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ABSTRACT. Scanning microcalorimetry and circular dichroism were used to study conformational state
and heat denaturation of &afree synthetic calmodulin (SynCaM) and three charge reversal mutants.
We produced evidence for the major role of the electrostatic potential in the stability and flexibility of
SynCaM. The substitution dfDEE!?C by 118KKK 120 (SynCaM12A) does not influence the flexibility

of the protein; the replacement®8EEE* by 82KKK 84 (SynCaM8) decreases its level, while the combination

of these two mutations in SynCaM18A significantly increases the flexibility. The heat denaturation of
apoSynCaM and its mutants is well approximated by two two-state transitions with the lower-temperature
transition corresponding to C-terminal lobe melting and the higher-temperature one to N-terminal lobe
melting. The difference in transition temperatures for the two lobes decreases in SynCaM8 and increases
in SynCaM18A, suggesting a modification in the influence of one lobe to the other. The electrostatic
mutations change the parameters of thermal denaturation of SynCaM lobes in a similar way as pH conditions
affect thermal transition parameters of multidomain proteins, leading to a linear temperature dependence
of transition enthalpy. One domain of the N-terminal lobe in apoSynCaM18A is unfolded in the native
state. Near-UV CD spectra point out the invariability of the local structure of aromatic residues upon
mutations, although the secondary structure undergoes striking transformations. Cacodylate ions strongly
and specifically alter the helical content of SynCaM. Our data unambiguously demonstrate that the two
lobes are not independent, and interactions between the lobes are mediated by the electrostatic potential
of the molecule.

Calmodulin (CaM) is a small (148 residues), acidic, and Kilhoffer et al., 1992b; Porumb, 1994). A model considering
highly conserved calcium binding protein found in all that the protein is composed of two independent lobes with
eukaryotic cells (Kilhoffer et al., 1992a). In order to two cooperative sites (Wang, 1985; Linse et al., 1991) cannot
understand the role of calmodulin in deciphering the calcium explain all the experimental data. On the other hand, we
signal, it is necessary to analyze the ion binding mechanismnaye shown that coupling exists also between the two lobes

of the protein. The apoCaM (€afree CaM) is the  of caimodulin during calcium binding (Kilhoffer et al.,
background state and probably plays an important role in 1992b).

the cell. As is known, it can interact, although much more
weakly, with some target proteins such as neuromodulin and Before the crystal structure appeared, Tsalkova and
brush border myosin | (Zhang et al., 1995). It is of Privalov (1985) proposed a domain-melting model for calf
paramount importance to describe this state from a structuralbrain CaM using the results of the study of thermal unfolding
and thermodynamic point of view. by differential scanning microcalorimetry (DSC). This direct
The three-dimensional crystal structure ofG&€aM was method provides information about the real thermodynamic
determined at 2.2 A resolution (Babu et al., 1985) and later parameters of thermal transitions in proteins. One of the
was refined at 1.7 A resolution (Chattopadhyaya et al., 1992). great advantages of DSC is that it can detect fine tuning of
Itis a dumbbell-shaped molecule with two roughly globular jnteractions between the individual domains of a protein
lobes linked by a long solvent-exposed helix. Each globular (Privalov & Potekhin, 1986). Tsalkova and Privalov (1985)

lobe contains two Ca-binding sites, each consisting of & pave shown that Ca-CaM contains four domains, each

helix—loop—helix motif (Falke et al., 1994). Studies from j,cqrnorating one calcium-binding site. The least stable is
different laboratories have shown that the calcium binding 4 ~: 111 of the C-terminal lobe which. in the absence of

to calmodulin is a complex mechanism where coupling

between the different sites must take place (Milos et al., 1989;caIC|um, is in the noncompact disordered state at room

temperature. It was shown that the low-temperature peak
) of apoCaM melting corresponds to the unfolding of domain
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Ficure 1: Three-dimensional model of apoSynCaM. The coordinates were obtained using EXPASYy service (Swiss-Model tools). Template
coordinates were taken from set 1CFC in the Brookhaven Protein Data Bank (Kuboniwa et al., 1995). Panels A and B present two different
views of apoSynCaM where Phe residues are colored in yellow and Tyr residue in deep blue. Panel C presents a view of apoSynCaM
where patches of carboxylic residues that are modified into lysine residues in the different mutants are represented in red.

