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Abstract
Many essential physiological processes are regulated by the modulation of calcium concentration
in the cell. The EF-hand proteins represent a superfamily of calcium-binding proteins involved in
calcium signaling and homeostasis. Secretagogin is a hexa-EF-hand protein that is highly
expressed in pancreatic islet of Langerhans and neuroendocrine cells and may play a role in the
trafficking of secretory granules. We present the X-ray structure of Danio rerio secretagogin,
which is 73% identical to human secretagogin, in calcium-free form at 2.1-Å resolution.
Secretagogin consists of the three globular domains each of which contains a pair of EF-hand
motifs. The domains are arranged into a V-shaped molecule with a distinct groove formed at the
interface of the domains. Comparison of the secretagogin structure with the solution structure of
calcium-loaded calbindin D28K revealed a striking difference in the spatial arrangement of their
domains, which involves approximately a 180-degree rotation of the first globular domain with
respect to the module formed by the remaining domains.
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INTRODUCTION
Danio rerio gene Zgc:100843 encodes a 272 amino acids long protein, which has been
annotated as secretagogin based on its very high sequence identity (70–80%) to mammalian
secretagogins. Secretagogins are hexa-EF-hand proteins that show sequence homology (40–
45% sequence identity) to other known hexa-EF-hand proteins calbindins and calretinins.
Human secretagogin has been identified in pancreatic beta cells of islets of Langerhans and
in smaller amounts in neuroendocrine cells.1 Transfection of rat insulinoma cells
(RIN-5FB23) with secretagogin resulted in an elevated Ca2+ flux and insulin secretion,
suggesting a role of secretagogin in the trafficking of secretory granules.1 Secretagogin has
been found expressed in high quantities in basket and stellate cells of the cerebellum and in
the anterior part of the pituitary gland.2 Recent studies have established that secretagogin
may be linked to the pathogenesis of neurological diseases such as Alzheimer’s.3 The
protein has been detected in a human serum after ischemic strokes,2 and in the plasma of
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carcinoid patients suffering from distant metastases.4 Secretagogin could thus serve as a
serum marker of neuronal damage and/or as a tumor biomarker. Indeed, secretagogin has
been used as a biomarker to study carcinoid tumors of the lung and gastrointestinal tract.5

EF-hand calcium binding proteins can be divided into two functional groups, namely
calcium buffers and calcium sensors/signal modulators.6 Calcium buffer proteins, like
parvalbumin, have submicromolar affinities for Ca2+ ions and can sequester them efficiently
while undergoing only minor structural alterations. On the other hand, calcium sensor
proteins, like calmodulin or troponin C, have micromolar affinities for Ca2+ ions, undergo
significant conformational changes upon calcium binding and play roles in signaling and
allosteric molecular interactions. Secretagogin likely belongs to the calcium sensor/signal
modulators family. Recent biophysical study of recombinant human secretagogin provided
evidence for a significant conformational change of this protein upon Ca2+ binding. The
change was accompanied by an increased exposure of hydrophobic residues.7 Isothermal
titration calorimetry and chromophoric chelator titrations have suggested that human
secretagogin binds four Ca2+ ions in one high affinity and three low affinity Ca2+-binding
sites. The apparent affinity of these interactions (Kd = 25 μM) is relatively low compared to
typical calcium sensor proteins but similar to Ca2+-dependent regulatory proteins such as
synaptotagmin I (5–50 μM) and calpains. The search for secretagogin binding partners
revealed a highly specific interaction of secretagogin with SNAP-25 (25 kDa synaptosome
associated protein).7 SNAP-25 is involved in Ca2+-induced exocytosis in neurons and
neuroendocrine cells. It binds secretagogin both in presence and absence of calcium with an
apparent affinity of ∼0.12 μM and ∼1.5 μM, respectively.7 This finding further supports the
putative role of secretagogin in the neuronal secretion and regulation of neuropeptide
trafficking in endocrine cells.

Here we present the X-ray structure of the D. rerio secretagogin (UniProt ID
SEGN_DANRE) in the uncomplexed Ca2+-free form at 2.1 Å resolution. The structure of D.
rerio secretagogin, which had <30% overall sequence identity to any structure in the Protein
Data Bank at the time of its selection and deposition, was chosen as a “sequence-to-
structure” target under the National Institutes of Health Protein Structure Initiative. As
highlighted above, this protein also has considerable medical relevance.

