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ABSTRACT: The effect of C&" binding to parvalbumin was monitored by probes of conformation including
absorption, fluorescence, circular dichroism (CD), infrared (IR) spectroscopy and differential scanning
calorimetry. These experimental studies were compared with molecular dynamics computations on the
structures of the Ca-bound and Ca-free forms of cod parvalbumin. The UV CD spectra show that removal
of calcium results in a decrease in thehelical content of the protein. The IR amideahd III' regions

are very much affected by Ca removal and are indicative of significant perturbation of secondary structure.
The fluorescence of tryptophan, the IR markers, and UV ellipticity all show changes with temperature,
pointing to a lowering of protein stability upon Ca removal. These results are consistent with the structures
obtained for both the Ca-bound and Ca-free proteins after 200 ps of solvated molecular dynamics simulations
which show a decrease in the secondary structure upon Ca removal.

From common thermodynamic considerations, it is clear elicited by calcium have been studied in many Ca-binding
that the binding of a substrate, cofactor, or metal to a protein proteins, and in this work, we are using cod fish muscle
will generally increase its stability since the unfolding energy parvalbumin isotype Il as a representative Ca-binding
would now include an additional penalty for breaking protein. Parvalbumins, found in vertebrates, are snall (
favorable ligand or metal interactionassuming that the  ~11 500,~108 amino acids) globular proteins that binc?Ca
ligand or metal affinity is lower in the unfolded state. In  and Mg+ ions (Declercq et al., 1991). They are thought to
fact, there are many examples showing how the binding of pe active either in Ca transport or as intracellular Ca buffers
metals or cofactors to proteins increases protein stability andin, certain excitatory cells, shuttling €ain fast muscle fibers
the structural compactness of proteins. A textbook model po-k to the sarcoplasmic reticulum (Celio, 1990). The

is hexokinase in which the binding of the substrate glucose structures of some 40 parvalbumins are known, either from

,rAe:outlrferlre]errT(IJ(;eiscocm)‘Tl?rﬁgglfi?; mor(grr']gg_rsf% rr] s%tma;” z:t?gr?tl. sequence analysis or NMR and X-ray structure determination.
P P ' P Only cod and whiting parvalbumins have a single Trp in

with propionyl-CoA carboxylase deficiency, administration their amino acid sequences (Hutnik et al., 1990), which

of megadoses of the cofactor biotin relieves some of the . . ) :
makes them ideally suited for assessing the spectroscopic

clinical manifestations, presumably because the cofactor le of Tro. The X h hat th ¢
stabilizes the defective enzyme and therefore increases itd '€ Of Trp. The X-ray structures show that the structure o

in ziv0 stability (Barnes et al., 1970). Stabilization of protein € Ca-bound form is conserved from various sources over
folding by cations and anions has been established quanti-2 Wide phylogenetic range, all of them having ebhelical
tatively for several protein systems (Pace & Grimsley, 1988; régions labeled AF (or 1-6) and no disulfides (Henrickson
Sugawara et al., 1991), and for some others, cofactors arek Karle, 1973; Kretsinger & Nockolds, 1973; Kumar et al.,
required for folding (Jaenicke, 1987). Conversely, when the 1990; Declercq et al., 1991; Roquet et al., 1992). There are
ligand binds tighter to the unfolded form, then its binding two regions in the protein associated with each of the two
will destabilize the protein. The classic example results in C&*-binding sites (Figure 1). The EF Ca-binding site
the T—R transition in hemoglobin upon oxygen binding.  consists of the E and F helices and a connecting loop with
In view of the role of C&" in regulating cellular processes a Ca-binding site. The second domain contains the second
in all organisms (Gerday et al., 1988), the effect of calcium binding site for C&" and is formed by the C and D helices
binding on protein structure is an important subset of the connected by another loop. The A and B helices form the

general topic of how ligand interactions affect protein central core of the protein. The Ca-free form has not yet
structure. Ca-binding proteins have been shown to recognizepeen crystallized.
C&" ions and to bind them with great affinity while

