Biochemistry2005,44, 14431-14442 14431

The C2A Domain of Synaptotagmin Exhibits a High Binding Affinity for Copper:
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ABSTRACT. Human acidic fibroblast growth factor (hFGF-1) is a potent mitogen and is involved in the
regulation of key cellular process such as angiogenesis, differentiation, and morphogenesis. hFGF-1 is a
signal peptide-less protein that is released into the extracellular compartment as a multiprotein complex
consisting of S100A13, synaptotagmin (Sytl), and a hFGF-1 homodimér. i€lknown to play an
important role in the formation of the multiprotein release complex. The source?fréquired for the
formation of the multiprotein release complex is not clear. In this study, we show that the cytoplasmic
C2A domain of synaptotagmin binds to €uons with high affinity. Results from the isothermal calorimetry
(ITC), near-UV circular dichroism (CD), and absorption spectroscopy experiments suggest that¥four Cu
ions bind per molecule of C2A domain. Far-UV CD and limited trypsin digestion analysis reveal that the
C2A domain undergoes a mild conformational change upon binding . @Qompetition experiments
monitored by ITC and fluorescence resonance energy transfer indicate thaa@ili C&* ions share
common binding sites on the C2A domain.Zions compete with and replace €dons bound to the

C2A domain. Two-dimensional nuclear magnetic resonance spectroscopy data clearly show?that Cu
ions bind to the C& binding sites in the loops (loops—B) located at the apex of the structure of the
C2A domain. In addition, there is a unique €inding site located in the loop connectifigstrands 7

and 8. It appears that the C2A domain provides th& @ns required for the formation of the multiprotein

FGF release complex.

Fibroblast growth factors (FGPRsare~17 kDa all{3-sheet FGF-1 is biologically inactive, and formation of the dimer
proteins that play crucial roles in the regulation of key is believed to be a mechanism of storing and transporting
cellular process such as angiogenesis, morphogenesis, wounBGF-1 in an inactive form1(0, 11). Copper (Cé&t) is shown
healing, and tumor growthl{-4). Interestingly, prototype to be essential for the formation of the FGF-1 homodimer
FGFs such as FGF-1 and FGF-2 lack the N-terminal peptide because treatment with tetrathiomolybdate, a copper chelator,
sequence which allows proteins to be released through thedecreased the rate of heat shock-induced release of FGF-1
secretory pathway mediated by the endoplasmic reticulumin a dose-dependent manné#). FGF-1 is released under
and Golgi apparatuss). FGFs are required to be released stress conditions as a component of a multiprotein aggregate
into the extracellular compartment to exhibit their biological containing S100A13, a calcium binding protein, and the p40
functions by specifically binding to their cell surface recep- extravesicular domain of p65 synaptotagamin (p40Syi@)) (
tors 6—9). Although the precise mechanism underlying the  Synaptotagmins constitute a family of vesicle membrane
release of the signal peptide-less proteins (like FGF) is still proteins that are characterized by a short intravesicular
not completely understood, recent studies by Maciag and co-N-terminus, a single transmembrane region, and a larger
workers have provided useful insights into the secretion of cytoplasmic region that contains calcium binding C2 do-
FGF into the extracellular compartmeritO-12). Jackson mains, designated as C2A and C2B5{19). p40Sytl is
etal. (L3) demonstrated that the release of FGF-1 in responsebelieved to be generated by proteolytic cleavage of p65 near
to heat shock and hypoxia requires the formation of the its transmembrane domaif(( 21). p40Syt1 does not contain
Cys30-mediated FGF-1 homodimer. The homodimer of the signal peptide sequence and exhibits a diffuse cytosolic

distribution (L0, 11). Both p40Syt1 and S100A13 have been
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the C2A domain of Sytl has high binding affinity for €u
ions. Cd* and C&" ions appear to share common binding
site(s) on the C2A domain. A subtle conformational change
is observed to be induced in the C2A domain upon binding
to CL?" ions. The C2A domain appears to provide the'Cu
ions required for the formation of the FGF-1 homodimer.

MATERIALS AND METHODS

Ingredients for Luria Broth were obtained from AM-
RESCO. Aprotinin, pepstatin, leupeptin, phenylmethane-
sulfonyl fluoride, Triton X-100, terbium chloride, and
B-mercaptoethanol were obtained from Sigma Co. (St. Louis,
MO). Glutathione-Sepharose was obtained from Amersham
Pharmacia Biotech. LabeledNH,CI and DO were pur-
chased from Cambridge Isotope Laboratories. All other
chemicals used were of high-quality analytical grade. All
experiments were performed at 256. Unless specified, all
solutions were made in 10 mM Tris buffer (pH 7.5)
containing 100 mM NacCl.

