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Abstract

Tryptophan fluorescence was used to study the stability and unfolding behavior of several single tryptophan mutants of
Ž .the metal-binding protein rat oncomodulin OM ; F102W, Y57W, Y65W and the engineered protein CDOM33 which had

the 12 residues of the CD loop replaced with a more potent metal binding site. Both the thermal and the chemical stability
were improved upon binding of metal ions with the order apo-Ca2q-Tb3q. During thermal denaturation, the transition

Ž .midpoints T of Y65W was the lowest, followed by Y57W and F102W. The placement of the Trp residue in the F-helix inun

F102W made the protein slightly more thermostable, although the fluorescence response was readily affected by chemical
denaturants, which acted through the disruption of hydrogen bonds at the C-terminal end of the F-helix. Under both thermal
and chemical denaturation, the engineered protein showed the highest stability. This indicated that increasing the number of

Ž 3q.metal ligating oxygens in the binding site, either by using a metal ion with a higher coordinate number i.e., Tb which
binds more carboxylate ligands, or by providing more ligating groups, as in the CDOM33 replacement, produces notable
improvements in protein stability. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Structure–stability relationships of proteins have
long been of interest since alterations which improve
the stability of proteins can have important uses both

w xin commercial and biomedical applications 1,2 .
There has been a large amount of work done on the
study of protein folding and unfolding to understand
the factors which influence the chemical and thermal
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stability of proteins. A variety of techniques have
been used to examine protein folding, unfolding and

w xstability, including nuclear magnetic resonance 3 ,
w x w xFTIR 4 , circular dichroism 5 , absorbance spec-

w x w xtroscopy 6 and fluorescence spectroscopy 7 . The
folding pathways of certain proteins have been ex-
tensively characterized only after using a combina-

w xtion of approaches 8 . Fluorescence techniques are
most often used in cases where a specific portion of
a protein is being investigated. The technique of
site-directed mutagenesis makes it possible to place a
fluorescent amino acid at a specific site to provide a
probe for investigating the unfolding of a specific
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region of the protein, such as a single domain within
a multidomain protein.

There are many factors that can affect protein
stability. For example, it has been shown that protein

w xstability can be altered by a single point mutation 9 .
For metal-ion-binding proteins, loading of metal ions
can also affect stability, as has been recently reported
for the Ca2q-binding protein cod III parvalbumin
w x10,11 . In the present report, we are interested in
how variations in metal binding affect the stability of

2q Ž .the Ca -binding protein rat oncomodulin OM .
Single Trp mutants have been prepared with differ-
ing affinities for Ca2q and the protein stability has
been examined in the presence of different types of
metal ions.

Oncomodulin is a small protein with 108 residues
and a molecular weight of 11700 Da, and was origi-

w xnally isolated from rat hepatomas 12 which appear
w xearly in the carcinogenic process 13 . Oncomodulin

is classified as a parvalbumin-like protein based on
its primary structure. The sequences of such proteins
possess six stretches of a-helices, lettered A through
F. The latter four helices flank two functional metal-
ion-binding loops known as the CD- and EF-binding

w x Ž .loops 14,15 . Typically, the parvalbumin PV CD
and EF loops are classified as ‘Ca2qrMg2q ’ sites

2q Žsince they both exhibit high affinity for Ca K -d
y7 . 2q Ž10 M and substantial affinity for Mg K -d
y4 . w x10 M 16 . Even though OM shows a high degree

of sequence homology to PV, it displays signifi-
cantly attenuated affinity for Ca2q and Mg2q. Previ-
ous work has suggested that OM possesses a high

2q 2q Ž y7affinity Ca rMg site EF site, K ;10 M,Ca
y4 . 2qK ;10 M and a low affinity Ca -specific siteMg

Ž y6 y3 . w xCD site, K ;10 M, K -10 M 17 .Ca Mg

Native rat oncomodulin contains no tryptophan
and only two tyrosine residues at positions 57 and
65. It has previously been shown that binding of
metal ions to different OM mutants can induce spe-
cific conformational changes which can be moni-

w xtored by changes in tyrosine fluorescence 18,19 . It
is known that binding of Ca2q causes significant

w xstructural changes in the loop region 20–22 . Bind-
ing of other metal ions such as Mg2q or Tb3q are
also able to induce conformational changes
w x18,19,21 .