readjusting their conformations to carry out essential biologi- . : . )
ics now represents a solid basis for experimental research,

cal functions that are in turn involved in the regulation of and molecular simulations are increasinalv used to comple
other enzymatic processes. The conformational changes gy P

ment experimental data and refine structural details. Com-
"This work was supported by National Institutes of Health Grants Putational simulations on other Ca-binding proteins, namely,
GM 34448, PO1 GM48130, EY00012, and EY01583. calmodulin, troponin C, and calbindin, have yielded a wealth
* Author to whom correspondence should be addressed. Fax: 215- of information concerning the role of calcium in trigaerin
573-2042. Phone: 215-898-8783. E-mail: vanderko@ . i f . gl df . | ch g.g h 9
mail.med.upenn.edu. significant conformational and functional changes in these

® Abstract published imdvance ACS Abstract#\pril 15, 1997. proteins (Mehler et al., 1991, 1993). Here we examine how

The structural information derived from molecular dynam-
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Ficure 1: Three-dimensional view of the six-helical cod parval-
bumin modeled from the X-ray structure of carp parvalbumin. The
two spheres in purple represent the two calcium atoms bound
respectively to Asp92 (OD1), Glul01l (OE2 and OEL1), Asp94
(OD1), Ala96 (O), Wat166 (O), and Asp 90 (OD2) and to Phe57
(O), Asp51 (OD1), Glu62 (OE1 and OE2), Asp53 (OD1), Ser55-
(OG), and GIu59(OE1).

a combination of spectroscopic techniques (FTIR,GIbd

Laberge et al.

removed from the protein by passage over a Chelex column
of 10 cm length and/or by adding EGTA or EDTA. Since
these procedures do not necessarily decrease tHdévals
below saturation levels (Hutnik et al., 1990), Ca removal
and the fractional Ca saturation were ascertained by the shift
in the fluorescence spectrum (Sudhakar et al., 1995).

Spectroscopy Absorption spectra were recorded on a
Hitachi U3000 spectrometer. Steady-state fluorescence
spectra were recorded with a Perkin-Elmer 650 10S spec-
trometer.

Circular dichroism (CD) spectra were acquired with an
Aviv 62DS circular dichroism spectrophotometer. Elliptici-
ties, 0, expressed in deg ¢midmol!, were normalized to
residue concentration using the relationship

6 = 0,(IcN) ()
where6, is the observed ellipticityl, is the path length of
the cell (in mm),c is the molar concentration of protein,
andN is the total number of residues in the protein.

A Bruker IFS 66 FTIR spectrometer equipped with a
Globar source, a KBr beam splitter, and a MCT detector
was used for infrared (IR) measurements. The sample holder
had Cak windows and its path length was %0n. The
temperature of the sample was controlled to within G5
with a circulation bath. The data were acquired with a four-
point apodization function at a resolution of 2 ¢ For
the mid-IR region, lyophilized parvalbumin was dissolved
in D,O buffer and the sample allowed to sit for about 1
h at room temperature before measurement was initiated.

Differential Scanning CalorimetryDifferential scanning

fluorescence) can detect the calcium-induced conformationalcalorimetry (DSC) measurements were done with a Microcal
change and we compare these observations with structurainC. microcalorimetry system (Lowell, MA). The Origin

indications obtained from molecular dynamics simulations
(MDS) of both the Ca-bound and Ca-free cod parvalbumins.
Although the structure of the Ca-bound parvalbumin is

DSCAnalytic software from MicroCal Inc. was used for
analysis.
Molecular Dynamics For the MDS, the starting structure

known, the structure of the Ca-free protein is not; it has been Of carp parvalbumin was obtained from the Brookhaven
suggested that the Ca-free species is somewhat like a “molterProtein Data Bank (Bernstein et al., 1977), pdb4cpv.ent

globule” with perhaps some structured regions (Jackson et(Kumar et al., 1990). The amino acid sequence of the carp
al., 1991; Sudhakar et al., 1995) and, in this context, the Structure was modified to include the 20 amino acid residues

calcium-depleted simulations are of interest.