1995). This study confirms that the C-terminal lobe of requires that a given mutation does not drastically modify
apoCaM is considerably less stable than the N-terminal lobe.the native conformation. The information about conforma-
It was demonstrated that the apocalmodulin backbone musttional potentialities of apoCaM is also essential for a
have a nonhelical structure in the C-terminal lobe at least complete understanding of the mechanism of apoCaM'’s
part of the time. Kuboniwa et al. (1995) have proposed that interaction with target proteins. There are strong indications
helix F in domain Il of the C-terminal lobe is not formed, that the amino- and carboxyl-terminal lobes of CaM interact
which qualitatively agrees with a previous calorimetry study during calcium binding (Kilhoffer et al., 1992b; Pedigo &
of Tsalkova and Privalov (1985). Shea, 1995a,b), although a two-independent lobes model has

Studies of calmodulin and various calmodulin-binding been presented (Linse et al., 1991). From this point of view,
model compounds have demonstrated the importance ofit is important to probe the existence of such interactions in
hydrophobic interactions and charged amino acid residuesapoCaM.

in calmodulin-peptide or calmodulirdrug complex forma- In this report, to study the conformational changes which
tion (Afshar et al., 1994). Overall, the data from peptide can take place upon electrostatic mutations in calmodulin
analogs (binding or enzymatic inhibition) and site-specific gnd the existence of coupling between the two lobes, we
mutagenesis suggest an electrostatic component to calmodugnalyze the thermodynamic parameters of calorimetric melt-
lin’s interaction with macromolecules, including the multiple ing and CD spectra of apoSynCaM and its SynCaM8, -12A,
calmodulin-regulated protein kinases. SynCaM is a synthetic gng -18A mutants. We demonstrate that the redistribution
protein hybrid of mammalian and plant CaM able to activate of charges in the C-terminal lobe and the central helix of

all the C&'-calmodulin-dependent enzymes. Its three mu- ap0SynCaM results in essential conformational changes in
tants, SynCaM8, -12A, and -18A, have been designed the N-terminal lobe. Thus, the alteration of the distribution

(Roberts et al., 1985; Craig et al., 1987) to examine the of charges in an apoSynCaM molecule by electrostatic
importance of electrostatics in the CaM activation of CaM- myytations leads to significant changes in its thermodynamic

dependent enzymes (Craig et al., 1987; Shoemaker et al.gnq structural characteristics which depend strongly on the
1990; Kosk-Kosicka & Bzdega, 1991; Massom et al., 1991; |gcation of the amino acid cluster replaced; that is, the

Farrar etal., 1993). The modifications done on these mutantSe|ectrostatic potential is an important factor in the stability
change the electrostatic potential of the protein in specific gng flexibility of the molecule and in the influence of
parts (clusters of acidic amino acids are replaced by clustersynosyncaM lobes on each other.

of basic amino acids) and are outside the calcium binding

sites (Weber et al., 1989). In SynCaM&EE*isreplaced  MATERIALS AND METHODS

by 82KKK 8 in the central helix, and in SynCaM12A%

DEE'? is replaced by''®KK 1?0 in the C-terminal lobe Synthetic calmodulins, SynCaM, and its three mutants
(Figure 1C). SynCaM18A combines these two mutations. (SynCaM8, SynCaM12A, and SynCaM18A) were produced
The interaction of apoSynCaM and its mutants with calcium and purified as described previously (Roberts et al., 1985;
was studied by electrospray ionization mass spectrometryCraig et al., 1987). The purified proteins have been checked
(Lafitte et al., 1995), flow dialysis, and isothermal calorimetry by SDS gel electrophoresis, high-performance capillary
(Lafitte et al., 1996). It was shown that the change of electrophoresis, and electrospray ionization mass spectrom-
electrostatic potential of apoSynCaM has a strong effect onetry. All the proteins were more than 99% pure. The
the affinity of all C&*-binding sites for calcium. SynCaM8 extinction coefficients of calmodulins were determined by
shows four main binding sites with slightly decreased affinity taking the absorption spectrum of a given solution and
as compared to those of SynCaM, whereas SynCaM12A andmeasuring the protein concentration of the same solution by
SynCaM18A present, respectively, three and two main sites.amino acid composition analysis. Subsequently, the protein
However, the influence of this type of mutation on the concentration was determined spectrophotometrically at 280
apoCaM conformation is poorly known. The use of mutants nm using the molar extinction coefficient of 1560 Mcm™?!

to gain insight into the structurgfunction relationships  for SynCaM, 2074 M! cm™* for SynCaM8, 1773 M cm!
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for SynCaM12A, and 1839 M cm™ for SynCaM18A. For 0 [
all experiments, ultrapure water (milli-Q apparatus, Millipore
Inc.) and acid-washed plasticware were used to minimize = 45F
calcium contamination. Calcium was removed from proteins 5 w0l
by trichloroacetic acid treatment (Haiech et al., 1981). 5
Protein solutions were prepared in 10 and 50 mM sodium o %5
cacodylate buffer at pH 7.5. © 30l
Scanning microcalorimetric measurements of SynCaMs
were carried out on a DASM-4 differential scanning micro- 25 ‘ — ‘
calorimeter (NPO Biopribor, Pushchino, Russia) in 0.48 mL 0 100
cells at a heating rate of 1 K/min. An extra pressure of 1.5
atm was maintained during all DSC runs to prevent possible
degassing of the solutions on heating. Protein concentrations 12 |
varied from 0.9 to 3.5 mg/mL. No concentration dependence 3
of the calmodulin denaturation parameters was observed in 5
this concentration range. The heating curves were corrected *) 8r
for an instrumental baseline obtained by heating the solvent Q
used for protein solution. The reversibility of the unfolding G4
was checked routinely by sample reheating after cooling
inside the calorimetric cell (Privalov & Potekhin, 1986). The 0
calorimetric denaturation enthalpy\f.) and the partial 0 20 40 60 80 700
molar heat capacity of the protei) were determined as Temperature (°C)

described elsewhere (Privalov & Potekhin, 1986), assuming FiGure 2: (A) Temperature dependence of the partial molar heat
that the molecular mass of SynCaM is 16 628 Da and the capacity of apoSynCaM in 10 mM (dotted line) and 50 mM (solid

