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Abstract
EFhd2 is a novel protein conserved from C. elegans to H. sapiens. This novel protein was
originally identified in cells of the immune and central nervous systems. However, it is most
abundant in the central nervous system, where it has been found associated with pathological
forms of the microtubule-associated protein tau. The physiological or pathological roles of EFhd2
are poorly understood. In this study, a functional and structural analysis was carried to
characterize the molecular requirements for EFhd2’s calcium binding activity. The results showed
that mutations of a conserved aspartate on either EF-hand motif disrupted the calcium binding
activity, indicating that these motifs work in pair as a functional calcium binding domain.
Furthermore, characterization of an identified single-nucleotide polymorphisms (SNP) that
introduced a missense mutation indicates the importance of a conserved phenylalanine on EFhd2
calcium binding activity. Structural analysis revealed that EFhd2 is predominantly composed of
alpha helix and random coil structures and that this novel protein is thermostable. EFhd2’s thermo
stability depends on its N-terminus. In the absence of the N-terminus, calcium binding restored
EFhd2’s thermal stability. Overall, these studies contribute to our understanding on EFhd2
functional and structural properties, and introduce it into the family of canonical EF-hand domain
containing proteins.
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Introduction
EFhd2 is a novel calcium binding protein conserved from invertebrates to vertebrates,
suggesting that this protein may play an important physiological role that withstands the
forces of evolution [1]. EFhd2 has a polyalanine motif, two EF-hand motifs and a coiled-coil
domain that are highly conserved across distant taxa [1, 2]. The polyalanine motif is located
at the N-terminus, while the coiled coil domain is at the C-terminus [1]. Both, polyalanine
and coiled-coil, are known to promote protein-protein interactions [3]. The EF-hand motifs
are known to mediate calcium binding, and these are found close to the center of EFhd2’s
protein sequence [1–2, 4].

EFhd2 expression is detected in most organs, but it is mainly abundant within the brain [2].
This protein was first identified in CD8 T cells, but it has also been detected in CD4 T cells
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and mast cells [5–7]. In B cells, it appears to serve as a modulator of B-cell receptor (BCR)
proapototic signaling [7]. Previous work showed that EFhd2 protein influences cell survival
by negatively modulating the NF-kB anti-apoptotic pathway and affected calcium efflux
from the endoplasmic reticulum storage [7]. In the brain, EFhd2 was found associated with
the microtubule-associated protein tau in a tauopathy mouse model (JNPL3) and humans
with tauopathies, such as Alzheimer’s disease [2]. However, the physiological or
pathological roles that EFhd2 plays in either the nervous or immune system remains poorly
understood.

EF-hand domain containing proteins mediate calcium signaling pathways in the cell [3].
These calcium-binding proteins are mainly divided in two types: calcium sensors and
calcium modulators. This classification is based on the structure and function of these
proteins after calcium binding [8–9]. Calmodulin is the most classical example of a calcium
“sensor”. Calcium binding induces a conformational change in calmodulin that leads to the
exposure of specific residues that enable it to associate with other proteins, such as the
calmodulin-dependent protein kinase II [10]. Other calcium-binding proteins, such as
calbindin D9K, are classical calcium “buffers” or “modulators”. Calcium binding does not
induce a significant conformational change in these proteins. Members of the EF-hand
calcium buffers serve as modulators of cytoplasmic calcium ions [9, 11–13]. A more recent
study on EFhd2’s calcium binding activity indicated that this novel protein influences the
intracellular calcium concentration upon activation of the B cell receptor in WEHI231 cells
[14]. However, it is still unclear if EFhd2 belongs to either of the classes of calcium binding
proteins. In this study, a functional domain analysis was performed to characterize EFhd2’s
calcium binding activity and structural stability.

Materials and Methods
Bioinformatics Analyses

Protein Sequence alignment was made using NCBI sequences of EFhd2 for various
organisms at http://www.ncbi.nlm.nih.gov/sites/entrez. EF-hand domain prediction was
made using the SMART server at http://smart.embl-heidelberg.de/. Coiled-coil domain
prediction was made using the COILS algorithm at: http://www.ch.embnet.org/software/
COILSform.html [15]. Prediction of EFhd2 secondary structure from its primary sequence
was made using the SCRATCH protein prediction tool at: http://
scratch.proteomics.ics.uci.edu/index.html [16]. Protein structure prediction was carried out
using the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/) [17]. Mouse EFhd2 sequence
was analyzed using the “Intensive Modeling Mode” on this server. The structure shown is
the one obtained at a 99.9% confidence level.