EXPERIMENTAL PROCEDURES

Materials Guanidine hydrochloride (GdnHCI) and Chelex
100 were obtained from Sigma Chemical Co. (St. Louis,
MO). Other chemicals were of the highest purity that was
commercially available. Water was passed over an ion-

exchange resin and then glass distilled. Parvalbumin type

Il was prepared from frozen cod@dus callarius D fillets,
obtained from a local fish market using a procedure
(Sudhakar et al., 1993a) that uses small modifications of
published procedures (Haiech et al., 1979; Horrocks &
Collier, 1981). For all measurements, the protein was
dissolved in 10 mM sodium phosphate and 0.1 M NaCl, pH
7.0. No additional calcium was added to the Ca-bound
protein, and the free Gacan be estimated to bel0> M

[this value is obtained from Ca and EDTA titration curves
(Sudhakar et al., 1995)]. For the Ca-free protein Ca was

1 Abbreviations: CD, circular dichroism; DSC, differential scanning
calorimetry; IR, infrared; EDTA, ethylenediaminetetraacetate; EGTA,
ethylene glycol bigt-aminoethyl etherN,N,N',N'-tetraacetate; MDS,
molecular dynamics simulation.

known to be present in cod parvalbumin by sequence analysis
(Hutnik et al., 1990), namely, Ala88, Gly89, Asp90, Ser91,
Asp92, Gly93, Asp94, Gly95, Alags, 1le97, Gly98, Val99,
Aspl100, Glul01, Trp102, Alal03, Val104, Leul05, Vall106,
and Lys107 using the Biopolymer module of the Insightll
software package (Molecular Simulations, Inc., San Diego,
CA) on a Silicon Graphics IRIS Indigo2 workstation. The
molecular dynamics were performed using the Disco®er
software package (Molecular Simulations, Inc., San Diego,
CA) with the cvffal force field (Hagler et al., 1974; Hagler

& Lifson, 1974) and repeated with the ESFF force field.
Calcium parameters were taken from the literature (Hori et
al., 1988) and incorporated into ESFF with optimization of
the two Ca-binding sites present in cod parvalbumin, i.e.,
sites EF and CD. Table 1 lists the parameters thus obtained.
Simulations were carried out on both Ca-bound and Ca-free
parvalbumins. To remove artifacts due to the addition of
explicit hydrogens, the initial structures were minimized
using a steepest descent algorithm until the rms derivative
reached 0.1 kcal mot and then subjected to 2000 conjugate
gradient iterations. Two types of simulations were carried
out: a first 120-ps series, in which the bulk effect of the
solvent was modeled using the distance-dependent dielectric
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Table 1: Calcium Parameters 06 (
bond atom types bond energy oP 05|
O'—-Ca 93.22377 0.98479
O-Ca 94.22449 0.97534 T
Oa—Ca 93.63089 0.97153 g
go3f
angle atom typés force constarst 6o £
c=0—-Ca 68.20201 123.93975 orr
C-0-Ca 57.38286 132.62842 ol
C=0a-Ca 68.64707 121.91409 T
O -Ca-0O 39.79995 81.81340
O'—Ca—Oa 42.31822 92.77542 e ! 1 . ;
torsion angle force constént no. of angles ol B
Ca—C-C=0O 0.10422 1
Ca—C—-C=H 0.20844 1 - 10k
H*—Ca—C=C 0.23688 2 5
Ca—C—C—CP 0.15806 1 3,
Ca—C-C-C 0.15806 2 g
aAs defined in the ESFF force field (InsightiDiscover.3 User éﬂ 0k
Manual).® In kcal mol. In ESFF, a Morse function is used for bond
energy calculations arais an anharmonicity parametéin kcal mol? 20l
-2
230 L 1 | 1

