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ABSTRACT. The effects of hydrophobic core mutations on the stability and structure of the four-helix
calcium-binding protein, calbindindd have been investigated. Eleven mutations involving eight residues
distributed within the hydrophobic core of calbindinDvere examined. Stabilities were measured by
denaturant and thermal induced unfolding monitored by circular dichroism spectroscopy. The mutations
were found to exert large effects on the stability with midpoints in the urea induced unfolding varying
from 1.8 M for Leu23— Gly up to 6.6 M for Val70— Leu and free energies of unfolding in the absence

of denaturant ranging from 6.6 to 27.4 kJ/mol for the Phe6Ala mutant and the wild-type, respectively.

A significant correlation was found between the difference in free energy of unfolding(u) and the

change in the surface area of the side chain caused by the mutation, in agreement with other studies.
Notably, both increases and decreases in side-chain surface area caused quantitatively equivalent effects
on the stability. In other words, a correlation between the absolute value of the change in the surface of
the side chain andAGyy was observed with a value of approximately 0.14 k}M~2. The generality

of this observation is discussed. Significant effects on the cooperativity of the unfolding reaction were
also observed. However, a correlation between the cooperativithA&@ly, which has been reported

in other systems as an indication of effects of mutations on the unfolded state, was not observed for
calbindin Di. Despite the large effects @A Gyy and cooperativity, the structures of the mutants in the
native form remained intact as indicated by circular dichroism, NMR, and fluorescence measurements.
The structural response to calcium-binding was also conserved. The following paper in this issue
[Kragelund, B. B., et al. (1998Biochemistry 378926-8937] examines the effects of these mutations

on the calcium binding properties of calbindirD

Recent advances in the field of protein engineering have of EF-hand proteins where two calcium ions are bound in
demonstrated that the ability to rationally design structures, two loops on the same end of the bundde 10. The four-
or at least folds, is now a realit(3). The importance of  helix bundle fold allows for extensive changes in tertiary
noncovalent interactions in determining the highly specific packing to occur without significant change in the secondary
structures of proteins has long been a subject of experimentaktructure. A striking example is calmodulin itself which
and theoretical study and continues to grow at a brisk pacecontains two globular domains of the four-helix bundle type
(4—6). The four-helix bundle motif has been a particularly connected by a flexible linker. Each domain is a bundle of
attractive model system due to its relative simplicity as well four antiparallel helices comprising the two EF-hand sub-
as its common occurrence among a wide range of proteins.domains. The two loops between helices 1 and 2 and helices
A notable example of its use in protein engineering studies 3 and 4 contain the calcium-binding sites. Small local
is the work of Degrado and co-workers who demonstrated conformational changes in the sites where calcium is bound
one of the first de novo approaches to protein desrgr8) are propagated to substantially larger rearrangements at the

The four-helix bundle domain is a commonly occurring Oother end of the bundle resulting in exposure of a large
fold in which the amphipathic helices pack against one hydrophobic surface. This response to calcium binding
another to form a hydrophobic core of nonpolar residues from involves changes in interhelix angles which open a binding
all four helices. The polar residues on the outer sides of the site for enzymes that are regulated by calmodulin.
helices decorate the surface of the domain and solubilize it. The four-helix bundle fold can also prove resistant to
Functional sites are often found at the loops connecting the conformational change, as in calbindigDwhich contains
helices, as for example within the calmodulin superfamily one domain of two EF-hands. In this case, calcium binding

at one end of the bundle causes only subtle conformational
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glutamic acid side chains with the last being a bidentate Glu
ligand. The first site contains a two residue insertion which
leads to an alteration of the loop conformation. This causes
the calcium ion to be liganded by the backbone carbonyls
instead of the side-chain carboxyls with the exception of the
final bidentate Glu ligand which remains coordinated. Site
1 is therefore referred to as a “pseudo-EF-hand”. The
possibility that this feature distinguishes the sensor vs buffer
behaviors of calbindin B and calmodulin was disproved

in an extensive study of re-engineering the pseudo-EF-hand
into a normal EF-handi1(, 12. It was shown that a
calbindin Dy with two standard EF-hands retained the
structure and calcium-binding response of the wild-type
protein. Calbindin [ has no disulfide bonds and a high
surface charge density; 27 of its 75 residues are charged at
neutral pH, and the net charge is7. This leads to
significant destabilizing chargecharge repulsions1@) in

the apo form; however, the protein is extremely stablg (

~ 85 °C) (14) pointing to important contributions to the
stability from the core residues that more than compensate
for the electrostatic repulsions. Another demonstration of
the well-packed hydrophobic core of calbindinkDs that

the two subdomains produced by cleavage of the linker loop
between the two EF-hands form heterodimers when mixed . i . .

. . . Ficure 1: Ribbon drawing showing the locations of core hydro-
in Fhe presence of Ca re_c_onsm_Ute the intact structures). . phobic residues of bovine calbindingDexamined in this study.

