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ABSTRACT

Sorcin is a two-domain protein belonging to the penta-EF-hand family that
traslocates reversibly from cytosol to membranes through a Ca’’-dependent
interaction with protein targets. Although EF1, EF2, EF3 are potentially able
to bind calcium at micromolar concentrations, binding of two Ca®*/monomer
activates sorcin and triggers translocation. To identify the functional pair, the
conserved bidentate —Z glutamate in these EF-hands was mutated to yield
E53Q-, E94A-, E124A-sorcin, respectively. The behavior of the three site-
specific sorcin mutants shows that the EF3 hand is the site endowed with the
highest affinity for calcium and that EF2 and EF3 that are not paired
structurally are the functional EF-hand pair. Information of Ca”" binding to
EF3 was proposed to be transferred to the rest of the molecule by means of
the long and rigid D-helix that is shared by EF2 and EF3. To establish
whether this helix is instrumental in sorcin activation, two D-helix residues
were mutated into glycine: W105 involved in the network of interaction
around the helix itself, and W99, which faces solvent. The substitution of
W105 almost abolishes the capacity of sorcin to interact with its molecular
targets while mutation of W99 has little effect. Disruption of the interaction
network around the D-helix, therefore, inhibits information transfer from the
EF3 hand demonstrating the central role of the D-helix in the Ca*"-dependent
activation of sorcin.
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1. INTRODUCTION

1. INTRODUCTION
1.1 CALCIUM AS A MESSENGER

Cellular signalling mechanisms are designed to transmit information
from the cell surface to specific targets within the cell by means
of intracellular messenger among these the calcium ion has a major role.
Ca" operates in all cell types - from bacteria to specialized neurons - and
is responsible for controlling numerous cellular processes, such
as fertilization, proliferation, development, learning and memory.
This simple ion can control all these processes due to the enormous
versatility of Ca”" signals. For example, Ca*" can operate within small
cellular compartments, it can act globally in the cytoplasm, or penetrate
specific organelles, such as mitochondria and the nucleus. Moreover,
Ca’" signals can have variable durations ranging from microseconds to hours.

Unlike many other second-messenger molecules, prolonged high
intracellular Ca*" levels lead to cell death: calcium can not be metabolized
and, in order to prevent its cytotoxic effects, the cells need to regulate
its homeostasis very tightly.

Ca®" concentration is maintained at ~ 100 nM in a cell at rest,
but is significantly higher (~ 1000 nM) in the extracellular compartement
and in the lumen of the endoplasmic reticulum. The existence of such
a marked electrochemical gradient allows a cell to increase rapidly
the cytoplasmatic calcium concentration in response to a variety of external
stimuli. Ca”™ may enter the cell across the plasma membrane or can
be released into the cytoplasm from the endoplasmic reticulum. In both
instances Ca’" entry takes place through finely regulated calcium channels.

To control the possible cytotoxic effect of Ca*, two groups
of intracellular calcium binding proteins have evolved: buffer and sensor
proteins (Heizmann and Hunzinker, 1991). Buffer proteins, such
as calsequestrin, bind calcium when its concentration within a cell
or organelle increases over the submicromolar level. These molecules
are essential to the homeostasis of the cation, as they contribute to reducing
its ionic concentration to non cytotoxic levels (Carafoli, 2005).

Sensor proteins, enable the cell to detect any change in Ca*"
concentration which is then transformed into a variety of cellular processes
that often require a rapid response (from Silva and Williams, 1991).
At a molecular level, sensor proteins, such as calmodulin, when activated
upon Ca’’ binding, amplify the initial signal in the cytoplasm and thereby
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modulate a great variety of molecular targets (e. g. enzymes and
ion channels).

The different function of sensor and buffer proteins is reflected
in the equilibrium and kinetic features of the Ca*" binding reaction.
Buffer proteins are characterized by higher calcium affinity constants
than sensor proteins, which in turn, have higher kinetic association
rate constant. Thus, in the presence of a rapid increase of cytoplasmic
Ca®" concentration, sensor proteins will interact with the cation and activate
the appropriate molecular target.

From a structural view point sensor proteins are of importance
as they revealed the existence of the Ca®* binding motif named EF-hand.

1.2 EF-HAND Ca**-BINDING PROTEINS

The EF-hand structural motif was first discovered in the crystal structure
of parvalbumin, a protein involved in the relaxation process of muscle cells
(Kretsinger et al., 1973), but turned out to be very widespread (Ikura et al.,
1996). It consists of two perpendicularly oriented a-helices (helices E and F
in parvalbumin) and an interhelical loop involved directly in calcium binding.
The helices are disposed as the index finger and the thumb of the right hand

(Fig. 1).

(d)

Parvalbumin Ml K KERIE A 1 B OoPRP KE G FEEBEB EDEE KK LEERCOCNIE
Calmoedulin B K ERIE S LEBKBGEGCTHEE T TKEIEC TNMR S IB
Troponin-C Il A DEIER | EEBEKBEABG FIIlE | EEBEDBGEBBRAT

Fig. 1 — Calmodulin EF-hand site. (a) Site structure; (b) Ca®* coordination complex;
(c) Calmodulin structure; (d) Canonical sequence of a canonical EF-hand site:
the brown residue are the amino-acids that bind calcium, the green residues belong
to the hydrophobic core.
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The canonical EF-hand motif is composed by 29 residues: the first
ten are organized in the E helix, the twelve following ones constitute
the Ca®" binding loop and the last form the F helix. In the loop,
calcium is bound by seven ligands at the vertices of a pentagonal bipyramid
(Kawasaki and Kretsinger, 1994) (Fig. 2).
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Fig. 2 — EF-hand site: Calcium is bound by seven ligands at the vertices
of a pentagonal bipyramid.

The residues involved in metal coordination in particular are:
1(X),3(Y),5(2),7(-Y), 9 (-X) and 12 (-Z). The five equatorial Ca*" ligands
lie close to a plane that includes the calcium ion and are contributed by the
side chains of two acidic residues (position Y and —Z), the latter providing
two ligands, one polar group (Ser/Thr, position Z), and one main chain
carbonyl oxygen (position —Y). The two apical ligands are furnished by the
side chain of an acidic group (position X) and by a water molecule (position
—X). In position —Z the bidentate interaction with the metal is established
by a glutamate residue, which is favoured with respect to aspartate because
the longer side chain allows the carboxylic group to be positioned optimally
for calcium coordination. The residues in position 2, 5, 6, 9, 17, 22, 25, 26
and 29 are hydrophobic and interact with analogous amino acids of another
EF-hand motif, forming a hydrophobic protein core (see below).

The canonical sequence of the EF-hand motif has been detected in small
proteins (e.g. calmodulin or S100) and within domains of much larger,
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1. INTRODUCTION

complex proteins (e.g. myosin or calpain) (Fig. 3). EF-hand motifs have
been identified also in proteins in which they were not expected,
such as cholinesterases (Tsigelny et al., 2000).

EF-Hand Motif EF-Hand Domain

CaM

Fig. 3 — Basic structural features of the EF-hand Ca2-+-binding proteins.

The basic structural-functional unit is formed by EF-hand pairs,
rather than by single sites in most known cases. The EF-hand motifs
are matched structurally and functionally; their pairing stabilizes
the protein conformation and results in cooperativity in Ca’" -binding.
Tipically, a pair of EF-hand motifs forms a globular domain,
such that a protein containing four EF-hands is organized in two Ca>" binding
domains that can be either structurally independent, e.g. calmodulin
(Kretsinger, 1986), and troponin C (Herzberg, 1988), or be well packed
together, as in recoverin (Flaherty, 1993).

The Ca”" affinities of EF-hand proteins vary greatly (Kq= 10" - 10 M)
and are amino acid sequence-dependent, especially with regard
to the 12-residue consensus loop that provides all the Ca*" ligating amino
acids (Ikura et al. 1996). Ca®" affinity is influenced also by the length
of the loop since this can alter the geometry of metal coordination
(Linse and Forsén, 1995).

4
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Ca”" binding proteins involved in calcium signalling undergo Ca®’
dependent structural rearrangements that modulate directly their
functionality. A number of structural studies on different EF-hand domains
have revealed substantial differences in the extent of the Ca’’-induced
conformational changes (Fig. 4).

Fig. 4 — Conformational changes induced by Ca** -binding to a pair
of EF-hands. The two a-helices are displayed in red and in green.
The C-terminal domain of calmodulin (a) in the “closed” Ca® -free state
and (b) in the “open” Ca*" -bound state. Calbindin Dy (C) in the “closed”
Ca”" -free state and (d) in the “closed” Ca*" -bound state (from Ikura, 1996).
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Thus in calmodulin both the carboxy- and the amino-terminal domains
of the protein undergo significant structural rearrangements from
a “closed” conformation, pertaining to the apoprotein, where the two helices
of each EF hands are almost anti-parallel to an “open” conformation,
characteristic of the Ca’"-bound form, where the two helices are almost
perpendicular (Zhang et al., 1995; Finn et al, 1995). By contrast,
the buffer protein calbindin Dox  retains the calcium free “closed”
conformation even after binding of Ca’" (Finn et al., 1995).

The different extent of structural rearrangements can be compared
quantitatively by analyzing the changes in interhelical angle of various
EF-hand proteins upon Ca®"-binding (Table 1). The analysis brings
out that domains undergoing large conformational changes are typical
of sensor proteins. In buffer proteins, where small conformational changes
suffice to ensure protein structural and functional stability, extended
conformational changes are not observed (Nelson and Chazin,1998).

Interhelical angle change (°)
A/B C/D E/F G/H
Calmodulin 34 34 39 36
Troponin C 40 56
Recoverin 61 7 16 1
Calbindin D9k 12 1

Table 1 — Interhelical angle changes of various EF-hand proteins upon Ca** binding.

The large Ca®"-induced structural changes that take place in sensor
proteins enable them to respond to the specific Ca®'-transmitted stimulus
by interacting with specific molecular targets. This interaction can take
place in a variety of manners.

In calmodulin, for example, the significant conformational change
of the two EF-hand domains and of the central helical linker leads
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to the exposure of a large, sticky, hydrophobic surface ideally suited
for target interaction (Fig. 5).

Fig. 5 — The molecular surface of the C-terminal domain of calmodulin,
(a) in the Ca2+-free state and (b) in the Ca2+-bound state. Hydrophobic residues
are shown in yellow, acidic residues in red, and basic residues in purple (from Ikura, 1996).

1.3 PENTA-EF-HAND PROTEIN FAMILY

As mentioned above, the EF-hand motifs in the various proteins
are usually repeated tandemly, with a number of repeats ranging from
two to eight. The presence of uneven EF-hand motifs in a Ca*"-binding
protein was not recognized until the X-ray crystallographic analyses
of the Ca*-binding domains in calpain small subunits revealed
an unsuspected EF hand motif named EF1 in addition to four canonical ones
(Blanchard et al. 1997; Lin et al 1997). The novel motif has an 11 aminoacid
residues long loop sequence and an alanine residue in place of the canonical
aspartic acid in the calcium-coordination position designated X.

This finding prompted a re-evaluation of the primary structures
of multiple-EF-hand proteins in the literature and in DNA databases
and led to the identification by Maki et al. 1997 of a new protein family,
named “penta-EF-hand” (PEF) which comprises calpains light and heavy
chains (Blanchard et al., 1997; Lin et al. 1997) sorcin (Meyers et al., 1995a;
Zamparelli et al.,1997), grancalcin, ALG-2, peflin (Kitaura et al. 1999)
and the hypothetical yeast protein YG25 (Fig. 6).
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AR
EF-1 | Loop | |
_Helix A__\ \ \ | \__Helix B

Sorcin DPLYGYFASVAG-QDGQI DADELQRCLTQS---GIAGGYK 33- 68
Grancalcin DSVYTYFSAVAG-QDGEV DAEELQRCLTQS---GINGTYS 52- 87
Chvl RQFRRLFAQLAG-DDMEV SATELMNILNKVVTRHPDLKTD 97-135
corv ENFKALFRQLAG-EDMEI SVRELRTILNRIISKHKDLRTK 545-583
ALG-2 SFLWNVFQRVDKDRSGVI SDTELQQALSNG------- TWT 26- 58
Peflin PEAYSWFQSVDSDHSGY1 SMKELKQALVN------- CNWS 66- 98
EF-2

__Helix C__ __Helix D__
Sorcin PFNLETCRLMVSMLDRDMSGTM GFNEFKELWAVL 69-102
Grancalcin PFSLETCRIMIAMLDRDHTGKM GFNAFKELWAAL 88-121
CDVI GFGIDTCRSMVAVMDSDTTGKL GFEEFKYLWNNI 136-169
cDiv GFSLESCRSMVNLMDRDGNGKL GLVEFNILWNRI 584-617
ALG-2 PFNPVTVRS 1 ISMFDRENKAGY NFSEFTGVWKY 59- 92
Peflin SFNDETCLMMINMFDKTKSGR1 DVYGFSALWKFI 99-132
EF-3

_Helix D __Helix E_

Sorcin NGWRQHFISFDSDRSGTV DPQELQKALTTMGFRLN 103-137
Grancalcin NAWKENFMTVDQDGSGTV EHHELRQAIGLMGYRLS 122-156
CDVI KKWQATYKQFDVDRSGTI GSSELPGAFEAAGFHLN 170-204
corv RNYLSIFRKFDLDKSGSM SAYEMRMAIESAGFKLN 618-652
ALG-2 TDWQNVFRTYDRDNSGMI DKNELKQALSGFGYRLS 93-127
Peflin QQWKNLFQQYDRDRSGS1 SYTELQQALSQMGYNLS 133-167
EF-4

_Helix F__ __Helix G_
Sorcin PQTVNSIAKRY-S-TSGK1 TFDDYIACCVK 138-165
Grancalcin PQTLTTIVKRY-S-KNGR1 FFDDYVACCVK 157-184
Ccbvl EHLYSMIIRRY-SDEGGNM DFDNFISCLVR 205-233
corv KKLFELI1TRY-SEPDLAV DFDNFVCCLVR 653-681
ALG-2 DQFHDILIRKFDRQGRGQI AFDDFIQGCIV 128-157
Peflin PQFTQLLVSRYCPRSANPAMQLDRFIQVCTQ 168-198
EF-5

___ Helix G_ __Helix H_
Sorcin LRALTDSFRRRDSAQQGMV NFSYDDFIQCVMTV 166-198
Grancalcin LRALTDFFRKRDHLQQGSA NFI1YDDFLQGTMAI 185-217
CDVI LDAMFRAFKSLDKDGTGQI QVNIQEWLQLTMYS 234-266
cov LETMFRFFKTLDTDLDGVV TFDLFKWLQLTMFA 682-714
ALG-2 LQRLTDIFRRYDTDQDGWI QVSYEQYLSMVFSIV 158-191
Peflin LQVLTEAFREKDTAVQGNI RLSFEDFVTMTASRML 199-233

Fig. 6 — Sequence alignment of the calcium binding domains of penta-EF proteins.
The residues involved in calcium ion coordination are indicated by X, y, z,-y, -X, -Z.
Identical or similar residues are indicated in boldface.
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In PEF proteins the polypeptide chain is organized in two domains:
the N-terminal one is rich in glycine and proline residues and therefore
is highly flexible and not visible in the available crystal structures of the
whole proteins (Blanchard et al., 1997; Jia J. et al., 2001; Xie et al., 2001).

The C-terminal domain contains all the EF-hands and is characterized
by a very similar compact fold in all PEF proteins. An intriguing peculiarity
of the Ca’" -binding domain is the unusual presence of two long
(six-turns) a-helices that are shared by EF2 and EF3 (D-helix)
and by EF4 and EF5 (G-helix). EF hands 1-2 and 3-4 display the canonical
EF-hand pairing, whereas the uneven EF5 does not have a partner.
The presence of the uneven EF-hand, EF5, however, does not contradict
the rule that EF-hands occur in structural and functional pairs.
PEF proteins are dimeric in nature and in the dimer the uneven EF5
site pairs with the corresponding motif of the other subunit,
thereby contributing to dimer stabilization. PEF proteins can form
both homodimers and heterodimers in solution (Teahan et al., 1992;
Hamada et al., 1988; Maki et al., 1998; Missotten et al., 1999),
in turn, dimerization is essential for their function (Kitaura et al., 2002;
Yoshizawa et al.,1995; Graham et al., 1994; Meyers et al.,1996;
Arthur et al., 2000).

In those member of the family in which the identification
of the physiological EF hands has been attempted, EF3 appears
to be the site endowed with the highest affinity for the metal.
In grancalcin, EF2 cannot bind Ca*" (in position —Z alanine is in place
of the canonical glutamate which typically provides two oxygen ligands
to the calcium ion); in the crystals Ca’" is bound to EF3 in one subunit
only (Jia et al., 2000). In ALG-2, studies on site-specific mutants point
to EF1 (which in this protein has the canonical 12 residue interhelical loop)
and EF3 as the functionally relevant Ca*’ binding sites (Lo et al., 1999,
Jia et al., 2001). In calpain dVI crystals grown in 1 mM Ca”,
EF1, EF2, EF3 are saturated with Ca* (Blanchard et al., 1997;
Lin et al., 1997); studies with site-specific mutants suggest that all these
EF-hands  contribute to calpain activation, but that EF3 has the highest
Ca’" affinity (Dutt et al., 2000).

In turn, the functional coupling of EF3 to EF1 and /or EF2 requires
a novel mechanism of information transfer to be operative since the above
mentioned sites are not coupled structurally.

The binding of calcium to PEF proteins increases the overall
hydrophobicity and leads to their translocation from the cytoplasm
to cell membranes where PEF proteins interact with specific protein
targets and thereby participate in a variety of Ca’" mediated
9
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signalling processes (Vito et al, 1999; Meyers et al., 1995a;
Lollike et al., 2001). Complex formation with the target can take place via
either the N- or C-terminal domain (Maki et al., 1997; Kitaura et al., 1999).
However, the molecular events that are triggered by Ca*" binding and lead
to the change in subcellular localization through the specific interaction with
protein targets are still obscure. Ca®" induced conformational changes
as manifest in the X-ray crystal structures are unexpectedly small
and are limited to the EF1 region (Lin et al., 1997; Blanchard et al., 1997;
Jia et al.,, 2000; Strobl et al., 2000). It is not known how the small
changes apparent in the crystal structures are amplified to the extent
required for target protein recognition. Moreover, EF3, which is the site
with the highest Ca®" affinity is not paired in the canonical manner
with EF2, another functionally relevant Ca*" binding site (Jia et al., 2001;
Subramanian et al., 2004; Jia et al., 2000). At least in principle,
the D-helix which is highly conserved and is shared by EF3
and EF2 may represent the natural means for transferring functional
information between them.

1.4 SORCIN

Sorcin  (SOluble Resistance-related Calcium binding protelN),
a 21.6 kDa protein isolated from the cytosol of multidrug-resistant cells,
but expressed also in several normal tissues including skeletal muscle,
heart and brain, albeit at lower levels, is a typical PEF protein.
(Meyers and Biedler, 1981 ; Polotskaja et al., 1983; Meyers et al., 1985;
Koch et al., 1986; Shen et al., 1986; Meyers et al., 1987; Hamada et al., 1988;
Van der Bliek et al., 1988; Roberts et al., 1989; Wang et al., 1995,
Meyers et al., 1995).

The polipeptide chain has a two-domain organization with
an extremely flexible N-terminal domain and a compact calcium-binding
C-terminal domain. In solution sorcin forms stable dimers when Ca2+-free,
but has a strong tendency to precipitate in the Ca’"-bound form due
to the increased overall hydrophobicity (Zamparelli et al.,, 1997).
In turn, the latter feature permits the Ca’-dependent interaction
with protein targets that leads to translocation from the cytoplasm
to cell membranes and induces the specific cellular response. Two calcium
ions bind to sorcin with micromolar affinity and trigger the conformational
change that underlies the traslocation process as indicated by titration
of sorcin with calcium in the analytical ultracentrifuge (Fig. 7).

10
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Fig. 7 — Titration of sorcin with calcium
in the analytical ultracentrifuge. Different
amounts of calcium were added just before
the sedimentation velocity experiment.
The absorbance in the plateau region is
plotted as a function of the Ca*": monomer
molar ratio.

In addition to the typical properties
of the PEF family, sorcin has two
interesting features. First, sorcin
is the only PEF protein which
contains a cAMP-dependent protein
kinase (PKA) phosphorylation site
(Van der Bliek et al, 1986, Ilari et

al., 2002, Matsumoto et al., 2005). Indeed phosphorylation has been shown
modulate the interaction of sorcin with its targets such as the ryanodine
receptor and sarcoplasmic reticulum (SR) Ca’*-ATPase pump (SERCA)
(see below) (Lokuta et al., 1997; Matsumoto et al., 2005). Second, sorcin,
though a stable dimer at neutral pH, forms tetramers at slightly acid
pH values (Zamparelli et al., 1997) that are thought to occur near membranes.

1.4.1 STRUCTURE

The first attempts to crystallize the full-length protein did not yield
crystals diffracting at high resolution due to the high flexibility

of the N-terminal domain.
In contrast, the Ca*'-free
form of the sorcin C-terminal

domain  (Sorcin  Calcium
Binding Domain, SCBD:
residues  33-198) yielded

X-ray quality crystals that
diffracted at 2,2 A resolution
(Ilari et al., 2002) (Fig. 8).

Fig. 8 — Crystal structure of
the sorcin C-terminal Ca2" binding
domain (SCBD) The two chains
in the homodimer are in blue
and orange. EF1, EF2 and EF3
are indicated, as well as the

D-helix connecting EF2 and EF3.

11




1. INTRODUCTION

The SCBD fold resembles
that of known PEF proteins
and confirms the general
characteristics of the family
disclosed by the structures
of calpain dVI, grancalcin and
ALG-2 (Blanchard et al., 1997;
Lin et al., 1997; Jia et al.,
2000; Jia et al., 2001) (Fig. 9).
Thus, the SCBD contains eight
a-helices (A-H) organised in
five calcium binding motifs
(EF1-EF5). Two long a-helices
contribute to two consecutive
EF hands: helix D is common
to EF2 and EF3, while helix G
is common to EF4 and EFS5.

Fig. 9 — Sorcin calcium-binding domain (SCBD) monomer. In (a) the eight
o-helices are labelled. In (b) a comparison with the grancalcin and calpain monomers
in the apo-form is shown. SCBD is coloured red, grancalcin green and -calpain

blue (adapted from Ilari et al.,2002).

As for the other PEF proteins, the EF1 motif is coupled structurally
with EF2 and EF3 pairs with EF4, while the EF5 site is left unpaired
in the monomer but pairs with the EF5 of a second monomer in the dimer

12
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forming the subunit interface (Fig. 10); the EF-hands associate through
a short two-stranded B-sheet arrangement.

Fig. 10 — SCBD dimer.

1.4.2 MODEL OF THE Ca’*-DEPENDENT ACTIVATION

Fluorescence and circular dichroism studies of sorcin and SCBD
suggested that in the full-length protein the Ca**-dependent conformational
changes involve a reorientation of the N- and C-terminal domains with no
significant change in the structure of the Ca*" binding domain itself.
In particular, solely a Ca*'-induced shift of the flexible N-terminal
region relative to SCBD could explain the observation that the intrinsic
fluorescence of the two tryptophan residues (Trp99 and Trpl05,
both located in the D helix) is unaffected by Ca*" binding in SCBD,
but is quenched in the native protein (Zamparelli et al., 2000).
In turn, the Ca*"-induced increase in overall hydrophobicity is apparent
in hydrophobic chromatography experiments (Zamparelli et al., 1997).

This detailed knowledge of the solution properties of sorcin
and the availability of the ALG2 structure enabled Ilari et al., (2002)
to propose a model of full-length sorcin. The ALG-2 structure was
found to contain an 11 residue stretch of the N-terminal domain,
thought to have been removed by proteolytic cleavage, in contact with

13
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residues of the D-helix, the EF loop, the G-helix and the GH loop
of the Ca*" binding domain (Fig. 11a) (Jia et al., 2001).

bound” N-lesminal peplide of ALG=2

iProg to Ala18)

Fig. 11a — Ribbon-style view of the ALG-2 structure. The A, G, H helices and
C terminus are labelled for reference. The bound N-terminal peptide (residues Pro8-Alal8)
is depicted as bond and atom style as are also contact residues Trp95, Tyr124, and Alal66.
A red curved line connecting residue Alal8 with Leu22 depicts the three missing residues
between the N-terminal peptide and the Ca®" binding domain. (a) was constructed using
Ribbons. (taken from Ilari et al., 2002)

The sorcin N-terminus contains a very similar proline/glycine-rich
stretch, with Tyr18 as the only critical difference, at the same linear distance
in sequence from the Ca®" binding domain (Fig. 11b).