MATERIALS AND METHODS
Expression and purification of secretagogin

The gene Zgc:100843 encoding Danio rerio secretagogin was cloned and the
selenomethionine (SeMet)-labeled protein was expressed and purified following the
standard Center for Eukaryotic Structural Genomics pipeline protocols for cloning, protein
expression, protein purification, and overall bioinformatics management.8-11 In short, the
cDNA encoding secretagogin was for expression purposes cloned into a pVP16 plasmid, a
custom vector derived from pQE80 (Qiagen, Valencia, CA). Protein was expressed in
Escherichia coli B834 p(lacI+RARE) cells using 2 L of auto-inducing medium.12 Upon
sonication of the harvested cells, the protein in the supernatant was purified via immobilized
nickel affinity chromatography, and TEV protease was used to cleave the affinity/solubility
tag consisting of His8-maltose binding protein. After tag capture by subtractive nickel
affinity chromatography, and a final desalting step, the proteins were concentrated to 10 mg/
mL and dialyzed against the protein buffer (50 mM NaCl, 3 mM NaN3, 0.3 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), 5 mM bis[2-hydroxyethyl]amino-
tris[hydroxymethyl]methane (BIS-TRIS) pH 8.0). Protein aliquots were then drop frozen in
liquid nitrogen and stored at 193 K. Protein purifications resulted in 49.0 mg of protein with
89% SeMet incorporation.
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Crystallization and structure solution
Crystals of secretagogin were grown at 277 K by the hanging drop method from a 10 mg
ml-1 protein solution in the protein buffer mixed with an equal amount of well solution
containing 26% (w/v) polyethylene glycol 2000 (PEG 2K), 100 mM 1,3-
bis[tris(hydroxymethyl)methylamino]propane (BTP) pH 9.0. Crystals were cryoprotected at
277 K by soaking in a solution containing 30% (w/v) PEG 2K, 5% ethylene glycol, 100 mM
BTP pH 9.0 and were flash-frozen in a stream of cryogenic nitrogen gas at 100 K. X-ray
diffraction data were collected near the selenium K absorption edge (12,663 eV and 12,860
eV) at Southeast Regional Collaborative Access Team (SER-CAT) 22-ID beamline at the
Advanced Photon Source at Argonne National Laboratory. The diffraction images were
integrated and scaled using HKL2000.13 The selenium substructure of SeMet-labeled
secretagogin crystals was determined using HySS and SHELXD.14,15 The programs
identified 8 consensus anomalous sites. The structure was automatically phased and density-
modified using autoSHARP16 with the help of auxiliary programs from the CCP4 suite.17
The initial model was built using ARP/wARP.18 The structure was completed with multiple
cycles of iterative manual building in COOT19 and refinement in REFMAC5.20 All
refinement steps were monitored using an Rfree value based on 5.1% independent
reflections. TLS refinement was used in the final step with three groups defined that
correspond to the three globular domains. The stereochemical quality of the final model was
assessed using MOLPROBITY.21 The figures were prepared using PyMOL.22

RESULTS AND DISCUSSION
Structure quality

The structure of Danio rerio secretagogin was determined by multiple wavelength
anomalous diffraction using two wavelengths and refined to a resolution of 2.1 Å. Data
collection, phasing and refinement statistics are summarized in Table 1. A single molecule
of secretagogin was present in the asymmetric unit. The final model contains residues 3–272
and 240 ordered water molecules. Residues 1 and 2 were not visible in the electron density
map. Two regions spanning residues 177–192 and 227–243 showed increased disorder as
judged by B-factors and real space density analysis in COOT. Residue Leu182 located in
one of these regions could not be modeled satisfactorily and remained an outlier in the
Ramachandran plot.

The X-ray structure of Danio rerio secretagogin
The structure of secretagogin revealed a modular protein with a radius of gyration of 20.6 Å
that consists of three smaller globular domains, each with a radius of gyration of about 12 Å.
The domains I, II, and III (red, yellow, and cyan, respectively in [Fig. 1(A)]) are arranged to
form a bulky V-shaped molecule. The domains are joined together by two linker regions.
The linker L1 (residues 85–98), which connects domains I and II, forms a well defined helix
at the interface of these domains. The linker L2 (residues 176–185), which connects
domains II and III, is extended and relatively disordered in our structure. Based on the PISA
server,23 domains II and III associate through interdomain contacts with buried area of
∼690 Å2, while domain I seems to be less well attached to the core formed by domains II
and III (buried area of ∼550 Å2). The TLS refinement confirms flexibility of the linker
regions, with the N-terminal domain showing rotational variance along an axis
perpendicular to the long axis of the molecule, and the C-terminal domain showing
rotational variance along the long axis of the molecule. The central domain is relatively
fixed. Each domain of secretagogin contains a pair of apposed EF-hand motifs; the whole
protein contains six EF-hand motifs. In each domain, the metal binding loops of the EF-hand
motifs form a solvent exposed two-stranded antiparallel β-sheet. A four-helix bundle formed
from helices of the two EF-hand motifs in each domain gives rise to a domain core, which is
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stabilized by extensive hydrophobic interactions. The individual domains adopt a fold
typical of other EF-hand proteins, such as calmodulin or troponin C.6 However, the overall
modular arrangement of domains is quite unique. Based on the VAST server,24 the only
other structurally characterized hexa-EF-hand protein is calbindin D28K.25