In its C&*-bound state, it is resistant to thermal denaturation [ ey6 is shown in red, Phe10 in magenta, Leu23 in yellow, Leu28
and stays folded in 10 M urea. Only the apo state of the in blue, Val61 in cyan, Phe66 in orange, Val70 in green, and lle73

protein is therefore amenable to mutational analysis of protein in white. This figure was made with the programs MOLMGIL5)
stability. and POVRAY (©1997; The POVRAY Team) from coordinates of

the solution structure of apo-calbindingDdetermined by NMR
The present study attempts to understand the subtlespectroscopy4) (Protein Data Bank filecode 1clb).

interplay of forces that regulate the structure and function
evolved by naturally occurring proteins, in this case proteins
of the EF-hand family of calcium-binding proteins. In
comparing calbindin B to calmodulin, one finds that
calbindin Dy shares 23 and 30% absolute identity with the
N- and C-terminal domains of calmodulin, respectively (also
called TRC and TRC), and 54 and 57% homology with
respect to residue type (nonpolar, negatively charged, etc.).
Yet despite these similarities, as noted, there are large
differences in their conformational response to the binding
of calcium and therefore their roles in vivo. Calmodulin,
which undergoes a conformational change to open a binding
site, is knows to act as an activator of a large number of
target proteinsX6). The exact function of calbindindpis
less clear, but available evidence indicates that it acts in a
capacity in calcium homeostasis.
In this st.udy, we cha_racterize the effect of mutations_ of MATERIALS AND METHODS
hydrophobic amino acids on the structural and folding
properties of calbindin B The paper examines the effects Protein Mutagenesis.The mutant proteins derived from
of these mutations on the stability of the protein and analyzesbovine calbindin x were synthesized, expressed His-
these effects in relation to other calcium-binding proteins as cherichia colj and purified as described previoush9( 20.
well as proteins of other classes. Through site-directed
mumgeneSiS’ we _have made 11 §ingle mUt.ations at eight sites 1 Abbreviations: CD, circular dichroism; NMR, nuclear magnetic
in the hydrophobic core of calbindingb(Figure 1). The resonance; DSC, differential scanning calorimetry; EDTA, ethylendi-
free energy of unfolding by ure&Gyy, has been measured aminetetraacetic acid; Tris, tris(hydroxymethyl)aminomethane; SDS,
by circular dichroism (CD})spectroscopy of the apo forms sodium dodecy! sulfate; COSY, correlated spectroscopy; NOESY,
- . - nuclear Overhauser enhancement spectroscopy; TOCSY, total correla-
of these mutants along V_V'th th? wild-type pmtem' We tion spectroscopy; ANS, 8-anilino-1-naphthalenesulfonic acid; P43M,
compare our results to earlier studies of hydrophobic mutantscalbindin Dy mutant with the substitution Pro43- Met. All other
involving other proteins and investigate the correlations PIlftt)a\;\?st's i%r{}ai[l etngir%?'\ﬁto iubstriglltigﬂ %J; tESBSAJbﬁgtuuztg)f as
between change in stabilithAGw = AGnu(mut) — AGwy- N, 123G, Leuz3- Gly: LI8A, Leu2s- Ala: VE1A, Valol - Ala:
(wt), and other factors. The mutations resulted in decreasedye1g, vaie1— Gly; F66A, Phe66— Ala; F66W, Phe66~ Trp; V70L,
AGny(H20) of up to 21 kJ/mol. No stabilizing mutations  Vval70— Leu; 173V, lle73— Val.

were found. The thermal unfolding as measured by circular
dichroism shows an apparent discrepancy from an earlier
DSC study. Structural changes of the mutants and changes
in their structural response to calcium binding was measured
by binding of the hydrophobic fluorescent dye, ANS.
Neither the wild-type nor any of the mutants exhibited a
calcium-dependent affinity for ANS, as has been observed
for calmodulin L7, 18. In cases where the native structure
of the least stable mutants were possibly changed, NMR and
CD spectroscopy were used to confirm their structural
integrity. The following paper in this issud)(examines

the effects of hydrophobic mutations on the functional
properties of calbindin B such as calcium binding and
kinetics.
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Table 1: Fraction Solvent-Accessible Surface Area of the Mutated
Amino Acid Residues in Calbindin §

fraction exposed aré§%)

residue total side chain
Leub 6 8
Phel0 0 0
Leu23 0 0
Leu28 1 1
Val6l 0 0
Phe66 1 1
Val70 8 10
lle73 40 37

a Solvent accessible surface area of the residues in question in apo

calbindin Dy divided by their accessible surface area in extended
conformation as calculated with NACCESS (Hubbard & Thorton,
1993). The results are median values from 33 solution structures
determined by NMR spectroscopy4) (Protein Data Bank filecode
1clb).

The purity was confirmed by agarose gel electrophoresis in
the presence of 1 mM EDTA or 2 mM CaCISDS-
polyacrylamide gel electrophoresis, isolelectric focusing, and
IH NMR spectroscopy. The residual calcium content was
determined using chromophoric €achelators and UV
absorbance spectroscopy as well as'HyNMR spectros-
copy.

The reference protein, referred to as the wild-type, is the
minor-A form of bovine calbindin Bx with two modifica-
tions. The first is a methionine residue added at the
N-terminus for expression purposes. The second is the
mutation P43M which eliminates the complication of mul-
tiple native forms due to cistrans isomerism of this proline
residue as observed previousBa). All other mutants are
referred to with their mutation relative to this reference form.

The mutants examined in this study are L6V, F10A, L23A,
L23G, L28A, V61A, V61G, F66W, F66A, V70L, and I173V.

