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Ca2+ plays a pivotal role in the physiology and biochemistry of prokaryotic and mammalian organisms. Viruses also utilize the 
universal Ca2+ signal to create a specific cellular environment to achieve coexistence with the host, and to propagate. In this 
paper we first describe our development of a grafting approach to understand site-specific Ca2+ binding properties of EF-hand 
proteins with a helix-loop-helix Ca2+ binding motif, then summarize our prediction and identification of EF-hand Ca2+ binding 
sites on a genome-wide scale in bacteria and virus, and next report the application of the grafting approach to probe the metal 
binding capability of predicted EF-hand motifs within the streptococcal hemoprotein receptor (Shr) of Streptococcus pyrogenes 
and the nonstructural protein 1 (nsP1) of Sindbis virus. When methods such as the grafting approach are developed in conjunc-
tion with prediction algorithms we are better able to probe continuous Ca2+-binding sites that have been previously underrep-
resented due to the limitation of conventional methodology. 
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1  Introduction 

Ca2+, a signal for “life and death”, is involved in almost 
every aspect of cellular processes. Due to its abundant 
bioavailability, Ca2+ was selected through evolution to per-
form multiple biochemical roles, acting as a second mes-
senger inside mammalian cells to regulate a myriad of im-
portant cellular processes from triggering life during fertili-
zation to facilitating apoptosis [1, 2]. As best exemplified 
by fast responses controlled by highly localized Ca2+ spikes 
and slow responses regulated by repetitive global Ca2+ tran-
sient oscillation or intracellular Ca2+ waves, Ca2+ signals 
exhibit diversified spatio-temporal patterns to meet varying 
demand of cellular processes [3] (Figure 1). Errors in any 
step of the calcium signal pathway can be critical, resulting 
in uncontrolled cell death or abnormal gene expression [4, 5]. 

Ca2+ is able to bind to hundreds of cellular proteins over 

a 106-fold range of affinities (nM to mM) (Figure 2(a)), 
depending on the nature of the Ca2+-modulated events. Ca2+ 
binding has been shown to be essential for stabilizing pro-
teins as well as maintaining proper cellular free Ca2+ con-
centrations as seen in buffer proteins such as calbindin D9k 
and parvalbumin (Figure 2). Generally the Ca2+ modulated 
activity is achieved through Ca2+-dependent conformational 
changes in Ca2+-binding proteins. For example, one of the 
ubiquitous intracellular trigger (modulating) proteins, 
calmodulin (CaM), has been shown to interact with over 
300 proteins [6] (Figure 2). Interestingly, this protein has 
been recently shown to regulate a large class of membrane 
proteins that are essential for cell signaling and cell-cell 
communication such as gap junctions [6] and voltage-de-    
pendent Ca2+ channels. Although bacterial cells do not have 
complex subcompartments or organelles, there is strong 
evidence that Ca2+ plays an essential role in bacterial sig-
naling, communication and stability similar to that observed 
in eukaryotic cells (Figure 1(a)) [7–11]. Bacterial cells also 
have a well-regulated cytosolic free Ca2+ concentration (ap-       
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Figure 1  Ca2+ signaling in biological systems. (a) Roles of calcium in bacteria. (b) Viruses avidly perturb the intracellular Ca2+ signaling network to 
achieve their own demand. A number of viral proteins (oval shape) from different families of viruses disrupt Ca2+ signaling by targeting various Ca2+ 
signaling components. Adapted with permission from ref. [3, 6]. 

proximately 0.1–2 μM) that is significantly lower than that 
observed in the extracellular medium (mM) due to Ca2+ 
transporters and channels [8–11]. Similar to the eukaryotic 
systems, P-type ATPase Ca2+ efflux pumps have been char-        
acterized from Synechococcus and Flavobacterium. A Ca2+ 
transporter of S. pneumoniae is involved in Ca2+-DNA up-
take, lysis, and competence [12, 13]. Uptake of Ca2+ and 
other divalent cations can also accompany uptake of phos-
phate by the phosphate transport system of E. coli. Fur-
thermore, it has been reported that bacteria contain Ca2+ 
binding proteins that are essential for cell adhesion and 
communication [14–17].  