Structural comparison of secretagogin domains
Despite the similar overall fold there are notable structural differences between secretagogin
domains. These are illustrated best by their structural superposition [Fig. 1(B)]. Domains II
and III are the most similar to each other (with an all-atom rmsd of 1.57 Å), while domain I
is structurally less similar to both domain II (rmsd of 2.57 Å) and domain III (rmsd of 2.33
Å). The EF-hand motif EF1 of domain I aligns very well with topologically equivalent
motifs EF3 and EF5 from domains II and III, respectively. However, the motif EF2 of
domain I is distinct from all the remaining EF-hand motifs of secretagogin due to a break at
Met63 in the helix E2 [Fig. 1(B), red arrow]. Interestingly, the two apposed EF-hands within
each domain are not identical, but show variations in the loop conformations and interhelical
angles.

Structure of secretagogin EF-hand motifs
The structure of secretagogin presented in this work represents a calcium-free form of the
protein, and as such the structure provides the first ever glimpse at an apo-hexa-EF-hand
protein. Comparison of the secretagogin structure with an archetypal Ca2+-binding protein
calmodulin (PDB ID codes 1QX5 and 1CLL)26,27 revealed that the metal binding loops of
motifs EF1, EF3, EF4, and EF6 of secretagogin adopt conformations similar to the closed
(Ca2+-free) form of calmodulin. The divergent loop of the EF2 motif shows a poor overlap
with either Ca2+-bound or Ca2+-free forms of calmodulin. Finally, the EF5 motif of domain
III seems to be in the open, “Ca2+-ready” conformation despite the absence of metal in the
binding site [Fig. 1(B), cyan arrow]. Detailed inspection of the structure revealed that
conformation of EF5 loop is stabilized by electrostatic interaction with Lys138 of the
symmetry molecule in the crystal lattice. Positively charged amino group thus partially
mimics a Ca2+-ion, stabilizing an apparent “Ca2+-ready”—like conformation [Fig. 1(C)].

In a classical EF-hand motif, the calcium ion is coordinated in a pentagonal bipyramidal
configuration by 6 residues in positions 1, 3, 5, 7, 9 and 12 of the loop.6 Residues in
positions 1, 3, 5, 9, and 12 coordinate the calcium through their side-chains, while a residue
in position 7 coordinates the calcium through the backbone carbonyl. The consensus
sequence of the EF-hand calcium-binding loop is D—x—D/N—G—D/S/N—G—x—I/L/V
—x—x—x—E/D, where the uppercase letters represent residues that occur with more than
50% frequency and ‘x’ stands in positions with less defined preference. The most conserved
residues highlighted in bold letters are located in positions 1 (Asp, 100%), 6 (Gly, 96%), and
12 (Glu, 92%).6 The metal—binding residues in all six EF hand motifs of D. rerio
secretagogin are consistent with the naturally occurring variations of the functional loop
sequence [Fig. 2]. This suggests that D. rerio secretagogin could potentially bind six Ca2+