SCBD (struct.seq.) 32 MDPLYGYFASY
Sorcin{prot.seg.) 8 GAGGGYY PGGYGGAPGGP SFP GQTRGPLYGYFASY
ALG2 [prot.seq.} 1 MRAYSYR PGPGGGNPM GAAR LPDRQSFLENVFORY
ALGZ (struct.seq.) ¢ pep(3GGPGPAA ——— LPDOSFLWNVFQRV

Fig. 11b — Sequence of ALG-2 and sorcin showing the bound peptide in the ALG-2
structure and the corresponding one in sorcin. The bound peptide in the ALG-2 structure
is comprised of residues 8 to 18 (boldface). There follows a three residue gap (GlyAlaAla)
and the structure begins again with Leu22. The residues GIn25 and Val35 have
a “structural equivalence” with the corresponding residues in the SCBD structure as
determined by superposition using SEQUOIA (Carson, 1997). (taken from Ilari et al., 2002).

14
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On the basis of this similarity, a model of the SCBD with
the ALG-2 peptide bound between the D-helix and the EF loop was
constructed (Tlari et al., 2002). It mimics the Ca*'-free form of full-length
sorcin where the flexible N-terminal and the C-terminal domains tend
to interact with each other. Thus, the N-terminal domain positioned
as in Fig. llc buries the two tryptophan residues on the D helix,
as indicated by the fluorescence and CD data, and covers a large hydrophobic
surface as indicated by the hydrophobic chromatography experiments
(Zamparelli et al., 1997). The model also explains the observed twofold
decrease in the rate of phosphorylation of full-length sorcin compared to that
of SCBD (Ilari et al., 2002). According to the model, the N-terminal domain
physically hinders access of PKA to the phosphorylation site in intact sorcin.

Ilari et al.,, (2002) also proposed that calcium binding causes
structural rearrangements that lead to loosening of the interactions
between the two sorcin domains such that a large hydrophobic surface
(comprising the D-helix and the EF loop) is exposed on SCBD and both
domains become available for interaction with the respective target proteins.

bound’ N=terminal peptide o ALG=2 =

iPro@ o Alald)

G-helix

H=halix
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Fig. 11c - Ribbon-style view of SCBD superposed onto the ALG-2 monomer
depicted in (a). SCBD was divided into two parts (residues 33-117 and 118-198)
which were superposed separately using SEQUOIA. The bound peptide is as in (a).
Three residues of SCBD analogous to those in (a) are shown in bond and atom style,
Trpl105, Phel34, and Argl74. Also shown is a bound sulphate ion near Serl72;
two residues which stabilize the bound sulphate ion, Argl75 and Argl76,
and the putative phosphorylation site Serl178. (c) was constructed using Ribbons.
(taken from Ilari et al., 2002)

(d)
corcin 99 waVLNGWroHrF. 132 MGFR....17¢ Rar psageG

agz 89 wa¥Y1rDWouVr. . 122 FGYR....166 Ray proonG
{ D helix bovuns (EF loop)..(G-helix) (GH loop)

Fig. 11d — Residues from the Ca’"-binding domains of ALG-2 and the SCBD
model which contact the bound N-terminal peptide depicted in (a) are shown
in boldface and larger type. The side-chains of the ALG-2 residues Trp95,
Tyr124 and Argl66 are depicted in (a). The corresponding residues of SCBD
are shown in (c). Tyr90 and Asp93 make side-chain to side-chain contacts with Prol6
imide ring. Glyl74 makes a side-chain H polar (perpendicular) contact with Prol0
imide ring. Trp95 forms main-chain polar contacts with Prol6. Phel22 and Argl25
form main-chain polar contacts with Prol4 to Gly9. Argl66 makes a very interesting
side-chain to main-chain contact with the carbonyl oxygen atoms of Glyll and Glyl2
of the peptide. (taken from Ilari et al., 2002)

1.4.3 PROTEIN TARGETS

Different sorcin targets have been identified in different tissues.

Annexin VII (synexin) was the first to be recognized (Brownawell
and Creutz, 1997). The interaction involves the N-terminal domains
of both proteins. It takes place in adrenal medulla and leads
to inhibition of the synexin-mediated aggregation of chromaffin
granules (Brownawell and Creutz, 1997). Interaction between sorcin and
annexin VII occurs also in differentiating myoblasts (Clemen et al., 1999)
and in vesicles from erythrocytes (Salzer et al., 2002).

In the brain, sorcin was found to interact with the N-methyl-D-aspartate
receptor 1 in the caudate putamen nucleus (Gracy et al.,1999)
and with presenilin 2, an integral membrane protein localized predominantly
to the endoplasmic reticulum and the Golgi apparatus in brain tissues, whose
mutations is linked to familial Alzheimer’s disease (Pack-Chung et al., 2000).
In muscle tissues, sorcin interacts with several channels involved
in cell contraction: the pore-forming a; subunit of voltage-dependent
L-type Ca®" channels, the ryanodine receptor, the Na™-Ca®" exchanger and the
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sarcoplasmic reticulum ATPase SERCA2a (Meyers et al., 1995;
Meyers et al., 1998, Farrell et al., 2003; Matsumoto et al., 2005).
The interactions taking place in muscle have received special attention
in view of the role played by Ca®" in the contraction and relaxation processes.

These processes will be described briefly for a better understanding
of the role played by sorcin.

1.4.4 CALCIUM AND CARDIAC EXCITATION-CONTRACTION-
RELAXATION PROCESSES

The human heart proceeds from a relaxed state (diastole) to a fully
contracted state (systole) and recovery in 600 ms. The contractile-relaxation
(E-C) cycle is tightly coupled to Ca®" transients. This ubiquitous second
messenger is the direct activator of the myofilaments and causes contraction.

During the cardiac action potential, Ca>" enters the cell through
depolarization-activated Ca®" channels as an inward Ca®" current (Ic,),
which contributes to the action potential plateau (Fig. 12), Ca*" entry
triggers Ca”" release from the sarcoplasmic reticulum (SR).

3ha 2K
Ca 3Ma

Ca/—\

-tubule

200 ms

Fig. 12 — Ca”" transport in ventricular myocytes. The red arrows show the activation
of contraction, the green arrows the relaxation process. Inset shows the time
course of an action potential, Ca’’ transient and contraction measured in a rabbit
ventricular myocyte at 37°C. SR, sarcoplasmic reticulum; NCX, Na'/Ca* exchange;
ATP, SR and sarcolemmal ATPases; PLB, phospholamban (from Bers, 2002).
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The combination of Ca®" influx and release raises the free intracellular
Ca®" concentration ([Ca®']y), allowing Ca’" to bind to the myofilament
protein troponin C, which switches the contractile machinery.
For relaxation to occur, [Ca2+]i must decline, thereby, allowing
Ca®™ to dissociate from troponin. This requires Ca®" transport
out of the cytosol by at least four pathways involving the sarcoplasmic
reticulum (SR) Ca”-ATPase, the sarcolemmal Na'/Ca®* exchanger,
the sarcolemmal Ca*-ATPase or the mitochondrial Ca®" uniport
(Bers, 2002).

The amount of total -cytosolic [Ca®] ([Ca*lrx = [Ca®];
plus bound Ca®") that must be supplied to and removed from
the cytosol during each cardiac beat is shown in Figure 13.
Half-maximal activation  of contraction requires roughly 70 upmol
of Ca** per litre of cytosol, which would raise [Ca’']; to 600 nM.
The local Ca*' concentration, subsarcolemmal or at the cleft
([Calsm; [Calclert), may rise up to several tens of micromolar
(Bers, 2001; Langer and Peskoft, 1996; Trafford et al., 1995).

100-

Ky =600 nM
n=4

Force (95 of maximum)

cnt 1080 1500 % 080
Free [Ca] [nM]

0 30 60 90 120 150
Added A[Cal,,,, (umol I cytosol)

Fig. 13 — Amount of Ca’" required for contractile activation, assuming a diastolic
intracellular Ca®" concentration ([Ca*']}) of 150 nM and cytosolic Ca*" buffers including
troponin C (Ca>" and Ca*"/Mg”" sites), myosin, SR Ca’"-ATPase, calmodulin, ATP, creatine
phosphate and sarcolemmal sites. Inset shows force as a function of [Ca®']; (that is, force is
equal to 100/(1+{600/[Ca*'];} (adapted from Bers, 2002).

Upon membrane depolarization, the large electrochemical [Ca®']
gradient drives Ca®" into resting myocytes mainly through two classes
of voltage-dependent Ca>" channels (L- and T-type). Ca*" influx via
sarcolemmal L-type Ca®" channels (or dihydropyridine receptors, DHPRs)
triggers the release of Ca®” from the sarcoplasmic reticulum via
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ryanodine receptors (RyR). This released Ca*" is the major fraction of Ca®"
involved in the activation of the myofilaments to produce contraction.
RyR is the main SR Ca*"-release channel in striated muscle, and as such
plays a critical role in cardiac E-C coupling. In all cardiac myocytes
the SR and sarcolemmal membranes come into very close apposition
at periodic regions along the surface membrane, and in ventricular
myocytes also in the transverse tubules (T-tubules); about 20-50%
of the T-tubules is involved in such junctions. At each junctional cleft,
a cluster of about 100 individual RyRs are close to 10-25 DHPRs
forming a local SR Ca®'-release unit called a couplon. During E-C
coupling each of the about 10000 couplons in a ventricular myocyte
are activated independently by Ca®" influx from the juxtaposed
sarcolemmal Ca*" channels. These local SR Ca*"-release events (Ca®" sparks)
are the fundamental units of SR Ca’" release both at rest
(rare, stochastic events) and during excitation-contraction coupling.
However, during excitation-contraction coupling several thousand
Ca®" sparks in each cell are synchronized by the action potential,
such that the local rises in [Ca’']; are completely overlapping in time
and space, such that the Ca®" transients appear as spatially uniform
(Franzini-Armstrong et al., 1999; Scriven et al., 2000; Bers, 2002).

The Ca**-induced Ca*'-release is inherently a positive-feedback
mechanism, but its turn-off is essential for diastolic relaxation and refilling
of the myocytes. The cardiac RyR isoform (RyR2) interacts with a series
of proteins that regulate its function. These include FK-506 binding
protein (FKBP 12.6; which may stabilize RyR gating and also couple
the gating of both individual and adjacent RyR tetramers), cAMP-dependent
protein kinase (which can alter RyR and /¢, gating), phosphatases 1 and 2A,
and in particular calmodulin and sorcin, both of which decrease
RyR opening in a Ca’- dependent fashion, thereby contributing
to the shut-off of SR Ca*'-release (Meyers et al., 1998; Fruen et al., 2000;
Marx et al., 2000; Marx et al., 2001).

Ca® must be removed from the cytosol to lower [Ca®]; and allow
relaxation. This is achieved by several routes, the quantitative importance
of which varies between species. In rabbit ventricular myocytes,
the SR Ca’’-ATPase pump (SERCA) removes 70% of the activator
Ca®’, and the Na'/Ca®® exchanger removes 28%, leaving only about
1% each to be removed by the sarcolemmal Ca*"-ATPase and mitochondrial
Ca’" uniporter. The amount of Ca’" extruded from the cell during
relaxation must be the same as the amount of Ca®" entry for each beat,
otherwise the cell would gain or lose Ca®" and would not be in steady state
(Bassani et al., 1994; Bers, 2002).
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The Na'/Ca®™ exchanger (NCX) can work in both directions,
depending on local electrochemical potential, with a stoichiometry
of three Na® ions to one Ca®" that produces an ionic current (Inaca).
Na'/Ca* exchange can extrude Ca** (as an inward Inwca) or bring
Ca®" into the cell (as outward Inaca); high [Ca2+]i favours Ca’" efflux
(inward Inaca), Whereas positive membrane potential (E,) and high
[Na+]i favour outward Inyc.. Fig. 14 shows possible time courses
for [Ca2+]Sm and [Na']sm that may be sensed by the Na'/Ca?* exchanger
during normal excitation—contraction coupling. Although NCX participates
in the entry of calcium in the very first milliseconds of the action
potential, under physiological conditions Na'/Ca®" exchange works
mainly in the Ca®" extrusion mode, driven mostly by the Ca®" transient
(Hinata and Kimura, 2004; Bers and Despa, 2006).

ﬂ"l‘-'El'"ID']'lﬂ.'l]h_a IH‘]:‘ I‘ [CJ]"' &[Nﬂ]"
Driven by [Ca) & [Na),

c ol Ca influx ¢ "',' “[Ca) & [Na]
b Ca offlux + 1‘
‘11 [] 4 -
[Cal,. .ﬂm; (Cal,. & [Na],
0 100 200 300 400 0 10 20 30
Tima (ma) Time (ma)

Fig. 14 — Na'/Ca®" exchange
during an action potential./y,c,
calculated as a function
of E, (action potential) and
the indicated concentrations
of Ca®" and Na'. The red
curve represents the global
ionic current. Right panel
is expanded in  time.
Geometry of  junctional
and submembrane  spaces
(adapted from Bers, 2002).

20



1. INTRODUCTION

1.4.5 EMERGING ROLE OF SORCIN IN SKELETAL AND CARDIAC
MUSCLE

Sorcin binds to the cytoplasmic side of both L-type calcium
channels and RyRs in skeletal and cardiac muscle, participating in channel
gating (Meyers et al., 1995b, Meyers et al., 1998). Binding has been
evaluated by co-immunoprecipitation of metabolically labelled cardiac
myocyte proteins and by several types of in vitro binding studies.
In the cardiac L-type calcium channel calcium-bound sorcin binds
to the cytoplasmically-oriented carboxy-terminal domain of the
pore-forming 1C subunit, either at or near the calmodulin binding region,
participating in channel inactivation (Meyers et al., 1998).

The interaction of sorcin with RyR takes place with high affinity.
Thus, sorcin completely inhibits open cardiac RyRs (RyR2) from being
incorporated into planar lipid bilayers and depresses ryanodine-binding.
The concentration for half-maximal inhibition is as low as 480 nM.
This inhibitory effect is relieved by phosphorylation of sorcin
with the catalytic subunit of PKA (Lokuta et al., 1997; Farrell et al. 2003).

In cardiac myocytes, sorcin significantly inhibits both the spontaneous
activity of RyRs in quiescent cells (calcium sparks) and the inward
calcium current-triggered activity that gives rise to intracellular transients.
Sorcin decreases spark efficiency and amplitude, and the dynamic
interaction with RyRs occurs at a rate that would allow for modulation
of the channel on a beat-to-beat basis. Kinetically, the rapid and
reversible effect of sorcin on RyR2 closure is capable of playing
a role in terminating the positive feedback loop of calcium-induced
calcium release (Farrell et al., 2003; Seidler et al., 2003).

The functional effects of sorcin on RyR2 and the L-type calcium channel
suggest that sorcin may play a role in interchannel communication.
In addition, sorcin increases NCX activity in sorcin-overexpressing rabbit
cardiac myocytes (Farrell et al., 2003), while reduced cellular sorcin
expression depresses NCX activity in an animal model of left ventricular
dysfunction (Smith et al., 2006).

In turn, the interaction between sorcin and SERCA that takes place
in cardiac myocytes is able to modulate the SR Ca*" uptake function.
In a normal heart, PKA-phosphorylation of sorcin allows it to translocate
to the SR fraction, while in a failing heart condition, hyperphosphorylation
of sorcin by PKA promotes its Ca’’-dependent translocation from
the cytosol to the SR membrane. This translocation to the SR results
in an activation of Ca*" uptake through SERCA2a (Matsumoto et al., 2005).
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Immmunoprecipitation analysis showed that presenilin 2 (PS2),

sorcin, and RyR2 interact with each other in HEK-293 cells overexpressing
these proteins or in mouse hearts. Immunohistochemistry of heart muscle
indicated that PS2 colocalizes with RyR2 and sorcin at the Z-lines.
High Ca*" concentrations increase the association of sorcin with PS2,
and attenuate the association of RyR2 with PS2 (Pack-Chung et al., 2000;
Takeda et al., 2005).
The body of these studies points to sorcin as an important player
in the diastolic function. In particular, sorcin inhibits calcium release
from the sarcoplasmic reticulum by RyR2, increases cation uptake from
the SR by SERCA and its sarcolemmal extrusion by NCX. Hence,
sorcin participates in the relaxation processes that follow cardiac contraction,
contributing to both the shut-off of SR Ca’"-release and the lowering
of calcium cytosolic content.

1.5 AIM OF THE WORK

The research activity described in the present thesis is based
on the recognition that the molecular mechanism that permits activation
of PEF proteins and leads to their interaction with specific protein
targets on cell membranes is still largely obscure. Sorcin appeared
as a good candidate to unveil the underlying processes in view of the fairly
thorough characterization of its solution properties and of the ongoing
determination of its X-ray crystal structure.

The titration of sorcin with calcium in the analytical ultracentrifuge
had shown that the Ca”"-induced conformational change is triggered upon
saturation of only two EF-hands out of the three predicted to have affinities
in the micromolar range, namely EF1, EF2 and EF3 (Zamparelli et al., 2000).
Thus, the first aim of the study has been to identify the functional
EF-hand pair. The strategy employed has been to mutate the conserved
glutamate in position —Z of the EFI, EF2 and EF3 sites because
it establishes a bidentate interaction with the metal ion (Fig. 15).
The respective site-specific mutants ES53Q, E94A and E124A were
expressed and characterized structurally and functionally. Determination
of their affinity for calcium and of their ability to interact with two sorcin
targets, annexin VII and the ryanodine receptor, indicated that EF3 and EF2
are the physiologically relevant sites and that the former is endowed
with the highest affinity for the metal.
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N-terminal domain
MAYPGHPGAGGGYYPGGYGGAPGGPSFPGQTQ 1 - 32

C-terminal domain
Xy zZ-y-X -z

| Loop|

EF-1 “Helix A_| | | | | _Helix B__
DPLYGYFASVAG-QDGQIDADELQRCLTQSGIAGGYK  33- 68

EF-2 __Helix C__ __Helix D
PFNLETCRLMVSMLDRDMSGTMGFNEFKELWAVL 69-102
EF-3 _Helix D__ Helix E_

NGWRQHF I SFDSDRSGTVDPQELQKALTTMGFRLN 103-137

EF-4 _Helix F__ __Helix G_
PQTVNSIAKRY-S-TSGKITFDDY IACCVK 138-165
EF-5 Helix G_ | Helix H_

LRALTDSFRRR?SAQQGMVNFSTDDFIQCVMTV 166-198

Fig. 15 — Amino acid sequences of the sorcin five EF-hands, the residues conserved in
all the member of the PEF family are in bold.

These findings taken together with the X-ray crystal structure
of the Ca’"-binding domain determined meanwhile, led to the proposal
that the D helix which connects the two physiologically active
Ca’"-binding sites transmits the conformational change occurring after
binding of the metal from EF3 to EF2 and therefrom to the rest of the sorcin
molecule.

On this basis, the second objective of the present study has been
to establish whether the D-helix is instrumental in sorcin activation.
To this end, the only two tryptophan residues of the polypeptide chain,
W99 and W105, that are both located on the D helix, were substituted
by glycine (Fig. 16). W105 is involved in the network of interaction around
the D-helix, while W99 faces solvent. The different location of the
tryptophan residues along the D-helix and the different type of interactions
they establish suggest that their substitution may affect differently sorcin
activation and the interaction with its targets. To verify this contention, the
site-specific mutants W99G and W105G were produced and their functional
properties characterized in terms of the interaction with molecular targets.
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The results obtained are of relevance in understanding the role of sorcin
in the excitation-contraction-relaxation cycle of cardiac muscle.

A

N-terminal domain
MAYPGHPGAGGGY Y PGGYGGAPGGPSFPGQTQ

C-terminal domain (SCED)

Helix A EF1 Helix B Helix C EF2
DPLYGY FASVAGQDGQIDADELQRCLTQSGIAGGYKPFNLETCRLMVSMLDRDMSGTMG

Helix D EF3 Helix E Helix F
FNEFKE LERVLNGERQH FISFDSDRSGTVDPQELOQKALTTMGFRLNPOQTVNSIAKR

EF4 Helix G EF5 Helix H

YSTSGKITFDDY IACCVKLRALTDSFRRRDSAQQGMVNESYDDEFIQCVMTV

33-81

92-147

148-198

Fig. 16 — Sorcin sequence (A) and structure of the Ca’"-binding domain, SCBD (B).
In A, the 11 aminoacids which interact with SCBD in the model of Ilari et al. are in boldface.
In B, the two monomers are depicted in different colours. The D helix and the
physiologically relevant EF2 and EF3 hands are in blue; the two tryptophan residues,
W99 and W105, are in red.
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2. MATERIALS AND METHODS

2.1 CLONING OF THE EF-HANDS AND D-HELIX MUTANTS E53Q,
E94A, E124A, W105G AND W99G

The cDNA of chinese hamster ovary sorcin, kindly provided
by Dr M. B. Meyers (New York University School of Medicine,
New York, USA), was amplified by PCR using two oligonucleotides,
one of which was designed to generate a novel Ndel restriction
site at the 5’end at the place of Ncol without altering the sequence
within the gene. The amplified DNA thus obtained was digested
with restriction enzymes Ndel and Hind III and was inserted subsequently
in a pET22 expression vector previously digested with the same
enzymes (Fig. 17).

TT promoder primer #59348-3

agi TT promobsr - la operatar ¥ta s
MGATCTCCATEE (R CAART TAATACEAC TCAC TATAGEEARTTRTRACCEATAMCAAT TCCEETETAGRAAT AL AACTTTAAGARREACH
Bs, Mzc| Neo | -
e DMl pelE Isader L ——— BamH | EcoR| 3ac
AT AT AT A T TG G T e TR T e T TG TG T LT AL TG C AL G GAT G RTAT G AATTART TEGGATCCGRATTLCAGITEL
viLaulauProThraladlad ledlyleuldulsul eulladladlr ".-H-\."'\.'l|1"'\.'-' pllaGlyl lefinbardsoProfanter bat far
Eql  aar signal pepigase
EXl Himdi  Mafb Xho| HlesTag Bpwiid2
ETCRATARECTTUCLETC B AL TLRAR AT AL CALCACE AL CA TRAGATCE LA TO TAAC AALE COCAAACERATE TEACT TERE TELTECCACCOLTEALTAATAAT
albaplyslaublab | akl aleuGlub aHiaH | st iH | :End g —

AL TT tarminator primer 553373
TARACCCETCTTRACGRETTTTTTE

PET-22b(+) cloningfexpression region

Fig. 17 — Properties and characteristics of the expression vector used: Pet 22.

The digestion was performed at 37°C for 4 hours using 2 ul of each
enzyme at the concentration of 10 U/ul; the enzymes were then inactivated
at 80°C for 20 minutes.

Site—directed mutagenesis was carried out by the PCR overlap extension
mutagenesis method (Higugi et al., 1988), using for each mutant
two external oligonucleotides (N forward, C reverse) and two internal
complementary primers of 25-30 nucleotides containing the desired
mutation (Fig. 18).
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Sorcin gene between Ndel and HindIII sites

Nde I mutation site Hind IIT

| | |

PCRn.1 internal primer 1

||l

«—

Creverse.

PCRn.2

Nforward.

\”I

Internal primer 2

PCRn.3

1II||

Complementary region of mutagenic products of the step 1 and 2,

Product of the PCR n.3: sorcin gene with the expected mutation .

T

Nde I Hind III
Cloning of the gene obtained in pET22

Fig. 18 — Cloning of sorcin variants E53Q, E94A, E124A, W105G and W99G.
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The following oligonucleotides were used:

N forward: 5’>-GCGAAATTAATACGACTCACTATAGGG- 3°,

C reverse: 5’-CAAGCTTTTAGACGGTCATGACAC- 3°,

E53Q forward: 5’-CAAATTGATGCTGATCAGTTGCAGAGATGACA- 3°,
E53Qreverse: 5-GTTAGACATCTCTGCAACTGATCAGCATCAATTTG- 3’,
E94A forward: 5’-CACCATGGGATTCAATGCATTTAAAGAGCT-3’,

E94A reverse : 5’ -GAGCTCTTTAAATGCATTGAATCCCATGGTG-3’,

E124A forward: 5° -GGAACGGTGGATCCCCAGGCACTGCAGAAGGCTCTG- 3’,
E124A reverse: 5’ -CGTCAGAGCCTTCTGCAGTGCCTGGGGATCCACCGT-3’,
WOI9G forward: 5’-GAATTTAAAGAGCTCGGCGCTGTGCTGAATGG- 37,
WOI9G reverse: 5’-CCATTCAGCACAGCGCCGAGCTCTTTAAATTC- 3’,
W105G forward: 5’-CTGTGCTGAATGGCGGCAGACAACACTTCATC- 3°,
W105G reverse: 5’-GATGAAGTGTTGTCTGCCGCCATTCAGCACAG- 3.

