencies to deliver global and/or specific 

cellular functions.  

The major mechanism for transducing Ca2+ currents into biological function 

involves a family of Ca2+-binding proteins (CBPs) having a helix-loop-helix EF-hand 

structural motif. These CBPs bind Ca2+ and typically undergo large conformational 

change(s), as may be required, for them to bind “effectors” or “protein targets” to elicit 

varying biological responses (Figure 1.1). These include, but are not limited to, activating 

enzymes, opening ion channels, and many other biochemical and/or cellular signals. 

However, paradoxically, there are more than seven hundred EF-hand Ca2+-binding proteins 

in mammals alone, and an array of them must be poised in any given cell for rapid 

deployment upon an intracellular rise in free Ca2+ to produce cell-specific biological 

function(s). Moreover, these CBPs typically reside in the cytoplasm at micromolar 

concentrations and are often highly stable over time. Thus, with such an abundance of 

CBPs available, at any given time, one might then ask, how is it possible that free Ca2+ ion 
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concentrations are not depleted to levels lower than 100 nM in the cell, as is required for 

Ca2+ homeostasis? Secondly, how do functionally important CBPs, within a specific cell 

type, compete for limited free[Ca2+] when high levels of other CBPs are also present? The 

simplest answer to both questions is that CBPs involved in intracellular Ca2+-signaling bind 

Ca2+ weakly on their own (CaKD > 1 μM) but are tightened allosterically (CaKD < 1 μM) 

upon forming a CBP-target protein complex (Figure 1.1).  

Figure 1.1. Ca2+ binding proteins (CBPs) involved in intracellular Ca2+-signaling are 
“sensors” of cytoplasmic free[Ca2+] and regulate activities of functionally important 
“effector” proteins upon binding. 
(A) At the ~0.1 μM resting concentration (red dashed line), CBPs (blue), such as S100
proteins and CaM, do not bind or activate effector proteins (orange), but as [Ca2+]free

approaches or exceeds ~0.3-0.4 μM, complex formation and enzyme activation of protein
kinase A (PKA; panel B) or myosin light chain kinase (MLCK; panel C) occurs, as
illustrated for these examples. When intracellular [Ca2+]free decreases, CBPs dissociate
from their effectors as per koff (i.e., “off” switch), ceasing the cellular response. Panel B is
from https://pubs.acs.org/doi/10.1021/acs.biochem.7b00117 and Panel C is from
Geguchadze et al. [1]. There more than 700 other CBPs that are important for Ca2+-
signaling in mammals, which are represented as a group via a light blue triangle with an
asterisk (*).

Two subfamilies of EF-hand Ca2+-binding proteins will be considered here, the 

S100 and the CaM/CaM-like proteins, within a framework termed “binding and functional 

folding (BFF)” (Figure 1.2) [2-6]. The mechanism for a type 1 BFF is concerted and is 
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represented by members of the S100 protein family, many of which increase their Ca2+-

binding affinity allosterically upon CBP-target complex formation. A type 1 BFF 

mechanism ensures that a complex forms appreciably to “turn on” a proper cellular 

function(s) only when sufficient levels of the CBP, the effector protein target, and 

“activated levels” of free Ca2+ approaching ~500 nM are expressed or delivered into the 

cytoplasm, respectively (i.e., S100 family; type 1 BFF). On the other hand, a type 2 BFF 

occurs via a stepwise mechanism, as illustrated via CBP-target complexes involving 

calmodulin (CaM) or many CaM-like proteins [7]. As with a type 1 BFF, timeframes 

relevant to cellular outputs are used as a means to limit the number of theoretically possible 

states to those which are sufficiently populated and having lifetimes long enough to deliver 

important cellular function(s). Specifically, the first step of a type 2 BFF involves a BFF 

CaM binding event at resting Ca2+ levels (~100 nM) to give a “functionally inactive” but 

stable CaM-effector complex, which is required and “on pathway” for a BFF event as step 

2. The second step produces a “functionally active complex” as increasing intracellular

Ca2+ levels approach ~500 nM (i.e., CaM, CaM-like subfamily; type 2 BFF). Details for 

how these biomolecular complexes achieve allosteric tightening will be considered in in a 

manner that considers all sequence space of the CBP and its effector protein. 
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Figure 1.2. Cartoon illustrating the spread of atomic trajectories and the changes in the 
protein dynamics for all amino acid residues during functionally relevant binding and 
folding events. 
The events are categorized in a hierarchical manner from top to bottom for mathematical 
considerations, with those having the smallest conformation change(s), smallest change(s) 
in ensemble size, and the lowest relative number of amino acid residues undergoing 
change(s) in global and/or local dynamic character at the top and those with the smalleat 
change(s) at the bottom. The events are labeled as pertaining to binding (B), folding (F), 
binding & folding (BF) and “Binding and Functional Folding” events (BFFs) for discussion 
purposes only, but these labels are not to be considered strict hierarchical definitions as 
mechanisms of action more complicated than those illustrated here exist throughout nature.  
For simplicity, noncooperative interactions between noninteracting residues are considered 
“Type 0” binding events.  “Type 1” events are concerted and involve cooperativity among 
amino acid residues in the protein or upon complex formation and “Type 2” events are 
stepwise, on physiologically relevant timescales, with at least 1 step showing pairwise 
cooperative behavior among residues within a protein during folding or the proteins upon 
complex formation. 
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C. Binding and functional folding (BFF).

Calcium-binding proteins (CBPs) undergo allosteric tightening of Ca2+ binding 

within their EF-hand binding site(s) when a distant target-binding site is occupied by an 

“effector protein” (Figure 1.1). Such an “action-at-a-distance” mechanism of allostery is 

key for many biological processes as has been reviewed extensively [8-20]. Briefly, the 

earliest models of allostery typically relied on how static protein structures could be 

correlated to cooperative binding curves of specific ligands, such as oxygen binding to 

hemoglobin [21]. Two fundamentally distinct mechanisms arose for modeling allostery or 

cooperative ligand binding including one from Monnod, Wynam and Changeux, the MWC 

model [22], and a second one from Koshland, Nemethy and Filmer, the KNF model (Figure 

1.3) [23]. The MWC model was based the concept that proteins exist in a preequilibrium 

of two interconvertible states without ligand, first termed a tensed state, T, and a relaxed 

state, R. In this model, the affinity of protein for ligand was defined by a conformational 

change that shifted the equilibrium towards one of the two states and was dictated by 

“conformational selection,” whereby proteins adopt a ligand/target bound state prior to 

binding [24]. MWC models were improved as changes in structure and oligomerization 

states could be detected to explain allostery at atomic resolution [25-30]. Whereas the KNF 

model, or what is sometimes termed an “induced fit” mechanism, described an allosteric 

protein as first binding a ligand in an apo-state followed by a concerted structural 

rearrangement to reach its final conformation [31]. The KNF model postulated that 

sequential binding of ligand to a target protein cooperatively alters the affinity for the 

ligand, at neighboring binding site(s), which coincides with conformational 

rearrangements to make it more thermodynamically favorable (or unfavorable) to bind a 
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second ligand, at a second site that is distant from the first. Both models were rooted in the 

idea that conformational changes could be detected and distinguished as structural states, 

and in the best examples, directly correlated with observed cooperativity or tightening of 

ligand binding [11]. However, both approaches were limited by the amount of structural 

detail available to describe accurately the number of structural states required for such 

allosteric interconversions to occur during binding. As such, the success of such an 

approach, as was recognized, relied on the principle termed “Occam’s razor,” such that 

“with other things being equal, explanations that posit fewer entities, or fewer kinds of 

entities, are to be preferred to explanations that posit more”. In essence, the norm was to 

use the simplest model that fit the facts, particularly when describing the number of states 

and their interconversions, an idea which is proposed here once again within the BFF 

framework. In this case, limiting descriptions of biomolecular interactions to functionally 

relevant states, their interconversion, and time-constants/rates relevant to biological 

functions is the focus, but with the inclusion of experimental data at the atomic level from 

the most advanced methodologies now and as they arise. 
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Figure 1.3. Structure- and Ensemble-based Models of Allostery 
(A) MWC model (Monnod, Wynam and Changeux) where a pre-equilibrium of protein
(blue) can exist in a tensed state (T) or relaxed state (R), and ligand (L) (orange) shifts the
equilibrium towards the relaxed state. (B) KNF model (Koshland, Nemethy, and Filmer),
based on a sequential induced-fit binding mechanism where a protein binds ligand to cause
a conformation change. Such a conformational change shifts the equilibrium towards a
second higher affinity ligand-binding event. (C) “Dynamic allostery” models are
represented in cases where ligand-binding stabilizes the internal dynamics of a protein, but
do not necessarily cause a large conformation change. (D) For the “Conformational
selection via a population shift” model, a protein exists as an ensemble of states and ligand
binding shifts the population of these states towards those that bind ligand and ultimately
reduces the internal protein dynamics upon complex formation.
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Over the years, major advances in allosteric models were achieved as experimental 

approaches were improved and allostery moved towards treating single states as “dynamic 

ensembles” and transitions among states within funneled “energy landscape” descriptions.  

Such modeling more globally considers various thermodynamic parameters, time-

dependent mechanisms, including binding kinetics (kon, koff), and the internal dynamic 

properties of the proteins in the complex, as well as their specific changes upon complex 

formation. Such combinations of data can also be used to consider conformational 

heterogeneity, including those of small or not even detectable conformational changes, as 

well as complex sequence-dependent contributions to allostery [11]. Leading to a paradigm 

shift in the description of allostery, proteins are now typically described as an ensemble of 

exchanging states on slower timescales with faster timescale motions being used as well to 

consider thermodynamic effects of water and/or conformational entropy of the allosteric 

biomolecular complex within an energy landscape description(s) [11, 32-35]. For example, 

the emergence of models such as “dynamic allostery,” as proposed by Cooper and Dryden 

considered various protein fluctuations on multiple timescales and how they enabled 

allosteric communication between distant sites even in the absence of defined/observable 

conformational changes. The consideration of protein dynamics invoked mechanisms 

whereby ligand induced changes in the internal dynamics of a protein among a number of 

thermodynamic states (Figure 1.3) [36]. However, because structural studies such as X-ray 

crystallography were not able to accurately detect such conformational exchange between 

these varying states, treatments of allostery in this manner could be lacking in experimental 

validation and/or predictive power. Additionally problematic, is the interpretation of X-ray 

structures was complicated by the long-time knowledge that the process of crystallization 
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can itself readily dampen structural fluctuations necessary to describe protein dynamics 

and state interconversions, including most importantly, the motions directly impacting, 

pairwise amino acid interactions, and ligand or metal ion binding [2]. Because X-ray 

structural studies alone were not yet well-equipped to consider dynamic states or their 

interconversion, other structural methods, including NMR, were employed to describe 

allostery in solution within a very broad range of timescales (ps-secs), with atomic level 

information, and by mimicking effects such as viscosity and other physiochemical 

properties including those relevant to the biology of biomolecules in normal and disease 

states [37, 38]. 

Although NMR has advanced how allostery is treated over the last 30 years [39-

42], we will limit our discussion here to a narrow focus on a very a well-known family of 

allosteric biomolecules involving EF-hand-containing Ca2+-binding proteins (CBPs) and 

their interactions with physiologically relevant protein targets. Moreover, CBPs are well 

suited for studying the structures and dynamic properties of lower molecular weight 

allosteric biomolecular complexes with atomic level detail that are ideal for NMR data 

collection. Although, beyond the scope of this review, advancing computational power has 

allowed for molecular dynamic simulations, which approach the μs – ms timescales more 

achievable, which is another major advance for pursuing quantitative and predictive 

treatments of allostery together with experimental detail [43]. Regarding structures and 

biophysics, we are currently in an ideal time for using a combined set of tools to examine 

the allostery for these and even much larger biomolecular complexes containing multiple 

subunits by including data combined from single-particle cryoEM, X-ray, NMR, and 

numerous other innovative biophysical, biochemical, and advanced computational 
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approaches [44, 45].  

Importantly, it is essential that evolution is not ignored when considering protein 

folding and biomolecular interactions (Figure 1.1). Specifically, amino acid residues and 

their pairwise or higher order interaction(s) within a 3D fold encode structural stability for 

about 103 to 104 protein folds.  Additionally, such the amino acid sequence also encodes 

for critically important functions, often via allosteric processes via less homologous 

regions.  As such, evolutionary pressure to conserve physically attainable folds via amino 

acid sequence is recognized as the “fold over function” postulate of evolution, but such an 

observation is not sufficient for understanding biological function [46]. Nonetheless, it 

must be recognized that coevolution of structure and associated functions is often obscured 

by artifactual signals such as genetic drift, which is caused by inter-clade and intra-clade 

sequence comparisons and demonstrate that coevolution can be measured on multiple 

phylogenetic timescales within a single protein. This phenomenon predicts functional 

coevolution to be more difficult to detect and often opaqued by structural-contact 

predictions.  While beyond the scope of this review, newly developed genomic methods, 

calculate nested coevolution (NC) as a way to separate inter-clade and intra-clade sequence 

comparisons via novel energy landscapes that minimize noise and can detect allosteric 

coevolved mutations as well as for other functional outputs [47].  Likewise, in biochemical 

experimental studies, use of systematic pairwise, and higher order mutagenesis constructs 

to delineate whether pairs of amino acid residues are interacting cooperatively, are 

restrained in an anticooperative manner, or non-interacting in various binding modes are 

very impactful including for transition-state stabilization consideration in enzymes in 

which the active site is highly evolved for making and breaking chemical bonds with free 
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energy barriers as large as 16 kcal/mol, in the case of phosphodiester hydrolysis [48-50]. 

Thus, it is clear that mutant cycle studies, genomic, and evolutionary considerations are 

impactful for predicting and detecting cooperative processes and allostery, including for 

enzymes, but such treatments are reviewed thoroughly elsewhere [51, 52]. 

For brevity, site-specific characterization of the structure and dynamics properties 

for two relatively simple allosteric complexes involved in Ca2+-signaling will be discussed 

here, which are amenable to NMR studies on multiple timescales that give site-specific 

data, but pertaining to all residues in the sequence simultaneously (Figure 1.3) [53]. For 

this reason, we embarked on studying low molecular weight CBP complexes as they could 

be most easily interpreted and used as “basis sets” for benchmarking advanced 

computational approaches and for learning about larger and more complicated allosteric 

systems. Fast timescale motion (ps-ns) can be described rigorously via NMR using the 

general order parameter (S2) as well as by analyzing steady-state heteronuclear NOE values 

directly to better consider degrees of freedom available within local regions of the protein 

as well as to gather information pertinent to conformational entropy [32]. NMR is also well 

suited for distinguishing fast-timescale motions from conformational exchanging states 

(Rex) occurring on slower timescale motions (μs – ms; [54-63]). While NMR studies are 

most difficult to achieve in the μs timescale regime, straightforward binding and kinetic 

information is useful to help guide sparser amounts of NMR data on this biologically 

important timescale. Likewise, NMR provides a foundation for collecting data regarding 

the structure and dynamics for specific amino acid residues within a protein and guide 

theoretical modeling of kinetic, thermodynamic, and other energetic properties as well as 

to initiate more mathematically rigorous descriptions of allostery in a quantitative 
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manner[64]. 

This scenario for studies of biomolecular interactions and allostery is highly 

reminiscent of the protein folding problem, so incorporating NMR and other experimental 

data with applied mathematical models is a next logical step for studying biomolecular 

interactions. Particularly when considering recent successes with deep-learning (DL) and 

artificial intelligence (AI) methods for predicting protein folds [65-68]. Furthermore, as 

with protein-folding, what is often termed “Levinthal’s Paradox” that predicted very long 

protein-folding timeframes for searching all the possible degrees of freedom available to 

an unfolded sequence, this paradox was solved relatively easily via providing bias against 

locally unfavorable interactions even on the order of a few kT, and which are described 

often as “local interactions” and/or “nucleation events” that lead to “funneled energy 

landscapes” and rapid folding times [69, 70]. Similar arguments can be made here for 

attaining relatively compact biomolecular interactions from lesser compact dynamic 

ensembles (Figure 1.1). However, questions pertaining to distinguishing subtle changes in 

structure, dynamics, and their interconversions for predicting biomolecular interactions 

remains a challenge that is intensely under pursuit [71-73]. Such AI/DL prediction 

algorithms will require improved “training sets” and other innovative approaches for 

distinguishing the details of the most complex biomolecular interactions, particularly when 

they are highly specific and/or allosteric in nature. 

Nonetheless, empirically driven models of allostery and frameworks for their 

consideration are in place and used widely. For example, as was recognized by Hilser et 

al., Nussinov et al., and others, descriptive protein ensembles and energy landscapes are 

indeed highly useful and informative for systematically considering allostery [10]. The 
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kinetic pathways from such treatments of ensembles helps limit studies to those 

biologically significant states in what is sometimes termed “conformational selection via 

population shift” or “ensemble allosteric” models [10, 24, 74, 75]. These models of 

allostery have dynamic ensembles of protein conformations parsed based into energetically 

distinct states with varying dynamic features that can be used to consider protein-protein 

complexes, including those which are allosterically driven [11]. It is important to note here 

that proteins, including CBPs, can exist for short-lived intermediate states, perhaps 

analogous to “foldons” using a stepwise route to a fully folded protein [7, 76, 77].  Thus, 

with a range of such kinetically available conformations in solution, the association of 

ligands (i.e., ligandkon), which can be fast, can sample and effectively alter the free energy of 

such states and be affected profoundly by single or multiple amino acid changes that may 

occur over time (i.e., mutations) per evolution and/or inherited as part of a genetically 

derived disease state. Thus, bound versus free conformations dictated by kon/koff further 

define the number of such states available at any given time when the components of the 

final complex are available. It is this “search of states” as well as their “kinetic 

interconversion ,”  that we and others are considering for allostery of biomolecular 

interactions and their evolution over time, including Nussinov et al. and Ranganathan et al. 

with what they term a “unified view” or an “allosteric network ,”  respectively [78, 79].  

While these models postulate that allostery is propagated on a residue-specific 

level, the underlying search is often for a subset of residues that dominate the linking of 

functional sites within a folded protein [78]. In such a network model for allostery, critical 

residues are defined in an allosteric pathway(s) and are correlated based on dynamical 

information. However, unlike these models, which focus on residues in a hierarchical 
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manner, for example “critical residues” along a path to a functionally relevant complex, 

we prefer to consider the term “folding,” or something analogous to a “folding” process, 

which includes all residues within the protein(s) sequence at once, whether they provide a 

“basic” or “specific” biological function, rather than a “critical subset(s)” of residues 

needed for allostery. It is proposed that focusing only on residues that “dominate” an 

allosteric response may erroneously lose aspects of complex formation relating to 

specificity, which are likely evolving incrementally, and may be those which are most 

important for achieving a fully and/or optimally functional complex and/or one with high 

levels of specificity. Thus, we suggest a global “folding” framework is preferable since the 

formation and dissociation of such allosteric complexes can dictate the following set of 

biologically important principles, which have evolved in nature. These  include (i) a 

sequence space necessary to produce approximately 104 folds parsed in the protein 

database (PDB) achieved via numerous “funneled landscape” models as reviewed [7] (ii) 

biomolecular interactions that nucleate folding events, many of which are from protein-

protein and/or protein-metal interactions involving intrinsically disordered proteins (IDPs), 

which we term here as binding/folding interactions (BFs) and (iii) those that discriminate 

for function, which are delineated within the Binding and Functional Folding (BFF) 

framework. In all three cases, there is often a biological need to rapidly form functionally 

relevant states inside of a cell and avoid severely problematic “off-pathway” events. We 

contend that this BFF framework is the most vastly populated set of states and is driven by 

some major principles, including allostery. Specifically, the BFF events will typically be 

(i) cooperative, as is often the case for highly correlated motions in proteins and (ii) 

empirically discriminated via the evolution of relevant states or pathways to states as are 
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needed to remain at a time constant proper for optimal biological function, whether it is the 

lowest energy state or not. Finally, while considerations of thermodynamics and kinetics 

at a molecular level are paramount to describing allostery for highly correlated motions 

[80], it will also be prudent to consider physical forces such as those arising from directed 

trajectories of mass, even at the molecular level, as well as a potential for achieving 

directions of force and/or even torque in future characterizations of allostery. This is 

particularly relevant for models that have transition states most closely resembling a 

functionally relevant state [81]. Of course, “off-pathway” binding events can arise in high 

numbers theoretically, but as mentioned, these would only get passed down genetically to 

progeny in the form of “misfolding diseases” when they do not affect an organism’s 

reproductive capacity [69, 82-84]. Thus, a major thrust in understanding how such off-

pathway states form in disease will additionally have profound impacts for how off-

pathway states could be mitigated via therapeutic and/or other treatment approaches.  

D. EF-hand calcium binding proteins (CBPs). 

Structural requirements governing the Ca2+-dependence of S100-target complexes 

are reviewed extensively [3, 85-95]. Within the context of cellular function timelines, two 

BFF mechanisms will be described. The first is a concerted mechanism, as represented by 

Ca2+-dependent S100-target complexes, which do not form unless sufficient concentrations 

of the S100 protein, target protein, and elevated free Ca2+ levels (> 500 nM) are present 

(Figure 1.4). Moreover, in the absence of target, the Ca2+-binding affinity for most S100 

proteins is relatively low (KD > 1 μM), and thus, they do not sequester significant amounts 

of free Ca2+ from the intracellular pool unless their functionally relevant molecular target(s) 

is/are available. This allosteric property is significant physiologically, as there are 
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approximately thirty EF-hand Ca2+-binding proteins in the S100 protein family in 

mammals, many of which are present at micromolar concentrations within the cell.  

Figure 1.4. Two types of Binding and Functional Folding (BFF) illustrated for Ca2+ binding 
proteins (CBPs). 
(A) One type of BFF allostery termed, Type 1 BFF, regulates CBPs such as those in the 
S100 protein family (blue), which do not appreciably interact with target at resting free 
[Ca2+] (left panel). Type 1 BFF occurs only when Ca2+ levels are elevated and the proper 
S100 and target protein are available (dark orange) as needed to be regulated within a 
narrow dynamic range of physiologically relevant free Ca2+ ion concentrations (0.1 to ~1 
μM). An example for an S100 protein is illustrated for the activation of PKA by CaS100A1 
at approximately 0.3 μM free Ca2+ (right panel) [96]. This class of CBP-target-complex 
formation is concerted on a timescale relative to the biology of the signaling event and is 
most typically regulated via kon for the CBP-target interaction. Thus, a rise in intracellular 
Ca2+ upon signaling (~1 μM, arrow) triggers Type 1 BFF (found for S100A1-RIIβ of PKA 
[96]) as needed to cause biological function in its effector, for example the Ca2+-dependent 
activation of PKA. Such a Type 1 concerted BFF mechanism enables a structurally 
conserved family of proteins to evolve, with non-homologous sequences within the family, 
to deliver a target protein specific complex.  (B) An example for a Type 2 stepwise BFF is 
illustrated for CaM [7]. Specifically, the Ca2+-bound C-lobe of CaM (dark blue) binds to 
its target (light orange) in an inactive form (Apo, CaCaM-Target), prior to a Ca2+-signaling 
event at resting Ca2+ concentrations (0.1 μM). Upon a rise in intracellular Ca2+ during 
signaling (~1 μM, arrow) a Type 2 BFF is triggered, as found for CaMBD2 of RyR2 [97], 
MLCK [1, 7] and others, where the Ca2+-bound CaM N-lobe (light blue) interact with the 
target via a BFF event (CaCaM-Target) as needed to cause biological function in its effector. 
Such a Type 2 stepwise BFF mechanism enables an evolutionarily conserved CBP, CaM, 
to interact with a large number of effector proteins [98-101]. 
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Figure 1.4. Two types of Binding and Functional Folding (BFF) illustrated for Ca2+ binding 
proteins (CBPs). 
 

Ca2+-dependent interactions of CaM with a large number of biological targets are 

reviewed extensively [81, 98-101], and complexes such as the CaCaM-MLCK peptide 

[102], CaCaM-CaMBD2 of RyR2 [97], and many others occur in a stepwise manner [7]. 

For these prototypical complexes, the C-lobe of CaM interacts with a target in the apo- or 

at resting levels of Ca2+ (i.e., 100 nM), but as Ca2+ levels increase upon a Ca2+-signal, the 

N-lobe becomes occupied with Ca2+ and the complex rearranges into what is a well-known 

“active form” in which two “foldon-like” domains of CaCaM, the N- and C-terminal 

domains, wrap around the target protein to induce a biological effect. This can include 

enzyme activation, as is the case for the MLCK complex described here or regulation of 

RyR2 channel gating (Figure 1.4). While there are many modes of allosteric CBP-target 
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interactions, even for these two EF-hand CBP subfamilies, for brevity, only these two basic 

mechanisms of allostery will be considered here (S100, Type 1; CaM, Type 2). While the 

allosteric properties of these Ca2+-dependent CBP-target complexes are well-characterized 

[2, 102], the mechanism(s) by which allostery occurs is not fully understood. To do this, 

changes in structural and dynamic properties throughout the entire sequence of the proteins 

will be considered and used to provide rational treatments for how specificity can be 

discriminated for CBP-target interactions for members of the S100 family versus the more 

promiscuous nature of CaM-protein target complexes [81] [103, 104] [69]. 

 Type 1: Concerted BFFs for S100-target complexes. The S100 protein family 

consists of over 25 members with a wide diversity of protein targets, functions, and 

involvement in disease states [3, 87]. Originally named for being 100% soluble in 

ammonium sulfate, these small, structurally similar proteins typically form homodimers 

via an X-type four-helix bundle fold in solution at less than pM concentrations [105], with 

the lone exception being calbindin D9k, which is monomeric in solution even at mM 

concentrations [106]. In contrast to CaM, S100s are expressed exclusively in vertebrates 

and often exhibit a high level of specificity for protein targets, thus allowing for the 

regulation of many biological pathways in a cell-specific manner [87]. While CaM is 

known to interact with multiple targets in the absence of Ca2+, those in the S100 protein 

family rarely do so, but more typically undergo Ca2+-dependent conformational change as 

a requirement for binding target proteins [96]. Further, understanding how the S100-target 

interactions are specific is important for designing S100-specific therapeutics, as is 

underway for numerous diseases in which particular S100 proteins are overproduced. For 

purposes of this discussion, however, the goal is to understand the allosteric regulation of 
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S100 proteins which represent a very useful and relatively simple model since each S100 

protein contains only a single canonical EF-hand Ca2+-binding domain per subunit in its 

C-terminus. Thus, the allostery within this family of proteins is relatively straightforward, 

as compared to numerous other allosteric protein complexes that possess more complicated 

kinetics and thermodynamics states of binding as well as potential(s) for contributions to 

cooperative binding/allostery arising based on higher order oligomerization states. 

 In the Ca2+-free form, S100 proteins are in a “closed” conformational state with the 

target binding site blocked. Ca2+-binding to S100 proteins occurs through two EF-hand 

motifs connected by a region termed the “hinge”: EF1, an N-terminal “pseudo” or “S100” 

EF-hand (14-residue), which exhibits lower Ca2+ affinity and EF2, a C-terminal 

“canonical” EF-hand which exhibits high Ca2+ affinity [107, 108]. However, for the 

purposes of this BFF mechanism, consideration of ApoS100s is not necessary since on their 

own they have little, if any biological function or effect on the cell. In the presence of Ca2+, 

however, CaS100 proteins undergo a structural rearrangement in the C-terminal canonical 

EF-hand allowing them to favorably interact with and regulate numerous binding partners 

(Table 1.1). For example, helix 3 of S100B reorients ~90 degrees relative to helix 4 of EF2, 

upon the addition of Ca2+, exposing a hydrophobic pocket that is important for undergoing 

Ca2+-dependent CBP-target protein-protein interactions (PPIs). In the absence of a 

molecular target, S100 proteins typically have a low affinity for Ca2+ (KD >> 1000 nM) 

allowing them to exist at micromolar concentrations inside the cell without depleting free 

Ca2+ levels and “short-circuiting” Ca2+ oscillations (Table 1.1). Thus, very low levels of 

CaS100 proteins are "poised and ready" to respond to rises in free Ca2+ associated with cell-

signaling events, but only when their specific effector protein is expressed and available at 
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sufficient levels inside the cell to form a cooperative allosterically driven CaS100B-target 

complex. 

Table 1.1. Dissociation constants (KD) of Ca2+ from EF2 for various S100s in the absence 
and presence of peptide targets. 
S100 protein Ca EF1KD 

(μM) 
Ca EF2KD (μM) Fold change 

in Ca EF2KD 
vs. S100 
alone 

TargetKD (μM) 

S100A1 250 27+2 [109] - - 
S100A1-TRTK-12 - 8+3 [110] 3.4 23+6 [110] 
S100A1-RyR - 0.1 [111, 112] 270 8+1[112] 
S100A1-RIIβ - 0.3+0.1[96] 90 2+1[96] 
S100B 350 56+9 [113] - - 
S100B-p53 - 20+3 [114, 115] >2.8 24+7[113] 
S100B-TRTK-12 - 12+10 [113] 4.7 2.9+0.5[113] 
S100A4 >500 2.6+1.2[116] - - 
S100A4-p37 - 0.2[117] 13  
S100A4-mysIIA 3.6+0.2[118] 0.26+0.01[118] 10 `<0.001[119] 
S100A5 160 0.2[120] - - 

CaS100-target KD values are provided in addition to Ca EFKD for CaS100 and CaS100-target 
complexes. Error values are indicated when provided by the reference.   
 
 Characteristic of other EF-hand calcium-binding proteins, most S100 proteins have 

an increased affinity for Ca2+ in the presence of a molecular target (Table 1.1) [110, 113]. 

Importantly, when interactions with larger peptides and/or full-length targets are examined, 

Ca2+ binding affinities are tightened as needed to be functional during an intracellular Ca2+ 

signaling event in the 100 to 1000 nM range; whereas S100 interactions with smaller 

domains or peptides do not always achieve a functionally relevant state since only smaller 

increases in affinity are observed. Such observations alone, with peptide-binding 

experiments, are indicative that sequences in the target protein beyond those involving the 

major PPI binding site are needed to fully engage and provide a functionally relevant 

allosteric effect in this protein family. As specific examples, functionally relevant S100-

target complexes were observed involving the canonical EF-hand (EF2) of CaS100A4-p37 
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and CaS100A4 nonmuscle myosin IIA, which bind Ca2+ at nM concentrations ranging from 

200-300 nM [117, 118, 121, 122]. A second example is with CaS100A1, which is an S100 

protein shown to activate skeletal muscle protein kinase A (PKA), even in the absence of 

cAMP, and at physiologically relevant Ca2+ concentrations (~300 nM) [96], and there are 

many more [3, 87]. In the case of CaS100A1, specificity of CaS100A1 for PKA RIIβ (versus 

CaCaM, CaS100B) and allosteric tightening of Ca2+ was fully apparent in this highly specific 

S100-target protein interactions [96]. 

 Insights regarding the mechanism of action for Ca2+-binding to S100 proteins were 

probed by NMR in some detail for several S100 proteins, including for S100B versus 

S100A1 [2, 123, 124]. At first, this included studying motions ranging from ps to ms 

timescales in the absence and presence of Ca2+ in both EF-hand Ca2+ binding sites for 

S100A1 [125], S100B [64], S100A4 [126], and S100A5 (Figure 1.5) [127]. In each case, 

Ca2+ binding to the S100 protein in the absence of a target, most often decreased and/or 

eliminated dynamic features in the EF-hand Ca2+ binding loops for CaS100A1, CaS100B, 

CaS100A5, CaS100A4, and for Cacalbindin D9k on a range of timescales (Figure 1.5) [2, 121, 

127-130]. In contrast, dynamic properties in the “hinge” (loop 2) and C-terminal region 

were not quenched upon Ca2+ binding, and in some cases, including CaS100A1 and 

CaS100B, the addition of Ca2+ actually provided additional dynamic features upon binding 

Ca2+, on both fast and slow timescales [2, 127, 128]. Moreover, Ca2+ binding to ApoS100A1 

enhanced slow timescale motion for several residues in helices I, II and IV of CaS100A1 

upon comparison. Because the Ca2+-initiated motions were found to occur mostly in 

nonhomologous regions, when S100A1 and S100B were compared these findings plus the 

fact that these regions were important for target protein binding, were used to hypothesize 
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early on that such dynamic features in this “hinge” region and these other interacting 

regions could potentially be important for molecular recognition a hypothesis that also 

provided some rationale for target binding specificity inside a cell [131-133].  

 
Figure 1.5. Dynamic properties of S100s in the absence and presence of Ca2+ and/or target 
peptide. 
Secondary structures of S100B, S100A4, and S100A1 are shown along with the 
corresponding sequences in the absence and presence of Ca2+. In red are residues that 
exhibit fast time scale motion (ps-ns) determined from either S2 (for S100A4 and S100A1) 
or NOE measurements <0.75 (S100B). Residues with slow timescale motion (μs– ms) are 
shown in blue and were identified by relaxation dispersion NMR measurements (Rex). 
ApoS100A4 was derived from mouse and CaS100A4 in the absence and presence of 
nonmuscle myosin IIA derived peptide (MPT) was derived from human and is missing 13 
residues from the C-terminus [121, 126]. MPT binds S100A4 asymmetrically, so the two 
monomers (A, B) were evaluated separately [121]. Not pictured is the sequence specific 
dynamic data of ApoS100A5 and CaS100A5 [127]. A similar mechanism of reduced 
dynamics was found for CaM [134].  
 

NMR relaxation studies for CaS100B and CaS100A4 are compared in the absence 

and presence of a peptide target to better understand how target binding to an S100 protein 

increases its Ca2+-binding affinity [2, 121].  In the absence of a peptide from nonmuscle 

myosin IIA, termed the MPT peptide, many residues of helix I of S100A4 exhibited slow 

timescale conformational exchange (Rex), but this Rex was reduced significantly upon MPT 

binding. Of particular interest was that helix I is not part of the target recognition site, but 

instead makes up part of the dimer interface; thus, it was interpreted that the reduced 
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dynamic properties of helix I likely contributed to S100A4 dimer stabilization in the 

presence of peptide versus direct effects on Ca2+. Nonetheless, changes throughout the 

sequence of CaS100A4 were observed rather than residues originally hypothesized to link 

target-binding to Ca2+-binding as part of the allosteric effect. Likewise, many residues of 

CaS100B in helix I, the hinge region, helix IV, and the highly mobile C-terminal tail, show 

reduced slow timescale motion (less Rex) in the presence of TRTK-12 versus in its absence 

(Figure 1.5, 1.6), again showing global changes throughout the entire sequence of the 

protein upon the addition of a peptide target, TRTK-12 [2]. 
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Figure 1.6. Changes in dynamic properties of CaS100B upon binding TRTK-12. 
(A) Residues exhibiting fast, and slow timescale motion are highlighted in red on ribbon 
diagrams for CaS100B, and CaS100B-TRTK-12 (grey). A target peptide such as TRTK-12 
(orange) reduces the dynamic properties of S100B throughout the entire protein sequence, 
including for residues within EF2, as shown by blue contours. (B) Ca2+-coordinating 
residues within EF2 are shown in a diagram where N63 of CaS100BD63N exhibits slow 
timescale motion (blue), which decreases upon binding TRTK-12 and contributes to Ca2+-
tightening. (C) A ribbon diagram of the NMR structure of CaS100B is illustrated with 
residues colored in red that show reduced motions on fast (ns-ps) or slow (μs-ms) 
timescales upon addition of a peptide derived from CapZ, termed TRTK-12. Similarly, side 
chain amide correlations for Asn or Gln, which show a decrease or loss of chemical 
exchange upon TRTK-12 addition are highlighted in cyan.  
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Importantly, to link these changes in dynamic features to residues within EF2 of an 

S100 protein, 15N sidechain motion in a Ca2+ coordinating residue was examined in the 

absence and presence of a target molecule [2]. Specifically, a D63N mutant of S100B 

(CaS100BD63N) was studied since the 15N-atom on the sidechain of this asparagine residue 

could be readily detected and monitored via NMR. As a control, the D63N mutant was 

shown to coordinate Ca2+ in a manner similar to that of the wild type S100B via X-ray 

crystallography, and it was found indistinguishable Ca2+ binding properties when 

compared to the wild-type protein. Importantly, the sidechain motion of D63NS100B was 

found to be mobile in the absence of the target peptide, but static upon binding to TRTK, 

as is consistent with it coordinating at the third position of the EF-hand upon binding of 

the protein target and thus at least partially demonstrating allosteric tightening observed in 

the kinetic and thermodynamic Ca2+-binding experiments [2, 113] (Figure 1.6). In addition 

to changes in dynamics discovered for this coordinating residue, many other residues 

throughout the entire sequence of S100B, both in homologous and nonhomologous 

regions, showed a significant reduction in their dynamic properties (Figure 1.6). In 

summary, both CaS100A4 and CaS100B exhibited dynamic properties in the absence of 

target across multiple timescales, which were eliminated in the presence of molecular 

target, including for S100B at a Ca2+-coordinating residue as is consistent with allosteric 

tightening. Residues with diminished motion not only belong to the peptide-binding 

pocket, but also occur throughout the entire protein, sometimes far from the hydrophobic 

groove. In the presence of Ca2+, but in the absence of target, it was proposed that S100 

proteins sample different conformational states on the μs– ms timescale as evidenced by 

widespread chemical shift perturbations and Rex observed throughout sequence space 
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within various CaS100s [2].  A second important dynamical feature is that TRTK-12 and 

MPT are disordered/random coil peptides prior to binding S100 and gain secondary 

structure upon binding [110, 121]. This phenomenon was observed for several CaM target 

peptides, which gain helicity upon binding to CaCaM [7, 135-138]. Thus, it is clear that 

structural and dynamic changes occur throughout both the CBP and the target protein in a 

concerted manner, with some of these changes observed directly in the coordination sphere 

of the EF2 Ca2+-binding site, as is consistent with the allosteric tightening of Ca2+-binding. 

 It is also important to distinguish that Ca2+-tightening observed is achieved by 

reducing dynamic properties of Ca2+-coordinating residues versus an alternative in which 

additional coordinating residues are added as found for the tightest of CBPs, such as 

parvalbumin [139, 140].  Specifically, an alternative explanation for the tightening of Ca2+ 

is that the overall coordination of Ca2+ was more optimal when the target was bound. 

Specifically, the scenario that a ligand to Ca2+ that is typically occupied by a water 

molecule in most EF-hand proteins could possibly be coordinated by the S100 itself. This 

possibility was ruled out for the CaS100B- and CaS100A4- complexes since in both cases 

the Ca2+ coordination was found to be identical, with the same water occupancy, whether 

or not the target was bound [2, 121]. For the CaS100B-TRTK complex, additional 

information pertaining to the dynamic ensembles was examined, including the potential for 

the existence a pre-equilibrium between closed (ApoS100) and open (CaS100) states of S100 

proteins prior to Ca2+ binding, whereby target-binding shifted the equilibrium towards the 

Ca2+-bound state [2]. However, in the absence of Ca2+, there was no evidence of S100B 

binding to TRTK-12 or for S100A4 binding to MPT [2, 118] even at mM concentrations, 

nor was any pre-equilibrium detected via fluorescence measurement in the case of the 
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S100B-TRTK12 complex, which were completed at concentrations as low a 10 nM (data 

not shown). It is for these reasons that only the CaS100 state is considered for the dynamic 

ensembles involving the BFF type 1 mechanism of action, and the ApoS100 state is not.  