ions per molecule. However, multiple sequence alignment [Fig. 2] revealed that
secretagogins of only some eukaryotes (including D. rerio, X. laevis, Monodelphis
domestica, Gallus gallus, Ornithorhynchus anatinus (not shown)) could be fully competent
in terms of Ca2+ binding. All other sequence homologs of D. rerio secretagogin, which
include secretagogins from higher eukaryotes, calbindins, and calretinins, have at least one
non-functional EF-hand motif due to the mutation(s) or deletions. In particular, asparagine
in position 5 in the loop of EF1 motif is replaced by lysine in secretagogin of many
mammalian species. The sequence of EF2 motif is the least conserved among mammalian
secretagogins. The EF2 loop seems to be competent for Ca2+-binding in most mammalian
secretagogins except for human and chimpanzee (not shown) orthologs. In these species
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arginine replaces a negative or polar residue in the consensus position 9. Similarly, loops of
EF2 motifs of rat (not shown) and human calbindin D28k do not follow the consensus
sequence and are probably non-functional in terms of Ca2+ binding. The EF-hand motifs
EF3, EF4, EF5, and EF6 are highly conserved in all mammalian secretagogins and most
likely competent for Ca2+-binding. This prediction is in accord with isothermal calorimetry
experiments that revealed four Ca2+-binding sites in human secretagogin.7 Calbindin and
calretinin subfamily of hexa-EF hand proteins contains a three-residue long deletion in the
metal binding loop of EF6, which renders this domain inactive.

Secretagogin and calbindin D28k show different spatial domain arrangement
Pairing of two EF-hand motifs into a larger module is a common structural feature found in
many Ca2+-binding proteins (calmodulin, troponin C, and members of S100 protein family),
6 however, there have been only a few hexa-EF-hand proteins described so far. The Ca2+-
free structure of D. rerio secretagogin represents the first X-ray structure of a hexa-EF-hand
protein. Currently, the only other structurally characterized hexa-EF-hand protein is rat
calbindin D28K. The solution NMR structure has been reported for the Ca2+-loaded form of
this protein25 (PDB ID code 2f33). D. rerio secretagogin and rat calbindin D28K share 35%
sequence identity. In addition, a successful crystallization of human calbindin D28K in the
Ca2+-loaded form has been recently reported.28 Although secretagogin and calbindin D28K
have similar overall topology they show significant structural differences. The most
important change is a strikingly different spatial arrangement of the three domains in these
structures. Specifically, domain I is rotated by almost 180° with respect to the core formed
by domains II and III in both proteins [Fig. 3].

Could a dramatic rearrangement involving domain I, as suggested by the above comparison,
take place in secretagogin(s) upon calcium binding? Answering this question will require
structural characterization of the calcium-loaded form of secretagogin. Our attempts to soak
preexisting crystals of D. rerio secretagogin in calcium containing buffers lead to a complete
loss of the diffraction, while no cracking of crystals was observed during the procedure. Our
attempts to grow crystals of D. rerio secretagogin in the presence of calcium failed so far.
Upon closer inspection of linker regions connecting the individual domains of secretagogin
we noticed that despite their dramatically different structures (the L1 linker forms a three
turns long helix, while the L2 linker is largely unstructured [Fig. 1(A)]) these regions show
unexpectedly high sequence similarity [Fig. 2]. The linker region thus does not have clear
propensity for a given secondary structure and can adopt significantly different context-
dependent conformations. We envision that the helical linker between domains I and II may
unwind and this could result in a spatial structure rearrangements in secretagogin and other
hexa-EF-hand proteins. This conformational change could be triggered upon Ca2+-binding.
Calcium-dependent conformational changes have been indeed documented in secretagogin
by spectroscopic methods.7 Also, an independent behavior of domain I relative to the
module consisting of domains II and III has been established experimentally in calretinin, a
hexa-EF hand protein with 40% homology to D. rerio secretagogin.29
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Figure 1.
The X-ray crystal structure of D.rerio secretagogin. (A) Secretagogin monomer consists of
six EF-hand motifs arranged in pairs to form three globular domains (rendered consecutively
in red, yellow and cyan). Linkers L1 and L2, highlighted in green, connect the individual
domains. The apposed metal binding loops form antiparallel β-sheet on the outer surface of
the V-shaped molecule. The helices of the individual EF-hand motifs are labeled for clarity.
(B) A stereo view of Cα-trace of the superposed domains I, II and III (red, yellow and cyan,
respectively) of secretagogin. The topologically equivalent motifs EF1, EF3 and EF5
overlap well, except for the Ca2+-binding loop which adopts the open, “Ca2+-ready”
conformation in EF5-hand (cyan arrow) and closed, “Ca2+-free” conformation in EF1 and
EF3 motifs. The EF2 hand differs from all the remaining EF-hands due to a break at Met63
in the helix E2 (red arrow). (C) A stereo image of the calcium-binding loop in EF5-hand
motif of D. rerio secretagogin. A final 2mFo-DFc electron density map (blue mesh) is
contoured at 1.2σ level. The refined protein model is shown in sticks. Residues of the
calcium-binding motif at positions 1 (Asp206), 3 (Ser208), 5 (Thr210), 7 (Ala212) and 12
(Glu217) are labeled for clarity. A symmetry molecule of secretagogin from the crystalline
lattice contributes Lys138 (cyan sticks), which mimics the positively charged calcium ion
and stabilizes the loop in “Ca2+-ready”-like conformation.
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Figure 2.
Multiple sequence alignment of D. rerio secretagogin and selected hexa-EF-hand proteins.
Amino acid sequences of proteins are labeled by their UniProt identifiers or pseudo
identifiers (in italics): SEGN_DANRE, zebrafish secretagogin; SEGN_XENLA, African
horned frog secretagogin; SEGN_CHICK, chicken secretagogin (Gene Bank gi:118086706);
SEGN_OPOSS, opposum secretagogin (Gene Bank gi|126322175); SEGN_PIG, porcine
secretagogin; SEGN_BOVIN, bovine secretagogin; SEGN_HUMAN, human secretagogin;
SERGN_RAT, rat secretagogin; CALB1_HUMAN, human calbindin D28K;
CALB2_HUMAN, human calretinin. Individual domains and linker regions of hexa-EF-
hand proteins are aligned in three blocks to reveal interdomain conservation patterns.
Positions of helices in D. rerio secretagogin are depicted above the alignment and secondary
structure elements are labeled and color-coded as in Fig. 1(A). The calcium binding loops
are boxed and position of the residues within the calcium-binding consensus motif is given
for easy orientation.
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Figure 3.
D. rerio secretagogin and rat calbindin D28K have different quarternary domain
arrangement. The domain II and III of D. rerio secretagogin (red) were superposed with the
corresponding region of rat calbindin D28K (blue; PDB ID 2f33). In the resulting overlay,
the domain I of secretagogin is rotated by almost 180 degrees with respect to the core
formed by domains II and III in both proteins. The green arrow points to the point from
which structures diverge.
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Table 1