; e ; 1 ; line) sodium cacodylate buffer at pH 7.5. (B) Computer deconvo-
partial specific volume is 0.72 chy™ (Tsalkova & Privalov, lution of the transition excess heat capacity of apoSynCaM in 50

1985). The same value of partial specific volume was my sodium cacodylate at pH 7.5: experimental results (solid line),
adopted for all SynCaM mutants. The partial heat capacity deconvoluted peaks, and their sum (dotted lines).

of the polypeptide chain in the unfolded conformation was ) _ o
calculated according to Privalov and Makhatadze (1990), X 100MRW)/El), wherec is the protein concentration in
using the known heat capacity values of amino acid residuesMilligrams per milliliter, | is the light path length in
(Makhatadze & Privalov, 1990) and assuming that in the centimeters, and |s.the measured eII|pjt|C|ty in d(_agrees ata
extended conformation of the polypeptide chain all amino Wavelengthl. The instrument was calibrated with-)-10-
acid residues are exposed to water and contribute additivelyc@mphorsulfonic acid, assumin@Le = 7820 deg crh
to the heat capacity of the polypeptide chain. To analyze dmol™* (Schippers & Dekkers, 1981), and with JASCO
functions of excess heat capacity, we used the softwareStandard nonhydroscopic ammoniunfr){10-camphorsul-
package SCAL2 developed at the Institute of Protein fonate, assumingd]zeos= 7910 deg crhidmol™ (Takakuwa
Research (Pushchino, Russia) (Filimonov et al., 1982, 1993),et al., 1985). Noise in the data was smoothed using the
a modification of a method described by Freire and Biltonen JASCO J-715 software, including the fast Fourier-transform
(1978). This software allows for determination of the Noise reduction _routme _Whlc_h aIIow_s enhancement of most
number of two-state transitions contributing to a complex NOiSy spectra without distorting their peak shapes.
endotherm. Baselines for the purpose of deconvolution were
determined by the straight-line method or by the method of RESULTS AND DISCUSSION
splines using the same software. The calorimetric enthalpy Scanning Calorimetry of apoSynCaMrigure 2A shows
values are accurate withia8%, andC, values are accurate the temperature dependence of the partial molar heat capacity
within £1.5 kJ K2 mol~. The errors in the parameters of of C&"-free SynCaM in 50 and 10 mM sodium cacodylate
individual transitions obtained by deconvolution of complex buffer at pH 7.5. These buffer conditions were choosen as
melting curves did not exceedt12% for the transition  X-ray studies of CaM structure have been done mainly in
enthalpy andt1.3 °C for the transition temperature. 50 mM cacodylate buffer, and previous calorimetric inves-
The hydropathic indexes of SynCaM lobes were calculated tigation of calf brain CaM thermal denaturation was con-
by the method of Kyte and Doolitle (1982) by means of the ducted in 10 mM cacodylate buffer (Tsalkova & Privalov,
sequence analysis software PC/GENE (IntelliGenetics). This1985). HEPES that has been mainly used in calcium binding
method systematically evaluates the hydrophilic and hydro- studies was not suitable in our experimental conditions
phobic tendencies of a polypeptide chain and uses abecause of an unstable baseline. Both melting curves are
hydropathy scale in which each amino acid has been assignecasymmetric with a pronounced shoulder at lower tempera-
a value reflecting its relative hydrophilicity and hydrophobic- tures similar to that obtained ealier for calf brain apoCaM
ity. (Tsalkova & Privalov, 1985; Hopkins & Gayden, 1990).
CD spectra were recorded on a JASCO J-715 spectro-However, the overall thermostability of apoSynCaM is higher
polarimeter (Japan) using solutions with protein concentra- by about 7°C than that obtained for calf brain apoCaM under
tions varying from 0.15 (far-UV) to 1.6 mg/mL (near-UV). the same conditions. Upon the concentration of buffer being
The results were expressed as molar elliptici®] (deg cn? decreased from 50 to 10 mM, the heat absorption peak shifts
dmol1), based on a mean amino acid residue weight (MRW) to higher temperatures (Figure 2A). The scanning calori-
assuming its average weight for calmodulin to be equal to metric experiments with Ca-saturated SynCaM have shown
112.4. The molar ellipticity was determined &3]} = (0 that the melting endotherm was not observed up to 124
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Table 1: Scanning Calorimetry Thermodynamic Parameters of
Temperature-Induced Denaturation of Calcium Free SynCaM and Its
Mutant$