The mutated amino acid residues are interspersed throughout

the various elements of secondary structure, and all partici-
pate in the central hydrophobic core of calbindigx @Figure
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length of 1 mm were used. All data except the thermal
unfolding curves were collected at 25°Q. For the urea
unfolding measurements, the CD spectra were recorded
between 205 and 250 nm. The CD signals at 222 nm were
measured after subtraction of the background buffer spectra.
All spectra for a specific mutant were run on the same day.
For the investigations of the possibly partly unfolded mutant
F66A, CD spectra were recorded between 185 and 250 nm
and the buffer spectra were subtracted. For the thermal
unfolding, quartz cuvettes with Teflon stoppers were used.
The cuvettes were completely filled to prevent concentration
changes due to evaporation. The ellipticity at 222 nm was
measured as the temperature was raised from 3.0 t0°@0.0
and decreased to 3% at a rate of 50C/h.

Fluorescence spectra were collected on a Spex Fluorolog
fluorescence spectrometer. For ANS-binding studies, ANS
and apo protein stocks were mixed in a 1:1 ratio au®0
and spectra were recorded using an excitation wavelength
of 350 nm and emission was measured between 400 and
550 nm. For tryptophan fluorescence measurements, an
excitation wavelength of 295 nm was used while emission
was measured between 300 and 500 nm.

For NMR studies, samples of wild-type and F66A calbin-
din Dok were prepared in self-buffered solutions of 90YOIH
10% D,O at a protein concentration of 3 mM, pH 6.0. All
spectra were recorded at a temperature of 300 K. One-
dimensional spectra and two-dimensional COSY, TOCSY,
and NOESY p2—24) spectra for the F66A mutant were
collected on a GE Omega NMR spectrometer operating at
500.12 MHz for 'H. Spectral data was processed and
analyzed using the Felix software package (Molecular
Simulations Inc.) using standard methods.

Data Analysis The mean residue ellipticityg)]mrw (deg
cn?/dmol) is calculated from measured elliptic® (degrees)
using the following equation:

_ 6100
cd

(] (1)

1). Their relative exposed surface areas are summarized inyherec is the concentration in molarity ardlis the path

Table 1.

Solutions. All chemicals were of the highest grade
commercially available. The urea was of Aristar quality from
BDH (Dorset, England). Lyophilized protein was dissolved
in 1 mL of buffer to give protein stock solutions of 1 mM,
which were diluted to give protein concentrations of.2@.
Protein concentrations were confirmed by acid hydrolysis
and amino acid analysis. The buffer used in all apo
experiments was 10 mM potassium phosphate, pH 7.0, with
0.5 mM EGTA. Fresh 9 or 10 M urea solution, pH 7.0,
containing 10 mM potassium phosphate and 0.5 mM EGTA

length in centimeters.

The CD data were analyzed with the software Kaleida-
Graph (Synergy Software) for Macintosh and fitted to a linear
extrapolation model assuming two-state unfolding as previ-
ously described2b). The baselines before and after the
actual unfolding were fitted to the straight lines

Yy = ky[D] + by (2a)

Yy = ky[D] + by (2b)

was prepared every day. The buffer and the urea solutionswhereky andky are the slopedyy andby are the intercepts,

were mixed in varying proportions to give samples with urea
concentrations ranging from 0 to 9.8 M and an exact amount
of protein stock solution was added to each. For the calcium
addition experiment, 2 mM Tris/HCI buffer, pH 7.5, was
used. After recording the first spectra, 40 of 50 mM
CaCl was added to 490L of the protein sample solution
and a new spectra was recorded.

Data Collection. All CD spectra were obtained using a
Jasco J-720 spectropolarimeter with a Jasco PTC-343 Peltie
type thermostatic cell holder. Quartz cuvettes with a path

and [D] is the denaturant concentration (Figure 2). The data
have been normalized according to

Fapp_

(Yo = YWI(Yy — Y\) ®3)

where Yo is the observed ellipticity at 222 nm (Figure 2).
Fapp is fitted to

e—(AGNu(HzO)—mD[D])/ RT
r

(4)

app: 1 + e*(AGNu(Hzo)*nb[D])/RT
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The resulting means of the slopes wer@.38+ 0.12 fork,

and 0.09+ 0.43 for k. The errors in the reported values of
the different parameters were estimated to 1 standard
deviation. The standard deviations were obtained directly
from the fitting procedures. Since the data for F10A, F66A,
F66W, and V70L were only fit with five of the six
parameters, the errors in these cases are probably underes-
timated. Cy is defined according to

Cu = AGyy(H,0)imy (7)

For the thermal unfoldingyy was beyond the range of
e YT accessible temperature in all cases. For normalization and
[urea] (M) comparison of the curvesy, was set to be equal tby
FiGURE 2: The unfolding of 173V calbindin B as a function of obtalneq for the urea unfoIQIngYN was fit using linear
urea concentration, [urea], measured at 280 using circular regression to the points defining the first, flat part of the
dichroism at 222 nm. (A) The ellipticityp, before normalization. curve. Fappwas calculated using eq 3.
The solid line, %, shows the best fit of eq 5 and the dashed lines | the comparison of our results to data obtained in

show the baselines before,,Yand after, Y, unfolding resulting . . . . . .
from the fit. (B) The fraction of unfolded proteiffap, normalized previous studies of other proteins, only single-site mutations

according to eq 3. The solid line shows the best fit of eq 4 to the iNvolving the exchange of one h_ydmphObiC residue for
data. another were used. Thus, the residues tryptophan, phenyl-

alanine, isoleucine, leucine, methionine, valine, alanine, and
glycine were regarded as applicable. Where the free energy
toward unfolding had been measured with different methods
and/or under different conditions, the stability measured with

the method under the conditions most resembling those of
the calbindin By study was used AAGyy is defined as

whereAGyy(Hz0) is the unfolding free energy in pure water,
mp is the influence of denaturation concentration on the
stability, Ris the molar gas constant, amds the temperature.
The free energy toward unfolding by ureeGyy, is assumed

to obey the linear equatioAGny = AGnu(H20) — mp[D].

