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ABSTRACT: Calexcitin (CE) is a calcium sensor protein that has been implicated in associative learning
through the C&-dependent inhibition of K channels and activation of ryanodine receptorsg,GRe

major CE variant, was identified as a member of the sarcoplasnfic@ading protein family: proteins

that can bind both Ca and Mg*. We have now determined the intrinsic’and Mg binding affinities

of CEs and investigated their interplay on the folding and structure of. @¥e find that urea denaturation

of CEg displays a three-state unfolding transition consistent with the presence of two structural domains.
Through a combination of spectroscopic and denaturation studies we find that one domain likely possesses
molten globule structure and contains a mixed'@dg?* binding site and a Ca binding site with weak

Mg?* antagonism. Furthermore, ion binding to the putative molten globule domain induces native structure
formation. The other domain contains a single*Cspecific binding site and has native structure, even

in the absence of ion binding. &abinding to CEk induces the formation of a recessed hydrophobic
pocket. On the basis of measured ion binding affinities and intracellular ion concentrations, it appears
that Mg?T-CEs represents the resting state and'@aEg corresponds to the active state, under physiological
conditions.

Calcium ions (C#&") are involved in ubiquitous signaling  tion of RyR is mediated through direct binding of CE to the
pathways that control processes ranging from cell growth to receptor, thus making CE a “€asensor” 8—6). CE was
cell death. These pathways are triggered by increases in thealso reported to play a role in Alzheimer's diseage §)
levels of free C&" followed by the ions binding to Ca although its mechanistic role in the disease is unknown.
binding proteins (CaBP5and affecting downstream targets. There are two variants of CE (GEnd CE), with the major
Many CaBPs share a common 2 ainding motif, called difference residing in the last 10 C-terminal residues. We
“EF-hand” (). Calexcitin (CE) belongs to the EF-hand have shown that GEbinds three C& with an apparenKgy
superfamily and sarcoplasmic €abinding protein (SCP)  of 1 uM (2).
family (2) and shows the highest sequence homology (28%) While the physiological function(s) of the SCP subfamily
with SCP from the protochordatranchiostoma lanceola- is (are) unclear, it has been implicated that these proteins
tum, commonly called amphioxus. are involved in chelation of G4 and Mg+ (for review, see

CE has been identified in the squid optic lobe and ref9). All SCPs have four EF-hand motifs; however, only
implicated to play a role in associative learning (ASL). The two to three are functional. €abinding has been preserved
involvement of CE in ASL has been suggested to occur via in the first and third EF-hands of all known SCPs. Most SCPs
Ca&*-dependent inhibition of K channels and activation of  also have a third functional €abinding site, in either the
ryanodine receptor calcium release channels (RyRs). Activa-second or fourth EF-han@); Crayfish and amphioxus SCPs

bind three C&', in EF-hands |, II, and 11l 10). Another
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states that are dependent on the binding of Mge?t. The
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(Mg?*-CEg), or (c) 2 mM CaC} (Ca&"-CEg). Protein

first state is the metal-free state in which one domain concentrations were determined by UV absorption using an
possesses putative molten globule characteristics, while theextinction coefficient ¢2g0) of 49270 Mt cm™?, calculated

second domain is natively folded. Binding of &tg which

by the method of Gill and von Hippell). Far-UV CD

induces native structure in the putative molten globule spectra were recorded in a quartz cuvette with a 0.1 cm path
domain, produces the second state. The third conformationallength, a protein concentration of 13:M, and a 10 s

state is obtained by binding three €ato Mg?"-CEg,
displacing M@" from the EF-hands. While both the Nig
and C&*-bound states have native folds, they differ in tertiary

averaging time. Near-UV spectra were recorded in a quartz
cuvette with a path length of 1 cm containing a protein
solution of 1.168 mg/mL. Thermal denaturation experiments

structure and thermodynamic stability. On the basis of the were recorded at 222 nm (with 30 s equilibration time and

measured ion binding affinities and the intracellular ion
concentrations, it appears that MeCEg represents the
resting state and €aCEs corresponds to the active state
under physiological conditions.

EXPERIMENTAL PROCEDURES

Cation Binding All chemicals were obtained from Sigma
(St. Louis, MO), unless otherwise stated.gd#as expressed,
isolated, and analyzed for purity as described previod3ly (
For cation binding experiments, all €awas first removed
from the protein by addition of ethylene glycol kis(
aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA) to a
final concentration of 1 mM, followed by washing and
concentrating the solution in 1 mM EGTA, 100 mM KCl,
and 50 mM Tris-HCI (pH 7.5) using Amicon filters (Milli-
pore, Bedford, MA) with a molecular mass cutoff of 10 kDa.
Then, EGTA was removed by gel filtration on a home-

30 s averaging time) in a quartz cuvette with a 0.1 cm path
length and a protein concentration of 0.84 mg/mL. Urea
denaturation studies were recorded at 222 nm in a quartz
cuvette with a 0.1 cm path length and a protein concentration
of 0.84 mg/mL. In addition to the preparation of the samples
described above, samples that were subjected to unfolding
studies using temperature or urea contained 1 mM DTT to
ensure reversibility of unfolding. Solutions containing various
urea concentrations were prepared using a saturated urea
solution of 10.49 M.

