
1Scientific RepoRts | 5:14259 | DOi: 10.1038/srep14259

www.nature.com/scientificreports

Lessons in Protein Design 
from Combined Evolution and 
Conformational Dynamics
Swarnendu Tripathi1,3, M. Neal Waxham2, Margaret S. Cheung1,3 & Yin Liu2

Protein-protein interactions play important roles in the control of every cellular process. How natural 
selection has optimized protein design to produce molecules capable of binding to many partner 
proteins is a fascinating problem but not well understood. Here, we performed a combinatorial 
analysis of protein sequence evolution and conformational dynamics to study how calmodulin 
(CaM), which plays essential roles in calcium signaling pathways, has adapted to bind to a large 
number of partner proteins. We discovered that amino acid residues in CaM can be partitioned into 
unique classes according to their degree of evolutionary conservation and local stability. Holistically, 
categorization of CaM residues into these classes reveals enriched physico-chemical interactions 
required for binding to diverse targets, balanced against the need to maintain the folding and 
structural modularity of CaM to achieve its overall function. The sequence-structure-function 
relationship of CaM provides a concrete example of the general principle of protein design. We have 
demonstrated the synergy between the fields of molecular evolution and protein biophysics and 
created a generalizable framework broadly applicable to the study of protein-protein interactions.

Optimized protein design for multiple protein binding partners (promiscuity) requires a balance between 
structural stability and flexibility1. Structural stability provides architectural framework while flexibility 
provides for adaptable surfaces or enzymatic sites to mediate function2. Both aspects of protein design 
must have a degree of adaptability to adjust to pressures from evolutionary advances3,4. However, it 
remains elusive how a protein evolves under the selection constraint for versatility over stability in order 
to achieve a functionally optimized structure. This is a fundamental question for understanding the 
impact of evolutionary pressure on a protein sequence and how resulting mutations are tolerated or not 
in the face of meeting demands of conformational dynamics required for function5–7. Recent advances 
in understanding protein folding and dynamics employing energy landscape theory8,9 have provided a 
framework to quantify this subtle complexity. For efficient protein folding, evolutionary pressure selects 
for amino acids that provide a unique folded state on the energy landscape10 or a smooth funnel-like 
energy landscape11, so the folding pathway avoids long-lived kinetic traps12 (termed “minimally frus-
trated”). In contrast, the least energetically favorable residues (termed “highly frustrated”) are typically 
related to the functional sites of proteins, so the frustration could be a functionally useful adaptation and 
contribute to the binding and allosteric properties of a protein13. Accordingly, the knowledge from both 
protein evolution and energy landscape theory provides synergistic potential to unravel the underlying 
mechanisms dictating the structure and function of proteins. In this study, we performed a combinatory 
analysis of protein sequence evolution and local energetic frustration to identify how calmodulin (CaM) 
has balanced diversification during evolution.

CaM is a remarkable example of a multi-specific binding protein that plays crucial roles in intracellu-
lar calcium (Ca2+) signaling by regulating a wide array of downstream partner proteins14. The sequence 

1Department of Physics, University of Houston, Houston, TX. 2Department of Neurobiology and Anatomy, 
University of Texas, Health Science Center, Houston, TX. 3Center for Theoretical Biological Physics, Rice University, 
Houston, TX. Correspondence and requests for materials should be addressed to M.S.C. (email: mscheung@
uh.edu) and Y.L. (email: Yin.Liu@uth.tmc.edu)