b first transitior! second transitich
IKL AHaf Tee AHI'  T2e  AHZS

protein mol™) (kJ/mol) (°C) (kJ/mol) (°C) (kJ/ mol)
10 mM Buffer

SynCaM 314 275 47.7 111 61.2 184

SynCaM8 29.0 267 42.9 107 61.1 183

SynCaM12A 315 243 43.4 93 58.5 170

SynCaM18A 38.0 232 40.1 98 65.5 149
50 mM Buffer

SynCaM 30.6 306 41.2 128 62.0 196

SynCaM8 27.5 320 50.1 136 64.7 200

SynCaM12A 29.5 300 40.0 109 60.0 195

SynCaM18A 35.3 221 34.1 99 62.8 123

aDenaturation was performed in sodium cacodylate buffer at pH
7.5. bc§° is the partial molar heat capacity of the protein at°Zd
Errors are 1.5 kJ K mol™ ¢Total calorimetric enthalpy of
denaturation. Errors ar&8%. 9 Transitions were determined by de-
convolution analysis of the heat absorption cunfdsrrors aret1.3
°C. TErrors are+12%.

which is near the high-temperature limit of the DASM-4
microcalorimeter. This fact did not allow us to study the
influence of mutations on the thermal denaturation param-
eters of C&"-saturated SynCaM.

The partial molar heat capacity of apoSynCaM at’20
(C?9) is 31.0+ 1.5 kJ K'* mol%, does not depend on the
buffer molarity, and is close to that of calf brain apoCaM
(Tsalkova & Privalov, 1985). This value calculated per gram
of protein, 1.9 J K g%, is higher than the average value of
the partial specific heat capacity at 20 for small globular
proteins, 1.3 J K! g~* (Privalov & Potekhin, 1986). This
might be considered an indication that apoSynCaM is more
flexible than other small proteins. From X-ray, NMR, and
small angle X-ray scattering, it appears that the long central
o-helix connecting the two globular lobes is highly flexible
in solution (Chazin, 1995; Chattopadhyaya et al., 1992). It
is evident that such a structure should give rise to additional

Protasevich et al.

1986). Therefore, we carried out a deconvolution of the
calorimetric curve for apoSynCaM. The curve can be
presented as two overlapping two-state transitions (Figure
2B), similar to that obtained ealier for calf brain apoCaM
(Tsalkova & Privalov, 1985). Following Tsalkova and
Privalov (1985) and Kuboniwa et al. (1995), the first
deconvoluted peak corresponds to C-terminal lobe melting,
while the second one is assigned to N-terminal lobe unfold-
ing. The values of hydropathic indexes for N- and C-
terminal lobes {5.0 and—7.4, respectively) calculated on
the basis of their primary structure according to Kyte and
Doolitle (1982) indicate more hydrophilicity of the C-
terminal lobe, i.e. more accessibility for solvent and thus
less stability (Privalov & Makhatadze, 1990; Serrano et al.,
1993). The maxima of the first and second transition peaks
of apoSynCaM (Table 1), as compared with that of calf brain
apoCaM, are shifted by 11.7 and 7@ to higher temper-
atures, respectively. This difference is not surprising since
practically all substitutions in the SynCaM amino acid
sequence in comparison to those in calf brain CaM are
located inside the C-terminal lobe and the centrdielix
(Roberts et al., 1985). Moreover, the melting parameters of
the low-temperature peak, similar to those of calf brain CaM,
are more sensitive to ionic conditions than those of the
N-terminal lobe (Table 1). Hence, the structure of the
C-terminal lobe should be more sensitive to mutations
changing the electrostatic potential of the protein than the
N-terminal lobe.

Scanning Calorimetry of ApoSynCaM Mutantsigure 3
demonstrates the results of calorimetric melting of'€a
free SynCaM8, SynCaM12A, and SynCaM18A mutants
where clusters of acidic amino acids were replaced by
clusters of basic amino acids. All calorimetric curves for
mutants are fully reversible on repeated heating of the same
sample. The reversibility does not depend on protein
concentration but depends on the temperature to which the
protein solution was heated at the first scan in the same
manner as for apoSynCaM. The curve shapes for mutants
differ from that for apoSynCaM. Although the asymmetry

erxibinty of globular parts relative to each other. According of the curves is conserved, the pronounced shoulder in the
to Privalov and Makhatadze (1990), we have calculated the |4 part of the melting curve obtained for apoSynCaM

partial heat capacity of a hypothetical, fully unfolded, and e creases significantly. Moreover, the amplitude of the main

solvent-exposed apoSynCaM from the heat capacities of the

individual amino acids, assuming simple additivity. The heat
capacity of the denatured apoSynCaM is close to this

calculated value which indicates that heat-denatured apo-

SynCaM is fully unfolded.
The apoSynCaM calorimetric curves are highly reversible

on repeated heating of the same sample. The reversibility

does not depend on the protein concentration but depend

on the temperature to which the protein solution was heated

at the first scan. If we stopped heating immediately after
the end of the heat absorption peak, the reversibility was
practically complete (not less than 95%).