Fluorescence SpectroscoiBteady-state fluorescence was
measured using a Photon Technology International QM-1
spectrophotometer (London, Ontario, Canada). Samples were
prepared as for the CD experiments (see above) with volumes
of 0.5 mL. Experiments were performed at 26. Tryp-
tophan emission spectra were collected from 305 to 400 nm
(Aex 295 nm, 10 nm/s, 10 repeats, slit width 2 nm for
excitation and emission). The protein solution was 3@.R5

packed Sephadex G-25 column that was previously treated(as determined by UV absorption). The same samples were

to remove Ca" contamination and equilibrated in 100 mM
KCI and 50 mM Tris-HCI (pH 7.5). Cd4 binding was
measured by the flow dialysis method of Colowick and
Womack (3) at 25°C in 100 mM KCI and 50 mM Tris-
HCI (pH 7.5). Flow dialyses were carried out in 0.5 and 2
mM MgCl, and in the absence of MggLIBinding of Mg?+

to CEs, in the absence of G4 was measured by the
equilibration gel filtration method as described previously
(14). Measurements were taken at 25 in 100 mM KCI
and 50 mM Tris-HCI (pH 7.5). Data processing and

used for 8-anilino-1-naphthalenesulfonic acid (ANS) binding
experiments. ANS emission spectra were recorded from
400 to 600 NM 4ex 372 nm, 10 nm/s, 10 repeats, slit width

2 nm for excitation and emission). Samples contained a 10-
fold molar excess of ANS. Tryptophan emission spectra in
the presence of urea were collected for 10 min at 343 nm
(Aex 295 nm, 1 nm/s, slit width 3 nm for excitation and
emission). The protein solution was 19.4M (as deter-
mined by UV absorption), and all samples contained 1 mM
DTT.

evaluation of binding constants were done as described Data Analysis Urea denaturation curves that showed an

previously (5). The effect of Mg" on the C&" hinding
constants was evaluated with the competition equaign
Kcaapp= 1 + Kmg,comdMg?"], whereKc, andKca appare the
binding constants in the absence and presence ¢f" Mg
respectively, andwgcomp is the calculated Mg binding
constant in the absence of &a

Thiol Reactiity. Thiol reactivity was assayed after over-
night incubation of Ck with 100 mM dithiothreitol (DTT)

at pH 8.5, followed by desalting on a Sephadex G-25 column

equilibrated in a nitrogen-saturated solution of 100 mM KCl
and 50 mM Tris-HCI (pH 7.5). The thiol reactivity was

inflection in the equilibrium unfolding transition suggest a
three-state unfolding process involving a stable intermediate
(1) in the unfolding of the protein from the native (N) to the
unfolded (U) state. The equation describing a three-state
denaturation transitionl@) is

F o= Ky (Z + Ky)
WP 1+ Ky (L +Ky)

1)

where Fypp is the apparent fraction of folded proteid,
normalizes the optical properties of the intermediate to those

measured spectrophotometrically (Perkin-Elmer Lambda 16) of the native and unfolded protein forms, akg, and Ky
by monitoring the absorbance changes at 412 nm, whichare the equilibrium constants for the native to intermediate

reports on the kinetics of reduction of 5dithiobis(2-
nitrobenzoic acid) [DTNB; Fluka, Oakville, Ontario, Canada
(16)].

Circular Dichroism (CD) SpectroscopZD measurements

were made on an Aviv 62DS spectropolarimeter at room
temperature. The protein was dialyzed against a solution

containing 2 mM Tris-HCI (pH 7.5) and 100 mM KCI.

and intermediate to unfolded transitions, respectivElyy
values were calculated using the equation

_ Yobs — Yu

YN~ W @)

app

where yops is the observed value of the spectroscopic

Samples contained (a) 0.5 mM ethylenediaminetetraaceticparameter angy andyy are the values of the native and

acid (EDTA; apo-CE), (b) 2 mM MgCh and 0.5 mM EGTA

unfolded forms of the protein, respectively. On the basis of
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the linear extrapolation model for chemical denaturation, eq A 3o i v
1 can be rewritten as 2
Fapp= EXPI(-AG°+ m,0)/RT] x 220
[Z,+ expl(— AGR® + myc)/RT]] | S 20
{1+ exp[(- AGHP + myo)/RT] x E
[1+ expl(— AG® + myc)/RT]} (3) 8]
&
whereAG ° andAG 2 are the free energy changes in the S 107
absence of denaturant for the native to intermediate and SO M
. . " . | g
intermediate to unfolded transitions, respectivety, and 0.5 0.5 mM Mg®*
my are cooperativity parameters of the native to intermediate v 2 mM Mg
and intermediate to unfolded transitions, respectively,@and 0.0 E . , . : \
is the denaturant concentration. Nonlinear least-squares fitting -0 70 -60 50 -40 -30 -20
of eq 3 to urea denaturation curves was performed using the log[Ca™]
program SigmaPlot.
B 101
RESULTS
Measurement of the Binding Affinities of Caand Mg" 0.8
to CEs. On the basis of the amino acid sequence, we have o
previously identified four putative EF-hand motifs in £E @) .
three of which were proposed to be functional. Measurements g 06 1
of Ca*-induced changes in tryptophan fluorescence agreed §
with this prediction and showed that €Binds three C& © 04 ]
with an apparenKq of about 1uM. Furthermore®N—1H é&w ' o
heteronuclear single-quantum correlation (HSQC) spectra )
indicated that C&-CEs has three downfield-shifted>(10 0.2
ppm in the HN direction) peaks2). These peaks are
characteristic signatures of functional EF-hands and arise
from the sixth residue of the €abinding loop of each EF- 0.0 o s 7 s Y
hand (9). Intriguingly, these data are different from those - e - o - -
of a previous study on GE which reported two functional log[Mg2+]