240 260 280 300 320
Wavelength, nm

approximation (Harvey, 1989; Mehler, 1990; Solmajer &
Mehle_r, 1991). The dielectric constant, was set to 1, . _FIcGure 2: (A) Absorption spectra of Ca-free parvalbumin (dashed
retaining the waters of the X-ray structure. The second SerlesIine) and Ca-bound parvalbumin (solid line). The concentration of
was performed on fully solvated Ca-free and Ca-bound the protein was 1.1 mM in 0.01 M phosphate and 0.1 M NaCl at
parvalbumins using a constant dielectric of 1. The proteins pH 7.0. Temperature: 2€C. Cell path length: 1 mm. (B) Near-

were solvated in a perodic boundary cell of 37tdgenerate UV CD spectrum of parvalbumin in the presence (solid line) and

absence (dashed line) of Ca. Protein concentration: 1.1 mM. The
bulk solvent (1205 waters). The 3D solvent cell was temperature was maintained at 26. Ca removal was achieved

equilibrated, holding the protein’s coordinates fixed, and then p, aqdition of EDTA as described in Materials and Methods. The
the whole solvated system was subjected to conjugateband-pass was 1 nm, the step size was 0.5 nm, and the accumulation
gradient minimization, followed by the dynamics simulations time per data point was 5 s. Cell path length: 1 mm.

which were carried out at a constant temperature of 300 K , .
using a leapfrog algorithm with a time step of 1 fs. Nonbond SPectrum in the presence of Ca shows the characteristic
interactions were taken into account using the cell multipole "€Solved spectrum of indole in a hydrophobic solvent
method (Schmidt & Lee, 1991: Ding et al., 1992) as (Longwo_rth, 1971). Slnce_c_od parvalbumin contains no Tyr
implemented in the Discove8 software package. This and a single Trp at position 102, the spectrum reflects

method offers the advantage of being more rigorous and €nvironmental changes at the single Trp site. The Frank
efficient than the application of cutoffs. Relatively recent Condon-active vibrational bands of the are observed at

in its application, the cell multipole method allows calculation 260, 268, 272, 275, 284, and 292 nm (Callis, 1991). The
of both near-field and far-field interactions, the former due €ffect of Ca removal is significant: the spectrum broadens,
to the surrounding atoms and the latter due to the rest of theresulting in loss of vibrational re;olutlon, in agreement with
ensemble atoms. The number of near-field interactions is Other reports. (Horrocks & Collier, 1981). These spectral
easy to calculate since they are relatively limited. On the changes in the presence of calcium are indicative of a change
other hand, the number of interactions in the far field scale In the chromophore electronic structure reflecting a more
asN2, making it very hard to compute accurately for large compact, apolar and hydrophobic environment for Trp102

ensembles. The cell multipole approach does this by (Persson & Petersen, 1995). o _
representing the potential associated with each basic cell as Pue to the large absorption of Trp in this region and the
a general potential located in the center of the cell which it @°Sence of Tyr, the CD spectrum in the near-UV also reports

then expands into an infinite series of multipole moments; ©n the Trp environment. As seen in Figure 2B, in the
the far-field potentials are obtained by summing all the far- Présence of calcium, the spectrum mainly displays positive
field contributions. The resulting potential can then be Pands in the L transition region above 275 nm. Three

expanded as a Taylor series, using a hierarchical method viPrational bands are observed at 275, 280, and 293 nm.
As such, it is an “ordeN’ method, and significant CPU Calcium removal results in a significant loss of intensity,

time savings can be achieved when compared to using anindicating that the Trp102 environment is perturbed (Strick-

exactN? algorithm (Ding et al., 1992). The system was |and etal., 1969).
brought to 300 K over 20 ps, and dynamics were run for Figure 3A shows the far-UV CD spectra of both forms of