Similarly, CaS100A4 did not exhibit slow motion at the Ca2+ coordinating residues versus 

ApoS100A4, also implying that there is no chemical exchange between the open and closed 

states as part of its S100-target dynamic ensemble for this S100 in the absence of Ca2+. 

Furthermore, ApoS100B did not exhibit Rex for residues in EF2 or helix III, which would be 

expected and important for hydrophobic site exposure upon binding Ca2+, as would be 

predicted if a pre-equilibrium did indeed occur. Together, these studies indicate that a pre-

equilibrium between open and closed states for these S100 proteins is unlikely to contribute 

to Ca2+ tightening within detection limits of the relaxation dispersion data set collected (< 

1%).  

A third empirical model to explain S100 allostery is the target “binding and 

functional folding” (BFF) model, which is more closely related to conformational selection 

mechanism(s) reviewed previously [11]. Specifically, in the absence of target, protein 

dynamic properties contribute to less defined forms of the S100 Ca2+ binding sites and thus 

global bind of Ca2+ to these states is relatively weak. Upon binding to molecular target, the 

Ca2+ sites become stabilized, shifting the ensemble of conformational states throughout the 

protein toward those that minimize dynamics in the Ca2+ binding loop, resulting in slower 

koff values and overall higher affinity (Figures 1.6, 1.7).  It was next found that an associated 

decrease in volume surrounding many atoms of the protein, were observed in modeling 

studies, including and most importantly for those atoms of EF hand coordinating residues 

(Figure 1.7). In essence, the “BFF” mechanism of action is ultimately rooted in the 
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conformational averaging between Ca2+ binding states with varying Ca2+ affinities of 

peptide free CaS100 (Figure 1.8). Such NMR studies of S100A4 and S100B suggest that 

the binding of peptide shifts the interaction toward a set of states that bind Ca2+ more tightly 

and have reduced dynamic properties throughout the proteins, which was evolved 

throughout the sequences of both the target and CBP. Particularly relevant to this 

observation, is that full-length targets, such as RyR binding to CaS100A1, tighten the Ca2+ 

affinity of CaS100 proteins even more significantly than small peptides derived from the 

full-length protein target. Thus, the full-length targets certainly impact the BFF mechanism 

via reducing dynamic properties with even further precision than smaller peptide targets at 

atoms throughout the entire protein sequence, and importantly in EF2 (Figure 1.8) [2, 111].  

Figure 1.7. Allosteric increases in Ca2+ binding affinity of EF hands upon target binding as 
represented by a concerted “Type 1 BFF” event or via stepwise “Type 2 BFF” event. 
(A) A cartoon representation of an EF hand (blue) belonging to an S100 protein or CaM 
that exhibits dynamic properties (blue contours) in the presence of Ca2+ (green spheres). 
(Inset) In this model, Ca2+ coordinating atoms like oxygen (red spheres) have a larger 
volume available for Ca2+ to move (red arrows). (B) In the presence of target protein 
(orange), the EF hand Ca2+-binding protein (blue) exhibits a decrease in dynamic properties 
(blue contours) and accordingly, the Ca2+ coordinating oxygen (red) takes up less volume 
and moves with fewer degrees of freedom as represented by decreased vector magnitude 
(inset). Such changes in volume and overall degrees of freedom occur throughout the 
protein including for Ca2+ coordinating residues within the EF hand for both Type 1 and 
Type 2 BFF mechanisms.  
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Figure 1.7. Allosteric increases in Ca2+ binding affinity of EF hands upon target binding as 
represented by a concerted “Type 1 BFF” event or via stepwise “Type 2 BFF” event. 

 

 
Figure 1.8. Free energy diagram for allosteric Ca2+/target binding to EF-hand CBPs. 
(A) A free energy diagram for a concerted Type 1 BFF mechanism is illustrated as is typical 
for allosteric complexes involving members of the S100 family. (B) A free energy diagram 
for a stepwise Type 2 BFF mechanism is illustrated as is typical for allosteric complexes 
involving members of the CaM or CaM-like families. As illustrated in hypothetical free 
energy diagrams for Ca2+-dependent CPB-Effector interactions involving full-length 
(dashed line) versus peptide derived from full-length target/effector complexes (solid 
lines).  
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Supporting the “BFF” model, computational methods such as Molecular Dynamics 

(MD) simulations, have supplemented experimental methods to understand the molecular 

mechanism of allostery in S100 proteins. Microsecond MD simulations and hydrogen 

exchange mass spectrometry (HDX/MS) were used to investigate the allostery of S100A11 

in the absence of presence of Ca2+ and/or peptide [141]. Upon Ca2+ loss of S100A11, A 

K32-D57 salt bridge, outside of the Ca2+ binding site was found to destabilize interactions 

of adjacent residues, propagating a cascade of events resulting in binding-site closure 

[141]. Ca2+ reduces fluctuations of residues involved in the cascade, causing the binding 

site to stay open. Moreover, peptide stabilized the H-bonding network within the EF hands 

of S100A11 in the presence of Ca2+ [141]. The local “frustration” and dimerization 

dynamics of S100A12 was investigated using Coarse-grained MD simulations and the 

"frustratometer" method [142]. Through these computational methods, Ren et al. 

established that "frustrated" residues in Helix 3 displayed "allosteric motions" and partial 

unfolding that reduced the energetic barrier between conformations [143].  

 There are also highly practical reasons for understanding allosteric biomolecular 

interactions since it presents an opportunity to regulate them if such an interaction promotes 

a disease state. For example, basal expression of S100B is known to be neuroprotective 

[144], but increased expression often correlates with disease states including multiple 

cancers such as malignant melanoma and colorectal cancer [3], as well as brain injury, 

neurodegenerative diseases and neuropathies like Parkinson’s disease, Alzheimer’s 

disease, mood disorders [145], and schizophrenia [146]. Similarly, S100A1 enhances 

muscle contraction in cardiac and skeletal muscle, but decreased S100A1 is associated with 

heart failure [112, 147, 148]. However, in other disease states, overexpression of S100A1 
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is associated with neuropathology of the brain [149]. The upregulation of S100A6, which 

is found in muscle, kidney, spleen, brain and the lungs [150], is associated with several 

cancers including breast, pancreatic and colorectal cancer [3, 151]. S100A4, which is 

related to cell migration and cell proliferation, has been detected in breast, liver, and brain 

metastases [152-154]. Like S100B, increased S100A4 is linked to poor survival in cancer 

patients [155, 156]. Therefore, developing S100-specific inhibitors is of great interest to 

counteract these disease states, and thus understanding how to interrupt these allosteric 

biomolecular interactions represents an opportunity to address such diseases 

therapeutically.  

 For illustrative purposes, S100B is a marker for malignant melanoma (MM), and 

one potential mechanism of action for its causal effect on MM is that it binds to the cell 

cycle regulator, p53, blocking its tumor-suppressive function [115, 157, 158]. Thus, 

developing S100 protein-specific inhibitors, including for S100B, is of great interest to 

treat a variety of diseases in which S100 protein levels are elevated. To this end, three 

persistent target protein-binding sites (termed Sites 1-3) within S100B were identified and 

inhibitor design to block these sites is ongoing [159-162]. In this case, the goal of the 

inhibitor design is to target S100B, but avoid other S100s such as S100A1, which are 

important for other important biological functions, such as cardiac and skeletal muscle 

function  [147]. Thus, a complete understanding of allosteric CBP-target interactions that 

are specific for one versus another S100 protein will significantly facilitate this goal and 

are ongoing to advance the engineering of S100-specific inhibitors for several disease 

states.  
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Type 2: Stepwise BFFs for CaM-target complexes. CaM is a small (16.8 kDa), 

ubiquitously expressed transducer of Ca2+ signals inside the cell [101, 163, 164]. Highly 

conserved in all vertebrates, CaM is encoded by three genes which are translated to three 

identical, redundant sequences each made up of 148 amino acids [165]. CaM is dumbbell-

shaped, consisting of two domains, known as the N-terminal domain (N-lobe) and C-

terminal domain (C-lobe), each containing two Ca2+ binding sites (named EF1-4). EF1 and 

EF2 of the N-lobe bind Ca2+ 6 to 7-fold weaker than EF3 and EF4 of the C-lobe (Ca 

EF1/EF2KD= 13 μM; Ca EF3/EF4KD = 2 μM; Table 1.2) [102, 166, 167]. A flexible linker 

connects the two CaM domains, which allows the protein to assume different 

conformations upon binding to its many target proteins [98, 166, 168]. In the absence of 

both Ca2+ and target, Ca2+-free CaM (ApoCaM or MgCaM) is described as having both the 

N- and C-lobes existing in a “closed” conformation, where hydrophobic residues of CaM 

form a hydrophobic core and the interhelical angles of EF1-4 are between ~130-140° 

(Table 1.3) [169]; however, little if any ApoCaM exists inside a resting cell where Mg2+ 

concentrations can approach millimolar (mM) levels. 
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Table 1.2. Ca2+-binding properties of CaM in the presence of peptide targets. 
Dissociation constants (KD values) of CaM for Ca2+ from EF3/EF4 or EF1/EF2 in the 
presence of target peptide.  
a Fold change is Ca EF3/EF4KD for Ca2+ in absence of target (KD=2,000 nM) divided by the Ca 

EF3/EF4KD for Ca2+ in the presence of target.  
b Fold change is Ca EF1/EF2KD for Ca2+ in absence of target (KD=13,000 nM) divided by the 
Ca EF1/EF2KD for Ca2+ in the presence of target. 
Target IQ-

motif 

Ca 

EF3/EF4KD 
(nM) 

Ca 

EF3/EF4KD 
Fold 
Changea 

Ca EF1/EF2KD 
(nM) 

Ca EF1/EF2KD 
Fold Changeb 

None [102] - 2,000+100 - 13,000+600 - 

skMLCK[102] NO 20+1 100 80+6 163 

smMLCK[102] NO 100+60 20 200+100 65 
iNOS[170] NO 800 2.5 7,000 1.9 
RyR2 CAMBD2 [97] NO 30 67 800 16 

RyR2 CAMBD3[97] NO 70  29 450  29 
Neurogranin[171] YES 2,000+90 1 11,100+120 1.2 

 
Table 1.3. Interhelical angles within the CaM structure. 
Protein/Peptide Target Ca2+-

bound 
PDBID Interhelical Angles (°) (Ω) 

I-II III-IV V-VI VII-
VIII 

Noneb NO 1DMO[172] 131 132 137 133 
IQ-motif Nav1.5 NO 2L53[173] 127 127 108 123 
Nav1.4 C-Terminal Domain NO 6MBA[174] 135 134 105 114 
Nav1.2 IQ NO 6BUT[175] 131 132 113 111 
Noneb YES 1CLL[176] 89 87 102 95 
STRA6 BP2a YES 5K8Q[177] 94 96 99 104 
Smooth muscle myosin light 
chain kinasea 

YES 1CDL[178] 89 86 97 98 

Calcineurin (CaN) a YES 4Q5U [179] 92 83 107 103 
Ryanodine receptor 2 (RyR2) 
CAMBD2 a 

YES 6Y4O [180] 83 82 103 98 

NMDA Receptor NR1 C1 a YES 2HQW[181] 92 85 91 89 
Voltage-gated sodium channel 
NaV1.4 IQ a 

YES 6MUE [182] 108 94 99 93 

Interhelical angles calculated by the program interhlx (K. Yap, U of Toronto), helices were 
defined by PDB coordinates [183]. Rotation angle of bending residues was determined to 
occur between 130-180° DynDom [184] for CaCaM-peptide complexes compared to 
CaCaM-BP2 [177]. DynDom determined the axis of rotation to be the linker region.  
aReported by Young et al. [185]. 
bFrom https://structbio.vanderbilt.edu/cabp_database/struct/ih_ang/calmod_helang.html,  
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In the absence of Ca2+ ions, it is well-established that there are numerous Ca2+-

independent protein-protein interactions (PPIs) [98, 99, 186].  Most notable are proteins 

containing IQ-motifs (IQxxxRGxxxR) [98], but also with non-IQ-motif containing targets, 

such as iNOS and RyR2 [166, 170, 187-192]. Many of these Ca2+-independent CaM-targets 

initially bind the C-lobe of ApoCaM or MgCaM through via hydrophobic interactions on the 

interior of CaM and via hydrogen bonding on the CaM surface [193, 194]. A “semi-open” 

conformation, an intermediate of the closed and open state (interhelical angles 110-120°), 

is often reported for the ApoCaM C-lobe in the presence of these Ca2+-independent target 

proteins (Table 1.3) [195]. The N-lobe of CaM for these complexes retains a “closed” 

conformation structurally similar to that of ApoCaM or MgCaM, with some IQ-

motif/CAMBD or regions distal to the CaM binding site occasionally interacting in a 

shallow manner on its surface. 

While CaM often interacts with targets in a similar binding mode, the binding 

mechanism itself varies. For example, IQ-motif-containing proteins such as neurogranin, 

more often bind ApoCaM tighter than CaCaM (Table 1.4)[171, 186, 196-198]; whereas most 

Ca2+-dependent targets such as iNOS bind CaCaM more tightly than ApoCaM (Table 1.4) 

[97, 170, 181, 186, 194, 199, 200]. Moreover, most Ca2+-independent targets do not 

increase the Ca2+ affinity of CaM to the same extent as Ca2+-dependent targets such as 

skMLCK. For example, in the presence of an iNOS derived peptide, the Ca2+ affinity of 

CaM increases only minimally, less than 2-fold for both EF1/EF2 and EF3/EF4 [201], 

whereas in the presence of IQ-motif containing targets (i.e. neurogranin) the Ca2+ affinity 

decreases [171]. Notable exceptions to this are STRA6 BP2 and RyR2 CaM-binding 

regions CAMBD2 and CAMBD3, all of which when bound, increase the Ca2+ affinity of 
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CaM by two-to-three orders of magnitude in both domains, as discussed later in Chapter 4 

of this dissertation (Table 1.2) [97, 185, 199].  

Table 1.4. Peptide-binding properties of Apo- and Ca2+-CaM. 
Target IQ-

motif 

ApoCaM-TargetKD 
(nM) 

CaCaM-TargetKD 
(nM) 

skMLCK[102] NO - 1 

smMLCK[102] NO - 1-2 
iNOS[170] NO 40-100 3.3 
NMDA NR1 C0[194] NO 2,250 87 

NMDA NR1 C1[181] NO 158+3 2.0+0.1 

RyR2 CAMBD2 
[199] 

NO 390 1  

RyR2 
CAMBD3[199] 

NO 530  7  

NaV1.2[196] YES 6.3 19.8 
NaV1.4[197] YES 17+3 280+30 
NaV1.5[198] YES 160  2,000  
Neurogranin[171] YES 205 300 

Dissociation constants (KD values) of CaM binding to target peptides in the absence 
(ApoCaM; TargetKD) and presence (CaCaM; TargetKD) of Ca2+.  
 

CaCaM interacts with hundreds of diverse protein targets, such as serine/threonine 

kinases, membrane channels, and transporters that typically contain short (around 20 

residues) alpha-helices with CaM-binding motifs/domains (CaMBDs/CAMBRs), 

classified by the spacing of bulky hydrophobic and basic amino acid residues (i.e., 

positions 1–10, 1–14, and 1–16) [98, 101]. To activate Ca2+-dependent CaM targets, which 

is the case for serine/threonine kinases or phosphatases such as calcineurin, CaM requires 

Ca2+ to be bound in all four Ca2+-binding sites [202, 203]. Upon binding Ca2+, CaM 

undergoes a conformational change where hydrophobic residues within each domain 

typically interact with the alpha-helical target sequence, as observed for smooth myosin 

light chain kinase (smMLCK) and calcineurin (CaN) derived peptides (Figure 1.9) [101]. 

In the presence of many target proteins, the affinity of CaM for Ca2+ is found to increase. 



37 
 
 

For example, the tight binding of skeletal muscle myosin light chain kinase (skMLCK) 

peptide (MLCKKD=~1 nM) was reported to increase the affinity of CaM for Ca2+ by 100- 

and 160-fold in the N- and C-terminal domains, respectively (Ca EF1/EF2KD=80+6 nM, Ca 

EF3/EF4KD=20+1 nM) (Table 1.1, 1.3) [102, 204], and that activation proceeds via a 

“stepwise” mechanism [7]. While both domains of CaCaM “wrap” around a target 

canonically and can be used to explain such tightening, there are also many non-canonical 

arrangements of CaCaM-target complexes that increase Ca2+ ion binding affinities upon 

target-protein binding [98]. Thus, it is not solely the orientation of the N-terminal and C-

terminal domains that generates the allosteric effect, but something more global. For 

example as discussed in Chapter 4 of this dissertation, a non-canonical CaM complex such 

as one involving BP2 of the STRA6 vitamin A transporter, CaCaM-BP2, exhibits a robust 

allosteric tightening of Ca2+ upon complex formation [185], yet it is structurally unlike 

other canonical CaM complexes like those of the MLCK peptide. However, upon closer 

inspection, the individual domains of CaM closely align with that of several other CaM-

target complexes and have similar EF-hand interhelical angles (I-II, III-IV, V-VI, VII-VIII) 

ranging within 15° of these other EF-hand interhelical angles (Table 1.3). These data 

provide insight that allostery involving the CaM family of CBPs is more subtle than the 

overall orientation of large domains. Further, the two domains of CaCaM are structurally 

very similar even in the presence of different target sequences (Figure 1.8) [185], indicating 

a relatively well-conserved binding mode requires more detailed examination beyond 

structural data alone. 
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Figure 1.9. Binding modes for representative CaCaM target complexes. 
Ribbon diagrams of CaCaM bound to peptides derived from (A) smMLCK (PDBID: 
2K0F)[205], (B) STRA6 BP2 (PDBID: 5K8Q)[177], (C) RyR2 CAMBD2 (PDBID: 
6Y4O)[180], and (D) CaN (PDBID: 4Q5U)[179]. In the presence of smMLCK, RyR2 
CaMBD2 and CaN CaCaM exhibits a “wrapping” binding mode where both domains of 
CaM (N-lobe, red; C-lobe, blue) surround the target alpha helix (orange). In contrast, 
hydrophobic residues of the C-lobe (blue) and just the opposite side of the N-lobe (red) 
interact with BP2 (orange) in non-canonical arrangement. Ca2+ ions are represented by 
green spheres.  
 

In contrast to ApoCaM or MgCaM, fully saturated Ca2+-bound CaM (CaCaM) adopts 

an “open” conformation, represented by a 45° change in EF-hand interhelical angles to 

~90° and where hydrophobic residues within the protein core in each lobe are exposed and 

accessible to bind target proteins [186] (Table 1.3) [169]. Multiple studies have determined 

that some targets which bind CaCaM with high affinity can also bind ApoCaM with 

significantly lower affinity via the C-lobe of CaM [185, 206-208]. This is the case for the 

RyR2 and the MLCK derived peptides, as examples, which both interact with CaCaM with 

high affinity but exhibit additional and distinct interactions with ApoCaM or MgCaM. It will 
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be these two CaM-target interactions that will be the focus here for illustrating a type 2 

allosteric effect.  

Like IQ-motif containing targets, the RyR2 derived peptide CaMBD2 was found to 

interact in a Ca2+-independent manner with the C-lobe of CaM under Ca2+-depleted 

conditions, and at low free Ca2+ concentrations (<100 nM) similar to those prior to an 

intracellular Ca2+-signaling event [97, 199]. As free Ca2+ levels approach 1000 nM, RyR2 

CaMBD2 binds to both the N- and C-lobes of Ca2+-loaded CaM (CaCaM-RyR2), consistent 

with others that suggest that the N-lobe of CaM is responsible for sensing Ca2+ [208, 209]. 

This mechanism is like that of BP2 derived peptide of STRA6 discussed later in this 

dissertation. Together, these studies describe a commonly proposed hypothesis that the C-

lobe of CaM initiates target binding and may be responsible for target selectivity, while the 

N-lobe of CaM “senses” intracellular rises in free Ca2+ to activate a set of CaM targets 

upon a Ca2+ signal [208, 209]. In addition, the pre-association of CaM with its target 

protein, such as in cardiac ion channels, was recognized to serve as a mechanism for CaM 

to respond quickly and efficiently to increasing Ca2+ concentrations [194, 208, 210]. 

Mutations in CaM, which typically impair Ca2+ binding, are associated with approximately 

30 early-age lethal cases of cardiac dysfunction and arrythmia further demonstrating the 

importance of proper CaM Ca2+-binding and target-binding [165]. 

There is a significant body of data characterizing molecular motions of CaM that 

are important for understanding the Ca2+-binding properties needed for its CBP-target 

functions [134, 168, 211-213]. Most notably are NMR relaxation studies, which measure 

dynamic properties of CaM from the ps to second timescales with atomic level detail under 

varying conditions [214, 215]. For example, the dynamics of the CaM backbone amide 
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(HN) correlations show that in the absence of Ca2+ ApoCaM exhibits both fast (ps – ns) and 

slow (μs – ms) timescale motion in all four EF-hand domains (EF1-EF4). Moreover, 

residues in the C-lobe were more dynamic compared to those in the N-lobe [211, 212] as 

indicated by larger number of backbone amide correlations exhibiting conformational 

exchange or by elevated rates of amide exchange as measured in H/D exchange. Motion 

was also found to occur in the linker region which connects the N- and C-lobes and was 

described by many as flexible with order parameters (S2) in the 0.5-0.6 range [168, 211, 

212]. Further, however, the linker (K77-S81) region, which facilitates CaM binding to 

various molecular targets, and the loops between helices II and III and helices VI and VII 

remained flexible overall. Computational approaches to determine residue-specific 

positional fluctuations estimating dynamic motion were able to identify a model in which 

residues in the C-terminal EF hand of ApoCaM exhibited additional mobility compared to 

those in the N-terminal EF-hands and that Ca2+ binding to CaM stabilized the dynamic 

properties of all four EF hand motifs as well as the EF hand connecting loops and linker 

region [216].  These models were also supported by NMR studies characterizing fast and 

slow timescale motion of CaM in which the addition of Ca2+ reduced its dynamic properties 

throughout the entire protein including in all four EF-hand binding domains [168]. 

In the presence of high affinity (nM) peptide targets that tighten the Ca2+ binding 

to CaM, like CaM kinase I (CAMKI), CaM kinase kinase alpha (CaMKKα), and 

smMLCK, internal motions within the backbone of CaM rigidify even beyond that of 

adding Ca2+, as described by several studies [134, 213, 217]. In addition to decreasing the 

dynamic properties of backbone resonances, significantly decreased motion in sidechain 

methyl resonances was observed upon the addition of peptides derived from smMLCK, 
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CAMKI and CaMKKα [134, 217]. Specifically, decreases in fast and slow time-scale 

motions of CaCaM in loops of the helix-loop-helix EF-hand domains, between helices II 

and III and VI and VII, respectively, and the linker region between the two domains, were 

observed upon target peptide binding. In summary, CaCaM is highly mobile in the absence 

of target, and these motions are reduced, throughout the entire CBP sequence in both the 

backbone and sidechain residues, especially within the target binding interface upon 

peptide-binding [134, 213, 217].  

Unlike for S100s, CaM exhibited much larger global changes in structure, as 

associated with larger trajectories of atomic movement. While there are exceptions, CaM 

typically adopts a “wrapping” conformation upon binding to a wide range of amphiphilic 

alpha-helical target sequences [98]. However, structural data alone cannot explain how 

CaCaM binds to so many different target sequences and simultaneously exhibits allosteric 

increases in Ca2+ affinity needed to function in the cytoplasm.  One quick explanation is 

that the affinity that CaM has for Ca2+ in the absence of target does not require as much 

“allosteric tightening” as many of the S100-target complexes. A second explanation is that 

this more promiscuous model for CBP-target interactions relies on nonspecific 

hydrophobic effects, including a large number with Met residues, which all can provide 

nonspecific conformational entropy contributions [218].  To this end, NMR methods were 

used to measure backbone and sidechain resonances throughout CaM. Interestingly, CaM 

sidechain methyl group dynamics were used as an “entropy meter,”  by Wand et al., to 

quantitatively determine changes in CaM conformational dynamics, including reporting on 

local internal motion and protein entropy of neighboring sidechains [35, 218, 219]. 

Investigating the sidechain methyl dynamics of CaM in the presence of six different target 
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peptides led to a greater understanding of how CaM can interact with so many binding 

partners with different sequences [219]. Moreover, it is thought that CaCaM varies its own 

conformational entropy to tune the binding free energy to its many target proteins and 

drives its promiscuous binding properties [134, 219]. Interestingly, the large target-

dependent conformational changes driven entropically more closely resemble nucleating 

“folding” components than the BFFs of the type 1 S100 BFFs and could be something to 

be considered in a more general when considering biomolecular interactions (Figure 1.2).  

To further clarify the allosteric binding mechanism of CaM, paramagnetic 

relaxation enhancement (PRE) studies were used to characterize transient, compact, and 

sparsely populated states of CaM that are unable to be detected by traditional NMR 

methods and are “invisible” by other structural studies. This study determined that a subset 

population of CaCaM, samples a range of compact structures along with the native, more 

extended, structure and that Ca2+ binding to CaM shifts the distribution of conformational 

states toward those that resemble the peptide bound state [208]. 19F relaxation 

measurements validate this mechanism of binding; conformational exchange was detected 

between a peptide-free native state of CaCaM and a state resembling the peptide-bound 

(near-native) state [220]. This peptide-bound-like state of CaM, which contains secondary 

and tertiary structure, is of high configurational entropy [220]. Importantly, such early 

stage “folding” of these peptides aligning into secondary structure could be detected in a 

stepwise manner to the C- and N-termini of CaM at 2 and 8 ms respectively, consistent for 

a “stepwise” mechanism, for which CaM is prototypical among many EF-hand CPBs [7].  

Moreover, the near-native state is water-depleted in target-bound CaM near phenylalanine 

residues within the hydrophobic core, which is likely advantageous for binding a range of 
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protein targets [220]. MD simulations as reported by Westerlund et al. also determined that 

CaCaM adopts conformations like that of peptide-bound CaM, further supporting the idea 

of conformational selection. As opposed to a binding mechanism where a protein has a 

single state that folds into a final state upon binding to target, a protein undergoing 

conformational selection has multiple states that resemble the folded protein complex. 

Transient compact CaM states facilitate target binding and play a key role to prime CaCaM 

for binding peptide through a mechanism of conformational selection [208, 221]. A 

subsequent binding mechanism of induced fit is thought to occur after this, potentially via 

the N-lobe of CaM which may bind through a mechanism involving intermediate states 

important for fast and flexible binding [209]. PRE data from Anthis et al. supports a 

mechanism first proposed by Wand et al. [222] where (1) CaCaM can initially interact with 

a random coil peptide and form a somewhat disordered, loosely packed complex. 

Following this initial encounter complex, (2) helix-coil transitions of CaCaM-peptide state 

occur and (3), ion-pairs and hydrophobic interactions occur in a more concerted manner to 

form the folded CaCaM-peptide complex. Using computational approaches, Dubay et al., 

proposed that side chain fluctuations of interconnected residues within CaM propagate 

long-range allosteric signals due to hydrogen bonding, salt bridge interactions, solvent 

interactions, steric repulsion, so as for S100 proteins, considering all of the residues in both 

CaM and the protein target in the stepwise BFF model presented (Figure 1.4) for CaM-

target interactions and is consistent with existing modeling efforts [223]. A computational 

model based on MD simulations integrating folding, ligand binding, and allosteric 

motion suggests that as Ca2+ concentrations increase, the folding mechanism of CaM 

switches from one dominated by induced fit to a mechanism of coupled binding and folding 
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[224], but in the F to BF to BFF spectrum, a type 2 BFF more resembles a nucleating BF 

(i.e., binding/folding) or F (i.e. folding) event than a more subtle type 1 BFF engaged by 

the S100 family (Figure 1.2). 

While there have been many advances in understanding allosteric Ca2+-activated 

CaM-target complexes in biology, establishing a complete and quantitative mechanism of 

allosteric regulation for any CaCaM-target complex remains a goal. For example, in 

addition to a global consideration of the full sequence of both CaM and it target, as 

empirically discussed here for the BFF models, there remains a need to consider how large 

correlated motions may contribute to the allosteric mechanism, which could potentially 

provide other energetic contributions to this mechanism including those contributing to 

low level directional force(s) and/or torque contributions as yet another layer of allosteric 

modulation and energetic distribution throughout these important biomolecular complexes 

[224].  

E. Outlook 

Cellular functions can be cycled “on” and “off” via changes in cytosolic [Ca2+]free that 

occur within a narrow dynamic range of amplitude between 0.1 to ~1 micromolar. Ca2+-

binding proteins (CBPs) serve as “sensors” of this Ca2+ current to deliver cellular function 

quickly by a physical action upon protein effectors (i.e., “on” switch), in a Ca2+-dependent 

manner. Upon Ca2+ dissociation from this CBP-effector complex, the functional response 

is ceased (i.e., “off” switch). Because specific cells require specific functions, [Ca2+], 

[CBP], and [effector protein] concentrations in their functionally relevant states are all 

tuned by the cell to provide and respond to cycles of basal [Ca2+]free of ~100 nM in resting 

states and amplitude peaks of [Ca2+]free of ~500 nM or sometimes higher in activated states. 
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The genomic availability of a sufficient number of CBPs is needed to achieve this for each 

organism, and the CBPs within each cell must provide (i) the proper allosteric tightening 

of Ca2+ affinity needed to achieve such a strict dynamic range of [Ca2+]free and provide the 

(ii) proper array of protein-protein interactions (PPIs) needed for specific cellular 

functions. As a mechanistic requirement for signaling, CBPs can only be saturated with 

Ca2+ when the target protein(s) and the elevated Ca2+ signal are available and each Ca2+-

dependent CBP-effector complex needs to evolve so that it persists inside the cell for a 

time constant for optimal functionality (i.e., “on signal”), prior to Ca2+ dissociation (i.e., 

“off signal”). 

Nature has evolved cell-specific arrays of Ca2+-dependent allosteric interactions 

between a selection of CBPs and molecular targets to deliver functional CBP-target 

interactions and the necessary allosteric tightening of Ca2+-binding for each complex to 

maintain the proper frequency and amplitude of Ca2+ current for function using multiple 

types of allostery, two of which were discussed here within a BFF framework. Such a 

framework considers the wealth of information on allostery from earlier models. For 

example, the MWC and KNF models for allostery, date from a period when almost no 

3-dimensional protein structures were known, and when realistic simulation of protein 

dynamics was far in the future. Of necessity these “simplest theory to fit the facts” models 

make use of correlations to structural detail but are more thermodynamically based and 

invoke hypothetical and idealized states. At the other extreme, the Unified View model and 

the BFF models discussed here incorporate many important insights gained from structural 

biology experiments and analysis over recent decades, including the vast library of 

structures in the Protein Data Bank [225], solution structure and dynamic studies, and the 
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elaboration of energy landscape analysis through experiment, computation, and theoretical 

analysis. Collectively, these models are both impactful for sharpening our insights into 

biomolecular interactions and useful as hypothesis generating engines. However, detailed 

predictions are not yet in place.  

While the “binding and functional folding (BFF)” framework for discussing 

allostery is used to describe this process empirically, it demands sequence specificity on a 

residue-by-residue basis for both the CBP and the target protein for the diverse needs of a 

cell. Two types of CBPs are reviewed here using the BFF model, including the S100 (type 

1) and calmodulin (type 2) families. While the many allosteric models reflect different eras 

in our knowledge of both protein structure and dynamics, these models do not yet reflect a 

full understanding of how the entire protein sequence of both the CBPs and of the target 

are required to provide the diversity and functional requirements of this intricate cellular 

signaling required for Ca2+ binding proteins. For this reason, empirical considerations are 

needed for use of the BFF framework that includes the CBP and the target interaction(s) as 

a binding and allosteric highly cooperative “folding event” that evolved to produce a 

biological function versus a mathematically derived model from basic principles, which 

would include far too many off-pathway and non-functional possibilities. Nonetheless, a 

more global analyses that examines going from a 3-dimensional fold for which there are 

only 103 to 104 known possibilities should be considered in a manner considering all 

sequence space, changes in both protein structure and dynamic features, as well as other 

kinetic and thermodynamic considerations needed to elicit detailed and highly specific 

biological responses for specifically evolved types of BFFs. Thus, as was completed using 

deep-learning techniques, the BFF model starts from an existing tertiary fold or folds that 
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are well-understood, and partially sequence dependent, to what is termed here as a 

“functional fold,” which is much more highly sequence dependent and from which 

organisms ultimately evolved.  

It is likely that experimental tools and novel innovation for understanding allostery 

and many other aspects of protein functional dynamics will first lean much more from 

experiments, at this stage, than on theoretical models. In addition, more traditional fields 

of structural biology and biophysics are developing rapidly that may have the capacity to 

reasonably “populate” a full energy landscape by the experimental determination and 

analysis of the structures of many individual and biologically relevant states. For example, 

energy landscape analysis was profoundly expanded and enriched by the work of Ourmazd 

and his colleagues and collaborators [226, 227]. At present the principal tool for single 

particle structure determination is cryo-EM, but the rapid advancement of single particle 

imaging using X-ray laser pulses promises large libraries of structures from unfrozen 

samples within the next decade [228, 229]. It is not within the scope of this review to 

provide a full description of the methods used to create such landscapes. Rather we describe 

a prototypical result. The free energy landscape is represented as a 3D plot in which the 

vertical z-axis plots free energy, and the base plane x- and y-coordinates are the two 

principal eigenvectors from the set that describe the spread in the ensemble of structures 

(Figure 1.2; yellow circles). Thus, each point on the landscape provides the free energy for 

a tightly grouped set of known structural states. Low energy pathways along the landscape 

represent functional trajectories. Activated processes, such as the absorption of a photon, 

can be represented by dual energy landscapes, one for the activated state and one for the 

ground state. These surfaces “kiss” at one point that represent the transition between the 
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two states, and this transition can be quantitively analyzed. Reconstructing structures 

illustrative of the progress of a molecule along a functional trajectory allows the generation 

of true molecular movies rather than cartoons that merely morph between a few known 

states [230]. Thus, models that invoke energy landscapes or equivalent descriptors of 

structural variation and flexibility, which incorporate the entire sequence space of the 

allosteric complexes are likely to be useful in dealing with the upcoming flood of 

experimentally supported energy landscapes that are sure to arise. However, until such 

experimental results start to appear, significant strides in innovative thought and data 

derived from changing states (i.e., ∆dynamics on multiple time scales, ∆structure, 

∆chemical shift, ∆volume at the molecular level, ∆forces including torque, etc.) will be 

highly informative when considering that such biomolecules were evolved for a variety of 

purposes/functions within a living cell. 
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2. Specificity of molecular fragments binding to S100B versus S100A1 as identified 

by NMR and Site Identification by Ligand Competitive Saturation (SILCS). 

A. Overview 

  This chapter discusses the identification of small molecule fragments specific for 

S100A1 and S100B. S100B, a biomarker of malignant melanoma, interacts with the p53 

protein, and diminishes its tumor suppressor function, which makes this S100 family 

member a promising therapeutic target for treating malignant melanoma. However, it is a 

challenge to design inhibitors that are specific for S100B in melanoma versus other S100-

family members that are important for normal cellular activities. For example, S100A1 is 

most similar in sequence and structure to S100B, and this S100 protein is important for 

normal skeletal and cardiac muscle function. Therefore, a combination of NMR and 

computer aided drug design (CADD) was used to initiate the design of specific S100B 

inhibitors. Fragment-based screening by NMR, also termed “Structure-Activity 

Relationship (SAR) by NMR,” is a well-established method, and was used to examine 

spectral perturbations in 2D [1H, 15N]-HSQC spectra of Ca2+-bound S100B and Ca2+-bound 

S100A1, side-by-side, and under identical conditions for comparison. Of the 1000 

compounds screened, two were found to be specific for binding Ca2+-bound S100A1 and 

four were found to be specific for Ca2+-bound S100B, respectively. The NMR spectral 

perturbations observed in these six data sets were then used to model how each of these 

small molecule fragments showed specificity for one S100 versus the other using a CADD 

approach termed Site Identification by Ligand Competitive Saturation (SILCS). In 

summary, the combination of NMR and computational approaches provided insight into 

how S100A1 versus S100B bind small molecules specifically, which will enable improved 
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drug design efforts to inhibit elevated S100B in melanoma. Such a fragment-based 

approach can be used generally to initiate the design of specific inhibitors for other highly 

homologous drug targets. This work is published in Molecules[162]. 

B. Introduction 

S100 proteins are dimeric EF-hand proteins that exhibit diverse protein-protein 

interactions upon Ca2+-binding [3]. S100B, one of over twenty S100 family-members, 

contributes to tumorigenesis and cancer progression [3]. In cancer cells, Ca2+-bound S100B 

binds the p53 tumor suppressor protein, inhibiting p53 phosphorylation, tetramerization 

and subsequent tumor suppressive function by stimulating cell proliferation and migration 

while downregulating apoptosis and differentiation [3, 87]. Elevated S100B expression is 

a clinical biomarker of malignant melanoma (MM) indicating advanced disease stage, poor 

therapeutic response, and low patient survival [156, 231]. Therefore, inhibiting the S100B-

p53 interaction is of great interest in MM and other cancers.  

S100A1 is an S100 family member expressed in heart muscle, skeletal muscle and 

in the brain [147]. Some of its protein targets overlap with those of S100B. For example, 

both proteins bind to a 12-residue peptide (TRTK12) derived from the actin-capping 

protein CapZ, but S100A1 also binds to an exclusive set of biologically important protein 

targets [110, 232]. For example, in cardiac and skeletal muscle, S100A1 interacts with the 

ryanodine receptor to promote sarcoplasmic reticulum (SR) calcium release and S100A1, 

but not S100B, regulates protein kinase A signaling in muscle and the nervous system, to 

name a few [96, 112, 147]. Likewise, S100A1 is up-regulated in a disease-specific manner, 

so developing S100A1-specific inhibitors may aid in treating diabetes, neurological 

diseases, heart failure, and other cancers [147, 149, 233-236]. While S100A1 and S100B 
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have different biological functions, they share 60% sequence identity and are structurally 

homologous, potentially making inhibitor design specific for binding a single S100 protein 

challenging. 

As with other dimeric S100 proteins, each S100B subunit consists of a pseudo-EF 

hand and canonical EF hand that are linked by a loop termed the “hinge region” consisting 

of 10-12 residues [237]. Ca2+ binding by S100B leads to a conformational change in helix 

3, resulting in exposure of a hydrophobic surface and facilitating target-binding [237]. 