C&" binding sites and identified only two putative EF-hand _ o _
FicUrRe 1: (A) Direct C&* binding to Ck monitored by flow

motifs (5). However, the study on GEwas done in the v "o Ze0"in50 mM Tris-HCI, pH 7.5, and 100 mM KCI
presence of5 mM MgGJ which might have interfered Wlth. containing 0 ), 0.5 mM (O), or 2 mM MgCh (). The protein
the results, since SCPs are known to have at least one mixe@oncentration is 2M. Equilibrium gel filtration of CE in the
C&*/Mg?* binding site. To clarify this issue, we have now absence<) and presence of 2 mM Mg (*) is also shown. (B)
completed & and Mg binding measirements and Biee, 9" D1ng 10 G OO, A SR S5
determined their intrinsic binding constants. Figure 1A shows - S £

the C&" binding isotherms in 0.5 and 2 mM MgaCand in mM KCI, and 50uM EGTA and various M§" concentrations.
_the absen,ce of Mg@l Figure 1B shows the Mg b!ndmg Table 1: Summary of the Intrinsic €aBinding Constants (in M)
isotherm in the absence of €a Table 1 summarizes the  of CE; in the Presence of Various M Concentrations (in M)
average CH binding affinities obtained from duplicate Mg2+

experiments. In the absence of MgCEs binds three C& ,

with pronounced positive cooperativity{) of 1.65 and 0 mM 0.5 mM 2 mM K wg.comp’
intrinsic dissociation constants ranging from 0.37 to2\8 Ka  30x10°  21x10C  19x10  ~4x1F
which translates to an apparei of 0.77 uM. This is in E:z g:%i ig g:gi ig i:gi %gz g:gi g
excellent agreement with previously published fluorescence

: ; a Calculated with the competition equatidfcdK'caapp = 1 +
data and confirms that GEbinds three C#, as was "Mg,comiM@?t], whereK'ca is the intrinsic constant in the absence of

X ; K
suggested by the amino acid sequence and HSQC spectrungz+ k', ,,is the apparent constant in the presence ofMand
(2). Furthermore, itis in agreement with other SCPs, as they K’y comp is the calculated constant for Nfgin the absence of CGa

share the characteristic pronounced positive cooperativity
(20). To investigate the effect of Mg on C&" binding to and has amy of 1.1. The decrease in the apparenfCa
CEsg, the C&" binding measurements were repeated in the binding affinity arises from a reduction in the intrinsic
presence of 0.5 and 2 mM Mg£the approximate range of  dissociation constants of two sites, while the third site is
intracellular M@+ concentrationZ1). Similar to other SCPs, largely unaffected by MgJ. Again, in the presence of 2 mM
the C&" binding constants are affected by the presence of Mg?*, C&* binding to one site is largely unaffected by the
Mg?*. In the presence of 0.5 mM Mgg&ICEs binds three presence of Mg, whereas the other two sites show
Ca&* with intrinsic dissociation constants ranging from 1.5 reductions in their Ca affinities. If we assume that the
to 4.8uM, which translates to an apparey of 2.58 uM Mg?*-induced decrease in the two last binding steps is due
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Table 2: Summary of Thiol Reactivity of Various Forms of $E

apo-Ck Mg?"-CEs C&"-CEs

Cys <1¢ <1ls ~10s

very rapid very rapid moderately fast
Cys ~10s ~10s ~200s

moderately fast moderately fast slow
Cys ~10s ~200s

moderately fast slow nonreactive
Cys, ~200s

slow nonreactive nonreactive

aThe numbers indicate the order of thiol reactivity rather than a
specific Cys residue. The values correspond to estimated half-life times
(tar2).

to competition,Kwg,comp Values of 4x 10° and 8.5x 10*

Gombos et al.

[6] (103*deg*cm?/dmol)

———Ca*-CEg
220 230 240 250
Wavelength (nm)

M~* are obtained (Table 1, last column). These results are Figure 2: Far-UV circular dichroism spectra of GEThere are

consistent with the possibility that Glas one CH-specific
binding site, and two mixed C&Mg?" binding sites. Of
the mixed sites, one is very sensitive to Mgwhereas the
other one displays a weak Nigeffect. This is reminiscent
of amphioxus 22) and crayfish 10) SCPs. Further evidence
for this model is provided by the finding obtained from
equilibrium gel filtration that Ck binds 1.95 C# in the
presence of 2 mM Mg and 38uM Ca&' (black star in
Figure 1A).

The experiments presented above suggest that there is
strong interaction between G&nd M. To obtain a direct
measurement of the Mg binding constant, equilibrium gel
filtration was used and revealed a single high-affinity site
with aKgof 11uM (Kvg = 9.1 x 10* M~Y). This dissociation
constant is in excellent agreement with that obtained from
the competition equation (see Experimental Procedifes;
= 12 uM). The second, low-affinityKug < 4 x 10° M)
Mg?" binding site could not be detected by the equilibrium
gel filtration method. The MY binding affinity of the high-
affinity site in CEs is similar to that of troponin CZ3),
parvalbumin 24), and SCP from crayfish2Q), sandworm
(25), and amphioxus26), all of which have &g for Mg?*
at around 25uM. This finding also suggests that Nig
binding may have an evolutionary significance.