To find the best possible fit of all six parameters and to AAG,, = AG, ,(mutant)— AG,(wild-type) (8)
evaluate the errors in a consistent way, they were all NU NU NU
optimized simultaneously using the equation and |Am| is defined as
Y~ = (kN[D] + bN) + (kU[D] + bu)e_(AGNU(HZO)_mD[DD/RT |Am| = Krnmutant_ rnwild—type)/rnNiId—type| (9)
o _ _
1+ g AOwHOmIP/RT The errors in the parameters of the straight lines were

®) estimated to be equal to 1 standard deviation. The linear
correlations were tested for their significance and the
probabilities that the correlations occurred by chapceiere
calculated using standard statistical methd2y.(

Due to the lack of sufficient data points definilfg of F10A
and F66A andy, of F66W and V70L, the calculated slopes
of these baselineky( andky, respectively) are regarded as
unreliable. They were, thgre_fore, instead fixed to the mean ResyLTS

slopes resulting from the fittings of the other mutants, and

new fits for these mutants only including the five other ~ Design of Mutant Proteins.All mutations of calbindin
parameters by, ku, bu, AGnu(H20), Muea for F10A and Dok were based on a modified wild-type protein P43M in
F66A; andky, by, by, AGnu(H20), Myea for FE6W and which a proline previously demonstrated to occur in both
V70L] were made. When calculating the mean slopgs [ Cis and trans conformation1) was removed in order to
(mean) andy(mean)], the slope values were weighted with Simplify analysis of folding studies. The locations and types

respect to their standard deviationd @ccording to of amino acid substitutions that were made were chosen with
the aim of sampling the entire hydrophobic core. All types
Ky of secondary structure including the four-helix bundle as well
_ as the smalB-sheet between the calcium-binding loops were
miif@ntsO sampled. Residues both close to the surface and completely
k= ———— (6a) buried in the core were chosen and the type of mutation was
1 varied to sample both increases and decreases in side-chain

o volume. The residues chosen for mutation are shown in
mutantsty,, Figure 1.
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FiGure 3: The fraction of unfolded proteirk,p, for recombinant apo bovine calbindinDand engineered mutants as a function of urea
concentration. The unfolding was measured at 26.@sing circular dichroism at 222 nm and converte&4g as in Figure 2. The mutants

are identified by color and symbol in the figure insert.

Table 2: Stability Toward Urea Unfolding of the CalbindiriD
Mutants

AGnu(H20) Myred

(kJ mol?) (kJ moFrt M) CwP (M)
wild-type 27.4+1.3 4.9+0.2 5.6
L6V 18.2+ 1.0 4.2+0.2 4.3
F10A 7.2+ 0.5 3.7+ 0.2 2.0
L23A 11.84+ 0.6 4.3+0.2 2.7
L23G 9.5+ 1.3 5.1+ 0.5 1.8
L28A 16.1+ 0.7 4.3+0.2 3.8
V61A 11.6+ 0.7 3.4+ 0.2 34
V61G 9.2+ 0.8 3.6+ 0.2 2.6
F66W 176+ 1.4 2.9+ 0.2 6.1
FG66A 6.6+ 0.5 3.3+ 0.2 2.0
V70L 224+1.0 34+01 6.6
173V 21.0+1.1 4.84 0.2 4.4

aThe linear denaturant dependence in the equathBny =
AGny(H20) — myedurea].? The midpoint unfolding concentration.

Stability Effects The normalized ellipticity at 222 nm as
a function of urea concentration for solutions of mutant
calbindins is shown in Figure 3. The free energies of
unfolding in the absence of denaturaGyy(H-0), and the
urea concentrations at the transition midpoi@,, are
summarized in Table 2AGyy ranges widely from 27.4 kJ
mol~1 for the wild-type to 6.6 kJ mol for the F66A mutant.
The extrapolated values &fGyy(H20O) for the 12 mutants

= 6.6 M) and F66W Cy = 6.1 M) exhibited higheiCy
values than the wild-typeQyu = 5.5 M), but the reductions
in the slopes of their unfolding transitions ledA&yy(H20)
values less than the wild-type. The mutant with low@gt
is L23G with aCy of 1.8 M. The values of the linear
denaturant dependenci@sye, vVaried substantially from 2.9
kJ mol* M~ for F66W to 5.1 kJ mol* M-1 for L23G.