For each mutant two PCR reactions were performed using one
of the two external primers and the corresponding internal one.
The PCR was carried out under the following conditions: amplification
cycles, 30; annealing temperature, 60°C, extending step, 5 seconds
at 72°C. The length and the purity of the PCR products were
checked by electrophoresis carried out on agarose 1% gel in TBE
(90 mM Tris-borate, 2 mM EDTA, pH 8,0). The amplification products
were purified using the DNA purification kit (Qiagen). They correspond
to the N-terminal and C-terminal regions of the sorcin gene and are
complementary in the central region which contains the desired mutation.
The second PCR reaction was performed under the following conditions:
amplification cycles, 30; annealing temperature, 60°C; extension cycle,
40 seconds at 72°C. The length and the purity of the PCR products
were checked by on agarose gel electrophoresis in TBE as above.
The amplification products were purified using the DNA purification
kit (Qiagen). The genes thus obtained were digested with restriction
enzymes Ndel and Hind III and were inserted into a pET22 expression
vector previously digested with the same enzymes.

Fresh competent E. coli- BL2I1(DE3) cells were prepared from
a single colony grown for 16-20 hours at 37°C in 5 ml of LB broth
(10 g/1 tryptone, 5 g/l yeast extract and 5 g/l NaCl) and then
transferred into 100 ml of the same medium. The culture was incubated
for =3 hours at 37°C with vigorous shaking until the ODgyy was = 0.3,
thereafter the cells were cooled to 0°C by storing the samples
on ice for 10 minutes. The culture was centrifuged at 4000 rpm
for 10 minutes at 4°C and the pellet was resuspended in 10 ml
of ice-cold 0.1 M CaCl, and stored on ice for 10 minutes. The cells
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were recovered by centrifugation at 4000 rpm for 10 minutes at 4°C
and resuspended in 2ml of ice-cold 0.1 M CaCl..

The recombinant plasmids obtained as described above were used
to transform competent E. coli BL21(DE3) cells which were then
plated on bacterial LB agar plates containing 0.1 mg/ml ampicillin.
Transformants were screened for the proper insert by PCR.
Agarose electrophoresis was performed on the PCR products, plasmid
DNA was isolated, and the sorcin cDNA sequenced.

2.2 EXPRESSION AND PURIFICATION OF WILD TYPE SORCIN
AND ITS MUTANTS

The same expression and purification procedure was used for the sorcin
and all the site-specific mutants under investigation. The purification
step takes advantage of the ability of sorcin to translocate from
cytosol to membranes when Ca’"-bound. This process takes place also
in E. coli cells (Meyers et al., 1995a).

Transformed bacteria were inoculated into 5 ml of standard LB broth
containing 5 mM CaCl, and 0.1 mg/ml ampicillin. Cells were grown
for 5-6 h at 37°C and were transferred to 1 1 of the same medium
for overnight growth at 37°C. Cells were grown to mid-log phase
(Agoonm = 1). Protein expression was induced by addition of 1 mM
isopropyl-f-D-thiogalactopyranoside (IPTG), a molecule able to activate
the lac promoter. After addition of IPTG the cells were grown at 37°C
for 1.30 h; cytotoxic effects were apparent for longer periods of growth.
Bacteria were harvested and suspended in 10 ml of sonication buffer
(10 mM Tris-HCl at pH 7.4, 10 mM NaCl, 1 mM phenylmethyl
sulfonyl fluoride, 1 mM dithiothreitol). Cells were sonicated on ice
using MSE Soniprep 15, and centrifuged at 14000 x g for 20 min.
The recovered pellet was resuspended with 10 ml sonication buffer
containing 0.2 pg DNase and 5 mM MgCl, and was incubated
at room temperature for 30 min. The suspension was centrifuged
at 15000 x g for 20 min. In order to remove contaminant DNA,
the pellet was washed repeatedly with  sonication buffer.
The removal of DNA was checked by following the progressive
decrease of the typical nucleic acids absorbance at 260 nm.
The recovered pellet was resuspended in sonication buffer containing
10 mM ethylene glycol-bis(2-ammino-ethylether)-tetra-acetic acid, EGTA.
Under physiological conditions (pH 7.5 and 100 mM ionic strength)
the Ca®" affinity constant of EGTA is 2 x 10’ M.
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Sorcin and its mutants were extracted from the membranes
by resuspending the pellets in 10 ml of sonication buffer containing
5 mM EGTA. After 10 min incubation at 25°C, the sample was
centrifuged at 15000 x g for 20 min. The optical spectrum of the supernatant
has the typical protein absorbance maximum at 280 nm (fig. 19).
Analysis of the sample by SDS-PAGE according to Laemmli (1970)
shows that this step yields a 70-80% pure proteint. Further purification
was achieved wusing an anionic exchanger at pH 7.5 since
the predicted isoelectric point of sorcin is about 5.7.). The sample
was dialyzed against 10 mM Tris-HCl, pH 7.5 and applied
to a Mono-Q FPLC column equilibrated with the same buffer.
A linear gradient of NaCl between 0 and 0.5 M was used to recover
sorcin which elutes at 0.25 M NaCl. Protein concentration
was determined spectrophotometrically at 280 nm. The molar
extinction coefficient, calculated according to Edelhoch (1967),
was 29.400 for wt sorcin and for ES53Q, E94A, EI124A;
22.640 for W99G and for W105G.

2.3 CIRCULAR DICHROISM SPECTRA

Circular dichroism (CD) spectroscopy measures differences in the
absorption of left-handed polarized (L) versus right-handed polarized light
(R) of an optically active compound. The absence of regular structure results
in zero CD intensity, while an ordered structure results in a spectrum
which can contain both positive and negative signals. Circular dichroism
spectroscopy is suitable for determining protein folding and in particular
its secondary and tertiary structure. Secondary structure can be determined
by CD spectroscopy in the far UV spectral region (190-250 nm).
At these wavelengths the cromophore is the peptide bond, and the signal
arises when it is located in a regular environment. Alpha-helix, beta-sheet,
and random coil structures each give rise to a characteristic shape and
magnitude of the CD spectrum. The CD spectrum of a protein in the near
UV spectral region (250-350 nm) is sensitive to protein tertiary structure.

CD spectra were recorded on a Jasco J-710 spectropolarimeter
in the far UV (200-250 nm) and in the near UV (250-350 nm) regions.
The experiments were carried out at 20°C in 100 mM Tris-HCI at pH 7.5.
The a-helical content was calculated from the ellipticity value at 222 nm
and with the Selcon3 program (srs.dl.ac.uk/VUV/CD/selcon.html).
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2. MATERIALS AND METHODS

2.4 FLUORESCENCE SPECTRA

Fluorescence is the phenomenon in which absorption of light of a given
wavelength by a fluorescent molecule is followed by the emission of light
at longer wavelengths. The distribution of wavelength-dependent intensity
that causes fluorescence is known as the fluorescence excitation spectrum,
and the distribution of wavelength-dependent intensity of emitted energy
is known as the fluorescence emission spectrum. Because the magnitude
and the position of the emission peak depend on the local environment
of the cromophore, fluorescence can be used to study local changes
in protein structure.

Intrinsic fluorescence was measured in a Fluoromax spectrofluorimeter
at 25°C, in 100 mM Tris-HCI at pH 7.5 using an excitation wavelength
of 280 nm and a slit width of 0.5 nm. The emission signal was followed
between 300 and 400 nm.

2.5 DETERMINATION OF Ca* AFFINITY

The affinity of sorcin for calcium could not be determined in direct
fluorescence experiment because the binding of calcium leads
to precipitation of the protein. Ca’" binding constants were assessed in
indirect fluorescence titration experiments in the presence of the fluorescent
calcium chelator Quin2 (2-metil-8-nitroquinoline) that binds calcium with
a dissociation constant Kp= 1.2 x 10’ M at pH 7.5 (Bryant, 1985).
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The concentration of Quin 2 was determined from the absorbance
of the Ca*" complex at 240 nm (ey 42000 M cm™).

In a standard experiment, all solutions were prepared in 100 mM
Tris-HCl at pH 7.5 using doubly distilled water and were stored
in plastic flasks containing a dialysis bag with Chelex 100.
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To reduce Ca®" contamination to 0.5 — 1 pM, the glassware was treated with
Chelex 100 as recommended by André and Linse (2002). The concentration
of Quin2 and sorcin or its mutants were around 25 uM (total volume 2 ml);
the calcium solution (10 mM) was added in aliquots of a few pl
The experiments were carried out at 25°C in a Fluoromax
spectrofluorimeter; excitation wavelength was at 339 nm (slit width 0.5 nm).
The increment of fluorescence emission due to Ca>" binding to Quin2
was followed at 492 nm (slit width 0.5 nm). Control experiment were
performed on Quin 2 alone. A the end of each titration, the fluorescence
intensity corresponding to nominally zero free Ca’" concentration was
determined by addition of 5 mM EGTA. The fluorescence intensity
of Quin2 at high Ca®" concentrations was taken as the higher asymptote.
The binding constants were assessed by fitting the experimental
data to the model [2 Ca®" sites + chelator] with the program CaLigator
(Andr¢ and Linse, 2002) .

2.6 OVERLAY ASSAY EXPERIMENTS

Aliquots of purified wild-type sorcin and of the mutants were subjected
to electrophoresis on a 15% polyacrylamide gel under denaturing conditions
(Laemmli, 1970) and transferred to polyvinyldifluoride membranes (PVDF)
in transfer buffer (25 mM Tris-HCI, 192 mM glycine, 20% methanol,
pH 8.3) at 100 mA for 45 min.

To monitor the interaction of wild-type sorcin and its mutants
with annexin VII, the PVDF membranes were incubated at room
temperature with annexin VII (5 pg/ml) in 1% gelatin in TBST buffer
(20 mM Tris-HCL, 0.5 M NaCl, 0.05% Tween 20, pH 7.5), containing
EGTA or different CaCl, concentrations. Subsequently, the membranes
were incubated with anti-annexin VII polyclonal antibody (dilution 1:3000)
in 1% gelatin in TBST buffer.

To monitor the interaction of wild-type sorcin and its mutants with RyR,
the PVDF membranes were incubated at room temperature with terminal
cisternae vesicles from rabbit skeletal muscle enriched in RyR (Spg/ml),
prepared according to Saito et al., 1984). In brief, the skeletal muscles were
ground in a meat grinder and then homogenized and -centrifuged
at 16000 rpm for 30 min. The supernatant was layered onto a gradient
of 45%, 38%, 32% and 27% sucrose in 5 mM imidazole-HCI pH 7.4
and centrifuged at 20000 rpm overnight. The membrane fractions located
at the interfaces of the gradient steps were collected and examined
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by electron microscopy; fractions enriched in terminal cisternae
of sarcoplasmic reticulum were present at the interface 38% - 45% sucrose.

The incubation of the PVDF membranes was carried out in TBST
buffer containing 10 uM or 500 uM CaCl2. Subsequently, the membranes
were incubated with either anti-annexin VII antibody (dilution 1:3000)
or anti-RyR monoclonal antibody (dilution 1:1000) in 1% gelatin
in TBST buffer. The blots were developed by incubation with alkaline
phosphatase conjugate monoclonal anti-mouse IgG (dilution 1:3000)
in 1% gelatin in TBST.

Control experiments ruled out the existence of cross-reactivity between
the sorcin and its mutants and anti-annexin VII or the anti-RyR antibody.

2.7 SURFACE PLASMON RESONANCE EXPERIMENTS

The surface plasmon resonance-based biosensor technology allows
the real time detection and assessment of biomolecular binding events.

The SPR phenomenon occurs when polarized light, under conditions
of total internal reflection, strikes an electrically conducting gold layer
at the interface between media of different refractive index: the glass
of a sensor surface and a water solution.

The angle of incident light at which SPR occurs (named Resonance
Angle) is strongly dependent on the refractive indices of all the boundary
media, including the gold film, the bulk solution and additional layers
such as interacting molecules.

In a typical experiment, one of the interacting molecule is bound
to the biosensor surface, whereas the other is delivered to the surface
in a continuous flow. Binding to the immobilized ligand is monitored
by changes of resonance angle which are directly proportional to the mass
of molecules that bind to the sensor surface.

SPR experiments were carried out using a BIACORE X system
(BIAcore AB, Uppsala, Sweden).

The N-terminal peptide of annexin VII was synthesized
by SIGMA-Genosys (Cambridge, UK); in order to improve peptide
solubility and binding to the sensor chip, three lysine residues were added
N-terminal to the 20 first amino acids (MSYPGYPPTGYPPFPGYPPA).
The peptide purity was checked by MALDI-TOF mass spectrometry.

The sensor chip (CM5, Biacore AB) was activated
chemically by injection of 35 wul of a 1:1 mixture of
N-ethyl-N’"-(3-dimethylaminopropyl)carbodiimide (200 mM) and
N-hydroxysuccinimide (50 mM) at a flow rate of 5 ul/min.
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The N-terminal peptide of annexin VII was immobilized on the activated
sensor chip via amine coupling. The reaction was carried out
in 20 mM sodium acetate at pH 6.0; the remaining ester groups were
blocked by injecting 1 M ethanolamine hydrochloride (35 pl).
In control experiments, the sensor chip was treated as described above
in the absence of peptide.

The interaction of the immobilized annexin VII peptide with sorcin
and its mutants was detected through mass concentration-dependent
changes of the refractive index on the sensor chip surface.
Such changes are expressed as resonance units (RU). A response change
of 1000 RU typically corresponds to a change in the protein concentration
on the sensor chip of about 1 ng per mm?.

The experiments were carried out at 25 °C in 10 mM HEPES
at pH 74, 150 mM NaCl, and 0.005% surfactant P-20.
The buffer was treated with Chelex 100 to eliminate Ca®" contaminations
and degassed. In the experiments carried out as a function
of Ca®" concentration, calcium chloride or EGTA were added to the buffer;
protein concentration was 300 nM. Measurements were performed
at a flow rate of 20 pl/min with an immobilization level of the annexin
VII N-terminal peptide corresponding to 100-900 RU.

Values of the plateau signal at steady state (Req) were calculated from
the sensorgrams using the BIAevaluation 3.0 software.

To assess the dissociation constant, the dependence of the SPR signal
at steady state (Req) on the concentration of wt sorcin was analysed in terms
of a Scatchard plot.

2.8 MEASUREMENT OF Ca®* SPARK CHARACTERISTICS IN
ISOLATED HEART CELLS

These experiments were carried out by Prof. G.L. Smith, University
of Glasgow (UK) in the framework of a collaboration with the Dept.
of Biochemical Sciences.

As mentioned in the Introduction (1.4.4) Ca®'sparks reflect RyR
activation in cardiomyocytes. However, the investigation of the effect
of sorcin on Ca®’ sparks in intact rabbit cardiomyocytes is complicated
by the parallel effects on the sarcolemmal extrusion of intracellular Ca®".
For this reason, sarcolemmal fluxes are bypassed by the acute
permeabilization of the sarcolemma with B-escin, a permeabilizing agent.
Under such experimental conditions, single cardiomyocytes can be
superfused using standardized Ca®" concentration and pH in the presence
of ATP and creatine phosphate. Ca®" spark activity is monitored
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by the inclusion of 10 uM Fluo-3 in the perfusing solution. In this study
isolated rabbit ventricular cardiomyocytes were initially suspended
in a mock intracellular solution with the following composition (mM):
KCl 100, NaATP 5, NaCrP 10, MgCl, 5.5, HEPES 25,
KoEGTA 1, pH 7.0 with no added Ca** (20-21°C) and permeabilized
using P-escin (0.1 mg/ml for 0.5-1 min). Confocal line-scan images
of single cardiomyocytes were recorded using a BioRad Radiance 2000
confocal system. Permeabilized cells were perfused with a mock intracellular
solution containing 0.05 mM EGTA. Fluo-3 (10 uM) in the perfusing
solution was excited at 488 nm (Kr laser line) and measured above 515 nm
using epifluorescence optics of a Nikon Eclipse inverted microscope with a
60X/1.2 NA water-immersion objective lens (Plan Apochromat, Nikon, UK).
In all experiments included in the analysis, the Ca®" concentration
in the test solution was 155-165 nM. Ca®" sparks were quantified using
an automatic detection and measurement algorithm.
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3. RESULTS

3.1 SITE-SPECIFIC MUTANTS OF EF-HANDS 1, 2 AND 3
(E53Q, E94A, E124A)

3.1.1 CLONING, EXPRESSION AND PURIFICATION

The site-specific mutants E53Q, E94A and E124A were obtained
as described under Materials and Methods. The sorcin c-DNA was mutated
in order to replace the conserved bidentate glutamate, in position —Z
of the EF-hand site, with a glutammine residue in the EF1 site (mutant E53Q)
and with an alanine residue in the EF2 and EF3 sites (mutants E94A
and E124A, respectively). The length and the purity of the genes
were checked by electrophoresis on agarose 1% gel in TBE: the length
of the final DNA products was of 620 base pairs as expected.

The DNA fragments were sequenced to verify the introduction
of the desired mutation and thereafter were inserted in a recombinant plasmid
suitable for protein expression (Pet22).

The recombinant plasmids were used to transform competent
E.coli BL21(DE3) cells: the recombinant proteins were expressed
and purified following the procedures detailed under Materials and Methods.
The expression level was good although lower than for wt-sorcin.
Importantly the protein purification procedure, that takes advantage
of the reversible translocation of sorcin from cytoplasm to membranes
upon calcium binding, resulted suitable also for its site-specific mutants.
In brief the procedure entails washing the cell membranes
with sonication buffer to eliminate contaminant DNA; as expected,
the spectra of the supernatants show a progressive decrease
of the absorbance at 260 nm typical of nucleic acids. After elimination
of nucleic acids, extraction of the mutants was achieved by resuspending
the membranes in sonication buffer containing the calcium chelator
EGTA (5 mM). The optical absorption spectra of the mutants thus obtained
are shown in Fig. 19.
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Fig. 19 — Purification procedure of sorcin and its site-specific mutants.

(a): Optical spectra of the supernatants yielded by washing repeatedly the cell
membranes to eliminate DNA;

(b): Optical spectrum of the supernatant obtained resuspending the membranes
in the sonication buffer containing EGTA.

36



3. RESULTS

The SDS polyacrylamide gel electrophoresis patterns presented
in Fig. 20 exemplify this part of the purification procedure. Sorcin is
associated with the membrane fraction of cells lysed in the presence
of contaminating Ca’" (lane P)) and is released in to the supernatant upon
repeated treatment of the membrane fraction with EGTA (lane S»; lane S%).

|

Fig. 20 — SDS PAGE of samples obtained in different steps of the purification
procedure of sorcin. M: molecular weight markers (46 kDa, 30 kDa, 21,5 kDa, 14,3 kDa e
6,5 kDa); The arrow indicates the band corresponding to sorcin (Mr 21.5 kDa).

S; e Py supernatant and pellet obtained after centrifugation of the cellular lysate.

S,, Py, Sy, P, supernatants and pellets yielded in two subsequent extractions
with EGTA 5mM.

The final purification step was achieved by means of a Mono-Q
anion-exchanger column. The yield of purified site-specific mutants is about
4-5 mg/l of culture, two-three time lower with respect of wild type sorcin.

3.1.2 STRUCTURAL CHARACTERIZATION

Far and near UV CD spectroscopy was used to assess the possible
occurrence of structural changes in the mutated apoproteins with respect
to wt sorcin.
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The experiments were carried out at pH 7.5 and at pH 6.0 since
the X-ray crystal structure of the Ca®"-binding domain was obtained
at the latter pH value (Ilari et al., 2002).

The far UV CD spectra of all the site-specific mutants, measured
at 20°C in the absence of calcium, are indistinguishable from that
of wt sorcin at both pH values. The a-helical content, calculated from
the ellipticity value at 222 nm, is about 60% for all the proteins analysed
(sorcin, E53Q, E94A, EI124A) in accordance with the crystallographic
structure of SCBD. The spectra in the far UV region were measured
at 20°C in the absence of calcium, because previous experiments had shown
that calcium-binding does not alter the secondary structure of sorcin
(Zamparelli et al., 1997).

In the near UV-CD region the spectrum of wild-type sorcin is negative
and is characterized by two sharp bands at 262 and 268 nm attributed
to phenylalanines, by a weaker band at 283 nm due to tyrosyl fine structure,
and by a fairly intense, well resolved peak at 292 nm due to tryptophan
residues. The spectra of the site-specific mutants are very similar to those
of the wild-type protein at both pH values with the exception of E124A.
Thus, in the E124A variant,
the phenylalanine bands are
unchanged, whereas the bands
of tyrosine and tryptophan
residues occur at the same
wavelength as in the wild-type
protein but have a smaller
amplitude at both pH values
(Fig. 21).
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The effect of calcium on the near UV CD spectra was not studied
because, at the protein concentration employed, sorcin and its variants
precipitate upon binding of 2 Ca**/monomer in the absence of target proteins
due to the exposure of hydrophobic surfaces.

3.1.3 FUNCTIONAL CHARACTERIZATION
3.1.3.1 Determination of calcium affinity

The affinity for calcium of sorcin variants could not be determined
in direct fluorescence experiments since the fluorescence intensity
is practically unchanged upon binding of 2 eq of Ca*/monomer, as for
the wild-type protein, and higher amounts of calcium lead to precipitation.

Therefore, calcium affinities were determined in indirect fluorescence
experiments in the presence of Quin2, a chelator that binds calcium
with Kp 0.06 uM at pH 7.5. Sorcin and its variants compete effectively
with Quin 2 for the binding of calcium. This competition causes a shift
to the right of the titration curve of the chelator; from the extent of the shift
it is possible to calculate the Ca®" affinity constants of the different proteins.
The titrations were performed in Tris 100 mM, pH 7.5 at 25°C
and the increment of fluorescent emission intensity at 492 nm
due to calcium binding to Quin2 followed. The titration curves of wild
type sorcin and its variants are presented in Fig. 22 in terms of the degree
of saturation of Quin 2 as a function of total calcium concentration. Simple
inspection of the data indicates that in the mutants calcium affinity decreases
with respect to the wild-type protein in the order ES3Q > E94A > E124A.

For the analysis of the titration data a mathematical model that simulates
the competition between the chelator and the protein for the binding
of Ca’*was used. Due to the occurrence of precipitation upon saturation
of sorcin with 2 eq Ca’/ monomer, higher Ca®"/ protein ratios cannot
be scrutinized; hence, one is forced to analyze the titration data in terms
of a two site model. On the basis of the statistical parameters obtained
from the fitting procedure, the behaviour of the wild type protein
can be described with two dissociation constants in the micromolar range
namely K; = 042 + 0.05 x 10° M and K, = 6.3 = 4.1 x 10° M using
a dissociation constant for the chelator of 60 nM at pH 7.5, 20°C.
The titration curves of the site-specific mutants can be fitted by a single
binding constant: 0.48 + 0.13 x 10° M in E53Q, 0.71 + 0.14 x 10° M
in E94A and 1.10 £ 0.27 x 10°® M in E124A. The second constant cannot
be determined with accuracy because it is below the resolution limits
of the technique (about 1 x 107 M).
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Fig. 22 — Fluorescence titration of wild type sorcin and of the E53Q, E94A,
and EI124A mutants with calcium in the presence of the calcium chelator Quin2.
The degree of saturation of Quin2 (y) is plotted as a function of total calcium concentration.
Wild type sorcin (e), ES3Q (0), E94A (A), E124A (0) at a concentration of 25 uM were
titrated with calcium in the presence of 25 uM Quin2 in 0.1 M Tris-HCl at pH 7.5 and 25°C.
The titration of Quin2 alone (V) is also shown.

The titration data bring out that the E124 variant (mutated EF3 site)
is characterized by the largest change in the dissociation constant relative
to wild type sorcin while E53Q and E94A mutants (mutated EF1
and EF2 sites, respectively) behave similarly to the native protein.
It follows that the site endowed with the highest affinity for Ca’'is EF3.
The underlying assumption is that the site-specific mutations studied
introduce only local structural perturbations, that are limited to the immediate
environment of the mutated residue
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3.1.3.2 Interaction with annexin VII and the ryanodine receptor monitored
in immunoblot and Surface Plasmon Resonance (SPR) experiments.