Protein Purification and Isotope EnrichmentDNA
encoding the C2A domain of rat synaptotagmin | (residues
140-267) was kindly provided by T. Sudhof. The cells were
induced whersoo (@absorbance at 600 nm) reached-6056
and harvested by centrifugation at 6000 rpm after 4 h. The
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Ficure 1: Isothermogram representing the binding o Cions
to C2A. The top panel depicts the raw data, and the bottom panel
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harvested cells were resuspended, and cell walls were brokers @ best fit of the raw data. The isothermogram fits best to a two-

by sonication. The cell lysate was centrifuged at 16 000 rpm
for 20 min. The supernatant was then incubated with

site binding model. C2A binds to €uwith a 1:4 stoichiometry.
The apparent binding constantyfzpp) of the two C&#* binding
sites are in the low nanomolar (high-affinity site) and high

glutathione-Sepharose. For the standard preparations, thenanomolar (low-affinity site) range. Th&H; and AH, values are

resin was extensively washed with PBS until there was no
detectable UV absorption in the eluate and cleaved with
thrombin (1 NIH unit/mL) at 25°C for 8 h. The cleaved
protein (C2A) was eluted with the PBS buffer. The C2A
that was obtained was further purified by gel filtration on a
Superdex 75 (Pharmacia) column by FPLC using 10 mM
Tris-HCI (pH 7.5, containing 100 mM NacCl) as the eluent.
The homogeneity of the protein was assessed using-SDS
PAGE. The authenticity of the sample was further verified

estimated to be-3.6 + 0.06 and—6.1 + 0.06 kcal/mol, respec-
tively. Appropriate background corrections were added to account
for the heats of dilution and ionization. The concentration of the
protein used was 0.1 mM. All experiments were performed at 25
°C.

corrected for the protein-free buffer [LO0 mM Tris (pH 7.5)
containing 100 mM NacCl] control and analyzed using the
Origin ITC software supplied by MicroCal Inc. The binding
constants were estimated from the obtained isotherms using

by electron-spray mass analysis. The concentration of thethe one-site and sequential binding models.

protein was estimated on the basis of the extinction coef-
ficient value €250 = 12 090 Mt cm™) calculated from the
amino acid sequence of C2R3).

Preparation of Isotope-Enriched C2M&niform *N label-
ing was achieved using M9 minimal medium containthg
NH,CI. To achieve maximal expression yields, the compo-
sition of the M9 medium was modified by the addition of a
mixture of vitamins. The expression host str&ischerichia
coli BL21 (DE3) pLysS is a vitamin Bdeficient host, and

Absorption SpectroscopylV —visible absorption spectra
were obtained on a Hitachi U-2910 spectrophotometer using
1 cm path length quartz cuvettes. All measurements were
taken after incubation for 2 min (at room temperature) of
C2A in appropriate concentrations of €u The pH was
maintained at pH 7.5 by addition of small volumes of 0.1
M NaOH or 0.1 M HCI. The concentration of the protein
used in the UV+visible experiments was 100 uM. Blank
corrections were made in all the spectra using protein-free

hence, the medium was supplemented with thiamine (vitamin Tris buffer [10 mM Tris (pH 7.5) and 100 mM NacCl]

B;). The extent of*SN labeling was verified by electron-
spray mass analysis.
Isothermal Titration CalorimetryBinding of Ci#™ to C2A

containing an appropriate concentration oCu
Circular Dichroism.All CD measurements were taken on
a Jasco J-720 spectropolarimeter. CD experiments were

was analyzed by measuring the heat change during thecarried out in Tris buffer (pH 7.5 and 2%C) using cells

titration of C#' into a protein solution using a VP-ITC
titration microcalorimeter (MicroCal Inc., Northampton,
MA). All protein and ligand (Cé") solutions were degassed
under vacuum and equilibrated at 26 prior to titration.
The sample cell (1.4 mL) contained 0.1 mM C2A dissolved
in 10 mM Tris buffer (pH 7.5) containing 100 mM NacCl.
The reference cell contained Milli Q water. Upon equilibra-
tion, 2 mM Cu&#' was injected in 47 6 ulL aliquots using
the default injection rate. The resulting titration curves were

with a path length of 1 cm. Stock solutions of Tuvere
prepared by mixing appropriate amounts of GUu@|10 mM
Tris buffer (pH 7.5) containing 100 mM NaCl. The pH of
the solutions was adjusted to 7.5 by addition of small
volumes of 0.1 M NaOH or 0.1 M HCI. CD spectra are an
average of at least 10 scans. The concentration of protein
used in the CD experiments wasl00 uM.

Size-Exclusion Chromatograplel filtration experiments
were carried out at 28C on a Superdex-75 column using
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Ficure 2: (A) Change in absorbance at 650 nm upon addition of
an increasing number of equivalents of2Cuo C2A. The inset
shows portions of the absorption spectra of C2A at various
concentrations of Ci: (a) 0, (b) 50, (c) 100, (d) 125, (e) 150, (f)
175, (g) 200, (h) 250, (i) 300, (j) 350, (k) 400, (I) 450, and (m)
500uM. The concentration of protein used was 10d. Appropri-

Absorbance at 280 nm
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Ficure 3: Size-exclusion chromatography profile of C2A in the
presence { — —) and absence—) of C/?". The elution of the
protein was monitored by 280 nm absorbance. The eluent used was
10 mM Tris-HCI buffer (pH 7.5) containing 100 mM NacCl and
500uM Cu?*. The concentration of the protein used was 460