For two of the least stable mutants, F66A and F10A, the
normalization and fitting of the unfolding curves gave
nonzero values for the fraction of unfolded protein in the
absence of denaturant. This raised the question of whether
this was an accurate reflection of the state of the protein or
an artifact of the fitting procedure. The structure of the least
stable mutant, F66A, was investigated to determine if there
was any evidence that it is partially unfolded in the absence
of denaturant. We first recorded CD spectra at 2&dor
solutions of wild-type and F66A at protein concentrations
accurately determined by amino acid analysis. The mean
residue ellipticities, ®]mrw, were determined and the results
are shown in Figure 4. @]wrw differs slightly between the
mutant and wild-type. For F66A, the minima at 209 and
223 nm are more negativ®]urw as compared to the wild-
type especially that at 209 nm, consistent with Ala being a
more favorable residue for helix formation than PR&)(
Thus, while a slight change in the structure may have been
caused by the mutation, there is no net loss of secondary

indicate that none of the mutations resulted in an increasedstructure. The second test is based on the known fact from

stability relative to the wild-type. The mutants V70Cy

a previous studyl(4) that the C&"-form of calbindin Qy is
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Ficure 4: The mean residue ellipticity@&lurw, for wild-type (solid Ficure 5: The fraction of unfolded proteirFap, for WT (no
lines) and F66A (dashed lines) calbindign their apo forms as ~ symbols), F10A (squares), L23G (diamonds), V61G (circles) and
a function of wavelength. The conditions under whi€fjirw Was F66A (triangles) apo calbindin @ as a function of temperature.

determined are 2%C, no urea (no symbols); S, no urea (open Points were collected at°C intervals while raising the temperature
circles); 25°C, 9 M urea (open squares). Data were collected at 1 at the rate of 50C/h. The unfolding was measured in the absence
nm intervals. Symbols are shown only to distinguish the curves of urea using circular dichroism at 222 nm. Symbols are shown
from one another. only to distinguish the curves from one another.

d observed to influence the spectra in the far \3¢,89. Thus,

our observations of the changes ®]rw due to the F66A
mutation are more likely the result of changes in the
distribution of microstates in the native form of the less stable
F66A mutant which are reflected in a fraying or other

exceptionally stable and is impossible to completely unfol
with urea or heat up to 108C. It is also known that the
ellipticities of the apo- and C&-forms of calbindin B differ
little due to the fact that calcium-binding induces only subtle
changes in the structure. Therefore, any significant calcium- . o i .
induced changes in the CD spectrum would reflect a dyngmw motion in the helices and not a population of
stabilization of partially unfolded apo protein toward the fully partially or fully unfolded states.

folded calcium form. We therefore recorded CD spectra of  Thermal Denaturation The midpoint temperature of
the wild-type and of F66A before and after the addition of thermal denaturation for wild-type apo calbindisbas been
CaClb in the absence of urea and compared the results. Nodetermined by calorimetry to be 8& (33). However, the
substantial change in intensities occurred in the ellipticity unfolded baseline lies entirely above 1Wand is therefore

of the wild-type nor of F66A upon calcium addition, NOt amenable to thermal denaturation monitored by CD.
indicating no net increase in the structure of the mutant is However, a qualitative comparison of the least stable mutants
induced by calcium binding just as observed for the wild- t0 the wild-type might shed some light on the effect of these
type. Finally, NMR spectra of the F66A mutant in both the mutants on the thermal stability in relation to the stability
apo and calcium-loaded states were collected. Only minor measured by denaturant studies. The ellipticity at 222 nm
changes in the pattern of chemical shifts were observed withfor the apo forms of wild-type, F10A, L23G, V61G, and
most differences being |ess than 0.03 ppm Those |argerF66A calbindin Qk was studied as a function of temperature
than 0.03 ppm were localized to the residues surroundingin aqueous solution. A plot of the normalized ellipticities
residue 66 and could be attributed to shielding effects due at different temperatures is shown in Figure 5. Surprisingly,
to the removal of the ring current of pheny|a_|anine upon even the least stable mutants exhibited similar behavior to
mutation to alanine. No additional resonances that could the wild-type, namely that they were not completely unfolded
be attributed to an unfolded or partially unfolded state in at 90°C. Therefore, the midpoints of thermal denaturation,
slow exchange with the folded native state were observed Tm, @and theAGyy of the thermal unfolding are difficult to
(data not shown). Taken together, these results indicate thadetermine quantitatively. Itis, however, possible to conclude
while the structure of F66A may differ slightly from the wild-  that the stabilitiesAGyu, of F10A, L23G, V61G, and F66A
type, it exhibits no tendency toward unfolding in the absence calbindin Dy toward thermal unfolding are substantially
of denaturant. While the mean residue ellipticit®]firw, reduced compared to the wild-type. F10A seems to be more
variations between W||d_type and F66A are not due to stable than L23G, V61G, and F66A, but apal’t from that, it
changes in the-helix content based on NMR and calcium- is not possible to rank the mutants among themselves. The
binding data, it has been observed for other calcium-binding unfolding of the mutants is surprisingly uncooperative with
proteins such as calmodulin that even changes in the-helix unfolding transitions ranging over more than %D.

helix angles can give changes in the far-UV CD spe@8 ( The mean residue ellipticity @]urw, Was measured for
29). In addition, a theoretical stud®@) of CD determination wild-type and F66A at 90.0C in phosphate buffer and at
of helical content has indicated that great care has to be25.0°Cin 9 M urea as well as at 252C in phosphate buffer
exercised when conclusions about protein helicity are drawn to be able to compare the degree of unfolding in the different
from CD intensities. Hirst et al3Q) propose that the mere cases. The results are shown in Figure 4. It is clear from
fraying of helices, without reduction of the number of helical the figure that F66A is more unfolded than wild-type at 90.0
residues, will significantly reduce the mean residue ellipticity. °C, but it is also clear that neither of them are as unfolded
In addition, effects from the aromatic side chains have beenat 90.0°C as they aren 9 M urea.
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2105 ——— classes has been the subject of much study but has yet to be
i ] resolved conclusively.