Thiol Reactiity as a Probe of lon Binding to GECEs
contains four Cys residues: Gysind Cys; located in EF-

I, Cysos located in EF-Il, and Cygs located in EF-1V ).
Given that the Cys residues lie within the EF-hands, it is
conceivable that their reactivity would change upon binding
Ca&* and/or M@™. This change may result from ion binding
causing either steric hindrance or conformational change.
Thiol reactivity experiments were conducted using metal-
free (apo-Ck), Mg?*-bound (Mg"-CEg) and C&"-bound
(Ca&*-CEsg) protein. As seen in Table 2, all Cys are reactive
in apo-CEs, with one reacting very rapidly, with a half-life
time (t12) less than 1 s, two reacting moderately fask (
~10 s), and one reacting slowlti 6 ~200 s). In Mg*"-CEsg,

minor spectral changes upon the addition of‘Car Mg?*. The

[6]208 value is more negative than thé]{,, value, atypical of the
canonical-helical protein $3) but consistent with other SCP26,

54, 55).

present data cannot be used to assign the identity of the
moderate- or fast-reacting Cys.

lon-Induced Changes in Secondary and Tertiary Structure
of CEs Monitored by Circular DichroismThe far-UvV CD
apectra of apo-C Mg?™-CEg, and C&™-CEg are shown in
Figure 2. The spectra of all GEorms are indicative of a
predominantlya-helical protein with characteristic CD bands
at 208 and 222 nm. There are slight differences in the far-
UV CD spectra of this protein, which we attribute to
rearrangement of secondary structure rather than a change
in the content of secondary structure. Similar phenomena
have been observed in other SCPs. Thig,} of metal-free
forms of scallop SCP increased upon ¥guinding and
increased further upon €a binding Q7). C&"-induced
changes in the far-UV CD spectrum of the EF-hand protein
troponin C were shown to be caused by changes in the
orientation of the preexisting-helices rather than a change
in helix content 28).

Unlike the far-UV CD spectra, the near-UV CD spectra
of CEs show dramatic differences (Figure 3). The near-UVv
CD spectrum of apo-CGEshows several low-intensity CD
bands, which can be attributed to the abundant Trp, Tyr, and
Phe in the protein. Addition of Mg to produce M§"-CEg
causes a dramatic increase in the magnitude of the CD bands,
with the most pronounced change occurring in the Trp bands
at 280 and 290 nm. Addition of €ato apo-Ck to produce
C&"-CEs causes an equally dramatic change in the near-
UV CD spectrum; however, in this instance the change is in
the opposite direction with the development of a prominent
Trp CD band at 292 nm with negative ellipticity. These
results indicate that GEexists in three distinct conforma-
tional states that can be interconverted by the addition of

one of the moderately fast reacting Cys becomes nonreactiveMg?"/C&*. Apo-CE and Mg"-CEg comprise the first and

i.e., completely inaccessible to DTNB. In €eCEg, two Cys
are affected: the very rapidly reacting and one moderately

second states, respectively, while?G&Eg corresponds to
the third conformational state.

fast reacting Cys become nonreactive. These data suggest It should be noted that the magnitudes of near-Uv CD

that in CE; there are three states with distinct thiol reactivi-
ties: the state of the apo-, Mg, and C&"-CEs. All CEg

forms contain a slow-reacting Cys; it is possible that this
Cys is part of EF-1V, which is predicted to be nonfunctional
(2) and hence unaffected by ion binding. However, the

bands of apo-Cf are lower than those observed in our
previous studyd). We have determined that this difference
is due to the 100 mM KCI used in the present study. Upon
removal of KCI, the intensity of the bands was restored (data
not shown).
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——Apo-CE, ——Apo-CE,
.......... M 2+_CE :' ','“_. ......4...Mg2*_CEB
———Cag2+-c1~: 1 o; " o 1000000{ [\ [ - Ca?-CE,
15 : 2 ----- Ca?*-Mg*-CE,
5] _
S 800000 GuHCl
(0]
8
= 600000
[
2 s
-5 400000
E o
Q \
& 200000 h
0 e — - \\“""'-*
400 450 500 550 600
Wavelength (nm)

250 260 270 280 290 300 310
Wavelength (nm) FiIGURe 5: ANS binding of CEs. There is a 12-fold increase in the
) ] ] fluorescence intensity of apo-GEBs compared to denatured £E
Ficure 3: Near-UV circular dichroism spectra of gEThere are  Thjs is also accompanied by a 50 nm blue shift of the maximum
approximately seven peaks in the spectra of @&he absence of  of apo-CE. Relative to apo-CE there is a fluorescence intensity
metals and in the presence of Mgand C&", due to an abundance  decrease of nearly 90% upon Rfgbinding and about 60% upon
of aromatic residues within the amino acid sequence. The spectrumcz* hinding to Ck. The maxima relative to apo-GExperience
indicates that the protein undergoes a conformational change upong 15 nm red shift and a 15 nm blue shift, respectively. There is no
Mg?* binding. Similarly, there is also a €ainduced conforma-  observable difference between £i the presence of 2 mM Cagl
tional change, as reported previousg).( alone (C&'-CEg) or in the presence of 2 mM CaCand 2 mM
MgCl, (Ce?*-MgZ2+-CEs).

2000000 J —APo-CEs S

/ \ stateo_l above, the first state is that of apoBCEle_ second
1500000, -~ GuHCl i \ state is that of M§-CEs, and the third conformational state
; - is that of C&"-CEs.