Viruses, on the other hand, utilize the universal Ca2+ sig-
nal to create a specific cellular environment to achieve their 
own purposes (Figure 1(b)). Ca2+ plays important roles in 
viral gene expression, post-translational processing of viral 

proteins, virion structure formation, virus entry, and virion 
maturation and release. As shown in Figure 1(b), the inter-
play between viruses and Ca2+ in the infected cell falls gen-
erally into three major categories: (1) viral proteins directly 
or indirectly disturb Ca2+ homeostasis by altering membrane 
permeability and/or manipulating key components of the 
Ca2+-signaling apparatus; (2) viral proteins directly bind to 
Ca2+ for structural integrity or functionality; and (3) critical 
virus-host interactions depend on cellular Ca2+-regulated 
proteins or pathways. 

According to their structural features, Ca2+-binding sites 
in proteins are classified as either non-continuous or con-
tinuous. In non-continuous sites the Ca2+ ligand residues are 
located remotely from one another in the protein sequence. 
Most of the Ca2+ binding proteins, such as cadherins, C2 
domains, site I of thermitase, phospholipase A2, and D-  
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Figure 2  Ca2+-binding affinities and structures of different classes of Ca2+-binding proteins (CaBPs). (a) Ca2+ binds to different proteins with affinities varying 
from nM to mM. (b) Cartoon representation of EF-hand Ca2+-binding motif. (c) Trigger proteins such as calmodulin (top) with four EF-hand Ca2+-binding motifs 
undergo Ca2+-dependent global conformational changes upon association with target proteins. (d) Buffer proteins, such as calbindinD9K and parvalbumin, have 
been shown to buffer local Ca2+ concentration without significant conformational changes. (e) Ca2+ binding to thermolysin stabilizes the protein structure and 
confers thermal stability. http://etd.gsu.edu/theses/available/etd-11272007-155719/. It is from Dr.Yubin Zhou's dissertation in our lab.  

galactose binding protein (GBP) belong to this family. Con-
tinuous Ca2+-binding sites have binding pockets formed by 
a stretch of contiguous amino acids in the primary sequence 
(e.g. EF-hand proteins) (Figure 2). EF-hand proteins have a 
conserved Ca2+ binding loop flanked by two helices [18, 19]. 
Based on the conserved features of the Ca2+-binding loop, 
EF-hand proteins have been divided into two major groups: 
the canonical EF-hands as seen in CaM and the pseudo 
EF-hands exclusively found in the N-termini of S100 and 
S100-like proteins [18]. Their major difference lies in the 
Ca2+ binding loop: the 12-residue canonical EF-hand loop 
binds Ca2+ mainly via sidechains (loop positions 1, 3, 5, 12), 
whereas the 14-residue pseudo EF-hand loop chelates Ca2+ 
mostly via backbone carbonyls (positions 1, 4, 6, 9) (Figure 
2). Each type of EF-hand loop has a bidentate Ca2+ ligand 
(Glu or Asp) that functions as an anchor at the C-terminal of 
the binding loop. Among all the structures reported to date, 
the majority of EF-hand sites have been found to be paired 
either within multiple canonical EF-hand motifs or through 
the interaction of one pseudo EF-hand motif with one ca-
nonical motif [18] (Figure 2). For proteins with odd num-
bers of EF-hands, such as the penta-EF-hand calpain, 
EF-hand motifs are coupled through homodimerization or 
heterodimerization [20–22]. 