Previous studies of the effects of mutations on proteins
of the calmodulin superfamily have established the impor-
tance of specific residues, especially the calcium ligands and
their neighbors, in the function and stability of these proteins
(13, 14, 35, 3k Attention has especially focused on the
bidentate glutamate ligand as a possible trigger for calcium-
binding-induced conformational change in calmodulin and
troponin C @5—37). While its importance in the confor-
mational changes of these proteins is well established, the

e fact that the same bidentate glutamate ligand is found in both
300 350 400 450 500 sensor-type and buffer-type EF-hand proteins lead us to

wavelength (nm) . . . -
Ficure 6: Fluorescence emission spectra of the F66W mutant of speculate that other interactions play important roles in

calbindin Dy in the apo (solid line) and calcium-loaded (dashed distingui'shir'lg the calcium-induced conformational response
line) forms. Tryptophan fluorescence was measured using anOf proteins in the EF-hand superfamily. The goals of the
excitation wavelength of 290 nm and measuring the emission present and accompanying studies are to characterize how
between 300 and 500 nm with 1 nm step size. mutations in the hydrophobic core of calbindin.Rffect

. . ) its stability and function.
Structural Effects To investigate the effects of mutations  giapility Effects. Both the stabilities toward unfolding

on the structure of calbindin da espe_cially_wit_h respect to extrapolated to pure water\Gny(H,O), and the linear
the conformational response to calcium binding, the degree yependencies of the free energies toward unfolding on the
of exposed hydrophobic surface was measured using thegenaturant concentratiomyea Of the mutants vary greatly
hydrophobic fluorescent dye ANS. This molecule has been p ;i show no correlation to one another (Figure 3). In general,
widely used as a probe of hydrophobic surfaces on proteinsi,qse mutations causing larger changes in surface area or
during fqldmg as well as co_nformatlonal changes, for \,qjume of the side chain gave rise to larger changesGry-
example in the case of calmodulitif, 1§. The fluorescence  (y,0). The correlation is especially evident for those cases
emission spectrum of free ANS was compared to that in the \yhere multiple mutations were made of the same residue,
presence of wild-type calbindindoand all mutant calbindins ¢ ,,ch as Leu23 and Val61. which were changed to Ala as
both in their apo and calcium-loaded forms. In all cases, yg|| as Gly. A notable set of mutations are those which
no effect on the spectrum of ANS was observed, neither in jncreased the size of side chains, F66W and V70L. The urea
the absence nor presence of calcium. This indicates that,concentrations at the transition midpoirGy, of these
despite the large destabilization of the hydrophobic core in ytants are substantially higher than for the wild-type, but
many of the mutations studied, none show any indication of i« free energies of unfolding in pure wat&Gyy(H.0)
the type of calcium-dependent structural changes observed,re gypstantially lower. This is due to the remarkable
for related proteins such as calmodulin and troponin C.  gecrease in the linear dependencies of the free energy toward
In a related experiment, the fluorescence spectra of mUta”tunfoIding on the denaturant concentration,e, and thus
FE6W were investigated. By the replacement of Phe66 with e cooperativity of the unfolding reaction.
aTrp residue, a unique fluorescent probe has been introduced |, 4 attempt to draw general conclusions about the effects
in the central core of calbindin 4o The fluorescence ot mytations of hydrophobic amino acid residues on the free
emission spectra _of F66W in the apo an_d calm_um-bound energy of unfolding, AGw, and the linear denaturant
forms are shown in Figure 6. As shown in the figure, the yenendenciesy, data were gathered from previous studies.
fluorescence of the single Trp residue increases by a factorthe most well-studied system with regard to hydrophobic

of 3 upon binding of calcium. This result was surprising yutations isstaphylococcahuclease 38—42). Other ex-
since the mutation had a relatively small effect on the stability amples of proteins for which the changesAifiyy due to a

of the _pr_otein _and therefore would not have been expected,, ,mber of hydrophobic mutations have been studied are
to exhibit calcium-dependent structural changes. barnase 43, 44, sperm whale myoglobind6—47), bacte-
riophage T4 lysozymed8—53), bacteriophage f1 gene V
DISCUSSION protein 64), chymotrypsin inhibitor 2 %5, 56, and bacte-
Calcium-binding proteins of the EF-hand calmodulin riophage P22 arc represséi7y. In Figure 7, we have plotted
superfamily can be grouped in two categories based on theirAAGyy versus the difference in surface area in extended
structural response to calcium binding and, therefore, func- conformation, AA (58), between mutant and wild-type
tion. The majority fall into the “sensor” class and are those residues for these proteins. It is obvious from Figure 7 that
which, upon binding calcium, undergo a conformational very large differences iMAGyy can be seen for similar
change which allows them to interact with a target and mutations. Few single hydrophobic mutations are stabilizing
transmit the calcium mediated signal further. This class is (positive AAGyy). The calbindin [ data are clearly
exemplified by calmodulin, troponin C, recoverin, and consistent with results obtained from other proteins. Similar
possibly the S100 protein84). The second class is often results are obtained wheAAGyy is plotted versus the
referred to as the “buffer” class and includes those which difference in side-chain volume in protein interiofs/ (59)
do not undergo a significant conformational change upon or versus the difference in free energy of transfer from
calcium binding and who have no well-defined target in vivo. octanol to waterAAGyans (60). The mutations causing a
The molecular basis of the difference between these two decrease in surface area, volume or hydrophobicity seem to

1.5 107

1107

fluor. intensity (arb. units)

5104
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Ficure 7: The difference in free energy of unfoldingAGnu, as a function of difference in surface area in extended conformatian,
between mutants and the wild-types of bovine calbindjp(Blled diamonds) staphylococcahuclease ), barnase (circles), sperm whale
myoglobin (), bacteriophage T4 lysozyme (triangles), bacteriophage f1 gene V protein (squares), chymotrypsin inhibitor 2 (inverted
triangles), and bacteriophage P22 arc repressor (squares with dagB), is defined asAAGyy = AGyy(mutant)— AGyy(wild-type)

and AA asAA = A(mutant side chain} A(wild-type side chain).