Cloning of Recombinant EFhd2 Proteins
His-tagged EFhd2 proteins—The mouse EFhd2 cDNA encoding the wild type (753bps)
and the C-terminus truncated mutant (594 bps) EFhd2 protein were subcloned from pIV-53
and pIV-54 respectively (constructs synthesized by IDT DNA Technologies, not shown in
Table 1) to Vector pp-80L (5Prime Cat No. 2400850) between BamHI and HindIII
restriction sites resulting in pIV-56 and pIV-57. Ligation reactions were transformed in E.
coli XL-1 cells using standard procedures. Colonies were screened by colony PCR. Positive
colonies were further confirmed by sequencing (Sequencing & Genotyping facility (SGf)
UPR-RP and MCLAB Sequencing services).

Point mutants—His EFhd2 point mutants near and in the EF-Hand domains were
generated by site directed mutagenesis (Stratagene) following manufacturer’s
recomendations in pIV-56 using the following primer pairs: for D105A REV 5′ GCC ATC
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CCT GCC GGC GGC AGC ATA CTG CTT GAA CAT CTT CTC 3′ and FWD: 5′ GAG
AAG ATG TTC AAG CAG TAT GCT GCC GCC GGC AGG GAT GGC 3′; for D141A
FWD: 5′CTC AAG AGT ATG ATC CAG GAG GTG GCC GAG GAT TTC GAC AGC 3′
and REV: 5′ GCT GTC GAA ATC CTC GGC CAC CTC CTG GAT CAT ACT CTT GAG
3′; for F89L FWD 5′ CCC TAC ACC GAG TTC AAG GAG TTG TCC AGG AAG CAG
ATC AAA GAC 3′ and REV 5′GTC TTT GAT CTG CTT CCT GGA CAA CTC CTT
GAA CTC GGT GTA GGG 3′. All mutations were confirmed by sequencing (MCLAB
sequencing services). The resulting plasmids were named pIV-60, pIV-59 and pIV-58,
respectively.

The EFhd2ΔNT was amplified from plasmid pIV-5 by PCR using primers FWD 5′ GCC
ATA GGA TCC ATG GCC ACG GAC GAG TTG GCC 3′ and REV 5′ GCC AAT GGT
ACC CTA CTT GAA CGT GGA CTG 3′. PCR were performed in a 20 μl total volume,
and the reaction mixtures contained 100 ng of DNA template, 150 ng of DNA primers, 200
μM dNTPs and 0.2 μl Phusion™ DNA polymerase. PCR conditions were as follows: Initial
denaturation for 4 min. at 94 °C; denaturation at 94°C for 30 seconds, annealing at 55 °C for
30 seconds, and extension at 72 °C for 45 seconds (25 cycles total). Final extension was
performed at 72 °C for 7 min. PCR products were resolved in a 2% agarose gel, and 567 bps
DNA fragments were isolated using Qiagen’s Gel Extraction Kit (Qiagen Cat No. 28704)
according to manufacturer’s recommendations. DNA was then digested with BamHI and
Kpn1. Plasmid pIV-35 (PerfectPro cis-repress Vector Set from 5 Prime (Cat No. 2400850)
was also digested with BamHI and KpnI. PCR products were ligated into linearized plasmid.
Ligation reactions were transformed in E. coli BL-21 cells using standard procedures.
Colonies were screened by colony PCR. Positive colonies were further confirmed by
sequencing (Sequencing & Genotyping facility) UPR-RP.

Recombinant Protein Purification
His tagged proteins—E. coli bacteria overexpressed EFhd2 His-tagged proteins full
length, point mutants, N-terminus truncation and coiled-coil truncation after the addition of
0.4 mM IPTG and induction for 1 hr. Bacteria were collected by centrifugation, resuspended
in a buffer composed of 150 mM sodium chloride, 50 mM Tris Base, 5 mM imidazole, pH
7.4, and lysed by sonication. The cytoplasmic fraction of the lysate was incubated with a
His-tag affinity nickel column and proteins were eluted using a buffer composed of 150 mM
sodium chloride, 50 mM sodium phosphate, 250 mM imidazole, pH 8. To assess
purification, eluted proteins were resolved by SDS-PAGE and visualized by coomassie blue
staining.