Received: 31 March 2015

Accepted: 21 August 2015

Published: 21 September 2015

OPEN

mailto:mscheung@uh.edu
mailto:mscheung@uh.edu
mailto:Yin.Liu@uth.tmc.edu


www.nature.com/scientificreports/

2Scientific RepoRts | 5:14259 | DOi: 10.1038/srep14259

of CaM comprises 148 amino acids, more than 60% of which are conserved among eukaryotes and 
100% conserved among vertebrates15. While relatively small, CaM is densely packed with functional 
sites. There are four EF-hand (helix-loop-helix) motifs for Ca2+ binding separated into two lobes that 
are connected by a flexible tether16. A distinct binding pocket on each of the lobes accommodates target 
protein binding and CaM’s promiscuity for interacting with hundreds of different targets depends on its 
remarkable structural plasticity17. Upon binding to Ca2+, CaM interacts with numerous protein kinases, 
including CaM-dependent protein kinase I, II, and IV, phosphorylase kinase, myosin light chain kinase, 
and the protein phosphatase calcineurin. It also regulates cell-signaling proteins, such as nitric oxide 
synthases and cyclic nucleotide phosphodiesterase. In addition, it interacts with cytoskeletal proteins to 
modulate cell movement and growth. CaM can also bind in its apo-form (Ca2+-free) to some targets, 
such as the neuronal proteins neuromodulin and neurogranin18. As a consequence of CaM’s importance 
in regulating cellular function, an immense amount of structural information has emerged that provide 
a unique opportunity for analysis19. Because CaM is optimized through evolution to bind to a multitude 
of diverse targets4,20, we first determined the evolutionary conservation of its amino acid residues using 
the Evolutionary Tracer21. We then quantified the conformational dynamics in terms of local frustra-
tion of amino acids in CaM in 60 CaM/target complexes using the Frustratometer22. With this unique 
combinatorial approach, we were able to separate CaM residues into novel discrete classes, bringing 
significant new insights of how evolution has optimized CaM to balance promiscuous binding behavior, 
while maintaining specificity.

Results
Combinatorial analysis of evolution and energetic frustration can classify CaM residues into 
unique categories. We began with an evolutionary analysis of more than 300 homologous sequences 
of CaM that divided the CaM residues into two distinct groups: conserved and non-conserved (Figure 
S1A and see Methods). To explore how CaM’s sequence has adapted during evolution to diversify its 
function through conformational dynamics, we then analyzed 60 CaM/target complexes available in the 
protein data bank (PDB) (Table S1). This quantitative analysis of local frustration revealed that CaM 
residues could be categorized as minimally frustrated (energetically favorable), highly frustrated (ener-
getically unfavorable) or neutral (neither favorable nor unfavorable)23 (Figure S1B and see Methods). By 
annotating the energetic frustration indices along the CaM sequence with its evolutionary conservation, 
one amino acid at a time (Fig. 1A), each residue of CaM could be separated into one of six unique classes: 
(i) minimally frustrated and conserved (MF, C); (ii) highly frustrated and conserved (HF, C); (iii) highly 
frustrated and non-conserved (HF, NC); (iv) minimally frustrated and non-conserved (MF, NC); (v) 
neutral and conserved (N, C); and (vi) neutral and non-conserved (N, NC) (Fig. 1B). We observed that 
majority of the CaM residues fall into (N, C) and (N, NC) classes composing 32% and 22% of the pop-
ulation, respectively. On the contrary, the CaM residues in the (HF, NC) class represent the lowest pop-
ulation (3.3%). The detailed classification of CaM residues can be found in the Supplementary Table S2.

Conserved residues make up the protein folding scaffolds. The conserved residues can be min-
imally frustrated, highly frustrated, or neutral. We found that the minimally frustrated and conserved 
residues (Fig.  1B) constitute the helices in the four EF-hands of CaM and are all hydrophobic (except 
one polar residue, T34) (Table S2). These residues offer essential hydrophobic forces that drive folding 
and maintain stability of the CaM sequence.

All of the highly frustrated and conserved residues are negatively charged and are distributed on the 
four Ca2+ binding loops, which lie between the two helices of an EF hand (Table S2). Specifically, the 
Asp residues at the first position in each of the four Ca2+-binding loops of CaM, which coordinate with 
the Ca2+ ion, belong to the (HF, C) group (see Figure S2). Typically, frustrated residues are found at the 
sites of protein-protein interaction and/or catalytic sites and can also be described as areas of high con-
formational flexibility24,25. Therefore, these energetically frustrated amino acids located at the loops are 
essential to facilitate the binding and release of Ca2+. While they are evolutionarily conserved, their high 
frustration (conformational flexibility) at the residue level reflects the structural dynamics required for 
accommodating Ca2+-binding. These conserved EF hands and their Ca2+-binding loops form a structur-
ally common scaffold of CaM along the evolutionary history. We note that the frustratometer algorithm 
excludes all the heteroatoms from protein or protein complexes22 and as a result, Ca2+ ions were not 
involved in the frustration analysis of the CaM complexes. Hence, a future investigation is required to 
understand the correlation between local frustration indices in the Ca2+-binding loops and their effect 
on Ca2+-binding affinity.