200 ps. parvalbumin. Their overall appearances are indicative of a
high content ofo-helical structure, namely, the presence of
RESULTS a positive band at 201 nm (with Ca), shifted +d99 nm

upon Ca removal, and intense negative bands at 207 and
Spectral Changes with Ca Bindingrhe UV absorption 222 nm (Johnson, 1990). As expected, removal of Ca
spectra of cod parvalbumin are presented in Figure 2A. The decreases the intensity of the ellipticity but the bands still
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-3000 |- o— experimental data is the computer fit using these parameters: first
Vs ° transition temperatur@m,; = 69.7 °C, AH = 47 kcal, and van't
-4000 o * / Hoff energy= 54 kcal; second transition temperatulig, = 76
o— * o °C, AH = 30 kcal, and van't Hoff energy= 76 kcal/mol.
-5000 = / B scans showed the same temperature transition (while showing
/0 some loss of intensity due to irreversible heat denaturation
-6000 |- __o—" of the sample). The parvalbumin from carp has previously
°/° been reported to have thermal transition properties incon-
7000 = o= sistent with a two-state model with a transition temperature
| | of 90 °C in the presence of 18 M Ca (Filimonov et al.,
-8000 1 1 |
0 20 40 60 80 100 1978).

DSC was also attempted on the Ca-free protein. In the
o absence of Ca, the protein did not show a sharp thermal
Ficure 3: (A) Far-UV CD spectrum of parvalbumin in the presence denaturation profile, and DSC scans could not be reliably

(solid line) and absence (dashed line) ofC&Protein concentra-
tion: 45uM. The temperature was maintained at®. Buffer analyzed above background thermal changes of the buffer

conditions are the same as in Figure 2. (B) Ellipticity for the Ca- at the available protein concentrations (data not shown).
bound (open circles) and Ca-free (closed circles) parvalbumin at Temperature Dependence of Fluorescenttevas previ-

222 nm. ously reported (Permyakov et al., 1983; Castelli et al., 1988;
o _ ) ) Eftink & Wasylewski, 1989) that there are large red shifts
maintain theira-helical signatures (Eberspach et al., 1988; i, the Trp emission maximum when Ca is removed. The
Kuwajima, 1989; Hutnik et al., 1990). emission spectra for the Ca protein as a function of
The temperature dependence of the CD spectra for the Catemperature are summarized in Figure 5, and the intensity
bound and Ca-free parvalbumin was examined. The ellip- of fluorescence for the Ga-bound, partially bound, and free
ticity at 222 nm of the Ca-parvalbumin changed at temper- proteins is given in the inset. For the Ca-bound protein, the
atures above 60C while the Ca-free protein showed a intensity is relatively constant from 10 to 4C; above 40
continuous decrease in ellipticity with temperature rise °C the intensity decreases with temperature increase, indicat-
(Figure 3B). ing changes in the protein that amplify relaxation processes
Changes of Conformation with Ca: DSEigure 4 shows  from the excited state. Above 6C the spectrum starts to
the DSC profile for the Ca form of the protein. The DSC broaden. From the spectral changes, Thefor Ca-bound
data could not be fit to a single two-state model, nor was protein is estimated to be75 °C, corroborating our DSC
the fit acceptable using a model in which there were two results and also consistent with the data reported by Per-
independent sequential two-state transitions. The smoothmyakov et al. (1987). In the case of the Ca-free protein,
curve superimposed on the experimental data shows thethe intensity at the lowest temperature is less than 50% that
calculated best fit by a two-transition non-two-state model. of the Ca-bound protein, and it is then seen to decrease
The first transition is observed at 7Q, and the calorimetric  gradually as temperature rises. At intermediatéGatura-
and van't Hoff enthalpies are approximately the same (47 tion, the transition is not a simple average of the Ca-bound
and 54 kcal). The second transition, at 76, yields and free species but shows an intermediate transition,
calorimetric and van't Hoff energies (30 and 76 kcal, consistent with a dynamic equilibrium between the two
respectively). Nonequivalence of the two typesAdi's is forms, as reported by DSC (Filimonov et al., 1978) and
expected for proteins with more than one domain and would phosphorescence (Sudhakar et al., 1995).
also be expected for a protein whose stability depends upon Infrared Spectroscopy The mid-IR absorbance for par-
the ligation of two Ca ions (Brandts et al., 1989). Repeated valbumin in DO is shown in Figures 6 and 7 for the Ca-