Table 3: Linear Correlations betwe@mGyy(H20)? and AVP, AAS, and AAGyans® Respectively, Calculated by Linear Regression

AAG\y VS AV AAGNy VS AA AAGNy VS AAGyans
AV >0 AV <0 AA>0 AA<O AAGyans> 0 AAGyans< 0
1® —-15+0.8 —1.0+0.9 -0.9+0.9 —-1.3+0.8 -14+11 —-0.3+0.9
S —0.12+£0.02 0.15+ 0.01 —0.1340.02 0.15+0.01 —-1.9404 2.14+0.2
correlation 0.58 0.61 0.57 0.63 0.50 0.60

a AAGnu(H20) values of mutanstaphylococcaNuclease, barnase, sperm whale myoglobin, bacteriophage T4 lysozyme, bacteriophage f1 gene
V protein, chymotrypsin inhibitor 2, bacteriophage P22 arc repressor and Bovine calbindireDncluded? The difference in side chain volume
in protein interiors §9). AV = V(mutant side chainy- V(wild-type side chain)¢ The difference in surface area in extended conforma®&h AA
= A(mutant side chain)}- A(wild-type side chain)d The difference in free energy of transfer from octanol to wet6).(AAGuans= AAGyandmutant
side chain)— AAGyandWild-type side chain)® Constants in the linear equatideAGyy = | + SX(eq 10) wherd andSare constants andis AA,
AV, or AAGyans respectively.

be best treated separately from those causing an increase iand decreases are observed to exert equivalent effects on
surface area, volume, or hydrophobicity. After this distinc- AGyy. Notable is also that the intercepts are negative, i.e.,
tion was made, straight lines of the form mutations changing one residue to another of the same
volume, surface area, or hydrophobicity on average lead to
AAGyy =1+ SX (10) destabilization. This result is in line with observations on
random point mutations that indicate that in general only
one out of 18—10* mutations will lead to increased protein
stability (62—66). It would appear that most point mutations
in the hydrophobic core of a protein will cause a perturbation

(I and S are constantsX is AA, AV, or AAGyand Were
calculated using linear regression (Table 3). All of these
correlations are statistically highly significant with< 0.001.

However, they are far from absolute due to the importance ;
of other factors in the stability. Remarkably, the lines that can be related to different factors suchAds AV, or

calculated for the mutants resulting in increase in volume, 2AGuans OF the mutated residues. The effect of a certain

surface area, or hydrophobicity are within experimental error Perturbation on the protein is largely dependent on the
mirror images of the lines for the mutants causing decreaseParticular site of mutation. This shows that some parts of
in volume, surface area, or hydrophobicity, i.e., the intercepts the hydrophobic cores of naturally occurring proteins are
are approximately the same and the slopes have the saméPpecifically and intimately packed while some parts are
value, but of opposite sign. Thus, the change in the free flexible and more tolerant to mutations. The larger the
energy of unfolding is correlated to the absolute value of change in volume, surface area, or hydrophobicity, the more
the change in the residue surface area with a value of 0.14the change in stabilityAAGyy, seem to vary, e.g., the
kJ Mt A=2. While a correlation in the reduction of side AAGyy of a Leu— Val mutation ranges betweer0.4 and
chain and free energies has been noted previodsy44, —9.4, theAAGyy of a Leu— Ala mutation between-1.7

61), to our knowledge, this is the first time that increases and —24.2, and theAAG\y of a Leu — Gly mutation
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Ficure 8: The difference in free energy of unfolding AGyy, as a function of relative change in linear denaturant dependemndies,
between mutants and the wild-types of (A) Bovine calbindip, [B) staphylococcahuclease, (C) barnase, (D) bacteriophage f1 gene V
protein, (E) chymotrypsin inhibitor 2, and (F) bacteriophage P22 arc repressor. Symbols used are the same as in/&Adeg i8.
defined asAAGny = AGyy(mutant)— AGyu(wild-type). JAm| is defined ag(Mnutant — Muild—type)/Muild—typel

between—2.5 and—30.1 kJ/mol. We must not forget that

native state would explain the observed correlation. How-

some mutants may be discriminated in all possible studiesever, no correlation betweghm| and AAGyy was found
due to the requirement that the mutant protein must be for calbindin Dy and this led us to investigate the generality

expressed and correctly folded. A mutant with its equilib-
rium shifted toward the unfolded state will be more easily
degraded and difficult to obtain in its pure form. Therefore,
the maximumAAGyy of mutants of a protein is governed
by the AGyy of the wild-type.
Effects on Denaturant Dependenden Values). All

classical theoriesg(/, 6§ about denaturant action come to
the conclusion thatmp should be proportional to the

of this correlation by examining published results for barnase
(43, 49, bacteriophage f1 gene V protefsd), chymotrypsin
inhibitor 2 (55, 56, and bacteriophage P22 arc represSa) (