The determination of Ca®" affinity of the different variants shows that
mutation of the EF3 site has the largest effect on this property of sorcin and
in turn suggests that the EF3 hand is more important than the EF2 and EF1
hands in determining the conformational change that permits interaction with
target proteins. To prove this hypothesis, interaction of the site-specific
mutants with two physiological sorcin targets was assessed, namely
annexin VII and RyR which are known to interact with N- and C-terminal
sorcin domains respectively (Verzili et al., 2000; Zamparelli et al., 2000).

In a first set of experiment wild-type sorcin and its mutants were
subjected to electrophoresis, transferred to polyvinyldifluoride membranes
and then incubated with annexin VII at pH 7.5 in buffer containing
10 or 500 uM calcium. Complex formation was detected by incubation
with polyclonal anti-annexin VII antisera and thereafter with alkaline
phosphatase conjugate monoclonal anti-mouse IgG. Figure 23a shows
the immunoblot obtained in the presence of 10 puM calcium while
Figure 23b displays those in 500 pM calcium. At the lower calcium
concentration, E53Q and E94A interact with annexin VII similarly
to wild type sorcin, whereas no interaction is detected for the E124 mutant.
At the higher calcium concentration, all the proteins interact with
annexin VII in a similar way.
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Fig. 23 — Interaction of wild-type sorcin and of the E53Q, E94A and E124A
mutants with annexin VII in the presence of 10 uM CaCl, (a) or 500 uM CaCl, (b).
a, molecular weight markers (180, 130, 100, 73, 54, 50, 35, 24, 16, and 10kDa).
b, wild-type sorcin; ¢, E53Q; d, E94A; e, E124A subjected to SDS-PAGE and transferred
to PVDF membranes. The arrow indicates the band corresponding to sorcin (M, 21.5 kDa).
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In a second set of overlay assay experiments, the interaction between
the site-specific sorcin mutants and RyR was monitored. Wild-type
sorcin and the ES53Q, E94A and EI124A proteins were transferred
to PVDF membranes and incubated with RyR-enriched terminal
cisternae vesicles extracted from rabbit skeletal muscle in buffer containing
10 or 500 uM calcium (Fig. 24a and 24b, respectively). The interaction
was detected using monoclonal anti-RyR antibody and alkaline phosphatase
conjugate monoclonal anti-mouse IgG. As for annexin VII, at 10 pM calcium
wild type sorcin, E53Q and E94A interact with RyR whereas no interaction
occurs in the case of the E124A mutant; at the higher calcium concentration
all the proteins interact with RyR to a similar extent. In control experiments
carried out in EGTA-containing buffer no interaction of sorcin and its
mutants with annexin VIII or with RyR was observed (data not shown).
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Fig. 24 — Interaction of wild-type sorcin and of the E53Q, E94A and E124A mutants
with the ryanodine receptor in the presence of 10 uM CaCl, (a) or 500 uM CaCl, (b).
a, molecular weight markers ( 180, 130, 100, 73, 54, 50, 35, 24, 16, and 10kDa).
b, wild-type sorcin; ¢, E53Q; d, E94A; e, E124A subjected to SDS-PAGE and transferred
to PVDF membranes. The arrow indicates the band corresponding to sorcin (M; 21.5 kDa).
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Surface Plasmon Resonance was used to obtain quantitative information
on the interaction between sorcin and its site-specific (E53Q, E94A, E124A)
mutants with annexin VII, an interaction known to involve the N-terminal
domain of both proteins (Brownawell and Creutz, 1997).

The experiments were performed by immobilizing on the chip
a synthetic peptide corresponding to the annexin VII N-terminus
(amino-acids 1-20) extended by the addition of three lysine residues before
amino acid 1 in order to increase peptide solubility and to favour its binding
to the sensor chip via amine coupling. The use of the annexin VII N-terminus
presents several advantages over immobilization of the entire protein.
It increases the lifetime of the chip and simplifies the experimental picture
because the peptide does not bind calcium. Under same conditions
the immobilized annexin VII N-terminus yields apparent Kp values in good
agreement with the results obtained with the full-length protein,
thus this peptide was chosen for the systematic study of the interaction
with sorcin and its mutants.

A typical sensorgram display three phases; the increase in RU from
the baseline upon sample injection corresponds to association of sorcin
or its mutants to the immobilized annexin peptide, the plateau represents
the steady-state phase of the interaction, and the decrease in RU
corresponds to the dissociation phase during buffer flow at the end
of the sample injection.

The Ca2+-dependence of the interaction with the annexin VII N-terminus
was assessed at constant (300 nM) concentration of native or mutant sorcin.
The sensorgrams are shown in Fig. 25 A-D. In Fig. 25 E the values
of the plateau signal at steady state (Req), obtained from the data depicted
in Fig. 25 A-D and in an independent set of experiments, are plotted
as a function of calcium concentration. Analysis of the sensorgrams shows
that the ko, and ker values of the mutants increase with respect
to native sorcin while the RU values in the plateau region (Reg),
and hence the amount of bound analyte, decrease at all calcium
concentrations. As expected for any given protein, the R, values
increase when the calcium concentration in the medium increases.
The Req values show that the affinity for the annexin VII N-terminus
decreases in the order wild-type sorcin > E53Q > E94A > EI124A
and thus confirm that mutation of EF3 has the highest effect on the ability
of sorcin to interact with annexin VII.
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Fig. 25 — SPR experiments on the binding of sorcin or its E53Q, E94A,
and E124A mutants to the immobilized N-terminal peptide of annexin VII as a function
of calcium concentration. A, wild-type sorcin in buffer containing 2mM EGTA and 12, 20,
25 and 40 uM CaCl, (from bottom to top). B, E5S3Q mutant in buffer containing 2mM EGTA
and 15, 25, 40, 70, 100 and 300 uM CacCl, (from bottom to top). C, E94A mutant in buffer
containing 2mM EGTA and 15, 25, 40, 70, 100, 300 and 600 uM CaCl, (from bottom
to top). D, E5S3Q mutant in buffer containing 2mM EGTA and 15, 25, 40, 70, 100, 300
and 600 uM CaCl, (from bottom to top). E, the plateau signal at steady state (R.q)
is plotted as a function of total calcium concentration. Wild-type (® and o), E53Q (m and D).
E94A (A) and E124A (¢ and ¢) sorcin. Filled and empty symbols refer to data obtained
with two different chips.
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3.2 D-HELIX SITE-SPECIFIC MUTANTS (W99G, W105G)
3.2.1 CLONING, EXPRESSION AND PURIFICATION

The sorcin site-specific variants W99G and W105G were obtained as
detailed under Materials and Methods. In these variants the two Trp residues
located in the D-helix were replaced in the sorcin c-DNA with a glycine
residue. The length and purity of the genes were checked by electrophoresis
on 1% agarose gel in TBE: the final DNA products have the expected
length of 620 base pairs. The DNA fragments were sequenced to verify
the introduction of the desired mutation and were inserted into a recombinant
plasmid suitable for protein expression (Pet22).

The recombinant plasmids were used to transform competent
E. coli BL21(DE3) cells, as described under Materials and Methods.
The recombinant proteins were expressed and purified according
to the same purification procedure used for the native protein
(see Materials and Methods) which exploits the occurrence of a significant
Ca*"-induced conformational change that leads to interaction with membrane
proteins. Both the W99G and W105G variants undergo the calcium induced
activation albeit at higher concentrations than wt sorcin.

The expression levels of the site-specific mutants are somewhat lower
than those of native sorcin.

3.2.2 STRUCTURAL CHARACTERIZATION

The tendency to aggregate and precipitate upon Ca’’-binding,
which limits the experimental conditions that can be wused for
the measurement of the Ca’"-bound protein spectra is particularly marked
in the W105G mutant.

Possible structural changes relative to the wild-type protein were
monitored by means of CD and fluorescence spectroscopy and by analytical
ultracentrifugation.

The folding of the mutated apoproteins is essentially unaltered
with respect to wild-type sorcin as indicated by the far UV CD spectra
(fig. 26) and points to a similar a-helical content, i. e. 60% for wt sorcin
and 58% for both W99G and W105G.

45



3. RESULTS

E

0

]

K-

2]

E!

£

© 100l : : . : .
200 210 220 230 240 250

wavelength (nm)

Fig. 26 — Spectroscopic characterization of wt sorcin and its W99G and W105G
vartiants. Wt (0), W99G (o), WI05G (A) sorcin. Far-UV CD spectra in 5 mM
Tris-HCI pH 7.5 and 20°C, protein concentration: 18uM.

Support for the similarity of tertiary-quaternary structure was gained
from the similarity of the weight-average molecular mass (Mw) calculated
from sedimentation velocity experiments (35000 Da for wild-type sorcin,
36500 Da for W99G, and 34700 Da for W105G).

The occurrence of structural perturbations that are localized
to the environment of the tryptophan residues and of other aromatic
side chains is indicated by the near UV-CD (fig. 27) and fluorescence
emission spectra (fig. 28) of the mutated proteins.

The near UV CD spectrum of native sorcin is negative and shows
two sharp bands (262-268 nm) attributed to phenylalanines, a weaker band
(283 nm) due to tyrosyl residues and an intense well-resolved peak (292 nm)
due to tryptophan residues. The near-UV CD spectrum of the W105G mutant
is similar to that of the wt protein, although the ellipticity is less negative,
while in the W99G spectrum the ellipticity is positive in the 272-292 region
as in the case of Ca**-bound wt sorcin.
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The fluorescence emission spectrum of the native sorcin displays
a broad peak with a maximum at 338 nm, upon excitation at 280 nm.
The fluorescence emission spectra of the two sorcin variants display
a decrease of the intrinsic fluorescence, since most of the aromatic
contribution at 280 nm is due to tryptophan residues. The emission peak
of W99G is blue-shifted by 2 nm relative to wt sorcin, whereas
the emission peak of WI05 is red shifted by the same amount.
Interestingly, in 285-300 nm region the spectra of the two mutants are not
additive, an indication that mutation of W99 and of WI105 alters the
microenvironment of the other chromophore.
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Fig. 28 — Fluorescence emission @
spectra of Wt (0), W99G (o), W105G
(A) sorcin in 100 mM Tris-HCI pH 7.5
and 25°C, protein concentration: ™ 0.0 T T T ; y
4 uM, excitation wavelength: 280nm, 300 320 340 360 380 400
slit width: 0.5nm. wavelength (nm)

3.2.3 FUNCTIONAL CHARACTERIZATION
3.2.3.1 Determination of calcium affinity

As in the case of the site-specific mutants E53Q, E94A and E124A,
the affinity for calcium of the W99G and WI105G variants could
not be determined in direct fluorescence experiments, but was estimated
by means of indirect fluorescence titrations in the presence of the fluorescent
chelator Quin2. The results obtained at pH 7.5 are presented in Fig. 29
in terms of the degree of Quin 2 saturation as a function of total
calcium concentration. The Ca’" affinity of the W99G and W105G
variants is practically unaltered relative to wt sorcin and can be fitted
likewise with two Ca’" binding constants in the micromolar range
[Ki= (0.5 £ 0.2) x 10°M and K, ~10°M] using a dissociation constant
for the chelator of 60 nM. The K; value is better defined than Ko;
the value of the latter binding constant is at the resolution limits
of the technique under the conditions used.
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Fig. 29 — Fluorescence titration of
wild type sorcin and its W99G
and WI105G variants with calcium
in the presence of the calcium chelator
Quin2. The relative saturation of Quin2
is plotted as a function of total
calcium concentration. WT (g, m),
W99G (o, ), and W105G (A) sorcin
at a concentration of 25 uM were titrated
with  calcium in the  presence
of 25 uM Quin2 in 0.1 M Tris-HCl
at pH 7.5 and 25°C. The titrations
of Quin2 alone (0, ¢) are also shown.
Filled and empty symbols refer to data
obtained in two different titrations.

3.2.3.2 Interaction with annexin VII monitored in immunoblot and Surface

Plasmon Resonance (SPR) experiments.

To establish whether W99G and W105G are able to interact with
annexin VII immunoblot experiments were performed, first. The results
presented in Fig. 30 indicate that binding of annexin VII to W99G
is significant when the total calcium concentration is 10 pM and that
comparable binding to WI105G 1is observed only when the -cation
concentration is increased to 75 pM.

=10nM Ca®

A

10 M Ca™ 75 uM Ga™

Fig. 30 — Interaction of the W99G and W105G sorcin variants with annexin VII.
The variants were subjected to SDS-PAGE and transferred to PVDF membranes which were
incubated with annexin VII in the presence of <10 nM, 10 or 75 uM CaCl2 (from left
to right) and subsequently with anti-annexin monoclonal antibody. A, W99G. B, W105G.
Lane 1: molecular mass markers (46, 30, 21.5, 14.3, 6.5 and 3.4 kDa); lane 2: sorcin variant.
The arrows indicate the band corresponding to sorcin (Mr 21.5 kDa).
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In SPR experiments was studied the effect of the mutation
on the sorcin-annexin VII interaction in a quantitative manner.
The experiments were carried out as a function of both Ca®" and protein
concentration.

At constant protein and calcium concentration the plateau signal
at steady-state (R.q) obtained with wild-type sorcin and W99G
are very similar (Fig. 31 A).

When the experiments are performed as a function of calcium
concentration at constant protein concentration, the R.q values increase
with increase in calcium concentration (Fig. 31 B). The R.q values of W99G
resemble those of wt sorcin at < 40 puM calcium, but are slightly lower
at higher calcium concentrations. In contrast, the R.q values obtained
with W105G are significantly lower with respect to wt sorcin at all
the Ca®" concentrations investigated. At 50 uM calcium, for example,
the Req values correspond to 385 for wt sorcin, 287 for W99G,
and 79 for WI105G. Thus, the experiments show that the affinity
for the annexin VII N-terminus decreases in the order wild-type
sorcin > W99G > W105G.

A further series of experiments was performed as a function of protein
concentration at a constant calcium concentration of 20 uM (Fig. 31 C).
These experiments have allowed the assessment of the apparent dissociation
constant, Kp, for each protein by Scatchard analysis of the ratio R.q/C
versus Req. The analysis yields apparent Kp values, at 20 uM calcium,
of 1.9 uM for wt sorcin, 2.0 uM for W99G. and 12.6 uM for W105G.
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Fig. 31 - Binding of wt sorcin and its W99G and W105G variants to the
immobilized N-terminal peptide of annexin VII at different Ca®* concentrations.
Wt (0), WI99G (o) and WI105G (A) sorcin. A, sensorgrams of 6 pM sorcin injected
at time zero onto a chip containing the immobilized N-terminal annexin VII peptide.
The increase in RU relative to base line indicates complex formation; the plateau
region represents the steady-state phase of the interaction, whereas the decrease
in RU represents sorcin dissociation from the immobilized peptide after injection of buffer
(10 mM HEPES, 0.15 M NaCl, 20 uM CaCl,, 0.005% surfactant P20 at pH 7.4).
Temperature, 25°C. B, the plateau signal at steady state (R.y) is plotted as a function
of total Ca®" concentration. Sorcin concentration, 1 uM in 10 mM HEPES, 0.15 M NaCl,
0.005% surfactant P20 at pH 7.4. Temperature, 25 °C. C, the plateau signal at steady state
(Req) measured at different sorcin concentrations (C) is plotted as a function of R,y /C;
buffer: 10 mM HEPES, 0.15 M NacCl, 20 uM CacCl,, 0.005% surfactant P20 at pH 7.4.
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3.2.3.3 Effect on the activity of the ryanodine receptor in isolated
cardiomyocytes

The interaction of sorcin and its D-helix variants W99G and W105G
with RyR was monitored by measuring the effect on the RyR-activated
Ca’" release process which manifests itself in Ca®" sparks.

The protocol used to introduce recombinant protein into permeabilized
myocytes is shown in Fig. 32 A. After the exposure to B-escin for 30 s,
the myocytes were superfused with a mock intracellular solution
for 30 s before superfusing with 3 puM sorcin, or sorcin variants,
for 2 min. After superfusion, sparks were monitored for 10-12 min
in the absence of flow. Sample line-scan records that display
the transient increases in intracellular Ca®* concentration characteristic
of Ca®" sparks are presented in Fig. 32 B. Spark frequency progressively
decreases by 20-25% over 10-12 min and the inclusion of sorcin
in the perfusion solution causes a more marked decrease in spark frequency,
reaching a steady state after 8-10 min (Fig. 32 C).
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Fig. 32 — Ca’" spark protocol. A, the experimental protocol used to introduce
recombinant protein to permeabilised myocytes. B, sample line-scans: 0 (a) 6 (d)
and 12 min (g) after permeabilization. C, the mean spark frequency at various times
after permeabilisation. Steady state values were measured at 10-12 mins of incubation
with the recombinant protein.

The effect of W99G and W105G on RyR activity was compared
to that of wt sorcin by analysing the spark characteristics after incubation
with each protein for 10 min; the spark parameters were compared with those
observed after incubation for the same time with a solution of the identical
composition without the protein. (Fig. 33) The inhibitory effect of sorcin
on RyR manifests itself in the significant reduction not only of the mean
values of Ca”" spark frequency, but also of spark width, spark peak and spark
duration compared to the control spark parameters (Fig. 33 A).

The two site-specific mutants have a contrasting effect: W99G behaves
in a manner similar to wt sorcin pointing to the occurrence of interaction
(Fig. 33 B), while, in the presence of the W105G mutant, the Ca®" spark
parameters are close to those of the control cardiomyocytes (Fig. 33 C).
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Fig. 33 — Effect of wt sorcin, W99G and W105G on Ca®’ spark properties.
Mean + SEM values for: (i) spark frequency; (ii) spark width (full width half maximal);
(iii) peak F/F,; (iv) spark duration (full width half maximal). A, control group, n = 4 cells;
636 events; sorcin, n = 4 cells, 176 events. B, control group, n = 5 cells, 795 events;
W99G group, n = 5 cells, 200 events. C, control group, n = 4 cells, 630events;
W105G group, n =4 cells, 592 events. * P <0.05.
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4. DISCUSSION

Sorcin shares with the other members of the PEF family the ability
to translocate from cytosol to membranes upon binding of calcium.
In turn, the change in subcellular localization is exploited for
the transmission of Ca*'-triggered biochemical signals to a variety
of target proteins that have been identified in the cell types where
the protein is expressed constitutively.

The molecular mechanism underlying the activation process
is still elusive also because the available PEF proteins X-ray
crystal structures reveal only limited and subtle changes between
the Ca**-free and Ca’**-bound forms (Blanchard et al., 1997;
Lin et al, 1997; Jia et al., 2000; Strobl et al., 2000). Therefore,
the information of the occurrence of Ca®” binding needs not only
to be transmitted from the functional EF-hands but also to be amplified
into a structurally significant conformational change.

To address these aspects of sorcin structure and function,
the functionally relevant EF-hands have been identified first.
In sorcin, EF4 and EF5 are non canonical and diverge from the canonical
EF-hands in terms of length and sequence of the loop; these sites
therefore are unlikely to bind calcium at micromolar concentrations
and likely have a structural role. According to the protein sequence,
only the EF1, EF2 and EF3 sites are potentially able of binding
calcium at these physiological concentrations. A comparison of their
sequence  predicts that the EF3-hand should be endowed
with the highest affinity for the metal. Thus, the unusual EF1 site
lacks an acidic residue in the metal coordination positions
and has a gap in position Y of the Ca’" binding loop; EF2 should
have a lower affinity for calcium relative to EF3 due to substitution
of the canonical aspartate in position —X by a glycine residue. However,
these sequenced-based arguments do not allow one to predict how different
the Ca®" affinities of these sites will be.

Titration of sorcin with calcium in the analytical ultracentrifuge
shows that the binding of two Ca’/monomer suffices to trigger
the functionally relevant conformational change. When the levels of Ca*"
exceed 2 equiv/monomer, the absorbance at 280 nm decreases abruptly
due to formation of aggregates. In fact, the Ca*"-induced conformational
change leads to exposure of hydrophobic surfaces and to sorcin precipitation
in the absence of molecular targets (Zamparelli et al., 2000).

The two physiologically relevant EF-hands were identified
by site-directed mutagenesis of the conserved glutamate in position —Z
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in the EF1, EF2 and EF3 sites. Only those mutations involving
a physiologically relevant site are expected to alter the functional
properties of the mutant significantly relative to the wt protein
provided that only the properties of the mutated site are influenced.
This approach has been applied successfully for example in the case
of m-calpain mutants (Dutt et al., 2000).

The far and near UV CD spectra used as structural markers
to characterize the E53Q, E94A and EI124A mutants, where EFI1,
EF2 and EF3 are mutated respectively, indicate that the global
fold and the environment of the aromatic residues are essentially
unperturbed relative to wt sorcin (Fig. 21). The only exception concerns
the environment of tyrosine and tryptophan residues in the E124A mutant,
as manifest in the near UV CD spectrum. Thus, the tyrosine band
at 283 nm has a significantly smaller amplitude than in the native
protein (Fig. 21). This change has been attributed to disruption
of the network of hydrogen bonding and hydrophobic interactions
that in Ca*'-free sorcin comprises the Glul24 carboxylate, the D-helix
with the two Trp residues (99 and 105), and the aromatic ring
of Tyr67 located on the loop connecting EF1 to EF2 (Ilari et al., 2002).
The observation that the Glu 124 carboxylate is not solvent
exposed conforms to the behaviour of the —Z ligand in regulatory proteins
(Xie et al., 2001). In turn, the Tyr67-OH is hydrogen bonded
to Aspl13 which occupies the X position in the EF3 Ca®*'- binding loop.
Tyr67, due to this hydrogen bonding interaction, should contribute
significantly to the strength of the tyrosine CD band. Thus, removal
of E124 and disruption of the interaction network should decrease
the band amplitude as is indeed observed in the EI24A mutant.
The concomitant decrease in the tryptophan band at 292 nm has functional
implications because it suggests that the loss of the hydrogen-bonding
interactions established at the EF3 Ca’" binding loop by Aspll3
and Glul24 is sensed also by Trp99 and Trpl05 located on the long
and rigid D-helix that connects EF3 to EF2. On this basis,
the D-helix appears capable of transferring the structural perturbations
originating in the EF3 Ca®"-binding loop far from the site of mutation.
In turn, this far reaching effect of the Glul24 mutation points
to EF3 as the ideal trigger of the pathway that leads from Ca’" binding
to sorcin activation. However, for this picture to be true EF3 should
be endowed with the highest affinity for Ca”".

The fluorescence titration data in the presence of Quin2 show
that it is the case (Fig. 22). The overall affinity for Ca*" follows the order
wild-type sorcin > E53Q > E94A > E124A, indicating that disruption
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of the EF3 site has the largest effect on this property of the protein.
Disruption of the EF2 and EF1 hands has progressively smaller effects.

The immunoblot data likewise point to a major functional role
of EF3: the E124 mutant requires a significantly higher calcium
concentration (500 pM) than wild-type sorcin, E53Q and E94A
for interaction with the binding partners annexin VII and RyR which bind
to the N- and C-terminal sorcin domains, respectively (Fig. 23-24).
Disruption of the EF3 site therefore has the largest effect on the ability
of sorcin to interact with its molecular targets. The extent of the functional
impairment was estimated by means of SPR experiments that assess
directly the interaction of wt sorcin and the various EF-hand mutants
with the immobilized N-terminal peptide of annexin VII. As shown
by Verzili et al. (2000), this peptide provides a suitable model
to monitor complex formation between the whole protein and sorcin.
At all calcium concentrations investigated, the amount of complex
formed decreases in the same order as calcium affinity, namely
wt sorcin > E53Q > E94A > E124A. At about 18 pM Ca®*, wt sorcin appears
to have an apparent Kp of 300 nM while the E53Q, E94A and E124A
mutants require a 5- 30-, and 250-fold increase in Ca®" concentration,
respectively, to interact with the immobilized annexin VII peptide
with similar Kp values.

The functional picture that emerges is that EF3 is the major player
in sorcin activation. It has the highest affinity for calcium and can trigger
a Ca’"-dependent conformational change by means of the hydrogen-bonding
interactions established by Asp113 and Glul24 in the Ca®" binding loop.
This conformational change, though Ilimited in extent, reaches EF2
and the EF1-EF2 loop and results in the reorganization of the hydrophobic
core around the D helix. It may be recalled that the long D helix provides
the structural coupling between the two physiological EF hands.
The behaviour of the 90-198 sorcin fragment, which lacks EF1 and EF2,
binds Ca®" with decreased affinity, and is unable to translocate to membranes
(Zamparelli et al., 2000) likewise suggests that integrity of the transmission
pathway is a prerequisite for sorcin activation.