Interestingly, both scallop and sandworm SCP show
somewhat similar effects of €dMg?" binding on Trp
fluorescence. In scallop SCP, both Mand C&" caused a
decrease in Trp fluorescence; however, the decrease seen
with Ca&* was greater 47). In sandworm SCP, the Trp
fluorescence profile of the various protein forms looks
: : remarkably similar to that observed with gEHowever, the
320 340 360 380 400 ions cause an increase in fluorescence rather than a decrease

Wavelength (nm) as seen with Cg Nevertheless, the change seen in the
Ficure 4: Tryptophan fluorescence emission spectra of (lRere presence of My differs from the change that occurs in the
is a reduction in the fluorescence intensity of nearly 60% in the presence of Ca (25). Therefore, as presented above,gCE

signal of apo-CE as compared to denatured £EThis is also ; ; feti
accompanied by a 10 nm biue shift of the maxima of the folded and SCPs in general display three distinct structures based

1000000

500000

Relative Fluorescence

CEg species relative to the unfolded GERelative to apo-CE, on the type of ion that is bound to the protein.
there is a fluorescence intensity decrease of nearly 65% upéh Mg lon-Induced Natie vs Non-Natie Conformational States
binding and about 30% upon &abinding (see also ref) to CEs. of CEs Probed by ANS FluorescencBrecheur et al.20)

These data suggest that £Endergoes a conformational change  showed that sandworm SCP is a molten globule in the metal-
Q@;ﬁﬁ?ﬂ%‘f g{lﬁr%rmgiddg‘fl‘””g the chemical environment o0 state. To determine if GEalso displays a similar
characteristic, ANS binding to the protein was investigated.
lon-Induced Changes in Intrinsic Trp Fluorescence osCE  An enhancement of fluorescence accompanies binding of
As stated above, the near-UV CD bands of Trp residues ANS to exposed hydrophobic regions of a protein and is a
display the largest changes upon metal binding. We haveprobe of non-native conformational states, such as molten
also examined whether metal binding induces similar effects globules 80). As presented in Figure 5, denaturedsGBows
on intrinsic Trp fluorescence of GEFigure 4 shows the little ANS binding, while folded apo-CEgEshows a dramatic
intrinsic Trp fluorescence of various forms of g&BNhile increase in ANS binding, suggesting thatgltas increased
CEs unfolded h 6 M guanidine hydrochloride (GuHCI) has  hydrophobic exposure in the absence of any metals. More-
the greatest intrinsic fluorescence with a maximum at 354 over, the ANS binding study revealed further insights into
nm, folded apo-CE shows a lower magnitude of Trp the basic properties of GEAs seen in Figure 5, Mg-CEg
fluorescence with a maximum at 343 nm. This suggests thatshows very little ANS binding, indicating that it is a tightly
in the folded state the Trp fluorescence is quenchec®*Mg packed protein with very few exposed hydrophobic patches.
binding to CEk causes further quenching, resulting in a 65% Addition of C&" to apo-Ck produces a conformational state
decrease in signal intensity. Addition of €ao apo-Ck that displays ANS binding. These results are in agreement
relieves some of the Mg-induced quenching, with C& with the near-UV CD and intrinsic Trp fluorescence data,
CEs having an intrinsic fluorescence midway between that which suggest the presence of three distinct conformational
of apo-Ck and Mg *-CEg. The intrinsic Trp fluorescence states of CE.
data parallel the near-UV CD data, reinforcing the suggestion The ANS binding site(s) in Ca-CE;g is (are) different
of the presence of three distinct conformational states. Asfrom the binding site(s) in apo-GE The wavelength of
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[6]222 (10**deg*cm?dmol)

40 60 80 100

Temperature (°C)
Ficure 6: Thermal denaturation of GEnonitored by CD. Apo-

CEs shows a weakly cooperative denaturation curve with a melting
temperatureTy) of 43.2°C. The denaturation curve of Mg-CEg

shows an increase in the cooperativity of unfolding and an increase

in stability producing &, of 75.1°C. C&" binding to Ck causes

a dramatic increase in protein stability witila of >100°C. The
melting of all three forms was fully reversible in the presence of
DTT.

maximum fluorescence of apo-gis 471 nm, while that of
C&"-CEg is 452 nm. This suggests that the ANS binding
site(s) in C&"-CEs is (are) less water accessible than that
of apo-CE. This is consistent with the finding that €a
CEs does not hind to phenyl-Sepharose (data not shown),
which is a useful probe for Ca sensor proteins3().
Therefore, the hydrophobic binding site displays specificity
for hydrophobic ligands and suggests that the hydrophobic
pocket is a well-defined groove rather than an exposed
hydrophobic patch. The ANS fluorescence of gOB the
presence of 2 mM Caghnd 2 mM MgC} is identical to
that of CEk in 2 mM CacCl} alone, indicating that the ANS
binding site in C&'-CEs is unaffected by the addition of
Mg?* (Figure 5).

Thermal Denaturation of CE& Monitored by CD In
addition to the structural differences among apo-2Mgand
C&'-CEg, there are also great differences in folding and
stability of these conformational states. Thermal denaturation
of apo-CEk monitored by far-UV CD (Figure 6) revealed a
weakly cooperative denaturation curve with a melting
temperatureT.,) of 43.2°C. Addition of M¢?* to produce
Mg?"-CEg has two major effects: an increase in stability
producing aTy, of 75.1°C and an increase in the cooperat-
ivity of unfolding. Taken together, the results of near-Uv
CD (Figure 3), ANS binding (Figure 5), and thermal
denaturation experiments indicate that ¥ginding in-
creases global stability. €abinding to apo-CE causes a
dramatic increase in the stability of €aCEs, with a T, of
>100°C. The melting of all three forms was fully reversible
in the presence of DTT; however, in the absence of the
reducing agent, refolding of apo-Gks not reversible.