Crystal parameters, X-ray data collection, phasing and refinement statistics.

Peak HRem

Space group P212121 P212121

Unit-cell parameters (Å) a = 47.9
b = 52.7
c = 114.4

a = 47.7
b = 52.6
c = 114.1

Data collection statistics

 Wavelength (Å) 0.97911 0.96411

 Energy (eV) 12,663 12,860

 Resolution range (Å) 44.17–2.10 (2.15–2.10) 44.01–2.15 (2.20–2.15)

 No. of reflections (measured/unique)a 145306 / 17378 124618 / 16159

 Completeness (%) 98.8 (98.3) 98.1 (89.6)

 Rmerge
b 0.093 (0.510) 0.076 (0.539)

 Redundancy 8.4 (2.9) 7.7 (5.6)

 Mean I/sigma(I) 11.0 (2.8) 10.5 (2.0)

Phasing statistics c

 Phasing power (isomorphous / anomalous) 0.0 / 1.57 1.38 / 1.14

 Mean FOM (centric/acentric) 0.53 / 0.39

 Rcullis (isomorphous / anomalous) 0.0 / 0.626 0.793 / 0.765

Refinement and model statistics

 Resolution range 44.17–2.10 (2.15–2.10)

 No. of reflections (total / test) 17336 / 885

 Rcryst
d 0.175 (0.207)

 Rfree
e 0.253 (0.370)

 R.m.s.d. bonds (Å) 0.019

 R.m.s.d. angles (°) 1.586

 ESU from Rfree (Å) 0.209

 TLS groups (residue range) 3–85, 86–181, 185–272

 B factor - Wilson (Å2) 36.7

 Average B factor — protein / waters (Å2)f 39.6 / 46.0

 No. of protein molecules / all atoms 1 / 2445

 No. of waters 240

Ramachandran Plot by MOLPROBITY (%)

 Favored regions 96.6

 Additional allowed regions 3.0

 Outliers 0.4

PBD code 2be4

a
Values in parentheses are for the highest resolution shell.

b
Rmerge = ΣhΣi|Ii(h) - <I(h)>|/ ΣhΣiIi(h), where Ii(h) is the intensity of an individual measurement of the reflection and <I(h)> is the mean

intensity of the reflection.
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c
Phasing by SHARP in 38.77–2.1 Å resolution range.

d
Rcryst = Σh||Fobs|-|Fcalc||/Σh|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, respectively.

e
Rfree was calculated as Rcryst using ∼5.0% of the randomly selected unique reflections that were omitted from structure refinement.

f
B-factors computed from a model refined without use of TLS.
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