Highly frustrated and non-conserved residues contribute to expanded protein functions in 
higher eukaryotes. The highly frustrated and non-conserved class of residues in CaM composes 
3.3% of the amino acids. Despite their low numbers, their roles in the evolutionary development of spe-
cific functions of CaM appear essential. Specifically, a unique tyrosine residue at position 99 (Y99) was 
immediately identified because it is the most frustrated residue in CaM and non-conserved (shown by 
a circle in Fig. 1A,B). When Y99 was assessed from an evolutionary perspective, we also discovered that 
this residue exhibits diversity; amino acid 99 is Leu in CaM from baker’s yeast and Phe in CaM from fruit 
fly or barley (Figure S3). These mutations lead to a significant decrease in its frustration level (Figure S5) 
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Figure 1. Distributions of evolutionary trace and local frustration of the CaM residues in the target-
bound complexes. (A) Two-dimensional map plot of real-value evolutionary trace (rvET) score vs. single 
residue level frustration (SRLF) index along the CaM residues. (B) Two-dimensional histogram plot of rvET 
score vs. SRLF index of the CaM residues. Based on the evolutionary analysis, CaM residues are divided 
as conserved (C, rvET score <  5) and non-conserved (NC, rvET score >  5). Based on the local frustration 
analysis, CaM residues are divided as highly frustrated (HF, SRLF index < − 1), minimally frustrated (MF, 
SRLF index >  1) and neutral (N, − 1 <  SRLF index <  1). From the combinatorial analysis of evolution and 
frustration, CaM residues are divided in six groups: (MF, C); (HF, C); (HF, NC); (MF, NC); (N, C); and 
(N, NC) in (B). The secondary structure of CaM is shown below Panel (A) with the sequence in one letter 
amino-acid code. In the secondary structure of CaM, 8 helices are shown in rectangle from A to H. The 
4 Ca2+-binding loops are indicted from I to IV. The CaM residues in the sequence are colored based on 
the rvET score and SRLF index: red (HF, C), orange (HF, NC), cyan (MF, NC) and green (MF, C) in bold 
letters. Similarly, the residues that belong to (HF, C), (HF, NC), (MF, NC) and (MF, C) classes are colored 
accordingly in the three-dimensional structure of CaM (from CaM-CaMKI complex) and represented in 
spheres. Residue Tyr99 of CaM from (HF, NC) class is indicated by circle.
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in lower eukaryotes. Interestingly, Y99 rarely forms direct contacts with the targets; it is located at the 
opposite side of the CaM-target interface making it available as a substrate for protein tyrosine kinase 
phosphorylation26. Modifications at this position induce a conformational change that leads to altered 
CaM binding27.

In addition, we found the negatively charged amino acids (E139 and E140) in the fourth Ca2+ binding 
loop are highly frustrated and non-conserved relative to all other negatively charged residues in CaM 
(Table S2). In particular, residue E140 at the twelfth position of the Ca2+-binding loop IV coordinates 
with Ca2+ ion (Figure S2). It was noted that when E139 and E140 are replaced by Gln in baker’s yeast, 
it resulted in the loss of Ca2+-binding to this site of CaM. Therefore, the evolutionary pressure to select 
for Glu at residues 139 and 140 correlates with a gain of function in Ca2+-binding to EF-hand IV, thus 
expanding the ability to decode a wider range of Ca2+ signals in higher eukaryotes.