S100B in the Ca2+-bound state has three binding sites that have been exploited for drug-

design purposes, termed Sites 1-3 (Figure 2.1) [159]. Site 1 interactions were identified 

first using the structure of Ca2+-S100B complexed to the C-terminal regulatory domain of 

p53 [95]. This site is mostly comprised of residues from the hinge region and helices 3 and 

4. Sites 2 and 3 were discovered originally via structural studies of S100B inhibitors 

(SBiXs) including the FDA approved drug pentamidine (SBi1) bound to Ca2+-S100B 

(Figure 2.1) [133, 238]. Interactions of Ca2+-S100B with pentamidine and other Site 2 

inhibitors involve hydrophobic interactions with residues in loop 2 (F43, L44) and helix 4 

(I80, A83, C84, F87, F88), which induced conformational changes to the Zn2+ binding site 

(formed by H15, H25, H85, and E89) of S100B [238]. SBiXs that involve Site 3 typically 

involve hydrogen bonding between the small molecule and side chain moieties of D12 and 

E89 as well as with backbone atoms involving C84 and H85 [239]. For inhibitors 

interacting at this site, including SBi1, hydrophobic interactions with F88 and Ill are also 

known to be important [239]. 
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Figure 2.1. Three Binding Sites on S100B. 
(A) Site 1 (green dashed line) is comprised of Helix 3 (red), Helix 4 (blue) and the Hinge 
region (cyan). Inhibitors that lie in Site 2 (yellow dashed line) have interactions with 
residues within Helix 4 (blue) and the Hinge region (cyan). Site 3 (copper dashed line) 
interactions occur with residues of Helix 1’ (chain B, green), and Helix 4 (blue) (Figure 
adapted from literature) [159]. (B) Structure of the S100B inhibitor (SBi1), pentamidine. 

A major goal in developing small molecule inhibitors of S100B is the identification 

of compounds that bind S100B with high affinity and a high degree of specificity, so 

multiple approaches were used. These include computer-aided drug design (CADD), NMR 

spectroscopy, X-ray crystallography, fluorescence spectroscopy-based high-throughput 

screening, and cell-based assays [240]. For example, pentamidine was discovered as an 

S100B inhibitor (SBi1) originally via computer aided drug design (CADD), in which 

hundreds of thousands of FDA approved drugs were screened computationally and then 

tested in vitro [241]. This drug has since been used for testing S100B inhibition in 

numerous disease states, including in a human clinical trial for malignant melanoma 
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(0794GCC: "Treatment of Melanoma with Wild-type p53 and Detectable S100B Using 

Pentamidine: a Phase II Trial with Correlative Biomarker Endpoints”; NCT00729807) 

[242-244]. However, pentamidine is not an optimal cancer drug candidate since it is 

associated with toxicities on its own and when given in combination with numerous other 

medications. Pentamidine also binds to targets other than S100B including, S100 proteins 

such as S100A1, Calmodulin, PRL phosphatases, and DNA, which may cause off-target 

effects in vivo [147],[245-247]. For these reasons, CADD and structure/activity 

relationship (SAR) studies were employed to engineer modifications of these SBiXs that 

improved S100B inhibitor binding affinity and specificity [248, 249]. Despite the 

promising development of first generation S100B inhibitors, efficacy, specificity, and 

toxicity issues still warrant further drug screening, design, and investigation.  

Towards improving S100 protein specificity of the SBiXs, an NMR fragment-based 

screening approach was used to identify small molecule fragments that bind with either 

S100B or S100A1. NMR spectral perturbations of the two S100 proteins were analyzed 

upon small molecule binding including chemical shift perturbations (CSPs) and/or line-

broadening effects (LBEs) for the fragments in the Maybridge library that did not cause 

aggregation (>99.9%). Subsequently, these NMR data together with a computational 

approach termed Site Identification by Ligand Competitive Saturation (SILCS), confirmed 

fragment specificity, and predicted binding modes for the compounds identified by NMR. 

While several compounds bound both S100 proteins in the presence of Ca2+, two bound 

Ca2+-S100A1 specifically and four bound to only Ca2+-S100B. These small molecule 

fragments now provide a basis for designing next stage S100 inhibitors, including for 

targeting S100B in melanoma in cancer. Likewise, the information derived here for Ca2+-
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S100A1 and Ca2+-S100B is relevant to targeting a variety of S100-protein associated 

diseases in a specific manner.  

C. Materials and Methods  

Materials 

D6-DMSO, D2O, 15NH4Cl, and 13C-glucose were purchased from Cambridge 

Isotopes Laboratories (Woburn, MA). Other materials were of the highest commercial 

quality and passed through Chelex-100 resin (BioRad) to remove trace metals. The Ro3 

1000 Fragment Library was supplied through Maybridge.  

Sample preparation 

15N-labeled human S100B and 15N-labeled human S100A1 or 15N, 13C-labeled 

human S100B was over-expressed and purified from Escherichia coli as previously 

described for rat S100B [64]. Compounds from the Maybridge Ro3 1000 fragment library 

were solubilized to 200 mM in D6-DMSO with a Beckman Coulter Biomek FX liquid 

handler. Compounds that remained insoluble via several techniques, including warming to 

37 °C, sonication, and/or addition of D6-DMSO were diluted to 100 mM. NMR samples 

for the pooled and individual screens contained 100 µM human S100B or S100A1, 0.6 mM 

fragment (or a pool of 16 fragments), 10 mM HEPES pH 7.2, 15 mM NaCl, 0.30 mM 

NaN3, 0.20 mM TPEN, 5.0 mM DTT, 10 mM CaCl2, 0.2% EtOH, 5% D6-DMSO, 20% 

D2O. NMR assignments for human S100B were confirmed using standard 

multidimensional heteronuclear NMR techniques in this identical NMR buffer only with 

1.0 mM [13C, 15N]-human S100B.  

Screening and NMR data collection 
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Fragment compounds from the Maybridge R03 library were screened first in pools 

of 16 compounds per sample by 2D [1H,15N]-HSQC NMR experiments at 37 °C using a 

Bruker Avance 800 MHz NMR spectrometer equipped with a Bruker automatic sample 

changer (BACS 60) and automatic tune/lock capabilities. Samples of the pooled fragments 

that exhibited chemical shift perturbations in this preliminary screen were used to prepare 

samples containing only a single fragment per sample for final evaluation. The samples 

containing only 1 fragment per sample were examined using 2D [1H,15N]-HSQC 

experiments at 37 °C using either the Bruker Avance 800 MHz (1H) and/or a Bruker 

Avance III 600 MHz NMR spectrometer, each equipped with four frequency channels and 

triple-resonance z-axis gradient 5 mm cryoprobes. 3D HNCACB data sets were collected 

to verify HSQC chemical shift assignments if/when needed. For rapid evaluation of 

fragment-dependent perturbations of 2D [1H,15N]-HSQC spectra, spectral changes (SCs) 

were classified as either line-broadening effects (LBEs) or chemical shift perturbations 

(CSPs) and then subclassified and tabulated as weak (score = 1) or strong (score = 2) for 

each backbone 1H,15N correlation based on the magnitude of the effect. LBEs were 

considered weak if the intensity of a 2D correlation was decreased by >40% (i.e. 40% < 

LBE < 90%) and strong if the correlation decreased by >90%. Fragments that induced 

considerable line-broadening throughout the entire spectrum (>30% of the HN 

correlations), due to aggregation, were not considered further in such analyses and 

categorized separately as fragments that induced severe line broadening (Note: only 3 of 

1000 were in this category; <99.9%). CSPs were tabulated as weak if their total 

perturbation √!
"
[𝛿#

" + (0.14 × 𝛿$)"] was (0.01 ppm < CSP < 0.025) and strong if their 
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total chemical shift perturbation was > 0.025 ppm upon summing the spectral change (SC) 

scores for all the perturbed correlations [250]. 

Structure models for S100B and S100A1  

Crystal structures were obtained through the protein data bank with PDB entry 

4PE0 for S100B and 5K89 for S100A [251]. The structure of S100B chosen for this work 

(PDBID: 4PE0) since the “FF-gate” in this structure of S100B is in the “open” position, as 

described previously, and the compound bound to Ca2+-S100B, SBi4434, was removed for 

all the computational studies [252]. For Ca2+-S100A1, homology modeling was conducted 

to provide a Ca2+-S100A1 model that has all 92 amino acid residues in both subunits for 

the simulations since residues between D47 and D53 on chain A and between A48 and V52 

on chain C are missing in the X-ray crystal structure (PDBID: 5K89). SWISS-MODEL 

server was used to build homology models and the model with the best score was selected. 

The ligands both crystal structures were removed and Ca2+ ions were retained for all 

subsequent SILCS simulations with these two S100 proteins. 

SILCS simulation 

Site Identification by Ligand Competitive Saturation (SILCS) simulation is used to 

explore functional group affinity patterns on both Ca2+-S100B and Ca2+-S100A1. The 

SILCS method involves molecular simulations of the target protein immersed in an 

aqueous solution that contains additional organic solutes of different chemical classes 

[253]. The solutes and water then compete for binding sites on the protein surface during 

the simulation, yielding a free energy fragment competition assay from which 3D fragment 

probability distributions of the solutes are used to define affinity patterns, termed 

FragMaps, encompassing a dynamic protein surface. 
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The current SILCS run was performed using the oscillating chemical potential 

Grand Canonical Monte Carlo (GCMC)/MD protocol for SILCS [254, 255]. The structure 

models of S100B and S100A1 developed as described above was used to initialize the 

SILCS simulations. The protein was solvated in a water box, the size of which was 

determined to have the protein extrema separated from the box edge by 12 Å on all sides. 

Eight representative solutes with different chemical functionalities (benzene, propane, 

acetaldehyde, methanol, formamide, imidazole, acetate, and methylammonium) were 

added into the system at ~0.25 M concentration, to probe the functional group requirements 

of the protein. Ten such systems with different fragment positions were created to expedite 

the convergence of the simulations. Each system was minimized for 5000 steps with the 

was followed by a 250 ps MD equilibration [256]. During SILCS simulations, weak 

restraints were applied on the backbone alpha carbon atoms with a force constant (k in 1/2 

kδx2) of 0.12 kcal/mol/Å2 to limit large conformational changes in the protein and to 

prevent the rotation of the protein in the simulation box. The ten GCMC/MD simulations 

were run for 100 cycles where each cycle has 200,000 steps of GCMC and 1.0 ns of MD, 

yielding a cumulative 200 million steps of GCMC and 500 ns of MD. During GCMC, 

solutes and water are exchanged between their gas-phase reservoirs; the excess chemical 

potential used to drive such exchange is varied every 3 cycles to yield an average 

concentration corresponding to 0.25 M of each fragment [254].The configuration at the 

end of each GCMC run is used as the starting configuration for the following MD. During 

MD, the Nosé−Hoover method was used to maintain the temperature at 298 K and pressure 

was maintained at 1 bar using the Parrinello−Rahman barostat [257-259]. CHARMM36m 

protein force field, CHARMM General Force Field (CGenFF) and modified TIP3P water 
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model [260-263] were used to describe protein, organic solutes, and water during the 

simulation, respectively. GCMC was performed and MD was conducted using GROMACS 

program [255, 264].  

3D probability distributions of the selected atoms from the organic solutes, called 

“FragMaps,” from the SILCS simulations were constructed and combined to obtain both 

specific and generic FragMap types as previously described [265]. Atoms from snapshots 

output every 10 ps from each SILCS simulation trajectory were binned into 1 Å × 1 Å × 1 

Å cubic volume elements (voxels) of a grid spanning the entire system to acquire the voxel 

occupancy for each FragMap atom type being counted. The voxel occupancies computed 

in the presence of the protein were divided by the value in bulk to obtain a normalized 

probability. Normalized distributions were then converted to grid free energy (GFE) based 

on a Boltzmann transformation for quantitative use [265]. 

SILCS-Hotspots analyses 

SILCS-Hotspots analyses were performed using SILCS FragMaps to identify 

potential binding sites globally on Ca2+-S100B and Ca2+-S100A1 for the NMR tested 

fragments [266]. The SILCS-Hotspots algorithm is based on fragment Monte Carlo (MC) 

sampling using SILCS FragMaps (SILCS-MC) [265]. The protein system was partitioned 

into a collection of 14.14 Å3 sampling boxes that covers the entire protein. In each sampling 

box, SILCS-MC was conducted from initially randomized fragment positions that were 

then subjected to 10,000 MC steps at 300K of molecular translations and rotations up to 

1.0 Å and 180.0˚, respectively, and rotation of dihedrals about rotatable bonds of up to 

180.0˚. This was followed by 40,000 MC simulated annealing steps from 300 to 0 K of 

molecular translations and rotations up to 0.2 Å and 9.0˚, respectively, and rotation of 
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dihedrals about rotatable bonds of up to 9.0˚. This process was repeated 1,000 times for 

each fragment in each sphere following which clustering was performed to remove 

redundancy and keep the representative binding pose per site. A second round of clustering 

was conducted next to identify Hotspots populated by one or more different fragments.  

D. Results 

Fragment compounds specific for the Ca2+-binding proteins S100B or S100A1 were 

identified using NMR 

In an identical Ca2+-containing buffer, the 1000 compound Maybridge Ro3 

fragment library was used to screen 15N-labeled S100B or 15N-labeled S100A1 by NMR 

with the goal of finding low molecular weight fragment compounds that are specific for 

each S100 protein. This compound library consists of 1000 structurally diverse highly 

soluble molecular fragments that have drug-like properties and reduced chemical 

complexity. The “rule of 3” used for fragment screening is typically followed in this library 

including the molecular fragments have (i) three or fewer hydrogen bond donors and 

acceptors; (ii) a ClogP value of 3 or less; (iii) a molecular weight of 300 Daltons or lower; 

(iv) fewer than 3 rotatable bonds, and (v) a polar surface area less 60 Å2 [267]. Spectral 

changes upon compound addition included chemical shift perturbations (CSPs) and/or line-

broadening effects (LBEs) from fast- and/or intermediate exchange binding on the NMR 

chemical shift timescale. None of the small molecule fragments displayed binding in the 

slow-exchange regime [268]. Most of the compounds in the fragment library (>99%) did 

not perturb any HN correlations in the 2D [1H, 15N]-HSQC NMR experiments for either 

Ca2+-bound S100A1 or Ca2+-bound S100B. Three fragments were found to cause extensive 

line-broadening in one or both S100 protein spectra due to aggregation, so data for these 
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fragments were not used. Eight fragment compounds were nonspecific and found to perturb 

resonances within both 15N-labeled S100B and 15N-labeled S100A1, in the presence of 

Ca2+ (Figure 2.2). As a representative example, addition of BTB10184 induced LBEs and 

CSPs in spectra of both Ca2+-S100A1 and Ca2+-S100B (Figure 2.3). Importantly, two 

compounds provided spectral perturbations only to the NMR spectrum of Ca2+-bound 

S100A1, and four compounds provided perturbations only to Ca2+-bound S100B NMR 

data. Fragment SEW01483 is representative of an S100B-specific binding fragment since 

it showed notable changes in the [1H, 15N]-HSQC NMR spectrum of Ca2+-bound S100B 

but no NMR spectral changes to Ca2+-bound S100A1 (Figure 2.4). Specifically, the HN 

correlations of A9, I11, D12, F14, S41, F43, A78, A83 and C84 were perturbed upon 

addition of SEW01483 to Ca2+-bound S100B (Figure 2.4). On the other hand, the fragment 

compound KM01765 was found to perturb correlations in Ca2+-bound S100A1 with no 

observable effects to Ca2+-S100B. For this S100A1-specific fragment, the largest 

perturbations were observed for HN correlations of I12 and residues in helix 4 and the C-

terminal loop, including V78, V83, A84, and F89 (Figure 2.5). Several HN correlations of 

Ca2+-S100A1 were found to disappear in the NMR spectrum upon KM01765 addition (I12, 

N13, H16, K31, V83, and F89), indicative of binding in the intermediate time regime on 

the NMR chemical shift scale (Figure 2.5).  
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Figure 2.2 Maybridge Ro3 Fragments binding Ca2+-S100B and/or Ca2+-S100A1. 
Fragments that interact with either or both S100B (blue) and S100A1 (red). The method 
used to tabulate the spectral perturbations in the S100 proteins upon fragment addition is 
defined in Methods. 
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Figure 2.3. NMR data of S100B and S100A1 bound to the non-specific inhibitor 
BTB10184. 
2D-[1H-15N] HSQC overlays of (A) Ca2+-S100B and (B) Ca2+-S100A1 with (red) and 
without (black) the nonspecific compound BTB10184 which induced spectral 
perturbations in both S100B and S100A1. The NMR data was collected in the same manner 
for both S100 proteins under identical buffer conditions, at 800 MHz, 37 °C, as described 
in Methods. 
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Figure 2.4. NMR data of S100B and S100A1 in the presence of the S100B specific 
inhibitor SEW01483. 
2D-[1H, 15N]-HSQC overlays of (A) Ca2+-S100B and (B) Ca2+-S100A1 with (red) and 
without (black) the S100B-specific compound SEW01483. The NMR data was collected 
in the same manner for both S100 proteins under identical buffer conditions, at 800 MHz, 
37 °C, as described in Methods.  
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Figure 2.5. NMR data of S100B and S100A1 bound to the S100A1 specific inhibitor 
KM01765. 
2D-[1H, 15N]-HSQC overlays of (A) Ca2+-S100B and (B) Ca2+-S100A1 with (red) and 
without (black) the S100A1-specific compound KM01765. The NMR data was collected 
in the same manner for both S100 proteins under identical buffer conditions, at 800 MHz, 
37 °C, as described in Methods. 
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Site Identification by Ligand Competitve Saturation (SILCS) studies of S100A1 and 

S100B in the Ca2+-bound states 

To predict and map binding patterns of small molecules for Ca2+-bound S100A1 

and S100B, SILCS FragMaps were calculated first, as shown (Figure 2.6). These FragMaps 

identify regions where apolar, hydrogen bond, and ionic interactions of small molecules 

with Ca2+-S100A1 and Ca2+-S100B may occur. For S100B, it was found that the 

hydrophobic binding mode of the inhibitor SBi4434 in the crystal structure 4PE0 was 

reproduced with the apolar FragMaps at Site 2 (Figure 2.6). Consistent with previous 

studies, apolar FragMaps indicate a hydrophobic groove encompassing Sites 1, 2 and 3. 

The structure of Ca2+-bound S100A1 was then aligned with Ca2+-bound S100B to directly 

compare their binding patterns (Figure 2.6). Comparable to their structural similarity, 

similar apolar binding patterns were seen along the groove on Ca2+-bound S100A1 as 

indicated by the apolar FragMaps, though differences in the shapes of the maps are evident. 

Difference maps between FragMaps of S100B and S100A1 are shown in Figure 2.7 and it 

is obvious from these difference maps that S100B has more favorable binding patterns 

from apolar and hydrogen bonding acceptor and donor types than S100A1 at Site 1. S100B 

also has favorable apolar binding ability compared to S100A1 at Site 3. However, S100A1 

has favorable bindings from apolar and hydrogen bonding acceptor and donor types at Site 

2 compared to S100B (Figure 2.7). Such information can be used to design specific binders 

and helps explain the specificity of the fragments to the two proteins, as identified by NMR. 
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Figure 2.6. SILCS FragMaps of S100B and S100A1. 
SILCS FragMaps for (A) Ca2+-S100B and (B) Ca2+-S100A1. Maps are rendered at GFE 
level of -1.2 kcal/mol for Apolar (green), hydrogen bonding donor (blue) and acceptor (red) 
maps and at -1.5 kcal/mol for positively charged MAMN (cyan) and negatively charged 
ACEO (orange) maps. For S100B, Sites 1, 2 and 3 are shown in dashed circles in green, 
yellow, and copper, respectively [159]. The S100B inhibitor from the crystal structure 
4PE0, which is located within the Site 2, is shown in (A) as a cyan stick representation. 
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Figure 2.7. Difference SILCS FragMaps for S100B and S100A1. 
Binding patterns that are more favorable for S100B are shown in (A) by apolar (green), 
hydrogen bond donor (blue), acceptor (red), positively charged MAMN (cyan) and 
negatively charged ACEO (orange) difference maps. While those which are more favorable 
for S100A are shown in (B). 
 
Binding sites on Ca2+-bound S100A1 and S100B predicted by SILCS-Hotspots 

SILCS-Hotspots analyses were conducted to explore all potential fragment binding 

sites on Ca2+-bound S100B and S100A1. Figure 2.8 shows all potential binding sites for 

the studied fragments on S100B and S100A1. Sites 1, 2, 3 and a site at the dimer interface 
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were found to be “highly ranked” as fragment binding sites for both Ca2+-S100B and Ca2+-

S100A1. This is consistent with the NMR chemical shift results, which show large spectral 

changes for numerous residues within Sites 1, 2 and 3, as well as for residues in the dimer 

interface. 

 

Figure 2.8. Predicted fragment binding sites from SILCS-Hotspots analyses. 
Sites on (A) S100B and (B) S100A1 are ranked based on the average LGFE over all 
fragments in each site in a Red-White-Blue color scale with red being the most favorable. 
Top scoring sites are circled in green, yellow, red, and purple for Sites 1, 2, 3 and the dimer 
interface.  
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SILCS-MC docking poses and LGFEs provide insight into fragment specificity 

Three fragments were chosen for further analyses based on SILCS-Hotspots 

analysis and the NMR data. These include one fragment specific for S100A1 (KM01765), 

one specific for S100B (SEW01483), and one that binds both S100A1 and S100B 

(BTB10184) in the presence of Ca2+. The docking pose from SILCS-Hotspots that was 

most consistent with largest NMR spectral perturbations was used to represent the binding 

orientation for each fragment. For example, for SEW01483 bound to S100B, residues A9, 

I11, D12, F14, S41, F43, E45, A78, A83 and C84 show significant changes in the NMR 

data, and a docking pose from SILCS-Hotspots was found near four residues out of the ten 

(I11, D12, F43, C84), and thus selected for further analysis. LGFEs, which are an estimate 

of the binding free energy, were calculated for the selected binding pose for each fragment 

compound targeting S100A1 and S100B (Table 2.1). Consistent with the NMR findings, 

LGFE ranked the binding strength to Ca2+-bound S100A1 in the order of 

KM01765>BTB10184>SEW01483, though the predicted differences in binding are 

underestimated, as S100A1 did not bind SEW01483 by NMR. Based on SILCS-MC and 

NMR perturbations, Site 2 was predicted to be the best binding site for all three fragments 

binding to S100A1, which is also consistent with the findings above based on SILCS 

difference maps. The best specific binder of S100A1 was found to be KM01765, which 

has interactions with Site 2 residues, including hydrophobic contacts with NMR 

correlations that are most perturbed including L41, F44, and A84 (Figure 2.9). The dual-

binder BTB10184 was predicted to be the best binder to S100A1 and has formed the most 

hydrophobic contacts with Site 2 residues including L81, A84, C85 and F88, which have 

the largest NMR spectral perturbations (Figure 2.9). For SEW01483, the least contacts with 
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Site 2 residues were observed, but affected residues are F44, C85 and F89, as indicated by 

the very small shifts in the NMR correlations (Figures 2.4, 2.9). 

 

Figure 2.9. Predicted binding modes of fragments for S100A1. 
Predicted binding of (A) BTB10184 (B) KM01765 and (C) SEW01483 for Ca2+-S100A1. 
Residues in the pocket with large spectral perturbations are labeled. The two subunits of 
the S100 protein are colored in blue and red, respectively. 
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Table 2.1. LGFEs for predicted binding poses of compounds for S100A1 and S100B. 

Name Specificity S100A1 
LGFE 

S100B LGFE 

BTB10184 Both -6.52 -7.58 
KM01765 S100A1 -6.14 -5.43 
SEW01483 S100B -5.97 -6.13 

 

For S100B, the predicted binding strength of the three fragments is in the order of 

BTB10184>SEW01483>KM01765, which is also consistent with the NMR perturbation 

results showing that BTB10184 perturbs S100B the most while KM01765 shows no signs 

of spectral perturbation (Table 2.1). The much weaker predicted binding affinity for 

KM01765 is consistent with experimental findings indicating that it is specific to S100A1, 

not S100B. The binding poses for these fragments were predicted and illustrated in Figure 

9. The best binding orientation of BTB10184 and KM01765 is at Site 1 of S100B, while 

the best orientation of SEW01483 is at Site 3 (Figure 2.10). The predicted binding mode 

of KM01765 to S100B suggests only a few hydrophobic contacts are formed between 

KM01765 and surrounding residues including V56 and M79, making it the weakest binder 

among the three (Figure 2.10). In contrast, BTB10184 forms well-defined hydrophobic 

contacts with residues I36, L44, V56, L60, and M79, which is consistent with strong NMR 

perturbations observed for these residues (Figure 2.3, 2.10). In addition, the two terminal 

hydroxyl groups can form hydrogen bonding with backbone carbonyl groups in residues 

E45 and M79, which is also confirmed by large NMR CSPs (Figure 2.3). All these 

interactions with Site 1 residues make fragment BTB10184 the best binder to S100B 

among the three. For SEW01483, the best-predicted binding pose is at Site 3 surrounded 

by residues Ill, D12, F43, and C84, which is consistent with the NMR results showing that 

these residues have large spectral changes (Figure 2.4, 2.10). S100B forms more favorable 
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hydrophobic contacts to SEW01483 compared to S100A1, which makes it a strong, 

specific binder to S100B (Figure 2.4).  

 

Figure 2.10. Predicted binding mode of fragments for S100B. 
Predicted binding of (A) BTB10184 (B) KM01765 and (C) SEW01483 for Ca2+-S100B. 
Residues at the pocket are labeled. For (C), interface residues are colored by the chain 
color. 
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Consistent with NMR, LGFE predicts the fragment specificity over S100B and 

S100A1 satisfactorily (Table 2.1). KM01765 has a much more favorable LGFE value for 

S100A1 compared to S100B. In contrast, SEW01483 has lower LGFE values for S100B 

compared to S100A1. This is consistent with specificity found here by NMR. For the dual-

binder BTB10184, the LGFE score shows that it favors binding to S100B over S100A1, 

and this is consistent with its much stronger perturbation results for S100B over S100A1.   

E. Discussion 

While many compounds bind both S100A1 and S100B, finding a compound with 

specificity for either protein is challenging since these proteins share 60% sequence 

similarity and are structurally homologous (Figure 2.2). It is encouraging that small 

compounds were discovered that showed specificity for these two S100 proteins, since 

these novel findings may help overcome ongoing issues with toxicity associated with 

pentamidine and other S100B inhibitors under development. Specifically, fragment-based 

screening using the Maybridge Ro3 1000 fragment library was sufficient to identify two 

fragments that are S100A1-specific and four that are S100B-specific. Based on LGFEs and 

predicted binding poses, BTB10184 was predicted to bind both Ca2+-S100B and Ca2+-

S100A1, which matches its lack of specificity and the significant spectral perturbations 

throughout both proteins upon binding, as observed by NMR. The computationally 

predicted binding strength of SEW01483 for S100B and S100A1 is also consistent with 

the NMR results that this compound is S100B specific. Similarly, the predicted binding 

strength of KM01765 agrees with the NMR results that this fragment has specificity for 

Ca2+-S100A1. While specificity of these compounds was achieved, and the binding order 

was ranked computationally, the affinities of these fragments for S100B and S100A1 has 
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yet to be determined. This will be necessary to develop both specific and high affinity S100 

inhibitors. 

Although BTB10184 bound to both S100A1 and S100B, it is predicted to interact 

in a different mode for the two proteins. Based on NMR and computational results, 

BTB10184 was the strongest binder to S100B of the three compounds examined. 

Consistent with NMR perturbation data, this non-specific compound is predicted to bind 

S100A1 at hydrophobic, Site 2 residues L81, A84, C85 and F88. However, computational 

and NMR results indicate it interacts with hydrophobic residues within Site 1 of S100B 

while also forming hydrogen bonds with backbone carbonyls of E45 and M79. As 

evidenced by large spectral perturbations, compounds that bind both proteins may do so at 

more than one site. Alternatively, these molecules may interact with many residues within 

a single site, causing some rearrangement of the overall protein structure. Fragments 

specific for either protein had lower overall CSP scores, suggesting that they may only bind 

a single site or interact with fewer residues overall.  

Based on NMR and SILCS-MC, SEW01483 is an S100B specific inhibitor that 

interacts with residues in Site 3 of Ca2+-S100B including with residues Ill, D12, F43, and 

C84. To further validate their specificity, GFE contributions from atoms to the total LGFE 

for S100B and S100A1 were compared and are shown in Figure 2.11. Overall, GFE 

contributions from apolar atoms in SEW01483 are larger for Ca2+-S100B compared to 

Ca2+-S100A1. Therefore, the specificity is likely occurring from the more hydrophobic 

features in Site 3 on Ca2+-S100B compared to Site 2 on Ca2+-S100A1. SEW01483 and the 

other S100B-specific compounds discovered here provide a foundation for designing new 

S100B inhibitors. Linking the S100B-specific compound SEW01483 to another S100B 
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specific fragment might provide both the specificity and efficacy needed to inhibit p53 

binding to S100B. This compound might also be improved by linking it to the strongest 

binder of S100B observed by NMR, BTB10184. This might allow for inhibition of Site 1, 

the p53 binding-site, while also providing S100B specificity.  

 

Figure 2.11. SEW01483 GFE contributions. 
GFE contributions from atoms in SEW01483 to LGFE for (A) S100B and (B) S100A1. 
 

For S100A1 binding KM01765, interactions occur with Site 2 residues including 

hydrophobic contacts with residues L41, F44 and A84. This pocket might be a useful 

location for future drug design for Ca2+-S100A1. Shown in Figure 2.12 is a comparison 

between GFE contributions from atoms in KM01765 for Ca2+-S100B and Ca2+-S100A1. 

Contributions from apolar atoms to the total LGFE for S100B and S100A1 are similar. 

While GFE contributions from hydrogen bond donor and acceptors differ, the largest 

differences were for Ca2+-S100B versus Ca2+-S100A1 with a total of 0.4 kcal/mol 

difference in LGFE. This observation indicates compounds with more hydrogen bonding 
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features might prefer S100A1 over S100B, which is also consistent with the following 

analysis based on chemical properties. 

 

Figure 2.12. KM01765 GFE contributions. 
GFE contributions from atoms in KM01765 to LGFE for (A) S100B and (B) S100A1. 
 

The chemical properties of the compounds specific for Ca2+-S100A1 and Ca2+-

S100B were compared next. The S100B-specific compounds have a lower polar surface 

area (53 Å2), compared to S100A1 specific compounds that have an average polar surface 

area of 89 Å2 (Table 2.2). S100A1-specific compounds also have one more hydrogen bond 

acceptor compared to those specific for S100B. Consistent with this, SEW01484 binding 

to Ca2+-S100B results in a lower amount of spectral perturbations compared to that of 

SEW01483 and also results in minor perturbations of Ca2+-S100A1 (Figure 2.2). The only 

difference between the two fragments is that SEW01484 has an extra hydrogen bond donor, 

as it has a secondary amine, compared to SEW01483, which does not donate hydrogen 

bonds as a tertiary amine (Table 2.2).  
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The methods employed here allowed for discovery of compounds specific for two 

closely related S100 proteins, Ca2+-S100B and Ca2+-S100A1. Additional insight was 

gained into why these compounds are specific to each protein based on their predicted 

binding pose. We conclude that hydrophobic heterocyclic fragments such as SEW01483 

that lack strong hydrogen bonding donor groups such as amides, may show specificity for 

Ca2+-S100B over Ca2+-S100A1. While a fragment such as KM01765, which has 

hydrophobicity and additional strong hydrogen donor groups, may show specificity for 

Ca2+-S100A1 over Ca2+-S100B. A fragment like BTB10184, which has hydrophobic 

moieties and hydrogen donor groups may bind both Ca2+-S100A1 and Ca2+-S100B. Based 

on these results, work will continue towards resolving toxicity, efficacy and specificity 

issues observed with next generation S100B inhibitors. Improving upon the existing 

compounds will facilitate better design of drugs to target S100B in cancer. Furthermore, 

using the knowledge regarding specificity gained here will provide a foundation for further 

development of S100-protein specific inhibitors that can be used for a variety of diseases. 
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Table 2.2. Chemical properties of fragments.Fragments that bind to either S100B or 
S100A1 specifically and a representative fragment (BTB10184) that binds to both 
proteins.

Compound 2D Structure Specificity 
H-
bond 
donor 

H-bond 
acceptor 

Polar 
Surface 
Area (Å2) 

SPB05355  S100B 2 2 45.8 

RJC03578 
 

 S100B 1 3 66.9 

SEW01483  S100B 0 3 49.8 

SEW01484  S100B 1 3 49.5 

GK00671  S100A1 1 4 80.6 

KM01765  S100A1 1 4 96.8 

BTB10184  
S100B 
/S100A1 2 3 65.8 
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F. Conclusion 

It is important that S100B inhibitors designed to control malignant melanoma do 

not block S100A1, ensuring that normal skeletal and cardiac muscle function is retained. 

For designing inhibitors such as these, fragment-based approaches were applied including 

a combination of NMR and computer aided drug design. Here, the results with both 

S100A1- and S100B-specific fragments were discovered and provide insight into how to 

initiate the design of S100-protein specific inhibitors. For example, the S100B-specific 

fragment SEW01483, is shown to interact with Site 3 residues of S100B. Amino acid 

residues unique to S100B allow this site to form in S100B (Figure 2.13), but those 

interactions do not occur in S100A1. These methods can also be used generally to initiate 

the design of specific inhibitors for other highly homologous drug targets. 
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Figure 2.13. Sequence similarities and differences for S100B and S100A1. 
(A) Sequence alignment and conservation score of S100A1 and S100B calculated in 
JalView [269, 270]. Columns with conserved residues are indicated by ‘*’, while columns 
with residue changes are marked with values ranging from ‘9’ to ‘4’ depending on the 
physiochemical properties of the changed amino acid residue. (B) Colors corresponding to 
the conservation scores were mapped onto a surface diagram of Ca2+-S100B (PDBID: 
4PE0). Residues specific for S100B (scored 4-9) within Sites 1-3 are labeled. Sites 1, 2 and 
3 are shown in dashed circles in green, yellow and copper, respectively. (C) Ribbon 
diagram of Site 3 of Ca2+-S100B (4PE0) with Site 3 residues shown in sticks. (D) Ribbon 
diagram of G43 and F44 in Ca2+-S100A1 (PDBID: 5K89) and (E) Ca2+-S100A1 amino 
acid residues corresponding to Site 3 of S100B shown in sticks. Colors correspond to the 
residue conservation score in (A). 
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3. Structural insights into ions binding to S100A1 versus S100B  

A. Overview 

 S100 family members S100B and S100A1 are EF hand Ca2+ binding proteins that 

are known interact with numerous binding partners upon binding to Ca2+. However, 

whether these proteins interact with other ions besides Ca2+ has not been described in detail. 

To this end, an investigation into the structural impact of Mg2+, Na+, and Mn2+ ions binding 

to S100B and S100A1 was carried out. These studies show induced conformational 

differences between the two highly similar S100 proteins, at a residue-specific level. It was 

found that in the presence of Mg2+ and Na+ (but in the absence of Ca2+), EF1 of S100B and 

S100A1 exhibit high magnitude NMR chemical shift perturbations (CSPs). Lower CSPs 

were observed for these regions in the presence of Ca2+. This data suggests that at resting 

Ca2+ concentrations, Mg2+ or Na+ may bind to EF1 of S100A1 and S100B causing 

conformational changes which may be relevant intracellularly to stabilize these proteins. 

Studies with Mn2+ highlight differences between the proteins, which were found to differ 

within the hinge and C-terminus regions. This investigation improves our understanding of 

S100B and S100A1 ion-binding and highlights the importance of further study into the 

interactions of S100 proteins and physiologically relevant ions.  

B. Introduction 

Ca2+ is a key signaling molecule that delivers biological signals to cells within a 

narrow dynamic range of cytoplasmic free Ca2+ concentrations [164]. Prior to a Ca2+ signal, 

cells are considered at “rest”, with intracellular free Ca2+ concentrations typically at ~100 

nM [164]. Upon a Ca2+ signal, intracellular free Ca2+ concentrations approach ~500-1000 

nM, “activating” cells to carry out various necessary biological functions. The proteins 
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which sense these changing Ca2+ concentrations and transduce Ca2+ currents into a 

biological response are known as Ca2+ binding proteins (CBPs).  

CBPs such as S100 proteins, carry out a variety of cellular functions upon binding 

to Ca2+, ranging from cell proliferation to muscle contraction [87]. S100 protein family 

members have a conserved lower affinity N-terminal “pseudo” (non-canonical) EF-hand 

(EF1) and a high affinity C-terminal “typical” EF-hand (EF2) Ca2+-binding motif. Upon 

EF-hand Ca2+ binding, most dimeric S100 proteins undergo a conformational change that 

allows them to bind their target proteins which are necessary to modulate many critical 

biological processes. The two closest-related S100 family members, which are 60% similar 

in sequence, are S100A1 and S100B. Both are made up of four helices per subunit (termed 

H1-H4), where helices 1 and 2 (H1 and H2) are connected to helices 3 and 4 (H3 and H4) 

by a flexible loop termed the hinge region. The hinge is the least homologous in sequence 

between the two proteins and has been proposed to be important for target-binding 

specificity [131-133].  

The Ca2+-dependent conformational changes of calmodulin (CaM) and S100 

proteins, such as S100A1 and S100B, are well characterized [114, 237, 251, 271]. Less 

well-described is the interaction(s) of S100B and S100A1 with other ions, for example the 

divalent metal ion Mg2+, which is present at free concentrations of approximately 0.5-1 

mM both inside and outside the cell [272, 273], or Na+, which is present intracellularly at 

~14 mM and extracellularly at ~140 mM [274]. Mg2+ binding to CBPs might have several 

intracellular roles–for example, Mg2+ can stabilize or maintain the structure and folding of 

CBPs, like that found for CaM [275]. Mg2+ also can modulate the affinity of CBPs for Ca2+ 

which may be significant under ATP depleted states where free intracellular Mg2+ 
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concentrations can increase significantly and may compete with Ca2+ [276]. However, the 

effect of Mg2+ on S100A1 and S100B, CBPs which have varying regulatory and signaling 

functions, remains an open question. It was previously reported that the affinity of S100B 

and S100A1 for Mg2+ (in the presence of Ca2+) is ~1-3 mM, as determined by multiple 

studies [277, 278], and the ion was also found to have an antagonistic effect on Ca2+ binding 

to the S100 αβ heterodimer [279]. Therefore, these S100 proteins may be altered by Mg2+ 

in vivo. CBPs also exhibit altered Ca2+-binding properties in the presence of Na+ [280], 

making it an additional relevant ion to study as it is present intracellularly at millimolar 

concentrations. However, the structural basis of how S100A1 and S100B bind Mg2+ and 

Na+ has not been characterized.  