as well and compare these results witaphylococcal
nuclease and calbindingd The AAGyy as a function of
|Am| for all mutants are shown in Figure 8 together with
the best-fit straight lines for each protein. It is clear that
only gene V protein and arc repressor show behavior similar

difference between some property of the denatured state ando staphylococcalnuclease, which has the most negative
the same property of the native state. It has been arguedslope of them all. Barnase has a positive slope, whereas
(40, 69-71) that changes in m are most readily explained calbindin Dy and chymotrypsin inhibitor 2 have slopes close
as manifestations of changes Ag, the solvent-accessible to zero. When comparing the correlations (Table 4), similar
area of the denatured state. Btaphylococcahuclease, a  results are obtainedstaphylococcahuclease has the highest
very interesting correlation betweéAmgnc| and AAGyy correlation, followed by gene V protein and arc repressor;
has been showrdQ, 41). Therefore, it was proposed that barnase correlation is substantially lower and the correlation
the amino sequence of wild-tystaphylococcahuclease has  factor of chymotrypsin inhibitor 2 and calbindingPis
evolved to maximize the free energy of the denatured statevirtually zero. Statistics show that the correlation for
in order to achieve a moderate level of stability. A mutation staphylococcalnhuclease is highly significant (as shown
causing a stabilization of the denatured state relative to thepreviously with a different selection of mutants) with<
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Table 4: Linear Correlations betwe¢fAm| and AAGyy as
Calculated by Linear Regression

number of
mutants 3 correlation
calbindin Dy 11 -4 0.09
staphylococcahuclease 115 —52 0.54
barnase 22 49 0.24
gene V protein 10 —36 0.45
chymotrypsin inhibitor 2 31 4 0.05
arc repressor 17 -35 0.43

aConstant in the linear equatidfkAGny = 1 + S|Am|.

0.001, somewhat significant for arc represo+(0.10) and
gene V proteinf§ = 0.20), and completely insignificant for
the other three proteins. Tipevalues are highly dependent
on the number of mutants available and the possibility that
a highly significant correlation would be found for other
proteins if a larger number of mutants were investigated
cannot be excluded, but from this set of mutants, it seems
unlikely, especially for chymotrypsin inhibitor 2 and calbin-
din Dgy. It also seems unlikely that barnase would show a
clear, negative slope similar to the one showrskgphylo-
coccalnuclease. Thus, a correlation AAGyy and |Am|
indicative of a maximization of the free energy of the
denatured state as seen $taphylococcahuclease, is not a

general feature of all proteins. This emphasizes the need to

sample a large base of data for mutants of a number of
different proteins when attempting to draw general conclu-
sions about the effects of these mutations.

Thermalys Urea Induced UnfoldingIn an earlier study
(33), the thermal unfolding of the wild-type apo calbindin
Dok has been studied with differential scanning calorimetry,
DSC, and it was shown that the unfolding gradually took
place between 60 and 10C with a transition midpoint of
thermal denaturationT,, of approximately 85°C. Even
though a strict normalization of the thermal denaturation data
in the present work is not feasible, it is clear that our
transition midpoint, Ty, is substantially higher than 8%C

and that the thermal unfolding appears less cooperative as 2-

opposed to DSC when the unfolding is monitored by the
ellipticity at 222 nm. While DSC monitors unfolding from
an energetic point of view through measurements of heat
capacity,AC,, the ellipticity at 222 nm is a measure of the

prevalence of secondary structure elements, in our case

mainly a-helices. The model most consistent with these
results is that the energetically important core of the protein
loses its compactness first, resulting in the transitions
observed by DSC. After that, the helices unfold more or
less independently, as measured by ellipticity, resulting in a
very uncooperative folding from a secondary structural point
of view. Whether this difference in transitions gives rise to
an intermediate in thermal unfolding is under investigation.
What is noteworthy is the apparently different unfolding
pathways depending on the denaturation method.
Conformational Effects.With respect to the question of
calcium-induced structural changes and the possibility that
destabilizing mutations might facilitate opening of the
hydrophobic core of calbindin § all ANS-binding studies
indicate that no such structural changes occur. Therefore,
reduction of the stability of the hydrophobic core is not
sufficient in and of itself to induce opening of the core upon
calcium binding. With respect to the tryptophan fluorescence

Julenius et al.

changes observed in the F66W mutation upon calcium
binding, no other evidence from stability and ANS binding
indicates structural changes. A more likely explanation for
the spectroscopic changes is the large difference in dynamic
properties in the apo and calcium-bound forms of calbindin
Doy observed previously by hydrogen-exchange studi@s (
73). The more flexible apo form would be expected to allow
solute oxygen in to quench the Trp fluorescence more than
the rigid calcium-bound form.

CONCLUSIONS

The results presented on the stability and calcium-induced
structural effects for mutants within the hydrophobic core
of calbindin Dy demonstrate that large alterations in stability
can be tolerated by the protein while still retaining its fold
and conformational response to calcium binding. The results
obtained with respect to correlationsAAGyy and various
physical properties of the amino acids such as surface area,
volume, and hydrophobicity, are consistent with results
previously obtained for other proteins and demonstrate for
the first time a correlation oAAGyy and the absolute value
of these properties. However, correlations WAGyy and
|Am| are shown to vary widely and raise doubts as to the
effects of mutations on the unfolded state. These studies
indicate the importance of sampling a large base of data for
mutants from a number of proteins when attempting to draw
general conclusions about their effects.
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