To validate these ideas concerning the role of the D-helix in sorcin
activation, W99 and W105, the only two Trp residues of the polypeptide
chain, located differently on the D-helix, were used to advantage.
Thus, W99 lies near EF2 and faces solvent, whereas W105 lies near EF3,
faces the protein core and establishes a large number of interactions
with other residues of the D- and G-helices and of the loop between
EF1 and EF2. The assessment of the Ca®" affinity of the W99G and W105G
mutants was hampered by the strong tendency of the Ca**-bound forms,
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in particular of W105G, to aggregate and/or precipitate in the absence
of protein targets. However, the indirect fluorescence titration experiments
show that, under the experimental conditions tested, the Ca®" affinity
of both W99G and W105G is unaltered respect to wt sorcin (Fig. 29).

The efficiency of the information transfer mechanism was established
by assessing the interaction of W99G and W105G with annexin VII,
a target of the sorcin N-terminal domain, in immunoblot and SPR
experiments. The interaction with annexin VII is unaltered by the W99G
mutation, but is compromised significantly (7 fold) when WI105
is substituted (Fig. 31). Since the Ca®" affinity of W105G is unchanged
relative to wt sorcin, the impairment in the interaction has to be attributed
to an alteration of the information transfer process via the D-helix.

The interaction of the two tryptophan mutants with RyR, involving
the sorcin C-terminal domain, was assessed in isolated cardiomyocytes
by analysis of the Ca®" spark parameters. In the control experiments
with native sorcin (Fig. 32), over 10-12 min Ca®" spark frequency displays
a small but significant decrease that may reflect the balance of several
factors, including (i) a change in the Ca®" content of the SR immediately
after permeabilization of the cardiomyocytes and (ii) minor changes
in concentration of low-molecular weight modulators of RyR2 activity,
e.g. ATP, Mg®", H'. The decreased frequency, amplitude, duration
and width of the Ca®" sparks by wt sorcin are consistent with previous reports
on heart cells (Lokuta et al., 1997; Seidler et al., 2003; Farrell et al., 2003).
These studies proved that sorcin reduces the open time of the channel,
an effect that would reduce the duration of the Ca®' spark and thus
the width and amplitude.

The two sorcin-variants W99G and WI105G behave as follows:
W99G decreases Ca’" spark frequency very similarly to wt sorcin,
whereas W105G has no significant effects on any of the Ca®" spark
parameters. This effect could be explained in terms of an alteration
of the sorcin-RyR2 interaction surface that weakens the interaction itself.
Despite this alteration, the information about Ca®" binding to EF3 does reach
the N-terminal domain as shown by the ability of W105G to interact
with annexin VII, albeit with a lower Ca*" sensitivity than wt sorcin.

In conclusion, the behavior of the site-specific tryptophan mutants
provide experimental support to the proposal that the interaction
network around the D-helix is central to the Ca’’-induced sorcin
activation mechanism. The conformational changes that take place
at EF3 upon Ca’" binding are amplified by the D-helix which thereby
acts as a trigger of sorcin activation.
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At this point, a discussion of the data obtained in the present thesis
in a general framework is in order.

The role of EF3 and of the D-helix in sorcin activation indicated
by the behaviour of the mutants finds a physiological confirmation
in the discovery of a spontaneous mutation in the human protein,
namely F112L, which is thought to account for an inherited form
of hypertrophic cardiomyopathy and hypertension (Rueda et al., 20006).
This mutation involves F112 located on the D helix at the beginning
of the EF3 Ca*"-binding loop. Unpublished studies by Mohiddin et al. show
that transgenic mice expressing F112L sorcin targeted to the heart
have a normal lifespan and reproductive ability, although their
hearts are dilated with thinned ventricular walls. The effects on RyR
and calcium sparks appear to be dependent on the ability of sorcin
to interact with RyR2 more than on its bulk structure or electrical charge.
In fact, Rueda et al (2006) showed that, except for Ca®" spark duration,
all other parameters in cells perfused with F112L-sorcin are significantly
different from those obtained in the presence of wt-sorcin, but resemble
closely those obtained in the absence of sorcin. This mutation
in an essential region of the protein therefore suffices to impair
the interaction with the calcium channel and to alter the cardiac
functions in a significant manner. In general terms, the data
on the FI12L wvariant provide further support to the contention
that sorcin plays an important role in the excitation-contraction process
and in particular in the relaxation phase after muscle contraction.
Thus, in cardiac muscle the main sorcin targets are RyR2, which triggers
the release from calcium stores and thereby activates contraction
(Beers 2002), NCX, that restabilises the resting levels of calcium
after muscle contraction by exchanging this metal with Na'
(Maack et al., 2005), and SERCA, which is responsible for Ca** re-uptake
by the SR after muscle contraction (Matsumoto et al.,, 2005).
Sorcin reduces the activity of RyR and increases the activity
of NCX and SERCA. Hence, its net effect is to terminate calcium induced
calcium release during the relaxation process after muscle contraction.

Lastly, the role played by the D helix in sorcin activation
may be applicable to all PEF proteins given the D helix conservation
and the fact that the EF3 site is endowed with the highest Ca’" affinity
in most members of the family. As in the case of sorcin, the subtle changes
that occur upon calcium binding may be amplified by the hydrophobic
core around the D-helix and transferred from EF3 to the rest of the molecule
resulting in protein activation.
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Borein is a typical penta-EF-hond protein thot poctic-
ipates in Co® -regulated processes by translocating re-
versihly from eytosol to membranes, where it interacts
with different torget proteins in different tissues. Band-
ing of two Co®*/monomer triggers translocotion, ol-
though EF1, EFZ, and EF3 are potentiolly oble to bind
coleium at mieromolor concentrations. To identify the
funciional pair, the conserved bidentate - glutomote in
these EF-hands wos mutated to yield E530-, Ef4A- and
E1Z24A-sorcin, respectively. Limited structural pertur-
bations cceur only in E124Asorcin due to involvement
of Glu-124 in o network of iInteranctions thot comprise
the long I} helix connecting EF3 to EF2 The owverall
offinity for Ca®™ and for two sorein targets, annexin VI
ond the ryonodine receptor. follows the order wild-
type = E530- = Ef84A- » El124A sorcin, indicating that
disruption of EF3 hos the lorgest functional impact and
thot disruption of EF2 and EF1 has progressively
smaller effects. Bosed on this experimentol evidence,
EF3 ond EF2. which ore not poired in the cononical
maonner, are the functional EF-honds. Sorein is proposed
to be activated upon Co™* binding to EF3 and transmis-
sion of the conformational change at Glu-124 via the I}
helix to EF2 ond from there to EF1 win the eanomicnl
structuralfunctionol pairing. This mechanism may be
opplicable to all penta-EF-hond proteins.

Screin is o member of the peota EF-hand (PEF" family, o
sminll group of Ca®* binding proteins that comprises the largs
and small calpain subumits (1, 2), gronealen (3), ALG-2 (4), and
peflin (5). All thess proteins hind to cell membrones through o
Ca®*-dependent interaction with protein targets that permits
tronsduction of wanous Ca®*-medisted signals. Sercin i
theught to participats in different Ca®~ -triggered biochemical
cascades sinoe different target proteins have been identified in
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This poper i dedicated to the memory of Eralde Antonini, beloved
and unforgettable master, decessed prematurely 20 vears agn, on
March 19, 1983,

£ To whom ecrrespondence should be addressed. Tel: 20006
A0 107G Feoo 250084440062 E-mail: emilinchiancone@uniromal.it.

1 The abbreviations used are: FEF, penta EF-hand; Ryr, rranedine
receptor, FYDF, polyvinglidens difleoride: SPR, surface plasmon resc
nanee; B, resonance unils.

This paper is available on line at hitp: wwa.jbr.org

the cell types where the protein is expressed constrhatively,
namely the ryonedine receptor (Byr) and the @, subunit of
L-type calenum chonnels in muscle cells (8, 71, presenihn 2 in
humon bram (8), and annexin VI in adrenal medulls (2),
differentiating myocytes (10) and red blood cells (110

The EF-hand, a structural metif choracterized by o helix-
leop-helix structure, is used by o large number of proteins to
tand Ca®* wath high affinity. In the “canonisal™ metif, Co~
coordinated by a 12-aminc-and-lng mterhalical loop ssquence
with pentagomal bipyramidal symmetry. In this arrangement,
foar conserved side chains proeade the five = quatonal ligands
Y, E, -Y, -Z) since the ghitamate residus in position -2 estab-
lishes o badentate mberaction with the metal. The two apical
lLigands are fiarmished by the sids choin of an acadic group (X
and by a woter maolscule (-X). Changes m the loop sequence
accur such that the EF-hands may net bind Ca®~ ar may not be
recognized in the protein primeory structare. In the PEF family,
the extensively modifisd EF4 and EFS leops do not band Ca®-,
and the M-terminal motif designoted EF1 was not recogmzsd
by sequence onolymis since the loop » one amine acid sherter
thon the canenical one. The sostence of the EF1 hond was
revealed m:\];,r ]:gr the E-TAF m:_-mtul whructure of the culpu.i.n
subunite, the family prototyps (1, 20

In a typical monner, EF-hoands comar in poire that are coa-
pled structurally and functicnally. The structural assccation
takes ploce through o short tweorstranded @ shest arrongement
that grres nse to stable dommne. Moreorer, binding of Ca®*
alivits & chaonge ficon o “clesed” to an “open” conformation that
leads to exposure of hydrophobic surfaces for targst intaraction.
In the PEF famly, all the EF-hands ore clustered in the C-
terminal domam that is characterized by o very similar, com-
pact fold in all the proteins, as exsmplifisd by the sorcan soe-
ture depicted in Fig. 1. The EF1-EFZ and EF3-EF4 poirs ars
nsaociated in the cancmicol monner, although EFS is unpaired
in the monemer but interacts with the same metif of o second
menomer o the native form of the molecule, o dimene assem-
blags (2, 12-14). An intriguing peeuharty of the Ca®* hindmg
domein is the unusial pressnce of twa {zix turma) a-hehess
that are shared by EF2 and EF2(D helix) and by EF4 and EFS
{3 helix). At least in principle, this direct structural link be-
tween the two concoical EF-hond pairs moy represent the
nmatural means for transfernng functional information betarsen
them. The compact structare of the C-terminal Ca®* hinding
dormnmin contrasts the flexibality of the MN-termanal demain,
which is of variable length in the diffsrent FEF proteins bt is
ohraye rich in glyoine and proline residues. Because of its
nature, the M-terminal domain is not visible in the avadlable
wray eryetal structuress of the whole proteins, namely thoss of
worean (150, gru.nml:in (13, 18), and cu]pnin 017, 12
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The present understonding of the relaticnships betwesn
wtruchare and function in the PEF family is far from oomplete.
The x-ray structurss schow that three EF sites sre potantially
akle to bind Ca®” in the phyvclogical range of concentrations,
namely the unusual EF1 motif and EF2 and EF3, whoss strue-
tural fzatures resemble theos of EF-hands in regulatory Ca®*-
bmdm.g pcmtemﬂ Hemoraarar, bu.ndmg ocfocnlf tera Do o camer
wuffces to trigger the conformational change that exposes hy-
drophobic regicns and l=ads to interaction with the respectoes
targets (3, 18, 20). The ovailable dota indicats that functicnal
coupling doss not mwolve the same EF-hands in the diffsrent
proteins, suggesting that despite the high structural similarcy
there is no commeon mode of mfsrmotion transfer within the
DEF :E'u.milg,r. Furthermore, the mechoniam of communication
batwesn Ca® -binding sites has not been ehacidated. In sorein,
the characterization of o protein fragment (20-185) lacking the
Brst twro EF-honds pointed to EF1 and EF2 as the physiologieal
parr (180 In grancolan, EF1 and EFS that cre not linked
wructarally are coupled fanctionally, EF2 is unable to bind
Ca®* due to the presence of alanine in place of the cancnical,
tadentate -E ghitamote (3), In ALG-2, studies with site-specific
mutants indicats that, o in grancalen, the EF1 and EFs
motifs form the functionally relevant Ca®" binding pair (45,
whersas in colpain oll the first thres EF hands contribute to
Ca?* binding, with EF3 hoving the highest affirity (20

The molsculo mechanism that triggers the Ca® -smignaling
process and leads to a chonge m the subcellalar locolization of
PEF proteins through the specific interaction with protein tar-
gets is still ochocure. The Ca®*-induced conformational changss
memifeet in the x-ray erystol shuchares ore unexpectsdly amall
ond are limited to the EF1 region (1. 2, 13, 17), and it = net
kncwn how thess small changes are amplified to the ectent
required for target pu:n:m:'m interaction.

In the pressnt work sorcin was used to nddress thess aspects
aof the structare-function relatiorships in PEF protsins. Scron
and its iselated Ca®* binding domoin hevee besn characterized
extenanrely in solution (18, 21-25). Moreover, a model for the
Ca®=- processss in the full-langth protein has besn
proposed on the bass ofthrr-:nymjatulmm of the Ca®*
binding demasin (12). Ca® binding is theught to weaken the
interactions between the M- and C-terminal domoins, thereby

permitting their reorientation, which in turn facilitates inter-
acticn with the torgst proteins ot or neor membranes. It =
relevont in this conmection that soren hos the ability to inter-
mmthnnpurmuubymemo&'baﬂ:.ﬂrN and C-terminal
dornmin, as by cmmeson VI and the ryancdine re-
captor, respectrealy (23, 190

Site-gpecific mutants of EF1, EFZ, and EF3 howve been de-
signed in which the cononical glutamate in the -Z position was
chonged mibo Gln or Als. The respschwve mutant proteins,
Es3q, Eodd, E124A hove been characterized by determining
thear structural properties in solution ond their offiity for
Ca?* . Thereafter, the effect of the site-specific mutation on the
capacity to interact with annexin VI and the ryancdine vecep-
tor was assessed. Substiution of the -2 ghitamate in the first
thres EF-honds produces structural alterations of wery limited
extent. They con be apprecisted anly in the E1244 mutant dus
tothe invobrement of Gha-124 10 o nebwork of hydrogen bond-
ing and hydrophechic interactions that comprise the I helix AL
the substitutions introduced affect the Co®~ binding propertiss
of sorein. The effect 15 largest when EFS is modified and de-
creases in the crder EF2 and EF 1. Thes= :Endmgnmﬂuntethnt
EF3 and EF2 the functional prar and sageest that
binding of Ca®* to EF3 is the first step in sorein activation. Tt
ia comesivable that Ca® binding at the EF2 site changss the
conformation of Glu-124 and that this changs is transmatted to
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EF2 wia the long If helix. The subssquent step in the pathway
could ooour in the comventicnal manner by taking advantage of
the canomical structural coupling betwsen EF2 and EF1. This
urmsnal meds of functional hnkage moy ke cperative in oll PEF
pcmteinn glven thedr ]:ugh structural nimﬂnr.itf and, henee, may
represent o general property of the faomdly.

MATERIALE AND METHODS

Coring of Sorcde Midants—The cDMA of Chinese hamster cwvary
sorein, kindly provided by Dv. M. B. Meyoers, wos amplified by PCR
uging two oligonuelestides, one of which was designed to generale o
novel Ndel restriction site at the ' end at the placs of Mool without
altering the sequence within the gene. The amplified DA thus ob
tavinsed woes di gested with the restriction enzymes Ne] and Hind I and
oo insorted subsoquently in s pET22 expression weotor (Mevagon,
Madison, Wi that had been digested with the same enzymes. Sile-
direscted mulagenesis was corried out by the PCR overlap sxtension
mutagenssis method pecording to Higuehi f ail 124) using the proof
reading enzymae Ffr DN A polymersse (o mwid the addition of 2'.over-
hanging residuss by Tag polrmerase. The following oligenueleatides
wara used: M forward, 5'-GUCAAATTAATACGACTCACTATAGGG-2";
C roverse, 8 -CAAGCTTTTAGACGGTCATGACAC.Y ; ES20Q) forward,
S CAMATTCATGC TGATCAGTTCCAGAGATGTCTAACS'; EXAG re-
vorse, 3 CGTTAGACATCTCTGCAACTGATCAGCATCAATT TG-2';
ESdA forword, 5-CACCATGGGATTCAATG CATTTAAAGAGCTC.A",
EfdA reverse: 5 -GAGUTCTTTAAATGCATTGAATCCCATGETG.
3" E124A forword, 5 GGEAACGOTGEATCCCCAGGUACTGCAGAAG.
GOTCTGA'; E124A roverss, 8'-CGTCAGAGCCTTCTGC AGTGCCTS-
GOOATCCACCET-2'. The complate mutated genes were digested with
Neel and Hindlll and cloned into o pET22 ion vector,

Expression and Purificotion of Wild-type Sorcds and Bs Mutonis—
Chinsse hamster evary recombinant sorcin was expressed in Esche-
richia colt BL21 (DEX) colls and was purified s previously doseribed
121). The protein concentration was delermined spectropholometrically
at 250 nm using o molar extinction metfickent on o monomer basis of
20,400 1211, The same purification procedure and the same odinction
eoaffizient were used for the mutanl proteins.

Cirewlar Mekrotam Spectra—CD spectra were recorded on a Jasse
L7100 spectropolarimeter in the far [NV (195-240 nmi and in the near
LTV (250250 nm) region. The experimsents ot pH 7.5 were carried cut al
20 °C in 5 oo Trie- HO buffor, snd thess st pH 8.0 wore earried sut in
11 m sodium acetats buffer at 40 “C. The a-helical wntent wos ealeu-
lated from the llipticity valus ab 222 nm according to Chou and Fee
man {25,

Determeimation of Ca®* Afimity—Inditect titrations were carvied oul
in & Fluoromme spectrofluorimotor in 0.1 s Tris HCl buffor ot pH 75
and 25 °C in the presense of the fluerescent eakium chelator QuinZ,
according bo Bryant (281 The excitation wovekngth was 329 nm (slit
width, .5 nmk the incement of emission intensily due lo clkium
binding to QuinZ was followed st 492 nm. Special care wes taken to
reduce 0o’ eontamination to 0510 ww by ireating the protein sdu-
tions and the gloessware with Chelex 1080, as recommended by Andrd
and Lines (274 For ench mutant four sels of independent sxperiments
ware carried out, which indudsd cnirol titratiors of Quin? slons and
of native sorein. Al the end of each titration, the flucreszence intensity
correaponding 1o zero free Ca®" conceniration woe determined br the
addition of & moa EGTA. The flucrescence intensity of Quin2 ot high
ealeium eoncenirations was laken as the higher asymplote. Toestimate
the Ca®* affinity eonstants of notive serdn ond its motants, esch
sxperimental sel was fitted with the program CaLigator (27); the choice
between one and two binding constants wos made on the basis of the
i valuss,

Interoction of Wildtype Sorcin and Ite Mutasts with Axnexin VITin
Owerday Assay Experiments—Aliquads of porified wild-typs saein and
of the mulants were subjected to elecitophoresis on a 15% polynend-
amide gel under denaturing conditions {28) and transferted to polyviny]
diflacride membronss (PYDF, Problott, Applisd Bicowstems, Poster
City. CA) in transfer buffer (25 ma Tris-HCL, 192 my glyeine, 206%
methanal. pH &2 for 45 min ab 100 mA (290 For Weslern blotling
analysis, the PYDF membranes were incubated at room temperaturs
with annexin V11 (5 pgfml) in 1% gelatin in TBST buffer (20 mo
Tris- HOL 0.5 3 NaCl, 0.08% Tweon 20, pH 7.5) containing 10 s or 5060
uw Cally. Subsequently, the membranes were incubated with anti-
annexin Y11 polyelonal antibody (dilution 1:26800in 1% gelatin in TRST
buffer. The blots were developed by incubation with alkaling phospha.
lose conjugate monoclonal anti-mogse [gG (Sigma) in 1% gelatin in
TRST. Contral experiments rukad out the existence of cross-resctivily
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between sorcin and ils mutanis and the anti-annesdn ¥11antibed i data
not showm

Interaction of Widtype Somcin and s Mutasts with Arnexin VITin
Surface Plasmon Resomance (SFR) Measuremenss—SPR sxporiments
ware carried oul using a BIACORE X system ( Bincore AR, Uppsala,
Sweden ). Two N-terminal peplides of annsxin V11 were symthesized by
Sigma-Genosys (Cambridge, UK« o improve the peptide solubilily and
binding to the sensor chip, three |wsine residues were added to the first
20 amine seids of annsxdn VI (MSYPGYPPTGYPFFPGYPPAL Peplide
P1 contained three |wsine residuss at the M lerminns of the sequence,
whereas peplide P2 contained thres lysine residues ot the C-terminal
and. The peplide purity wos checked by malriz-sesisted laser descrp-
tion iomization tims-of-flight mess spectrometry. The caleulated isoelec
trie point of both P1 and P2 is 290, hased on the program pl-tocl (20,

The sensor chips (CM3, Biacore ABR) were activated chemically by
injection of 25 ul of & 1:1 mixture of N-hydreaysued nimide (50 ms and
Meethyl-W' 4 2-dimethflaminopropylicarbodiimide (200 ma) ok o flow
rate of & plimin. The M-terminal peplides of annexn VII were immo
bilized on the activated sersor chip via amine coupling, The reaction
woes earvied out in 20 my sodium acetate at pH &0, and the remaining
eater groups were blocked by injecting 1w ethanolamine hydrochloride
125 ul i In control experiments, the sesor chip was ireated s deseribed
abova in the sbeence of peptide. The interaction of the immobilized
annexin VII peptides with wild-type sorcin and its mutanis was de-
lected through mass conceniration-dependent changes of the refractive
index on the sensor chip surface. The chonges in the chserved SPR
mignal are expressed as resononce units (RUL Typically, o response
change of 100 B corresponds to a change in the surface concentration
on the sensor chip of ohout 1 ng of protein per mm® (401, The xperi-
ments were cartied out at 25 *Cin 10 me HEPES, pH 74, 0,15 2 NaCl,
and 0.008% sarfactant .20 {HES P buffery, treated with Chelex 100 to
aliminate sontaminating caleium, ond degassed. For the experiments os
& finetion of 0a®* concentration, ealdum dhloride or EGTA ware added
to the buffer. Measurements were performed at o flow rate of 20 ulimin
with an immebilization leval of the annedn VII M-terminal peptides
eorresponding to 2001200 RL. Valuses of the plateau signal ol steady
state were caleulated from kinetic evaluation of the sensorgrams
uging the Bliswaluation 2.0 software. Seatchard anahis of the de-
pendsmes of B on the concentration of wi sordn wos also performed to
smcns the equilibium dissceintion constont at 25 pw Ca® . The amine
coupling kit. the sarfactant P20, and the CM-5 sensor chip were puar-
chesed from Bincore AB; all the cther reagenis were high purity grade.

Interaction of Wild-type Sorcin and fts Mutants with the Ryvamodine
Reveptor—Aliquots of purified wild-type sorcin, EF1, EFZ and EF2
sorein mubants were transforred to FYDF membrones oe desoribed
above for the sorcin-onmedn VI interaction. Incubation of the mem-
branes with terminal cisternos vesicles from rabbit shelelal muscls
enriched in Brr (5 pgml) wes likewise carried out in TEST butfer
containing 10 us or 200 yw CalCl, os deseribed abowe. The blots were
inenbated with an anti-Ryr meneclonal antibedy (IMALCO) and w=ere
devaloped by incubation with alkaline phesphatase conjugate monc-
clonal anti-mouse Igl. Conirol experiments ruled out the existenee of
erass-Teaetivily bebwesn sordn and its mutants and the anti-Byr anti-
bedy {data not shown).

EEZULTS

Structural Charoeterization of the Site-specific Sorcin Mu-
tants—Foar and near TV CD spectroscopy wos nsed to assess
the possible cecurrence of shucharal chonges in the matated
apoproteing, The sxperiment s wers carrisd cut ot pH 7.5 and at
pH 6.0 since the x-ray erystal structure of the Ca®" knding
domoin wos cbtoined ot the latter pH wahie (120 Although
sorein operates n a medinm containing about 1 mM Mg**, this
mwmmﬂnﬂzdmt&hﬂeun-edthwghmtth-
study smince previous work showed that Mz has mo effect on
the structural and functicna] properies of the protein (210 The
far TV CD spectra of oll the site-specific mutants under study
are indistinguishable from thees of native sorcin both ot pH 6.0
and ot pH 7.5 (data not shown).