To resolve these questions, NMR studies of Mg2+ and Na+ binding to S100A1, and 

S100B were carried out and the impact of these ions on the structure of these CBPs was 

investigated on a residue-specific basis. The impact of Mn2+ on the S100 proteins was also 

studied because it is often used as an analog of Mg2+, as the two ions exhibit similar 

coordination behavior, charge, and ionic radius [281]. NMR investigations of S100B and 

S100A1 determined that both Mg2+ and Na+ bind and cause conformational changes to the 

EF hand Ca2+ binding loops of both proteins. This may be relevant intracellularly in 

“resting” cells as these ions are present at high concentrations. The structural impact of 

Mg2+, Na+ and Mn2+ on these two highly similar proteins was also compared in order to 

provide insight into structural differences that could give rise to ion-binding specificity.   

C. Methods 

Protein Expression and production. 
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15N-labeled S100B (rat and bovine) and 15N-labeled S100A1 (human) were 

overexpressed and purified from Escherichia coli as previously described for S100B and 

S100A1 [64, 251, 282]. Pure S100A1 and S100B (>99%) as judged via SDS-PAGE were 

stored as aliquots at ≤-80 °C. S100A1 concentration was determined by absorbance at 280 

nm using the molar absorptivity (extinction coefficient) of 11,312 M-1cm-1 as determined 

by an S100A1 sample of known concentration, via amino acid analysis, as the standard. 

S100B concentration was determined by the Bradford assay with an S100B sample of 

known concentration as a standard determined by amino acid analysis. 

Crystallization, Data Collection, Model Building, & Refinement.  

Diffraction quality crystals of bovine S100B were obtained by sitting drop vapor 

diffusion at 20°C by mixing 0.75 μL bovine S100B (40 mg/mL S100B, 10 mM sodium 

cacodylate pH 7.2, 7.5 mM CaCl2) with 0.75 μL mother liquor (29% PEG MME 550, 100 

mM Cacodylate pH 6.9, 7.5mM CaCl2) and equilibrating overnight. The resulting crystals 

were harvested and flash-cooled in liquid nitrogen without cryoprotectant. 

X-ray data for S100B-Ca2+-Mn2+ crystals were collected in-house using a Rigaku 

MSC micromax 7 X-ray generator with an R-axis IV++ detector and Oxford Cryosystem. 

Reflections were scaled and integrated using Rapid Automated Processing of Data 

(RAPD). Preliminary phases were obtained by molecular replacement with Phaser using 

Ca2+-S100B (PDB entry 1MHO) as a search model. Model building and refinement were 

performed using COOT and Phenix. 

NMR experiments and sample preparation.  

NMR experiments were acquired at 37 °C. All NMR experiments were collected 

on either a Bruker Avance 800 NMR spectrometer or a Bruker Avance III 600 NMR 
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spectrometer.  The 600 MHz spectrometer was equipped with triple-resonance z-axis 

gradient 5 mm cryogenic probe and the 800 MHz spectrometer was equipped with a room 

temperature probe. Samples contained 0.5 mM S100A1 or S100B (rat), 10 mM Tris pH 

7.2, 17 mM NaCl, 5 mM DTT, 0.34 mM NaN3, 0.1 mM EDTA and 10% D2O. Up to 80 

mM MgCl2 was titrated into the NMR sample and up to 1.2 mM MnCl2 was titrated into 

NMR samples containing 80 mM MgCl2. For NaCl titrations, up to 240 mM NaCl was 

added. For titrations of MnCl2 into S100B in the presence of Ca2+, samples contained 2 

mM S100B (bovine) in 10 mM HEPES pH 7.2, 15 mM NaCl, 10 mM CaCl2, 2 mM DTT, 

0.34 mM NaN3, 10% D2O. NMR data were processed with NMRPipe and analyzed with 

CCPNMR Analysis [283, 284]. All proton chemical shifts were referenced to external 

trimethylsilyl propanoic acid (TSP) at 25 °C (0.00 ppm) with respect to residual H2O (4.698 

ppm). 1H–15N and 1H–13C chemical shifts were indirectly referenced using zero-point 

frequency ratios of 0.101329118 and 0.251449530, respectively.  

D. Results.  

Mg2+ titration into ApoS100A1 and ApoS100B by NMR.  

While S100 proteins such as S100B and S100A1 are known to undergo significant 

conformational changes upon binding to Ca2+, little is known about the binding of S100A1 

and S100B to Mg2+ or the details of the potential Mg2+-induced conformational change. To 

this end, it was investigated whether two similar S100 proteins, apo-S100A1 (ApoS100A1) 

and apo-S100B (ApoS100B) interact with Mg2+ in the absence of Ca2+. It was confirmed 

that Mg2+ does not significantly alter the tryptophan fluorescence emission spectrum of the 

proteins, which agrees with data from other groups (not shown) [280, 285]. The unaffected 

fluorescence emission spectra of these proteins (ApoS100A1, ApoS100B with TRTK-12) in 



86 
 
 

the presence of Mg2+ further confirms that Mg2+ does not cause a global conformation 

change (i.e. domain opening), unlike the binding of Ca2+ to these proteins. However, local 

changes to the protein conformation and weak binding are not detected by this method. 

Therefore, to determine the molecular details of S100A1 and S100B binding to Mg2+, 

MgCl2 was titrated into NMR samples of S100A1 and S100B, in both the absence and 

presence of Ca2+, and 2D-[1H, 15N]-HSQC NMR experiments were performed at each 

titration point (0-80 mM). A continuous change in the chemical shifts of the 1H-15N cross 

peaks was observed upon titration of Mg2+ into both S100 proteins, arising from binding 

in the fast exchange regime on the NMR chemical shift timescale–this indicates rapid 

interconversion between states and a relatively low affinity complex (typically KD> 3 μM 

and koff >3000 s-1 at 600 MHz). The 1H-15N backbone chemical shifts of S100A1 and 

S100B upon addition of up to 80 mM MgCl2 were readily assigned via titration of Mg2+ 

into both the apo- and Ca2+-bound proteins. These chemical shifts were confirmed by 3D-

NOESY, when necessary.  

To determine the impact of Mg2+ on S100B and S100A1 in the absence of Ca2+, 

1H-15N spectra of Mg2+-free (0 mM MgCl2) and Mg2+-bound (80 mM MgCl2) proteins were 

overlaid and the absolute change in chemical shifts, termed chemical shift perturbations 

(CSPs), for each residue of S100A1 or S100B were tabulated. CSPs greater than one 

standard deviation above the average were considered significant. For both ApoS100A1 and 

ApoS100B, the largest CSPs in the presence of Mg2+ were found to occur mostly in EF1 

(Figure 3.1). Specifically, these CSPs (>0.27 ppm) were found to occur for many residues 

in EF1: S19, K21, E22, D24, K25, Y26, L28, and one residue in EF2 (V69) of S100A1 

(Figure 3.1). At 6 mM MgCl2, high magnitude CSPs (>0.11 ppm) within EF1 of S100A1 
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were also found (not shown). For S100B, high magnitude CSPs (>0.18 ppm) were also 

found to occur for residues in EF1 (H15, R20, E21, D23, K24, H25, L27); additional CSPs 

occurred in the hinge (H42) (Figure 3.1). At 6 mM MgCl2, high magnitude CSPs (<0.06 

ppm) were found for the same residues within EF1 and the hinge, along with T82 and E91. 

These results indicate that Mg2+ binds EF1 of both S100A1 and S100B, in the absence of 

Ca2+, resulting in local conformational changes in EF1 for both S100 proteins. Notably for 

S100A1, Mg2+ also causes moderate CSPs in D66, E68, V69 and D70 of EF2, however 

these are lower in magnitude compared to that of EF1. In comparison, only one moderate 

CSP was observed in EF2 in the presence of Mg2+ for S100B (D69), although additional 

above average CSPs occurred within H4 (T82, C84) and the C-terminus (E91). These CSPs 

suggest that Mg2+ does bind EF2 of S100A1 (and not S100B), though to a lesser degree 

compared to EF1. Whereas for S100B, the hinge and C-terminus undergo conformational 

changes upon the addition of Mg2+.  
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Figure 3.1. Mg2+ binds to the EF hands of S100A1 and S100B. 
The combined absolute change in both 1H and 15N chemical shift values upon Mg2+ 
addition to (A) ApoS100A1 and (B) ApoS100B are plotted for backbone HN correlations for 
each amino acid residue. These data illustrate that the largest CSPs occur primarily within 
EF1 of S100A1 and S100B upon Mg2+ addition (>0.27 ppm for S100A1; >0.18 ppm 
S100B).  (C) CSPs upon Mg2+ addition (80 mM) to S100A1 and (D) S100B are mapped 
onto ribbon diagrams; residues which exhibit minimal/no CSPs are highlighted in grey 
(less than average CSP; >0.11 for S100A1 and >0.08 ppm for S100B), residues with 
moderate CSPs are colored in orange (between 0.11-0.27 ppm for S100A1; 0.08-0.18 ppm 
for S100B), residues with significant CSPs are colored in red (above 0.27 for S100A1; 
above 0.18 for S100B) (PDBIDs: 2L0P and 1B4C).   
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Next, the CSPs caused by Mg2+ in the presence of Ca2+-bound S100A1 (CaS100A1) 

and S100B (CaS100B) were examined. The 1H-15N spectra of Mg2+-free, Ca2+-bound (0 

mM MgCl2, 10 mM CaCl2), and Mg2+-bound, Ca2+-bound (80 mM MgCl2, 10 mM CaCl2) 

proteins were overlaid and chemical shift perturbations (CSPs) per residue were tabulated. 

CSPs greater than one standard deviation above the average were considered to be 

significant. High magnitude CSPs (>0.047 ppm) of CaS100A1 occurred for backbone amide 

correlations within H1 (E3, T6), EF1 (D24, K26), the hinge (S42, F44), H3 (A53, K56), 

H4 (T82, V83) and the C-terminus (E91) (Figure 3.2). This data revealed that in the 

presence of Ca2+, Mg2+ caused mostly non-specific CSPs throughout the entirety of 

S100A1, as opposed to those that occur in the absence of Ca2+, which were localized to 

residues close in space (Figures 3.1-3.2). In addition to Mg2+ inducing only non-specific 

CSPs in CaS100A1, the CSPs were also 6-fold lower in magnitude in the presence of Ca2+ 

(>0.047 ppm) compared to those tabulated in its absence (>0.27 ppm). Together, the low 

magnitude, non-specific CSPs indicate that Mg2+ induces little, if any, conformational 

changes in CaS100A1. Therefore, Mg2+ binding to S100A1 is likely only relevant 

intracellularly at resting Ca2+ levels. 

Upon addition of 80 mM MgCl2, CSPs (>0.064 ppm) for Ca2+-bound S100B were 

found for amide correlations within the hinge (H42, E46), EF2 (D69, Q71, E72), H4 (T82) 

and the C-terminus (H85, E91) of S100B (Figure 3.2). Notably, these all contain side chain 

oxygens or nitrogen groups which could be coordinated by Mg2+. Mg2+ also caused 

moderate CSPs (between 0.049-0.064 ppm) in E34, F43, L44, E45, E51, D63, M79, V80, 

and E86, likely because they are close in space to Mg2+-coordinating residues. While the 

CSPs induced by Mg2+ were more localized to residues close in space in CaS100B versus 
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those found for CaS100A1 (Figure 3.2), they are also relatively low in magnitude (>0.064 

ppm) compared to that found in the absence of Ca2+ (>0.18 ppm). Therefore, this data 

indicates that Mg2+ may bind to Ca2+-bound S100B in a region between the hinge and C-

terminus and/or between EF2 and H4, however it is unlikely to cause a significant 

conformational change.  

Figure 3.2. Mg2+ addition to CaS100B and CaS100A1 
The combined absolute change in both 1H and 15N chemical shift values upon Mg2+ 
addition to (A) CaS100A1 and (B) CaS100B are plotted for backbone HN correlations for 
each amino acid residue. These data illustrate CSPs occur throughout the entire S100A1 
sequence without localization to a specific region upon Mg2+ addition; the effect of Mg2+ 
on S100B was more specific (>0.047 ppm for S100A1; >0.064 ppm for S100B). (C) and 
(D) Close up view of CSPs upon Mg2+ addition (80 mM) to S100B are mapped onto ribbon 
diagrams. These show that CSPs are localized to (C) EF2 and H4 and (D) the hinge and C-
terminus. Residues which exhibit minimal/no CSPs are highlighted in grey (less than >0.04 
for S100A1 and >0.05 ppm for S100B), residues with moderate CSPs are colored in orange 
and shown as sticks (between 0.04-0.0.047 ppm for S100A1; 0.049-0.064 ppm for S100B), 
residues with significant CSPs are colored in red and shown as sticks (above 0.047 for 
S100A1; above 0.064 for S100B) (PDBIDs: 5K89 and 2K70).   
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Figure 3.2. Mg2+ addition to CaS100B and CaS100A1 
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Na+ binding to ApoS100A1 and ApoS100B.  

Another ion abundant both intra- and extracellularly is the monovalent ion, Na+, 

which has previously been found to alter the Ca2+-binding properties of S100B and S100A1 

[280]. However, the structural impact of Na+ on a residue-specific basis has yet to be 

studied. To determine whether S100A1 and S100B also undergo a conformational change 

in the presence of Na+, it was titrated into NMR samples in the form of NaCl and 2D-[1H, 

15N]-HSQC experiments were collected. Both ApoS100A1 and ApoS100B exhibit backbone 

CSPs in the presence of increasing concentrations of NaCl, which is present intracellularly 

at ~14 mM, and extracellularly at ~140 mM [274] (Figure 3.3-6). The 1H-15N spectra of 

these proteins at low (18 mM) and high (240 mM) concentrations of NaCl were then 

overlaid and chemical shift perturbations (CSPs) per residue were tabulated. As found to 

occur in the presence of Mg2+, high Na+ conditions (240 mM NaCl) induced high 

magnitude CSPs in S100A1 (>0.12 ppm) predominately in EF1 (H18, S19, K21, E22, G23, 

D24, K25 and T39) (Figure 3.4). NaCl also induced high magnitude CSPs (>0.08 ppm) in 

S100B, in residues belonging to EF1 (H15, S18, G19, R20, G22, D23, K28), the hinge 

region (H42), EF2 (F70), and helix 4 (T82, C84, F88) (Figure 3.3). These indicate that in 

addition to Ca2+ and Mg2+, Na+ locally impacts the structure of S100B and S100A1, 

although differences between Na+ binding to the two proteins were observed. As found to 

occur in the presence of Mg2+, residues belonging to the hinge and C-terminus of S100B 

exhibited CSPs, which this was not observed for S100A1 (Figures 3.3-4). CSPs caused by 

Mg2+ were higher overall in S100B and S100A1 compared to those caused by Na+, 

indicating that Mg2+ induces greater conformational changes in the Ca2+ binding loops 

compared to Na+. ApoS100A1 also exhibited higher magnitude CSPs compared to ApoS100B 
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in the presence of both Mg2+ and Na+ ions, which suggests that it undergoes larger 

conformational changes compared in the presence of those ions.    

Figure 3.3. Na+ binds to S100A1 and S100B. 
The combined absolute change in both 1H and 15N chemical shift values upon Na+ addition 
to (A) ApoS100A1 and (B) ApoS100B are plotted for backbone HN correlations for each 
amino acid residue. These data illustrate that the largest CSPs occur primarily in EF1 of 
S100A1 and S100B upon Na+ addition (>0.12 ppm for S100A1; >0.08 ppm S100B). (C) 
CSPs upon Na+ addition to S100A1 and (D) S100B are mapped onto ribbon diagrams; 
residues which exhibit minimal/no CSPs are highlighted in grey (less than average CSP; 
>0.05 for S100A1 and >0.04 ppm for S100B), residues with moderate CSPs are colored in 
orange (between 0.05-0.12 ppm for S100A1; 0.04-0.08 ppm for S100B), residues with 
significant CSPs are colored in red (above 0.13 for S100A1; above 0.09 for S100B) 
(PDBIDs 2L0P and 1B4C).   
 
Figure 3.4. NMR CSPs in the presence of Na+ illustrates differences between the hinge and 
C-termini of ApoS100B and ApoS100A1. 
(A) Ribbon diagram of S100B where residues exhibiting CSPs in the presence of NaCl are 
highlighted in red. Residues in orange exhibit perturbations above average, but below the 
high magnitude threshold (one standard deviation above the mean). (B) The corresponding 
residues (grey) although they do not exhibit any CSPs are shown as sticks and labeled on 
S100A1. (PDBIDs: 5K89 and 2K70).   
 
Figure 3.5. Effect of increasing NaCl concentrations on the backbone HN of ApoS100B.  
2D-[1H, 15N]-HSQC NMR spectra ApoS100B in the presence of 18 mM (black), 43 mM 
(blue), and 93 mM (red) NaCl. Select residues exhibiting chemical shift perturbations are 
labeled.  
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Figure 3.3. Na+ binds to S100A1 and S100B. 
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Figure 3.4. NMR CSPs in the presence of Na+ illustrates differences between the hinge and 
C-termini of ApoS100B and ApoS100A1. 
 

 
Figure 3.5. Effect of increasing NaCl concentrations on the backbone HN of ApoS100B.  
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Figure 3.6. Effect of increasing NaCl concentrations on the backbone HN of ApoS100A1. 
2D-[1H, 15N]-HSQC NMR spectra ApoS100A1 in the presence of 18 mM (black), 43 mM 
(blue), and 93 mM (red) NaCl. Select residues exhibiting chemical shift perturbations are 
labeled.  

 
Next, NaCl was titrated into NMR samples of Ca2+-bound S100B and S100A1 

(CaS100B, CaS100A1). Particularly interesting, was that Na+ did not cause CSPs in S100A1 

in the presence of Ca2+ (Figure 3.6), suggesting that Na+ binds to the Ca2+ binding site in 

the absence of Ca2+, but is displaced by Ca2+, as would be expected (Figures 3.4-3.7). 

However, moderate CSPs were observed for D63, G64, D69 and E72 within EF2 of 

CaS100B suggesting that Na+ may cause minor local conformational changes to the Ca2+ 

binding site even in the presence of Ca2+.  
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Figure 3.7. Effect of increasing NaCl concentrations on the backbone HN of CaS100A1.  
2D-[1H, 15N]-HSQC NMR spectra CaS100A1 in the presence of 18 mM (black), 43 mM 
(blue), and 93 mM (red) NaCl. No CSPs are observed. NMR samples were prepared as 
described in Methods in the presence of 10 mM CaCl2. 
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Figure 3.8. Effect of increasing NaCl concentrations on the backbone HN of CaS100B. 
2D-[1H, 15N]-HSQC NMR spectra CaS100B in the presence of 18 mM (black), 43 mM 
(blue), and 93 mM (red) NaCl. HN CSPs are observed only for amides within EF2. NMR 
samples were prepared as described in Methods in the presence of 10 mM CaCl2. (Inset) A 
close up view backbone amides perturbed within EF2 of CaS100B upon Na+ addition are 
shown as sticks, colored in red, and labeled.  
 
Comparison of Mn2+ binding to S100B and S100A1.  

The paramagnetic ion Mn2+, which is often used as an analog of Mg2+, was next 

titrated into samples of S100A1 or S100B in Mg2+-containing buffer, and fractional 

decreases in peak intensities, compared to those in the absence of Mn2+, were calculated 

and plotted per residue (Figure 3.9, Table 3.1). While backbone HN correlations throughout 

the entire protein exhibit decreases in chemical shift intensities due to line broadening 

effects of the paramagnetic ion, those that disappear first at lower MnCl2 concentrations 

indicate Mn2+-binding. For S100B in the presence of 80 μM MnCl2, several backbone 
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amide correlation intensities began to decrease (which were considered significant one 

standard deviation below the mean, a 32% decrease) as found for residues within H1 (H15), 

EF1 (D23, K24, H25 and K26, EF2 (D65), and the C-terminus (F88, E89 and E91) (Table 

3.1). In the presence of 160 μM MnCl2, a large decrease (79%) in intensity was 

subsequently observed for additional residues belonging to EF1 (L27, K28), the hinge 

(H42, F43, E45, E46), and EF2 (G66, D69, F70). A moderate (64%) decrease in intensity 

was calculated for S1 (N-terminus), Q16 (H1), G19, G22 (EF1), E51 (H3), G64, E67, C68 

and Q71 (EF2). Therefore, Mn2+ mostly impacted residues of EF1, EF2, the hinge, and C-

terminus of S100B, as well as H15 of H1, indicating Mn2+ binding sites near these regions. 

While Mg2+ also induced CSPs in EF1, the hinge and C-terminus, it did not cause high 

magnitude CSPs in EF2, suggesting that the two ions bind S100B slightly differently.  

Table 3.1. Comparison of decreases in peak intensities in the presence of MnCl2 for S100B 
and S100A1 
aPeak intensity compared to those from samples which do not contain MnCl2  

S100B S100A1 

Residue 
# Residue 

Fractional decrease 
in peak intensitya 

Residue 
# Residue 

Fractional decrease 
in peak intensitya 

80 μM 
MnCl2 

160 μM 
MnCl2 

80 μM 
MnCl2 

160 μM 
MnCl2 

1 GLY 0.92 0.86 
1 SER 0.82 0.22 2 SER 1.00 0.72 
2 GLU 0.95 0.60 3 GLU 0.95 -0.02
3 LEU 1.07 0.90 4 LEU 1.09 0.48 
4 GLU 1.04 0.86 5 GLU 1.00 0.83 
5 LYS 0.98 0.63 6 THR 1.12 0.81 
6 ALA 1.00 0.84 7 ALA 1.01 0.95 
7 MET 0.86 0.40 8 MET 0.98 0.95 
8 VAL 0.92 0.62 9 GLU 0.98 0.82 
9 ALA 0.93 0.69 10 THR 1.00 0.97 
10 LEU 0.96 0.82 11 LEU 0.95 0.90 
11 ILE - - 12 ILE 1.06 1.05 
12 ASP 0.97 0.88 13 ASN 1.13 0.65 
13 VAL 0.90 0.44 14 VAL 0.98 0.65 
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14 PHE 0.99 0.70 15 PHE 0.96 0.70 
15 HIS 0.39 0.06 16 HIS 1.00 0.70 
16 GLN 0.84 0.22 17 ALA 0.92 0.27 
17 TYR 0.91 0.58 18 HIS 0.92 0.15 
19 GLY 0.90 0.25 20 GLY 0.92 0.14 
20 ARG - - 21 LYS 0.84 0.44 
21 GLU 1.05 0.87 22 GLU 0.97 0.59 
22 GLY 1.10 0.35 23 GLY 0.98 0.36 
23 ASP 0.61 0.13 24 ASP 0.95 0.13 
24 LYS 0.21 0.05 25 LYS 1.04 0.54 
25 HIS 0.35 0.06 26 TYR 1.02 0.63 
26 LYS 0.25 -0.02 27 LYS 0.94 0.20 
27 LEU 0.80 0.09 28 LEU 0.93 0.30 
28 LYS 0.85 0.18 29 SER 0.77 0.00 
29 LYS 0.96 0.80 30 LYS 1.00 0.67 
30 SER 1.16 0.97 31 LYS 0.99 0.74 
31 GLU 0.94 0.64 32 GLU 0.97 0.26 
32 LEU 0.91 0.57 33 LEU 0.97 0.42 
33 LYS - - 34 LYS 0.97 0.66 
34 GLU 0.99 0.76 35 GLU 0.91 0.21 
35 LEU 0.94 0.76 36 LEU 0.82 0.06 
36 ILE 0.99 0.94 37 LEU 1.00 0.47 
37 ASN 1.05 1.03 38 GLN 0.94 0.50 
38 ASN 1.06 1.02 39 THR 0.93 0.20 
39 GLU 1.06 0.89 40 GLU 0.96 0.13 
40 LEU 1.00 0.84 41 LEU 1.02 0.76 
41 SER - - 42 SER 1.01 0.66 
42 HIS 0.80 0.03 43 GLY 1.13 0.74 
43 PHE 0.76 0.05 44 PHE 1.04 0.72 
44 LEU 1.02 0.82 45 LEU 0.96 0.70 
45 GLU 0.75 0.12 46 ASP 0.92 0.23 
46 GLU 0.80 0.10 47 ALA 0.99 0.51 
47 ILE - - 48 GLN 0.99 0.91 
48 LYS 0.86 0.58 49 LYS 0.97 1.01 
49 GLU 0.85 0.41 50 ASP 0.95 0.90 
50 GLN 1.04 0.38 51 VAL 0.91 0.30 
51 GLU 0.93 0.35 52 ASP 0.85 0.04 
52 VAL 0.96 0.60 53 ALA 0.80 0.07 
53 VAL 0.98 0.96 54 VAL 0.94 0.70 

Table 3.1 continued 
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54 ASP - - 55 ASP 0.96 0.72 
55 LYS 0.96 0.73 56 LYS 0.96 0.80 
56 VAL 0.95 0.89 57 VAL 0.95 0.88 
57 MET 0.96 0.95 58 MET 0.99 1.04 
58 GLU 1.02 0.90 59 LYS 0.98 0.95 
59 THR 1.01 0.82 60 GLU 0.95 0.84 
60 LEU 0.96 0.86 61 LEU 1.04 1.05 
61 ASP 0.95 0.77 62 ASP 0.98 0.81 
62 GLU 0.92 0.55 63 GLU 1.00 0.66 
63 ASP 0.87 0.50 64 ASN 0.95 0.73 
64 GLY 0.94 0.27 65 GLY 1.11 0.71 
65 ASP 0.58 0.02 66 ASP 0.95 0.32 
66 GLY 0.90 0.19 67 GLY 1.01 0.34 
67 GLU 0.90 0.24 68 GLU 0.90 0.10 
68 CYS 0.90 0.32 69 VAL 0.94 0.26 
69 ASP 0.76 0.05 70 ASP 0.83 0.05 
70 PHE 0.92 0.16 71 PHE 1.01 0.83 
71 GLN 0.78 0.26 72 GLN 0.92 0.45 
72 GLU 1.03 0.67 73 GLU 0.93 0.26 
73 PHE 0.88 0.64 74 TYR 0.98 0.83 
74 MET 1.01 0.86 75 VAL 0.98 0.96 
75 ALA 0.95 0.84 76 VAL 0.98 0.88 
76 PHE 0.97 0.84 77 LEU 1.00 0.92 
77 VAL 0.96 0.90 78 VAL 0.96 0.95 
78 SER - - 79 ALA 0.98 0.95 
79 MET 0.95 0.84 80 ALA 0.98 0.93 
80 VAL 1.02 0.86 81 LEU 0.96 0.91 
81 THR 1.06 0.90 82 THR 0.95 1.02 
82 THR - - 83 VAL 1.01 1.08 
83 ALA 0.91 0.51 84 ALA 0.92 0.96 
84 CYS - - 85 CYS 0.99 1.10 
85 HIS - - 86 ASN 1.09 1.07 
87 PHE - - 88 PHE 1.18 1.29 
88 PHE 0.57 -0.02 89 PHE 1.06 1.10 
89 GLU 0.38 0.03 90 TRP 1.00 1.06 
90 HIS - - 91 GLU 0.99 0.92 
91 GLU 0.26 0.05 92 ASN 0.98 0.66 

93 SER 1.09 0.58 

Table 3.1 continued 
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Figure 3.9. Mn2+ causes decreases in peak intensity in S100B and S100A1.  
Representative traces of fractional peak intensities per HN at concentrations of MnCl2 up 
to 1.2 mM as shown for (A) S100B and (B) S100A1. For S100B, N37 (black) and T59 
(purple) do not show decreases in intensities until higher concentrations of MnCl2 are 
achieved compared to L27 (red), H25 (magenta), D65 and E91 (blue). For S100A1, V57 
(black) and T82 (purple) show lesser decreases in intensity compared to L36 (blue), L28 
(red), H18 (green) and D70 (magenta).  

For S100A1, several HN signal decreases were measured at 80 μM MnCl2, in Mg2+ 

containing buffer. In contrast to S100B, a lesser decrease in peak intensity (9%) was 

considered significant (one standard deviation below average) as observed for residues in 

EF1 (K21, S29), H2 (L36), H3 (D52, A53), and EF2 (E68, D70). In the presence of 160 

μM MnCl2, significant chemical shift intensity decreases (68%) were found for residues 

within H1 (E3, A17, H18), EF1 (G20, D24, K27, L28), H2 (E35, T39, E40), the hinge 

(D46), H3 (V51), and EF2 (D66, G67, V69, E73). Correlations which exhibited moderate 

decreases in magnitude (51%) also belonged to H1 (L4), EF1 (K21, G23), and H2 (L33, 

L37, Q38). Together, these decreases suggest that Mn2+ binds to EF1 and EF2, as well as 

a region involving H2 (L36, T39, E40), H1 (H18) of one S100A1 subunit and H1 (E3, L4) 

of a second S100A1 subunit (Table 3.1). Thus, S100A1 was found to bind Mn2+ similarly 

to Mg2+, except for the apparent binding of Mn2+ to a region between H1 and H2.   

As was the case for Mg2+ and Na+, the hinge and C-terminus of S100B was 

impacted by Mn2+ binding. Peak intensity decreases suggest that Mn2+ also binds this 
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region in the absence of Ca2+ (Table 3.1). However, similar decreases in this region were 

not found for S100A1, likely due to structural differences between the two proteins at the 

hinge and C-terminus (Figure 3.10, Table 3.2) [162, 251]. To provide further insight into 

these differences, the structures of S100B and S100A1 were examined in detail and 

distances between side chain atoms between residues exhibiting decreases in HN intensity 

were measured (Table 3.2, Figure 3.10). Mn2+ is often coordinated by nitrogen and oxygen 

atoms; most notably, side chain oxygens of E46 and E91, as well as E46 and H90 (nitrogen) 

of the hinge and C-terminus. In S100B, these regions are close in space (5.3 Å and 2.5 Å 

apart, respectively; Table 3.2) whereas corresponding residues of S100A1 (A47-N92 and 

A47-E91) are more distant, 20.1 Å and 12.9 Å apart, respectively. Therefore, these residues 

are unlikely to be involved in ion coordination for S100A1.  

Table 3.2. Distances between atoms in S100B and S100A1. 
S100A1 Distances (Å) S100B Distances (Å) 
H18-L36a 3 Y17-L35 3.7 
H18-E40a 4.6 Y17-E39 4.6 
H16-F89a 7.6 H15-F88a 4.2 
S2-G43 8.1 S1-H42a 4.9 
N92-A47 12.9 E91-E46 2.5 
Y26-F89 5.9 H25-F88 4.8 
E91-A47 20.1 H90-E46a 2.5 

aThe shortest distance between His nitrogen atoms to side chains of various residues were 
measured for S100A1 (PDBID: 2L0P) and S100B (PDBIID: 1B4C). 
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Figure 3.10. Differences in Mn2+ binding to (A, B) ApoS100B and (C, D) ApoS100A1. 
Ribbon diagrams of (A, B) ApoS100B and (C, D) ApoS100A1 with backbone amides 
showing significant decreases at either 80 μM MnCl2 (red) or 160 μM MnCl2 (orange) 
highlighted and labeled for each protein. Residues which show moderate decreases in 
intensity are labeled and shown in yellow. In (A) these indicate a Mn2+ binding site between 
the hinge and C-terminus of S100B. (C) Residues corresponding to the hinge and C-
terminus of S100A1 did not exhibit significant decreases in intensity (except for D46). (B) 
Another possible Mn2+ binding site on S100B is shown made up of H15, H25, F88, and 
E89 (red) which exhibit intensity decreases upon MnCl2 addition. (D) Mn2+ does not causes 
analogous changes in corresponding residues of S100A1 (H16, Y26, W90, F89). Distances 
between atoms (dashed lines) describe differences between the two binding sites. In (A) 
Distances between E46 and E91 oxygen atoms are 5.3 Å and H90 nitrogen and E46 oxygen 
atoms are 2.5 Å apart. However corresponding residues in (B) S100A1 (A47, E91 and N92) 
are further away in space (12.9 and 20.1 Å). H90 of S100B was unable to be assigned, so 
is shown in grey, but may be important for binding Mn2+ (PDBIDs: 5K89 and 2K70).   
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Other differences between S100A1 and S100B in the presence of MnCl2 were also 

examined in further detail. Upon Mn2+ addition, H15, F88, E89, and H25 exhibit high 

signal decreases–indicating they are likely to make up a Mn2+ binding site in S100B (Figure 

3.10). However, none of the corresponding residues of S100A1 (H16, Y26, F89) show 

significant decreases in intensity (Figure 3.10). The substitution of H25 in S100B for Y26 

in S100A1 is the probable reason for this change, as Mn2+ is often coordinated by histidine 

nitrogen atoms. Distances between atoms were measured to determine other differences 

within this potential binding site. H15 and F88 are closer (4.2 Å apart) in S100B compared 

to H16 and F89, which are more distant (7.6 Å apart) in S100A1 (Table 3.2). It is thought 

that the bulky hydrophobic nature of W90 allows it to interact more closely to H16 (3.4 Å) 

than the corresponding interaction of H15-E89 of S100B (9.2 Å). As such, in S100A1, the 

W90 side chain blocks an H16-F89 interaction, likely preventing the formation of an ion 

binding site.  

A potential binding site for Mn2+ was also found for S100A1, one which is unlikely 

to occur in S100B. HN correlations belonging to A17, H18, L36, and T39 of S100A1 

exhibit decreases in intensity, whereas the corresponding residues in S100B (Y17, L35, 

N38) do not. While these residues are close in space in both proteins (Table 3.2, Figure 

3.11), the data indicates an ion binding site on S1001 which is not present in S100B. This 

is likely due to a substitution of Tyr for His at this position in S100B, which would not 

coordinate Mn2+ (or potentially other ions).  
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Figure 3.11. Residues impacted by Mn2+ in (A) ApoS100A1 but not (B) ApoS100B. 
Ribbon diagrams of (A) ApoS100B and (C, D) ApoS100A1 with backbone amides showing 
significant decreases at either 80 μM MnCl2 (red) or 160 μM MnCl2 (orange) highlighted 
and labeled for each protein. Backbone amides showing significant decreases at either 80 
μM MnCl2 (red) or 160 μM MnCl2 (orange) are shown and labeled for each protein. These 
show a possible Mn2+ binding site between H18 of H1 and several residues of H3 which 
are not impacted by Mn2+ in S100B (PDBIDs: 5K89 and 2K70).   

Structural determination of Ca2+-bound and Mn2+- bound S100B. 

In order to further characterize Ca2+-bound S100B binding to Mg2+, S100B was 

crystallized in the presence of Ca2+ and Mn2+. Mg2+ is isoelectronic with water, so it is 

often difficult to identify its binding site unambiguously using X-ray crystallography–to 

combat this challenge, Mn2+ was used instead. A 2.12 Å X-ray crystal structure was solved 

of Ca2+-bound and Mn2+-bound S100B (Mn,CaS100B) (Table 3.3, Figure 3.12). The structure 

is made up of two subunits of S100B consisting of 89 residues (M0-F88), 2 Ca2+ ions, and 

1 Mn2+ ion each, along with 53 water molecules. All the residues of Mn,CaS100B were in 

the most favorable region of the Ramachandran plot (100%). The structure has two 

Mn2+ ions per dimer (determined by anomalous signal of Mn2+ X-ray absorption) 

coordinated in a symmetric manner by H15 and H25 of one S100B subunit, and H85 of the 

other subunit. The three His residues are arranged as a slightly distorted tetrahedral with 

metal–ligand distances ranging from 1.9 to 3.0 Å (Table 3.4). This is highly reminiscent of 
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the Zn2+-site, which is coordinated by H15, H25, H85, and E89 of S100B [238, 286, 287]. 

The structures of Mn,CaS100B and Zn,CaS100B were then compared to provide further insight 

into the Mn2+ binding site. On average, Zn2+ was coordinated with closer contacts 

compared to Mn2+ and the binding of Mn2+ also caused slightly more distant Ca2+ 

coordination for all EF1 and EF2 ligands (except for D65 and E67 side chain oxygens 

(Table 3.4, 3.5) [238]).  

 

 
Figure 3.12. Crystal structure of Mn,CaS100B.  
Ca2+ ions are shown as yellow spheres and Mn2+ is shown as purple spheres. Histidines 
which coordinate Mn2+ are shown as sticks and labeled.  
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Table 3.3. Diffraction Statistics of Mn,CaS100B 
 Mn,CaS100B 
Diffraction Statistics  
    Space Group C2221 
    Cell dimensions a, b, c (Å) 34.84 89.6 57.78 
    Cell angles α, β, γ (deg) 90 90 90 

    Resolution (Å) 
44.80-2.12 (2.23-
2.12) 

    Unique Reflections (n) 5104 (497) 
    Completeness (%) 94.19 (89.71) 
    Rsyma 0.05 (0.365) 
    Average I/σ 11.2 (2.7) 
    Multiplicity 
    Anomalous completeness 
(%) 
    Anomalous multiplicity 

3.2 (2.8) 
  

Refinement Statistics  
    Rcrysb (%) 22.45 (33.97) 
    Rfreeb (%) 23.82 (38.40) 
    Protein Atoms 718 
    Water Molecules 53 
    Ligands 3 
    RMSD  
        Bond Length (Å) 0.024 
        Bond Angles (Å) 1.33 
        Mean B values (Å2) 44.40 
    Ramachandran plot (%)  
        Most Favored 100 
        Additionally Allowed 0.00 
        Generously Allowed 0.00 

Numbers in parenthesis represent the last outer shell. 
aRsym = ΣhΣi(|Ii(h)|—|{l(h)}|)/ΣhΣiIj(h), where Ii(h) = observed intensity, and {l(h)} = 
mean intensity obtained from multiple measurements. 
bRcryst 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. 
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Table 3.4. Mn2+ or Zn2+ ion coordinate distances. 
Coordinating 
residue 

Zn,CaS100Ba Mn,CaS100B 
Zn2+ Mn2+ 

His15 (Nε2) 2.0 2.4 
His25 (Nε2) 1.9 1.9 
His85 (Nε2) 2.0 3.0 
Glu89 (Oε1 or 
Oε2) 

2.0 N.A. 

aValues from Charpentier et al. and calculated using PDB entry 3CR2 (Zn2+-S100B) at 
1.88 Å resolution [238]. No electron density was observed for Glu89.  
 