The overall excess heat effect, i.e. the melting enthalpy,
AHca, of the apoSynCaM at two buffer concentrations is
given in Table 1. The\H¢, for apoSynCaM is close to that
for the calf brain apoCaM (Tsalkova & Privalov, 1985;

maximum in case of apoSynCaM18A melting in 50 mM
buffer strongly decreases (Figure 3).

The partial molar heat capacity of apoSynCaM12A at 20
°C is close to the corresponding values for apoSynCaM
(Table 1). Thus, the substitution of the acidic 120
cluster does not influence the flexibility of the protein. The
value of Cf,o and, consequently, the level of structural
lexibility for apoSynCaM8 are the lowest among all
calmodulins, while for apoSynCaM18A, they are the highest.
The decrease in buffer molarity slightly increases these values
for mutants (Figure 3, Table 1).

The heat capacities of the denatured apoSynCaM mutants
are close to the values calculated according to Privalov and
Makhatadze (1990). Consequently, the heat-denatured mu-
tants, similar to apoSynCaM, are fully unfolded. Thus, the

Hopkins & Gayden, 1990) and slightly changes upon differences in thermodynamic parameters of denaturation for
increasing the buffer molarity. The melting curve asymmetry @poSynCaM and its mutants are reflecting the differences
and an extended temperature range of the denaturatiorin their native states.

process indicate the presence of more than one cooperative The values of denaturation enthalpy of apoSynCaM8 and
transition (Filimonov et al., 1982; Privalov & Potekhin, apoSynCaM12A are near the corresponding values for
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Ficure 3: Temperature dependence of the partial molar heat capacity of apoSynCaM mutants in 10 mM (dotted line) and 50 mM (solid
line) sodium cacodylate buffer at pH 7.5: apoSynCaM8 (A), apoSynCaM12A (B), and apoSynCaM18A (C). (D) Computer deconvolution
of the transition excess heat capacity of apoSynCaM12A in 10 mM sodium cacodylate buffer at pH 7.5: experimental results (solid line),
deconvoluted peaks, and their sum (dotted lines).

apoSynCaM, while in the case of apoSynCaM18A, they are
lower, especially in 50 mM buffer. This indicates that the 200 |- s
apoSynCaM18A molecule is less folded than others. The
heat denaturation curves for mutants can be deconvoluted, 150 k
in a manner similar to that for apoSynCaM, into two o .
overlapping two-state transitions (Figure 3D, Table 1). 100 L a

Transition parameters (transition temperatdggtransition L
enthalpy AHy), especially for the first transition, are different 30 40 50 60 70
for SynCaM and its mutants. This fact proves the significant e

role of electrostatic interactions for stabilization of native t
apoSynCaM structure. Ficure 4: Dependence of the denaturation enthalpy on the

T - . denaturation temperature for the first (open symbols) and second
The substitution of acidic cluster 884 by the basic (filled symbols) deconvoluted peaks of the melting of apoSynCaM

cluster in SynCaM (SynCaMs, Ta}ble 1, dlata for 50 MM 3nd its” mutants (50 mM sodium cacodylate buffer at pH 7.5):
buffer) leads to the increase of the first transition temperature apoSynCaM®©, @), apoSynCaM8[{, W), apoSynCaM12A4, A),

by 8.9°C and of the second by 2°C. With the basic cluster ~ and apoSynCaM18AJ, #).

in place of acidic cluster 118120 (SynCaM12A), both the  jecreases for apoSynCaM&T is 14.6°C) and increases
Tt1 anth2 are slightly lower than those for SynCaM. Inthe for apoSynCaM18A AT, is 28.7°C). Probably, it shows
case of SynCaM18A, which combines these two mutations, that the influence of the lobes on each other increases in
Ttl decreases significantly (by C) in comparison to that  apoSynCaM8 and decreases in apoSynCaM18A in compari-
of SynCaM, whereaé'f is equal to that of SynCaM. On son with that in apoSynCaM. This agrees with our heat
the basis of this comparison, we conclude that the effect of capacity data for the native state of SynCaM mutants (Table
the simultaneous substitution of two acidic clusters in 1); the smaller i\T;, the smaller is the partial heat capacity
SynCaM18A is not the simple sum of the separate effects and, consequently, the level of structural flexibility. In 10
of each substitution in SynCaM8 and SynCaM12A. More- mM buffer, the AT, values are somewhat different, which
over, our data qualitatively agree with the difference of demonstrates the different influence of cacodylate buffer
electrostatic energy of stabilization for SynCaM mutants molarity on the thermostability of the lobes.
relative to SynCaM computed by Weber et al. (1989). Temperature Dependence of the Transition Enthalpy.
From this standpoint, we have analyzed the differences Analysis of Table 1 data for C-terminal and N-terminal lobe
in the transition temperatures of the second and the first melting shows that the transition temperature change due to
deconvoluted peaksA(T;, Table 1) for SynCaM and its the mutations is accompanied by a change in corresponding
mutants to estimate the mutation effect on the difference in transition enthalpy values. To find out whether there are
thermostability of the N- and C-terminal lobes. The sub- unambiguous correlations between these parameters, we
stitution of the 118-120 cluster in SynCaM (data for 50 plotted the transition enthalpies verstsfor apoSynCaM
mM buffer) does not influence the difference in thermosta- and its mutants melting in 50 mM buffer (Figure 4). Similar
bility of the lobes AT; is 20.0 and 20.8°C for apo- dependencies were obtained for calmodulins melting in 10
SynCaM12A and apoSynCaM, respectively). This value mM buffer (data not shown). The points for all proteins