All experiments were performed at 26. The elution times of the

protein domain (C2A), in the presence and absence éf @uns,
are 64+ 1 and 64+ 0.5 min, respectively.

after a desired time interval by the addition of the gel loading
dye (Bio-Rad) at 80+ 2 °C. The degree of proteolytic
cleavage was measured from the intensity of #18 kDa
band (on a SDSPAGE gel) corresponding to the uncleaved

ate background corrections were made in all spectra. (B) Changeprotein (C2A) using a densitometer. The intensity of 18

in ellipticity at 650 nm upon addition of Cti to C2A. The inset

shows portions of the near-UV CD spectra obtained at various

concentrations of Cu: (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f)
250, (g) 300, (h) 400, and (i) 5QM. The concentration of protein
used in these experiments was 1@001. Necessary background

kDa band (C2A) not subjected to protease treatment was
considered as a control for 100% protection against trypsin
cleavage. Control experiments with lysozyme and bovine
serum albumin were performed to examine the possible

corrections were made in all the spectra. These results show thateffects of C@" ions on trypsin activity.

Cw binds to C2A at a ratio of 4:1.

an AKTA FPLC device (Amersham-Pharmacia Biotech). The
column was equilibrated with 2 bed volumes of the buffer
[10 mM Tris (pH 7.5) containing 100 mM NacCl] and 1 mM
CuCb. The concentration of the protein used in the size-
exclusion chromatography experiments wa200 uM.

Steady State Fluorescenéguorescence experiments were
performed on a Hitachi F2500 spectrofluorimeter. Appropri-
ate corrections were made for background noise. All
fluorescence experiments were performed at°@5 For
terbium titrations, a stock solution of 50 mM ThGh 10
mM Tris (pH 7.5), containing 100 mM NaCl, was prepared
from a standat 1 M TbCk solution. Fluorescence spectra
of Tb®" were measured on a Hitachi F2500 spectrofluorim-
eter using a quartz cell with a light path of 10 mm. The

NMR ExperimentsAll NMR experiments were performed
on a Bruker Avance 700 MHz NMR spectrometer equipped
with a cryoprobe at 25C. N decoupling during acquisition
was accomplished using the globally optimized altering-phase
rectangular pulse sequence; 2048 complex data points were
collected in thé>N dimensionH—1*N HSQC spectra were
recorded at 64 scans at all concentrations of*fCThe
concentration of the protein sample that was used was 0.1
mM in 90% HO and 10% RO [10 mM Tris (pH 7.5)
containing 100 mM NacCl]. Spectral intensities were corrected
for dilution effects. All the spectra were processed on a
Windows workstation using Xwin-NMR and Spark$3).

RESULTS AND DISCUSSION
The C2A domain of p40Syt is an 18 kDa g@Hsheet

excitation wavelength was set at 280 nm, and bandwidths protein devoid of disulfide bonds (hereafter termed C2A)
for excitation and emission lights were set at 2.5 and 10 nm, (17, 18). The secondary structural elements in C2A include
respectively. Terbium titration measurements were taken ateights-strands arranged intofasandwich architecture. C2A

a protein concentration of 7M.

Proteolytic Digestion Assay.imited proteolytic digestion
experiments on apo-C2A and C2A with €uwere carried
out at 25+ 2 °C using trypsin (Sigma Co.). Proteolytic

is a calcium binding domain and binds to 3 equiv of calcium
(17-19).

C2A Has a High Affinity for C&. Isothermal titration
calorimetry (ITC) is an important tool for studying both

digestions were performed at an enzyme (trypsin) to substratethermodynamic and kinetic properties of biological macro-
(C2A) molar ratio of 1:10. The protease activity was stopped molecules by virtue of its general applicability and high level
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Ficure 4: (A) Far-UV CD spectra of C2A in the presence of various concentrations 4f. Ga) 0, (b) 100, (c) 200, (d) 300, (e) 400, and

(f) 500 uM. The concentration of protein used was 10d. All spectra are an average of 10 scans. All spectra were corrected for background
noise. (B) SDS-PAGE analysis of the trypsin digestion products of C2A in the absence (apo form) and presenée dh€uane marked

C2A represents the protein domain band in the absence of typsin. Lane M shows the molecular weight marker-& @oesained the

trypsin digestion products of C2A at various time periods of incubation of C2A with trypsin in the absence (apo form) and presence of
Cuw*: lane 1, 2 min; lane 2, 5 min; lane 3, 10 min; lane 4, 15 min; lane 5, 20 min; lane 6, 25 min; lane 7, 30 min; and lane 8, 40 min. The
ratio of C2A to trypsin was 1:10. The arrows indicate the additional digestion products of C2A in the presenée dh€se products are

not observed when C2A alone is treated with trypsin. The gel was stained with Coomassie blue. The data suggest that the protein undergoes
a subtle conformational change in the presence 6f Cu