Radioactive Calcium 45 Binding Assays
In vitro calcium45 binding assay—Recombinant His-EFhd2WT, His-EFhd2ΔNT, His-
EFhd2ΔCC and EF-hand motif mutants (D105A and D141A) were affinity purified from
bacterial lysate using a nickel affinity column as described above. Proteins bound to the
column beads were extensively washed and equilibrated with binding buffer (10 mM Tris-
HCl pH 7.5, 100 mM KCl). The same amount of beads was used for each reaction and these
were incubated for 30 min. with 1.3 μCi 45CaCl2 at room temperature. After incubation,
beads were washed five times with binding buffer to remove excess 45Ca and added to 10
mL scintillation counter liquid. The radioactivity associated to these beads was measured
using a Beckman Coulter scintillation counter (LS6500 Multi-Purpose Scintillation
Counter). The amount of 45CaCl2 bound to the beads was corrected for the amount of
protein used on each reaction.
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Circular Dichroism
Circular dichroism experiments were performed in an Olis™ DSM 10 CD spectrophotometer
instrument, in a temperature controlled cell using a 0.2 mm quartz cuvette. Spectra of His-
EFhd2WT, His-EFhd2ΔNT, His-EFhd2ΔCC and BSA secondary structure were obtained in
the far-UV region (190–260 nm). All spectra were corrected against the solvent background.
To study the effect of calcium binding in the secondary structure of EFhd2WT and EFhd2
mutants, recombinant His-tagged proteins were purified from bacteria using a nickel affinity
column. These proteins were extensively washed, eluted, dialyzed against ddH2O and purity
was assessed by SDS PAGE and coomassie staining. Protein solutions of 1.4 mg/mL for
His-EFhd2 proteins (51 μM His-EFhd2WT, 62 μM His-EFhd2ΔNT, 59μM His-EFhd2ΔCC)
were prepared in ddH2O to avoid absorbance of compounds in the far UV region and
prevent the formation of unwanted salts when CaCl2 was added. Protein quantification using
UV at 280 nm was made using the extinction coefficient: 2980 M−1cm−1 for all three EFhd2
proteins. Molecular weights used for each protein were the following: His-EFhd2WT:
27623.0 g/mol, His-EFhd2ΔNT: 22510.5 g/mol, His-EFhd2ΔCC: 23823.8 g/mol, as estimated
by the Prot Param algorithm (http://www.expasy.ch/tools/protparam.html) [18]. Protein
concentrations were also confirmed using a Bradford protein quantification assay and by
SDS PAGE, resolving 1uL of purified proteins with concentration standards and staining
with coomassie blue. In the BSA control experiments, purified lyophilized protein (MW
69323.4 g/mol) was resuspended in ddH2O and 1mg/mL (14 μM) of protein was used plus
or minus 1mM CaCl2. For the thermal denaturation experiments, a step-wise 10°C increase
was made from 25°C to 75°C, incubating 5 min. on each temperature. The spectra shown in
all EFhd2 figures represent an average of 10 scans at 25°C and 75°C. These spectra were not
smoothed. The secondary structural elements that composed these spectra were estimated
using the CDNN software [19]. The units used to analyze the data were molar residue
ellipticity (in degree cm2 dmol−1). The CD data was collected in milliabsorbance units (ΔA)
and transformed to ellipticity θ using the relationship [θ = ΔA × 32.982]. The molar residue
ellipticity was obtained using the following relationship: [Θ] = θ/(10 × n × l × c) where θ is
the ellipticity (millidegrees), n is the number of amino acid residues in the protein, l is the
cuvette pathlength in cm and c is the concentration in M.

A recent study has used the CDNN program to analyze a novel calcium-binding protein’s far
UV-CD [20]. In this program, the secondary structure total content should be as close as
possible to 100 %. If this value deviates more than 10%, possibly the analyzed spectra were
not correctly matched to the CDNN’s protein structural database (i.e. the spectrum is very
different from any other in the program database) or there is an error in the data unit
conversion. The total sum is not presented on Tables 2–4. Some of the total percentages
were above the 10% error threshold, mostly when analyzing spectra at 75°C (i.e. His-
EFhd2ΔNT, 118.4%).