Table 3.5. Ca2+ ion coordinate distances in Angstroms 
Ca2+, pseudo-
EF hand 

CaS100Ba Zn,CaS100Ba Mn,CaS100B 

Ser18 (C=O) 2.0 2.3 2.5 
Glu21 (C=O) 2.3 2.6 2.6 
Asp23 (C=O) 2.6 2.5 2.6 
Lys26 (C=O) 2.3 2.3 2.6 
Glu31 (Oε1,Oε2) 2.4, 2.6 2.3, 2.5 2.4,2.5 
H2Ob 2.2 2.5 2.2 
Ca2+, canonical 
EF hand 

   

Asp61 (OΔ1 or 
Oδ2) 

2.3 2.3 2.3 

Asp63 (Oδ1 or 
Oδ2) 

2.6 2.4 2.2 

Asp65 (Oδ1 or 
Oδ2) 

2.3 2.6 2.0 

Glu67 (C=O) 2.4 2.4 2.1 
Glu72 (Oε1,Oε2) 2.3, 2.5 2.4, 2.7 2.1, 2.7 
H2Oc 2.4 2.3 2.6 
Ca2+-bound H2O    
Asp65 (Oδ1 or 
Oδ2)  

2.8 2.4 2.7 

Glu67 (Oε1 or 
Oε2)  

2.6 2.9 2.9 

aValues from Charpentier et al. and calculated using PDB entries 1MHO (CaS100B) 3CR2 
(ZnS100B), 3CR5 (Zn,CaS100B-Pnt) and 3CR4 (CaS100B-Pnt) 
bH2O coordination to Ca2+ from EF1 (pseudo EF hand) 
cH2O coordination to Ca2+ from EF2 (canonical EF hand) 
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A titration of MnCl2 into CaS100B was then completed to validate the X-ray 

crystallography results. Fractional decreases in peak intensities (compared to those in the 

absence of Mn2+), were calculated and plotted per residue (Figure 3.13). At 4 μM MnCl2, 

significant intensity decreases (33%) were observed for backbone HN correlations within 

H1 (I11, D12, H15), EF1 (H25), and EF2 (D63, F70, E72). These correspond to residues 

within the Zn2+ site, as confirmed by X-ray crystallography (H15, H25, E89), as well as a 

site within EF2, both of which were previously identified by our group using competition 

studies with Mn2+, Ca2+ and Zn2+ (Figure 3.13) [115]. Compared to those measured in the 

absence of Ca2+, fewer residues exhibited decreases in backbone HN correlation intensity, 

indicating there are fewer Mn2+ sites in the presence of Ca2+ for S100B. That the NMR 

titration in the presence of Ca2+ matches the structural and biophysical data of Mn2+ binding 

to the Zn2+ site and EF2, reinforces the idea that the NMR titration of Mn2+ in the absence 

of Ca2+ also probes Mn2+ sites, although direct structural information is not currently 

available to validate them. 
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Figure 3.13. Mn2+ binding to CaS100B. 
(A) Ribbon diagram of Ca2+, Zn2+-bound S100B where backbone amide correlating 
exhibiting significant intensity decreases at 4 μM MnCl2 (red; 33% decrease) are shown 
and labeled for each protein (PDBID: 3CR2). Residues which show a slightly lower 
decreases in intensity (32%) are labeled and shown in orange. Ca2+ and Zn2+ ions are shown 
as green and yellow spheres, respectively. A close-up view of the chemical shift intensity 
decreases are shown within the Zn2+ site (B) and EF2 (C) and these residues are shown as 
sticks and labeled. Together these show Mn2+ interacts at the Zn2+ site and near EF2 in the 
presence of Ca2+. (D) Representative traces of fractional peak intensities for backbone 
amides of S100B at concentrations of MnCl2 up to 64 μM. L44 (black) does not show 
decreases in intensities until higher concentrations of MnCl2 are achieved compared to D12 
(blue), H15 (magenta), D63 (green), E72 (purple), and E89 (orange).  
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E. Discussion. 

The NMR titration of Mg2+ into S100B and S100A1 allowed for a better 

understanding of how these two similar S100 proteins bind Mg2+ on a residue-specific 

basis. Several EF hand CBPs are known to bind to Mg2+, including calbindin D9k (S100G), 

calmodulin, S100P, and parvalbumin [288-290]. However, the EF hands of CBPs bind 

Mg2+ differently compared to Ca2+, which in agreement with the results presented here, 

typically does not facilitate domain “opening”. While Mg2+ also does not globally alter the 

conformation of ApoS100A1 and ApoS100B, it does cause local conformational changes. 

Interestingly, the low affinity Ca2+ binding site, EF1, shows the highest magnitude CSPs in 

the presence of Mg2+ for both proteins, indicating that it is more structurally altered 

compared to the high affinity Ca2+ binding site, EF2.  

Additionally, like that observed for Mg2+ and as indicated by CSP data, Na+ is also 

likely to cause local structural changes in EF1 of ApoS100A1 and ApoS100B but to a lesser 

extent than Mg2+. Mg2+ carries more positive charge than Na+ and so is typically liganded 

by more acidic residues such as aspartate and glutamate [291], whereas Na+ often prefers 

to be coordinated by side chains of more neutral residues such as asparagine, glutamine, 

threonine, and serine [292]. Therefore, the apparent preference of Mg2+ over Na+ by S100B 

and S100A1 is likely due to the more negatively charged EF hand Ca2+ binding loops.  

In the presence of Ca2+, low magnitude NMR CSPs upon Mg2+ addition to Ca2+-

bound S100A1 suggest that the effect of Mg2+ is minor and non-specific. In contrast, the 

CSPs for Ca2+-bound S100B suggest the binding of Mg2+ occurs in a region between the 

hinge and C-terminus and/or between EF2 and H4 (Figure 3.3). However, these CSPs for 

CaS100B induced by Mg2+ are of low magnitude, indicating only minor conformational 



113 
 
 

changes in these residues. Moreover, in the presence of Ca2+, Na+ caused CSPs only in EF2 

of S100B and not S100A1, indicating a weak Na+ binding site, relative to Ca2+, near or 

within EF2 of S100B (Figures 3.7-3.8). The binding of Na+ (and possibly Mg2+) near EF2 

of CaS100B but not CaS100A1 may be due to the higher affinity of S100A1 for Ca2+. 

Therefore, Mg2+ and Na+ ions may impact S100B at both “resting” Ca2+ levels and at those 

where S100B is Ca2+-bound. However, the binding of S100A1 to Mg2+ and Na+ may only 

be relevant intracellularly at “resting” Ca2+ levels, as the Ca2+-bound protein was mostly 

unaffected by both ions. Whether Mg2+ or Na+ bind to CaS100B and CaS100A1 in the 

presence of target effectors warrants further investigation.  

The Ca2+-binding affinities (CaKD) of S100B and S100A1 are relatively weak (CaKD 

>1 μM) in the absence of an effector target. However, upon effector target-binding, the 

Ca2+ affinity of these CBPs increases (CaKD < 1 μM) via an allosteric mechanism that 

causes a specific cellular response only when a biologically relevant S100-target is present. 

The allostery of these S100s allows for proper Ca2+ homeostasis as described under the 

type 1 “binding and functional folding” (BFF) framework detailed in Chapter 1 and occurs 

via a reduction in dynamic properties throughout the entire protein sequence. At resting 

intracellular Ca2+ levels, the S100 proteins may bind Mg2+ or Na+ in EF1 which could 

modulate the affinity of these proteins for Ca2+ and/or stabilize the internal protein 

dynamics. In support of this hypothesis, multiple groups report a reduction in the Ca2+-

binding affinity of S100B (and S100A/B dimer) in the presence of Mg2+ and Na+ [277, 279, 

280]. For example, in the presence of 140 mM NaCl, S100B binds 3-fold less Ca2+ [280]. 

When S100B is Ca2+-bound, the NMR data suggests that it may also bind Mg2+ and Na+, 

possibly near EF2 (Figures 3.2, 3.3). That EF1 of S100B did not exhibit CSPs upon Mg2+ 
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addition at saturating Ca2+ concentrations, suggests that it would be Ca2+-bound and 

therefore unlikely to bind Mg2+, however whether this would occur intracellularly where 

EF1 of S100B has an CaKD > 350 μM, requires further study. Together, this data indicates 

that neither Mg2+ nor Na+ has a simple mechanism of competition with Ca2+ for EF2. 

Instead, perhaps the binding of Na+ or Mg2+ to EF1 decreases the affinity of EF2 for Ca2+ 

by a more complex allosteric mechanism which might occur by altering the dynamics 

within EF1.  

Our findings here also agree with others who have proposed Na+ binds to EF1 of 

several S100 proteins, including calbindin D9k [293] and S100A2 [294], and has been 

suggested to stabilize EF1 dynamics [293]. The binding of Mg2+, which has been found to 

occur at physiologically relevant concentrations [277, 278], is also shown here to bind EF1 

of ApoS100B and ApoS100A1. Moreover, Mg2+ contributes to stabilizing the folded state of 

CaM in the folded to unfolded equilibrium [289, 295, 296]. Thus, the binding of S100A1 

and S100B to Mg2+ may be similar to the binding of the CaM N-lobe to Mg2+, which 

stabilizes the apo-form of the protein and alters its affinity to peptide targets, such as the 

BP2 helix of STRA6 [185]. The N-lobe of CaM is likely to be Mg2+-bound at resting 

intracellular Ca2+ concentrations, as is also proposed here for the low affinity N-terminal 

Ca2+-site (EF1) of S100A1 and S100B. How Mg2+ or Na+ binding to these ApoS100s might 

impact CaS100-effector complex formation will be particularly relevant for further study. 

Additionally, while the dynamic properties of CaM, S100B and S100A1 have not been 

characterized in the presence of Mg2+, these will be extremely critical to determine because 

the Ca2+ affinity of these CBPs is tuned by dynamic properties which are also thought to 

be important for the specificity of CBP-effector interactions. How a similar cation, like K+, 
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which is present at higher concentrations than Na+ intracellularly, impacts these S100 

proteins warrants further study. 

In addition to the physiological relevance of ions binding to S100A1 and S100B, 

the NMR studies with Mg2+, Na+, and Mn2+ provided insight into different ion binding sites 

for the two similar proteins. Only S100B (and not S100A1) exhibited CSPs within the 

hinge and the region close to the C-terminus upon the addition of Na+. This is likely due to 

two glutamates in the hinge of S100B (E45 and E46) as opposed the corresponding residues 

of S100A1 (D46 and A47). Because oxygen atoms often coordinate ions such as Mg2+ and 

Na+, the glutamate side chain oxygens of the hinge along with E89 and E91 of the C-

terminus would be able to coordinate ions more favorably, compared to S100A1. Besides 

the additional oxygens available to ligand these ions in S100B, the hinge and C-terminus 

are much closer in space relative to S100A1 (Figure 3.10). This may also explain the higher 

CSPs of S100B compared to S100A1 within the hinge and C-termini in the presence of 

Mg2+.   

The effect of Mn2+ ions on S100B and S100A1 (in the absence of Ca2+) was also 

determined, which probed differences between the two proteins. As indicated by decreases 

in intensities for various HN correlations, there are multiple Mn2+ binding sites on both 

proteins in the absence of Ca2+ but in the presence of Mg2+. This data is consistent with one 

high affinity (KD ≈ 70 μM), and four much lower affinity (KD ≈ 2 mM) Mn2+ binding sites 

that were previously detected on S100B [115]. The chemical shift intensity data indicates 

that EF1 and EF2 of S100A1 and S100B likely bind Mn2+. The data is also consistent with 

other Mn2+ sites between the hinge region and the C-terminus as well as one made up of 

H15, H25, and E89 of S100B (Figure 3.10). While evidence of those Mn2+ sites was not 
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indicated for S100A1, chemical shift intensity data suggests a separate site made up of 

residues within H1 and H3, and is likely coordinated by H18, E35, T39, and E40 (Figure 

3.11). The site between H1 and H3 is likely to be specific to Mn2+ and not Mg2+ as the 

Mg2+ titrations did not cause high magnitude CSPs in those residues.  

Using X-ray crystallography, it was confirmed that CaS100B binds Mn2+ at the Zn2+ 

site and is coordinated by H15 and H25 of one subunit of S100B, and H85 of the second 

subunit (Figure 3.12, Table 3.4). This is consistent with previous experiments which 

determined that Zn2+ and Mn2+ compete for the same site of S100B [115]. Efforts to 

crystallize S100A1 in the presence of Ca2+ and Mn2+ are ongoing to determine whether it 

would also similarly bind Mn2+. However, S100A1 is unlikely to coordinate Mn2+ in the 

same manner, due to structural differences between these regions and the substitution of 

H25 for Y26 in S100A1. Consistent with this structural result, NMR perturbation data 

confirms that Mn2+ binds to the Zn2+ site of CaS100B, but also shows another Mn2+ binding 

site near EF2. However, Mn2+ binding to S100B at the Zn2+ site is unlikely to occur 

intracellularly as the affinity of S100B for Zn2+ is 94 nM [287], in comparison to a KD of 

56 μM for Mn2+ [115]. CSPs for CaS100B in the presence of Mg2+ do not indicate that it 

would bind the Zn2+ site, and Mn2+ is more likely to be coordinated by histidine nitrogen 

atoms, whereas Mg2+ is more likely to be coordinated by carboxyl oxygen atoms [281, 

291]. Therefore, the Zn2+ site can bind Mn2+ but it is unlikely to be bound by Mg2+ in the 

presence of Ca2+. The differences found here between S100A1 and S100B may be 

exploited for inhibitor design for specifically targeting S100B in malignant melanoma. 

Overall, Mn2+ binding highlights key differences between S100B and S100A1 that could 

be important for binding to other ions, protein targets, and inhibitors. 
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F. Conclusion.  

Collectively, the results here indicate that EF1 of S100B and S100A1 undergo local 

conformational changes in the presence of Mg2+ and Na+, but in the absence of Ca2+. The 

N-terminal Ca2+ site of S100A1 and S100B could therefore be Mg2+-bound (or Na+-bound) 

at resting intracellular Ca2+ concentrations, which is likely to alter Ca2+ binding and/or 

stabilize EF1 dynamic properties. Such a stabilization of EF1 could be physiologically 

relevant to the function of S100 proteins which exhibit dynamic properties throughout the 

entire protein sequence important for the allosteric tightening of Ca2+-binding to each 

S100-effector complex [2]. This allosteric property enables strict maintenance of Ca2+-

signaling within a narrow dynamic range of free Ca2+ ion concentrations necessary for a 

variety of cellular activities. Therefore, how Mg2+ and Na+ binding to EF1 might impact 

the Ca2+ binding affinity to both EF hands of these S100 proteins and the internal dynamics 

requires further investigation. It is also important to note that because these CBPs were 

found to be structurally altered in the presence of divalent and monovalent cations, it is 

necessary to carefully consider the concentrations of various ions in future experiments 

with EF hand CBPs.  
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4. Physiologically relevant free Ca2+ ion concentrations regulate STRA6-calmodulin 

complex formation via the BP2 region of STRA6.  

A. Overview 

This chapter discusses the molecular mechanism by which calmodulin interacts 

with the receptor for retinol uptake, STRA6, that involves an α-helix termed BP2 (residues 

600-626), which is located on the intracellular side of this homodimeric transporter [177]. 

In the absence of Ca2+, NMR data showed that a peptide derived from BP2 bound to the C-

terminal lobe (C-lobe) of Mg2+-bound CaM (MgCaM). Upon titration of Ca2+ into MgCaM-

BP2, NMR chemical shift perturbations (CSPs) were observed for residues in the C-lobe, 

including those in the EF-hand Ca2+-binding domains, EF3 and EF4 (CaKD = 60 ± 7 nM). 

As higher concentrations of free Ca2+ were achieved, CSPs occurred for residues in the N-

terminal lobe (N-lobe) including those in EF1 and EF2 (CaKD = 1,000 ± 160 nM). 

Thermodynamic and kinetic Ca2+ binding studies showed that BP2 addition increased the 

Ca2+-binding affinity of CaM and slowed its Ca2+ dissociation rates (koff) in both the C- 

and N-lobe EF-hand domains, respectively. These data are consistent with BP2 binding to 

the C-lobe of CaM at low free Ca2+ concentration (<100 nM) similar to those found at 

resting levels, prior to a signaling event inside the cell. As free Ca2+ levels approach 1,000 

nM, which is typical inside a cell upon an intracellular Ca2+-signaling event, BP2 is shown 

here to interact with both the N- and C-lobes of Ca2+-loaded CaM (CaCaM-BP2). Because 

this structural rearrangement observed for the CaCaM-BP2 complex occurs as intracellular 

free Ca2+ concentrations approach those typical of a Ca2+-signaling event (CaKD = 1,000 ± 

160 nM), this conformational change could be relevant to vitamin A transport by full-

length CaCaM-STRA6. This work was published in the Journal of Molecular Biology [185].  
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B. Introduction.  

Adequate and controlled delivery of vitamin A into cells is essential in mammals 

for vision and the transcriptional regulation of numerous genes [297, 298]. As a result, 

altered retinoid metabolism is implicated in a variety of diseases from blindness to cancer 

[299, 300]. In times of fasting or in the absence of adequate dietary intake, vitamin A is 

secreted from the liver and transported in the bloodstream as retinol, bound to its sole 

specific carrier retinol-binding protein (RBP) [301]. The transmembrane (TM) protein 

STRA6 acts as the cellular receptor for RBP, triggering release and uptake of retinol, but 

the molecular mechanism of action for these processes are not fully understood [299]. A 

3.9 Å resolution single-particle cryo-electron microscopy (cryo-EM) structure shows 

zebrafish STRA6 to be a 75 kDa multi-pass TM protein that exists as a dimer with each of 

its subunits bound to Ca2+-calmodulin (CaCaM) in an unconventional arrangement [187]. 

Specifically, a helix (referred to as BP1, residues 554-571) on the cytoplasmic side of 

STRA6 interacts with the N-terminal lobe of CaM, while another helix of STRA6 termed 

BP0 (residues 218-237), binds to the N-lobe on a surface between CaCaM helices 1 and 4, 

and interacts with BP1 in a helix-helix crossing mode [187]. Notably, the major interaction 

surface at the CaCaM-STRA6 interface involves a third helix of STRA6 termed BP2 

(residues 600-626), which interacts with the hydrophobic groove on the C-terminal lobe of 

CaCaM that is reminiscent of, but distinct from, an interaction described between CaCaM 

and the myosin light-chain kinase (MLCK) peptide (Figure 4.1) [302]. Functional 

relevance of the CaCaM-STRA6 complex was demonstrated in cellular studies involving 

the retinol binding protein (RBP) in which CaCaM-STRA6 binding to apo-RBP promoted 

cellular retinol efflux [303]. Furthermore, two human polymorphisms, R655C and T644M 
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(equivalent to R626 and T615 in zebrafish, respectively) in the major CaCaM-binding 

region of STRA6 were found to be strongly associated with Matthew-Wood Syndrome, a 

developmental pathology characterized by microphthalmia or anophthalmia, cardiac, 

pulmonary, and other defects [304, 305]. That these disease-causing mutations result in 

significant loss of STRA6 protein in the plasma membrane is indicative that the CaCaM 

interaction with STRA6 contributes to overall stability of the vitamin A transporter in 

humans in addition to its functional role as a vitamin A transporter [306]. Thus, further 

studies of the CaCaM-STRA6 complex are needed to understand this biologically important 

complex at the molecular level both in the normal and disease states. 

 

Figure 4.1. Ribbon diagram illustrating the structure of STRA6 bound to CaCaM   
Each subunit of the STRA6 dimer (PDBID: 5SY1) binds one molecule of Ca2+-loaded CaM 
(CaCaM). One of the two CaCaM-STRA6 interactions is shown in color and expanded to 
illustrate the interaction between the N-lobe of CaCaM (red) with helical regions of STRA6 
termed BP0 (cyan) and BP1 (magenta). The major component of the CaCaM-STRA6 
interaction surface occurs with the C-lobe of CaCaM (red) and the BP2 region of STRA6 
(orange). Helix 4 from the N-lobe of CaCaM provides another smaller interaction with BP2. 
The Ca2+ ions bound to each of the EF-hand domains of CaCaM are shown as green spheres.  
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 Calmodulin (CaM) is a transducer of Ca2+ signals inside the cell, and it has two 

globular domains connected by a flexible linker with each structured domain having two 

EF-hand Ca2+ binding sites termed EF1 to EF4 [168, 307]. Ca2+ binding to CaM is 

cooperative, with the two C-terminal EF hands (EF3, EF4) binding Ca2+ with high affinity, 

6- to 7-fold tighter than the EF hands of the N-terminal domain (EF1, EF2) [166, 167]. 

Upon binding Ca2+, CaM undergoes a conformational change that exposes a hydrophobic 

patch of residues within each lobe to interact with and regulate hundreds of protein targets, 

including STRA6 [187, 275, 307]. Through diverse binding modes, CaM is well-known to 

have both Ca2+-dependent and Ca2+-independent interactions with its protein targets that 

are important for transducing specific cellular signals [98]. 

 For complete target protein binding and activation, most CaM-target complexes 

require four bound Ca2+ ions, and yet these protein-protein interactions are achieved via a 

diverse set of binding modes [166]. For proteins that exhibit Ca2+-dependent interactions, 

there is often an extensive interface involving both the N- and C-terminal lobes of CaCaM 

with each lobe fully surrounding an alpha-helical component of the protein or peptide 

target. Non-canonical Ca2+-dependent CaM-targets have also been reported [98, 308, 309]. 

Proteins with IQ motifs represent another class of CaM target proteins, and they typically 

bind the C-lobe of CaM even in the absence of Ca2+. Such IQ motif containing proteins, as 

well as other Ca2+-independent CaM-protein complexes, can also undergo a global 

conformational rearrangement upon Ca2+ addition [194, 275, 310-312].  

 Studies of a peptide derived from BP2, the major CaM-interacting helix of STRA6, 

are reported here in the absence and presence of Ca2+. In the presence of Mg2+, MgCaM-

BP2 complex formation was found to increase Ca2+-binding affinity, versus CaM alone 
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(i.e., ApoCaM), such that the CaCaM-BP2 complex can compete for Ca2+ within the 

intracellular environment where free Ca2+ concentrations are relatively low (< 1 μM) [164]. 

The binding and NMR studies completed here also provide insight regarding the molecular 

mechanism for Ca2+-dependent STRA6 function and biophysical evidence that Ca2+-

signaling inside the cell may play an important role in vitamin A transport via STRA6. The 

importance of BP2 for the mechanism of action for STRA6 likely explains the numerous 

clinical defects observed for patients affected by Matthew-Wood Syndrome with mutations 

in the BP2 CaM-binding region of STRA6 [304, 305]. 

C. Material and Methods. 

Materials 

All chemical reagents were American Chemical Society grade or higher unless 

otherwise indicated. The D2O, D6-DMSO, 15NH4Cl, and 13C-labeled glucose were 

purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). All buffers were 

passed through and/or stored with dialysis bags containing Chelex-100 (Bio-Rad, Hercules, 

CA) to remove trace metals. The Chelex-100 treated reagents were stored in plastic 

containers, transferred minimally, and contacted only plastic or quartz cuvettes that had 

been acid washed to minimize contaminating calcium. 

Peptides 

All peptides were synthesized using solid-state peptide synthesis and their purity 

was determined to be >98% by high pressure liquid chromatography (HPLC) and mass 

spectrometry (Biosynthesis Inc., Lewisville, TX or GenScript, Piscataway, NJ). Peptides 

were synthesized based on the zebrafish (Danio rerio) STRA6 protein sequence: BP0, 

amino acid residues 218-237, EDLSSSYYRDYVKKILKKKK; BP1, amino acid residues 
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554-571, SQSHPVMKAFCGLLLQSS; and BP2, amino acid residues 600-626, 

VSNAKRARAHWQLLYTLVNNPSLVGSR. In addition, another CaM-binding peptide 

studied, as a positive control, was derived from rabbit skeletal myosin light chain kinase: 

skMLCK, amino acid residues 578-600, KRRWKKNFIAVSAANRFKKISSS [102]. Since 

the peptides were derived from internal regions of full-length proteins, the C-termini were 

amidated and the N-termini were acetylated to neutralize the charges at the termini of the 

peptides. The peptides were dissolved in DMSO or in water with the pH adjusted to ~7.2 

with NaOH, and the concentrations of the stock solutions of unlabeled peptides were 

determined by quantitative amino acid analysis (Biosynthesis Inc., Lewisville, TX) and/or 

determined using the extinction coefficient for the methyl ester of N-acetyl tryptophan, ε280 

= 5,600 cm-1M-1.  

Preparation of recombinant human calmodulin (CaM). 

Human calmodulin (CaM) in a pET24 plasmid without any affinity tag, was 

transformed and expressed in the E. coli strain BL21 (DE3). A single colony of this bacteria 

was used to inoculate MOPS minimal media containing 
15

NH4Cl as the sole nitrogen source 

for the expression of 15N-labeled CaM. For 13C,15N- labeled CaM preparations,13C6-

glucose and 15NH4Cl were used as the sole carbon and nitrogen sources, respectively. The 

CaM protein produced from all these expression systems was purified as described 

previously [187]. Pure CaM (>99%) as judged via SDS-PAGE was stored as aliquots at ≤-

80 °C. Throughout the purification process, CaM concentration and purity were determined 

by Bradford Assays using a CaM sample of known concentration, via amino acid analysis, 

as the standard and SDS-PAGE (>99%), respectively. 

NMR experiments 
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NMR experiments with ApoCaM were acquired at 25 °C; for experiments of Mg2+-

bound CaM (MgCaM) studies in the absence and presence of BP2 were found to be optimal 

at 30 °C. All NMR experiments were collected on either a Bruker Avance III 950 MHz 

spectrometer, a Bruker Avance 800 NMR spectrometer, and/or a Bruker Avance III 600 

NMR spectrometer with all the spectrometers equipped with triple-resonance z-axis 

gradient 5 mm cryogenic probes. For backbone resonance assignments, the standard suite 

of triple resonance NMR experiments were collected, including the HNCACB, 

CBCA(CO)NH, HNCA, HN(CO)CA, HNCO, and HN(CA)CO experiments as previously 

described [271]. The samples contained varying levels of unlabeled STRA6 peptides (0.5-

2.0 mM), Ca2+ (0-10 mM), and/or 20 mM Mg2+ and either 15N- or 13C,15N-labeled CaM 

(0.20-0.50 mM) in 20 mM HEPES, pH 7.4, 50 mM NaCl, 0.5 mM TCEP, 10% D2O). For 

Ca2+-free samples, 10 mM EGTA was added and all buffers were treated with Chelex (Bio-

Rad) to remove excess Ca2+, which was monitored via chemical shift correlations for highly 

downfield shifted proton resonances of glycine residues in each of the four EF-hand regions 

of CaM [313]. To obtain NMR samples with varying free Ca2+ concentrations, EGTA was 

titrated into samples containing Mg,CaCaM-BP2 (10 mM CaCl2, 20 mM MgCl2); the 

program MAXCHELATOR was used to calculate free Ca2+ concentrations in NMR 

samples, accounting for the affinity of EGTA for Ca2+ and Mg2+ [314]. NMR data were 

processed with NMRPipe and analyzed with CCPNMR Analysis [283, 284]. All proton 

chemical shifts were referenced to external trimethylsilyl propanoic acid (TSP) at 25 °C 

(0.00 ppm) with respect to residual H2O (4.698 ppm). 1H–15N and 1H–13C chemical shifts 

were indirectly referenced using zero-point frequency ratios of 0.101329118 and 

0.251449530, respectively. Chemical shift perturbations were calculated by the following 
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equation:	Δ	(ppm) = 2!
"
[𝛿#

" + (0.14 × (𝛿$)")]. Titrations of BP0 into CaM were 

completed and the following equation, as reported previously by Williamson et. al, was 

used to fit KD from chemical shift changes of eight nuclei of CaM at varying peptide 

concentrations: ∆%&'= ∆()*
([-!]/[0]/[1])34(([-!]/[0]/[1])"35[1][0])	

"[1]
 , where ∆%&' is the 

chemical shift change relative to the peptide-free state, ∆()* is the maximum shift change 

when CaM is saturated with peptide, [L] is total BP0 concentration, and [P] is total CaM 

concentration [315]. 

Measurement of Ca2+-binding affinity using Quin-2.  

Competition with the fluorescent calcium chelator, Quin-2, was used to determine 

the calcium affinity of CaM in the presence of peptides based on CaM binding helical 

regions in the intracellular region of STRA6 [316]. Ca2+ was titrated in 10 μM CaM, 10 

μM Quin-2, 10 mM MOPS, pH 7.2, 100 mM KCl, 37°C with 100 μM of BP2 or the control 

skMLCK peptide while monitoring the change in the ratio of the Quin-2 fluorescence 

excitation, 243 ±5 nm / 265 ±5 nm with 485 ±5 nm emission on a Varian Carey 

fluorescence spectrophotometer in a 10 x 4 mm quartz cuvette. Analysis of experimental 

data was based on standard thermodynamic equilibrium binding models. The mathematical 

formalism used to derive the dissociation constants of Ca2+ from the various CaM 

complexes was derived as described in detail (Appendix C) [317].  

CaM-peptide binding studies as monitored by fluorescence methods 

Fluorescence intensity data for the sole tryptophan residue in BP2 was collected 

with a Varian Cary Eclipse spectrofluorometer, with emission and excitation bandwidths 

of 5 nm. Spectra were recorded at 37 °C with the excitation wavelength set to 295 nm to 
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minimize interference from CaM tyrosine fluorescence, and emission data recorded from 

306 to 400 nm. For the CaM binding experiments, samples contained 20 mM HEPES pH 

7.4, 50 mM NaCl, 10 mM EGTA, 8 mM MgCl2, 1 mM DTT, 1, 2 or 4 μM BP2 and CaM 

concentrations ranging from 0-10 μM. Relative fluorescence intensity measurements were 

fit to the following equation, as previously described: ∆𝐹 =

∆𝐹()*
([-!]/[6)7]/[81"])34(([-!]/[6)7]/[81"])"35[81"][6)7])	

"[81"]
 , where ∆𝐹 is the fluorescence 

intensity relative to the CaM-free state and ∆𝐹()* is the maximum fluorescence change 

when BP2 is saturated [318]. 

Stopped-flow determination of Ca2+ off-rates using Quin-2 

Ca2+ dissociation rates from CaM or target peptide-bound CaM were determined 

using a KinTek Stopped-Flow SF-2004 apparatus, as previously described [319]. Excess 

fluorescence Ca2+ chelator, Quin-2, was rapidly added to Ca2+ loaded CaM at 25 °C to give 

a final condition of 1 μM CaM, 100 μM Quin-2, 25 μM CaCl2, 20 mM MOPS, pH 7.2, 100 

mM KCl, ± 2.5 μM BP2 or skMLCK peptide while monitoring the excitation wavelength 

at 338 nm and the emission wavelength at 510 nm. Plotted data resulted from an average 

of 5-10 traces and was fitted to a single or double exponential curve using the KinTek 

analysis software.  

Isothermal Titration Calorimetry (ITC)  

The binding affinities of unlabeled zebrafish STRA6 peptides to ApoCaM and Mg2+-

bound CaM (MgCaM) were determined by measuring heat changes at each point in the 

titration of CaM at 37 °C in a VP-ITC titration microcalorimeter (MicroCal, Inc., 

Northampton, MA), as previously described [187]. All solutions were degassed under 

vacuum and equilibrated at 37 °C prior to titration. The 1.4 ml sample cell contained the 
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peptide (ligand) in 20 mM HEPES, pH 7.4, 50 mM NaCl, 0.5 mM TCEP, 2 mM EGTA 

and 5 mM EDTA (apo-sample) or 5 mM MgCl2. The injection syringe contained 0.15 mM 

CaM in the same buffer in the cell without peptide. The resulting titration curves were 

corrected for the buffer control and analyzed using the Origin for ITC software supplied 

by MicroCal (Northampton, MA). 

BMRB accession numbers: BMRB50836, BMRB50837, BMRB50850, BMRB50849, 

BMRB50851, BMRB50892 are newly assigned NMR chemical shift values for the various 

calmodulin and calmodulin-peptide complexes under the varied conditions reported in this 

manuscript. 

D. Results 

Binding studies of apo-calmodulin (ApoCaM) with three peptides derived from STRA6 

  The cryo-EM structure of STRA6 showed that three helical segments, termed BP0, 

BP1 and BP2, contribute to the CaM binding site on STRA6 in the presence of Ca2+, with 

the major binding interface composed of BP2 and residues from both the N- and C-terminal 

lobes of Ca2+-bound CaM (CaCaM) [320]. However, the CaCaM-STRA6 complex proved 

difficult to disrupt even at high concentrations of the divalent cation chelator, EGTA [187]. 

Thus, the roles of BP0, BP1, and BP2 in CaM complex formation were examined here for 

the first time in the absence of the divalent cations Ca2+ and Mg2+. Of the three STRA6-

derived peptides, BP2 was found to bind ApoCaM with the highest affinity, as measured by 

isothermal titration calorimetry (ITC; BP2KD = 6,800 ± 500 nM; Figure 4.2) and confirmed 

by NMR (Figure 4.3). BP0 also bound ApoCaM with much lower affinity (BP0KD = 0.3 ± 

0.1 mM; Figure. 4.4) as measured by NMR, and no detection of BP1 binding was observed 

using either of these two methods, even at the high concentrations used in the NMR studies 
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(BP1KD > 0.8 mM; Figure 4.5). Thus, of the three STRA6-derived peptides tested, BP2 

showed the highest affinity for ApoCaM (Table 4.1). 

 

Figure 4.2. ITC binding isotherms of STRA6 BP2 peptide binding to ApoCaM and 
MgCaM. 
(A) ITC isotherm showing the titration of ApoCaM (Ca2+ and Mg2+ free) into STRA6 BP2 
peptide showing a single binding site indicating a 1:1 ratio (BP2: CaM), (KD = 6,800 + 500 
nM, n=1.0). The buffer contained 20 mM HEPES, pH 7.4, 50 mM NaCl, 5 mM EDTA, 2 
mM EGTA, and 0.5 mM TCEP and the experiment was run at 37°C. (B) An ITC isotherm 
showing cooperative binding of MgCaM to BP2 (KD = 500 + 200 nM, n=1.9). The buffer 
contained 20 mM HEPES, pH 7.4, 50 mM NaCl, 5 mM MgCl2 and 0.5 mM TCEP and the 
experiment was run at 37°C.  
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Figure 4.3. NMR studies demonstrating BP2 binding to ApoCaM. 
2D [1H, 15N]-HSQC NMR spectra recorded at 950 MHz, 25º C, were overlaid for ApoCaM 
in the absence (black) presence (red) of 1.3 mM BP2 showing changes in chemical shifts 
due to BP2 binding. Backbone HN correlations of ApoCaM which do not exhibit chemical 
shift perturbations are labeled. Sample conditions include 0.2 mM CaM, 20 mM HEPES 
pH 7.4, 50 mM NaCl, 10 mM EGTA, 0.5 mM TCEP 10% D2O, and/or 1.3 mM BP2. 
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Figure 4.4. NMR studies demonstrating BP0 binding to ApoCaM. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C were overlaid for 
ApoCaM in the absence (black) presence (red) of 0.8 mM BP0. Sample conditions include 
0.2 mM CaM, with and without 0.8 mM BP0, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 
mM EGTA, 0.5 mM TCEP and 10% D2O. (B) NMR titration of ApoCaM with BP0. KD 
values for each of the eight 1H-15N correlations shown on the right were fit to an equation 
described previously by Williamson et al. and averaged, demonstrating weak binding of 
BP0 to ApoCaM (KD = 0.3 + 0.1 mM) [1].  
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Figure 4.5. NMR studies of ApoCaM upon BP1 addition. 
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C were overlaid for ApoCaM 
in the absence (black) presence (red) of 0.8 mM BP1. Sample conditions include 0.2 mM 
CaM, with and without 0.8 mM BP1, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM EGTA, 
0.5 mM TCEP and 10% D2O. These data illustrate that BP1 does not interact with ApoCaM 
at mM concentrations. 
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Table 4.1. CaM binding to STRA6 peptidesa 

ApoCaM KD (nM) Fold 
differenceb 

BP0c 3±1x 105 3 x 105 
BP1d N.D. >5.6 x 105 

BP2e 6,800±500 7,600 
MgCaM   
BP0c 1.8±0.9 x 105 2.0 x 105 

BP1d N.D. >5.6 x 105 
BP2e,f 500±200 600 
CaCaMg   
BP0 2,600±700 2,900 
BP1 1,700±100 1,900 
BP2 0.9±0.3 1 

aPeptides derived from the BP0 (residues 218-237), BP1 (residues 554-571), and BP2 
(residues 600-626) helices of zebrafish STRA6 were shown to bind either apo-calmodulin 
(ApoCaM), Mg2+-loaded calmodulin (MgCaM) or Ca2+-loaded CaM in the presence of Mg2+ 
(CaCaM). The latter CaCaM complex is known to have all EF-hand domains of CaM loaded 
with Ca2+ ions, even in the presence of Mg2+, since CaM has a significantly higher affinity 
for Ca2+ versus Mg2+ under the measurement conditions [289, 321]. 
bThe fold difference value is in comparison to the binding of BP2 to Ca2+-loaded CaM in 
a buffer containing Mg2+ (termed CaCaM) as listed below (KD = 0.9±0.3 nM), and as 
reported previously [187].  
cDetermined by NMR (Figure 4.4, Figure 4.11) 
dBinding was not detected even at NMR concentrations of 0.8 mM (Figure 4.5, Figure 
4.10) 
eMeasured here using isothermal titration calorimetry (ITC) and confirmed by NMR 
(Figure 4.2-4.3) 
fBP2 binding to MgCaM was confirmed using fluorescence spectroscopy methods (KD = 
140±30)  
gThe KD values for BP0, BP1, and BP2 binding to CaCaM in the presence of buffer 
containing Mg2+ were all reported previously in Chen et al [187]. 
 
The interaction of Mg2+-bound Calmodulin (MgCaM) with peptides derived from 

STRA6 

As reported elsewhere [275, 289, 295], there are multiple weak binding sites for 

Mg2+ within CaM including binding sites in the N-terminal EF-hand domains (KD=0.5 

mM) as well as to those in its C-terminal domain (KD = 3 mM) [321]. While BP2 was found 

to bind to ApoCaM by ITC (BP2KD = 6,800 ± 500 nM; Figure 4.2) and by NMR (Figure 4.3), 

the apo-form of CaM (Mg2+ and Ca2+ free; ApoCaM) is unlikely to exist at appreciable 
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concentrations inside a cell where mM levels of free Mg2+ are typical [322]. For this reason, 

and because the ApoCaM-BP2 complex was not stable over time, as determined by NMR, 

the Mg2+ containing CaM complexes with the STRA6 peptides were the focus of the studies 

presented here. Interestingly, the presence of Mg2+ was found to improve the quality and 

stability of the NMR samples as well as increase the affinity of BP2 for CaM by 14-fold 

(ITC; BP2KD = 500 + 200 nM; Figure 4.2) when compared to analogous experiments 

performed in the absence of divalent cations (ITC; BP2KD = 6,800 ± 500 nM; Figure 4.2). 