In the near TNV CD region the spectrum of wald-type sorcin s
negotive and is characterized by two shorp bands ot 262 and
288 nm atiributed to phenylaloanines, by o weoker band ot 263
nrn due to the tyroeyl fine structurs (0-0 transition), and by o
Eairly intense, well resclved peok ot 202 nm due to tryptophan
remidues (22 The two tryptophon resduss, Trp-99 and Trp-
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F1s. 1. Structure of sorcin. 4. amino oeid sequence. The resduss
consaryed in ol members of the PEF fomily arain beld: the residuses in
the Co®* coordinating positions ore in gray. B, x-ray structurs of the
marein Ca® " binding domain (Protein Data Bank ecde 100 Ref, 123, O,
blow.up of the [ helix (pals Blue) and of the structural elements thal
lake part in the proposed signal transduction mechanism. The residuss
inwolved in hypdrogen bonding (Tyr-87-Asp- 113, Glu- 1'24—Pb9-11‘.'{| are
in red, ond thess forming the hypdrephobie core (Fhe-70, Trp- f-
105, T;rr 1583 arcund the I hehx are in yelior. The EF- hnndl EF
EF2) are also indicated. The picture is depicted in MOLSCRIPT (295,

108, which cre loeated on the It helix (Fig 1, B and ©), both
contribute to the ohesrved signal. However, the sontribution of
Trp-29 in hikely to be smaller sines this residues s more sxpoged
to solvent than Trp-105 (12). The spectra of the muatant pro-
teins ore wery simulor to those of wild-typs soran ot both pH
valuss with the exception of E1244, albedt coly over the wooee-
length ranges 272-500 nm (Fig 2). Thus, in the E124A mutant,
the phenylolamne bonds are unchangsd, whereas the bands of
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Fig. 2. Near UY circular dichroism speetra of wild-type sercin
and of the BES3G, EO4A, and E124A mutants. W"H I'p-a sarin
{—LE (--ood, ESA —), and B1244 - centration
of 50 um. A, 1 msodium seolals buffer, pH &, IZI d-EI“E' H I] 1:|.|:Tru-[-]l:"l
buffer, pH 7.5, 25 %0,

tyresines and tryptophan remdvss cooar at the same wavelength
s in the wald-type protein st both pH values but have o smaller
amplituds. The difference 15 patiularly sgmficant for the
tyrosine contribution.

Sorein pracipitates upen binding of 2 Ca® /moncmer in the
abaence oftn.rg\ct pu:mmm due to the S ORI ofhyd.top]:\.o'bu.c
surfaces (22), The same phencmenon wos sheerved alss for the
m-ape\:\:ﬁc mutants under !tn.df. Therefore, the sffect of cal-
caum cn the near TV CD spectra was not studied.

Calcium Affinity of the Site-specific Sorcin Mutants—As for
the wild-type protein (18), the alﬁnﬂ.‘_!,rfm' caleiam could not ke
determuned in dirsct flucrescence sxrperiments since the fluo-
regoenees intensity 18 proctically unchonged upon binding of 2
eq of Co’ /moncmer, and higher amounts of caleum lead
to precipitotion.

Caleiumn affinity wos assessed mnindirect flucrescence titra-
Hon experiments in the presences of the caldnm chelator Guin®
The resulta obtained at pH 7.5 are present=d in Fig. 2 in termes
af the de.g;re-e ofmuaﬁmof&nﬁannﬁmﬂim of tatal
caloium concentration. Simple inspection of the data indicates
that in the muatants caleum affinty decrsases wath reapect to
the wild-type protemn in the crder ES24) = EodA = E1244

An important consequence of the comrrence of precipitation
upon saturation of sorein with 2 egq of Co® fmenomer i that
higher Ca®*/protein roties cormet be serutinizsd. Henes, one
cannot establish whether more than two high affinity Ca®*-
'bm.dm.gmt\ea ore present cn the sorcin molsculs and is forced to
n.nal_'rm the titration data in terms of o tro-sibs model. In the
framework of this minimum scheme and on the basis of the
statistical PO amsteTs chtoined from the ﬁtﬁ.ng pcmcedure .the
tehovior of the wald-type protein con be descmbed with two
apporent dissoclation constonte o the micromolar Tonge,
nnmel_'rK =042 = 0.05 x 107" Wand K, = 6.8 = 4.1 % 107
M, ndtmmtmmntmﬁwthed:.elntwofﬁunx.an
TA, 2EI°C {311 On the other hond the binding profiles of the
mutants can be fitted satisfactonly by a single binding constant

g o 045 = 0,13 = 10~% Man ESSE, 0,71 = 014 =
107 o in EddA, and 1.10 = 0.27 = 1077 u in E124A. For the

73

Information Transfer in the Penta-EF-hand Protein Sorcin

UE =

0E

04 -

0z 1

Calciam ceacentrafiss (M)

Fic. 2. Fluareseones titration of wild-type sercin and of the
EZa4y, EA, and E124A mutanis with enleium in the presence of
the caleium ehalator QuinZ. The degres of saturation of Quin iy is
plotted s & function of total ealeivm conmntration. Wild-type sorein
o, ESRQ 0 0 BMA (A0, ond E124A () sl o concentration of 25
wore litrated with caleium in the presence of 25 uy Quin? in 0.1 m
Tris-HC| at pH 7.5 and 25 *C. The titration of QuinZ alone (7 is alse
shewn. Four sste of independent titrstions were mrrisd out for native
sorcin ond for each mutant.

mutants the second constant connet be determined with aceu-
racy becouse it 18 below the resclution limits of the technique
under the sxperimental conditions nesd (aboat 1 = 107% wi

Ifome assumes that the stte-spenfic mutations studisd intro-
duee local structural perturbations, the chesrved changss in
Ca®* nEnitf con be taken to indicote that .5lutam.u: acid in the
-z pomnm of the EF2 hond 1 me:impmumthnn the corre-
sponding residus of the EF2 and of the EF1 honds in deter-
minng the Ca® dependent conformotional changs that per-
mite mteraction with the torgst protemns. To prove this
comtention, binding of the mutant probeins with teme physiclog-
el sorein partners was assessed, namely anneson VII and Byr,
which are known to interact with the N- and C-terminal sercin
domains, respectrealy (23, 190

Interaction of Wild-type Soncin and Itz Site-specific Mutaris
with Annexin VII and the Ryanodine Receptor in Immunablo
Exprnm-rmt:—ln o first st of cq-e‘nmem wﬂd-t'_!,lpe sorein and
it mutante were transtarred to FVDF membrones and inos-
bated with annexnin VII at pH 7.5 in buffer containing 10 ar 500
M caleium. Polyelonal anti-onnexmn VII antisera were nsed to
detect -:omplﬂ.ﬁ:\mut:i.m At the lower coleium concentration,
wild-type sorcin and the E£3G and the E94A mutant appear to
imteract smmalarly with coneson VIL whersas no interaction
oecurs in the case of the E1244 mutant. At the higher caleiam
conentration (500 M) all the probsins interact with anmexin
VII in o similor moanner (Fig. 40

Ammofe@eﬁmmtnwmﬁgdmmmnthe
interaction wath R}'r under the same c‘r.]:c::im.c‘ntul conditions
“‘:’lld-type gorein and its mutants wers blotted oo FYDF mem-
hmuuﬂmcuhatedmﬂan-enno]mdtemnnlemmne
vesicles from rablit skelstal muscls, md moncelonal anti-Bar
antibodies were used to dstect complex formation. In accord-
ance with the results dbtmred with armexin VI, ot about 10
M coldum notive screin, the E53Q and the ES4A mutants
form & complex with the rranodine receptor, whersas no imber-
action coeurs in the cose of E1244 At the higher ealeum
concentration, sorein and the mutants all mberact to o simlar
extent with Ry (Fig. 5. It should be menticoned that no inter-
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Fiz. 4. Intoraction of wild-typs sorcin and of the EE2G, ES4A,
nnd E124A mutnnts with annexin ¥1I in the presence of 10 mm
'“F%“" panaily ar H00 e Callg (lower panelt o, molecular weight
matkars (180, 120, 100, 72, Sd.l'ﬁ. 35,24, 16, and 10 kDa). &, wild-type
sorein: o, BSA0; d, EMA; e, E1244 subjectad 1o SDS.PAGE (28) and
transforred to PVDF mombranes (205, The PYDF mombranes wore
incubated with annexin VI1in buffor containing 10 wa (upper paned) or
800w CaCly dlower panel) and subsequently with anti-onnedn VI
polyeknal antibody. The arrews indicats the band sorresponding to
sorein (M 21.5 kD,

action of sorcin and ite mutants with annesan VI or \r.it]:leu.'
was observed in comtral eq-e'rm:.em carrisd cut in EGTA-
cortaining butfer (data not shown ),

Interaction of Wild-type Sorcin and fts Site-specific Mutanis
with the N-terminal Peptide of Arnexin VII in SPR Exper
ments—SPR wos used to obtmn quantitative infomation oo
the interaction betwesn sorein ond snremin VIL which 1s
known to involes the M-termoinal domains of both proteins
i, 23

Dhuring the course of previous sxperiments, the Lifetime of
chips with immobilized anneon VII was found to ke limited o
o few doye (23). To mmorease the chip stabihty, the nse of o
aynt]:\.cti.c pc‘pt:idn: cm:cﬂpmﬂingtotheam:in WIIM terminus
{amino ocads 1-20) was swpkoed. The use of the annexin M
terminus hos o further advontage. Beconse this peptade dees
not bind Ca®", o simplifisd experimental pichare is cbtained by
n.'n.nu].]mg the contnbution of Ca®s 'bmdl:ng to the target pro-
tein. The peptide wos rendered soluble by introducng thres
lroine remduss before amine asd 1{peptide P10 or of the end of
the sequence (peptide P2). Both P1 and P2 are imoochdlized
eﬁin:i.end'l}' on CME o]!ipn and react aimdlu.rlf with tl'ild-t_ﬂ:\-e
worein i the pressnce of coloium st misromelor concertrations,
although Pl yields consistently higher BUT vohaes. Like imoene-
balized full-length anneson WII(25), the immokbilized peptides
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Fig. 5. Internction of wild-type sorcin and of the ES20, ESdA,
nnd Bl 244 mutants with the ryansdine receptor in the prosones
of 10w iupper paned) or 500 s CalCly, (lever panel).a, moleadlar
-nighfru Lo cﬁl 130, 100.'!.-52-. 545, 24, 2-1.?15. and 10 kDaj; b,
wild-type sorcin; o, E220: d, ES4A; ¢, 1244 subjected to SOEPAGE
128 and troreferred to PYDF membranss (28). The FYDF membranss
wore incubaled with terminsl cisternose vesicles from rabbit shelstal
muscle enriched in rranodine rezeptor in buffer containing 10 uu (wp-

panel) or 500w CalCl, dower paned) and subsequently with anti-
‘E'Jr'r moncelonal antibedy. Tha arrcers indicata th band eomresponding
to sorein (M, 21.5 kDa).

regm.n full 'bu.m:]m,g nct‘w'itf after treatmwent with EGTA-con-
taining buffer, which leads to complete dissociation of bound
woren. Verzili ef of. (28) sstablished that ot pH 7.5 and 6 pu
cakium the interaction of immebdlized fiall-length annexin VII
with sercin s significant (F, = 0,63 pu), Under simalar condi-
tions, the immobihzed P1 peptide yields apporent B, voluss in
the crder of 1 pM, i good agresment =ath the resalts obtainsd
with the fullHength protemn. The P1 peptide, therefore, was
chosen for the systematic study of the interacton with scran
ond its mutants.

The Ca®" dependence of the interaction with the N-terminal
pephds of anneson VII wos assessed ot constant (300 nM) con-
centrotion of nattve or mutant socrcin. Typacally, the sensar-
groma display thres phases (Fig. 81 the intial increass in KT
from the boss ine corresponds to assccistion of sorein or its
mutants to the immobilized annexin p-e'plude the plm:ean -
gion represents the steady-stote phose of the mteracticn,
whirs the rate of soran association to the mmokilized peptids
12 balanced by the rate of its disscciation from the complex, and
the decreass in BIT correaponds to the dissccintion phase dur-
ing buffer flow ot the end of the somple mpection. Simple
ingpection of the sensorgroms depicted in Fig. 8, A-D, shows
that i the mutants both &, and ¥ g increass with respect to
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Fia. 8. BPFR -nrimmntl on the binding of sorcin or its ESI4),
E%4A nnd E124A mutonts to the immebilized N-terminal pep-
tide of annexin ¥1I as a functien of caleium coneantration. In the
sensorgrams LA-D wild-type sorein orils mutants at a concentration of
300 nx wera injected ab time O onbo the chip containing the immobilized
M.termminal annedn VII peptide. The inereass in R relative tothe baso
line indicates complax formation: the platesn represents the steady-
stats pheso of the interecticn, wherens the doecreses in RU ropresents
the disseciation of sorcin from the immobilized annexin VI Eﬁgtldi
attendant injection of buffer (10 mes HEFES, 0015 1 NaCl,
muarfactant P20 ak TA ol 25 °C, A, wild-type sorein in buffer con-
Immu,g 2 st EGTA and 12, 20, 25, and 40 uu CalCly (iom baftom to
%ﬂ . ES3G) mulnnt 1u buffer containing 2 g BGTA, 15, 28, 40, 70,

0. and 2000y (il bottor to fopl. ©. ES4A mutlant in boffer
containing 2 moa EGTAnnd 1k, 25, 40, 70, 100, 900, snd SO0 jowr Call

tfrom botform o topl. I E124A mutant in buffer con I.u.1n1n52muEGT.!:
and 15, 25, 40, 70, 100, 300, and §00 wa Call, (from bafiom Ioz‘:}s

the platesu signal ol steady slats Vi plotied as a function otal
caleium coneentration. Wild-type (8 and OO, E52G Mond | ), ES4A (k)
and E1244 ¢ # and ) sorcin. Filled and empdy symbale refor to dala
ohilained with two different chips.

native sorein, whersas the RU values in the platean region and.
hence, the amount of bound analyte decreass ot any given
cakinm concentration. Mareover, for sach probein the R, val-
uess increass when the calejum concentrotion in the m:&nlm
increases. Fig 6E summanzss the R, values sbtained from the
data depicted in Fig. 8, A-D, and in another 1 wet of
e:pe'r.im.ents. The R.q volues show that the aiﬁnit_!,r for the
annexn M terminus decrenses mn the arder wi sorein = ES3Q =
Eoad = El244

A gquantitotive estimate of the sguilibrnam dissccation con-
stant could be obtud.nedou:\lyfocr wt sorcin bf menum'i.n,gthe
dependence of the B, voluss on sorcin concentration at con-
stant Ca®® (25 pul Slatchard analyss of the data yieldsd an
asymptotic vahie of aboat 2000 BT, corresponding to satura-
ton of the immobalized annexnn VII H-termunal peptide with wt
woran, and an oppoarent Ky, wolue of about 45 nd deseribing this
interaction (data not shewn). Under thess sxperimental condi-
tioms, the B, volues for the mutants are much lower than for
wt porcin, pomd.'mgto much highsr dissocintion squilibrinm
constante, such that the K, values conld not be assessed with
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aoeuracy. However, if the same asymptotic valus of 3000 BT is
assumed for wit screin and s mutants, the dota of Fig. 8E can
be used to estimote the strength of the sorcin-onnexin peptide
interacticn. In fact, the sorcin concentration that yiels o B
wvalue of 1500, fe. 50% saturation of the immokdhized um.e::in
peptide, comresponds to the K wohue, The emstence of o hnk-
age betwesn the immobilized peptide-scrcn equibbriom and
the binding of Ca?* demands that the lower the affinity of the
sorcin matant for the mmokidlized annean VII peptide, the
higher the Ca® concentration hos to be to achisve the same
Rq volue, Om this basis, on apparent Ky, of sboat 500 oy s
obtainsd ot about 18 M Ca®* for native sorcin and at inereas-
ingly highsr a®" concentrations for the EF1, EF2, and EF3
mutants, namely 100 pW for ES30), 000 pM for E944, and about
5 mu for E1244.

DIECUSSI0N

The present data provide imsight into the melemular details of
the svents that start with the Ca®* binding step, lead to acti-
vation of sorcin, and ulbmately result in its mberaction with
pcmteintnrg\cm ot or near cell membrones. The behavior of the
thres site-specific sorcin mutants studied shows that the EF3
hand is the site endewed with the highest affinity far Ca®.
Escouse the structurally asscciated EF4 site is defectve and
does not bind the metal, t]:et_!nnml EF-hand structuralfune-
tomal pm.nng-:mmt operate (320, It is concercable that infore-
mation of Co®” binding to EF3 is transferred to the rest of the
miolecule b}' taEng ndvm:ﬂ:age of the speﬂ.ﬂc hjd:ogen—homding
interactions established by the EF2 Co®" banding loop and of
the kng [ helix that connects EF3 to EF2. The propossd
mechanism may be applicable to all members of the PEF famly
mﬁmnmudmmmmtoaﬂﬂnﬂe
proteimns.

In sorcmn, cml_'r the first thres EF-hands are p-otc‘ntin]lj capa-
ble of binding Ca®* at micromolar concentrations. In EF4, the
leop 18 nom-conorieal {only 11 residues kng), the metal-cocrdi-
nating residus in positon Y is locking, and the badentate -Z
,5]1'ltamd.c acid is substtatsd 'byt]:.e shorter nupn.rl'i.c acid. EFS is
likewise defective sines the Loop is two residuess shorter thon m
cancmeal EF-hands and there 15 no glutamie amd in pesation -2
A comporison of the sequences of EF1 through EFE predicts
that the EFS-hand should be endowed with the highest offingty
for coleium due to the pressnce of four acadic residues in the
metol coordination posmtions. Indesd, EFS i the meost con-
werved EF-hand within the PEF family in terms of Ca®-coor-
dinating higonds (351, The unusual EF1 site has a gap m the T
coordination peaition and locks an acidic residus ot position I
In EF2 which is concmical i term of length and similar in
sequence to EFS, the affinity for Ca®* should be diminishsd
relatres to EFS by the substibation of the canonical aspartats in
position -X by a glydne residue. EF1 and EF2 are asscciated
wtructarally through o comonieal sheort two-strandsd @ shest
arrangement in which Met-20 and Glp-81 sstablish hydrogen
beords with 3ln-45 and Ile-48, respectively. It is of inberest that
o methionine residus (Met-80) can toke the place of the highly
comserved isoleucine and woline residuss in peation 5 of the
EF2 Ca®" binding leop without disrupting the interaction with
the partner EF1. at varones with chssrmations on calmedulin
mutants (34, 35). However, these sequence-bosed arguments
da not alloe one to predict how diffsrant the Ca®* affimbes of
the first three sstes will be.

To arrive ot on experimental asssssment of this property, the
highly conserved glutamate at position -2 hos been chosen for
m-ﬂpem.ﬂ.c m'u‘ragrnmnmt]:.e Brot thres Ca? bu.n.dmgm.o‘hfa
with the expectation that remeval of the bidentats coordination
with the metal would abolish the copacity of the mutated site to
bind Co®”, as has besn chasrved for site-specific m-calpain
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mutants 123 .émou:\d:.ngl}' the mnm]:rtm mode in the inter-
pu:\etnnon of the results s that any grven mutation infliences
the structural and foncticnal properties of the muatated ate,
lcar.mg those of the other EF motife cmcm:in]lf unalersd It
follewrs that onky these mutations mvolving o physickgieally
relevront site areerpectedto alter the pcro]:e'rri.ea aof the muatant
mgm.ﬁcnmlj relative to the native pu:o‘tem.

The behovier of the ste-specifie mutants under study sup-
pou.'tat]:m ideas. The structural markers nsed, nmelythgﬂ:r
and near IV CD wpecira, mdizate that in the matant pcmhe'i.na
toith the global fold of wald-type sorcin and the snvircnment of
the aromatic residuss are emcmin]lj uperm:‘b-ed. The ocnlf
axception concerns the sovironment of tyrosins and tryptophan
residuss in the E1244 mutant as mamifest in the near TV CD
spectrum. In particular the tyrosne bond of 223 nm has o
mgmbeantly srmallsr amphtode than in the notve protean and
in the E530) and EfA mutants (Fig. 2). The observed changs
can be attributed to pnu'umpu.um of the Glu-124 carboaylate in
a network of hydrogen-bonding and hydrophobic interactions
that reaches Trr-87 located on the loop connecting EF1 to EF2.
In Ca® fres sorein the Gha-124 corboorylate s not solvent-
exposed, as is usually the case for the -E hgand in regulatory
Dna_-'bcind.ing proteins (12, 15), but is hydrogen-bonded to
Phe-112, located ot the D) helne C termimms (Fig. 100 This
p]:m}']alnnine resadue iz part ofmemdxdhjd:\op]mb&c ==
that includes Phe-70, Phe-156, Phe-150, the two Trp residuss
(95 emd 105) on the I helx, and the saromatic ring of Trr-67. In
turmn, the Tyr-67 OH group is hydrogen bonded to Asp-113
{002}, which occupiss the X pesttion in the EF2 Ca®" binding
leop. Tyr-87. due to this hydrogen-bonding interaction and to
mupll.ng\r.lﬂl the slsctronic ™r* transitions ofthemd:l'bmmg
aromatie mde chmne, should contribute sgoificantly to the
strength of the tyrosine CD-bend (37). If thas heolds true, dis-
ruption of the interaction netweork should result in & sgnificant
decresss of the band amplinde as is indesd chesrved in the
E1244 mutant. The conccmatant decrease in the tryptophon
band at 202 nm 1 of mportance for 1t functicnal impheations.
It mdicates that the lose of the k: - ing interacticns
established by Asp-115 and Gh-124 of the EFs Ca® binding
leop da sensed also by Trp-99 and Trp-105, located on the long
and relatorely rigid I heliac that connects EFS to EF2 (Fig. 100
The I¥ helix, therefore, appears copable of tronsmitting the
structaral perrmbﬂtims ocri.ginnti.ng in the EFg Ca® bundmg
leop for from the site of mutation. This role of the I helix is
reminiscent of that played in calmedulm by the long Len-88-
Phe-02 E-helix that transmits the ceomrrance of Ca®* banding
tetwean the tore Ca?* binding domains. In calmodulin, alter-
ation of o single hydrogen bond, likes that sstablished betwesn
ghitamie aod (Glu-82) of the E helix wath Tyr-138, hos the
potential to disTupt the structural coupling between the two
domeans (381, as obssrved for the E124A sorcin mutant.

The chonges mn the near TV CD spectrum just discusssd ars
obeerved uniqualy in the E1244 mutant (Fig 20 This fact
toksn together with the far-reaching effects of the Glu-124
mutation, pointsto EF3 as the ideal trigger of the pathway that
leadafrom Ca?* binding to scrcin activation. & first, qualitatoe
indication that this wiew iz comect is ]mw:dcdbfthecloae
mmalority of the near UV CL spectra measured m native sorcin
(22) snd the molated s~ bund.mg demiain (data not shown)
during the fivst stages of Co’~ titrations with that of the E1244
mutant. [t may be stoisaged that in the notoes protem the first
metal ion is cocrdinated by the EF3 Ca®* binding locp with loss
aof the H-bonds established by Asp-115 and (3lu-124 just as in
the E1244 mutant, There is, however, another requirement for
this pu.crn.t\e tobetrue, nm:n.elyEFS should be endowed writh the
highest affinity for Ca®". The flucrescence titration data in the

24027

pres=nes of Guin2 show that itis so (Fig. ). The overall affinaty
for Ca®* follows the crder wcild-t‘ypemt\:in:? Ez3q = E9dA =
El1244, mdicating thot disruption of the EF2 site has the
].m'geat atfect on this p:opcrtyoft]:t pﬂ:\otc‘in. Dlm]rnom of the
EF2 and EF1 sites has progressively smaller sffects.

Dhrect evidenice for the mnjoct fianctional role of EF3 is o
vided by the immunchlot and PR experiments, which allow o
measure of the mteraction with phymclogeal torgets and of 1t
Ca®* depandence. Bassd on the immunohlot data the E1244
mutant requires o significantly higher Ca®* concentration (500
M) thon wild-type screin or the ES5Q and E04A muotants
{about 10 pu) for mteraction wath the binding partners. Figs
45 show that thers 15 no signficant diffsrence between an-
nexin VII and Byr. which interact with the N- and C-terminal
gorcin domoins, respectively (23, 190 Impertantly, oll the mu-
tante retain the capacty to be actorated by Ca®* | in acccrdanes
wath the fact t]:att]:e_-r are all akle to translocate :e-u\sﬂ:vl_-rt\o
E. voli membranes ot millimolar concentrations of the cation,
as ohaerved duning the punfication procedure.