Minimally frustrated and non-conserved amino acids make up modular scaffolds. This class 
of residues contains nine hydrophobic residues, one polar residue, and two positively charged residues 
(Table S2). These minimally frustrated residues are typically located at the CaM-target binding interface 
(Fig.  1B) and thus provide structural modularity in the overall design. These non-conserved residues 
appear to enrich the local physico-chemical properties to fine-tune the specificity of target binding over 
the evolutionary process without altering the local protein-folding scaffold. For example, we found the 
positively charged residue R126 is among the least frustrated residues in all the complexes, but when it 
is replaced by Lys, as in soybean CaM, its frustration level increased significantly (Figure S6A). The cor-
relation between the residue replacement and frustration variation was also observed for residues R90, 
which is minimally frustrated in 53 out of 58 complexes examined but become neutral when replaced 
by K90 in yeast or soybean (Figure S6B).

Structural and functional importance of the neutral residues. An earlier study by Ferreiro  
et al.23 demonstrated that irrespective of the protein size nearly 50% of amino-acid residues are neutral 
(based on the single residue level frustration) and randomly distributed in the structure. In particular, 
Thr, Ser and Gly residues are almost always found to be neutral in frustration analyses23. This phenome-
non is also observed in CaM, where the majority of Thr and Ser residues (14 out of 16) are neutral (Table 
S2). Among them, Thr28, Thr29, Ser38 and Ser101 are evolutionarily conserved, while the remainders are 
non-conserved. Additionally, majority of the Gly residues (7 out of 11) of CaM belong to the (N, C) class 
(Table S2). These Gly residues are mostly located at the Ca2+-binding loops and the linkers connecting 
the EF-hands of CaM, and exhibit high flexibility in the target-unbound apo- and holo-states of CaM28.

The Methionine residues support target-binding promiscuity and comprise the functional 
scaffolds. There are four symmetrically positioned Met residues in each domain of CaM and one 
resides in the central linker in vertebrates. Based on the combinatorial analysis results, we discovered 
that the Met residues of CaM span the entire range of frustration levels among the different CaM-target 
complexes. The frustration analysis revealed that Met residues at positions of the N-domain (36, 71, 72) 
and the C-domain (109, 144 and 145) are mostly neutral or minimally frustrated and likely provide a 
set of core essential binding residues for target interaction. In contrast, M51 (at the N-domain), M76 (at 
the linker), and M124 (at the C-domain) are mostly neutral, but can be highly frustrated (Fig.  2A) in 
a subset of complexes. Not only do the frustration levels of the Met residues vary widely, but they also 
demonstrate different degrees of conservation. The evolutionary analysis showed that M36, M51, M72, 
M109, and M124 are among the conserved residues in CaM, while other Met residues are not conserved 
(Fig. 2A).

We demonstrated that these nine Met residues indeed behave differently in both conformational 
dynamics and evolution than other hydrophobic residues. By performing the same combinatorial analy-
sis on the nine Leu residues in CaM, we found they are either minimally frustrated or neutral (Fig. 2B) 
and are more conserved (except L4) than Met residues. Therefore, it is not surprising to find when Met 
residues were replaced by the hydrophobic residues without a thioester group in some lower eukaryotes, 
their frustration levels decreased. This can be seen when Met was replaced by Ile at position 36 for CaM 
(as in soybean) (Figure S7A), Leu at positions 51 (as in baker’s yeast) (Figure S7B), Leu at position 71 
(as in barley) (Figure S7C), Leu at positions 109 (Figure S8A) and 145 (Figure S8D) (as in baker’s yeast), 
or Val at position 144 (as in barley) (Figure S8C). These findings suggest that Met residues are selected 
through evolution to increase binding promiscuity in higher eukaryotes.

To explore the effect of the targets on the calculated frustration index of individual Met residues in 
CaM, we separated the targets from the CaM-target complexes and re-computed the frustration (Figure 
S7 and S8) (see Methods). Thus any difference in the frustration levels of Met residues between the 
presence and the absence of the target can be attributed to the target at the binding interface with CaM. 
Interestingly, our comparative analysis revealed that the targets are rarely associated with the frustration 
level of Met, except M51 and M124 residues in a subset of complexes. The frustration level of M51 
decreases upon target binding in about 15% of complexes (Figure S7). The profile of M124 was found to 
be particularly intriguing. While its frustration level significantly decreases in nearly 25% of complexes, 
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for another 7% of complexes its frustration increases upon target binding (Figure S8). This suggests that 
targets contribute to a wide range of frustration of M124.