The interaction between BP2 and MgCaM occurred at a comparable concentration when 

monitoring changes in the fluorescence intensity of a single tryptophan residue in BP2 

upon binding (BP2KD = 140 ± 30 nM; Figure 4.6, Table 4.1). During fluorescence titration, 

the emission maximum of BP2 decreased (i.e., blue shift) from λMax = 358 nm in buffer 

alone to λMax = 328 nm in the presence of MgCaM with a corresponding increase in 

fluorescence intensity. Such a blue shift is indicative of the single tryptophan residue within 

BP2 binding to a hydrophobic region of MgCaM upon MgCaM-BP2 complex formation, 

even in the absence of Ca2+ (Figure 4.6) [323, 324]. The binding of BP2 to MgCaM observed 

by ITC and fluorescence spectroscopy confirmed that MgCaM-BP2 complex formation 

occurs in the absence of Ca2+, and that of the three STRA6-derived peptides tested, BP2 

peptide showed the highest affinity for MgCaM in the absence of Ca2+ (Table 4.1). 
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Figure 4.6. Binding of MgCaM to a peptide derived from the BP2 region of STRA6. 
Shown is a representative titration illustrating the change in relative BP2 peptide 
tryptophan fluorescence at 328 nm upon titration of MgCaM together with a curve that fits 
a single-site binding model for the peptide (see methods; KD = 140+30 nM). (Inset) The 
titrations were monitored using the fluorescence emission spectra of the single tryptophan 
residue within BP2, which is shown in the absence (red) and presence (blue) of fully 
saturated levels of MgCaM. Conditions for the titration shown include: 4 μM BP2 in 20 mM 
HEPES pH 7.4, 50 mM NaCl, 10 mM EGTA, 8 mM MgCl2, 1 mM DTT, and CaM 
concentration ranging from 0-10 μM. (Inset) A decrease in the maximal emission 
wavelength and increase in fluorescence intensity of BP2 was observed upon addition of 
MgCaM (blue trace). The blue shift in the emission maximum, from λMax = 358 nm in buffer 
alone to λMax = 328 nm in the presence of MgCaM, with a corresponding increase in 
fluorescence intensity is consistent with the tryptophan residue of BP2 (residue W610) 
binding to a hydrophobic pocket within MgCaM. Conditions for the two emission scans 
include: 4 μM BP2 in 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM EGTA, 8 mM MgCl2, 
1 mM DTT, in the absence (red) and presence (blue) of 6 μM CaM. 
 
NMR studies of peptides derived from STRA6 binding to Mg2+-bound Calmodulin 

(MgCaM) 

The backbone resonance assignments for MgCaM were determined a priori and 

compared to those obtained upon the addition of the STRA6 peptides under identical buffer 

conditions (BMRB 50836, BMRB 50837; Figures 4.7-4.8). The largest chemical shift 

perturbations (CSPs) upon BP2 addition are highlighted (Figure 4.9) when the 1H-15N 

HSQC spectra for the MgCaM versus the MgCaM-BP2 complexes were overlaid. 

Specifically, CSPs with the highest magnitude occurred for residues in the C-terminal lobe 
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of MgCaM with minor, if any, CSPs arising in the N-terminal lobe (>0.45 ppm; CSP cutoff 

= average CSP + σ). These data are consistent with BP2 interacting with residues in the C-

terminal lobe of MgCaM in the absence of Ca2+. Whether peptides derived from BP0 and 

BP1 bound to MgCaM in the absence of Ca2+, was examined next by NMR. Neither ApoCaM 

nor MgCaM were found to bind to BP1 using NMR (Figure 4.5, 4.10). However, both 

ApoCaM (BP0KD = 0.3 ± 0.1 mM) and MgCaM (BP0KD = 0.18 ± 0.09 mM) were shown to 

interact weakly with BP0, but only a few low magnitude NMR CSPs were observed in each 

study (Figure 4.4, 4.11) (BMRB 50850). 

 

Figure 4.7. 2D [1H, 15N]-HSQC spectrum of MgCaM recorded at 950 MHz, 30º C. 
Sample conditions include 0.2 mM CaM, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM 
EGTA, 20 mM MgCl2, 0.5 mM TCEP 10% D2O.  
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Figure 4.8. 2D [1H, 15N]-HSQC spectrum demonstrating STRA6 BP2 peptide binding to 
MgCaM recorded at 950 MHz, 30º C. 
Sample conditions include 0.2 mM CaM, 1.3 mM BP2, 20 mM HEPES pH 7.4, 50 mM 
NaCl, 10 mM EGTA, 20 mM MgCl2, 0.5 mM TCEP and 10% D2O.  
 
Figure 4.9. NMR studies of a peptide derived from the BP2 region of STRA6 binding to 
MgCaM in the absence of Ca2+. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 950 MHz, 30º C, and their corresponding 
resonance assignments were overlaid for MgCaM in the absence (black) and presence (red) 
of the BP2 peptide. Backbone HN correlation assignments for residues in MgCaM that were 
found to have chemical shift perturbations (CSPs) above 0.45 ppm upon BP2 addition are 
underlined and tabulated in panel B along with all the CSPs. Backbone HN correlations that 
were missing in either the MgCaM or MgCaM-BP2 NMR spectra are labeled with an asterisk. 
Only backbone HN correlations for residues in MgCaM that were found to have CSPs above 
0.45 ppm upon BP2 addition are labeled in the inset. Sample conditions include 0.2 mM 
CaM, 20 mM HEPES pH 7.4, 10 mM EGTA, 20 mM MgCl2, 50 mM NaCl, 0.5 mM TCEP, 
10% D2O and/or 1.3 mM BP2. (B) The combined absolute change in both 1H and 15N 
chemical shift values upon BP2 addition to MgCaM are plotted for backbone HN 
correlations for each amino acid residue. These data illustrate that the largest CSPs occur 
primarily in the C-terminal lobe of MgCaM (residues 81 to 148) upon BP2 peptide addition 
as illustrated by a cartoon (inset). (C) The secondary structure in solution of MgCaM in the 
MgCaM-BP2 complex is predicted based on 1H, 13C, 15N NMR chemical shift values, as 
described previously [325]. Helices are shown in red and include helix 1 (residues 6-18), 
helix 2 (residues 32-38), helix 3 (residues 45-55), helix 4 (residues 65-75), helix 5 (residues 
82-92), helix 6 (residues 102-111), helix 7 (residues 119-127), helix 8 (residues 138-144).  
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Figure 4.9. NMR studies of a peptide derived from the BP2 region of STRA6 binding to 
MgCaM in the absence of Ca2+. 
 



138 
 
 

 

Figure 4.10. NMR studies of MgCaM upon BP1 addition. 
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C were overlaid for MgCaM 
in the absence (black) presence (red) of 0.8 mM BP1. Sample conditions include 0.2 mM 
CaM, with and without 0.8 mM BP1, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM EGTA, 
20 mM MgCl2, 0.5 mM TCEP and 10% D2O. These data illustrate that BP1 does not 
interact with MgCaM at mM concentrations.  
 
Figure 4.11. NMR studies demonstrating BP0 binding to MgCaM. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C and their corresponding 
resonance assignments were overlaid for MgCaM in the absence (black) presence (red) of 
0.8 mM BP0. Amino acid residues labeled with an asterisk are missing for either spectrum 
(MgCaM or MgCaM-BP0). Sample conditions include 0.2 mM CaM, with and without 0.8 
mM BP0, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM EGTA, 20 mM MgCl2, 0.5 mM 
TCEP and 10% D2O. (B) The combined absolute change in both 1H and 15N chemical shift 
values upon BP0 addition to MgCaM are plotted for backbone HN correlations for each 
amino acid. (inset) NMR titration of MgCaM with BP0. KD values for each of the eight 1H-
15N correlations shown on the right were fit to an equation described previously by 
Williamson et al. and averaged (KD = 0.18 + 0.09 mM) [1]. These data illustrate that BP0 
binds weakly to MgCaM and does not cause significant CSPs (>0.45 ppm). 
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Figure 4.11. NMR studies demonstrating BP0 binding to MgCaM. 
 

 

Whether BP0 or BP1 could bind to the MgCaM-BP2 complex was examined next 

by NMR. Only minor chemical shift perturbations were observed upon BP0 addition to 
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MgCaM-BP2, so this helix may contribute weakly, if at all, to MgCaM-STRA6 complex 

formation in the absence of Ca2+. The analogous titration with BP1 into an NMR sample 

of the MgCaM-BP2 complex showed no additional chemical shift perturbations, indicating 

that BP1 does not likely contribute at comparable levels to MgCaM-STRA6 complex 

formation as BP2 in the absence of Ca2+, even at mM concentrations used for these NMR 

experiments (Figure 4.12). To summarize, the NMR binding studies confirmed that BP2 

binds MgCaM in the absence of Ca2+ and that this interaction is via amino acid residues 

within the C-terminal lobe of MgCaM. Furthermore, BP0 and BP1 likely contribute 

significantly less than BP2, if at all, to full-length MgCaM-STRA6 complex formation, in 

the absence of Ca2+, but structural characterization of the full-length complex would be 

required to confirm this conclusion. 
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Figure 4.12. NMR studies of the MgCaM-BP2 complex with the additions of BP0 or BP1. 
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C and their corresponding 
resonance assignments were overlaid for MgCaM-BP2 (0.5 mM) with (red) and without 
(black) 2 mM STRA6 BP1 (A) or BP0 (B). Select residues exhibiting chemical shifts due 
to minimal BP0 binding are labeled (B; inset). Sample conditions include 0.2 mM CaM, 
1.3 mM BP2, 2.0 mM BP1 (A) or 2.0 mM BP0 (B) in 20 mM HEPES pH 7.4, 50 mM 
NaCl, 10 mM EGTA, 20 mM MgCl2, 0.5 mM TCEP and 10% D2O.  
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Ca2+ binding to the MgCaM-BP2 complex as studied by NMR 

NMR studies focused next on the MgCaM-BP2 complex in the absence and presence 

of 10 mM Ca2+ since BP2 binds most tightly to ApoCaM, MgCaM, and CaCaM (Table 4.1). 

These data showed that 1H-15N NMR chemical shift perturbations occurred upon Ca2+ 

addition throughout the N- and the C-terminal lobes of CaCaM when compared to MgCaM 

and are consistent with the cryo-EM structure of CaCaM-STRA6 (Figure 4.13) [187]. To 

gain further insight regarding Ca2+-binding to MgCaM-BP2, NMR CSPs were examined at 

varying free Ca2+ concentrations ranging from 0 to 4,000 nM (Figures 4.14-4.16). 

Interestingly, at low nM concentrations of free Ca2+, the 1H-15N NMR correlations for both 

glycine residues in C-terminal EF-hand domains of the MgCaM-BP2 complex (i.e. G98, 

G134) showed appreciable chemical shift perturbations (i.e. G98, G134; CaKD = 60 ± 5 nM, 

61 ± 9 nM, respectively); whereas, higher levels of free Ca2+ were required to generate 1H-

15N CSPs for glycine correlations involving the N-terminal EF-hand domains (i.e. G25, 

G61; CaKD = 900 ±100 nM and 1,000 ± 200, respectively; Figure 4.13). Next, the remaining 

1H-15N correlations of MgCaM-BP2 were assigned sequence-specifically via standard 

heteronuclear NMR techniques in the presence of 200 nM free Ca2+ (BMRB 50849) 

(Figure 4.17). Under these conditions, only two of the four EF-hand binding domains in 

the C-terminus were loaded with Ca2+ as consistent with 50% total occupancy calculated 

at this level of free Ca2+ and the KD values measured. These chemical shift values were 

compared to those of MgCaM-BP2 in the absence of Ca2+ with all other conditions being 

identical. Interestingly, when spectra at 0 and 200 nM free Ca2+ were compared, only 

correlations corresponding to residues in the C-terminal lobe of MgCaM-BP2 displayed 

CSPs upon Ca2+ addition to 200 nM (D95, N97, L105, E120, D131), with minor, if any, 
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CSPs observed for residues in its N-terminal lobe (Figure 4.15). On the other hand, when 

spectra at 200 and 4,000 nM free Ca2+ were compared, only correlations corresponding to 

residues in the N-terminal lobe displayed CSPs of significant magnitude (E11, K13, E14, 

F16, S17, F19, T28, K30, E31, V35, I52, V55, D56, F68; Figure 4.16). From these NMR 

data, it is proposed that BP2 interacts with the C-terminal lobe of CaM, where Mg2+ 

occupies the EF1/EF2 sites and Ca2+ occupies the EF3/EF4 sites (i.e. termed Mg,CaCaM), at 

resting Ca2+ levels (<100 nM). However, as Ca2+ concentrations increase from 100 nM to 

1,000 nM, then the Mg,CaCaM-BP2 complex rearranges into a state with all four EF-hand 

domains of CaM in the Ca2+-bound state (i.e., 100% occupied), termed CaCaM-BP2, and in 

this state, both the N- and C-terminal domains of CaM interact directly with BP2 (Figure 

4.16). This conformational change occurs in a range of free Ca2+ ion concentrations 

typically found in a Ca2+ signaling event inside the cytoplasm (from ~100 to ~1,000 nM) 

and could be important for regulating STRA6-dependent retinol transport. 

Figure 4.13. Chemical shift perturbations observed for HN correlations in 15N-labeled 
CaM upon Ca2+ addition to the MgCaM-BP2 peptide complex. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C, and their corresponding 
resonance assignments were overlaid for 15N-labeled MgCaM bound to unlabeled BP2 
peptide in the absence (black) and presence (blue) of 10 mM Ca2+. Backbone HN correlation 
assignments are underlined in the 2D [1H, 15N]-HSQC NMR spectra of MgCaM-BP2 
complex that were found to have CSPs above 0.45 ppm upon Ca2+ addition, and these and 
CSPs for the other residues are tabulated in panel (B). Backbone HN correlations that were 
missing for 15N-labeled CaM in the NMR spectra of either MgCaM-BP2 or CaCaM-BP2 in 
a Ca2+ and Mg2+ containing buffer are labeled with an asterisk. Only backbone HN 
correlations for residues in MgCaM-BP2 that were found to have chemical shift 
perturbations (CSPs) above 0.45 ppm upon Ca2+ addition are labeled in the inset. Sample 
conditions include 0.2 mM CaM, 1.3 mM BP2, 20 mM HEPES pH 7.4, 50 mM NaCl, 0.5 
mM TCEP, 10% D2O and 10 mM EGTA, 20 mM MgCl2 (MgCaM-BP2) or 10 mM CaCl2, 
5 mM MgCl2 CaCaM-BP2. (B) The combined absolute change in the 1H and 15N chemical 
shift values upon Ca2+ addition to MgCaM-BP2 were calculated as described in Methods 
and plotted for backbone HN correlations for each amino acid residue. These data illustrate 
that CSPs occur both in the N- and C-terminal lobes of MgCaM-BP2 upon 10 mM Ca2+ 
addition, as shown by a cartoon (see inset). 
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Figure 4.13. Chemical shift perturbations observed for HN correlations in 15N-labeled 
CaM upon Ca2+ addition to the MgCaM-BP2 peptide complex. 
 
 
 
 
 
 
 
 
 



145 
 
 

Figure 4.14. Ca2+ binding to glycine residues within EF1-EF4 of CaM. 
Chemical shift perturbations (CSPs) observed for backbone HN correlations of conserved 
glycine residues in the EF-hand domains of 15N-labeled CaM (EF1, G25; EF2, G61; EF3, 
G98; EF4, G134) in the MgCaM-BP2 complex upon Ca2+ addition (0 to 4,000 nM). (A) The 
HN correlations at the heads of the arrows represent the fully occupied EF-hand Ca2+ 
binding site. NMR data for 15N-labeled CaM in the MgCaM-BP2 complex was collected at 
0 nM Ca2+free (red contours), 100 nM Ca2+free (orange contours), 200 nM Ca2+free (yellow 
contours), 400 nM Ca2+free (light green contours), 750 nM Ca2+free (dark green contours), 
1,000 nM Ca2+free (light blue contours), 2,000 nM Ca2+free (dark blue contours), and 4,000 
nM Ca2+free (purple contours). (B, C) All four EF-hand Ca2+-binding sites (EF1-EF4) 
illustrated in (A) exhibit slow-exchange binding of Ca2+ on the chemical shift timescale, 
so plots of relative peak intensity in the 1H and 15N dimension were averaged and plotted 
versus free [Ca2+] (0-20,000 nM) for the HN correlations for the glycine residues in each 
EF-Hand to evaluate their Ca2+-binding properties [268]. The KD values found from peak 
intensities calculated for each [Ca2+]free were found to be 900+100 nM in EF1 and 
1,000+200 nM in EF2 in the N-lobe as measured for G25 and G61, respectively, and 60+5 
nM in EF3 and 60+10 nM in EF4 in the C-lobe of CaM for G98 and G134 respectively. 
(D) A model for Ca2+ binding to MgCaM-BP2 binding is proposed. In this representation, 
the C-terminal lobe of MgCaM is shown to interact with the BP2 region of STRA6 in the 
absence of Ca2+. At low nM levels of Ca2+free (first arrow; KD ~ 100 nM), the C-terminal 
lobe of CaM binds Ca2+ and structural changes with CaM occur to tighten BP2 binding by 
1400-fold (Table 4.1). In the presence of >1,000 nM Ca2+free (second arrow), a second 
conformation change occurs as the N-terminal lobe binds Ca2+ and interacts with BP2. 
 
Figure 4.15. NMR studies demonstrating Ca2+ binding to the C-terminal lobe of MgCaM-
BP2. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C, and their corresponding 
resonance assignments were overlaid for MgCaM-BP2 in the absence (red) and presence 
(black) of 200 nM Ca2+. Backbone HN correlation assignments are underlined in the 2D 
[1H, 15N]-HSQC NMR spectra of MgCaM-BP2 complex that were found to have CSPs 
above 0.45 ppm upon Ca2+ addition, and these and CSPs for the other residues are tabulated 
in panel (B). Backbone HN correlations that were missing in the NMR spectra of either 
MgCaM-BP2 or Mg,CaCaM-BP2 are labeled with an asterisk. Only backbone HN correlations 
in MgCaM-BP2 that were found to have chemical shift perturbations (CSPs) above 0.45 
ppm upon Ca2+ addition are labeled in the inset. Sample conditions include 0.5 mM CaM, 
0.6 mM BP2, 20 mM HEPES pH 7.4, 50 mM NaCl, 20 mM MgCl2, 0.5 mM TCEP, 10% 
D2O and 10 mM EGTA (MgCaM-BP2) or 10 mM CaCl2 and 19 mM EGTA (Mg,CaCaM-
BP2). (B) The combined absolute change in both 1H and 15N chemical shift upon the 
binding of 200 nM Ca2+free to MgCaM-BP2 were calculated and plotted per residue for 
backbone HN correlations. These data illustrate that CSPs occur in the C-terminal lobe of 
MgCaM-BP2 upon 200 nM Ca2+free addition, as illustrated by a cartoon (see inset). 
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Figure 4.14. Ca2+ binding to glycine residues within EF1-EF4 of CaM. 
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Figure 4.15. NMR studies demonstrating Ca2+ binding to the C-terminal lobe of MgCaM-
BP2. 
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Figure 4.16. NMR studies demonstrating Ca2+ binding to the N-terminal lobe of MgCaM-
BP2. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C, and their corresponding 
resonance assignments were overlaid for MgCaM-BP2 in the presence of 200 nM Ca2+free 
(blue) and 4,000 nM Ca2+free (black). Backbone HN correlation assignments are underlined 
in the 2D [1H, 15N]-HSQC NMR spectra of MgCaM-BP2 complex that were found to have 
CSPs above 0.45 ppm upon Ca2+ addition, and these and CSPs for the other residues are 
tabulated in panel (B). Backbone HN correlations that were missing in the NMR spectra of 
either Mg,CaCaM-BP2 or CaCaM-BP2 are labeled with an asterisk. Only backbone HN 
correlations in Mg,CaCaM-BP2 that were found to have chemical shift perturbations (CSPs) 
above 0.45 ppm upon the binding of 4,000 nM Ca2+free to Mg,CaCaM-BP2 are labeled in the 
inset. Sample conditions include 0.5 mM CaM, 0.6 mM BP2, 20 mM HEPES pH 7.4, 50 
mM NaCl, 20 mM MgCl2,10 mM CaCl2, 0.5 mM TCEP, 10% D2O and 10 mM EGTA 
(4,000 nM Ca2+free) or 19 mM EGTA (200 nM Ca2+free). (B) The combined absolute change 
in both 1H and 15N chemical shift values were calculated and plotted for backbone HN 
correlation for each amino acid residue. (C,D) Amino acid residues exhibiting CSPs>0.45 
ppm were highlighted in red for CaM bound to BP2 (crystal structure; C) and CaM bound 
to full length STRA6 (cryo-EM structure; D), illustrating that CSPs occur mostly in the N-
terminal lobe of Mg,CaCaM-BP2 upon 4,000 nM Ca2+free addition, as shown by a ribbon 
diagram (see inset; B). Ca2+ ions bound to each domain are shown as green spheres. Amino 
acid residues with CSPs>0.45 reside near the Ca2+-binding sites of the N-lobe and near the 
BP1 binding site of CaCaM.  
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Figure 4.16. NMR studies demonstrating Ca2+ binding to the N-terminal lobe of MgCaM-
BP2. 
 
Figure 4.17. 2D [1H, 15N]-HSQC of Mg,CaCaM-BP2 with 200 nM free Ca2+ recorded at 
950 MHz, 25º C. 
Sample conditions include 0.5 mM CaM, 0.6 mM BP2, 20 mM HEPES pH 7.4, 50 mM 
NaCl, 19 mM MgCl2, 19 mM EGTA, 9.3 mM CaCl2.  
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Figure 4.17. 2D [1H, 15N]-HSQC of Mg,CaCaM-BP2 with 200 nM free Ca2+ recorded at 
950 MHz, 25º C. 
 

The affinity of Ca2+ for CaM increases upon CaM-STRA6 BP2 complex formation 

The dissociation rate of Ca2+ from CaCaM was examined next in the presence of 

BP2 using competition experiments with the fluorescent Ca2+ chelator, Quin-2, as 

previously described [326]. In the absence of Mg2+, the Quin-2 competition data showed 

that the EF-hand domains in the N- and C-terminal domains of CaM bound Ca2+ more 

tightly by 8- and 29-fold, respectively (EF1,EF2KD = 1,600 ± 200 nM ; EF3,EF4KD = 70 ± 20 

nM) when BP2 was bound versus in its absence (EF1,EF2KD = 13,000 ± 600 nM; EF3,EF4KD = 

2,000 ± 100 nM; Figure 4.18, Table 4.2) [102, 167]. The Quin-2 competition Ca2+ binding 

studies for EF3 and EF4 (EF3,EF4KD = 70 ± 20 nM) confirmed that the presence of Mg2+ did 

not affect Ca2+-binding to the C-terminal lobe since the NMR binding studies showed 

similar binding affinities, as monitored by changes in the NMR spectral properties of HN 
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correlations for Gly-98 and Gly-134 upon Ca2+ addition, respectively (G98, EF3KD = 60 ± 

5 nM; G134, EF4KD = 61 ± 9 nM; Figure 4.14). Together, these data validate that Ca2+ 

coordination within EF3 and EF4 occurs in BP2-bound CaM at concentrations of Ca2+ 

analogous to those of cytoplasmic resting free Ca2+ levels (< 100 nM) [164]. However, for 

the EF-hand domains in the N-lobe of CaM (i.e. EF1, EF2), the presence of Mg2+ slightly 

tightened Ca2+-binding to BP2-bound CaM since the Quin-2 competition Ca2+ binding data 

(EF1,EF2KD = 1,600 ± 200 nM) was found to be slightly weaker (1.6-fold) in the absence of 

Mg2+ when compared to the analogous measurements for Ca2+ binding via NMR with Mg2+ 

present in both EF1 (G25, KD = 900 ± 100 nM) and EF2 (G61, KD = 1,000 ± 200), 

respectively. Some have reported a similar effect of Mg2+ on Ca2+ affinity in the N-lobe 

(1.3-fold; [289]) [289, 327], while others report no such affect in the absence of peptide 

[328, 329], so the effect of Mg2+ on Ca2+-binding affinity is small at best or even negligent 

under some conditions in the absence or presence of a bound peptide target. As a positive 

control with a CaCaM-peptide complex, another CaM-binding peptide, derived from the 

myosin light chain kinase in skeletal muscle (skMLCK) was tested via the Quin-2 

competition studies, and a similar tightening of Ca2+ affinity was observed upon CaCaM-

skMLCK complex formation under these conditions (Table 4.2), as was previously 

described [102]. 
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Figure 4.18. A peptide derived from zebrafish STRA6 increases the Ca2+ affinity of CaM 
and decreases the Ca2+ dissociation rate. 
(A) The degree of saturation of Quin-2, a fluorescent Ca2+ chelator, is plotted as a function 
of total Ca2+ concentration. The STRA6 BP2 peptide significantly increased the affinity 
CaM has for Ca2+ (KDEF3/EF4 = 70+20 nM, KDEF1/EF2 = 1,600 + 200 nM) but to a lesser 
degree than the skMLCK peptide (KDEF3/EF4 = 20+10 nM, KDEF1/EF2 = 80+6 nM) (Table 
4.2). A semi-logarithmic plot of the saturation is shown in the inset. (B) Kinetic values for 
the dissociation of Ca2+ from CaM showing BP2 decreases the dissociation rate of Ca2+ of 
the C-terminal sites of CaM from 11.8+0.1 s-1 (no peptide) to 0.6+0.1 s-1 determined via 
stopped flow using Quin-2 [102]. The dissociation rate of the N-terminal Ca2+ sites 
decreases from >850+70 s-1 to 3.7+1.0 s-1 for CaM-BP2 (Table 4.2) [102]. A semi-
logarithmic plot of the saturation is shown in the inset. 
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Table 4.2. Kinetic and Ca2+-binding data for CaM and CaM-STRA6 peptide complexes. 
CaM domains Peptide 

bound 
CaKD (nM) Cakoff (s-1) 

EF1/EF2 
 

None 13,000±600a >850±70b 

BP2 1,000±200d 3.7±1.0c 

skMLCK 80±6a 6.4±0.6b 
EF3/EF4 
 

None 2,000±100a 11.8±0.1b 
BP2 60±7d 0.6±0.1c 
skMLCK 20±10a 0.4±0.1b 

aMacroscopic Ca2+ dissociation constants (CaKD) are from Peersen et al. (measured at 25 
ºC, in 100 mM KCl, 0.5 mM MgCl2, 20 mM MOPS pH 7.4) [102]. In the absence of Mg2+, 
the CaKD was reported by Linse et al using a Ca2+ competition method with the chelator, 
5,5’-Br2BAPTA and found to be CaKD=26,000 nM and CaKD=1,400 nM for EF1/EF2 and 
EF3/EF4, respectively (measured at 25 ºC, in 100 mM KCl, 2.0 mM Tris-HCl, pH 7.5) 
[167]. Conditions exclude MgCl2 because Mg2+ binds to the chelator and interferes with 
the assay, as described previously [102]. 
bCa2+ dissociation rate constants (Cakoff) are from Peersen et al. (measured at 25 ºC, 100 
mM KCl, 20 mM MOPS pH 7.4). Values for Cakoff were measured here for comparison and 
found to be for 1.31 ± 0.02 s-1 and 0.090 ± 0.002 s-1 for EF1/EF2 and EF3/EF4 of CaM-
skMLCK and 6.2 ± 0.4 for EF3/EF4 of CaM alone (at 25 ºC, 100 mM KCl, 20 mM MOPS 
pH 7.2). 
c The Cakoff determined at 25 ºC, 20 mM MOPS, pH 7.2, 100 mM KCl.  
d The CaKD value was determined from an NMR titration monitoring the peak intensities of 
glycine residues in the EF-hand domains of CaM (measured at 25 ºC, in 50 mM NaCl, 20 
mM MgCl2, 20 mM MOPS pH 7.4). Macroscopic Ca2+ affinities from CaM in the presence 
of BP2 were also determined by Quin-2 competition and found to be CaKDEF3/4=70+20 nM 
and CaKDEF1/2=1,600+200 nM (at 37°C, 100 mM KCl, 10 mM MOPS, pH 7.2).  
 

Stopped flow methods using Quin-2 were used next to measure the dissociation rate 

of Ca2+ from CaCaM in the absence and presence of BP2. As expected, the Ca2+ dissociation 

rate constant slowed by 20-fold for the C-terminal EF-hand domains of CaM in the 

presence of BP2 (Cakoff = 0.6 ± 0.1 s-1) versus in its absence (Cakoff = 11.8 ± 0.1 s-1) [102]. 

These data together with the Quin-2 competition binding studies were sufficient to 

calculate the corresponding on-rates (kon = koff/KD) of Ca2+ for CaM in the presence of BP2 

(Cakon = 9 + 3 x 106 M-1s-1) versus its absence (Cakon = 5.9 + 0.3 x 106 M-1s-1). For the N-

terminal domain, the dissociation and association rates of Ca2+ could only be monitored 

when BP2 was bound (Cakoff = 3.7 ± 1.0 s-1; Cakon = 2.3 + 0.7 x 106 M-1s-1), which is 
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consistent with the tightening of the N-terminal site of CaM for Ca2+ when BP2 is bound. 

In the absence of BP2, a lower limit value for koff (>850 s-1) together with its KD for Ca2+ 

(EF1,EF2KD = 13,000 ± 600 nM) does allow a lower limit value to be assessed for kon (kon > 

6.5 + 0.6 x 107 M-1s-1), as described previously [102]. Again, these results are consistent 

with the Quin-2 competition and NMR binding studies (Figure 4.18; Table 4.2), and they 

are reminiscent of what was observed previously for the binding of CaM to the skMLCK 

peptide as well as to several small molecules, which have also been found to decrease koff 

for Ca2+ in both the N- and C-terminal domains of CaCaM (Figure 4.18; Table 4.2) [319, 

330, 331].  

NMR studies of the peptides derived from STRA6 binding to Ca2+-bound Calmodulin 

(CaCaM)  

The BP2 peptide derived from STRA6 was shown previously to bind CaCaM with 

>3 orders of magnitude higher affinity than either BP0 or BP1 (BP0KD = 2,600 ± 700 nM; 

BP1KD = 1,700 ± 100 nM; BP2KD = 0.9 ± 0.3 nM; Table 4.1) [187]. The backbone and 

sidechain resonance assignments of 13C,15N-labeled CaCaM bound to BP2 was 

characterized by NMR previously, and when the HN correlations from CaCaM-BP2 are 

compared to CaCaM in the absence of BP2, large changes were observed throughout the N- 

and C-lobes of CaCaM (Figure 4.19) [332]. As with the CaCaM-BP2 complex, the resonance 

assignments were completed next for the CaCaM-BP0 and CaCaM-BP1 complexes (Figure 

4.20-4.21; BMRB 50851, 50892). Upon BP1 addition, chemical shift perturbations 

occurred throughout CaCaM (Figure 4.21); whereas fewer and lower magnitude chemical 

shift perturbations were observed upon BP0 or BP1 addition to CaCaM-BP2 (Figure 4.21-

4.23) indicating that BP2 is the dominant driver of the CaCaM-STRA6 interaction. This 
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result was not surprising based on the extensive interactions observed between BP2 and 

CaM as well as its low nM affinity (BP2KD = 0.9 ± 0.3 nM) as compared to BP0 (BP0KD = 

2,600 ± 700 nM) or BP1 (BP1KD = 1,700 ± 100 nM), which showed fewer direct interactions 

as observed in the cryo-EM structure of the full-length CaCaM-STRA6 complex [187].  

Figure 4.19. NMR studies demonstrating BP2 binding to the N- and C-terminal lobes of 
CaCaM. 
(A) 2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C, and their corresponding 
resonance assignments were overlaid for CaCaM in the absence (black) presence (red) of 
0.8 mM BP2. Backbone HN correlation assignments are underlined in the 2D [1H, 15N]-
HSQC NMR spectra of CaCaM that were found to have CSPs above 0.45 ppm upon BP2 
addition, and these and CSPs for the other residues are tabulated in panel (B). Backbone 
HN correlations that were missing in the NMR spectra of either CaCaM or CaCaM-BP2 are 
labeled with an asterisk. Only backbone HN correlations in CaCaM that were found to have 
CSPs above 0.45 ppm upon the binding of BP2 are labeled in the inset. Sample conditions 
include 0.2 mM CaM, with and without 0.8 mM BP2, 20 mM HEPES pH 7.4, 50 mM 
NaCl, 10 mM CaCl2, 5 mM MgCl2, 0.5 mM TCEP and 10% D2O. (B) The combined 
absolute change in both 1H and 15N chemical shift values upon BP2 addition to CaCaM are 
plotted for backbone HN correlations for each amino acid. These data illustrate that CSPs 
occur throughout CaCaM (both lobes) upon BP2 peptide addition to CaCaM. 
 
Figure 4.20. NMR studies demonstrating BP0 binding to CaCaM. 
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C and their corresponding 
resonance assignments were overlaid for CaCaM (black) and CaCaM with 0.8 mM BP0 
(red). Backbone HN correlations that were missing in the NMR spectra of either CaCaM or 
CaCaM-BP0 are labeled with an asterisk. Only backbone HN correlations in CaCaM that 
were found to have chemical shift perturbations (CSPs) above 0.45 ppm upon the binding 
of BP0 are labeled in the inset (none). Sample conditions include 0.2 mM CaM, with and 
without 0.8 mM BP0, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM CaCl2, 5 mM MgCl2, 
0.5 mM TCEP and 10% D2O. (B) The combined absolute change in both 1H and 15N 
chemical shift values upon BP0 addition to CaCaM are plotted for backbone HN correlations 
for each amino acid. These data illustrate that BP0 binds CaCaM, and elicits a 
conformational change, but to a lesser extent to of that of CaCaM-BP2.  
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Figure 4.19. NMR studies demonstrating BP2 binding to the N- and C-terminal lobes of 
CaCaM. 
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Figure 4.20. NMR studies demonstrating BP0 binding to CaCaM. 



158 
 
 

 
Figure 4.21. NMR studies demonstrating BP1 binding to CaCaM. 
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C and their corresponding 
resonance assignments were overlaid for CaCaM (black) and CaCaM with 0.8 mM BP1 
(red). Backbone HN correlations that were missing in the NMR spectra of either CaCaM or 
CaCaM-BP0 are labeled with an asterisk. Sample conditions include 0.2 mM CaM, with 
and without 0.8 mM BP1, 20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM CaCl2, 5 mM 
MgCl2, 0.5 mM TCEP and 10% D2O. (B) The combined absolute change in both 1H and 
15N chemical shift values upon BP1 addition to CaCaM are plotted for backbone HN 
correlations for each amino acid. These data illustrate that CaCaM undergoes a 
conformation change within both domains upon binding to BP1.  
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Figure 4.22. NMR studies of the CaCaM-BP2 complex with the addition of BP0.  
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C were overlaid for the 
CaCaM-BP2 (black) and with the addition of 0.8 mM BP0 (red). Samples contained 0.2 
mM CaM, 0.8 mM BP2, 20 mM HEPES pH 7.4, 50 mM NaCl, 0.5 mM TCEP, 10 mM 
CaCl2, 5 mM MgCl2, 20% D2O with and without 0.8 mM BP0.  
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Figure 4.23. NMR studies of the CaCaM-BP2 complex with the addition of BP1. 
2D [1H, 15N]-HSQC NMR spectra recorded at 600 MHz, 25º C were overlaid for the 
CaCaM-BP2 (black) and with the addition of 0.8 mM BP1 (red). Samples contained 0.2 
mM CaM, 0.8 mM BP2 20 mM HEPES pH 7.4, 50 mM NaCl, 0.5 mM TCEP, 10 mM 
CaCl2, 5 mM MgCl2, 20% D2O with and without 0.8 mM BP1. 
 
E. Discussion. 

Three helical regions of the STRA6 vitamin A transporter, BP0 (residues 227-237), 

BP1 (residues 554-571) and BP2 (residues 600-626) were shown by cryoEM (PDBID: 

5SY1) to interact with Ca2+-bound CaM, with the BP2 helix comprising the major 

interaction interface of the complex [187]. While the cryoEM studies provided structural 

insight into the interaction of CaM with STRA6, the mechanism by which CaCaM-STRA6 

responds to increasing Ca2+ concentrations like those found in a cellular Ca2+ signaling 

event, remains an open question. Therefore, studies were performed here to investigate 

how peptides derived from these three helical regions of STRA6 affect CaM structure and 

its Ca2+-binding properties upon complex formation. In summary, the BP2 helix of STRA6 

provides the major interaction interface for the CaCaM-STRA6 complex as determined by 
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cryo-EM and X-ray crystallography [187], and it was shown here that it is also the driving 

force for the STRA6 interaction with CaM in the absence of Ca2+, including the cooperative 

effect it has on Ca2+-binding properties, as observed here for the Mg,CaCaM-BP2 and 

CaCaM-BP2 complexes (Figure 4.16; Tables 4.1-4.2). That this BP2 peptide is a good 

model for studying CaM in solution was demonstrated previously by the observation that 

the conformation of CaM in the BP2 complex determined by X-ray crystallography was 

nearly identical to CaM bound to full-length STRA6 as determined by cryoEM in 

membrane like conditions (Table 4.3; [177]). 
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Table 4.3. Interhelical angles of CaM-BP2 compared to CaM structures with one similar 
domain. 
PDBID Protein/ peptide 

Target 
Rotatio
n angle 
(°) a 

Interhelical Angles (°) (Ω) 
I-II III-IV V-VI VII-VIII I-V ΔΩI-V 

b 
5K8Q STRA6 BP2c - 94 96 99 104 -85 - 
2HQW 
[181] 

NMDA Receptor 
NR1 C1 

176 92 85 91 89 73 202 

3DVK 
[333] 

Voltage-gated 
calcium-channel 
CaV2.3 

169 93 98 107 104 73 202 

1CDL 
[178] 

Smooth muscle 
myosin light 
chain kinased 

160 89 86 97 98 44 231 

6MUE 
[182] 

Voltage-gated 
sodium channel 
NaV1.4 IQ 

158 10
8 

94 99 93 112 163 

4Q5U 
[179] 

Calcineurin 157 92 83 107 103 41 234 

2BCX 
[334] 

Ryanodine 
receptor 1 
(RyR1) 
CAMBD2  

156 82 80 106 98 58 217 

6Y4O 
[335] 

Ryanodine 
receptor 2 
(RyR2) 
CAMBD2 

156 83 82 103 98 59 216 

1G4Y 
[308] 

Ca2+-activated 
potassium 
channel SK2 

155 96 88 99 93 38 238 

6SZ5 
[336] 

NADPH oxidase 
5 

135 90 76 112 93 128 147 

Interhelical angles calculated by the program interhlx (K. Yap, U of Toronto), helices were 
defined by PDB coordinates [183]. ΔΩ(I-V) illustrates the large interhelical angle changes 
between the N- and the C- lobes of CaM-BP2 compared to other CaM-target complexes. 
a Rotation angle of bending residues were found in DynDom [184]. 
b ΔΩI-V= CaM-BP2ΩI-V – TargetsΩI-V. The value used for CaM-BP2ΩI-V was 360°-85°=275°  
cCryoEM structure of CaM bound to full length STRA6 (PDBID: 5SY1) was determined 
to have similar interhelical angles to the crystal structure (PDBID: 5K8Q): ΩI-II= 91°, ΩIII-

IV= 83°, ΩV-VI= 89°, ΩVII-VIII= 96°, ΩI-V= -81°, ΔΩI-V= 4°. The rotation angle between the 
crystal structure and cryo-EM structure was found to be 12.7° 
d As described previously, the structure of CaM-BP2 was compared to CaM-smooth muscle 
myosin light chain kinase (smMLCK) (PDBID: 1CDL) [178]. This structure is not among 
the top eight structures which align to the domains of CaM-BP2, but it also has individual 
domains which overlay well with that of CaM-BP2 and has interhelical angle differences 
consistent with the other structures compared here. 
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Of the three regions of contact between STRA6 and CaCaM illustrated in the 

cryoEM structure (Figure 4.1), the peptide derived from BP2 helix of STRA6 was found 

to bind CaCaM with >3 orders of magnitude higher affinity compared to peptides derived 

from either BP0 or BP1 helices (BP0KD = 2,600 ± 700 nM; BP1KD = 1,700 ± 100 nM; BP2KD 

= 0.9 ± 0.3 nM) [187]. In the present study, the Ca2+ binding affinity in the EF-hand 

domains for the C-lobe of CaM (i.e. EF3, EF4) were shown to increase by ~30-fold in the 

presence of BP2 (CaCaM-BP2; CaKD = 70 ± 20 nM) versus in its absence (CaCaM; CaKD = 

2,000 ± 100 nM) and by ~8-fold in the EF-hand domains for the N-lobe (EF1, EF2; CaCaM-

BP2; CaKD = 1,600 ± 200 nM; CaCaM; CaKD = 13,000 ± 600 nM), respectively. Additionally, 

slower Ca2+ off-rates (k-1, k-2) were detected in the presence of BP2 for both the N- and C-

lobe EF-hand domains of CaM (Table 4.2). Also considered, was that the EF-hand domains 

of CaM bind Mg2+ at cellular concentrations of this divalent cation (~1-2 mM), so the 

Mg2+-loaded form of CaM, MgCaM, was the focus of studies completed here in the absence 

of Ca2+ ions [272, 289, 337, 338]. Mg2+ was shown to increase the Ca2+-binding affinity to 

CaM in the N-lobe EF hand domains by 1.6-fold (CaCaM-BP2; CaKD = 1,000 ± 160 nM) 

when compared to the Quin-2 studies done in the absence of Mg2+ (CaCaM-BP2; CaKD = 

1,600 ± 200 nM). Whereas the presence of Mg2+ had no measurable effect on Ca2+ binding 

to the EF-hand domains in the C-lobe with the CaKD ~ 60-70 nM either in the absence or 

presence of Mg2+ (Table 4.2)1. 