AH, (ky/mol)
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Table 2: Estimation of the-Helical Contentfy of SynCaM and Its
o - Mutants from P]2F# ¢
'-g fy in 50 mM buffer f in 10 mM buffer
£ ca+- Cat-
o protein Céf-free  saturated Ca-free  saturated
5 i SynCaM 0.60 (0.39 0.63 0.40 (0.39 0.45
2 SynCaM8 0.72 0.73 0.50 0.50
e} SynCaM12A 0.45 0.54 0.32 0.38
1 SynCaM18A 0.16 0.19 0.28 0.23
2L
- 2 Sodium cacodylate buffer at pH 75The calculations in this work
@ were based on the equatitn = —([O]222 + 2340)/30300 (Chen et
al., 1972)cErrors are+5%.9The a-helical content of Ci-free
SynCaM in HEPES buffer at pH 7.5.

200 210 220 230 240 250 _
Wavelength (nm) The magnitudes of the CD spectra extrema allow us to

FiGURES: CD spectra of SynCaM8 (1), SynCaM (2), SynCaM12A Colndudd?. that t(;‘.e:je is a high content @fheths 'rl‘l. all
(3), and SynCaM18A (4) in the far-UV region in 50 mM sodium Ccalmodulins studied, except for SynCaM18A. The ellipticity

cacodylate buffer at pH 7.5 and CD spectrum of SynCaM (5) in Of & polypeptide chain at 222 nm is usually considered an
50 mM HEPES buffer at pH 7.5: (solid lines) apoSynCaMs and index of its secondary structure (Chen et al., 1972), and the

(dotted lines) in the presence of 1 mM calcium chloride. precision of the absolute estimation of helicity from CD is
N ] about 5% for proteins with high helical content (Bayley &
(except the second transition for SynCaM18A) fit two Martin, 1992). In accordance with this approach, we have
straight lines corresponding to two transitions. These gstimated thex-helix amount in SynCaMs (Table 2). The
demonstrate that the electrostatic mutations influence thepighest percent ofi-helix was found in 50 mM buffer in
parameters of thermal denaturation of apoSynCaMs in a SynCaM8 (72-73%) and in SynCaM (6663%). These
similar way as pH conditions affect thermal transitions may be compared with the value of 63% assessed from the
par.ameters of multidomain proteins (Privalov, 1982; Ruiz- 1.7 A X-ray crystal structure of G&-CaM (Chattopadhyaya
Arribas et al., 1994). etal., 1992). Essentially lower-helical content was found
The fact that temperature dependence of the enthalpy forin apoSynCaM18A (16% in 50 mM buffer), and addition of
the first transition (Figure 4), that is for the C-terminal lobe, calcium increased this value to 19%. Calcium reduces the
is the same for all calmodulins suggests that the globular difference in thex-helical content between SynCaM and its
structure of this part should be the same for apoSynCaM mutants SynCaM8 and SynCaM12A (Table 2). The results
and its mutants. The analogous conclusion can be drawngbtained show that the replacement of acidic amino acids
for the N-terminal lobe of SynCaM, SynCaM8, and cluster 82-84 by basic amino acids in SynCaM results in
SynCaM12A (Figure 4). The second transition enthalpy an increased helix content, whereas the replacement of
value for apoSynCaM18A is considerably lower than is another acidic cluster 138120 decreases it. However,
expected for the second transition temperature which is closesimultaneous replacement of both clusters in SynCaM does
to that for apoSynCaM (Figure 4). From this fact, we not lead to a compensation of their effects on the helicity
conclude that one domain of the N-terminal lobe of but, on the contrary, decreases it more than 3-fold. There-
apoSynCaM18A has a folded structure similar to that in fore, we see from CD data that mutations have a very strong
apoSynCaM, whereas the other domain is unfolded (fully effect on thea-helix and no additivity of the CD effect is
or partially) in the native state. This agrees with our data observed in the case of simultaneous replacement of two
on the flexibility increase for the SynCaM18A mutant in  acidic clusters by the basic ones.
comparison to that for SynCaM (Table 1). Thus, the It is necessary to note that an absolute CD value at 222
redistribution of charges in the C-terminal lobe and central nm is due to both the totai-helical content in the protein
helix of apoSynCaM results in essential conformational and thea-helix distortions (Manning et al., 1988). Most
changes in the N-terminal lobe despite the absence of stablelikely, the mutations result in both the-helical content
direct contacts between the two lobes in the apoCaM alteration and geometric distortions within regulahelices
molecule (Kuboniwa et al., 1995). in CaMs. According to Heidorn and Trewhella (1988), the
Circular Dichroism Spectra of SynCaM§.he far-UV CD central a-helix of CaM (residues 6592) could be easily
spectra of SynCaM and its mutants (calcium-free and in the distorted.
presence of 1 mM calcium chloride) in 50 mM cacodylate ~ Whereas calcium addition has a relatively small effect on
buffer at pH 7.5 are shown in Figure 5. Since cacodylate the calmodulin secondary structure, the cacodylate buffer
strongly absorbs at the wavelengths below 200 nm, we molarity, on the contrary, influences it rather appreciably
recorded CD spectra in the wavelength interval 2080 (Table 2). For SynCaM, SynCaM8, and SynCaM12A, the
nm. The general appearance of the far-UV CD spectra of a-helical content is significantly higher in 50 mM buffer
all SynCaMs is similar and of the-helical type with two solution than in the 10 mM one. These results clearly
minima at about 208 and 222 nm. Analogous CD spectra demonstrate that calmodulins contain regions sensitive to the
of SynCaM and SynCaM8 at pH 7.0 were obtained by Craig presence of cacodylate ions which cause an increase of
et al. (1987). As is seen from Figure 5,Caddition has a  helical conformation. This is also confirmed by the con-
small effect on the CD spectra of SynCaM, SynCaM8, and siderable lowering ofo-helix content in apoSynCaM on
SynCaM18A. Only for SynCaM12A does addition of replacing the cacodylate buffer by HEPES (Figure 5, curves
calcium result in a noticeable increase of CD bands. 2 and 5; Table 2). Bayley and Martin (1992) have found
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Ficure 6: CD spectra of apoSynCaM in the near-UV region in 50
mM (solid line) and 10 mM (dotted line) sodium cacodylate buffer
at pH 7.5.