Site-specific mutagenesis was used to insert single
tryptophan residues to provide fluorescent probes at

different locations. Such mutants have previously
indicated conformational changes of proteins upon
metal ion binding. Here, four mutant oncomodulin
proteins with single Trp residues were used to probe
the stability of the protein; F102W with a Trp replac-
ing a Phe at position 102 of the F-helix, Y57W with
a Trp replacing a Tyr within the CD loop, Y65W
with a Trp replacing a Tyr at position 65 in the
flanking D-helix of the CD loop, and CDOM33 with
a modified CD loop prepared by insertion of a 12
amino acid sequence which has significantly higher
affinity for Ca2q than the native CD or EF loop and
which has a Trp in position 7 of the binding loop
Ž . w xamino acid position 57 20 .

Both the thermal and chemical stability were ex-
amined for apo, Ca2q-loaded and Tb3q-loaded OM
mutants by fitting the unfolding curves derived from
measurements of Trp fluorescence or Tb3q lumines-

w xcence 7,10,11 . These studies provide useful infor-
mation regarding the effects of the different muta-
tions and of binding of different metals on the
unfolding behaviour and stability of the protein.

Terbium was chosen for these studies since it is a
trivalent cation and thus has a higher order of ligand
binding, up to nonadentate. Therefore, it is expected
to bind more tightly to the metal binding loops and
exert a greater stabilizing effect to the protein struc-
ture than calcium. Another advantage of using Tb3q

is that changes in terbium luminescence can be used
to generate unfolding curves. Terbium luminescence
upon binding to an EF hand loop can be enhanced by

Ž .energy transfer ET from a nearby fluorescent donor,
w xin this case an aromatic amino acid 23,24 . For

single Trp proteins, excitation at a wavelength of 295
nm can be used to exclusively excite tryptophan
residues and thus rule out energy transfer processes
involving Phe and Tyr. Excitation of tryptophan can
then exclusively lead to the transfer of energy to a
nearby Tb3q, followed by luminescence of Tb3q

resulting from transitions between the 5D and 7F4 5
Ž . 5 7 Ž .states 545 nm and the D and F states 490 nm .4 6

For Y57W and CDOM33 the Trp residue is directly
in the loop region, thus signals from both Trp and
Tb3q can be used to follow the effects of global
unfolding on the loop region. On the other hand, the
Trp residue within Y65W and F102W is outside the
loop region, and thus signals resulting from Tyr-57

3q Ž .to Tb energy transfer using excitation at 285 nm
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can be utilized to determine if the unfolding of the
Ž 3q .loop region probed by Tb luminescence occurs

at the same time as unfolding of the D-helix or
Ž .F-helix probed by Trp fluorescence . These studies

are used to determine if the unfolding curves derived
from fluorescence measurements accurately reflect
the global unfolding of the protein.

2. Experimental

2.1. Chemicals

All protein samples were donated by Dr. A.G.
Szabo and were used without further purification.
Details of the preparation and purification proce-

w xdures have been described elsewhere 25 . Pipera-
X w x Ž .zine-N, N -bis 2-ethanesulfonic acid PIPES , acryl-

Ž .amide 99q% and terbium chloride were supplied
Ž . Žby Aldrich Milwaukee, WS . Ethylenebis oxy-
. Ž .ethylenenitrilo tetraacetic acid EGTA and calcium

Žchloride were supplied by Fisher scientific Toronto,
. ŽON . The guanidine hydrochloride GdHCl, Se-

. Ž .quanol grade was from Pierce Rockford, IL . The
Sephadex G-25 fine powder was supplied by Phar-

Ž .macia Biotech Uppsala, Sweden . All water was
twice distilled and deionized to a specific resistance
of at least 18 MV cm using a Milli-Q 5 stage water
purification system. All other chemicals were of
analytical grade and were used without further pu-
rification.