The Ca2+ binding data for the C-lobe EF hand domains of CaM are consistent with 

CaCaM-BP2 complex formation, which would occur at resting intracellular Ca2+ levels. 

Whereas Ca2+-binding data for the EF-hand domains in the CaM N-lobe are consistent with 

the CaCaM-BP2 complex able to respond during a Ca2+ signaling event as free Ca2+ levels 
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rise to the low micromolar range (CaKD = 1,000 ± 160 nM). Considering that EF1 and EF2 

of CaM may bind Ca2+ in the presence of full-length STRA6 with an even lower 

concentrations than when only BP2 is present, further bolsters such an argument for 

considering Ca2+-signaling as a means for regulating vitamin A intracellular uptake (Figure 

4.16). 

The molecular mechanism for how CaCaM may regulate STRA6 function was 

examined next by NMR. In the absence of Ca2+, it is well established that CaM binds to 

proteins containing IQ-motifs, including several forms of myosin, neuronal growth 

proteins such as neuromodulin, neurogranin, PEP-19, and ion channels [166, 190-192]. 

While STRA6 does not contain an IQ motif, BP2 was found to bind CaM at high levels of 

Ca2+ chelator, as was the case for other CaM targets including iNOS, cyclic nucleotide 

PDE, and glycogen phosphorylase b kinase (Gbk) [170, 187-189]. Like many other Ca2+-

independent CaM targets, we showed that that in the absence of Ca2+, the BP2 interaction 

with MgCaM affects residues in the C-lobe (D93, R106, M109, G113, E114, K115, V121, 

E123, I125, R126, E127, D131, E140, M144, M145, T146; Figure 4.9) and involves 

hydrophobic interaction(s), based on a fluorescence blue-shift observed for the BP2 

tryptophan residue upon binding (i.e., W610; Figure 4.6) [166, 188]. Finally, when NMR 

spectra of MgCaM-BP2 at 0 and 200 nM free Ca2+ were compared, only correlations 

corresponding to residues in the C-lobe of MgCaM-BP2 displayed large CSPs (>0.45 ppm) 

upon Ca2+ addition (D95, N97, L105, E120, D131) (Figure 4.15). Thus, in addition to the 

glycine residues used to monitor Ca2+-binding in this Ca2+ concentration range (G98, G134; 

Figure 4.14), other residues within the EF3 (D95, N97) and EF4 (D131) Ca2+-binding 

domains displayed large CSPs, as would be expected upon Ca2+ coordination involving 
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these residues. Interestingly, large CSPs were also recorded for HN correlations of L105 

and E120 upon 200 nM Ca2+ addition to MgCaM-BP2 indicating that the magnetic 

environment of these 1H and/or 15N resonances were altered as may be expected during a 

Ca2+-dependent conformational change. No such CSPs were observed for any residues in 

the N-lobe of MgCaM upon BP2 addition, or upon 200 nM Ca2+ addition to MgCaM-BP2, 

indicating that the N-lobe of CaM does not interact with BP2 either in the absence of Ca2+ 

or at levels comparable to those inside the cell under resting conditions (i.e., ~100 nM), 

respectively. 

The Ca2+ titration was continued after the EF-hand domains in the C-lobe of CaM 

were Ca2+-saturated. Interestingly, only correlations corresponding to residues in the N-

terminal lobe of CaCaM displayed large CSPs when NMR spectra with 200 and 4,000 nM 

free Ca2+ were compared (Figure 4.16). While CSPs for the glycine residues within EF1 

and EF2 (G25, G61) were suitable for measuring the affinity of Ca2+ for these domains 

(Figure 4.15), two other residues within EF1 and EF2 had even larger CSPs consistent with 

being Ca2+-liganding residues (i.e., E31, D56). Numerous CSPs were observed also within 

helix 1 (E11, K13-S17, F19), helix 2 (T28, K30, E31, V35), helix 3 (I52, V55), and helix 

4 (F68), consistent with a conformational change in the N-lobe of CaM as it changes from 

a “closed” to an “open” state upon Ca2+ binding. Together, these data are consistent with a 

model in which at resting Ca2+ levels (<100 nM), BP2 interacts with the C-lobe of CaM 

alone. Furthermore, under these conditions, it is predicted that Mg2+ occupies the EF1/EF2 

sites of CaM and Ca2+ occupies the EF3/EF4 sites (i.e., termed Mg,CaCaM), as previously 

reported in other CaM-target interactions [339]. As Ca2+ concentrations rise above ~100 

nM to the low micromolar range, as is typical for an intracellular Ca2+-signaling event, then 
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the Mg,CaCaM-BP2 complex rearranges into a fully Ca2+-loaded state, CaCaM-BP2, such 

that all EF-hand domains are loaded with Ca2+ and both the N- and C-terminal domains of 

CaM rearrange significantly to interact directly with BP2 (Figure 4.16). Such a large 

conformational change occurring in this range of free Ca2+ ion concentration may be 

important for regulating STRA6-dependent vitamin A transport into the cell.  

The cryoEM structure of CaCaM-STRA6 provided significant insight regarding the 

mechanism for how STRA6 could regulate retinol transport [177]. Specifically, a pathway 

for transport via a “lateral window” was proposed, which was defined by transmembrane 

helices, TM8 and TM9 as well as the intramembrane helices (IM) of STRA6, through 

which retinol could potentially diffuse into the cell membrane (Figure 4.24). Because 

residues R481, L483, N484, and R486 of an antiparallel β-sheet between TM9 and IM of 

STRA6 make direct contact with K22 (EF1), T35 and S39 (Helix 2) of the CaM N-lobe as 

well as Q555 of BP1 (Figure 4.24), it is proposed that the Ca2+-dependent change affects 

STRA6 structure and function via these intermolecular interactions. Thus, at resting Ca2+ 

levels (~100 nM), Mg,CaCaM-STRA6 is in one conformation, and after a Ca2+-signaling 

event (~1,000 nM), a structural change at this CaM-STRA6 interface could provide a 

mechanism by which the lateral window opens and closes to effect vitamin A cellular 

influx. Consequently, mutation of the BP2 region of STRA6, as found to occur in Matthew 

Wood syndrome (MWS) patients would likely impact several important CaM interactions 

with STRA6 and alter the Ca2+ sensitivity of CaM-STRA6 via such an allosterically 

controlled switch. Specifically, the T614M mutation in MWS patients may disrupt the 

interaction of adjacent residues Y615 and L616 with many hydrophobic residues of CaM, 
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while the R655C mutation found in other patients may disrupt several ionic interactions 

with the CaM N-lobe. 

Figure 4.24. The CaCaM-BP1 interface is close to the STRA6 lateral window.  
The STRA6 (PDB=5SY1) lateral window (red arrow tail) is made up of STRA6 helices 
termed TM8, TM9 and IM (yellow). A proposed path for the cellular efflux of retinol (red 
sticks from PDBID 5H8T, not drawn to scale) through the lateral window of STRA6 is 
represented by a red arrow. The N-lobe of CaM (red) and the BP1 helix (magenta) interact 
with an antiparallel β-sheet between TM9 and IM in the presence of Ca2+ (green spheres) 
as shown in a close-up view of the interaction (left inset). Specific residues of STRA6 and 
CaM which participate in this interaction are shown as sticks (right inset). One CaM 
subunit (red/N-lobe, blue/C-lobe) is shown as a ribbon as well as STRA6 helices BP0 
(cyan), BP1 (magenta) and BP2 (orange). Each monomer of STRA6 is colored in light grey 
and dark grey respectively, with TM8, TM9 and IM colored in yellow for both subunits. 
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Figure 4.24. The CaCaM-BP1 interface is close to the STRA6 lateral window. 
 

Much like the binding mode observed for BP2, Ca2+-independent CaM-interacting 

targets primarily bind the C-lobe of CaM in the absence of Ca2+, as is the case for several 

myosin constructs (PDBIDs: 6C1H, 5V7X, 5WSU, 5I0I, 4R8G, 4LZ9, 4BYF, 2LX7), 

voltage-gated sodium channels isoforms (NaV1.2, NaV1.4, NaV1.5, NaV1.6; PDBIDs: 

6BUT, 6MBA, 2L53, 4DCK 3WFN), PEP-19 [193], IQ Motif Containing G (PDB ID: 
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4LZX), neuromodulin (PDBID: 4E53), and NMDA receptor region NR1 C0 [194]. For 

these ApoCaM complexes, the N-lobe of CaM is structurally similar to that of ApoCaM alone 

and either does not bind or just minimally interacts with the target. Furthermore, like 

STRA6 BP2, CaM targets including NR1 C0 and NR1 C1 regions of the NMDA receptor, 

iNOS, RyR1, RyR2, and phosphorylase b kinase (PbK), bind CaCaM more tightly 

compared to ApoCaM [97, 170, 181, 186, 194, 199, 200]. However, IQ-motif-containing 

proteins (such as neuromodulin, neurogranin, myosin and voltage-gated sodium channel 

isoforms NaV1.2, NaV1.4 and NaV1.5) more often bind ApoCaM tighter than CaCaM [171, 

186, 196-198]. Despite the similar binding mode of ApoCaM with many target proteins, 

most Ca2+-independent targets do not increase the Ca2+ affinity of CaM to the same extent 

as STRA6 BP2 or other Ca2+-dependent targets such as skMLCK, except for RyR2 CaM-

binding regions termed CAMBD2 (residues R3581-P3607) and CAMBD3 (residues 

F4246-V4276) [97, 199, 340]. Therefore, the functional binding mode of CaM to BP2 in 

the absence of Ca2+ is much like some but not all ApoCaM-target complexes.  

Next, we addressed the question as to whether the CaM-dependent regulation of 

STRA6 is like that found for any other CaM target proteins in the presence of Ca2+. To this 

end, structures containing CaM bound to protein or peptide targets in the PDB were 

compared directly to the X-ray structure of CaCaM-BP2 (PDBID: 5K8Q) and the cryo-EM 

structure of CaCaM-STRA6 (PDBID: 5SY1). However, as mentioned in earlier studies, 

CaCaM-BP2 was not found to align with any other known CaM-target complex, confirming 

that the CaM-STRA6 BP2 complex adopts a novel fold [177]. Specifically, hydrophobic 

residues of BP2 (W610, L613, Y614) form extensive hydrophobic interactions with 

hydrophobic residues in the C-lobe of CaCaM (I85, A88, F92, L105, V108, M109, L112, 
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M124, I125, A128, F141, M144, M145), but instead of wrapping around the target helix 

as in a canonical CaM target complex (i.e., CaM-MLCK), the N-lobe of CaM interacts 

with STRA6 in a unique binding mode. The “backside” of the CaM N-lobe binds to BP2 

(helix 1, 4; L4, I9, A57, F65, P66, L69), while the opposite side interacts with two other 

STRA6 regions, BP0 and BP1. While the exact same conformation is not observed, the 

interaction between the N-lobe of CaM and the distal BP0 helix of STRA6 is reminiscent 

of the N-lobe of CaM interacting with a distal helix of calcineurin (CaN) and represents 

another example for how target interactions with the N-lobe of CaM could be important 

for regulating biological function [341].  

Despite the unique structure of CaM-BP2, the individual N- and C- lobes of CaM-

BP2, corresponding to amino acid residues 1-73 and 81-148 respectively, were next 

examined for similarities to that of other CaM-target complexes. Specifically, the N- and 

C- lobes of CaM were found to closely align with that of other CaM-target complexes in 

the PDB (Table 4.4, Figure 4.25) and these also have similar EF hand interhelical angles 

(I-II, III-IV, V-VI, VII-VIII) ranging within 15° of the EF hand interhelical angles of CaM-

BP2 (Table 4.3). However, the two domains are oriented very differently (130-180°) about 

an axis involving the CaM linker region when compared to the structure of CaCaM-STRA6 

BP2 (Table 4.3). This domain orientation is also illustrated by large differences in 

interhelical angles between helices of the N- and the C-lobes for these structures (i.e., the 

I-V angle), consistent with the unsual fold of CaM as it binds BP2 (Table 4.3, Figure 4.26). 
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Table 4.4.  Fitting of C-lobe and N-lobe of CaM/BP2 (5K8Q) Coordinates to Other CaM 
Structures. 

 PDB ID Protein/ peptide Target N-lobe 
RMSDa 

C-lobe 
RMSDa 

RMSD to 
full length 
CaM/5K8Qa 

2HQW[4] NMDA Receptor NR1 
C1  

0.34 0.67 9.62 

3DVK[5] Voltage-gated calcium 
channel IQ motif 

0.34 0.39 10.4 

1CDL[6] Smooth muscle myosin 
light chain kinase 
(smMLCK) 

0.41 0.50 7.30 

6MUE[7] Voltage-gated sodium 
channel NaV1.4 IQ motif 

0.49 0.34 11.6 

4Q5U[8] Calcineurin 0.33 0.37 8.78 
2BCX[9] Ryanodine receptor 1 

(RyR1) CAMBD2  
0.52 0.23 12.9 

6Y4O[10] Ryanodine receptor 2 
(RyR2) CAMBD2 

0.46 0.23 12.9 

1G4Y[11] Calcium-activated 
potassium channel SK2  

0.32 2.7 16.0 

6SZ5[12] NADPH oxidase 5 0.44 0.36 11.2 
5SY1[13] STRA6  0.80 1.14 1.78 

Top four structures which most closely align with the individual C-lobe and N-lobe of 
CaM-BP2. The structure of CaM-smMLCK was also compared to CaM-BP2 as 
previously described [13]. Rotation angle was calculated using the program DynDom.  

a RMSDs were calculated in Pymol; individual domains correspond to residue numbers 
1-73, 81-148. 
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Figure 4.25. Top four closest aligning structures superimposed to the N-terminal and C-
terminal lobes of CaM-BP2 (PDBID: 5K8Q). 
(A) The N-terminal domain of CaM-BP2 (red) aligned to that of CaM bound to calcium-
activated potassium channel SK2 (grey) (PDB: 1G4Y) RMSD= 0.32, (B) Calcineurin 
(grey) (PDB: 4Q5U) RMSD= 0.33, (C) the NMDA Receptor NR1 C1 (grey) (PDB: 
2HQW) RMSD= 0.34, (D) Voltage-gated Ca2+ Channel CaV2.3 (grey) (PDB: 3DVK) 
RMSD=0.34. (E) The C-terminal domain of CaM (blue) aligned to that of CaM bound to 
the ryanodine receptor 1 CAMBD2 (grey) (PDB: 2BCX), RMSD= 0.23, (F) the ryanodine 
receptor 2 CAMBD2 (grey) (PDB: 6Y4O), RMSD=0.23, (G) the voltage gated sodium 
channel NaV1.4 (grey) (PDB: 6MUE) RMSD= 0.34, (H) NADPH oxidase 5 (grey) (PDB: 
6SZ5) RMSD= 0.36. 
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Figure 4.26. CaM targets require rotation of a single domain to align with CaM-BP2. 
(A) When the N-lobes of CaM-BP2 (PDBID: 5K8Q; red) and CaM-RyR2 (PDBID: 6Y4O; 
dark grey) are superimposed, the CaM-RyR2 C-lobe (light grey) must rotate 156° to 
overlay with that of CaM-BP2 (blue). The arrow shown in magenta indicates the axis of 
rotation by which the CaM-RyR2 C-lobe rotates and the angle of the rotation, calculated 
in DynDom [184]. Ca2+ ions and peptides are removed for simplicity. (B) Alignment of the 
C-terminal domains of CaM-BP2 (blue CaM/orange BP2) and CaM-RyR2 (grey 
CaM/yellow RyR2) shows that the tryptophan (W610/W3587) and leucine (L613/L3590) 
residues of STRA6 BP2 and the RyR2 CAMBD2 peptides overlay. 
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While no target protein was found to induce the same CaM binding mode as 

STRA6, the N- and C-lobes of CaCaM bound to BP2 were found to align most closely with 

that of CaM bound to Ca2+-activated potassium channel SK2 and RyR2 CAMBD2, 

respectively (Table 4.4, Figure 4.25). Similar to STRA6, SK2 and RyR2 also contain non-

contiguous CaM binding sites and exhibit Ca2+-independent interactions with the C-lobe 

of CaM [308]. Interestingly, BP2 and a CAMBD2 RyR2 derived peptide both contain what 

is termed a “WXXL motif”, and when the C-lobes of CaM are aligned in these two CaM-

target complexes (RMSD of 0.23), residues W610 of BP2 and W3587 of RyR2 overlap 

structurally, as do L613 of BP2 and L3590 of RyR2, which provides a rationale for how 

this CaM-binding motif contributes similarly to complex formation with the C-lobe of CaM 

for these two target proteins (Figure 4.26). However, unlike the CaM-BP2 interaction, both 

the N- and C-lobes of CaM wrap around the CAMBD2 helix and are anchored by F3604 

and W3588 respectively, like that found for RyR1 and other canonical CaCaM complexes 

[334, 335]. Notably, a CAMBD2 peptide was found to bind tighter to CaCaM (1 nM) than 

ApoCaM (390 nM) and also increase the Ca2+ affinity of CaM to physiologically relevant 

Ca2+ levels similar to that found here upon STRA6-BP2 complex formation (EF3/EF4KD = 30 

nM and EF1/EF2KD = 800 nM), consistent with a mechanism where the N-lobe of CaM binds 

CAMBD2 in response to intracellular Ca2+ fluctuations [199]. Therefore, despite the 

structural differences between CaM-STRA6 and CaM-RyR2, the CaM binding mechanism 

of action to both targets is probably like their respective full-length complexes and may be 

regulated by changes in free Ca2+ concentrations inside the cell. Furthermore, that CaCaM 

was shown to inhibit both STRA6-mediated vitamin A uptake and RyR2-mediated SR 
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Ca2+-release provides further evidence that CaCaM does regulate both STRA6 and RyR2 

function during a Ca2+-signaling events in the cytoplasm [303].  

F. Conclusion  

In summary, the data presented here are consistent with a stepwise, type 2 Binding 

and Functional folding (BFF) event in which the C-terminal lobe of CaM interacts with the 

BP2 helix of STRA6 at 100 nM free Ca2+ levels (i.e., resting conditions). As free Ca2+ 

increases from 100 nM to 1,000 nM during a Ca2+-signaling event, the data are also 

consistent with the CaCaM-STRA6 complex undergoing a conformational change whereby 

the BP2 helix interacts with residues in both the N- and C-lobes of CaCaM as well as two 

other helical components of STRA6, termed BP0 and BP1. Such a conformational change 

in STRA6, within this range of free Ca2+ concentrations, may provide a mechanism for 

regulating vitamin A transport via the CaCaM-STRA6 complex in zebrafish that is 

dependent on intracellular Ca2+ signaling pathways. The fact that disease causing mutations 

occur in conserved residues of the BP2 region of STRA6 further supports the notion that 

the CaCaM-BP2 interface in the full length STRA6 complex is also critically relevant to its 

normal function in humans (Figure 4.27) [305].  

In addition to its association with MWS, STRA6 is also associated with several 

cancers and cardiac pathologies. It has been proposed that adverse outcomes following 

myocardial infarction (MI) are associated a STRA6-mediated increase in retinoid all-trans 

retinoic acid (ATRA) levels within an infarcted area [342]. The cardio-protective 

compound, 5′-Methoxyleoligin (5ML), inhibits cellular retinoid uptake and rescues 

adverse phenotypes following MI, a mechanism, thought to occur via a STRA6-5ML 

interaction. Moreover, STRA6 is overexpressed in several cancers such as breast and colon 
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cancers, promoting oncogenic properties in tumors [343, 344]. Therefore, inhibition of 

STRA6 at the retinol binding motif might be a novel therapeutic target for both cancer and 

MI. The determination of the Ca2+-dependence of CaM-STRA6 complex formation and 

the mechanism by which these two proteins interact provides a foundation for 

understanding these disease states and developing novel STRA6 therapies.  

 

Figure 4.27. STRA6 sequence alignment of CaM-interacting helices. 
The sequence alignment was generated using MUSCLE and visualized using JalView for 
the BP0, BP1 and BP2 regions of zebrafish, bovine and human STRA6 [270, 345]. 
Sequence numbering corresponds to helices of zebrafish STRA6. Asterisks correspond to 
conserved residues in BP2 which cause Matthew-Wood Syndrome upon missense mutation 
(T615M and R626C in zebrafish). Residues are colored by their physicochemical 
properties using the Zappo coloring scheme with hydrophobic residues (I, L, V, A & M) 
shown in salmon, aromatic residues (F, W & Y) in orange, positively charged residues (K, 
R & H) in blue, negatively charged residues (D, E) in red, polar residues (S, T, N, Q) in 
green, proline and glycine residues in magenta, and cysteine residues in yellow. 
Conservation is visualized as a histogram, and the relative intensity of each bar is 
proportional to the degree of amino acid conservation with the palest shades of yellow 
representing the highest degree of conservation while the darker shades highlight residues 
with lesser degrees of conservation. A conservation score is provided for each residue with 
identical residues labeled with an asterisk “*”, conserved residues labeled with a plus sign 
“+” and non-conserved residues scored such that the lower the number the less well-
conserved the residues are to the zebrafish sequence. 

Footnote 

1 While we and several other groups have observed that Mg2+ has a small (<2-fold) effect 
on Ca2+-binding affinity of the N-lobe [289], others report little or no such affect in the 
absence of peptide [328, 329]. For these reasons, it is not fully established that Mg2+ has 
an appreciable effect on Ca2+-binding affinity in the absence or presence of a peptide target 
[275, 327]. Like found for other CaM-target complexes, NMR and binding studies are fully 
consistent with Mg2+ not inducing EF-hand domain “opening” on its own, like that found 
for Ca2+, but rather in the presence of BP2 it contributes to stabilizing the CaM folded state 
in the folded to unfolded equilibrium [289, 295, 296]. This is visualized by reduced 
exchange broadening, more pronounced chemical shift dispersion and fewer overlapping 
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resonances. Thus, additional studies are needed to more clearly define how Mg2+ stabilizes 
the dynamic states available to this CaM-BP2 complex. 
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5. Calmodulin-induced allostery in full-length target Proteins 

A. Overview 

The Ca2+-binding protein calmodulin (CaM) is known to interact with hundreds of 

target proteins in diverse binding modes. In addition to these binding modes, CaM exhibits 

varied Ca2+-independent and Ca2+-dependent interactions which are necessary for the 

function of many of its target proteins. Less well described are the long-range 

conformational changes that CaM induces far from its short (~20 residue) target sequences. 

It is these allosteric changes which are critical for proper CaM-regulation and target protein 

function. This has become even more clear based on recently solved single particle cryo 

electron microscopy (cryoEM) structures of CaM bound to full-length target proteins. 

Discussed in this chapter are examples of CaM-induced allostery of the target proteins 

Calcineurin, ryanodine receptor, and STRA6. These examples implicate the N-terminal 

domain of CaM as most important for propagating the allosteric signal. Even more CaM-

protein structures, especially at physiologically relevant intracellular Ca2+ concentrations 

would provide further insight into the function of CaM binding to its target proteins. 

Outstanding questions in how CaM regulates these proteins allosterically and whether a 

similar mechanism might occur for S100 proteins are considered.     

B. Introduction 

Ca2+ is an important cellular signal triggering multiple cellular processes like 

muscle contraction, apoptosis, and fertilization [168]. One such protein that regulates these 

many processes is the ubiquitous and highly conserved Ca2+-binding protein, calmodulin 

(CaM), known to undergo conformational changes upon binding to Ca2+, as well as proteins 

and peptides. CaM has hundreds of protein targets, and while the molecular determinants 
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of CaM regulation have been extensively studied for decades, the structural and regulatory 

effect of CaM on its target proteins is less well described.  

CaM binds to short ~20 residue binding sites often termed CaM binding domains 

or regions (CaMBDs/CaMBRs) within full-length target proteins. However, CaM induces 

long-range conformational changes within targets that are distant from the 20-residue target 

helices. Much of the previous work characterizing CaM-target interactions has been 

accomplished via structural and biophysical studies with peptides derived from CaMBDs. 

These studies with peptides are vital for determining the CaM-CaMBD binding mechanism 

important for protein function and illustrate allostery as described in Chapter 1 under the 

“Binding and Functional Folding” (BFF) framework. However, findings with peptides 

alone do not fully describe how CaM induces allosteric changes to full-length protein 

targets critical for their function. 

Moreover, while several hundred X-ray crystal structures containing CaM have 

been produced for decades, in the last five years, >40 cryo electron microscopy (cryoEM) 

structures containing CaM have been deposited in the PDB, due to advances in resolution 

(Table 5.1; as of 4/20/22). Only a few of such complexes also have crystal structures of 

CaM bound to associated target helices, which also provide insight into the structural basis 

of CaM-target regulation. Together, these studies allow for a better understanding of CaM 

structure, regulation, and function. Nevertheless, the mechanistic understanding of many 

CaM-regulated enzymes, receptors, and transporters cannot be clarified until the full 

structural impact of CaM on its targets has been described. While the resolution revolution 

of cryoEM has spurred new structural information on complexes containing CaM, a 

comparison of the interactions of CaM with full-length target proteins has not yet been 
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covered. Here, the way CaM might induce long range allosteric changes in its full-length 

protein targets is reviewed, which provides insight into CaM function. The importance of 

full-length structures containing CaM in multiple states will be discussed using examples 

of STRA6 and RyR2. An example of the Ca2+-dependent CaM binding protein, calcineurin 

(CaN), which does not have available structural data containing CaM, will also be reported. 

A better understanding of these CaM-induced structural changes is required to fully 

determine the molecular mechanism of CaM regulation. 

Table 5.1. CryoEM and crystal structures containing CaM 
Protein CryoEM PDBID(s) X-ray crystal 

structure PDBID(s) 
STRA6 5SY1 5K8Q 
TRPC4 7B1G 7CQPa 
KCNQ4 7BYL, 7BYM, 7VNQ, 7VNP, 

7VNR, 7BYN, 7BYM, 
6N5W, 6B8P, 6B8Q, 
6B8N, 6B8L, 6B8M, 
4GOW 

SidJ 6S5T, 7PQE, 7MIR, 7PPO, 
7MIS 

6K4K, 6K4R, 6K4L,  

RyR2 6JV2, 6JI8, 6JIV, 6JRS, 6JIU, 
6JIY, 6JII 

6XXF, 6Y4O, 
6XXX, 6XY3, 6Y4P, 
7KL5 

RyR1 6M2W, 6X32, 6X33 2BCX 
RyR1 R615C 6X35, 6X36  
TRPV5 6DMW, 6O20  
TRPV6 6E2G, 6E2F  
voltage-gated K+ channel 
Eag1 

5K7L  

voltage-gated K+ channel 
Eag1 3-13 deletion mutant  

6PBX, 6PBY  

KCNQ1 6UZZ, 6V00, 6V01, 5VMS  
KCNQ2 7CR7, 7CR4, 7CR3  
SK4 6CNN, 6CNM, 6CNO  
NALCN channelosome 7SX3, 7SX4, 7WJI  

Listed are the PDBIDs and target names for cryoEM structures containing CaM. Those 
targets which also have associated crystal structures are named. The various PDB files 
listed here contain none, or one or more ligands, cofactors and/or binding partners which 
are excluded for brevity. Some structures listed here (i.e. TRPV6) may be derived from 
different species.  
aN-lobe only 
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C. Molecular details of CaM allostery and binding mechanisms to various targets 

CaM-CaN interaction 

An example of a Ca2+-dependent enzyme that exhibits CaM-induced allosteric 

changes in a full-length target protein, is illustrated by CaN. CaN  is a CaM-activated 

serine/threonine phosphatase [346] which regulates development, immune system 

activation, learning, memory and muscle growth [203]. CaN is a heterodimer, made up of 

two subunits known as the A-chain and B-chain. The A-chain (~60 kDa) is comprised of a 

catalytic domain, a B-chain binding helix, a 24-residue CaM binding region (CaMBR) 

within a regulatory domain (RD), an autoinhibitory domain (AID), and a C-terminal tail 

(CT) (Figure 5.1)[347]. Like CaM, the B-chain (~19 kDa) contains two lobes which bind 

two Ca2+ ions each, connected to a flexible linker.  
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Figure 5.1. Structure of αCaN in the absence of CaM. 
(A) Calcineurin A-chain structure consisting of the catalytic domain (residues 1-347; red), 
B-chain binding helix (residues 348-374; cyan), Regulatory domain (residues 375-469; 
white) containing a 24-residue CaMBR (grey), an autoinhibitory domain (AID, residues 
469-487; yellow) and a C-terminal tail (CT; residues 487-521). (B) Crystal structure of 
CaN (PDBID: 1AUI)[348]. The A-chain of CaN is colored as in (A). The B-chain of CaN 
is colored in blue and bound Ca2+ ions are represented by green spheres. No electron 
density was detected for the regulatory domain or CT. 
 

The complete activation of CaN requires both Ca2+ and CaM. In the absence of 

CaCaM, the AID inhibits CaN by binding to and blocking the CaN active site of the catalytic 

domain (Figure 5.3) [349]. In the presence of Ca2+, but in the absence of CaM, the RD-

containing CaMBR, has been shown to be prone to cleavage by limited proteolysis [347], 

and has also found to be dynamic and intrinsically disordered [350, 351]. The structure of 

Ca2+-bound CaN solved by Kissinger et al., is missing electron density of the RD and CT, 

further suggesting the RD is disordered in the absence of CaM [348].  
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Full activation of CaN is thought to occur upon CaCaM binding to the CaN CaMBR, 

releasing the AID from the CaN active site. Although there is not structure of full length 

CaN bound to CaM reported to date, CaCaM was found to bind the CaMBR in a canonical 

wrapping conformation involving both CaM domains [179]. As determined by stopped-

flow measurements, the CaM-CaN interaction occurs with a rapid association rate (4.6 x 

107 M-1s-1) and slow dissociation rate (0.0012 s-1), making it one of the tightest binding 

CaM-complexes reported to date (KD = 28 pM) [352]. The high-affinity binding of CaM to 

the CaMBR of CaN induces changes in the full-length protein outside of the CaMBR which 

is supported by evidence from multiple groups. CaCaM protects the RD from proteolytic 

cleavage and stabilizes its dynamics, but the binding of CaM to the CaMBR alone is 

unlikely to protect the 96 residue RD from proteolysis [341] as there are multiple trypsin 

cleavages sites outside of the CaMBR of the RD. The CaMBR within the RD is 55 residues 

away from the AID, so the binding of CaM to the CaMBR must cause effects downstream 

of the short 24-residue binding region to remove the AID from the active site of CaN 

(Figure 5.1). Therefore, a large conformational change and/or change in secondary 

structure likely occurs upon CaM binding the RD [353]. Indeed, upon binding to CaM, 

both the CaMBR and a 25-30 residue region downstream of the CaMBR gain a helical 

structure [350, 354]. Mutating this region downstream of the CaMBR, referred to as the 

distal helix, reduced the helical content and CaN activity, but did not abolish CaCaM 

binding. [351] Computational work by Sun et al identified that the distal helix likely 

interacts with residues 30-40 of the CaCaM N-lobe [341].  

Overall, CaM binding to the N-terminal CaMBR of the AID (24 residues) induces 

secondary structure formation in the C-terminal portion of the RD which then binds on the 
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surface of the CaM N-lobe. This type of interaction represents an example of how target 

interactions with the N-lobe of CaM could be important for regulating biological function 

[341]. However, while it is proposed that CaM causes allosteric changes in CaN, the 

complete structural details of CaM binding CaN is lacking and therefore as is the molecular 

mechanism of CaN activation. Full length structural data of CaN in the presence of CaM 

would clarify these molecular details, especially elucidating interactions involving the 

distal helix of CaN and the N-lobe of CaM.  

CaM-RyR2  

Ryanodine receptors (RyRs) control excitation–contraction coupling by mediating 

the release of sarcoplasmic reticulum (SR) calcium stores [355].  Located at the SR, RyRs 

are large (2 mega Dalton) homotetrameric transmembrane proteins which are regulated by 

proteins, such as CaM, as well as ions and other modulators (such as caffeine, Ca2+) [355]. 

There are three isoforms of RyRs in mammals; RyR1 and RyR2 were first detected and are 

primarily expressed in skeletal and cardiac muscle, respectively [356, 357],  whereas RyR3 

is more widely expressed [358]. CaM is thought to interact with three helices of RyR2 

termed CaMBD1 (residues 1940–1965), CaMBD2 (residues 3580–3611), and CaMBD3 

(residues 4246–4275) and exhibits distinct Ca2+-dependent and Ca2+-independent 

interactions with the receptors, regulating channel function [199, 339]. The major 

interaction surface of CaM with both RyR1 and RyR2 occurs with a helix termed 

CAMBD2. As determined by X-ray crystallography, CaCaM adopts a canonical “wrapping” 

conformation in the presence of CAMBD2 of RyR2 [335]. The same is true for CaMBD2 

of RyR1 which induces the same conformation in CaCaM (backbone RMSD of 0.245), as 

the primary CaM binding site is highly conserved across RyR isoforms (93% identical) 
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[334] . Despite the absence of an IQ motif, typically found for ApoCaM-target interactions, 

ApoCaM has been found to bind CaMBD2 of RyR2 with relatively high affinity (CaMBD2KD= 

390 nM)[199]. Furthermore, like that found for STRA6 (discussed later), the interaction is 

stronger in the presence of Ca2+ (1 nM), compared to in its absence. Another similarity to 

the CaM-STRA6 interaction is that CaMBD2 tightens the Ca2+ affinity of CaM in both 

domains to physiologically relevant concentrations (EF3/EF4KD= 30 nM, EF1/EF2KD= 800 

nM)[199]. Therefore, the C-lobe of CaM remains constitutively bound to CAMBD2 the 

receptor even at low free Ca2+ (100 nM). Thus it is likely the N-lobe which acts as a Ca2+ 

sensor which responds to Ca2+ signals [97]. Further evidence for the involvement of the 

CaM N-lobe in mediating RyR2 function is that a mutation within the N-lobe of CaM 

causes arrythmia.  

Mutations in CaM are known to cause severe arrythmias such as catecholaminergic 

polymorphic ventricular tachycardia (CPVT) and long QT syndrome. Most often, CaM 

mutations which cause arrythmias reside in the CaM C-lobe and alter Ca2+ binding [359, 

360]. An exception to this is the N53I mutation of the CaM N-lobe, which causes CPVT 

by preventing CaM-mediated RyR2 inhibition [361, 362]. Instead, N53I CaM activates 

RyR2 by increasing the open probability (Po) of the channel, leading to decreased SR Ca2+ 

levels and increased SR Ca2+ leak [362, 363]. This occurs despite a minor, if any, impact 

on the Ca2+ binding affinity of the N-lobe (of N53I CaM), without impacting that of the C-

lobe [363, 364]. Furthermore, N53I CaCaM was not found to bind CAMBD2 with an 

appreciably different affinity compared to wild type CaCaM [180]. Instead of altered 

CAMBD2-binding, it is thought that the N53I mutation exposes a hydrophobic residue 

which might interact with additional residues of RyR2 and destabilizes the N-lobe of 
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ApoCaM as exhibited by increased dynamic properties [180]. Together these data highlight 

the importance of the CaM N-lobe for participating in RyR2 inhibition and that those 

interactions outside of CAMBD2 may be important for regulating RyR2 function. 

Recently, the atomic level structures (3.6 Å) of RyR2 in the absence and presence 

of both ApoCaM and CaCaM as well as several modulators (i.e. FKBP12.6, caffeine, ATP) 

were solved [365]. These structures, which are the highest resolution among RyR2 

structures to date, have clarified how both Ca2+ and CaM regulate the receptor. Under Ca2+ 

depleted conditions, the N-lobe of ApoCaM was found to interact with three interfaces of a 

cleft formed by a region known as helical domain 1 (HD1). The C-lobe of ApoCaM, 

anchored by F3604 of CAMBD2, forms primarily hydrophobic interactions further down 

the cleft with the domains known as the handle (CAMBD1) and central domains 

(CAMBD2) (Figure 5.4). In the presence of Ca2+, CaM slides along the cleft, undergoing 

more hydrophobic interactions with CAMBD2, which rotates ~90 degrees (along with a 

portion of CAMBD1). The Ca2+ bound-N-lobe “opens” and is anchored by F3604 of 

CAMBD2, while the C-lobe is anchored further down CAMBD2 by W3588. While 

CAMBD2 is ~110 Å from the pore of RyR2, conformation changes in RyR2 caused by 

CaM induces the “closed” channel state. CaCaM binding causes overall rotation of several 

helices in the central domain (termed α0, α1, α4 and the U-motif), resulting in pore closure. 

Furthermore, CaM is likely to stabilize CAMBD2 and CAMBD1 of the handle and central 

domains, as these regions were only completely resolved in the presence of CaM. CryoEM 

data for both ApoCaM and CaCaM bound to RyR2 clarified that CaCaM binding to RyR2 

causes long range allosteric changes in RyR2, important for channel function [365, 366] . 