of precision 1, 23). ITC experiments have been successfully stoichiometry, these estimates derived from ITC data can
used to investigate binding affinities of proteins for ligands be skewed due to the contributions arising from heats of
and metal ions43). The thermodynamics of binding of €u ionization and dilution Z5). Therefore, we examined the
ions to C2A has been investigated using ITC. The binding stoichiometry of binding of Ctf and C2A using visible
isotherm representing the binding of €uons to C2A is spectrophotometry and circular dichroism spectroscopy.
hyperbolic and proceeds with the evolution of heat (Figure Metal ions upon binding to macromolecules such as proteins
1). The hyperbolic binding isotherm does not permit the exhibit prominent peaks in the visible region of the absorp-
accurate estimation of the binding constant and other tion spectra Z6). These absorption bands are commonly
thermodynamic parameters characterizing the interaction ofcalled the Soret band2€). The absorption spectrum of C2A
C2A with C*. The value of the apparent change in enthalpy in the presence of Cti shows a Soret type of absorption
(AHapp of the reaction is negative, suggesting that charge band at 650 nm (Figure 2A, inset). The intensity of the Soret-
interactions play a dominant role in the binding of’Cions type band increases with an increasing number of equivalents
to C2A. The C@t—C2A titration curve saturates at a €u of CW?" (Figure 2A). Interestingly, there is a gradual red
to C2A binding ratio of 4:1 (Figure 1). Least-squares fitting shift in the wavelength maximum of the Soret-type band with
of the C#*—C2A binding isotherm yields ann” value of an increase in the concentration of<Csuggestive of minor
~2, indicating that there are two types of €ibinding sites conformational changes induced in the protein by'Ciihe
in C2A. The apparent binding constardqf,,p] values of spectral changes are complete upon addition of 4 equiv of
the two copper binding sites are in the nanomolar range. TheCW?*, implying that one molecule of C2A binds to four €u
Ka@pp) Of the high-affinity binding site is at least 15 times ions (Figure 2A).
lower than that of the low-affinity binding site. Previously, The near-UV circular dichroism (CD) spectrum of apo
C2A has been only shown to bind to €415, 16). This is C2A shows no perceivable signal beyond 400 nm. Addition
the first time the high Ctf binding affinity of C2A has been  of Cw?* results in a prominent CD band centered at 650 nm
demonstrated. Interestingly, the binding affinity of C2A for (Figure 2B, inset). The intensity of the CD band at 650 nm
Cw* far exceeds its affinity for Ca (15—17, 24; to be progressively increases with an increase in the concentration
discussed later). of Cw?t (Figure 2B). In addition, a prominent 50 nm (from
Stoichiometry of Binding of Cti to C2A.Although ITC 600 to 650 nm) red shift could be discerned when the number
experiments provide a reliable estimate of the binding of equivalents of C# added was increased from O to 4
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Ficure 5: (A) Portions of!lH—15N HSQC spectra of C2A obtained in the absence (red) and presence (blackjofT@e significant
decrease in the cross-peak intensity observed in the presencéoin@icates that these residues are in the vicinity of thé"Qiinding
site(s). (B) Plot showing the cross-peak intensity of residues itlhe®N HSQC spectrum of C2A in the presence of?CuThe cross-
peaks which exhibit a significant decrease in intensity represent thebhding sites in C2A. ThéH—15N HSQC spectrum in the presence
of CW?™ was obtained at a protein to metal ratio of 1:4.

(Figure 2B, inset). The significant red shift in the near-UV troscopy. The far-UV CD spectrum of C2A shows an intense
CD band can be ascribed to conformational changes inducecdhegative ellipticity band centered at around 218 nm, sug-
in C2A by Ci#*. The changes in the CD band are complete gesting that the protein domain is an A#sheet with no
after addition of 4 equiv of Ct (Figure 2B). The results of  helical segments (Figure 4A). This observation is consistent
the absorption spectroscopy and CD spectroscopy completelywith the three-dimensional structures of C2A, which show
corroborate each other and clearly show that the C2A bindsthat the protein contains eiglft-strands arranged into a
to CW#" at a ratio of 1:4. In addition, these results also S-sandwich architecture2g, 30). Addition of incremental
indicate that C2A undergoes a small conformational changeamounts of C&r shows a small £10%) but significant
upon binding to Cer. decrease in the intensity of the CD band at 218 nm (Figure
The Molecular State of C2A Does Not Change upon 4A). These results indicate the C2A undergoes mild con-
Binding of C3". Proteins are known to undergo dimerization formational change(s) upon binding to Turesulting in a
and/or oligomerization upon binding to &u(27). In this decrease in the averagesheet content in the protein. An
context, it is important to investigate if €uchanges the increase in C# concentration beyond a protein to metal
molecular state of C2A. Size-exclusion chromatography is ratio of 1:4 causes no or very insignificant change in the
a useful technique for monitoring the molecular association 218 nm ellipticity (Figure 4A). Limited proteolytic digestion
and dissociation of proteins upon mettjand binding 28). has been successfully employed to investigate the confor-
Under the experimental conditions that were used, free C2A mational flexibility of proteins 81). The basic premise
elutes with an elution time of 64 1 min (Figure 3). The  underlying this technique is that the proteolysis event is
elution time of the protein does not change significantly even governed by the stereochemistry and accessibility of the

when eluted in the presence of an excess ¢f Gans (>10 protein substrate as well as the specificity of the proteolytic
equiv). These results unambiguously suggest that C2A enzyme. Hence, even subtle conformational changes in the
remains in its monomeric state upon binding to?Cu protein can be successfully detected using the limited