2.2. Procedures

2.2.1. Sample preparation
All proteins were dissolved in 10 mM PIPES

buffer containing 100 mM KCl at pH 6.5. Apo
proteins were prepared by addition of a 350-fold
excess of EGTA as determined by EGTA titration
curves of proteins containing either Ca2q or Tb3q.
Metal loaded proteins were prepared by adding a
50-fold excess of Ca2q or a 3-fold excess of Tb3q to
the proteins. The concentration of protein was deter-
mined by UV–Vis absorbance measurements using
e s6900 My1 cmy1 for Y57W, Y65W and280

CDOM33, and e s8200 My1 cmy1 for F102W280
w x18–22 . Terbium-loaded samples were prepared as
follows. A 100 mM TbCl solution was prepared in3

PIPES buffer and the exact concentration of the
Tb3q solution was determined by a dipicolinic acid

w xtitration 26 . A volume of 2 ml of protein with a
concentration of 2 mM was titrated with the Tb3q

solution to reach a 3:1 molar ratio of terbium to
protein.

2.2.2. Fluorescence spectra
Fluorescence spectra were collected using instru-

w xmentation which is described elsewhere 27 . The
concentration of protein was 4 mM for apo experi-
ments and 2 mM for other experiments. Samples
were excited at 295 nm and emission was collected
from 305 nm to 450 nm for Ca2q-free and for
Ca2q-loaded proteins and from 305 nm to 570 nm
for Tb3q-loaded proteins. All spectra were collected
in 1 nm increments at a rate of 180 nm miny1 and
with an integration time of 0.30 s. Samples were
continuously stirred throughout the experiments and

Žwere maintained at a temperature of 20"0.28C ex-
.cept where otherwise stated using a Neslab R110

recirculating water bath. Appropriate blanks were
subtracted from each sample and the spectra were
corrected for deviations in emission monochromator
throughput and PMT response. Spectra were inte-
grated from the emission maximum to the red end of
the spectra to avoid scattering contributions at the
blue end of the spectra.

2.2.3. EGTA titrations
A volume of 1700 ml of a solution containing 4

mM protein in the presence of a 50-fold excess of
Ca2q or a 3-fold excess of Tb3q was placed into a
quartz cuvette. Aliquots of 50 mM EGTA were
added with constant stirring to reach a ratio of
EGTA versus protein of 350 to 1. A fluorescence
spectrum was taken at each point for both a sample
and a blank containing the same amount of EGTA to
follow the removal of the metal ions from the differ-
ent proteins.

2.2.4. Chemical denaturation studies
A volume of 1.75 ml of the protein solution was

added to a quartz cuvette. A total of twenty aliquots
of 8.0 M GdHCl in buffer were added with constant
stirring and a minimum of 5 min was allowed for
equilibration after each addition. A fluorescence
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spectrum was collected at each point for both the
sample and a blank containing an identical concen-
tration of GdHCl. The spectra were corrected for
dilution factors and integrated from the emission
maximum to the red end of the spectra. The inte-
grated intensity was normalized to the initial inten-
sity and was plotted against denaturant concentration
to generate the unfolding curve.

Unfolding transitions were fitted using the equa-
w xtion given by Santoro and Bolen 28 :

w x w x w x� 4F q m D q F q m D exp yDG rRT q m D rRTŽ . Ž .N N U U un G
F sD w xw x1q exp yDG rRT q m D rRTun G

1Ž .

where F is the value of the fluorescence intensity atD
w xa given concentration of denaturant, D , R is the

gas constant and T is the temperature. The remaining
six terms are fitting parameters, where F and FN U

are the values of the intensity extrapolated to zero
concentration of denaturant for the native and un-
folded states, respectively, m and m are the slopesN U

for the dependencies of F and F on denaturantN U

concentration, DG is the free energy of unfolding,un

and m is the denaturant index describing the depen-G

dence of DG on denaturant concentration. Theun
Ž .transition midpoint C values were calculated by1r2

dividing DG by ym . The reversibility of unfold-un G

ing was determined by measuring the spectra after
dialyzing denatured protein against fresh buffer and
running the denatured protein through a Sephadex
G-25 column.