Due to the spectroscopically-silent nature of calcium and 
its physiological abundance, determination of the calcium 
binding capability of proteins is challenging. First, most 
experimental methods such as dialysis are only sensitive to 
the total calcium content. In addition, overcoming the per-
sistent background contamination of calcium during the 
preparation of calcium-free sample for proteins with strong 
calcium binding affinities is a non-trivial task. Further, since 
most calcium binding proteins contain multiple calcium 
binding sites that cooperatively bind calcium resulting in 
induced conformational change (e.g., CaM) (Figure 2), ob-
taining site-specific calcium binding affinity is limited by 

complication from contributions from cooperativity and 
conformational entropy [23]. Hence, understanding the mo-
lecular mechanism of biological function related to calcium 
is largely hampered by the lack of site specific information 
about the calcium-binding properties, especially for the 
ubiquitous EF-hand calcium-binding motif. Progress in un-
derstanding the molecular mechanism of calcium modulated 
biological process requires us to answer several important 
questions. First, what are the site-specific calcium binding 
affinities of calcium binding proteins, particularly those that 
utilize multiple coupled calcium binding sites to respond to 
sharp changes in cellular calcium concentration? Next, how 
can we predict or identify calcium binding sites in proteins 
using genomic and structural information? Finally, how can 
we verify calcium binding capabilities in the bacteria and 
virus genomes?  

In this paper we first describe our effort in developing a 
grafting approach to understand site-specific calcium bind-
ing affinities using calmodulin as an example. Next we dis-
cuss our progress in predicting EF-hand calcium binding 
sites in various biological systems such as bacteria and virus 
systems. We then report our results following application of 
the grafting approach to probe calcium binding capabilities 
in streptococcal hemoprotein receptor (Shr) of Streptococ-
cus pyrogenes and the nonstructural protein of Sindbis vi-
rus.  

2  Developing the grafting approach for probing 
site specific Ca2+ binding affinity 

To overcome the above-mentioned barriers and limitations 
associated with naturally-occurring Ca2+ binding proteins, 
we have developed a grafting approach for engineering a 
single Ca2+-binding site in order to dissect the key structural 
factors that control Ca2+-binding affinity, conformational 
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change and cooperativity. In principle, the key determinants 
for Ca2+ affinity can be systematically introduced into a 
stable host protein frame and evaluated by eliminating or 
minimizing the contribution of conformational change. The 
key factors that are essential for Ca2+-dependent conforma-
tional change can be further revealed by analyzing the fold-
ing, stability, dynamics, and conformations of the host pro-
tein upon binding of a designed Ca2+-binding site without 
the complication of cooperativity. The cooperativity of 
two-coupled Ca2+-binding sites can then be estimated once 
the intrinsic Ca2+-binding affinities of both sites are ob-
tained based on the energetics relationship. Figure 3 shows 
our grafting approach in obtaining site-specific calcium 
binding affinity using domain1 CD2 as a scaffold protein. 
We have shown that CD2 is an excellent scaffold protein 
[23–40]. It retains its native structure following insertion of 
the EF-hand motif both in the absence and presence of Ca2+ 
ions. This provides the foundation for measuring the intrin-
sic Ca2+ binding affinity with minimized contribution of 
protein conformational change. In addition, the aromatic  

 

Figure 3  Grafting approach to probe site-specific metal binding proper-
ties of Ca2+-binding proteins. (a) Schematic representation of the grafting 
approach. Any predicted linear Ca2+-binding sequence can be inserted into 
the host protein CD2 domain 1 (CD2.D1) between residues S52 and G53 
without disrupting the integrity of the host protein. Metal binding to the 
engineered protein can be monitored by taking advantage of a potential 
LRET pair, the buried Trp (W32) within the two layers of beta-sheets and 
the terbium ion bound to the inserted sequence. (b) Flow chart showing the 
application of grafting approach to confirm metal binding of predicted Ca2+ 
binding sites. Adapted with permission from ref. [23, 29]. 