Temperature, C
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Ficure 5: Fluorescence emission spectra of Ca-parvalbumin as a
function of temperature. Buffer conditions are given in Figure 2.
The excitation wavelength was 280 nm; the band-pass was 2 nm.
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Ficure 6: Mid-IR spectrum of Ca-parvalbumin: parvalbumin, 4.5
mM, in 10 mM sodium phosphate, 100 mM sodium chloride, and
D,0O at pD 7.0. Data are sucessive spectra of the same sample take
at the temperatures indicated, starting at the lowest temperature

bound and free proteins, respectively, at the temperaturesshoider at 1684 cri appear.

indicated on the figures. The spectrum for Ca-parvalbumin
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FiGure 7: Mid-IR spectrum of Ca-free parvalbumin. The removal
of Ca was achieved by addition of EGTA and monitored by the
fluorescence emission. Other conditions are given in Figure 6.

is very similar to that observed for the Ca-bound pike protein
by Nara et al. (1994). The peak maximum of the amide |
region is at 1645 crt for the Ca-bound form (Figure 6).

A broad peak centered at 1582 this seen in the
spectrum of both protein forms. It is assigned to the
antisymmetric stretch of the COQroups of the parvalbu-
min Asp residues not coordinated to calcium (Nara et al.,
1994). We also observe a shoulder at 1555¢cnPrevious
work has it assigned to the CO@roups in bidentate ligation
with calcium (Deacon & Phillips, 1980; Nara et al., 1994).
We confirm this assignment since we observe its disappear-
ance in the Ca-free parvalbumin spectrum (cf. Figure 7). The
X-ray analysis of carp parvalbumin (Kumar et al., 1990)
shows two C&" ions bound to six residues on the protein:
the Ca in the CD site is ligated to Asp51, Asp53, Ser55,
Phe57, Glu59, and Glu62 (bidentate). In the EF site the Ca
is ligated to Asp90, Asp92, Asp94, Lys96, Glu101, and to a
water. In the CD site, calcium has bidentate ligation with
Glu62 and with Glul01 in the EF site. The 1555 ¢m
shoulder thus reflects coordination to these two residues. As
temperature increases, the intensity of this shoulder decreases
relative to the peak at 1582 cfh This is illustrated for
several temperatures on Figure 8A, and the ratio of these
two peaks is plotted as a function of temperature on Figure
8B. The temperature profile shows discontinuity in the range
\évhere other indications show thermal unfolding, i-e§0

C.

Referring back to Figure 6, it can be seen that at the highest
temperatures (i.e.780 °C) a peak at 1620 cm and a
These frequencies are
characteristic of sheet found in aggregated, denatured
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protein (Clark et al., 1981; Ismail et al., 1992), and they also
have been seen in other aggregated proteins (Holzbaur etemained constant in time over a period of time between
al., 1996). The appearance of these peaks was observed te- 30 min and~24 h. Furthermore, addition of Ca to the
be concentration-dependent: at 10-fold lower concentration calcium-free protein that was incubated inresulted in
of protein, they were not observed under the same otheran IR spectrum in which the peak position of the amide |
conditions. Unlike the shoulder at 1555 cinthe peak at  region was the same as shown in Figure 7, and the shoulder
1620 cnm! was irreversible and remained when the temper- at 1570 cm?, attributed to Ca-bound carboxyls, reappeared.
ature was lowered. Therefore, in the mid-IR range two We did notice that the amidépeak showed asymmetry with
temperature-dependent effects are seen: the loss of Caextra width at higher frequency (see Figure 6) and that after
binding due to thermal unfolding and at higher temperatures cycling in DO from the Ca-free to the Ca-bound form some
irreversible aggregation. intensity was lost in the high region side (data not shown).