2.2.5. Thermal denaturation studies
It was found that careful removal of oxygen

before each experiment was required to prevent pro-
tein aggregation. Removal of oxygen was performed
by purging nitrogen through the buffer before dilut-
ing the stock solution. In addition, the air space of
the cuvette was also filled with nitrogen. In the
absence of nitrogen purging, aggregation of protein
was observed to decrease the thermal stability as
well as decrease the percent signal recovery upon
cooling the sample to room temperature.

A volume of 1.0 ml of the protein solution was
placed into a quartz fluorimeter cuvette. The cuvette
was properly sealed to avoid concentration changes
which could be caused by evaporation of buffer
solution at high temperatures. The temperature was

raised in ca. 58C increments starting at 208C and
going to 958C, then lowered to 208C to check re-
versibility. A fluorescence spectrum was collected
from the sample and from an appropriate ‘no pro-
tein’ blank at each temperature. The temperature of
the solution in a second cuvette which was also
present in the 4 sample turret was measured directly

Žusing a thermistor probe Hanna Instruments model
.9043A to account for loss of heat through the tygon

tubing connecting the sample holder and the water
bath. The samples were allowed to equilibrate for at
least five minutes at each temperature before read-
ings were taken. Spectra were integrated from the
emission maximum to the red end of the spectra. The
integrated intensity was normalized to the intensity

Ž .at the starting temperature usually 208C and was
plotted against temperature to generate the unfolding
curve. The unfolding curves were corrected for con-
tributions from thermally induced quenching using

w xstandard methods 7 . In many cases, this resulted in
non-sloping initial and final portions to the curve
w x29 , as expected for a thermally induced unfolding
of a protein.

Ž 0 .The unfolding enthalpy change D H and en-un
Ž 0 .tropy change DS were calculated by fitting theun

w xunfolding curve to the following equation 7 :

F q s T q F q s T exp yD H 0 rRT q D S 0 TrRTŽ . Ž . � 40N N 0U U un un
F sT 0 01q exp y D H rRT q D S TrRTw xŽ .un un

2Ž .

where F is the fluorescence at a given temperatureT

T , F and F are the fluorescence intensity of the0N 0U

native state and unfolded state at a given reference
Ž .temperature 208C , s and s are the temperatureN U

dependence of the fluorescence of the native and
denatured state and R is the gas constant. The

Ž .transition temperature T was calculated by divid-un

ing D H 0 by DS0 . The free energy change forun un
Ž . Ž .unfolding DG was determined by using Eq. 2 ,un

Ž .with a reference temperature T of 208Cr

DG T sD H 0 yT DS0 qDCŽ .un r un r un p ,un

= T yT yT ln T rT 3Ž . Ž . Ž .r un r r un

where DC is differential heat capacity for unfold-p,un

ing, and accounts for the temperature sensitivity of
the entropy and enthalpy terms on going from T tor

T .un
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2.2.6. Acrylamide quenching studies
2.0 ml of a 2 mM protein solution was titrated by

adding a total of twenty-two 10 mL aliquots of 8.0
M acrylamide in buffer. A fluorescence spectrum
was collected from the sample and an appropriate
blank after each addition. Spectra were corrected for
sample dilution and were integrated as described
above. The data were analyzed using a modified

Ž .version of the Stern–Volmer SV equation which
accounts for both dynamic and static quenching of

w x Ž .Trp fluorescence 30a,30b as given in Eq. 4 :

F0 w x w xs1qK Q s1qk t Q 4Ž .SV q 0V wQ xFe

where F is the fluorescence intensity in the absence0

of the quencher, F is the fluorescence intensity at a
w xgiven molar concentration of quencher Q , K isSV
Ž y1 .the Stern–Volmer quenching constant M , k isq