That the CaM N-lobe is stabilized by multiple interfaces of RyR2 under Ca2+-free and Ca2+-
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bound conditions further implicates N-lobe interactions as important for RyR2 function, 

which is also indicated by the N53I arrythmia-causing mutation. Further, that the N-lobe 

of CaM binds CaMBD2 of RyR2 at concentrations consistent with a Ca2+-signal 

(EF1/EF2KD=800 nM)[199] further supports the N-lobe of CaM being the allosteric switch 

by which RyR2 can be regulated. 
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Figure 5.2. CaM interaction with RyR2. 
Ribbon diagrams of (A) ApoCaM (PDBID: 6JI8) and (B) CaCaM (PDBID: 6JV2) interacting 
with RyR2[365]. In (A) HD1 (pink) is shown to interact on the surface of the “closed” 
ApoCaM N-lobe (red). The C-lobe of ApoCaM (blue) interacts with the BD2 (CAMBD2) 
region of the central domain (orange) in a “semi-open” conformation, while the surface of 
the C-lobe also interacts with a helix of the Handle domain (light blue) known as 
CAMBD1. (B) Upon binding to Ca2+, both CaCaM and RyR2 undergo conformational 
changes. In the presence of Ca2+, the CaCaM N-lobe (red) binds a rotated CaMBD2 of the 
Central domain (orange) and is stabilized by HD1. The C-lobe slides along CaMBD2 and 
also interacts with CaMBD1 of the central domain. (C) A simplified cartoon representation 
of CaM binding CaMBD2 of RyR2 is shown. The C-lobe (blue) of ApoCaM interacts with 
CaMBD2 (BD2) of RyR2 (orange) in a “semi-open” conformation, while the “closed” N-
lobe (red) does not interact with the RyR2 helix. In the presence of Ca2+, green circles, both 
domains of CaM bind Ca2+, and undergo structural changes to interact with BD2 in “open” 
conformations.   
 
CaM-STRA6 interaction 

Another CaM binding protein which is thought to exhibit Ca2+-independent and 

Ca2+-dependent interactions with CaM is the transmembrane STRA6, which is responsible 
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for the transport of vitamin A into and out of the cell [185]. STRA6 is a receptor for plasma 

retinol binding protein (RBP), which is the specific carrier protein of vitamin A in the 

bloodstream [301, 367]. The first reported structure of STRA6 derived from zebrafish was 

reported by Chen et al. and determined by cryoEM. This investigation showed the STRA6 

receptor is a dimer made up of one intramembrane and nine transmembrane helices, with 

each subunit bound to one molecule of CaCaM (PDBID 5SY1)[187]. The interaction of 

STRA6 with CaM is unconventional, involving three cytoplasmic helices termed BP0 

(residues 218-237), BP1 (residues 554-571) and BP2 (residues 600-626) [187]. The BP0 

and BP1 helices interact in a helix-helix crossing mode and bind to the N-terminal lobe of 

CaM. BP2 makes up the major interaction surface at the CaM-STRA6 interface where 

hydrophobic residues of the BP2 helix (W610, L613, Y614) interact in the hydrophobic 

groove of the C-terminal lobe as well as the backside of the N-terminal lobe of CaM 

(helices 1 and 4) (Figure 5.2). Further structural evidence by X-ray crystallography 

confirmed that BP2 alone induces this distinct CaM binding mode which contains a helical 

arrangement of CaM unlike any other in the PDB [177, 185].  
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Figure 5.3. CaM interaction with STRA6. 
(Top) Ribbon diagram illustrating the structure of STRA6 bound to CaCaM (PDB=5SY1). 
Each subunit of the STRA6 dimer (grey) binds one molecule of Ca2+-bound CaM (CaCaM). 
One of the CaCaM-STRA6 interactions is shown in color and expanded to illustrate the 
interaction between the N-lobe of CaCaM (red) with helical regions of STRA6 termed BP0 
(pink) and BP1 (cyan). The major CaCaM-STRA6 interaction surface occurs with the C-
lobe of CaCaM (blue) and the BP2 region of STRA6 (orange). The backside of the CaCaM 
N-lobe (helix 4) interacts with BP2. The Ca2+ ions bound to each of the EF-hand domains 
of CaCaM are shown as green spheres. (Bottom) A model for Ca2+ binding to CaM-BP2 
binding is proposed. The C-terminal lobe of Mg2+-bound CaM (MgCaM) is shown to 
interact with the BP2 region of STRA6 in the absence of Ca2+. At low nM levels of Ca2+free 
(first arrow; KD ~ 100 nM), the C-terminal lobe of CaM binds Ca2+ and structural changes 
with CaM occur to tighten BP2 binding by 1,400-fold (500 nM to 0.9 nM). In the presence 
of >1,000 nM Ca2+free (second arrow), a second conformation change occurs as the N-
terminal lobe binds Ca2+ and interacts with BP2. Mg2+ ions are shown as cyan circles and 
Ca2+ ions are shown as green circles. 
 

The molecular mechanism by which CaM interacts with STRA6 was further 
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clarified via NMR and biophysical studies of CaM bound to peptides derived from BP0, 

BP1, and BP2 [185]. BP2 peptide was found exhibit Ca2+-independent interactions with 

the C-lobe of CaM under Ca2+-depleted conditions and at low free Ca2+ concentrations 

(<100 nM) like those prior to an intracellular Ca2+-signaling event. However, peptides 

derived from BP0 and BP1 of STRA6 did not induce significant conformational changes 

in CaM in the absence of Ca2+. As free Ca2+ levels approach 1000 nM, BP2 was found to 

interact with both the N- and C-lobes of Ca2+-loaded CaM (CaCaM-BP2) consistent with 

data previously observed by cryoEM and X-ray crystallography (Figure 5.2). Because this 

structural rearrangement observed for the CaCaM-BP2 complex occurs as intracellular free 

Ca2+ concentrations increase to those typical of a Ca2+-signaling event, this conformational 

change may be relevant to vitamin A transport by full-length STRA6. Supporting this 

notion, Zhong et al. found that in mammalian cells, both Ca2+ and CaM promote STRA6-

mediated vitamin A cellular efflux, at least in part by modulating the interaction of STRA6 

with RBP by promoting apo-RBP binding to STRA6 [303].  

The cryoEM structure of STRA6 revealed a potential pathway for the transport of 

retinol through a “lateral window”, defined by transmembrane helices TM8 and TM9 and 

the intramembrane helices (IM) of STRA6. Notably, an antiparallel β-sheet between TM9 

and IM of the “window”, (residues R481, L483, N484, and R486) interact with the CaM 

N-lobe (K22, T35, S39 of EF1 and Helix 2) and Q555 of BP1 (Figure 5.3). That the N-

lobe of CaM binds Ca2+ at micromolar concentrations and does not bind BP1 in the absence 

of Ca2+ indicates that the BP1/CaM N-lobe interaction may be a molecular switch 

impacting STRA6-mediated vitamin A transport triggered by varying Ca2+ concentrations. 

After a Ca2+-signaling event, a structural change at this interface could be the mechanism 
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by which vitamin A enters the cell by the closing and opening of this “window”. Therefore, 

the N-lobe of CaM interacting with BP1 might be an allosteric mechanism through which 

CaM controls vitamin A transport via long range interactions with STRA6. This is 

reminiscent of the interaction between the N-lobe of CaM and the distal helix of 

Calcineurin (CaN).  

Further evidence for the importance of the CaM N-lobe in STRA6 function is 

demonstrated by two disease-causing mutations of BP2, R655C and T644M (equivalent to 

R626 and T615 in zebrafish, respectively), which are strongly associated with Matthew-

Wood Syndrome (MWS), a developmental pathology characterized by microphthalmia or 

anophthalmia, as well as pulmonary and cardiac  defects [304, 305]. These residues, R626 

and T615 of zebrafish STRA6, interact with several residues of the CaCaM N-lobe. This 

further indicates that the N-lobe of CaM is important for STRA6 function, as mutations in 

these residues would likely impact several interactions of the CaM N-lobe with STRA6 

and may alter the Ca2+ binding of CaM. Testing how MWS-associated mutations of BP2 

alter the interaction of BP2 with CaM would further clarify and demonstrate the importance 

of the CaM-STRA6 interaction in humans.  

Figure 5.4. A plausible mechanism for STRA6 retinol transport. 
The STRA6 (PDBID: 5SY1) lateral window (red arrow tail) is made up of STRA6 helices 
termed TM8, TM9 and IM (yellow). It is proposed that the cellular efflux of retinol (red 
sticks from PDBID 5H8T) occurs through the lateral window (yellow) of STRA6 (pathway 
is illustrated by a red arrow). In the presence of Ca2+ (green spheres), N-lobe of CaM (red) 
and the BP1 helix (pink) interact with an antiparallel β-sheet between TM9 and the IM of 
the lateral window (shown in a close-up view of the interaction, left inset). Residues of 
STRA6 and CaM which participate in this interaction are represented as sticks (right inset). 
One CaM subunit (red/N-lobe, blue/C-lobe), STRA6 BP0 (light blue), BP1 (pink) and BP2 
(orange) are presented as ribbons. Each STRA6 monomer is colored in light grey and grey 
respectively, with TM8, TM9 and IM colored in yellow for both subunits. Figure adapted 
from Young et al 2021.  
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Figure 5.4. A plausible mechanism for STRA6 retinol transport. 
 

While these studies have examined the molecular details of STRA6 binding to CaM 

at varying Ca2+-concentrations, the full structural impact of CaM on STRA6 has yet to be 

determined. Structural data with full length STRA6 in the absence of and bound to ApoCaM, 
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as determined for RyR2, would elucidate the effect of CaM on STRA6-mediated retinol 

uptake. Further structural and functional studies are required to fully characterize how CaM 

impacts STRA6 retinol uptake under the varied Ca2+ concentrations inside the cell. 

Whether the interaction between CaM and STRA6 helices would occur similarly in humans 

remains to be investigated.  

D. S100 protein-induced allostery 

 While S100 proteins are known have allosteric properties such as Ca2+- tightening 

upon binding their target proteins, whether S100 proteins elicit long range conformational 

changes in their binding partners like CaM has yet to be determined. S100A1 has been 

found to bind to CaM binding sites of  several receptors including RyR1 [111, 112], 

Transient receptor potential vanilloid 1 ion channel (TRPV1) [368], and Transient receptor 

potential melastatin 3 ion channel (TRPM3) [369]. That the binding of S100A1 regulates 

RyR1 function [370], suggests that S100 proteins may cause long-range conformation or 

dynamical changes to their binding partners. However, the precise mechanism of 

competition between CaM and S100A1 has yet to be fully clarified and whether other S100 

proteins participate in similar regulatory mechanisms is unknown. Solving cryoEM 

structures of full-length S100 target proteins in the absence and presence of Ca2+-S100 

might explain the modulatory effect of S100 proteins on target function.  

E. Conclusion and Future directions 

CaM induces allostery in its binding partners, however, fully describing the long-

range structural changes via which CaM regulates its target proteins has remained mostly 

elusive, in part due to the lack of full-length structures containing CaM. With the recent 

resolution revolution of cryoEM, more of these structures have become available. In 
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combination with biophysical data with peptides derived from CaMBDs/CaMBRs, 

understanding the manner in which CaM regulates its binding partners has become more 

clear. This is especially true where the target protein conformation is solved in the presence 

of both ApoCaM and CaCaM, for example, RyR2. Conformational changes at the CaCaM 

binding interface caused long range structural changes in RyR2. Furthermore, it is the N-

lobe of CaM which was found to undergo a larger conformational change in the presence 

and absence of Ca2+ compared to the C-lobe and may be the primary reason for these global 

changes. Therefore, the N-lobe is the most important in contributing to allostery of CaM 

interactions, consistent with a “type 2” BFF event as detailed in Chapter 1. Notably for 

both STRA6 and RyR2, the N-lobe of CaM is thought to be important for allosterically 

regulating target protein function upon a Ca2+ signal. While structural data for CaM-CaN 

is not available, the N-lobe of CaM has also been proposed to cause long range 

conformation changes in CaN via the CaN distal helix. Full-length atomic resolution 

structures across a range of physiologically relevant intracellular Ca2+ concentrations 

(~100-1000 nM) would validate the allosteric mechanism and provide further insight into 

CaN function as well as many other CaM target proteins. It is expected that further 

development of deep learning tools such as AlphaFold [67] to determine protein complexes 

will aid in this useful, yet substantial endeavor. Whether S100 proteins exhibit similar 

regulation of protein targets remains to be investigated and is particularly relevant for 

clarifying allosteric mechanisms involving intracellular Ca2+ signaling.  
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Appendix A. Insights into Ca2+-dependent interaction of S100A1 with the regulatory 

subunit RIIβ of PKA 

A. Introduction

Protein kinase A (PKA) is a cAMP-dependent protein kinase with numerous 

substrates, important for a variety of vital signaling pathways inside the cell[371]. In 

cardiac muscle for example, PKA phosphorylates proteins involved in regulating 

contraction/relaxation, like Cav1.2, RyR2, phospholamban (PLN), cTnI, and cardiac 

myosin-binding protein C (cMyBP-C) [372]. Due to its wide-ranging and vital regulatory 

functions, aberrant PKA activation (or deactivation) is associated with various diseases and 

disorders ranging from heart disease to Alzheimer’s disease [372, 373]. 

PKA is a heterotetramer composed of two catalytic subunits and two regulatory 

subunits[374]. There are four isoforms of the regulatory subunits of PKA, termed RIα, RIβ, 

RIIα, and RIIβ, which are differentially distributed throughout the body. For example, RIIβ 

was found to be expressed in skeletal muscle, located in the myoplasm in a double band 

pattern between z-lines. In addition to its expression in skeletal muscle, RIIβ is also 

abundant in the brain [375, 376]. Each regulatory subunit of PKA typically binds two 

molecules of cAMP, inducing conformational changes which lead to dissociation and 

activation of the catalytic subunits. While uncommon, cAMP-independent mechanisms of 

PKA activation have been reported [96, 377]. However, the exact mechanism of cAMP-

independent PKA activation has not yet been elucidated.  

A cAMP-independent mechanism of PKA (type 2 regulatory subunits; RIIα, and 

RIIβ) activation was previously identified to depend on Ca2+ and S100A1. Notably, the 

activation of PKA occurred at physiologically relevant free Ca2+ concentrations (EC50 ~300 
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nM). Also of particular interest, was that the activation of PKA was S100A1-specific; CaM 

and S100B, other EF hand Ca2+ binding proteins were unable to activate PKA [96]. 

Moreover, PKA-dependent nucleocytoplasmic movement of a muscle cell transcriptional 

regulator, HDAC4, was reduced in cells derived from S100A1 knockout mice. Therefore, 

the S100A1-PKA interaction could play an important role in regulating gene expression in 

skeletal muscle. Despite this foundation, the complete molecular mechanism by which 

S100A1 interacts with RIIβ remains to be investigated. Determining the details of S100A1-

dependent PKA activation will provide a greater understanding of the function of PKA in 

muscle. To this end, Trp90 of S100A1 was labeled with fluorine and 1D 19F NMR 

experiments were collected in the presence of varying RIIβ concentrations. To determine 

the binding affinity of the interaction, SPR measurements were performed. Together, these 

studies indicate a tight binding, but asymmetric S100A1- RIIβ complex. From these data 

we begin to understand a novel cAMP independent mechanism of PKA activation. 

B. Methods

Protein Purification 

15N-labeled human S100A1 was over-expressed and purified from Escherichia 

coli as previously described; minimal media was supplemented with 60 mgL-1 5-

Fluoroindole (Sigma, 98%), prior to induction. Pure S100A1 as judged via SDS-PAGE 

were stored as aliquots at ≤-80 °C. S100A1 concentration was determined by absorbance 

at 280 nm using the molar absorptivity (extinction coefficient) of 11,312 M-1cm-1 as 

determined by a S100A1 sample of known concentration, via amino acid analysis, as the 

standard. RIIβ was overexpressed in E. coli and purified as previously described in 

unlabeled media [96]. His tags were cleaved only for SPR measurements.  
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NMR experiments and sample preparation. 

NMR experiments were acquired at 37 °C. All NMR experiments were collected 

on a Bruker Avance III 600 NMR spectrometer equipped with triple-resonance z-axis 

gradient 5 mm cryogenic probe and a Bruker Avance 800 NMR spectrometer equipped 

with a room temperature TXI probe. NMR samples contained 0.1 mM 15N-Ca2+-S100A1 

or 5FW-15N-Ca2+-S100A1 in 10 mM HEPES pH 7.4, 15 mM NaCl, 2 mM DTT, 10 mM 

CaCl2, 0.34 mM NaN3, 10% D2O.  Data was collected at 600 MHz, 37 degrees C. NMR 

data were processed with NMRPipe and analyzed with CCPNMR Analysis [283, 284].  All 

proton chemical shifts were referenced to external trimethylsilyl propanoic acid (TSP) at 

25 °C (0.00 ppm) with respect to residual H2O (4.698 ppm). 1H–15N and 1H–13C chemical 

shifts were indirectly referenced using zero-point frequency ratios of 0.101329118 and 

0.251449530, respectively. HN Chemical shift perturbations (CSPs) were calculated by the 

following equation:	Δ	(ppm) = 2!
"
[𝛿#

" + (0.14 × (𝛿$)")] and were considered 

significant if the value was one standard deviation above the average chemical shift change. 

Fluorine CSPs were determined by the equation Δ19F=|δ0- δ|. 

SPR binding assay 

Purified S100A1 was immobilized on a CM5 sensor chip surface using S100A1 in 

10 mM sodium acetate, pH 4. As a control, an additional flow cell was activated and 

blocked with 1 M ethanolamine without protein. The PKA RIIβ binding experiments were 

performed on a Biacore 3000 instrument, using a flow rate of 10 μl/min at 25 °C (in 10 

mM HEPES pH 7.4, 150 mM NaCl2, 0.005% surfactant P-20, 10 mM CaCl2, 5 

mM MgCl2, 5 mM DTT). Sensor chip surfaces were regenerated by 30-s injections of 2 M 

NaCl, 10 mM EDTA at a flow rate of 20 μl/min. The buffer blank response was subtracted 
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from the experimental (RIIβ-binding) data. Individual sensorgrams were fit to the 

Langmuir binding model for 1:1 stoichiometry and the ka, kd and KD values were 

determined from the average of each value.  

C. Results and Discussion

Fluorination of S100A1. 

A 19F NMR approach was utilized to determine the binding mechanism of S100A1 

and the type IIβ regulatory subunits of PKA. A single tryptophan of S100A1 (W90) was 

labeled with fluorine as a probe for NMR. The tryptophan residue of S100A1 was chosen 

for fluorine-labeling due to it containing only a single tryptophan and because S100A1 is 

the only tryptophan-containing S100 protein family member. 5-fluoro-indole (Sigma, 

98%), a tryptophan precursor, was incorporated into S100A1 by supplementing growth 

medium with 5-fluorindiole prior to induction, as previously described [378]. To determine 

whether the incorporation of fluorine at W90 induces structural changes in S100A1, 

[1H,15N]-2D-HSQCs were collected on Ca2+-S100A1 (CaS100A1) and CaS100A1 

containing fluorinated Trp90 (5FW-CaS100A1). 1H-15N chemical shifts were compared for 

CaS100A1 with and without fluorination of W90 and an [1H,15N]-2D-HSQC overlay shows 

that the global conformation of CaS100A1 is not perturbed upon incorporation of 5FW 

(Figure A.1). In fact, only few, minor chemical shift perturbations (CSPs) in residues which 

are close in space to W90 (I13, V83, C85, N86, N87, F88, W90), indicate just local 

conformation changes in the protein backbone mostly in Helix 4. Biosynthetic 

incorporation of the 5-fluorindinole amino acid analog into E. coli yielded >80% 

incorporation of 5-F-Trp (5FW) as observed by comparing HN peak intensities of the W90 

side chain amide under identical conditions (Figure A.1). Finally, a one-dimensional 19F 
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spectrum shows a single high intensity 19F correlation of W90 (Figure A.1). The data here 

shows that 5FW-S100A1 is structurally homologous to native, wild-type S100A1 and can 

be utilized for 19F NMR experiments. 

Figure A.1. Incorporation of 5-fluorotryptophan (5FW) into S100A1. 
(A) 2D-[1H, 15N]-HSQC overlay of 0.1 mM CaS100A1 (black) or 5FW-CaS100A1 (red),
showing that the incorporation of Fluorine at W90 does not significantly perturb the global
structure of CaS100A1. (B) The combined absolute change in the 1H and 15N chemical shift
values fluorination of CaS100A1 were calculated and plotted for backbone HN correlations
for each amino acid residue. CSPs greater than one standard deviation above the mean
(>0.052 ppm) were considered significant. These data illustrate that only CSPs occur for
only residues close in space to W90. (C) Ribbon diagram representing chemical shift
perturbations (CSPs) of CaS100A1 upon fluorination of W90. Residues highlighted in red
(I12, V83, C85, N86, N87 F88, W90) represent those with chemical shift perturbations.
W90 is represented as sticks and 5-fluoroindole is shown in the inset. (C) 19F NMR
spectrum showing a single fluorine correlation corresponding to 5FW90 of S100A1.
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Figure A.1. Incorporation of 5-fluorotryptophan (5FW) into S100A1. 
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19F studies of S100A1 with RIIβ of PKA 

Next, whether 5FW90 of 5FW-CaS100A1 undergoes a conformation change upon 

interacting with RIIβ, was determined by 19F NMR. Increasing concentrations of RIIβ were 

added to S100A1 and 1D 19F spectra were collected. A 70% decrease in chemical shift 

intensity and CSPs were found to occur in the 19F signal corresponding to W90, confirming 

that the single tryptophan of S100A1 undergoes a conformational change upon interaction 

of RIIβ with S100A1. The fluorine chemical shift of CaS100A1 undergoes significant peak 

broadening upon binding to RIIβ and splits into two correlations, one with a CSP of 0.48 

ppm (Figure A.2). The two correlations indicate to two chemical environments of 5FW90, 

where one subunit of S100A1 is bound to RIIβ and another which does not bind RIIβ. That 

the CSP and broadening occurs at 0.3 equivalents of RIIβ and does not continue to change 

in intensity even in the presence of 1.2-fold excess RIIβ, suggests that S100A1 is saturated 

even at 0.3 equivalents of RIIβ and that the complex is in slow exchange and indicates 

tight-binding. Even upon addition of 6-fold excess of RIIβ, a correlation of 5FW90 does 

not shift to the RIIβ-bound state (Figure A.3). This data supports a mechanism by which 

two homodimers of CaS100A1 interact with one RIIβ subunit (Figure A.4). This potentially 

cause dissociation of the catalytic subunits of PKA which can phosphorylate PKA-

substrates. Interestingly, this binding mode is asymmetric which is uncommon for S100-

target interactions. While the data suggests that one subunit of the S100A1 homodimer 

interacts with one subunit of RIIβ, the stoichiometry of this interaction requires further 

study.  
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Figure A.2. CaS100A1 binding to RIIβ by 19F NMR spectroscopy. 
19F NMR spectra of 10 μM 5-FW-S100A1 with (A) 0 μM RIIβ; 0:1 S100A1: RIIβ (B) 3 
μM RIIβ; 0.3:1 S100A1:RIIβ, (C) 6 μM RIIβ 1.2:1 S100A1:RIIβ, (D) 12 μM RIIβ 2.4:1 
S100A1:RIIβ. S100A1 peak broadens significantly (~70%) in the presence of RIIβ.  
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Figure A.3. Saturation of CaS100A1 with RIIβ by 19F NMR. 
 19F NMR spectra of 10 μM 5-FW-S100A1 with 0 μM RIIβ (black), 6 μM RIIβ (red), 12 
μM RIIβ (green), 64 μM RIIβ (blue). This data indicates two correlations corresponding to 
5FW90 even in the presence of 6-fold excess RIIβ.  

Figure A.4. Hypothetical mechanism by which CaS100A1 might activate PKA. 
The PKA heterotetramer is made up of two regulatory subunits (RIIβ; blue) and two 
catalytic subunits (red). Two homodimers of CaS100A1 (yellow) are required to break up 
the RIIβ homodimer and the interaction occurs with one subunit of CaS100A1. Ca2+ is 
represented by green circles. This causes dissociation of the catalytic subunits which are 
able to phosphorylate target proteins.  

S100A1 and RIIβ interaction determined by Biacore studies 

While NMR experiments provide residue-specific information on binding, it is 

impractical to perform experiments in the nanomolar range, important for examining tight-

binding interactions. Thus, SPR experiments were performed next to determine the kinetic 

parameters and binding affinity of S100A1 for RIIβ. Immobilized CaS100A1 was found to 

bind PKA RIIβ with a KD of 18 ± 5 nM, with ka = 7.6 × 104 M-1s-1 and kd = 7.9 × 10-4 s−1 

(Figure A.5). The tight binding affinity is in most part due to its relatively slow koff. These 
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data are consistent with the tight binding affinity observed by NMR. However, the binding 

of RIIβ in addition to the other PKA subunits requires further investigation for a more 

complete molecular picture of the S100A1-PKA interaction.  

Figure A.5. Measuring the binding of RIIβ to CaS100A1 by SPR. 
Sensorgrams from the SPR sensor chip in Biacore indicating the interaction of S100A1 
(immobilized on the surface of the chip) with varying concentrations (156 nM, 78 nM, 39 
nM, 20 nM, 10 nM) of RIIβ. The response curves (black) were fit to a Languimir 1:1 
binding model (red) and the equilibrium dissociation constant (KD) was determined to be 
16 ± 4 nM, with ka = 2.7 × 104 M-1s-1 and kd = 4.3 × 10-4 s−1 from three replicate 
experiments.  

Structural analysis of S100A1 target-binding specificity 

It was previously found that S100B and CaM were unable to activate PKA, 

indicating that the interaction of S100A1 with RIIβ is S100A1-specific[96]. However, 

S100B and S100A1 are 60% similar and structurally homologous and the basis of S100-

target specificity remains elusive[162]. We then addressed the question as to why only 

S100A1 interacts with RIIβ and other targets such as RyR1. To determine the basis of 

S100A1-RIIβ specificity, the backbone CSPs of S100A1 in the presence of RIIβ as 

described in Melville et al., were examined, indicating conformational changes at the 

S100A1 backbone upon RIIβ binding [96]. Only residues with CSPs within the target-
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binding site of S100A1 were considered for this analysis. The search for residues important 

for recognizing RIIβ within the target binding pocket was further constricted to those which 

are specific to S100A1 compared to S100B. Eight residues within the S100A1 target-

binding site which exhibit CSPs upon binding RIIβ were found to be S100A1 specific: 

A53, E63, V69, V75, V76, L77, A80 and E91 of S100A1 (corresponding to V52, S62, 

C68, M74, A75, F76, M79, and H90 of S100B). A subset of these eight residues specific 

to S100A1 are likely important for RIIβ specificity.  

In addition to PKA, S100A1 is the only S100 protein known to interact with RyR1, 

so a previously solved structure of S100A1 bound to a RyR1 derived peptide was examined 

next (Figure A.6)[110]. Particularly important are residues A53, L77, A80 which were 

found to interact with W3619 and L3622 of RyR1 peptide. Residues L77 and A80 of 

S100A1 have smaller and less hydrophobic side chain compared to their corresponding 

residues of S100B, F76 and M79.  Notably, W3620 is the central anchor for the RyR 

peptide within the S100A1 hydrophobic pocket, as is common for S100 and CaM protein-

target interactions (Figure A.6). Also of interest is that L3622D mutation abolishes the 

S100A1-RyR1 interaction, indicating that the leucine is also important for S100A1 

recognition [112]. Therefore, A53, L77, and A80 of S100A1 may be important for target 

recognition and provide a basis to understand S100-target specificity.   
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Figure A.6. S100A1 target specificity and recognition of RIIβ and RyR1. 
(A) A ribbon diagram of S100A1 (grey) in the presence of RyR1 derived peptide (orange).
Three residues specific to S100A1 (A53, L77, A80) thought to be important for RIIβ and
RyR specificity are highlighted in red. (B) A close-up view of the S100A1-RyR1 peptide
interaction. A53, L77, A80 (red) of S100A1 (grey) are shown in sticks interacting with two
important hydrophobic residues of RyR1 peptide (L3622 and W3619; orange) also shown
in sticks. Ca2+ ions are represented by green spheres.

D. Conclusion

Collectively, these results begin to clarify the molecular mechanism of CaS100A1 

dependent activation of PKA. We determined that the interaction between CaS100A1 and  

RIIβ is of high affinity (18 + 5 nM) and is likely asymmetric; a single tryptophan of an 

CaS100A1 monomer undergoes a conformational change upon binding RIIβ. We also begin 

to consider the basis of specificity for this interaction. S100A1-specific residues within 

helices 3 and 4 may be important for S100A1-specific target proteins. Importantly, 

CaS100A1 is known contribute to pathologies related to AD and is considered a potential 

therapeutic target. That both PKA and S100A1 play a role in AD, suggests that this 

pathway might be clinically relevant and deserves further study.  
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Appendix B. Purification of S100A1, S100B and Calmodulin (CaM)  

Solutions 

1. Lysis buffer, 40 mL not sterilized; use 1 mL per gram of pellet

- 40 mL DEAE Buffer A (see below)

- 0.5 mM AEBSF (5 mg; add shortly before using)

2. Lysozyme solution, 80 uL/g pellet

- 10 mg/mL in ddH2O

_____ g pellet X 0.08 mL/g pellet = _______ mL lysozyme solution 

______ mL lysozyme solution x 10 mg/mL = _______ mg lysozyme 

3. DNAse solution (stored at –20°C), 300 uL

1 mg/mL DNAse

5 mM NaOAc

1 mM CaCl2

50% glycerol

4. MgCl2*6H2O, 1 g/mL, 100 uL

5. Streptomycin sulfate, 10%,

Need .11 mL for each mL of supernatant after first centrifugation

6. Ammonium Sulfate, sufficient to make supernatant 65% (S100A1) or 80%

(S100B) saturated (do not include for CaM)

S100A1: 

0.42 g (NH4)2SO4 per mL of supernatant yields 65% saturated solution 

Volume supernatant: ______mL x 0.42 g/mL = ______g (NH4)2SO4 

S100B: 
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0.52 g (NH4)2SO4 per mL of supernatant yields 80% saturated solution 

Volume supernatant: ______mL x 0.52 g/mL = ______g (NH4)2SO4 

7. DEAE buffer (4 L)

50mM Tris-HCl (24.23 g Tris), pH 7.50

HCl (approx. 14 mL conc. HCl)

0.5 mM DTT (2 mL of 1 M stock) (not included for CaM)

Lysis Procedure 

1. Thaw pellets briefly by placing the centrifuge bottle under warm water then

dislodge using a spatula.

2. Suspend pellets in lysis buffer.

3. Once thawed, Add lysozyme, 300uL DNAse solution, and 100uL MgCl2 solution.

Continue stirring for 20mins.

4. Sonicate on ice using program 9 (5 second on, 15 seconds off for 3 minutes total

sonication). Twice

5. Centrifuge for 45 mins at 12,500 rpm and 4°C in the SS-34 rotor.

6. Pour supernatant into a 100 mL plastic beaker with a stir bar, in an ice bath.

Slowly add streptomycin AND ammonium sulfate (not for CaM) over the next 30

min. 

7. Centrifuge for 30 min at 12,500 rpm and 4°C in the SS-34 rotor.

8. Using 8000 kDa MWCO tubing, dialyze the supernatant twice against 4 L DEAE

Buffer A, overnight at 4oC or for four hours at room temperature.  (Allow 2-2.5x

room for volume expansion) 

Anion Exchange Chromatography 
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Solutions 

1. DEAE buffer (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 (1 mL 1M stock solution, not used for CaM)

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) 

Procedure 

1. NEW COLUMN ONLY: Pour 35 mL settled volume of DEAE Sepharose Fast

Flow Equilibrated with ddH2O first, then cleaned 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).

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
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100 mL Buffer A to wash the column. Collect and save load and wash eluents in 

separate bottles. 

4.  Set up fraction collector for 5-mL (100-drop) fractions. 

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) Last tube Drop No. 
0.1 M 100   
0.17 M 30   
0.22 M 30   
0.35 M 30   
0.5 M 60   

 

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 protein. For S100A1 and CaM proceed to phenyl Sepharose, for 

S100B proceed to G75 size exclusion step.  

7. Wash column with 60 mL Buffer B, store in 20% Ethanol 
 

G75 Size Exclusion 

Solutions 
 

1. G75 Column Buffer (4 L), filtered 

10 mM Tris (40 mL 1 M stock) 

50 mM NaCl (11.69 g) 

Chelex (2 mL slurry) 

0.25 mM DTT (1 mL 1 M stock) 

HCl/NaOH to pH 7.5 
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2. Resin Storage Buffer 500 mL

G75 Column Buffer with 0.02% NaN3 (0.1 g)

Procedure 

1. Equilibrate with 1-2 CV (500-1000mL) G75 Column Buffer at 4°C. This will

require equilibrating overnight. (no more than 1.5 mL/min)

2. Set up fraction collector for 3 mL (100 drop) fractions.

3. Concentrate sample to 1-2 mL.  Load and run overnight.

4. Run fractions on SDS-PAGE; pool fractions containing S100 protein.

5. Add 25 mM EDTA, 25 mM EGTA  to pooled sample and dialyze twice against

G25 buffer, proceed to G25 buffer exchange step

6. Store column with 500mL Storage Buffer.

Phenyl Sepharose 

Solutions 

1. Phenyl Sepharose (PS) Buffer A, pH 7.5 filtered and degassed

10 mM Tris

500 mM NaCl

10 mM CaCl2

2. Phenyl Sepharose (PS) buffer B, pH 7.5 filtered and degassed

10 mM Tris

500 mM NaCl

10 mM EDTA

Procedure 

1. Pool Fractions with protein and dialyze against 4L of PS buffer A 4h or ON
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2. Wash and equilibrate PS resin

a. 5 column volumes of ddH2O filtered

b. 5 column volumes PS buffer B

c. 5 column volumes buffer A

3. Filter protein, Load protein onto PS

4. Wash 3 column volumes buffer A

5. Elute 3 column volumes buffer B,

a. Collect 15 mL fractions

6. Run SDS PAGE to verify fractions to pool

7. Pool fractions, Add 25 mM EGTA and 20 mM EDTA, Dialyze pooled protein

twice against G25 buffer with 100 mM NaCl

8. Proceed to G25 size exclusion step.

G25 Size Exclusion 

Solutions 

1. G25 Column Buffer (4 L), filtered

0.25 mM Tris (1 mL 1 M stock) 

50 mM NaCl (11.69 g) 

Chelex (2 mL slurry) 

0.25 mM DTT (1 mL 1 M stock) 

HCl to pH 7.50 

3. Resin Storage Buffer 500 mL

G25 Column Buffer with 0.02% NaN3 (0.1 g) 

Procedure 
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 1. Equilibrate with 2-3 CV (50-75 mL) G25 Column Buffer at 4°C. 

 2. Set up fraction collector for 1 mL (30 drop) fractions. 

 3. Concentrate sample to 1mL. Load sample and run. 

 4. Run eluted fractions on SDS-PAGE; pool fractions containing S100 protein.  

 5.  Chelex dialyze protein and concentrate.  Determine concentration by Bradford 

(using S100A1, S100B, or CaM of a known concentration as a standard) or A280 

for S100A1 (Extinction coefficient 11312 M-1cm-1 as determined using S100A1 

of a known concentration); aliquot and store at -20oC. 

6. Store column with one bed volume of Storage Buffer. 
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Appendix C.  Data analysis for calcium binding assay.

The calcium binding assay we used is based on competition for free calcium 

between protein and a fluorescent marker (Quin-2), which changes its spectroscopic 

properties upon binding[379].  An additional complication here is the target of the study, 

calmodulin (CaM), carries two sets of calcium binding sites with different affinities. 

Nonetheless, the binding model is a simple thermodynamic equilibrium that can be 

described with equation shown below. Simple equilibrium 

𝑀 + 𝐶 
9$ 𝑀𝐶

𝑀 + 𝑃! 
9% 𝑀𝑃!

𝑀 + 𝑃" 
9" 𝑀𝑃"

results in the following equations for binding constants and material conservation 

𝑀 ∙ 𝐶 = 𝐾: ∙ 𝑀𝐶 

𝑀 ∙ 𝑃! = 𝐾! ∙ 𝑀𝑃! 

𝑀 ∙ 𝑃" = 𝐾" ∙ 𝑀𝑃" 

𝐶; = 𝐶 + 𝑀𝐶 

𝐶!; = 𝑃! + 𝑀𝑃! 

𝐶"; = 𝑃" + 𝑀𝑃" 

𝑀; = 𝑀 + 𝑀𝐶 + 𝑀𝑃! + 𝑀𝑃" 

where M is metal (Ca2+), C is the chelator (Quin-2), P is the protein (CaM), and P1/P2 are 

calcium binding sites 1 and 2. Subscript t denotes the total concentration of each component 

as measured directly for each experiment.  Several steps of combining these equations and 

introducing variables normalized by equilibrium constants result in the following quartic 

polynomial 
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𝑥5 + (1 + 𝛼 + 𝛽 + 4𝜌 + 𝛾 − 𝜇)𝑥< +	

(𝛼 + 𝛽 + 𝛼𝛽 + 2(𝛼 + 𝛽 + 2)𝜌 + (𝛼 + 𝛽)𝛾 − (1 + 𝛼 + 𝛽)𝜇)𝑥" +	

(𝛼𝛽 + 2(𝛼 + 𝛽)𝜌 + 𝛼𝛽𝛾 − (𝛼 + 𝛽 + 𝛼𝛽)𝜇)𝑥 − 𝛼𝛽𝜇 = 0	

Parameters of this equation represent concentrations of mixed components normalized by 

known calcium dissociation constant from the chelator (determined in a separate 

experiment and/or derived from literature) 

𝛼 =
𝐾!
𝐾:
, 𝛽 =

𝐾"
𝐾:
, 𝜌 =

𝑃;
𝐾:
, 𝛾 =

𝐶;
𝐾:
, 𝜇 =

𝑀;

𝐾:

and the measurement variable derived from experiment is defined here as ratio of chelator-

bound metal to remainder of it (free or bound to protein) 

𝑥 =
𝑀𝐶

𝐶; −𝑀𝐶

The numerical recipe is as follows. For each experiment, we determine μ, ρ and γ 

by dividing the total concentrations of metal, protein and chelator by the known value of 

Kc. For each value of μ, x can be calculated by finding the singular real positive root of the 

above quartic polynomial. Fraction of bound chelator is then calculated, yielding the 

theoretical metal binding curve. Optimization is done with respect to α/β, yielding values 

of dissociation constants for protein-calcium binding sites. 

If necessary, several additional parameters can be optimized such as specific 

fluorescence of metal-bound and free chelator (alternatively, fraction of metal coordinated 

chelator can be estimated from asymptotic measurements) and residual calcium 

contamination (completely calcium free solutions are very difficult to prepare, so amount 

of calcium contamination can be either deduced from protein binding curves or determined 

independently). 
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All the necessary computational procedure were implemented in python and used 

open source optimization algorithms implemented in numpy/scipy modules. Open source 

python module matplotlib was used for visualization, and code is available upon request or 

can be accessed at https://git.ibbr.umd.edu/epozhars/epybind. 
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