The difference in the IR spectrum in the amide regions of Therefore, the absorption in the amidedgion of the Ca-
the Ca-bound and Ca-free forms is quite striking. In the bound form may contain some contribution from unex-
Ca-free protein (Figure 7), the amidestretch is shifted some  changed H atoms in the peptide linkage, since shifts on the
10 cnti—to 1635 cnt®. This is not unexpected: perturba- order of~5 cnt! are known to occur with BH exchange
tion of secondary structure could result in a shift to lower (Arrondo et al., 1993).
frequency due to increased=O/N—H bond indexes. Previ- Molecular Dynamics AnalysisMDS simulations of Ca-
ous work has also correlated lower amitiEeéquencies with bound and Ca-free parvalbumin were performed to investi-
unusual helical structures (Jackson et al., 1991). The COO gate the effect of calcium removal on the overall structure
antisymmetric stretch (1582 cr¥) lacks the C#-ligation of the protein. The stability of the trajectories was assessed
marker band observed at 1555 ¢hin Ca-parvalbumin (cf. by monitoring the potential energy and the rms deviation
Figure 7). The amide 'lregion remains relatively unaffected from the X-ray coordinates. A representative evolution of
by Ca removal but not so the amide' liégion (Figure 9) in the potential energy with time is shown in Figure 10 for the
which we observe complete disappearance of thé"Ca solvated Ca-free parvalbumin. Following the warm-up
ligation marker band seen at 1316 ¢hin the Ca-bound phase, the potential energy is seen to remain fairly constant
form (Figure 9). While of relatively small intensity, the in the last 140 ps of simulation. The solvated results are
region exhibits bands known to be sensitive to calcium consistent with the last 60 ps of the distance-dependent
binding. In the presence of €3 we observe two bands at  dielectric simulation. Figure 11 illustrates the structural
ca. 1334 and 1316 cm, the latter recently associated with changes associated with calcium removal. Consistent with
a calcium-binding induced increase in helical structure (Fu the experimental spectroscopic studies, removal of calcium
et al., 1994). results in significant perturbation of the-helical structure

We considered the possibility that some of the differences at the end of the simulation (Figure 11B). Some helical
in the amide regions could be due to different equilibration character is conserved, however: helix A loses one of its
with D,O between the more rigid Ca-bound protein and the three turns, helix B has one of its two turns severely distorted,
looser Ca-free parvalbumin. However, the spectra obtainedhelix C loses one of its three turns and has the other distorted,
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15000 T The major effect of Ca removal in the simulated model is
a decrease in the-helical content. A CD spectrum is
representative of the asymmetry of the optical center, and

w CD has been exhaustively used to monitor changes in the

secondary and tertiary structure of proteins (Yang et al., 1986;

Johnson, 1990) and polypeptides (Cascio & Wallace, 1995).

In the far-UV region, CD monitors transitions assigned to

peptide chromophores sensitive to secondary structural

changes, and in the near-UV region, CD reflects changes
occurring in the aromatic chromophore transitions. The
ellipticity at 222 nm is commonly used as arthelical
determinant (Johnson, 1990; Hirst & Brooks, 1994). The
observed ellipticity changes are indicative of a lower
o-helical content in the Ca-free protein (50% of the Ca-bound
a-helical structure is retained in the Ca-free protein). The
modeled Ca-free structure (Figure 11) also shows ap-
proximately the same reduction in helical structure and is
thus in very good agreement with experimental results. Other

CD (White, 1988; Hutnik et al., 1990) and NMR (Cave et

al., 1979) studies have also shown that'Gfaee parvalbumin

retains some secondary structure.

A further indication of helical structure is provided by
infrared spectroscopy. FTIR spectroscopy is now increas-
. \ | | , ingly used as a probe of secondary structure (Goormaghtigh
i o ) ) et al., 1994), especially in the amide stretch region. The
amide [ vibrational region is mostly monitored because
Flcure 10: Tim rse evolution of th | ntial eneray of protein absorption is usually intense within its range (3600
the calcigm-de[;alectglcji 2gl\?a?e3tgar\c/)altbuerr§?r:é Pofential eneroy o 1700 cm?). It corresponds to €0 stretches weakly
coupled to C-N stretches and NH bending modes. In a
deuterated solvent, the amidé dégion (1506-1600 cnt?)
displays absorption assigned to—@ stretches strongly
coupled to N-H bending. The amide [llregion features
weaker absorption in the 126A.350 cnT? range, assigned
to N—H in-plane bending modes coupled to-® stretches
and C-H/N—H deformation modes (Fu et al., 1994). FTIR
has been applied to secondary structure analysis for several
Ca-binding proteins including parvalbumin for which-€a
Mg—, and Mn-ligand interactions have been correlated to
marker bands indicative of the coordination of the metal site
(Nara et al., 1994). FTIR has also been used to investigate
the a-helical structure of frog parvalbumin (Jackson et al.,