C2A Undergoes Subtle Conformational Change(s) upon proteolytic digestion technique. C2A contains many lysine
Binding to Cd*. We monitored possible conformational and arginine residues in its sequen8@)( As the cleavage
changes in C2A induced by €uusing far-UV CD spec-  sites for trypsin correspond to the carbonyl groups of lysine
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FIGURE 6: Isothermogram representing the titration of (A) C2A withPCdB) C2A [in the presence of saturating amounts (200) of

Ca*] with Cu?*, and (C) C2A [in the presence of a saturating concentration 800of Cu?t] with Ca?". The stoichiometry of C2A to

Ca&* binding is estimated to be 1:3. The binding of«uoes not appear to be significantly affected in the presence of saturating amounts
of C&*. In the presence of saturating amounts of'C4d equiv of Cd" binds to C2A (B). Interestingly, only 1 equiv of €aappears to

bind to C2A in the presence of a saturating concentration @dpof Cu?* (C). These results suggest that?Cions and C#&" ions share
common binding sites in C2A.

and arginine residues, trypsin is an apt choice for monitoring Cw?" is paramagnetic, and therefore, resonances of residues
the conformational differences that possibly exist between (in the'H—N HSQC spectra) in the immediate vicinity of
apo-C2A and the Cli-bound form of C2A. Undigested C2A  CW?* binding sites in the protein are broadened sometimes
yields a band on SDSPAGE that corresponds to a molec- beyond detection 34). The extent of paramagnetically
ular mass of-18 kDa (Figure 4B). The intensity of this band induced line broadening depends on the electronic relaxation
(upon Coomassie blue staining) is used as an indicator oftime of the metal cente@). In this context, the binding of
the degree of susceptibility of C2A to trypsin action. It could CW?" binding sites in C2A was identified by the diminishing
be observed that the intensity of thel8 kDa band intensities of selected cross-peaks in fite—1°N HSQC
corresponding to the intact C2A decreases with the increasespectra. ThéH—5N HSQC spectrum of apo-C2A is well-
in the time of incubation with trypsin (Figure 4B). The apo dispersed, and all the cross-peaks in the-N HSQC
form of C2A is completely digested after incubation with spectrum of C2A have been assign@d,(30). This aspect
the enzyme for 20 min. In marked contrast, in the presenceallowed us to identify residues in C2A that bind to%Cu
of Cw?*, more than 50% of the~18 kDa band remains The intensities of selectedH—°N HSQC cross-peaks are
undigested even after digestion for 60 min, suggesting thatobserved to decrease upon increased additions 4f. Che
the conformational flexibility of C2A decreases significantly residues that undergo a drastic decrease in intensity are
upon hinding to C&t. The products of trypsin digestion of located in the three loop (loops-B) structures that project
C2A in the presence and absence of the metal are distinctlyout of the-sandwich structure of C2A (Figure 5A,B). These
different (Figure 4B). The difference(s) in the enzyme residues include Aspl72, Glyl74, Aspl78, Lys182, and
digestion pattern clearly indicates that the metal 2(Qu  Vall183 (in loop 1), Lys200 (in loop 2), and Ala227, Asp230,
induces a subtle conformational change that alters the degre€®he231, Asp232, Phe243, and Asp238 (in loop 3). In
of exposure of the enzyme cleavage sites in the proteinaddition, the cross-peaks representing two residues (Gly253
(C2A). It may be argued that the difference(s) observed in and His254) located in the loop linkingrstrands 7 and 8
the digestion pattern could be due to the altered cleavagealso tend to disappear completely in the presence éf Cu
specificity of the enzyme (trypsin) in the presence ofCu  (Figure 5A,B). These results indicate that the*Chinding
This contention could be discounted because control trypsinsites in C2A are distributed in loops-B and a remote site
cleavage experiments using lysozyme and bovine serumin the unstructured loop located betwggstrands 7 and 8.
albumin in the presence and absence of'Gshowed that  H—'N HSQC data analyzed in conjunction with the ITC
the metal does not alter the cleavage specificity of the data suggest that the three?Cipns bind to the high-affinity
enzyme (data not shown). binding site located in the three loops at the apex of the C2A
Identification of C@" Binding Sites in C2AThe *H—15N structure. One CU ion appears to bind to the low-affinity
HSQC spectrum is a fingerprint of the backbone conforma- site located in the loop betweghstrands 7 and 8. Interest-
tion of a protein 83). Each'H—5N cross-peak represents ingly, the C@* binding residues that are in loops-3 have
the microenvironment of an amino acid in the protein. The also been shown to bind to calciumig 29, 30; to be
disappearance or chemical shift perturbation of cross-peaksdiscussed later).
in the 'TH—15N HSQC spectrum upon addition of metal or Cw?* and C&" lons Share Common Binding Sites in C2A.
ligand provides useful information about the metal or ligand The role(s) of the C2A and C2B domains of Syt1 in calcium-
interaction sites in the protein. triggered neurosecretion is well-establishg8) ( Binding of
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Ficure 7: Terbium binding to C2A. (A) Titration of C2A with T (0—2 mM) monitored by fluorescence emission at 565 nm. The inset
shows a portion of the emission spectra of Tin the presence of C2A. (B) Increase in®THluorescence intensity (at 565 nm) in the
presence of C2A and a saturating concentration ¢f €600xM). The inset shows emission spectra at increasing concentrationsaf Th