that the presence of 2-methyl-2,4-pentanediol (MPD), which
is used for CaM crystallization along with cacodylate, also
induces additionad-helix in CaM. Our data show that the

Biochemistry, Vol. 36, No. 8, 19972023

residues (2937, 45-55, 102-111, and 118128) as well
as the central part ak-helix 65-92 are destroyed.

So, the mutations influencing the molecule electrostatic
potential cause alterations of SynCaM secondary structure
on retention of the protein three-dimensional structure within
the regions of aromatic amino acids. Most likely, SynCaM
and its mutants differ both in the-helical content and the
level of a-helix distortions. In accordance with the tem-
perature dependence of the transition enthalpy (Figure 4),
SynCaM mutants form hydrophobic cores in N-terminal and
C-terminal lobes which are similar to those in SynCaM.
Hence, changes in the secondary structure not followed by
the changes in hydrophobic interactions and near-UvV CD
spectra bring about the distortion ofhelices rather than
the change in their amount. For SynCaM18A, the consider-
able decrease in the denaturation enthalpy, along with
o-helicity (Tables 1 and 2), proves the breakdown of
o-helices.

cacodylate influence on the protein secondary structure iscoNCLUSIONS

significantly higher than that of MPD. This supports the
conclusion made by Bayley and Martin (1992) that the
calmodulin conformation contains lesshelix in aqueous

Calmodulin in the last two decades has appeared as an
important protein in the information management of eukary-

solution than is deduced from the crystal structure determinedotic cells. Although we know a lot about its structure, we

on crystals grown from the mother liquor containing 50 mM
cacodylate and MPD (Chattopadhyaya et al., 1992).

barely understand its physiological role in the cell. In some

way, calmodulin studies illustrate the limits of an extreme

The local structure and environment of the side groups of reductionism approach.

aromatic amino acids can be judged from the near-UV CD.

Calmodulin studies conducted in different laboratories

There are no tryptophan residues in the calmodulins studied,have raised sever_al Controvers_ie_s as some_experirr_lentql data
and they contain only one C-terminal tyrosine (Tyr138) and were somewhat different. A striking illustration of this point

nine phenylalanines (Roberts et al., 1985) (Figure 1A,B).
Near-UV CD spectra (Figure 6) of all apocalmodulins have
identical shapes and, within the limits of experimental error,

is the relative inconsistency between the structural informa-
tion obtained by X-ray diffraction or NMR and CD. Indeed,
the level ofa-helix was different when compared. Therefore,

equal extremum values. Sharp negative CD minima at 262.7calmodulin was considered a “bad” protein that did not
and 269.1 nm characteristic of phenylalanines are seen well;follow the regular rules used to interpret the CD spectra.

the same two small minima attributed to phenylalanine

There were some reports incriminating the presence of

residues have been found in near-UV CD spectra of ram detergent or a pH difference to explain this inconsistency.

testis calmodulin (Kilhoffer et al., 1981). The unique
tyrosine (Tyrl38) exhibits a broad positive CD band near
280 nm (Figure 6).