In addition, we found M124 is one of the most conserved residues in CaM compared to its diverse 
frustration level. We evaluated how M124 evolved to accommodate a variety of targets by exploring its 
evolutionary history (Figure S9). Our analysis showed that only two variants, Leu and Ile exist at this 
position in some lower eukaryotes (e.g. A. aegypti and C.elegans). Based on homology modeling of 
CaM complexes where M124 is highly frustrated (see Methods), we showed that when Leu124 replaced 
Met124, its frustration decreased significantly (more than two-fold change is observed, see Fig.  3). 
Moreover, the frustration level of Leu residue at this position was not significantly changed between the 
presence and absence of the target. These findings revealed that Met124 has evolved against a singular 
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Figure 2. Evolutionary trace and local frustration of Met and Leu residues of CaM. (A) rvET score vs. 
SRLF index plot of nine Met residues of CaM at positions 36, 51, 71, 72, 76, 109, 124 144, and 145. (B) rvET 
score vs. SRLF index plot of nine Leu residues of CaM at positions 4, 18, 32, 39, 48, 69, 105, 112, and 116.

Figure 3. The effect of the targets on the frustration of Met124 in CaM complexes. SRLF index of Met124 
in the wild-type (WT) and Leu124 in the mutant (MUT; based on homology modeling) of CaM in the 
presence and absence (simply by separating the targets from CaM in the bound complexes) of the target are 
shown. The plot represents 15 CaM complexes for 9 different targets (CaMKK (Ca2+/CaM-dependent kinase 
kinase), CaMKI (Ca2+/CaM-dependent kinase I), MLCK (Ca2+/CaM-dependent myosin light chain kinase), 
PMCA (plasma membrane Ca2+-ATPase), CaV (voltage-activated Ca2+-channel), alphaII-spectrin, MUNC 
(mammalian uncoordinated proteins), SK2 (small conductance calcium-activated potassium 2 channel), and 
NHE1 (sodium/hydrogen exchanger 1)) in which Met124 is highly frustrated in the WT CaM for the target-
bound complexes.
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notion of stability. Instead, its conformational dynamics is a tradeoff for binding promiscuity to diversify 
CaM’s function, contributing to the “functional scaffolds” in higher eukaryotes.

Discussion
Proteins are eminently evolvable due to their ability to adapt in response to mutation and the pressure 
from selection29,30. There is a recent trend in integrating evolution with chemical and physical properties 
of proteins to better investigate protein sequence landscape and functions31,32. A classical view of proteins 
according to their biochemical properties of amino acids noted evolutionary conservation of hydropho-
bic residues in the core of the proteins33. The authors later refined the finding that a steady decline in 
proteome hydrophobicity (oil escape) may explain the emergence of intrinsically disordered proteins, 
which exhibit conformational diversity34. Tokuriki and Tawfik1 further pointed out that the promiscuous 
proteins requires conformational diversity under evolutionary pressure. Sikosek and Chan6 then stressed 
the importance of protein biophysics as one of the possible evolutionary constraints for proteins with 
marginal stability. However, to the best of our knowledge, there has not previously been an approach that 
quantifies protein stability at the residue level in the context of evolution to evaluate how the balance 
between conformational stability and flexibility has been optimized through evolution.

In this study, we developed an approach to integrate protein evolution and dynamics and applied 
it to a multi-target binding protein, CaM. What fascinates us most about CaM is it is able to bind to 
hundreds of targets with high specificity, yet the amino acid sequences of CaM share great identity in 
eukaryotes and are completely invariant among all vertebrates15 (also see supplementary information 
for the sequence alignment in Figure S3). This indicates that CaM in vertebrates has been functionally 
optimized through evolution and/or that there is no tolerance for additional mutations. Our analyses that 
incorporate protein biophysics and evolution showed that there were three basic categories of “scaffold” 
amino acid residues in CaM. For the first group, residues that are minimally frustrated and conserved 
are typically buried in protein interiors and help form critical secondary structural elements to build 
the protein-folding scaffold. The second group was termed “modular” because residues in this group 
are generally located at the CaM-target interface. They are minimally frustrated but not evolutionarily 
conserved. They have the ability to change local chemistry without affecting the overall folding scaffold. 
The third group of amino acids was termed the “functional scaffolds”. This class of amino acids contains 
the Met residues that are known to be important in forming contacts with different target proteins.