‘ 1991). The IR of the amidé tegion is drastically changed

FiGURE 11: Three-dimensional structures of Ca-free cod parval- upon Ca removal (Figures 7 and 8), as is the amidedtjion

bumin: (A) starting structure after Ca removal and minimization; (Figure 9). The positions of the amide regions depend

(B) structure after 120 ps of MDS. strongly on the local environment; for instance, an anoma-

. S . ' , lously high amide | frequency is usually attributed to a

helix D maintains its two turns but in a looser configuration, distorted a-helix (Rothschild & Clark, 1979: Krimm &

helix E loses one of its three turns, and the last helix, F, T ) L . .
likewise has one of its two turns removed. Figure 12 shows D.W'Ved." 1982; Dwivedi & Krimm, 1984). Since the
simulations show that throughout the whole structure H

that, in the case of the Ca-bound simulation, helical perturba- o e
tions are minimal: all helices are clearly preserved and the bondmg IS deqreased upon Ca remoyall, the overall shifts in
protein undergoes no significant rearrangement the amide regions are thus not surprising.
' FTIR also provides more specific indications of the
DISCUSSION changes occurring with Ca binding. Variations in the COO
stretch are Ca dependent, and the spectra clearly show that
Parvalbumin is a particularly clear illustration of the anincrease in temperature causes the release of Ca. Protein
general principle: substrate or cofactor binding increases stability is known to be a complex function of a variety of
protein stability when the binding is tighter to the folded factors including shifts in both ionization and hydrophobic
form. In the case of parvalbumin, changes throughout all interactions as temperature is changed (Privalov et al., 1986;
protein regions occur upon calcium binding (Figure 11). Privalov, 1990). The major ligating species is carboxyl, and
Simulations showed that a new structure is obtained within the solubility of its Ca salts increases with temperature. For
approximately 60 ps after Ca removal. We discuss below instance, the solubility of CaGQ0n g/100 mL is 0.0014 at
whether the new structure is consistent with experimental 25°C and 0.0019 at 75C, and for Ca succinate these values
results. are 0.19 at 10C and 0.89 at 80C (Weast & Astle, 1982,

10000 —H

PE (kcalmol-1)

5000 -

0 50 100 150 200
time (ps)
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FiIGUrRe 12: Three-dimensional structures of Ca-bound cod parvalbumin: (A) starting structure after minimization; (B) structure after 200
ps of MDS.

1983). Examination of the structure of Ca-parvalbumin (Sudhakar et al., 1993a). The work presented in this paper
(Figure 1) shows that residues from each of the two helices strengthens our previous conclusions and provides direct
and the loop region form bonds with the metal. The binding spectroscopic evidence for these dynamical changes.
of Ca then serves as a major factor in the folding of the = Summary The work described in this paper attempts to
protein and its stability. characterize the Ca-free structure of cod parvalbumin,
The FTIR spectra also show that loss of Ca from the focusing on whether a modeled structure of the Ca-free
protein and irreversible aggregation are two separate pro-protein can complement structural information derived from
cesses. The aggregation continues to increase at the highesipectroscopic data. In summary, the spectral data are
temperature, whereas the shoulder at 1550'shows loss consistent with the modeled parvalbumin structure as fol-
of Ca (Figure 6) in the same temperature range in which lows: the Ca-free protein shows reduced stability, increased
DSC shows a thermal transition (Figure 4). mobility, increased exposure of Trp, and loss of helical

The luminescence from Trp represents an extensively content.
studied spectroscopic marker; the first fluorescence work on
cod parvalbumin showed that €aremoval was accompa- REFERENCES
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