Ž y1 y1.the bimolecular quenching constant M ns , t 0
Ž .is the unquenched fluorescence lifetime ns and V

Ž y1 .represents the volume in M of the active quench-
ing sphere within which the quenching of the fluo-
rophore is instantaneous. To calculate k values,q

mean lifetime values for apo and holo proteins were
w xobtained from the literature 19–21 . Mean lifetime

values for denatured proteins were obtained by the
time-correlated single photon counting method using
instrumentation and fitting procedures which are de-

w xscribed in detail elsewhere 31a,31b . The decays
were assumed to be a sum of discrete exponential
decay components, and all decays were fit to a sum
of three decay components.

3. Results and discussion

3.1. Fluorescence properties of natiÕe oncomodulin
mutants

The fluorescence properties of the native proteins
in the presence and absence of Ca2q and Tb3q are
shown in Table 1 along with the changes in the
spectral properties and quantum yield values result-
ing from chemical denaturation. Initial studies fo-
cused on apo proteins which were prepared by addi-
tion of the chelating agent EGTA. To test the effec-
tiveness of this method, each protein was loaded

3q Žwith a 3-fold excess of Tb which binds more
2q.strongly to OM than does Ca and the emission of

Table 1
Changes in fluorescence properties for apo, Ca2q-loaded and Tb3q-loaded oncomodulin mutants during chemical denaturation

Ž . Ž .Protein F F Change of l nm Change of FWHM nmŽnative. Ždenatured. max

Y57W
2q a bCa -free 0.133 0.095 341–337–345 55–58
2qCa -loaded 0.078 0.101 339–345 54–58
3qTb -loaded 0.027 0.106 339–345 54–58

Y65W
2qCa -free 0.143 0.105 343–346 55–57
2qCa -loaded 0.157 0.126 343–345 56–57
3qTb -loaded 0.156 0.113 343–345 56–57

F102W
2qCa -free 0.190 0.087 317–345 47–64
2qCa -loaded 0.240 0.070 315–345 39–64
3qTb -loaded 0.212 0.082 315–345 39–64

CDOM33
2qCa -free 0.101 0.109 340–345 55–57
2qCa -loaded 0.152 0.097 339–345 55–58
3qTb -loaded 0.023 0.058 339–345 55–58

a Errors in F values are "0.001 in all cases.
b In this case, the wavelength first blue-shifted, then red-shifted.
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the Tb3q peak at 545 nm was monitored as EGTA
was added. In all cases, the Tb3q emission peak was
completely eliminated upon addition of a 350-fold
excess of EGTA, indicated that the proteins were apo
under these conditions. The similarity of our spectral

Ž .data for the apo proteins shown in Table 1 to that
w x Žof Szabo and co-workers 18–22 who used tri-

chloroacetic acid precipitation for decalcification of
.proteins indicates that the use of EGTA for prepara-

tion of apo proteins is an acceptable method. Thus,
all studies of apo proteins reported herein were done
with a 350-fold excess of EGTA present.

The fluorescence characteristics of the holo pro-
teins were substantially different than those of the
apo proteins. Binding of Ca2q generally caused only

Ž .small blue-shifts in wavelength 1–2 nm as was
w xobserved by Hutnik et al. 19,21 . However, the

changes in intensity upon binding of Ca2q were
significant, as shown by the fluorescence quantum
yields reported in Table 1. For F102W, binding of
Ca2q caused the emission intensity to increase by ca.
30% with no significant changes in the shape or
position of the spectrum. These finding are consis-

w xtent with those of Hutnik et al. 21 . The emission
Ž .maximum and full-width-at-half-maximum FWHM

values for the holo-F102W mutant suggested that the
Trp was in a hydrophobic region which was shielded
from solvent. This is consistent with the position of

w xthe F-helix from X-ray diffraction data 32 . Acryl-
amide quenching results, shown in Table 2, also
support this suggestion. K values were measuredSV

and were used to obtain bimolecular quenching con-
stants using fluorescence lifetime data which was

w xreported elsewhere 18–22 . The fluorescence decays
of most mutants showed two or three components
and thus intensity-weighted mean lifetimes were cal-