A better estimate of the Co®* concentration ::oqu.ir\:d o ae-
tvate the mutants 1 fuornished by the 5PR experiments that
invobes measurement of their mteraction with the immokahizsd
M-terminal pe'ptiic of onnexin VIL This ]:e]:ﬁ.dc pu:!cw:l.dea a
suitoble model to momitor complex formotion betwesn the
\-ﬂ:m].epcmtei.n and sorcin, uin.«iicﬁtedbyt]:.edataofﬂrmm—
awell and Creutz (2) and by the control experiments performed.
Fig. & shows that at any given Ca®* concentration, the amount
ofcﬂmplexﬂ:\m.cd decr=ases in the ou:der\nld-tfpe sorcin =
E53 = E0dA = E1244, which parallels their affimity for Ca™
(Fig. 31 In wt scacin an apparent Kp, of 300 0¥ is obtained at
about 18 M Ca®. The E53G. EsdA, and E124A mutants
require o 5, 30-, and 250-fold increass m Ja® " concentration,
r\eapecﬁwlf to interact with the mmokilized anneomn VII PR
tide with simdlar Ky, valoes. It folloves that serein activation ot
micromoler Ca®* concentrations requu'ea preﬂer\mtm not ocnlf
of the EF3 but also of the EF2 hand. On thas bosis EF2 and EF2
can beidentifisd as the physolagical pair.

The picture that emerges is that EF3 is the mojor plager in
gorcin fancticnality. It hos the highest affinity for Co® and can
trigger o Co® -dependent conformational changs by means of
the hpdrogen-bonding mteractions sstablished by Asp-112 and
Gha-124 in the Ca®* binding loop. The conformational change,
altheugh hmited in extent. reaches EF2 and the EF1-EF2 loop
through recrgonizaticn of the hydrophebic core packing around
the Il helix, which comprises Phe-95 and remnduss LWAVL in
pesitions 88 —102, Trp-105, Il=-110, Phe-112, Phe-158, and Phe-
158, The canenical pairing o«f EFZ and EF1 facilitates transfar
of information tothe latter site. Integrity of the whols trans-
mission patheray is nece ssory for sorein achvaticn, os shown by
the behavior of the 80-196 scrcin fragment, which lacks EF1
and EF2. This fragment bands Ca®* with decressad affinity and
is unable totranslocate to membranes, o finding that suggested
wiongly that EF1 and EF2 repressnt the physiclogieal par
(1a).

The x-1ay crystal structures of notive sorcin and of the sorcin

support the mechanism just proposed m that
the different conformations pu:\cdwtcd‘bythe medsl of porcin
aetivation are frozen in individual moncaers. This impliss that
the e'ne'rgua involved m the Ca®*-induced TENETA T SO TS af
the sorein molecule are bolanced by the lattics snsrgies. In the
siructure of the whaols melecule (15, the I hehy and the loop
cormecting EF1 to EF2 hove slightly diffsrent conformations in
the tem moncmers forming the dimer. In one monomer Tre-67
iz hydrogen-bonded to Asp-112. ond the D' hehx is rather
strn.lg]:\t whersas in the other monomer the hydlogenbomd =
miszing, the phenol moisty poants toward the sobrent, and the
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D helix is slightly bent. In the structurs of the scrcin Ca®*

bandmg deamean (123, which has o tstramer i the asymmetric
unit, moncamers belonging to diffsrent dimers display relewvant
differences that are concentroted m the EF2 Ca®~ hnding loop,
in the I helix, and in the loop connecting EF2 o EFL It & of
interest that the EF2-EF4 loop interncts with the H-terminal
peptide nthe model propoasd bor Ilam of ol (125, which depuets
the nteraction betoesn the C- and the N-terminal domnoina.

The wery munor conformationsl chonges that differentists
the wray crpstal struchares of the Co~-free and Ca®*-bound
forme of calpam (1, 2) and groneslan (3, 120 are hkewiss
consistert with the mechomiam proposed. The chservsd
chonges are hmited to the EF] region. This region 12 hnksd to
the flemible H-4srminol domain and, hence, most amphify the
Ca®"-induced conformational changes just described to bring
about the sxposure of hydrophobie remdue s for interaction with
the binding partrers. As o matter of fact, the mechamism pro-
pooed may ke appheabls to oll members of the PEF famraly since
'rbeg,r ghare the structuralfunctiona] slements Tty for
sorain activation. Thus, EF3 is the Co®“-bandmg site with the
highest affinity for the metal, the -2 glutamate ond ¥ asportats
remidues in the EF3 Ca®~-binding loop are not solvent-srpossd
but are irvrolved i hydrogen-bonding intercticns with cther
omine aods, and the hydrophobic core arcund the It helix,
“!:.oae ]mch:ng :cﬂrrang\cmempmddu the dn\ungfm:\cemthe
morcin mgnaliru:nmm pat]:n'af iz comserved.

Atthmpomd i app-emnnefnlto npeculat\emt]mmc]mnim
unedb_!r DEF pcmte‘innto nmpll:l'f the small Ca?“-indueed con-
frrmaticnnl d:.:mg\en J'ﬂ.ﬂt discuseed that ccour in the Ca®
'bmdm.g demnmin to achiens target pa:\otcmmd:cmch.on This re-
quires exposure of hydrophobic patches resulting from the
meverent of the M- and C-termanal demains relatres to sach
ather (120 Inte‘r\entmdy the loop connecting EFS to EF4 con-
toins o stretch of conssrved residues, GFRL in sorcn and
GYRL in ALG-2, that were proposed to interact with the M-
terminal domain i the Ca®* fres state and to become solvent-
exposed upon Ca® binding (12, 14} Jne may speculate that
these conserved residues play o role in the amphification of the
Ca®* mgnal by tromsmitting the conformationel changs to the
N-termmal domain, andthsmjbetbgmmfotthcne-
quAnCe COnBETY LN,

In conclusion, the unusual functional wnplmg o]le'xnt:n'\e in
sorein appears applicable to all FEF proteins. It moy be envis-
ngod that their activation mechonism d:'pendn on subils
chonges in the packing of hydrophobae residues locoted around
the D' helix that inksthe site endowed with the highest affinity
far Ca®™" to the rest of the melecule
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ABSTRACT: Sorcin, a 21.6 kDa two-dowmain penta-EF-kand (FEF) protem, when sctivated by Ca** bnding,
mteracts with target proteins in a largely vwncharacterized process. The rwo physiological EF-hands EF3
and EFY do not belong o a stucturzl pair but are connected by the I helix. To establish whether this
helixz iz mmsmumental o sorcin activadon, twoe D helix residnes wers murated: W10%, locatad near EF3
and involved in 3 petwork of interactions, and WP, located near EF2 and facing solvent, were substituted
with glycine. Meither mutation alters calcium affinity. The interaction of the W105G and WoSG muranrs
with annexin VII and the cardiac rvanodine receptor (FyF2), requiring the sorcin M-terminal and C-ferminal
domain, respectvely, was smadied. Surface plasmon resonance experiments show that binding of anpexin
VII to W95 ocours at the same Ca®" concentration as that of the wild type, whereas W105G requires
a sigeificantly higher Cz* concentration. Ca** spark actvity of iselared heart cells monitors the sorcin—
FvE2 interaction and is upaltersd by W105G bur is reduced equally by W05 and the wild rype. Thus,
surstimton of W105, via dismption of the natwork of D helix interactions, affects the capacity of sorcin
to recognize and interact with either target at physiological Ca?t concentrations, while mutation of solvent-
facing Wo9 has lirtle effect. The D halix appears to amplify the localized strocmral changes that ocour at
EF3 upon Ca*t binding and thereby frigger a strucmiral rearrangemenst thar snsbles interaction of sorcin
with irs molecular targets. The same activation process may apply to other PEF proteins in view of the

Dt belix conservation.

Sorcin (SOMkle Fesistance-ralated Calcinm binding pro-
eIl belongs to the pewts-EF-hand (PEF) family, 2 small
group of Ca*t-hinding proteins that comprises calpains (1,
2y, grancalcin (), ALG-2 (4), and pefln (7). The bnding
of Ca't wizzers the reversible franslocation of all PEF
proteins from the cytoplasm o cell membranss where they
mteract with specific targat proteins and thereby paricipate
m a vanery of physiclogical processes. The melecular
meechamsm of the Ca*"-liuked actvaton process is largely
unknoam, although 2 major role has been zssigned to the
long and rigid D helix locared in the C-terminal domsin a
compact, highly conserved structure that contzins the five
EF-hands (). The D helix is vmusual in that it is shaved by

! This study was fumded by the British Heart Foundation (o GL1.5.)
and by the Mimistero Istruriczs Uziversita @ Ricerca, PRI 2007 (o
EC.).

* To whem comrespondsnce should ba addressed: Departmest of
Biochamical Sciemcss A, Ressi Fanelli Univemity of Fome La
Sapienza, 00125 Roms, Isaly. Telsphome: +35064%910761. Fax:
+38064420062. E-pil- sanibia chiznconsifumiroma | it

! Consiglic Nazionala dslle Richarche—IBPM, Univemsity of Roms
La Sapiemza

¥ Uzivursity of Glasgow.

! Crrrunt addrsss: stimes of Comparative Medicize, Univemity of
Glasgow, Glasgow G112 200, United Kizgdon:.

! Abtrsviations: PEF, panta-EF-hand; FVDE, polyvinyl difluorids;
EyEl, skalefal muscls ryanodine recaptor; RyRD, candiac muzodize
recaptar; SCEBD, sorcin Ca'*-binding domaiz; SPR, sarface plasmon
resomance; SK. sarceplasmic reticnlum.

10.1021/bi0601 6a CCC: §33.50

twio EF-hands belonging o different sonenhurs] pairs, namealy,
by EFI and EF3, a peculiarity that pertaing also to the G
haliz which is shared by EF4 and EF5. The lamer belix has
2 clear smuctaral role as it gives nse to 3 stable mterface
berween two monomers together with the H beliz. Tpon
dimer fonunation, the two odd EFS motifs interact with each
other and achisve the caponical strucnarsl pairing of EF-
hands (7—1M. In contrast to the C-termunal domam, the
M-terminal domain is of varable length across the range of
PEF proweins but is always rch in glyrine and proline
restdues. Becanse of the flexibility that rthis endows, the
W-termimms is not vistble in mest available X-rav crystal
smmucnres (8, J).

The confonmariona] changze that peruts interaction of FEF
proteins with targsts entails exposure of bydrophobic residues
aznd iz miggered by the binding of mwo Cz*% loms per
manorner. In 2 recent smdy with site-specific sorcin varants
carrying mutations at the Ca*t binding loops, EF3 and EF2
have been identified as the two fimctional EF-hands since
Ca*t affinity decreases in the following order: EF3 = EF2
= EF1. Moreover, since the It helx connects the smacharally
disrant EF3 and EFZ hands and contains an exrended
hydrophobic patch, it was hvpothesized to be mstumental
in Ca**-ipduced acdvaden of sorcin (6. A molscular
dascriprion of thess processes requires an understanding of
the mechanism nnderlying the mansfer of mformation abon:

D 2006 American Chemical Society
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Frowma 1 Sercie sequence (A) and strucrare of the Ca®*-bind:
5CED in the modsl of lari & | (7 are in baldface. In panel

phystologica
creatsd with

MOL (36).

the Ca** binding event from EF3 to the rest of the molacnle
and the nanoe of the ensning stcoral resmapgements.
Surprisingly, the reported Ca't-dependent chapges in the
crystal suctures of koown PEF proteins are rather subtle
and are localized to the EF1—EF2 pair, closs w the
connecion berwesn the M- and C-terminal domains (1, 2,
JI1=13). It is pot Enown how such smoall changes are
amplified o the extent raguirad for rarget proein inferacion.
In the case of sorcin, I[lard et al. (7) proposed an actvaton
mechamzm based oo the XM-ray crystal smacmre of the
C-terminal domain (SCBD, sorcin Ca*"-binding domain,
comesponding to residuss 33—198) that accounts for the
iecreased hydrophobicity of the Ca* -bound protein. Ca™*
bmding is believed to cause a series of structural rearranse-
ments that loosens the interactions berwesn the M- and
C-termuinal dornains, making them available for binding the
raspective targets.

Thiz work was undertaken to validate this mechanism.
Experiment: wers desigped that take advantage of the
presence of the only two ryptophan residues, WH9 and
W04, in the D el As shown in Fiqure 1, W99 is close
to the EF2 Ca*T-binding loop (-4 A), whereas W05 is close
to EF3 (~7 A). The rwo myprophan residues are one and
one-kalf belical tumms apart such that the side cham of Wag
liss oo the ower surface of the SCBD, m contact with

domain, SCBD (B). In panel A, the 11 amino acids which interact with
. the TwWo monomears nredzpal:hed i diffarant colors. The D helix and

¢ relevant EF2 and EF2 are colored biue: the two myptophan residues, W09 and W105, are colored red. This fizure was

residues that join the two domains, whereas the WI105 side
chain points toward the core of the 3CBD where it interacts
primanly with residues of the I and & halices (7). The
different localizatdon of the two myptophan residues within
the D heliz and the diffsrent nype of interactions they
estzblish suggest that their subsdndon may affect differantly
the fimetional coupling of EF3 and EF2 and the interaction
with target proteins, The imvolvement of WI105 in the

rwork of bydrophobic apd hydrogen bovding interactions
is expected to render this residve of major importance for
the mansmission of the Ca**-dependent confommational
changes. To verfy this contention, site-specific moatants
WERGE and W105G were produced and their interaction with
anpexin VI and with the cardiac ryanodine receptor (FvE2)
(14, the main Ca** channel of cardizc sarcoplasmic reficu-
T (3R, was smedied Previous work has shown that aonexin
WII and the skeletal wuwscle rvanedine receptor (FaR1)
interact with the sorcin M-termninal and C-tenminzl demain,
respectively (15, J8); ByF2 can be taken to behave like ByE]
given their smucmral similarity. In the case of ByE2, the
possible nfluence of the M-tenninal domain was assessed
by comparing the tsolated SCBD to the wild-npe profein.
Addigonally, EF3 site varant E1Z44 was employed a3 3
conmol since it is unable to bind Ca®' a: physiclogical
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concenTations due to subsomton of Glul24 o positdon — 2
(5}

The sorcin—annexin VII interaction was studisd directly
by Westam blot and surface plasinon resonance experiments,
whereas the interaction of sorcin with FyvE2 was monitored
by measuring Ca** spark activicy fu tsolated rabbit beart cells
(1 7). Previons work has showm that addidon of sorcin affects
Ca*" sparks in permesbilized mivocytes (18, 19). Although
Ca*t affinety is substapfially wnaltered in the two mutanes
with respect to the wild-type protein, substitunon of W105
affiects its capacity to recogmize and inreract with the two
targets significantly. while nuration of WP has an only
small effect on sorcin foncdon. These results support the
crucial rele of the D halix in sorcim activation (F, 7) and 1o
particular show that W102 is a major player in this process.
Crtbher PEF proteins are likely to use the same actvaton
mechanism i view of the high degres of sequance conserva-
ton m the D helix {200.

MATERIALS AND METHODS

Cloning af the W9GF and WI0SGE Sorcin Fariani, The
DA of Chinese hamster ovary sorcin, cloped betwesan the
rgue IMdel and HindITT sites of plasmid pET22 (Movagen)
(), was subjected to site-directad routagenesis by the PCR
overlap extension mmragepesis meatheod, sccording o the
meathod of Higuchi ot al (25

The following olizonncleotdas ware nsed: Wforward, 5
GCGAAATTAATACGACTCACTATAGEG-3", Creverse,
SCAAGCTTTITAGACGGTCATGACAC-3, WG for-
ward. F-GAATTTAAAGAGCTCGGCGCTGTGLTGAA-
TGG-3"; WG reversa. S-CCATTCAGCACAGCGC-
CGAGCTCTTTAAATTC-3', W105G forward, 5°-CTGTG-
CTGAATGGOGGCAGACAACACTTCATC-3"; and W103G
reverse, 5-GATGAAGTGTTGTICTGCCGCCATTCAG-
CACAG-3".

The BCE products thar were obtained were agarose-
purified, digested with Mdel and HindIII, and cloned into a
PET2? expression vector (Movagen).

Exprecsion and Purification of Wild-Tipe fwil Sorcin and
Jrz Parranis. Chinese hamster ovary recombinant sorcin was
expressed in Excherichia coli BL21(DE3) calls and purified
as praviously descrbed (27). The same parification procedire
was wsed for the site-specific routants. Protein concenmations
were darermined specmophotomemically ar 280 mm. The
molar extinction coefficients ware caloulated according to
the method of Edelboch (23) and were 22 400 for the wt
protein, 22 40 for WO, 22 640 for W105G, and 22 000
for SCBD.

Circular Dichraism and Fluerescence Specira. CD spacima
were recorded on a Jasco J-T10 spactropelarmmeter in the
far-TIV (200— 250 nm) and near-UV (230—350 nm) regions.
The experiments were carmed ot at 20 “C m 100 mb Tris-
HCI at pH 7.5 The g-belical content was calonlared from
the ellipticity walue zt 222 wmwm (24) and with Selcon3
(zrs.dlacuk VIACDVseloon. hnl).

Intmnsic fluorescence was messured in & Fluoromax
spectrofluorimerer at 25 °C m 100 M Trs-HCL ar pH 7.5
using an excitztion wavelensth of 280 mn and a3 sl width
of 0.5 nm The emission siznal was followed betoraen 300
and 400 mmn.

Biochemistry, Vol. 43, No. 41, 2004 11521

Analyrical UTmaceniifiganion. Sedimentatdon velocity
axperiments ware carded out on 2 Backman-Coulter Pro-
tepmelab LT analytical wiracentrifuze ar 40 000 mpm and
15 *C ar a prowein concenmation of 1 mg'ml in 0.1 3 Trs-
HCI tuffer at pH 7.5, The protein concentraton gradient in
the cells was determined by absorphion scaps along the
cenrifuzaton radins 2t 250 nm with thres averages and a
step resolution of 0005 cm. Data were snalyzed with
SEDPHAT (sedimentation and polyroer bydrodyismic analy-
=i tool, warw analytcalulmacenmifugation comsedphaticon-
fizurations. hon) and are expressed o temms of the weight-
average molecular mass (M) by assuming a spherical shaps
of the molecule.

Digtgrsination af Ca®t 4ffwin. Timations based on the
compettive chelator methed (25) were carried out in 100
mMI Tris-HCL at pH 7.5 and 25 C nsmg the flnorescent Ca’t
chelators Cruin 2, 25 described in Zamparelli et al. (24), and
Flup-3. The excitation wavelength was 339 nm in the case
of Chan 2 and 488 pm in the caz2 of Flup-3; the increment
of enussion inrensity due to Ca*t binding was followed for
CQuin 2 at 492 nm (slit width of 0.5 nm) and for Fluo-3 ar
528 oo (slit width of 1 nm). The protein confenfration in
the experiments ivvelving Cuin 2 was 25 @M apd o thosa
with Fluo-3 was 15 ubd

Control experiments were performed on Quin 2 and on
Flup-3 alone Specizsl care was taken o reduce Ca®t
contamdration to 0.5—1.0 gld by readng the protein solu-
tions and the glassware with Chelex 100 as recommendad
by André and Linse (7). Ar the end of each tranon, the
fluorescence intensify corresponding to the nominally zeto
free Ca*t concenmation was determinad by addiden of 5 mMd
EGTA The fluorescence mtensity of Quin 2 or Flue-3 ar
high Ca** concenmations was mken as the higher asymptote.
The binding constants were assessad by fmng the expert-
mentsl data with CaLligator (27) by using the [2 Ca*t sites
+ chelztor] model

Cwerlay Assay Experiments. WG and W103G wers
suigected w electropboresis oo & 13% polyacrylamide gel
under denztaring conditons (28) and ransfered to polyvinyl
difluorids membranes (FVDF) in transfar baffer [25 md
Tris-HCL, 192 mM glycine, and 20% methanol (pH £.3)] at
100 mA for 45 min. The PVDF membranes were incubatad
At room temperange with spnexin VID (5 uzaml) in 1%
gelatin in TBST buffer [20 mM Tris-HCL, 0.5 M NaCl, and
0.03% Tween 20 (pH 7.5)] containing 1 mM& EGTA or 10
or 75 ubd CaCls (toml). Subsequently, the membranss wers
imcubated with an apt-znexin VII monoclonzl antibody
kindly provided by A Moegel (1:3000 diluton) m 1% zelatin
in TBAT buffer. The blos were developed by incubation
for 2—3 min with alkaline phosphatase-conjuzated mono-
clonal apfi-moeonse Igl in 1% gelztn in TBST. The longer
imcubaton mme was used for the blots cammied out a2t <10
oM calcium (ie, in 1 mM EGTA) to exchade any interaction;
under these conditions, the ovalbunun melecular mass marker
band shows positve staining Control experiments mled oot
the existence of cross reactivity between the sorcin variants
and the anfi-annexin VII monoclonal andbody.

Surfice Plasmon Resonance Mearurements. Surface plas-
mon resopance (3FR) experiments were camied out nsg 3
BIACOFRE X system (BLAcore AR, Uppsala, Sweden). The
N-terminal peptide of appexin VII was synthesized by
SIGMA-Genosys (Cambridge, ) w improve pepride
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solufzility and binding to the senser chip, thres [ysine residuas
were added to the IN-tenninzl end of the 20 first amino acids
of mnexin VII MEYPGYPPTGYPEFPGYEPA). The pep-
tde puriny was checkad by MATLDI-TOF mmss specromery.
The calonlated isoelectrc pomnt of the peptide is 290,
determined nsing pl-tool (29)

The szensor chip (CAI5, Biacore AB) was activared
chamically by injection of 35 ul of a 1.1 mixnre of N-adiyl
N'[3-(dimethylamino)propyvl]carbediimide (200 mMhI) and
MN-bydroxysnocimimide (30 md) ata fow rate of 5 plmin
The M-termieal pepride of armexin VI was immebilizad on
the activated sensor chip vis amine coupling. The rezction
was camied out in 20 mM sodion acetare st pE 6.0; the
ramaing ester groups were blocked by mjectng 1 M
ethanalanums hydrochlorde (35 L) In control experiments,
the sensor chip was reated as described zbove in the absence
of peptide.

The interacton of the immmobilized snpexin VII peptide
with wild-rype sorcin, SCED, and the variants was detacted
through mass concenmaton-dependant chanses in the refrac-
fve index on the sensor chip surface. The changes in the
ohserved SPE siznal are exprassed as resonance vmits (BL7).
A responze change of 1000 BT typically corres s
chanze in the protein concentration on the ssnsor chip of
=1 ng/mon?® (3d).

The experiments wers carmied out ar 25 °C in 10 mb
HEPES (pH 7.4), 150 mM WaCl, and 0.005% surfactant
P-20. The buffer was meared with Chelex 100 o climinare
Ca*t conmaminatons and degassed. For the experiments as
a famction of Ca*™ concenmanon, calcinm chloride or EGTA
was added to the buffer; the protein concentration was 300
ol Measurements were performed at a flow ratz of 20 L
min with an immobilizagon level of the annexin VII
M-tenmival peprids comesponding to 100—900 BRI Al
mezsurements wera repeated mwice using different sensor
chips. The zmine coupling kit, the P-20 surfactant, and the
CI-5 sensor chip were purchased fromn BlAcore AB, and
all the other reageats were high-purity zrade

Scarchard analyvsis of the dependsnce of the PR signal
at steady state on the concenwation of sorcin was
perfonmed to assess the dissociation constant. &, values were
calovlated from the sensorgrams nsing BlAsvaluation version
30

Measurement gf Ca™t Spark Characteriziics in Inolated
Hearr Cellz. An investigation of the direct effects of sorcin
on Ca*t sparks in inract rabbis cardiemyocytes is complicated
by the parallel effects on the sarcolsmmal exmmsion of
mracellular Ca*t (19 For this reason, sarcolenimal fluxes
ara vpassed by the acute permezbilization of te sarcolammsa
with -escin. Under such experimental conditions, single
cardiomyyocytes can be superfused using the standardized
Ca*t concentration and pH in the presspce of ATE and
crezting phosphate. Ca** spark activiry is monitored by the
mchasion of 10 @M Fluo-3 in the perfusing sohation. In this
study, isolated rabbit veptricular cardiomyocyies were ini-
dally suspended in 2 meck mracellular solubon with the
following compesition: 100 mhd KCL 5 mM MaATR, 10
mh WaCrP, 5.5 mb MgCls, 25 mM HEPES, and 1 mM
K;EGTA (pH 7.0) with no added Ca®** (20—21 °C). They
were then penueabilized using S-escin (0.1 mg/ml for 0.5—1
min). Confocal line-scan images of single cardionmvocytes
were recorded using 8 BioFad Radispce 2000 confocal

Colotd et al.

sysiem. Penupeabilized cells were perfised with 2 mock
inmacellular solwton containing 0.05 mM EGTA. Flue-3 (10
i) in the perfiusing soludon was excited ar 488 om (Er
lzzer line) apd meanured above 515 nm using epiflvorescence
optics of 2 Mikon Eclipse mverted microscops with a 80
1.2 WA water-mmmersion objecive lens (Flan Apochromat,
Nikeon). In all experiments inchuded in the analysis, the Ca*
concenfration in the test solution was 155— 165 obl Ca?t
sparks were guantified using sn awtomatic detection and
measuremsant algorithm (9.