residues in CD2 enable us to obtain Tb3+ affinity of the 
grafted Ca2+ binding loop using FRET. Ca2+ and its analog 
La3+ are able to compete with Tb3+ for the grafted metal 
binding site. We have also optimized the length of two gly-
cine linkers that connect the Ca2+ binding loop and CD2 to 
provide sufficient freedom for the loop. The grafted EF- 
loop III of CaM in different protein environments and scaf-
folds (such as CD2) has similar metal binding affinities for 
La3+ and Tb3+, which implies that the grafted EF-hand loop 
is largely solvated and functions independently from the 
host protein or the protein environment. More importantly, 
using high resolution NMR and 15N labeled protein, we 
have shown that both Ca2+ and La3+ specifically interact 
with the residues in the grafted EF-loop [25], suggesting 
that the grafted loop retains its native Ca2+ binding property. 
In addition, to dissect the contribution of the EF-loop and its 
flanking segments on Ca2+ affinity, we have inserted the 
EF-loop, the loop with the exiting F-helix, and the loop with 
both EF-helices of Site III of CaM into CD2. In contrast to 
the largely unfolded structure of the isolated peptide frag-
ment, the inserted flanking helices are partially formed, as 
revealed by both CD and NMR. Ca2+ affinity is enhanced 
about 3–10 fold when the flanking helices are attached. 
Further, we have first estimated the intrinsic Ca2+ affinities 
of the four EF-hand loops of CaM (I–IV) by individually 
grafting them into CD2. EF-loop I exhibits the strongest 
while EF-loop IV has the weakest binding affinity for Ca2+, 
La3+, and Tb3+. EF-loops I-IV of CaM have dissociation 
constants for Ca2+ of 34, 245, 185, and 814 μM, respec-
tively. Based on the results, we proposed a charge-ligand- 
balanced model in which both the number of negatively 
charged ligand residues and the balanced electrostatic den-
tate-dentate repulsion by the adjacent charged residues are 
major determinants for the Ca2+ binding affinities of EF- 
loops in CaM. Our grafting method provides a new strategy 
to obtain site-specific Ca2+ binding properties and to esti-
mate the cooperativity and conformational change contribu-
tions of coupled EF-hand motifs. We have shown that the 
contribution of the cooperativity and conformational change 
to the Ca2+ affinity for the C-terminal is 40% greater than 
that for the N-terminal. The same approach will be used to 
probe the site-specific Ca2+ affinity of bacterial proteins. 
Furthermore, we have applied high resolution pulsed-field- 
gradient diffusion NMR (PFG NMR) and analytical ultra-
centrifugation to investigate the oligomeric state of the iso-
lated EF-loop III of CaM in CD2 with and without the 
flanking helices. The loop without the helices (CaM-CD2- 
III-5G) remains unpaired in solution in the absence and 
presence of Ca2+. However, the loop with the flanking heli-
ces (CaM-CD2-III-5G-EF) is a dimer in the presence of 
Ca2+ [34]. Our findings suggest that hydrophobic residues 
on flanking helices play an essential role in dimerization and 
coupling of two EF-hand motifs for stronger Ca2+ affinity.  
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3  Identify putative Ca2+ binding proteins in 
bacterial genomes  

By taking advantage of the sequence homology of currently 
available EF-hand loops and the flanking structural contents, 
we generated a series of patterns for the prediction of EF- 
hand proteins. We have modified the pattern PS00018 by 
allowing more choices (Glu, Gln, and Ser) at position 1 and 
adding constraints at the flanking helical regions for ca-
nonical EF-hand motifs. In addition, several patterns have 
been developed to identify EF-hand like sites with different 
structural elements flanking the loop. Further, to circumvent 
the problem of identifying the pseudo EF-hand loop, a pat-
tern has been developed by moderately loosening the con-
straints at the paired C-terminal canonical EF-hand and in-
corporating reserved residues in the N-terminal pseudo 
EF-hand. Compared with the original pattern PS00303, the 
new pattern reflects conserved genomic information in both 
EF-motifs and significantly improved the predictive accu-
racy and sensitivity [41].  