Žculated using the equation provided in the footnotes
.in Table 2 to obtain the k values. The acrylamideq

quenching results showed that the environment of
the Trp residue in F102W became significantly less
exposed upon addition of Ca2q, with the k valueq

decreasing by 35%.
In the case of Y65W there was only very small

Ž .increase in intensity ;5% and no shift in the
emission maximum upon binding of Ca2q. This small
intensity change indicated that the environment
around Trp at position 65 did not change signifi-
cantly upon addition of calcium. This is supported by

Table 2
Stern–Volmer quenching constants and bimolecular quenching
rate constants from acrylamide quenching of oncomodulin mu-
tants

y1 y1 a y1 y1Ž . Ž . ² : Ž . Ž .Protein V M K M t ns k M nssv q

Y57W
b capo 0.8 8.69"0.08 2.43"0.01 3.58"0.03

cholo 0.8 4.66"0.04 1.83"0.02 2.55"0.02
fdenatured 1.0 8.13"0.06 2.96"0.01 2.75"0.03

Y65W
capo 1.2 7.03"0.06 2.29"0.02 3.07"0.03
cholo 0.9 6.39"0.04 2.33"0.01 2.74"0.03
gdenatured 1.5 7.48"0.06 3.41"0.01 2.19"0.02

F102W
dapo 1.0 5.00"0.04 3.12"0.02 1.60"0.02
dholo 0.2 3.98"0.03 3.80"0.02 1.05"0.01
hdenatured 2.4 9.25"0.08 2.93"0.02 3.16"0.03

CDOM33
eapo 1.0 7.33"0.07 2.65"0.02 2.77"0.03
eholo 0.8 7.83"0.07 2.53"0.02 3.09"0.03
idenatured 1.1 7.23"0.07 2.89"0.02 2.50"0.02

a Intensity-weighted mean lifetime values were calculated using
² : Ž 2 . Ž .t s S a t rS a t .i i i i
bAll V values have errors of "0.1 My1.
c w xFrom Ref. 19 .
d w xFrom Ref. 21 .
e w xFrom Ref. 20 .
f
a s0.24, a s0.49, a s0.27, t s4.132 ns, t s1.893 ns1 2 3 1 2

t s0.283 ns, SVRs1.98, x 2 s1.048.3
g
a s0.30, a s0.44, a s0.26, t s4.507 ns, t s1.968 ns1 2 3 1 2

t s0.308 ns, SVRs1.91, x 2 s0.997.3
h
a s0.22, a s0.35, a s0.43, t s3.801 ns, t s1.303 ns1 2 3 1 2

t s0.147 ns, SVRs1.88, x 2 s1.023.3
i
a s0.27, a s0.47, a s0.26, t s4.316 ns, t s1.961 ns1 2 3 1 2

t s0.264 ns, SVRs2.01, x 2 s1.000.3

Ž .the small change -10% in the k value on goingq

from the apo to the holo form of the protein.
Inspection of the quantum yield and k values forq

apo Y57W and CDOM33 indicated that the Trp
residue was likely in a somewhat different environ-
ment for each protein, with the Trp residue of Y57W
being more solvent exposed than that of CDOM33,
even though the quantum yield of Y57W was higher
than that of CDOM33. Addition of Ca2q caused the
local environment of the Trp residue to change dra-
matically for both proteins, with an enhancement in
the quantum yield of Trp within CDOM33, but a
significant quenching of intensity for Y57W. Over-
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all, the intensity of CDOM33 increased by 40%
while the intensity of Y57W decreased by 40% upon
binding of Ca2q.