Statistical analyses
Student’s T-test—To statistically analyze and compare the samples in the radioactive
calcium binding assays was used a student’s T-test, paired, with a 2 tailed distribution.
Using this test was determined whether there were significant differences between two
samples that came from the same two underlying populations and had the same mean. The p
values returned from the T-test algorithm were considered significant if p < 0.05.

Results
The N- and C-terminus are not required for EFhd2 Calcium Binding Activity

The EFhd2 protein of 240 amino acids could be divided in three principal regions: N-
terminus, EF-hand domain and C-terminus (Fig. 1A). The N-terminus contains a polyalanine
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motif, found most frequently in nuclear proteins such as DNA-binding transcription
regulators, but the specific function of this domain is still unclear [21]. EFhd2’s polyalanine
motif is only conserved among mammals, from mice to humans (data not shown). In
contrast to the polyalanine motif, the coiled-coil domain is located at the C-terminus is
highly conserved (Fig. 1A). Coiled-coils are one of the most well-characterized protein
domains and they are known to mediate protein-protein interactions [4]. Conversely,
calcium-binding capacity of proteins with interaction domains could be affected while
associating with other proteins or ligands because of sterical constraint or induced
conformation changes. In order to determine whether the N- and C-terminus of EFhd2 have
an effect on its calcium binding capacity, N- and C-terminal truncation mutants were
constructed and subjected to calcium binding activity assays. As previously shown, the His-
EFhd2WT protein binds calcium (Fig. 1B; p < 0.002). However, truncation of either the N-
or C-terminus increased the calcium binding capacity of EFhd2 when compared to His-
EFhd2WT (Fig. 1B; ΔNT, p<0.01 and ΔCC, p<0.001). Radioactive calcium binding was
normalized based on the amount of recombinant protein purified (Fig. 1C). Thus, the results
suggest that the N- and C-terminus may affect the accessibility of calcium ions to the EF-
hand motifs or the deletion promote a conformational change that enhances calcium binding.

The EF-hand Motifs are required for EFhd2 Calcium Binding
Based on sequence alignment, EFhd2 has two canonical EF-hand motifs (Fig. 2). EFhd2’s
predicted EF-hand motifs are found from amino acids 95–123 and 131–159. The loop in the
helix-loop-helix that forms the EF-hand motif (shown as EF-loop in Fig. 2) should mediate
calcium binding. The canonical EF-loops on EFhd2 are: EF-loop1, 105aa
DAGRDGFIDLME 116aa, and EF-loop 2, 141aa DEDFDSKLSFRE 152aa. The other two
coordinating residues are provided by a bidentate carboxylate from an acidic amino acid
located in the helix closest to the C-terminus of the motif. The first residue in this loop is
always an aspartate that plays an essential role in the stereochemistry of the domain’s
arrangement and the calcium ion positioning [3]. Mutation of this important residue has
been shown to disrupt the calcium binding capacity of other EF-hand containing proteins,
such as Tescalcin [22]. Additionally, mutation of the last glutamate residue (E116 and E152)
on EFhd2’s EF-hand loops has shown to affect its calcium binding activity [14]. Thus, in
order to corroborate EFhd2’s EF-hand motifs calcium-binding activity, a point mutation was
made on the first aspartate residue of either EF-loop 1 (D105A) or EF-loop 2 (D141A),
which are 100% conserved from human to nematodes (Fig. 2).

EFhd2 point mutants, named HIS-EFhd2D105A and HIS-EFhd2D141A, were generated using
site-directed mutagenesis. HIS-EFhd2WT was used as calcium-binding positive control,
whereas nickel beads incubated with bacterial extract was used as negative control (Fig.
3A). Equal protein concentration of the purified recombinant proteins was used in the
calcium-binding assay (Fig. 3B). Mutation of the first aspartate residue in either EF1 or EF2
significantly reduced the calcium binding capacity of EFhd2 (Fig. 3A). These results
indicate that EFhd2 calcium binding activity depends on the integrity of both canonical EF-
hand motifs.