RESULTS

Characterization of the WOOG and WIOSG Farianis.
Binding of e Ca*t jons per sorcin moaomer leads to the
axposure of kydropkobic surfaces that manifests irself i the
tendency of the wt protein to aggragate or pracipitate in the
ahsence of protein targets. This tendency, which limits the
exparimental condidons that can be nsed for the measurement
of the Ca**-bound protein specma (24), is parioularly marked
in the W105G variant.

The atemprs made so far 1o obmin X-ray qualicy crystals
of the mwo typrophsp variants bave failed. Therefore,
possible stuctural changes reladve to the wi protein wers
manitored by means of CD and fluorescence spectroscopy
and by anzlytical wlmwacenmifugation. The folding of the
nmtated apoproteins is essentially wmaltered with respect to
that of wild-type sorcin as indicated by the similarty of the
far-UW CD specma (Figure 24) Analysis of the specma
points o3 simular g-helix coatent, 1e., §0% for wi sorcin
and 58% for both WO0OG and W105G. Support for the
similarity of teriary—quatamary structre was gained from
the similarty of the weight-average molecular mass values
(M) calculzred from sedimentaton veloclfy expariments
(3% 000 Da for wild-tvpe sorcin, 34 300 Da for W05, and
34700 Da for W103G).

The goouarence of stuctral pernarbanoens thar ara localized
to the environment of the myptophan residves spd of other
aromatic side chams is mdicared by the near- TV CD and
fluorescence emission specira of the nmutated proteins. The
naar-1T% CD specmun of wt sorcin is neganve and charac-
terized by two sharp bands ar 262 and 288 nm armibured o
phenyvlalanines, by a weaker band ar 283 nm dus fo the
tyrosyl fve stacture (00 mansiton), and by a fairly nfenze,
well-resolved peak at 292 nm due to oyptophan residues.
The near-UV CD spectra (Figure 2B) of W105G display the
peaks characteristic of the native protzim, although the
ellipticicy is less negatnve. In conmast, the ellipucity of the
WO mntant in the 272292 nm region 5 posiive as o
the raze of Ca*f-bound wi sorcm. A broad peak characterizes
the fluerescence emnission spectmum of spo-wt sorcin with 2
maxinim 3t 335 nm upon excimton ar 230 mm. The
inminsic fluerescence of the two mtants is decreased with
respect to that of wt sorcin, since meost of the aromaric
confriburdon at 230 m s due to oyprophan residues (Figure
2C). The emizsion pesk of the WoSG nutant is blue shifted
by 2 nm relative to thar of wt sorcin, whereas the amission
peak of WI05G 15 red :hifted by the same amount
Interestingly, in the 285—300 nm region, the specma of the
W variants are not additve, an ndicaton thar substiton
of W29 or W105 influences the microenvironment of the
ather chromoplores.
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Funme 1: Spectroscopic characterizaton of wi soncin and its WIGG
and WI03G variants: wt WI9G (), and W105G (a). (A)
Far-UV CD spectma in 5 mM Tos-HCL (pH 7.3) at 20 °C with a
protein concenmation of 15 ({M (B Near-UW CD zpectra in 100
M Tris-HCL (pH 7.5) and 2 mM EGTA at 20 °C with a protein
concentration of 30 _rrM {2} Fluprescence emizssion spacma in 100
M Tris-HCL (pE 7.5) at ‘\*Cmmamw:cmmuonbf-}
g, an excitation nmﬂeuﬂl of 280 mm, and a slit width of 0.5
L.

mmmrrmg}

Flmneruﬂrh. units)

Sedimentation velocity experiments were nsad to sssess
the smichiomemy of Ca*' binding. Soludons of 25 ubd
protein in Chelex-meated Tris-HC1 baffer ar pH 7.5 were
dmrated m the ulmacenwifuge cell with up o 4 egquiv of
calcium/monomer. As for the wt protein (14), the 5., valae
of Wa9G is always 3.2—3.3 5, althongh the absorbance at
2580 nm decreaszes markedly when the level of calchon
exceeds 2 equivimonomer due to profein agsregation.
W105E could not be anslyzed since it precipitated out of
solufion even in the Chelex-meated buffer most likely dus
o the races of meral lesking from the cell (Figure 347

The Ca* affinity of the sorcin varants was estimated by
mezans of indirect fluorescence tiwation expermants m the
presence of either Chuin 2 ar Flup-3 as a Ca** chelator. The
results obtained ar pH 7.5 are presented in Fizure 3B in tenuns
of the degres of Quin 2 sanoation as 2 foncton of total Ca?t
concenmaten. The dara obtained with the nmranes 211 within
the ranze of those messured in five different setss of
experiments with wt sorcin. Accordingly, Ca*" afinity is
pracically unaltersd relatdve to that of wi sorcin and can be
firted with two Ca™ binding constants in the micromolar
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wevmE 30 Caloium binding data. (A) Timation of W295 sorcin in
the amalytiral nltracensrifoge Diffarant ammmes of calciim were
added just bafore the sadimensation velocity experiments to 13 M
prodein o Chelex-raated 100 m Tris-HCL butfer (pH 7.5). The
aosoramee m the plateay region ts pletted a3 3 fimeton of the Cazt:
manomer mplar ratio. Different symbels refer to different expen
ments. (B) Fluorascence tmaton of wi sorcin and s W85G and
W103G variants with Ca® in the presence of Cuin 2. The relative
sataration of Quin 2 is plotted az a fupction of total Ca®t
copcenimation. The wild fype (O and W), W95G (O and @), and
WI03G (a) sordn ata concanimtion of 13 M were I:|I:r.11en with
Ca*tin Lhe;gre:em:e of 23w Quin 2 in 100 M Trs-HCL nt?I-
1.5 aod 25 Control firations of Quin 2 alome with Ca®*
and #) arz alsu showr.
range [ = (0.5 £ 0.2) = 107" M apd I ~ 107" M] nsing
a dissoctation constant for the chelator of 80 oA (25). The
E) value is better defined than £ the value of thiz later
binding constant is at the resoludon lmits of the echnique
under the conditions that wers nsed The Fluo-3 tiradon data
are consistant with minor changes in Cs*t affinity of the
mntants with respect to Wt sorcin (data not showmn).

Interaciion between the WREG and WI0IG Farian: and
Anmenin FIL Owerlay assay experiments were carried out first
to establish whather WOOG and W105E are sbla o recognize
and imteract with annexin VIL Previous data demonsmated
that the sorcin—apvexin VII imteraction occurs viz their
respectve M-terminal domaing at micromolar Ca*t concen-
wadons (17, #f). Western blot experiments indicare thar
binding of apeexim VI o WG i3 significant when the total
Ca** concenmation is 10 ubd (Fizure 4A), whereas compa-
rable binding to WI05G iz cbserved when the cation
concentration is increazed o 75 wbd (Figure 4B).

SPR. was used to assess the effect of the nmrations on the
interaction bemwesan sorcin snd sppexin VI in 8 guanttaive
manner. At constant protein and Ca®t concenmatons, the
steady-state signals (R.) obtamed with wt sercin and Wo0G
are very simdlsr and sigmeficantly higher than in the caze of
WI03G (Figure SA).

When the inferaction is assessed as a fincton of Cat
concenration 3t 4 constant profein coacenmwation, the R
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Fioums 4 Interaction of the W2%G and WI105G sorcin vanants
with ammexin VI The vartants were subjected to 3DE—PAGE and
mamsfmad to PVDF membranes which were modbated with annexin
VI in the prazenca of = 10oM, 10 @M, or 73 @M CaCl, (Fom lelt
to riphit) and subsequendy with anti-annexin ! antibady.
[A) WO0G and (B) W105G: lape 1, molecular mass markers (46,
30, 215, 14.3, 6.5, and 3.4 kDa); and lane 2, sorcin varant The
arrows indicate the band comesponding to sorcin (M, = 215 kDa).
For tuffer conditions, s== Matenals and Methods,

valnes show the expected increase with an imcrease in Ca®t
conceniration (Figure $B). The W8G variznt bebhaves like
wt sorcin at =40 g Ca®™ but vields lower R, valnes at
higher cafdon concenmstions, while W105G zives rise to
significantly lower sensorgrams with respect to Wt soncin st
all Ca** concentrations thar were investgated. Ar 50 ubd
Ca*", for example, the R, values are 385 for wt sorcin, 287
for WG, and 79 for W105G. It follows thar the affinity
for the amnedn M-termions decreases m the following
order: wt sorcin @ WG = WI105G. A farther series of
experments was carmrted out as a fiuncton of protein
concentraton at a constant Ca*t concentration of 20 b
(Fizure 5C). This rype of experimant enzbles ope to assess
the apparen: dissocizdon constant, By for each protein by
Scarchard analysis of the ratio R./C versus R, (32). The
analysis yields apparent Ky values (at 20 ubd Ca*t) of 1.9
pd for wt sorcin, 2.0 @M for WG, and 12.6 g for
W105G. In this calonlation, the mtercept on the sbecissa was
considered o be the same for the three proteins since the
limited pumber of data and the low R, valuas ar 20 uM
Ca*t pertaining to the W105G nmitan: do not wamant a
precise .. defenminzton. If one assumes that the sorcin
dimer contzins a single effective annexin VII binding site
as suggested by Brownawell and Creasz (31}, the apalysis
vields £, valees of 093 pMd for wi sorcin, 1.0 pd for W9 G,
and 6.3 g for W105G.

Effect af the WRRG and WIOSG Fariantz on the Activiyy
of the Fyanodine Recepror. The protocol nsed o mroduce
recombinant protein into permeabilized myocytes 13 shown
in Figure 6A. After being exposed to S-escin for 30 s, the
mryocyte was superfiised with mock ivtracellalar soluton for
30 s before superfusing with 3 gM sorcin (or sorcin variants)
for 2 min o ensure that the complete bath volane (200 qL)
was exchangzed with the protein-containing seluton. Supsr-
fusion was stopped. and sparks were monitered m the
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Furme 5 Binding of wi sorcin and its WG and W103G varants
o the immobilizad W-temminal peptide of anpexin VIT at different
Ca* concenmations: wt {00, WORGE (2. and WI0SG (&) (A)
Semzorgrams of § wM sorcin injected a1 tdme zero onto 2 chip
cortaining the immobilizad M-terminal apnewin VII pegtide. The
iccrzase m RU relative to baselme indicates comples formation;
the platean region reprasents the stzady-state phase of the interac-
tion, whereas the decreass in R represents sefcin dissociasion from
the immobilized peptde after injection of buffer [10 mM HEPES,
0.15 M MaCl, 20 uM CaCly, and 0.005%: surfactant P-20 (pH 7.4)].
The temperatare was 25 “C. (B) The plateau sipnal at steady state
{Ra) is ploried s a fimction of total Ca®* concentraticn. The soocin
corcenmation was 1 ubd in 10 mM HEFES, 015 M MNall, and
0.005% surfactam P-20 (pH 7.4). The remperarare was 15 “C. (C)
The platem: sipnal at steady stae (R,) measared at di SO
concentrations (C) is plotted as a on of Rey'C. The buffer
comizined 10 mM 5, 0.13 M MaCL 20 uM Call,, and 0.005%
surfactant B-20 (pH 7.4

abzence of flow for 10—12 min. Sample line-scan records
are shown in Figure 6B showing the ransient increases in
inmracellnlar C2** concanfranon characteristic of Ca®" sparks.
Tnder conmol conditons, spark frequency progressively
decreased by 20— 23% over 10— 12 muin. As shown in Figure
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6C, the nclosion of 3 @l sorcin in the perfusion solifon
canzad 3 more marked decresss in spark frequency, reaching
a steady smte after 3— 10 min The difference causad by the
presance of sorcm s likely to raflect the mms course of entry
of sorcin mito the penmeabilized cell The affects of sorcin,
WG, WI05G, E1244, apd 3CED were smudied by
mezsuring the spark characterstics afrer incubaton for 10
roin with the protein. This activity was compared with that
ohserved after incubation for the same time with a soluton
of the identical composition withon: the protein

The inhrbitory effect of sorcin on ByF2 acavity manifests
tzelf in the sigmificant reducton of the mesn valuas of Ca*t
spark frequency, spack width spark pesk, and spark duration
compared 1o the cowirol spark parameters (Figure TA). The
wo mypiophan mmtants have conmastng effects. WeaG
affects the Ca*t spark parameters in 3 manner similar to that
of the native protein (Figure TB). In contrast, in the presance
of W105G, the parameters of the Ca*t sparks are close to
those of the conmol cardiomyocytes (Figure TC)L

SCBD was usad o test the possible effects of the sorcin
M-termuipal domsin on formaton of the FyR2—sorcin
comiplex. SCEBD decresses the mean values of the Ca*t spark
frequency and width in & manner similar to thar of the full-
lenzth wi protein, while the mean duration and amplinade
are pot alered sizmeficantly with respect to the cowirol

ark protocel. (A} Experimental protocol used to miroduce recambitant protein inte permeakilized s (B 5
gdeP:Ed 12 n:unLJ after pm:.alf:al?J_an () Mean spark frequency ]a:t VATIOUS 1|Ipr_es after pmnaxgm

slow decline m spark frequency with tme under contol conditions. The mclusion of = UICLI:I(D
a profound decrease in fraquency. Steady-state values were measured after incubation for ]

dizaiar.
@M} in the initial perfusing solution c.u:&i
12 min with the recombinant protein.

cardiomyacytes (Fizure 70N, The E124A rmutant is unable
to bind Cz*" at physielogical concentrations (£); perfusion
with this mutant yields Ca*% spark values very sinular to
thase obtamed wndsr conmol conditions (Figure TE).

DISCUSSION

These data provids experimental support to the modal of
sorcin actvation that assigns a major role to the D helix
which connacts the nwo plysiologically relevant sites, EF2
and EF3, and contains the only two mypophan residues of
the polypeptide chain, W9 and W05, The different location
of the trvptopkan residuss along the D helix (W29 is ~4 A
from EF2 and W105 is -7 A from EF3) renders te WI05G
and W00 variants as salactive probes of the Ca'*-induced
smucmiral changes and of their fimetonal effects. Their study
therefore extends the infonmaton fimished by the nurants
of the EF1, EF2, and EF3 hands studied by Mella et al. ()
which moniter the effect of abolishing binding of caloinm
to the raspective EF-hand monfs.

The proposed model of sorcin activaton explains an
spparent paradox commen te all PEF proteins: the large
Ca'*-dependent change in bydrophobicity would predict
large conformational differsnces, yet only small Ca*t-lmked
sirucnmal resrrangements limited to the EF1 region are
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observed (. 8, 11— 13). On the basis of the crystal strucnme
of SCBD, Nari et al (7)) proposed that m Ca**-free sorcin
the M- and C-tenninzl domains establish a large munmber of
bvdrophobic and hydrophilic mteractions centered on the Tf
heliz. Both oyprophan residues are part of rhis interaction

network which comiprises the loop berween EF1 and EF2
(Tyr67 aromatic ring) and reaches the Ca™*-binding loop of

85

1= 5 cells, 200 events. () Control group, s = 4 cells, 630 events; W105G group,
5. G562 events; SCBD. n = 3 cells, 225 events. (E) Control group. #n = 7 cells, §1= events; E124A group, n =7

, i d cells, 592 events. (IN)

EF3 where Aspl13 in positon X is bydrogen bonded to the
Tyrd7 OH group. Inportantly, Wo9 and W105 togethar with
other highly conserved Db helix residues (Fhe®5, Len®d, and
Phel(®) zive rise to & rather extended bydrophobic patch.
However, wheress the W29 side cham lies on the outer
surface of SCBD and establishes few van der Wasls contacts
with the very first residues of the domain, the WI105 side



6. ATTACHMENTS

Site-Specific Sercin Mutants and Targer Protein Binding

cham faces the SCBD core and establishes 2 larze munber
of inradomain interactions with other residues of the D helix
(VallDl, Leul0d2, Hisl08, and Phell®), of the EF loop
(Metl32 and Phel34), and of the long G helix (Tyrl39,
DNeldd, Cys163, Vall64, and Argl6T).

In the SCBD model of the apoprotein which contams
solely an 1l-residue strewch of the M-termimnas (7), W105
bt ot W9 is part of the SCED region in contact with the
-tenmuinal domain. The interdomsin confact region com-
prises Vall0l, Leul(2, Glyl04, Trpl035, and His108 in the
D belx, Argl74 in the & helin, Metl32, Glyl33, Phel34,
and Argl35 in the EF loop, and Gly152 in the GH loop and,
therafore, many of the residuss just mentoned. The pos-
sthiliy that W99 may be part of this contact ragion in the
fll-lengrh protein where the IM-temuinal domain is 32 aming
acids long canmot be exclnded.

Ilari et al. {7) proposed that calcium binding loosens the
network of interdomain interactions, repdering both domams
available for target protein recoguition It follows that all
the D helix residues which contact the N-terminal domain
n the apoprotein may paricipate in the imteracton with
molecular targets i Ca**-bound sorcin. In principle, such
mterzction can be very diversified as it will depend on the
specific posttion of 3 given residue in the contact region
On this basis, remowval of W9, which is located near EF2
on the puter surface of SCBD apd is only marginally
mwvolvad in interdonzin interactions, is expectad to have
fanctional ramifications very different from those of removal
of W105 which faces the SCBD core near the ighest-Ca*t
affinity EF3 site.

Ca’" Binding and Association with Annexin FII The site-
specific nurtztons that are mivoduced do not alter the ovearall
smucmre of wi sorcin siznificantly as shown by the sedi-
mentaton velocity data and far-TUW CD specma (Figure 24),
although locsl strucnoal permobations are apparent in the
flnorascence emission (Figure 20 and naar-UTV CD specoa
(Figure 2B). However, in the sbsence of smucthural data in
the crystalline sate, these spectroscopic methods do not
penmit extrapolation to specific souchiral and foncdonzl
faanares (#9). For exsmple, the near-UTW CD} specoum of
WoeG resembles that of Ca*"-bound wr sorcin and thar of
W105G ressmbles thar of the Ca**-free fomm, yet both
mtants reaguirs Cat for imteraction with annexin VII (Figure
58). The absance of the negamve myprophan peak at 292
mm in the CD spectum of WG sorcin and irs reduction in
the W105G varisnt, just like the differences in the fine
smuctare of the whole specoum, pedint o the ooourrence of
specific local perfurbations m the epviroumment of aromatic
rasiduss amendsnt the mutatons inmoduced. In particulsr,
m the WHSG vanant, Trpld5 could be more exposed to
solvent than in apo-wt sorcin as is the case of the Ca*t-
ligated wit protein. A similar albeit smaller dacraaze in the
myprophan band at 292 om was observed m the E1244
warizant, where the hydrozen bonding interactions established
by Aspll3 and Glul24 of the EF3 Ca' binding loop are
lost (8). This similaricy is indicative of similar smucmaral
rearmangzemants and likely is functionally ralevant

The measurements of the Ca*" binding parameters are
confined fo a lmired ser of experimental conditions given
the strong tendency of the Ca'f-bound fomu of wt sorcin
and in pamconlar of W103G to aggragate and'or precipitate
i the absence of profein tarzets. As a consequence, detsr-
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mination of the weaker Cz" binding comstant will be
partcularly affected. Within these Innitattons, neithar muta-
tion appears to affect Ca*" binding sigrificantly (Figure 3).
Thus, calcimn dratdens camied out in the ulmacenrifuzaton
show that the W89G varant binds two Ca'" jons per
monamer with an affinity simdlar o that of wit sorcin (14).
The duanen data obtained for the two varznts o the presence
of Quin 2 as the reporter dyve likewise do not provids
evidence for significans changes in Ca*" affinity with raspect
to wt sorcin. The use of Fluo-3 did not improve acouracy
{dafa not shown).

The C3** sensinvity of supexm VI Bindmg 1= wmalterad
by the WHRG mutzton but is decressed significantly (=7
times) by the WI105G mumtion. In the framework of a
livkage scheme, any change in the Ca*" sansitivity of snmesin
WII binding can be arribured 1o a change in either calcinm
or target binding or both steps. In the W105G variant, since
Ca*t affinity is essentially nnchanzed relative to that of wr
zorcin (Figare 3B), it is primarily the inferaction with the
targes that 15 affected by the mnmaton. The factors that come
into play are (i) impairment of infonation ransfer via the
Iv helin and (ii) alterations in the recognifion surfaces
required for sorcin N-terminal domszin interaction. The lattar
option i3 mnlikaly since the Jocal stuctural changes induced
by Ca*t binding and propagated via the I helix will affect
mainly the relative orentanon of the C- and M-termimnal
domains (7)) apd will only weskly alter the smacnare of the
MN-terminal domain itzelf

Cap't Spark dctivipy. The plot of Ca*t spark frequency
shown in Figars § indicates 3 small bar significant reducton
in spark freguency over 10—12 min The cause of thess
changzes iz imknown but may reflect the balance of several
factors, including (1) a change m the Ca** content of the SE.
imunediately after permeabilization and (i) minor changes
in concentration of low-molecular waight modulators of
ByE2 activity, ez, ATP, Mg™, H. The reduced frequency,
amplimde, durstion, swnd width of the Ca*F spark by wt sorcin
(Figura TA) are coansistent with previous repoms on hears
cells (18, 19, 34, Measurements on tselated B3PI chamnels
indicate that sorcin reduces the open tme of the chapmel
but does not affect single-channel conductspee (J5). A
reduced open time would reduce the duration of the Ca®
spark and therefore the amplitnds and width. The effect on
Cs*" spark frequency may be linksd to the reduced open
probability of the chapeel ar 3 ser inmacellnlar Ca*t
concenmation (15). As with the previouns work, the addidonal
Ca*t buffering amributable o sorcin is unlikely to be a
complicating factor. The backsround Ca*% buffers both in
the perfising solwbon and inwinsic to the permeabilized cell
are presant at = 10 timees the concenmation of exogenous
sorcin

The effacts of sorcin on Ca** sparks are evident st 155—
165 oM Ca**, where the EF3 site is only 15% saturated.
Considering lecal versns bulk concentration during a Ca*t
spark easily accounts for this apparent contradicton (34).
Thus, within limited regions of the cvtosel close to the Tt
anmy and ralezse sites, the cafon conceniTAton AV Ti5E t0
=10 phd and hence be sufficient to wigzer the sorcin
conformational changes.

The oyprophan varianes have strikingly different effects
on Ca*t spark activity. The effects of WO9G are similar in
all Tespects 1o those of the wi protem and snzzest thar despie
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the local smucnaral changes indicared sbove, Ca™* binding, domain VI of calpein at 1.9 A resobation 22d its rols in anzyme
informarion ransfer tarough the D helix, and RyF2 recogmi- as;:ml:]\ regulation, and inhibiter binding, Mar Serwct. Biol 4,
. o 3: il = F39— 547

mnmn?mn}-' In contrast to WEEG, Lh?.“'mSG mearaut 3. Lallike, K Jobmsae, A. H., Dumussel, I, Borregaard, M., 2zd Cox,
has no significant effects on any of the Ca** spark param- A (2001} Biochamical charactarization of the pezta-EF-Ra=d
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information transfer or the interaction surface with RyR2, 5.Lo,E W.H. Thimg, ., Li, M., and Thang, M. (1955} Apoptosis-
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