The X-ray data show that the following-helical regions
are in Ca+*-CaM: residues 519, 29-37, and 45-55 in the
N-terminal lobe and 102111, 118-128, and 138146 in

the C-terminal lobe (the helical content of these regions is

44%) and the long centrat-helix 65-92 connecting the

In this report, we clearly point out the strong influence of
cacodylate molarity on the protein structure. This suggests
either an effect of the ionic strength or a more specific effect
of the cacodylate ion. We favor the second interpretation
as the replacement of cacodylate by HEPES causes the
decrease in helical conformation.

The heat denaturation of apoSynCaM is well approximated
by two two-state transitions with the lower-temperature

two lobes (the helical content is 19%) (Chattopadhyaya et transition corresponding to C-terminal lobe melting and the
al., 1992). Recently, the three-dimensional solution structure higher-temperature one to N-terminal lobe melting. As was

of Ca*-free CaM has been determined by NMR spectros-
copy (Kuboniwa et al., 1995), andhelical regions identical

shown by Haiech et al. (1991), the N-terminal lobe of
SynCaM has a lower affinity for calcium than the C-terminal

to those found in Chattopadhyaya et al. (1992) were detectedlobe. Therefore, our data suggest an inverse relation between

Aromatic amino acid residues in CaMs and SynCaM are

present at the same polypeptide chain sites (Kilhoffer et al.,

1992a), and all of them (with the exception of Phe99) are
located ina-helices 5-19 (Phel2, Phel6, and Phel9) and

the affinity for calcium and thermal stability.

We have shown that the apoSynCaM molecule is more
flexible in solution than other small proteins. Replacement
of acidic clusters by basic ones in SynCaM demonstrated

138-146 (Tyrl38 and Phel41) and at the edges of the centralthe role of electrostatic interactions in flexibility and
a-helix 65-92 (Phe65, Phe68, Phe89, and Phe92) (Figure stabilization of this protein. The flexibility of apoSynCaM

1A,B). The invariability of near-UV CD of all the SynCaMs

does not change upon cluster mutation in the C-terminal lobe

allows us to conclude that local structure of aromatic residuesand decreases for cluster mutation in the cendrdielix,

and local environment of their side groups do not change which supports its responsibility for the flexibility of the
upon mutations in SynCaM, although secondary structure molecule. Simultaneous replacement of both clusters, in
undergoes significant transformations (Table 2). It can be mutant SynCaM18A, leads to the significant increase of
supposed that in SynCaM18A, characterized by the lowestcalmodulin flexibility. Analyzing the melting parameters for

o-helical content, fouro-helical regions free of aromatic

SynCaM18A and its CD spectra, we have concluded that
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one domain of the N-terminal lobe is unfolded in the native Kilhoffer, M.-C., Kubina, M., Travers, F., & Haiech, J. (1992b)

state. This explains the highest flexibility and the lowest  Biochemistry 318098-8106. _ _
a-helical content for this mutant. Kosk-Kosicka, D., & Bzdega, T. (199Biochemistry 3065—70.

L . . Kuboni H., Tjandra, N., G iek, S., R H., Kl C.B., &
Thus, the redistribution of charges in the C-terminal lobe UBSQ'fo’(lg’95j)?\]nat.ras’tru(’:t. rBzigls.|e27,68;77e6n., 1SS '

and central helix of apoSynCaM leads to the essential kyte, J., & Doolitle, R. F. (1982)). Mol. Biol. 157 105-132.
conformational changes in the N-terminal lobe despite the Lafitte, D., Capony, J. P., Grassy, G., Haiech, J., & Calas, B. (1995)
absence of stable, direct contacts between the two lobes inLaﬁtitOeChSmigifm 3£13g§g‘313§32ki|h0ﬁer MG Briand. C.. &
the apoCaM molecule that was shown by NMR (Kuboniwa =% -0 o (1996). Am. Chem. So(submitted for publication).

et al., 1995). Our_data unamblguou_sly dempnstrate that thel_inse’ S., Helmersson, A., & Forsen, S. (1991Biol. Chem. 266,
two lobes are not independent and interactions between the 8050-8054.

lobes are mediated by the electrostatic potential of the Makhatadze, G. I., & Privalov, P. L. (1990) Mol. Biol. 213 375~
molecule. The dramatic effect observed with the double 384

mutant SynCaM18A pinpoints the long range effect of Manning, M. C., lllangasekare, M., & Woody, R. W. (1988)

. : . Biophys. Chem. 3177—86.
electrostatic mutations on the conformation of the whole Massgmy L R. Luﬁas T. J., Persechini, A., Kretsinger, R. H.

molecule. Watterson, D. M., & Jarrett, H. W. (199Bjochemistry 30663
667.
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