EFHD2 gene is located within chromosome 1 in humans and chromosome 4 in mice.
Interestingly, the EFHD2 gene is found in chromosome 1 at the 1p36.21 locus. On the
AlzGene database, two different studies showed that the chromosome region encompassing
EFHD2 gene locus has been linked to (and in a third study associated to) late-onset
Alzheimer’s disease [23–26]. Furthermore, chromosome 1 sequences were aligned and
several single nucleotide polymorphisms (SNPs) were detected by the SNP Discovery
Group, a consortium between NIH and Sanger Institute, UK (the NCBI Single Nucleotide
Polymorphisms Reference Assembly at http://www.ncbi.nlm.nih.gov/SNP/index.html).
Most SNPs were identified outside the coding region. However, the SNP rs12131549 was
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found to introduce a missense mutation on the EFHD2 gene’s coding sequence that changed
a phenylalanine, at amino acid position 89, to a leucine (F89L). Previous studies using well-
characterized calcium binding proteins such as Calbindin D9k and troponin C, have
produced mutants with similar hydrophobic substitutions near or within the EF-hand
domains to study its structural and functional consequences [8, 12, 27–28]. Thus, to evaluate
whether the F89L mutation had an effect on the calcium binding activity of EFhd2,
recombinant HIS-EFhd2F89L was generated. Recombinant HIS-EFhd2F89L mutant showed a
noticeable reduction in radioactive calcium binding in comparison to HIS-EFhd2WT (Fig.
3A). These results suggest that the SNP that generates the point mutation F89L could
compromise the calcium binding activity of EFhd2.

Random coil and alpha helix are the predominant secondary structure in EFhd2
EFhd2 secondary structure is still unknown. All conserved domains in the EFhd2’s protein
sequence are known to be predominantly alpha helical [3–4, 29]. These structural units
comprise most of EFhd2’s protein sequence. Thus, it is very reasonable to hypothesize that
EFhd2 may be a globular protein, consisting of alpha helical structures. Consistently,
bioinformatics analyses using SCRATCH [16] and Phyre2 [17] protein prediction tools
suggested that EFhd2 structure consisted mainly of alpha helices (Fig. 7). In order to
validate the bioinformatics results, purified recombinant His-EFhd2WT was subjected to
circular dichroism (CD) analyses (Fig. 4). The far-UV CD spectrum (far-UV region 190–
260 nm) of purified proteins gives information about the presence of several types of
secondary structure, such as alpha-helix, beta-sheet, β-turn, and random coil [30–31]. The
shape of the far-UV CD spectrum for proteins with large amounts of alpha helical secondary
structure is quite characteristic and can be exemplified using a well-known model protein,
such as Bovine serum albumin (BSA). The spectrum of BSA shows two positive peaks at
200 nm and 222 nm, and two negative peaks at 210 nm and 230 nm, characteristics of
predominantly alpha helical structure (Fig. 4A). Similar profile was observed for His-
EFhd2WT (Fig. 4B), indicating that the secondary structure of this novel protein contains
alpha helical elements.

To determine if the deletion of EFhd2’s N- and C-terminus induced a structural change
when compared to the native protein, CD analyses were performed. Interestingly, none of
these truncations generated spectra that significantly diverged from the full length protein’s
secondary structure spectrum (Fig. 4C and 4D). The similarities between these mutants and
the native protein spectra suggest that the absence of the N- or C-terminus fragments did not
change the secondary structural organization of EFhd2, as detected by CD. Importantly,
deconvolution of the CD spectra predicted that the composition of secondary structures in
the EFhd2’s truncation mutant proteins did not significantly deviate from those on the
EFhd2WT protein (Table 2).

Calcium binding can induce a conformational change as described for proteins that function
as calcium sensors [10]. CD analyses were performed to determine if EFhd2 secondary
structure changed upon calcium binding. Recombinant His-EFhd2WT and truncation mutants
were subjected to CD analysis in the presence of calcium (Fig. 4, dashed line). As control, a
CD spectrum of BSA in presence of calcium was also obtained. The CD spectra obtained
did not show significant deviation from that of the proteins without calcium (Fig. 4, solid
line). Deconvolution of the CD spectra showed no significant change in the secondary
structures between untreated and treated with calcium (Table 2). The results suggest that
calcium binding does not significantly induced secondary structure changes on EFhd2
protein.
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EFhd2 N-terminus and Calcium Binding Confer Thermal Stability
Calcium binding is known to confer thermal stability to some proteins [32–33]. Thus, the
thermal stability of EFhd2’s secondary structure was determined in the presence and
absence of calcium to further characterize the effects of calcium binding upon this protein.
CD analyses were performed throughout a temperature gradient from 25°C to 75°C, in
presence or absence of 1 mM CaCl2. The results showed that as the temperature increases to
75°C, His-EFhd2WT secondary structure did not deviated from that of the native at 25°C
(Fig. 5A). The presence of calcium did not change this result, suggesting that EFhd2 is a
thermostable protein (Fig. 5A and 5B). As expected, the secondary structure of BSA, used
as a control in these experiments, was disrupted at 75°C, regardless of the absence (Fig. 5C)
or presence (Fig. 5D) of calcium. Deconvolution of the CD spectra clearly showed a
significant change in BSA’s secondary structure that was not observed for EFhd2WT protein
(Tables 3 and 4). These results indicate that EFhd2 is a thermally stable protein that can
withstand temperatures of at least 75°C, regardless of its calcium biding activity.