It could be discerned that the maximum relative fluorescence intensity (at 565 nm) value in the presence of saturating concentrations of
CU2t is ~10% of that obtained in the absence of2CuThese results suggest that2€wwompetes for the Ca binding sites in C2A. The
concentration of C2A used was 781. The buffer used was 10 mM Tris-HCI (pH 7.5) containing 100 mM NacCl.

C&" to C2A enhances the association of Sytl with several binding ratio is estimated to be 1:4. Interestingly, the apparent
other proteins involved in neurotransmission, including binding constant(s) of the high-affinity copper binding site
syntaxin 1A @6). In addition, binding of C& to C2A in the presence of saturating amounts of'Ca in the low
promotes its insertion into membranes via interaction with nanomolar range. The apparent binding constant values at
acidic phospholipids37). The three-dimensional structures the high-affinity site for the C2ACW?* interaction is in the
of C2A of Syt are available3Q, 35). C2' binds exclusively =~ same range (low nanomolar range), when the titration is
to the loops (loops 43) located at the apex of the performed in the absence of €a These results clearly
B-sandwich structure of C2A. These loops coordinate three demonstrate that Ct ions can bind to C2A even in the
C&" ions primarily via multidentate aspartic acid residues presence of calcium. It appears that at least some of the metal
(38). Binding of calcium does not induce any significant binding sites on C2A are common to both?Cand C3d*"
conformational change in C2A. ions. ITC experiments were performed to examine if‘Ca
We used ITC, terbium-based fluorescence energy transfer,ions can competitively displace €uions bound to C2A.
and NMR spectroscopy to assess the possible competitionThe isothermogram representing the 28" interaction
between C& and C@" for binding to C2A. The isother-  [in the presence of saturating concentrations (a8 of
mogram representing binding of €ao C2A is endothermic ~ Cw?* ions] shows that the binding of the protein to?Ca
and proceeds with absorption of heat (Figure 6A). Least- under these conditions is weak (Figure 6C). The interaction
squares fitting of the titration curve shows that 3 equiv of is exothermic and proceeds with the evolution of heat. The
C&" binds to C2A with similar binding affinities (in the titration curve saturates at a protein to’Caatio of 1:1,
millimolar range). These results agree well with the available indicating that in the presence of €wnly 1 equiv of C&"
solution structure of the C2AC&" complex @0, 35). The binds to C2A. Results of ITC experiments clearly suggest
isothermogram representing the titration of C2A (saturated that Ci#" ions can reversibly displace &aions bound to
with 500 uM Ca") with CWw?* is hyperbolic and proceeds C2A, but only one of the four Gt ions bound to the protein
with the evolution of heat (Figure 6B). The protein to®Cu  can be replaced by €aions.
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Ficure 8: (A) H—15N chemical shift perturbation of residues of C2A in the presence &f CamM). The amino acid residues in C2A
that exhibited significant chemical shift perturbation and are involved # ®ading are indicated by the single-letter code. (B) Cross-
peak intensity of residues in thel—°N HSQC spectrum of C2A obtained in the presence of 4lICCuU?* and saturating amounts of &€a
(1 mM). The cross-peaks that exhibit a significant decrease in their intensities representhieir@ing sites in C2A. Interestingly,
comparison of data shown in panels A and B reveals that @od C&" share common binding sites in C2A. Gly253 and His254 represent
an additional C&" binding site in C2A (B). The concentration of protein used was ABD The buffer solutions were prepared in 90%
H,O and 10% BO containing 10 mM Tris-HCI (pH 7.5) and 100 mM NaCGH—13N HSQC experiments were conducted at°Zb

The competition between €aand Cd* ions for binding derived from TB" binding experiments are consistent with
to C2A was further probed using the calcium binding probe, a 1:3 C2A to C&" binding ratio reported by Rizo and co-
terbium, by fluorescence energy transfer (FRET). Terbium workers @0, 35).

(Tb3") is known to bind to calcium binding sites and induce  Tb3" binding experiments were performed by titrating C2A
luminescence at 565 nm via energy transfer from the with Tb®" in the presence of saturating concentrations of
tryptophan residuess). Figure 7 shows that B binds to Cuw?" (~500uM). Increasing additions of T to the protein
C2A and induces luminescence at 565 nm. The tryptophanresult in an increase in the Thfluorescence intensity at
fluorescence intensity at 340 nm shows a steady decreasé&65 nm (Figure 7B). The T fluorescence intensity reaches
with the increase in the P concentration. The decrease in  a plateau when the Fb concentration reaches 0.75 mM. A
tryptophan fluorescence intensity is compounded by a further increase in TH concentration does not significantly
concomitant increase in the Thfluorescence at 565 nm, increase the fluorescence intensity at 565 nm (Figure 7B).
suggesting an energy transfer from tryptophan residues inin the presence of saturating concentrations of'Cthe