It is interesting to note that for proteins with known structures, Met is a relatively rare amino acid 
accounting for only 1.5% of all the residues or 4.4% when only the hydrophobic residues (Ala, Val, Leu, 
Ile, Phe and Met) are considered35. However, CaM is exceptionally rich in Met that represent 6% of all 
the residues or 18% considering only the hydrophobic residues. In fact 46% of the accessible surface area 
of the hydrophobic patches of CaM important for target interactions is contributed by Met residues35. 
A wide variety of frustration level in Met residues is paramount for CaM to be able to accommodate 
binding to its hundreds of different target proteins. Evolutionarily, Met replaces other highly hydrophobic 
residues in CaM as a tradeoff of stability (robustness) to gain local flexibility (disorder/adaptivity) in order 
to interact with additional partners. Beside the Met residues, the Lys residues of CaM also display simi-
lar behavior in terms of the variation in their frustration level and degree of conservation (Figure S10).  
Lys accounts for about 5.4% of all residues in the CaM sequence, but unlike the extraordinarily rich Met 
in CaM, the frequency of Lys residues is generally high in protein sequences, accounting for about 6.7% 
of all residues in proteins with known structures36. For this reason, the specific role of Lys residues in 
target binding is an interesting future research direction.

Holistically, within the context of these three basic scaffolds, amino acid mutations were selected and 
tolerated through evolution (from lower eukaryotes to vertebrates) to balance the need for accommo-
dating additional binding targets within the structural/functional framework of the protein. However, 
this mechanism of achieving binding promiscuity through amino acid variation appears to have reached 
its limit as all vertebrate CaMs share the identical amino acid sequence. Still, CaM has continued to 
expand its promiscuity as demands on the target selection and binding affinity of CaM have continued 
to increase. Selective post-translational modifications (PTM) on a few key amino acids appear to fill 
this role. One such mechanism, highlighted by our analysis, is at amino acid Tyr99. Tyr99 appears in 
the evolutionary tree at the transition between drosophila and fish and was identified as the most “frus-
trated” residue in CaM. Remarkably, Tyr99 is a target for tyrosine kinase mediated post-translational 
modification, and phosphorylation alters CaM’s target binding affinity and specificity37. We propose that 
evolutionary pressure continued to drive the need for CaM to adopt increased dynamics for tuning its 
target binding capacity and it usurped the tyrosine kinase pathway to overcome the inability to tolerate 
additional amino acid mutations. Besides Tyr99, it is also known that Met residues undergo PTM. For 
example, Met124 is susceptible to oxidation and oxidation alters the binding properties of CaM38. It 
appears that vertebrates have utilized alternative mechanisms to tune CaM’s binding properties through 
oxidation as well as phosphorylation37,38.

In this study, we quantified the local frustration of amino acids on CaM based on the available struc-
tures of CaM complexes from the PDB. These structures do not consider the conformational dynamics 
involved in target binding. We have previously shown a binding mechanism of CaM with its targets that 
undergoes a process of “conformational and mutually induced fit”39. Others also stated the importance of 
structural flexibility in binding40,41. We speculate that frustration that arises during the binding process 
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between CaM and target42 also serves as a possible evolutionary constraint for CaM’s promiscuity and 
target specificity. Future studies will focus on identifying co-evolved residues from both CaM and targets 
to infer spatial contacts43 and quantifying such frustration in the co-evolved residues44.

The framework developed in this study synergistically brings protein evolution and conformational 
dynamics together and can be generalized to study other promiscuous proteins to understand the under-
lying mechanisms for how these molecules achieve target selectivity to modulate specific biological func-
tions. Some well-known examples of promiscuous proteins are caveolins45, β -arrestins46, Ras47, TP5348 
and ubiquitin49 that play important roles in specific cellular signaling cascades. Promiscuous proteins 
are important for the robustness of metabolic and signaling networks in the cell50, so understanding 
the general rules governing their multi-specificity in protein-protein interactions would greatly assist in 
unraveling the mechanisms that dictate pathway decisions. Our analysis is not dependent on the amino 
acid composition of the protein; instead, the classification of the amino acids is based on their frustra-
tion levels and degrees of conservation. The basic principles on the role of frustration and evolutionary 
conservation in protein binding will offer clues on how the proteins have been evolved to achieve their 
binding multi-specificity and diverse biological functions. The amino acid residues identified from the 
combinatorial analysis can serve as guides for designing novel proteins or small ligands for manipulating 
protein binding and function.