Urea Denaturation of CEMonitored by CD and Intrinsic
Trp FluorescenceUnlike thermal denaturation, urea dena-
turation of apo-Ck monitored by CD shows a distinct
inflection point separating two unfolding phases (Figure 7A).
This indicates that unfolding of GHs not a two-state process
and suggests that GHs at least a two-domain protein in
which the individual domains differ in stability and unfold
independently. The denaturation midpoint of the first domain
of apo-Ck occurs near 1.75 M urea, while the second
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FiIGURe 7: Urea denaturation of GEmonitored by CD. (A)
Denaturation of apo-GEshows a distinct inflection point separating
two unfolding phases, indicating that this is not a two-state process
and that CE is at least a two-domain protein. The denaturation
curve of Mg*-CEg differs greatly with the first phase of the apo-
CEs curve; however, the curve of Mg-CEg superimposes on the
second phase of the apo-gE&urve, suggesting that Mg binding
stabilizes the putative molten globule domain but not the native
domain. The denaturation curve of &aCEz shows that this form

is very stable and resistant to unfolding and suggests th&t Ca
stabilizes both the putative molten globule and native domains of
CEs. (B) The denaturation curve of apo-ghvas fit to a three-
state model. On the basis of this fit, the following valu¢standard
error) were obtained for apo-GE AG2° = —1.89+ 0.153 kcal/

mol, my, = 0.891+ 0.087 kcal/mdl, AGR° = —6.41 + 0.475
kcal/mol,my = 0.9174+ 0.064 kcal/mdl, andz, = 0.6454+ 0.015.

On the basis of the calculated free energy changes, the intermediate
state is energetically more similar to the native state than the
unfolded state.

domain has a midpoint near 7.5 M urea. The denaturation
curve was fit to a three-state model as described above. On
the basis of this fit (Figure 7B), the following values
(+standard error) were obtained for apoBCEAGH,ZO
—1.89+ 0.153 kcal/mol,my = 0.891+ 0.087 kcal/md],
AGH° = —6.41 4 0.475 kcal/molmy = 0.917 + 0.064
kcal/moP and Z, = 0.645+ 0.015. On the basis of the
calculated free energy changes, the intermediate state is
energetically more similar to the native state than the
unfolded state.

While the urea denaturation curve of KgCEg differs
greatly from the first phase of the apo-g£Benaturation
curve, the unfolding curve of Mg-CEs superimposes on
the second phase of the apo#3tenaturation curve (Figure
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hands and one or two nonfunctional EF-hands, and at least

700000
one mixed C&/Mg?" binding site. Our past work2j

g 600000 established that GHs a member of the SCP subfamily and
2 _ contains four EF-hands: a nonfunctional site 1V, oné'Ca
& 500000 specific site, and two mixed €&Mg?" binding sites but
= 400000 lf with very different affinities for M§*. This binding pattern
2 = ApoCE, 0_'_5 /I is very similar to that of amphioxus SCE2) and to a slightly
B 300000 [0Me-CEy ; /! lesser extent to the well-studied crayfish S@B, 0). SCPs
~ |, CrCaChy J have been proposed to be?Chuffer proteins that attenuate
200000{ YT e Y free C&" concentrations after Ga influx induced by
e extracellular signals9). The role of M@" in SCP function
% ) ) % 5 T is not established, but in stimulated cells, significant amounts
[Urea] (M) of Mg?* are liberated upon Cabinding to the mixed Cd/

. 8 Urea denaturafi ¢ GEmonitored by intrinsi Mg?* binding sites 82).
IGURE 8: Urea denaturation o monitored by intrinsic 24 R .
tryptophan fluorescence. Apo-gBppears partially unfolded even Mg . 'S. the most prevalent ion in the cytoplasm and .IS

in the absence of urea and becomes completely unfolded by 3 M€Ssential in many cellular events, such as muscle contraction,