To understand the role of Ca2+ in bacteria, we have pre-
dicted and analyzed potential bacterial EF-hand and EF- 
hand like Ca2+-binding motifs on a genome-wide scale using 
our developed bioinformatic tool (http://www.chemistry.gsu. 
edu/faculty/Yang/Calciomics.htm). A total of 390 putative 
Ca2+-binding proteins have been predicted. Of these, 40 
proteins were identified with multiple EF-hands ranging 
from 2 to 6, and 16 of these 40 proteins have been reported 
previously [32]. The other 350 proteins contain mononu-
clear EF-hands. Several examples in three classes of these 

predictions with diversity in the Ca2+-binding loop and 
flanking structural regions together with one class of pre-
diction from other methods are shown in Table 1. These 
proteins are implicated in a variety of cellular activities, 
including Ca2+ homeostasis [42–44], chemotaxis [8, 45, 46], 
binding to scaffold proteins [47], resistance to acid stress 
[48, 49] etc. According to their sequence homology and based 
on the assumption that they evolved from a common ances-
tor, these proteins could be further classified into several 
major phylogenetic groups [41].  

A notable example is the streptococcal hemoprotein re-
ceptor (Shr), a surface protein with a role in iron uptake that 
has no significant homologues in other bacteria but shares 
partial homology with eukaryotic receptors such as Toll and 
G-protein dependent receptors (gi 15675635, GenBank). 
Additional sequence analysis identified a leucine-rich repeat 
domain, an EF-hand Ca2+ domain, and two NEAT domains 
[50]. As shown in Figure 4, the single EF-hand motif identi-
fied in Shr has a significant homology to that of CaM with 
all the conserved Ca2+ binding ligand residues and two 
flanking helices (Figure 4). 

4  Predicting calcium binding sites in virus genome  

Though EF-hands have been found abundantly in eukaryo-
tes and bacteria, literature reporting EF-hand or EF-hand 
like Ca2+-binding motifs in virus proteins is scarce, possibly 
due to lack of accurate prediction methods and robust vali-
dating methodologies. A thorough search in PubMed with 
the key words “EF-hand and virus” only results in 4 examples 

Table 1  Examples of predicted calcium binding sites in bacteria [41]  

class patterns protein name (Accession ID) prediction organism sequence and 2° structure 

I 
canonical EF-hand 

(ELOOPF) 
PlcR (PA0843) Pseudomonas aeruginosa 

 

  Shr (NF01861114) Streptococcus pyrosenes 
 

II EF-hand like hypothetical protein Ecs5257 (NF0070486) Escherichia coli 
 

  
N-acetylmuramoyl-L-alanine amidase amiB 
precursor (NF0069565) 

Escherichia coli 

 

  rhamnulokinase (NF01134307) Escherichia coli 

 

  putative glycosyltransferase (NF01744738) Escherichia coli 
 

  resolvase family recombinase (NF00692267) Escherichia coli 

 

III 
excalibur 

DXDXDXXXCE 
YokF protein (O32001) Bacillus subilis 

 