the protein to the T ions bound to C2A (Figure 7A). The  maximum relative fluorescence intensity at 565 nm is only
relative fluorescence intensity (at 565 nm) value reaches a~10% of the value obtained in the absence of'Cions
maximum value of~2000 at a C2A to TH ratio of 1:3. (Figure 7A,B). These results suggest that whileZCions
The C2A-Tb3* titration curve saturates beyond a protein can completely force out €aions bound to C2A, the reverse
to Th*" ratio of 1:3, indicating that three Fbions bind to is not true. The small marginal increase in the3Th
one molecule of C2A. The binding stoichiometry data fluorescence observed in the presence of saturating concen-
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trations of Cd" implies that C&" ions can only partially
replace the Cii ions bound to the protein. Therefore, results
of the TBP" binding experiments are in good agreement with
the ITC data that unambiguously suggest that*Cans
cannot competitively displace the €uions bound to the
protein. It is interesting to understand why?C#&ns cannot
reversibly compete with Cti ions to bind to C2A even
though the two metal ions appear to share common binding [ELEI] k]
sites on the protein. Although at present we do not have a
concrete explanation for the observed anomaly, we believe
that subtle conformational changes induced in C2A byCu
ions appear to render the metal binding sites inaccessible tg
C&" binding. On the other hand, binding of €ao C2A
occurs without any significant conformational change in the
protein. This aspect (compounded by the higher binding
affinity of C2A for Cw?" ions) facilitates the competitive
displacement of Ca ions bound to the protein by €uions.

The competition between the metal ions {Cand C3")
for binding to C2A can be unambiguously monitored by two-
dimensional'H—°N HSQC spectra. The C2A domain is
known to bind to 3 equiv of Cd (30, 35). As mentioned
earlier, binding of C& does not induce conformational
changes in C2A. G4 ions have been proposed to stabilize
the protein by binding to the negatively charged aspartic acid
residues located on the top of tffesandwich structure of
C2A (30, 35).

Several cross-peaks corresponding to residues Leul71
Aspl72, Glyl74, Aspl78, Lys182, Val183, Leul84, Asp230,
Phe231, Asp232, Phe234, and Asp238 show prominent
chemical shift perturbation in the presence of Cérigure
8A). These residues are located in loops3land constitute
the calcium binding sites. If Cti ions share binding sites
with Ca* and displace it, then one would expect the intensity
of the cross-peaks of residues involved inChinding to
be diminished due to the paramagnetic line broadening
effects of C.@J“. The 1H_.15N HSQC spectrum Of. C2A Ficure 9: MOLMOL (51) representation of the backbone folding
(saturated with C#), obtained at a protein to €uratio of of C2A. Four C@* ions are shown to bind to C2A. Three of the
1:4, shows that the cross-peaks of residues involved #i Ca Cu2* ions bind to the loops located at the top portion of the C2A
binding almost completely disappeared (Figure 8B). In structure. One Ci ion appears to bind to Gly253 and His254
addition to these residues, two other cross-peaks representindpcated in the loop betwesfi-strands 7 and 8. Th@-strands in
Gly253 and His254 also show a significant decrease in "¢ C2A domain are numbered in Arabic numerals.
intensity upon titration with Cti ions (Figure 8B). These to play a regulatory role by modulating the affinity for
two residues are located at sites remote from the loop various S100 proteins for €aand protein targetst@). For
structure that are involved in the binding of 3 equiv oCu  example, once Z binds, the binding affinity of S100B for
or C&* ions (Figure 9). In summary, these results suggest both C&" ions and a peptide derived from the protein Capz
that residues that bind to €ain C2A are also involved in  (TRTK) is reported to increase by 10- and 5-fold, respec-
Cw?* binding. In addition, His254 and Gly253 constitute a tively (45). Similarly, S100A12 binds to Zf with a
unique Cd*' binding site in C2A (Figure 9). His254 and relatively high affinity (~1004M) compared to those of other
Gly253 are not involved in G4 binding. $100 proteins, and Zh binding causes a large-(500-fold)

Possible Physiological Significance of Binding of’Cto increase in its affinity for C& (46). Without exception,
C2A. It is interesting to find that C2A binds to Cuwith binding of Zr?* to proteins belonging to the S100 family
extraordinarily high affinity (in the nanomolar range). There involves a major conformational chang#6). The change
are many examples of calcium binding proteins (like C2A) in conformation is believed to contribute to the increased
binding to transition metals such as copper and zinc. Severalbinding affinity of S100 members for €atargeting proteins
members of the S100 family have been shown to bind with (45, 46). In the context of the available literature, it will be
both C#t and Zr#™ (40—42). S100B is relatively abundant interesting to understand the physiological significance of
in the brain and binds to both zinc and coppé3)( the high binding affinity of the C2A domain for Gt
Interestingly, S100B is believed to play an important role in ~ As mentioned previously, FGF-1 is a potent mitogen that
copper hemeostasis as well as in prevention of copper-lacks the classical signal peptide at its N-terminal @ (
induced oxidative damage in brai#). Although the exact  11). Maciag and co-workers demonstrated that under heat
biological function of these transition metals in S100 proteins stress, FGF-1 is released into the extracellular medium as a
is not fully understood, these divalent cations are proposedmultiprotein complex comprising the homodimer of FGF-1