Methods
Structural preparation of calmodulin complexes. We examined the structures of 60 calmodulin/
target complexes representing 24 different targets determined by x-crystallography or NMR from the 
Protein Data Bank (PDB) (Table S1) using the list in ref. 19. We included the structures of CaM with 
small target peptides, as well as large target proteins and only structures containing full-length CaM. For 
ensemble structures from NMR either the best representative conformer in the ensemble structure or the 
structure of the first model was used. We removed the heteroatoms and the hydrogen atoms for residues 
from the structures of CaM complexes for all of the calculations.

Evolutionary analysis of calmodulin residues. We analyzed the degree of conservation for each 
residue of CaM. We followed the procedure by Mihalek et al.21 using the Evolutionary Trace server 
(http://mammoth.bcm.tmc.edu/ETserver.html). Protein sequences that are homologous to CaM were 
obtained with BLAST search against the NCBI Entrez non-redundant protein sequence database, with 
the Expect (E) value smaller than 0.05. The sequences identical to human CaM, or the short sequences 
with a length less than 0.8 times the length of human CaM were removed from the sequence set. The 
multiple sequence alignment (MSA) was performed with ClustalW and then the MSA analysis results 
were subject to a phylogenetic tree construction. The assumption of the current method is that the more 
functionally important the residue, the sooner it becomes fixed in the evolutionary tree branches. The 
real-value Evolutionary Trace (rvET) scores for each residue in CaM were calculated based on the phy-
logenetic tree and were used to indicate the degree of conservation of the residue. A cutoff of 5 for con-
servation was selected based on the distribution of the rvET scores of all CaM residues (Figure S1A).  
So a residue is defined as conserved if its corresponding rvET score is less than 5, otherwise, it is con-
sidered as non-conserved.

Analysis of local frustration in calmodulin from complexes. We used the Fereiro-Wolynes 
algorithm23 for the calculation of local energetic frustration in the CaM complexes. We computed 
the single residue level frustration (SRLF) index from the ‘frustratometer’ server (http://www.frustra-
tometer.tk). The server estimates the energy of a protein complex and compares it to the energies of 
a set of ‘decoy’ states. Only the most common 20 amino acids were taken into account. Our analysis 
of frustration in the CaM complexes was based on the single residue level ‘mutational frustration’. In 
this criterion, decoys are constructed from the mutations of single residue by randomly selecting the 
amino acid identities in the native state. The local SRLF index for each amino acid is defined as a 
Z-score of the native state energy in the single residue level compared to the N decoys. For the single 
residue mutational frustration a residue is defined as stabilizing or minimally frustrated if its SRLF 
index defined by a Z-score is > 1 (Figure S1B). On the other hand, a residue is defined as destabilizing 
or highly frustrated if its SRLF index <− 123. Otherwise, a residue is defined as neutral if the SRLF 
index is between the above limits. Note that the interactions of the residues that are in physical contact 
are also affected by the presence of residues in the binding partner. For the calculation of the SRLF of 
CaM in the absence of the target, we first removed the structure of the target from CaM complexes 
and repeated the same procedure as described above to calculate the SRLF for each residue of CaM in 
the non-target bound state.

Homology modeling of mutated CaM complexes. We performed homology modeling to con-
struct the mutated CaM-target complex structures of the M124/L124 amino-acid variant (of CaM). 
HOMCOS (Homology Modeling of Complex Structure) server51 was used to obtain the alignment and 
script files along with the template PDB file for the MODELLER52 (version 9.14) program to build a full 
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atomic model of complex structures for the M124/L124 amino-acid variant. The wild-type structure of 
the CaM complexes was used as the homologous template in MODELLER.
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