urea. The urea denaturation curve of Mg Es has well-defined cell growth, and as a cofactor in numerous ion channels and
baselines and a cooperative transitionz’GaEs shows very high  enzymes, especially those in phosphoryl-transfer processes
stability and is resistant to urea unfolding. (for review see re83). The M+ gradient across the plasma
] o N ) membrane is modest, with a slightly higher concentration
7A). This suggests that Mg binding stabilizes one domain i the extracellular medium. Influx of Mg occurs through
but not the other. The urea denaturation curve ofMGEs passive diffusion from the extracellular space; however,
was not typical of a two-state transition (see below). offlux is through the N&Mg?+ antiporter 84—36). Mg+
Paralleling the thermal denaturation experiment (Figure 6), 5 also important for normal neurological function and was
Cea'-CEp is very stable and resistant to urea-induced ghown to be neuroprotective (e.g., 8. It has been used
unfgldmg (Figure 7A). Interestingly, Ca binding, unlike in the treatment of seizures due to hypertens&s) 89) and
Mg=" binding, stabilizes both domains. was shown to be useful in reducing the risk of cerebral
We have also studied the urea unfolding of the;@ms palsy and mental retardatiod@). Furthermore, the RyR, a
using intrinsic Trp fluorescence. As seen in Figure 8, apo- target of CE 8, 6), is regulated by M&§ as well as C&
CEs appears partially unfolded even in the absence of urea, (41, 42). It appears that Mij has a complementary role to
continues to unfold with increasing urea concentrations, and c2+ in that it modulates C& signaling pathways. Mg
becomes completely unfolded¢ I8 M urea. This transition plays a regulatory role in the control of Eauptake,
correlates with the first phase of the urea denaturation curvehomeostasis, and releagt), The C&"/Mg2* ratio plays a
of apo-Cks monitored by CD (Figure 7A). Therefore, Trp  rqje in regulation of plasma membrane excitability and ion
fluorescence reports on the unfolding of the less stable channel permeability4d). Interestingly, M@+ also plays a
domain of apo-CE It is interesting to note that GEhas  (ge in K+ channel inhibition 45, 46), another target of CE
five Trp in the N-terminal half and only two Trp in the (3, 5).
C-terminal half @). The urea denaturation curve of kfg In the present study, we have shown that@Fomposed
CEg determined by Trp fluorescence (Figure 8) is similar to o ot least two separate domains. In apos(he domain is
the curve determined by CD (Figure 7A) in that they both 1 ch |ess stable than the other domain. IN2MGEs the
have well-defined baselines and a cooperative transition. ynsiable domain becomes natively folded and stabilized,
However, the denaturation midpoint is different when e the other domain remains largely unaffected?'Ca
measured with these methods: 5 M urea for the tryptophanbinding stabilizes both domains of GEMg?" binding
fluorescence curve (Figure 8)@6 M urea for the CD curve  gyneriments indicated the presence of two physiologically
(Figure 7A). This difference in denaturation midpoints = gjgnificant binding sites that differed greatly in affiniti{
indicates that the unfolding of Mg-CEs is a not a two- = 12-250 uM). Since Mg@* binding was shown not to
state process and provides further evidence thag BE  giapjlize the natively folded domain, both Rigoinding sites
composed of at least two domains that unfold independently. 5harently reside on the unstable domain. Further evidence
However, both the CD and the fluorescence denaturationinai the unstable domain harbors the Mpinding sites
curves of Mg+-CEs dld not show a clear deflection point  -ymes from near-UV CD (Figure 3) and ANS binding
_of a three-state transition. Conse_quenﬂy, the absence of aNFigure 5) experiments, which show induction of near-Uv
inflection point in the denaturation curves of KMeCEs CD bands and reduction in ANS binding coinciding with
precluded fitting of the data to a three-state model. As seen Mg?* binding.
in the thermal _denaturation _experiment (Fi_gure 6) and the  The conformation of Mg -CEs is different from that of
urea denaturation data obtained by CD (Figure 7A¥'€a  czt_CE, which adopts the third conformational state. This
CEs shows very high stability and is resistant t0 urea g state possesses a diagnostic negative near-UvV CD band
unfolding as monitored by intrinsic Trp fluorescence (Figure 5t 292 nm and ANS binding properties suggestive of a
8). hydrophobic pocket. The €aand Mg binding experiments
revealed that while CEcontains four EF-hand motifL),
DISCUSSION only three are functional with dissociation constants fot'Ca
The characteristic features of SCPs are molecular weightsranging from 0.37 to 1@M, which are typical of C& sensor
around 22 kDa, the presence of two or three functional EF- proteins 81). One of the EF-hands is a typical mixed?Ca
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Mg?* binding site, another EF-hand displays a weak*Mg
antagonism, and the third EF-hand is a typicat'Gspecific
site. The two EF-hands that can interact wit# @slg?" must
both reside within the unstable domain, because*Mg

binding had no effect on the stability of the native domain.

Therefore, the Cd-specific EF-hand must reside in the
native domain, thus accounting for the?Ginduced stabi-
lizations of both domains of GEseen in the urea denatur-
ation experiment monitored by CD (Figure 7A).

As noted by Nakayama and Kretsingel7), most EF-
hand domains have a 1000-fold higher affinity forPCthan
for Mg?*". However, the intracellular Mg concentration is
in the 0.5-2 mM range 21), whereas the intracellular €a

Gombos et al.

and EF-Il, the C& binding site with weak Mg antagonism.
The natively structured domain of GEontains EF-IIl and
EF-IV of which EF-lll is the C&"-specific site and, as
presented earlier, EF-IV is a nonfunctional site due to the
lack of conservation of residues involved in ion coordination
).

With regard to the structure of apo-gHt is possible that
the unstable domain either possesses non-native structure or
is an equilibrium mixture of interconverting native and
unfolded conformations. If the unstable domain is a mixture
of unfolded and native conformations, the first phase of the
biphasic unfolding transition of apo-GEwould be the
complete unfolding of the unstable domain and the second

concentration ranges from nanomolar in quiescent cells to phase would be the unfolding of the native domain. The

micromolar in stimulated cell8(). Therefore, at resting state
some EF-hand domains may be occupied by>Mgut
convert to a C#&-bound form upon cell stimulatiord?).

increase in ANS fluorescence may be caused by the exposure
of a hydrophobic interdomain interface. The Mdinding
sites reside in the unstable domain; hence?Mginding

On the basis of our measured values for the dissociationstabilizes the unstable domain and has no effect on the native

constants for Ca and Mg and the intracellular concentra-
tions of these ions in quiescent celly], it is predicted that
CEg in these cells would be Mg bound and adopt the Mty

domain. C&" binding stabilizes both domains, each of which
contain C&" binding sites.
There is also experimental evidence which suggests that