Loopl
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Ficure 10: Cartoon depicting the possible structural events that occur in the formation of the multiprotein release complex. The first step
in the process appears to be the donation of th& @uns (cyan) from a cellular copper storage protein (yellow) to the C2A domain of Sytl
(blue). Each molecule of C2A appears to bind to 4 equiv of'Guith very high affinity (in the nanomolar range). Two molecules of
FGF-1 (green) appear to bind to the C2A domain at thé&"@inding site(s). FGF-1 possibly binds to the C2A domain in its monomeric
state with the thiol group of Cys30 located close to the copper binding site in C2A. In the third step, the S100A13 dimer (red) appears to
bind to the C2A-FGF complex. Dimerization of FGF-1 induced (due to the oxidation of the thiol group of Cys30) Yiyappears to

occur after the formation of the C2A-GF-1-S100A13 ternary complex. The dimer alone has low solubility in agueous solutions, and it
appears that C2A and S100A13 together prevent the aggregation of the FGF-1 homodimer.
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Ficure 11: (A) Isothermogram showing the binding of C2A with FGF-1. The binding conskand,f] characterizing the C2AFGF-1
interaction is 1.2uM. The stoichimetry of binding between C2A and FGF is 1:1. The concentrations of C2A and FGF-1 used in the ITC
experiments are 1 and 0.1 mM, respectively. The top panel shows the raw titration data, and the bottom panel represents the best fit curve
of the raw data. (B) Time-dependent changes in the absorption (scattering) at 350 nm. The concentrations of C2A, FGR1 uaed Cu
were 0.2, 0.02, and 0.01 mM, respectively.?Ginduced oxidation of the thiol group of Cys30 results in the formation of the FGF-1

homodimer. The homodimer has a strong tendency to aggregate in aqueous solution as indicated by the time-dependent increase in the

scattering intensity at 350 nm. Interestingly, the C2A domain appears to decrease the extent of aggregation of the FGF-1 homodimer.

and S100A13 and Syt11{—14). The formation of the
homodimer of FGF-1 is triggered by €uinduced oxidation

superoxide dismutase 4&-50). In general, Cti chaperones
have moderate affinity for Cti [Kypp) in the micromolar

of a specific cysteine residue (Cys30) in FGF-1. However, range]. This aspect energetically favors the routing of'Cu

very little is known about the source of &urequired for

to other target Ct proteins that exhibit much higher affinity

the formation of the homodimer of FGF-1. Identification of for the metal ion Kq in the nano- to picomolar rangej@).

the source of Cti is important because even traces ofCu

In this background, it is reasonable to assume that the high

are toxic to the cells because it leads to the generation of Ci?t binding affinity of the C2A domain of Syt1 helps it to

hydroxyl radical and to oxidation damagé?y.

act like a receptor for receiving €uions from one of the

There is virtually no free copper in cytoplasm, and delivery Cw" chaperones in the cell (Figure 10). It appears that the
of copper to vital enzymes occurs via a group of specific CU?* required in the oxidation of Cys30 for the formation

metal ion chaperones; e.g., Atx1 delivers?Cto Menkes
protein, Cox17 to cytochrome oxidase, and Lys7 to

of the FGF-1 homodimer is supplied by the C2A domain of
Sytl. FGF-1 possibly binds to the C2A domain as a
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monomer, and formation of the FGF-1 dimer is possibly
induced on the surface of the C2A domain (Figure 10). This
notion is supported by several lines of evidence. (1)
Preliminary ITC experiments show that the C2A domain
directly interacts with FGF-1 even in the absence of'Cu
with moderate binding affinityy(ppin the~1.2uM range,
Figure 11A]. (2) FGF-1 in the presence of Llinstanta-
neously aggregates due to the coalescence of the homodimer
that is formed. However, the aggregation of FGF-1 is
significantly decreased in the presence of C2A (Figure 11B).
At present, we cannot rule out the possibility of S100A13
acting in concert with C2A to promote the dimerization of
FGF-1, because S100A13 like many other S100 family
proteins is also known to bind to €uwith a relatively low

(Kq

in the micromolar range) affinity. Irrespective of the

involvement of S100A13 in the formation of the FGF-1
homodimer, C2A appears to be the predominarit'Conor
required for the dimerization reaction.

The functional role(s) of Sytl appears to be dependent on

the type of metal ion it binds. Once &aions binds, Syt-1
functions as a membrane trafficking protein regulating
exocytosis. However, when bound touSytl is possibly
channeled toward the formation of the multiprotein FGF-1
release complex. It is not clear how the switch from thé&'Ca
bound state to the Ctrbound state is regulated. It appears
that prevention of the formation of the &ubound state of
C2A is an effective strategy for specifically inhibiting the
FGF-1-induced pathogenesis.
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