To determine whether the C- or N-terminus influenced EFhd2’s thermal stability, we
performed the same experiments using the EFhd2 truncation mutants in presence or absence
of 1mM CaCl2 (Fig. 6). The CD analyses showed that His-EFhd2ΔNT mutant is the most
sensitive of all constructs when exposed to high temperatures of 75°C without calcium (Fig.
6A). Deconvolution of the CD spectra clearly demonstrated a significant deviation in
secondary structure at 25°C versus 75°C (Table 3). Conversely, His-EFhd2ΔCC showed not
significance change in the CD spectra at 25°C versus 75°C (Fig. 6C). Thus, the presence of
the N-terminus confers the thermo stability detected for the EFhd2 protein. CD analysis of
His-EFhd2ΔNT in presence of calcium showed no significant change in secondary structure
upon temperature increase to 75°C (Fig. 6B). Interestingly, calcium binding restored the
thermal stability to His-EFhd2ΔNT protein. The results suggest that EFhd2’s N-terminus
confers structural stability, which in its absence is restored by calcium ions.

EFhd2 Structural Modeling
Deletion of either the N- or C-terminus increases the calcium binding capability of EFhd2
protein. Thus, the N- and C-terminus may preclude calcium binding activity or deletion of
these domains induces a conformational change that generates a more efficient calcium
binding protein. Analysis of EFhd2’s protein sequence through the protein structure
prediction program Phyre2 [17] modeled an extended structure at 99.9% confidence, formed
predominantly of alpha helices and random coils (Fig. 7), which coincides with the CD
analysis (Fig. 5). In this structure, the EF-hand motifs fold into a domain distant from the N-
and C-terminus (Fig. 7, WT). Both conserved aspartate residues are located adjacent to each
other (Fig. 7). The deletion of the N-terminus generates a more globular protein, maintaining
the EF-hand motifs almost at the same distance as the full-length protein (Fig. 7, compare
WT vs. ΔNT). The distance between the two EF-hand motifs was reduced in the C-terminus
deletion mutant (Fig. 7). However, the distance between important negative charge amino
acids (D105 and E116) in the same EF-hand loop did not deviate from that of the full-length
protein (Fig. 7). Therefore, deletion of N- and C-terminus mutants may render the EF-hand
motifs more accessible for calcium binding. In contrast, the F89L mutation induced a
conformational change that reduces the distance between negative amino acids in the same
EF-hand loop and between both EF-hand motifs. This conformational change may explain
the HIS-EFhd2F89L mutant reduced calcium binding activity. Further experiments are
required to validate these structural models.
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Discussion
EFhd2’s EF-hand motifs are conserved from humans to nematodes, suggesting that EFhd2’s
calcium binding activity may be essential for its physiological role. Recently, Hagen et al.
(2012) showed that EFhd2 may play a role in BCR-induced calcium flux in WEHI231 cells
[14]. They tested different EF-hand loops point mutants (E116A and E152A) than the one
shown here, but obtained the same results [14]. As shown here, their data also indicated that
both EF-hand motifs are functional and necessary for EFhd2’s calcium binding activity [14].
They concluded that one EFhd2 molecule binds two calcium ions based on equilibrium
centrifugation assays [14]. Furthermore, in vivo assays using excitable ratiometric calcium
indicator to monitor the BCR-induced calcium flux suggested that overexpression of EFhd2
enhances significantly the amount of free calcium detected in WEHI213 cells after
stimulation with IgM antibodies [14]. Hagen et al. (2012) also showed that this phenomenon
was primarily mediated by EFhd2’s N-terminus domain and the first EF-hand motif [14].
Although calcium binding activity of the N-terminus deletion mutant was not measured, the
results suggested that expression of N- and C-terminal deletions failed to restore the BCR-
induced calcium flux in WEHI231 cells [14]. Based on our results, N-terminal and C-
terminal truncations enhanced the calcium binding capability of EFhd2. Thus, it is possible
that the reduced level of free calcium detected by Hagen et al. (2012) upon stimulation of
WEHI213 cells could be due to the enhanced calcium binding capability of the
overexpressed EFhd2 N- and C-terminus mutant. On the other hand, it is also plausible to
suggest that N- and C-terminus deletion could disrupt the association of EFhd2 with other
proteins required to mediate or facilitate the BCR-induced calcium flux.