IV EHEDDSDDDD ChaA Na+/Ca2+ antiporter (NP_415734) Escherichia coli 
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Figure 4  Examples of predicted EF-hand Ca2+ binding motifs. (A) Predicted function domains of Shr and Tte consensus sequence of canonical EF-hand 
motif with coordination ligand positions (red) in the EF-hand (1, 3, 5, 7, 9, 12) and the hydrophobic residues (n, blue). The predicted EF-hand from Shr 
(Streptococcal hemoprotein receptor, S. pyrogenes) and PlcR (phospholipase accessory protein, P. aeruginosa) are aligned with some EF-hands known to 
form oligomers: CaM EF3, the third EF-hand from calmodulin; TnC EF3, the third EF-hand from troponin C; PV EF3, the third EF-hand from parvalbumin; 
D9K EF2, the canonical EF-hand from calbindin D9K, The search patterns used for the identification of the EF-hand loop and flanking helices (Helix E and 
Helix F) are also shown in the bottom. (B) Predicted EF-hand motifs in Rubella and alphavirus. An EF-hand motif was predicted in the protease domain of 
rubella virus or the putative methyltransferase domain of nsP1 of alphaviruses. Both rubella virus and alphaviruses belong to the Togaviridae family. RV, 
Rubella virus; SINV, Sindbis virus; VEEV, Venezuelan equine encephalomyelitis virus; WEEV, Western equine encephalitis virus; RRV, Ross River virus; 
SFV, Semliki forest virus. Adapted with permission from ref. [6, 41].

of viral EF-hand or EF-hand like motifs: the NSP protease 
domain (DASPDGTGDPLD) of rubella virus, the VP1 
(DENGVGPLCKGE) of polyomavirus, the VP7 outer cap-
sid protein (DITADPTTAPQTE) of rotavirus, and the 

transmembrane protein gp 41 of HIV-1. The binding of Ca2+ 
to these sequences either enhances the protein stability or 
promotes enzyme activity. 

Given the diversity of viral genomes and its close asso-



58 CHEN YanYi, et al.   Sci China Chem   January (2010) Vol.53 No.1 

ciation with host cells that are abundant with the EF-hand 
motif, it would be surprising to find only 4 cases, therefore 
we initiated a comprehensive search for potential viral 
EF-hand motifs by screening all viral genomic information 
that is available on the protein database Swiss-Prot/ 
TrEMBL. With our developed method, along with the pat-
tern PS00018 (http://ca.expasy.org/prosite/PDOC00018) from 
Expert Protein Analysis System (ExPASy) proteomic server, 
we have detected a number of additional potential EF-hand 
motifs, though the Ca2+-binding capabilities of these se-
quences remain to be experimentally verified. The 93 puta-
tive EF-hand or EF-hand-like motifs are found in the ge-
nomes of almost 80 different viruses, spreading throughout 
the majority of virus families. Almost all of these matches 
are found to be single EF-hand motifs except for two 
EF-hand or EF-hand-like motifs detected simultaneously in 
the envelope protein of HIV-1 and the immediate-early 
protein RSP40 of pseudorabies virus. These putative viral 
EF-hand-containing proteins are involved in a wide range of 
viral or cellular events, such as viral adsorption and fusion 
(neuraminidase of influenza A virus, Sendai virus and hu-
man parainfluenza virus 1; envelope glycoprotein of HIV-1; 
spike protein of rat coronavirus, murine hepatitis virus and 
bovine ephemeral fever virus; glycoprotein B of feline 
herpesvirus 1), virion assembly and disassembly (coat pro-
tein of beet yellow stunt virus, papaya ringspot virus and 
African horse sickness virus), viral precursor protein proc-
essing (nonstructural protease of rubella virus), viral nucleic 
acid modification and replication (mRNA-capping enzyme 
of alphavirus; RNA-directed RNA polymerase of to-
bamovirus, respiratory syncytial virus, and influenza A vi-
rus; DNA methylase of sulfolobus virus; DNA polymerase 
of nucleopolyherosis virus and human herpesvirus 2) and 
transcriptional regulation of viral genes (ICP0 of bovine 
herpesvirus 1; IE63 of human herpesvirus 3; ICP4 of equine 
herpesvirus 1). In addition, the functions of almost 20% of 
these matched proteins remain uncharacterized. We hope 
that our prediction will serve as a prelude to more extensive 
searching for additional viral Ca2+-binding proteins that are 
closely associated with virus-host interacting events (Figure 
1(b)).  