CEs conformational state. The cytoplasmic concentrations the unstable domain possesses non-native molten globule

of apo-CE and C&"-CEg would be negligible in quiescent
cells. During C&" influx, when intracellular C& levels are

structure. Our previous nuclear magnetic resonance (NMR)
heteronuclear single-quantum correlation (HSQC) spectrum

at their highest, the third conformational state forms. In this of apo-Ck contains many resolvablN—HN cross-peaks

state, assuming a free Nfgconcentration of 0.5 mM, two
EF-hand motifs are filled with G& and the third EF-hand
motif is about 76-90% occupied by C4 and the remainder

(2), indicating the presence of some native structure. Ad-
ditionally, the far-UV CD spectra (Figure 2) of apo-, kg,
and C&'-CEs indicate the presence of nearly identical

by Mg?*. Accompanying the changes in metal binding state secondary structure content. However, the near-UV CD
there are changes in protein conformation. Conversion of (Figure 3) suggests that apo-g£Hacks tertiary structure.

the putative resting state (i.e., MgCEg) to the putative
active state (i.e., Ga-CEs) induces the formation of a

Furthermore, the broad thermal denaturation of apg-CE
(Figure 6) is consistent with the presence of molten globule

hydrophobic pocket that can bind ANS. This hydrophobic structure 49). The retention of secondary structure and loss

pocket differs from the ANS binding site(s) of apo-£ia
that ANS bound to Ca-CEs has aimax that is blue shifted
by 17 nm from that of apo-GE We speculate that this

of tertiary structure taken together with the increased ANS
binding and broad, noncooperative thermal denaturation are
all suggestive of the presence of molten globule structure in

hydrophobic pocket may represent a potential target binding the unstable domain.

domain, where the RyR and*kchannel bind. The inability

If the unstable domain was a mixture of unfolded and

of Ca*-CEg to bind to phenyl-Sepharose is divergent from native conformations in apo-GEthen it is likely that the

other C&*-loaded EF-hand-containing &asensors 1),
suggesting that the hydrophobic pocket of C&Eg is more

HSQC spectrum of apo-GEvould contain extrd>N—HN
cross-peaks, but this was not observ@ll (n addition, a

recessed than the hydrophobic target binding site of othermixture of unfolded and native conformations for the

C&" sensors [e.g., calmoduli®g)]. Both apo- and CH-

unstable domain should result in a significant decrease in

SCP from sandworm also bind ANS; however, their values secondary structure, leading to a reduced magnitude of far-
of Amax Were identical and not blue shifted as ANS bound to UV CD bands, but this is not the case (Figure 2). Further-
Ca&t-CEg. Thus, the sandworm SCP does not a have a more, the three-state analysis of apogGiafolding (Figure

recessed hydrophobic pocket like C&CEs.
The C&"/Mg?* binding specificity of individual EF-hands

7B) indicates a large energetic difference of 1.9 kcal/mol
between the native and intermediate states. Such a free

can be tentatively assigned through comparison of the aminoenergy difference indicates that the population of molecules

acid sequences of the EF-hands of gQEith previously

with unfolded unstable domains is small under native

published mutagenesis data. EF-l contains an Asp residueconditions. There is evidence that sandworm SCP is also a

at the—Z ion coordination position, while EF-1l and EF-III
contain Glu at this position2]. Asp to Glu substitution at
the —Z position has been shown to abolish Mginding
but retain C&" binding 65), making Asp occupancy at the
—Z position an indicator of a mixed €dMg?" binding site.
Therefore, EF-l is likely to be the mixed €@Mg?* binding
site. Since millimolar concentrations of Kig affect the

molten globule in the metal-free state and forms a native
structure upon binding the first €a (29, 50). The C&"/
Mg?*-induced conformational changes seen ingCite
reminiscent of those in troponin C, where the role of Ca
Mg?* binding sites is to maintain the native structure of the
protein, while the C& specific sites play a regulatory role
in Ca&" signaling 61, 52). This evidence, therefore, rein-

unstable domain and not the natively structured domain of forces the idea that apo-GEcontains a molten globule

CEs (Figure 7A) and since EF-hands pair sequentiadly)
it is likely that the unstable domain is comprised of the’Mg
sensitive EF-hands: EF-I, the mixed®C#g?* binding site,

domain and a natively folded domain which fold indepen-
dently. However, further experiments are required to prove
this possibility.
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In conclusion, CE possesses two structural domains that
can unfold independently and display dynamic changes

induced by C&" and Mg" binding. CEk can exist in three

conformational states: a putative molten globule state and
two structurally distinct native states. The putative molten

globule state seen with apo-gEontains one domain with

molten globule characteristics and another domain with
native structure. This state is unlikely to be populated in the
cytoplasm. M@" binding to the molten globule domain of

apo-CEk induces the formation of a compact, well-defined

native structure and represents the first native state of the
protein. This protein state is probably the most populated

conformation in the cytoplasm of quiescent neurons. It is

plausible that the function of the €dMg?" site(s) is to

prevent the protein from adopting the molten globule state
and being catabolized by the proteasome. Conversely, in

activated neurons the level of intracellular?Cancreases
and the cell becomes highly populated witiPG&Eg. This

20.
21.
22.
23.

N

25.
26.

27.
28.

29.

second native state appears to have an exposed hydrophobic
30. Creighton, T. E. (1997)rends Biochem. Sci. 28—10.

pocket, which could potentially interact with targets, such
as the RyR and K channel. While it is apparent that both

Mg?t and C&" maintain the native structure of GEinder
physiological conditions, Ca is the switch that activates
the protein, whereas Mg plays a structural role and

maintains the native state of the inactive protein.
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