EFhd2 may function as a calcium sensor involved in signal transduction pathways induced
by cellular cues or insults. In cells of the immune system, EFhd2 has been associated to
signaling pathways triggered by the B-cell receptor. Additionally, its expression level in B-
cells modulates the apoptotic signaling pathway [5]. EFhd2 has been suggested to function
as a scaffolding protein that brings together spleen tyrosine kinase, SLP-65 and PLCγ2 to
mediate BCR-induced calcium flux [7]. In the central nervous system, EFhd2 has been
shown to associate with the microtubule-associated protein tau [2]. The association between
EFhd2 and tau was detected in the course of tau-mediated neurodegeneration [2]. In both
systems where EFhd2 has been studied, calcium ions play an important signaling role.
Calcium plays a crucial role in B-cell activation and fate [34]. In addition, calcium
dysregulation (i.e. increased intracellular calcium levels) has been linked to the
pathophysiology of neurodegenerative disorders such as Alzheimer’s disease [35]. Thus,
EFhd2 main physiological function and putative pathological role may be directly linked to
calcium signaling pathways involved in regulating cellular fate. Further studies are required
to decipher the physiological and pathological role of the novel calcium binding protein
EFhd2.
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BCR B-cell receptor

BSA Bovine serum albumin

CD Circular dichroism
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Efhd2 EF-hand domain 2

GST Glutathione-S-transferase

SNP Single nucleotide polymorphism
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Fig. 1. His-EFhd2WT and truncation mutants His-EFhd2ΔNT and His-EFhd2ΔCC bind calcium
in vitro
A) Illustrated representation of EFhd2 domains under study, the N-terminus, the polyalanine
domain, within the central region of the protein, the two EF-hand motifs and the coiled-coil
domain at the C-terminus of the protein. The illustration is not at scale. B) Recombinant His-
EFhd2WT, His-EFhd2ΔNT and His-EFhd2ΔCC were purified and incubated with
radioactive 45CaCl2 to determine their calcium binding activity. Nickel-column beads were
incubated with un-induced bacterial extract as negative control (His 6X). The radioactivity
remaining in the beads was measured on a scintillation counter in counts per minute (CPM).
C) A gel representative of the proteins used in this assay is illustrated. Protein amount was
used to normalize the level of calcium binding detected. Significance was determined by a
student’s T-test (two-tailed, paired). Statistical significance of * p < 0.01 and ** p < 0.001 is
indicated.
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Fig. 2. EFhd2 EF-hand motifs are conserved throughout evolution
Sequence alignment of EFhd2 calcium binding motifs (1st and 2nd EF-hand motif) was
performed using sequences from various species. The aspartates (D) in bold represent the
first amino acid within each EF-hand motif loop (EF-loop) that is essential for the domain’s
calcium-binding activity. These aspartate residues were changed to alanine (A) by
introducing a point mutation in the cDNA sequence. The phenylalanine residue (F) in the
first EF-hand represents a conserved amino acid affected by the identified SNP rs12131549.
The SNP introduces a missense mutation that changes the phenylalanine to a leucine (L).
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Fig. 3. Both EF-hand domains are required for EFhd2 calcium-binding affinity
A) Recombinant proteins HIS-EFhd2WT, HIS-EFhd2F89L, HIS-EFhd2D105A and HIS-
EFhd2D141A were subjected to in vitro calcium binding assay using radioactive 45CaCl2.
Nickel-column beads were incubated with un-induced bacterial extract as negative control
(His 6X). The amount of radioactive calcium was measured with a scintillation counter in
counts per minute (CPM). B) The amount of recombinant protein was used to normalize the
level of calcium binding. Significance was determined by a student’s T-test (two-tailed,
paired). Statistical significance of * p< 0.02 and **p<0.01 is indicated.
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Fig. 4. His-EFhd2WT, His-EFhd2ΔNT and His-EFhd2ΔCC secondary structure revealed by
circular dichroism
A–D) Circular dichroism was used to determine changes upon calcium binding in the
secondary structure of recombinant His-EFhd2WT and truncation mutants at 25°C. The
secondary structure of BSA (A), His-EFhd2WT (B), His-EFhd2ΔNT (C) and EFhd2ΔCC (D)
was analyzed in the far-UV region (200–260 nm) without calcium (black solid line) and
with 1mM of CaCl2 (dashed line). Bovine serum albumin was used as control for instrument
precision and as a negative control for structural changes after addition of calcium.
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Fig. 5. Thermal stability of EFhd2WT