Rubella virus (RUB), the only member of the genus 
Rubivirus, in the Togaviridae family, is the causative agent 
of a disease called rubella or German measles. Nonstruc-
tural protein (NS) open reading frame (ORF) of RUB en-
codes a polypeptide precursor which is able to cleave itself 
into two replicase components involved in viral RNA repli-
cation. A putative EF-hand Ca2+ binding motif of the non-
structural protease that cleaves the precursor was success-
fully predicted across different genotypes of RUB and de-
termined by established grafting approach [51]. The grafted 
EF-loop bound to Ca2+ and its trivalent analogs Tb3+ and 
La3+ with dissociation constants of 214, 47, and 14 μM, 
respectively. The NS protease containing mutations of cal-

cium binding sites elimination (D1210A and D1217A) was 
less efficient at precursor cleavage than the wt NS protease 
at 35°C, and the mutant NS protease was temperature sensi-
tive at 39°C, confirming that the Ca2+ binding loop played a 
structural role in the NS protease and was specifically re-
quired for optimal stability under physiological conditions. 
Interestingly, the same bioinformatics algorithm that suc-
cessfully predicted the Ca2+-binding loop in the RUB NS 
protease also predicted an EF-hand Ca2+-binding motif in 
nsP1 of alphaviruses (Figure 4(b)). NsP1 is one of the four 
nonstructural proteins produced by alphaviruses and is in-
volved in membrane binding and has methyl/guanylyl 
transferase activity.  

5  Using developed grafting approach to verify 
calcium binding capability of the predicted EF- 
hand motifs in Shr of S. pyrogenes and nsP1 of 
Sindbis virus 

Next, we grafted two predicted 29-residue EF-hand motifs, 
one from the Shr of S. pyrogenes (CD2.Shr.EF) and the 
viral nsP1 of Sindbis virus (CD2.Sin.EF), into CD2.D1 to 
examine their Ca2+ binding capability by using aromatic 
residue-sensitized Tb3+ luminescence resonance energy 
transfer (Tb3+-LRET) (Figure 5). Circular dichroism studies 
of both engineered proteins showed a notable trough at 
~216 nm which is characteristic of β-sheet structure. More 
negative signals were observed below 240 nm due to the 
contribution from the insertion of the helix-loop-helix se-
quences. Both proteins were able to bind the Ca2+ analog, 
Tb3+, with affinities of 25.1 μM for CD2.Shr.EF and 16.4 μM 
for CD2.Sin.EF (Figure 5(c)–(d)). The biological relevance 
of these EF-hand Ca2+-binding motifs will be further inves-
tigated. 

6  Summary and perspective 

Overall, based on sequence homology, we have developed a 
straightforward and fast method to detect linear Ca2+-bind-      
ing motifs from genomic information. Genome-wide analy-
sis of EF-hand Ca2+-binding motifs in bacteria and virus 
have been analyzed with this methodology. Experimentally, 
we have also developed a robust and reliable grafting ap-
proach to study Ca2+-binding properties of continuous Ca2+ 
binding sites. This novel approach has been successfully 
used to dissect site-specific Ca2+ binding affinity and coop-
erativity among the four canonical EF-hands in the proto-
typical Ca2+-binding protein, calmodulin. The combination 
of these two approaches is expected to enable us to explore 
more Ca2+ binding sites that are underrepresented due to the 
limitation of available methodology. 
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Figure 5  Probing metal binding properties of predicted EF-hand Ca2+ binding motifs from Shr of Streptococcus pyrogenes (CD2.Shr.EF) and from the 
nsP1 of Sindbis virus (CD2.Sin.EF). (a) Modeled structure of the engineered protein with the insertion of a 29-residue helix-loop-helix EF-hand motif. (b) 
Far ultra-violet circular dichroism spectra of CD2 wild type and the engineered proteins. (c) and (d) Tb3+-binding curves of the engineered proteins 
CD2.Shr.EF and CD2.Sin.EF. The titration curve is fitted for a 1:1 binding stoichiometry. Figure 5 is the data from our study.
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