A–D) Thermal stability studies on His-EFhd2WT were conducted using circular dichroism.
Measurements of the protein in the far-UV region (200–260 nm presented) were taken every
10°C from 25°C to 75°C. Two representative temperature spectra at 25°C (solid line) and
75°C (dashed line) are shown. The thermal stability of BSA (used as positive denaturation
control) was measured in absence (A) or presence (B) of 1mM CaCl2. His-EFhd2WT was
analyzed in the absence (C) or presence (D) of 1mM CaCl2 using the same temperature
range. The representative spectra at 25°C (solid line) and 75°C (dashed line) are shown.
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Fig. 6. The N-terminus and calcium binding are required for EFhd2’s thermal stability
Recombinant His-EFhd2ΔNT and His-EFhd2ΔCC secondary structures were analyzed by
circular dichroism to determine the contribution of the N- and C-terminus on EFhd2 thermal
stability. Measurements were taken every 10°C from 25°C to 75°C in the far-UV region
(200–260 nm). Two representative spectra, 25°C (solid line) and 75°C (dashed line) are
shown. The effect of temperature on the structure of His-EFhd2ΔNT was determined in the
absence (a) or presence (b) of 1mM CaCl2. The same analyses were performed for His-
EFhd2ΔCC without calcium (c) or with (d) 1mM CaCl2. Deconvolution of the CD spectra
obtained for His-EFhd2ΔNT and His-EFhd2ΔCC spectra are presented in Tables 3 (without
calcium) and 4 (plus calcium)
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Fig. 7. Structural prediction of the EFhd2 protein
The mouse protein sequence of EFhd2 was analyzed using the protein structure prediction
algorithms Phyre2. The predicted structures of EFhd2 wild-type (WT) protein, N- (ΔNT)
and C-terminus (ΔCC) deletion mutants and EFhd2F89L mutant are illustrated. The position
of the conserved aspartates (D105 and D141), is indicated (arrows). Dashed arrows indicate
that D105 and D141 are behind the plane. The distance (Å) between amino acids in the same
EF-hand loop (D105-D116) and adjacent EF-hand motifs (D105-D141) is illustrated.
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Table 1

List of constructs used to study EFhd2.

Plasmid Plasmid name Description Protein name

pIV-35 pPP80 Cloning vector encompassing N-terminus 6XHistidine tag.

pIV-38 pPP80::EFhd2ΔNT EFhd2 gene sequence (567pbs) encoding for amino acids 52 to 241 cloned in to pIV-35
between BamHI and KpnI restriction sites. Encodes for His-EFhd2 ΔNT protein.

His-EFhd2ΔNT

pIV-56 pPP80::EFhd2 EFhd2 full length (723bps) sequence cloned into pIV-35 between BamHI and HindIII
restriction sites. Encodes for His-EFhd2 full length protein.

His-EFhd2

pIV-57 pPP80::EFhd2ΔCC EFhd2 gene sequence (609 bps) encoding amino acids 1 to 198 (Δ C-terminus) cloned
in to pIV-35 between BamHI and HindIII restriction sites. Encodes for His-EFhd2 ΔCC
protein.

His-EFhd2ΔCC

pIV-58 pPP80::EFhd2F89L Site directed mutagenesis of pIV-56. Point mutation from Phe to Leu at position 89. His-EFhd2F89L

pIV-59 pPP80::EFhd2D141A Site directed mutagenesis of pIV-56. Point mutation from Asp to Ala at position 141. His-EFhd2D141A

pIV-60 pPP80::EFhd2D105A Site directed mutagenesis of pIV-56. Point mutation from Asp to Ala at position 105. His-EFhd2D105A
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