The k values also showed that the environmentq

of Trp in Y57W and CDOM33 was significantly
different upon binding of Ca2q. However, the kq

value of Y57W unexpectedly decreased from 3.58 to
2.55 My1 nsy1 while the k value for CDOM33q

increased from 2.77 to 3.05 My1 nsy1 upon binding
of Ca2q. These results clearly show that the Trp at
position 57 in Y57W became less exposed on addi-
tion of calcium, while that in CDOM33 became
more exposed, indicating significantly different
structural responses to the addition of calcium. Inter-
estingly, the changes in exposure to solvent are
opposite to those expected from the changes in quan-
tum yield. Generally, greater exposure of a Trp
residue to solvent results in an increase in collisional
quenching, producing a decrease in the quantum
yield. The apparent inconsistency between the kq

and quantum yield values can be resolved by recog-
nizing that the addition of Ca2q will dramatically
alter the electrostatic environment in the region of
Trp-57. It has previously been reported that the
relative change in fluorescence lifetime for Y57W
upon binding of Ca2q does not correspond to the
relative change in quantum yield, even though there
is no evidence for static quenching of the Trp at
position 57. The assertion has been made that the
binding of Ca2q can result in substantial changes in

Ž . Žthe radiative lifetime t of the Trp residue note:R
Ž .t st rF where the singlet state lifetime t isR S S

. w xgiven by t sSa t 19,33 . Our calculations showS i i

that the binding of Ca2q to Y57W resulted in an
increase in the radiative lifetime from 18.3 to 23.4 ns
Ž w x. 2qusing the data in Ref. 19 , while binding of Ca
to CDOM33 produced a decrease of k from 26.5 nsR

to 16.9 ns. This strongly suggests that the conforma-
tional changes in the loop region upon binding of
Ca2q are substantially different for the two mutants.

Binding of terbium to oncomodulin mutants
caused substantial quenching of Trp fluorescence
and a large increase in terbium luminescence for
both CDOM33 and Y57W when compared to the
holo-forms. This is consistent with the short Trp-to-
Tb3q donor–acceptor distance for CDOM33 and

˚ŽY57W ca. 4.5 and 8.0 A from the CD and EF loops,
w x.respectively 19 . On the other hand, there were

only small changes in the emission intensity of the
Trp residue in F102W and Y65W, suggesting that
energy transfer to Tb3q was not efficient for these
proteins. From the crystal structure of wild-type OM,

˚the gamma-carbon of F-helix Phe 102 is 10.8 A
away from the nearest calcium in the EF loop
w x31a,31b , while the gamma-carbon of the D-helix

˚Tyr-65 is 11.4 A away from the CD loop calcium.
Hence, the Trp residue within these proteins is not
within the required distance for efficient energy

w xtransfer by the electron exchange mechanism 23,24 .

3.2. Chemical denaturation of apo proteins

Initial studies concentrated on the stability of apo
proteins. The unfolding curves are shown in Fig. 1.
Several aspects of these curves merit special atten-
tion. First, the intensity of both F102W and Y65W
decreased immediately upon addition of denaturant,
resulting in the absence of a pre-unfolding baseline.
In both cases, both the intensity and wavelength data
indicated that the unfolding process was completed
at a relatively low GdHCl concentration. Second, the
unfolding profiles of Y57W and CDOM33 showed
opposite intensity trends on unfolding. The intensity
of Y57W decreased by about 30% with an initial
blue shift of 4–5 nm in the emission maximum
followed by a red-shift to the characteristic emission

Fig. 1. Fluorescence intensity changes as a function of GdHCl
Ž . Ž .concentration for calcium-free, F102W v , Y65W ' , Y57W

Ž . Ž .I and CDOM33 l . The symbols are the experimentally
derived data points. The solid lines are the lines-of-best-fit as

Ž .determined by fitting to Eq. 1 . Fitting parameters are given in
Table 3.
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maximum of 345 nm which is indicative of a fully
exposed Trp residue. The intensity of CDOM33, on
the other hand, increased by approximately 20%
followed by a decrease of 10% during the addition of
GdHCl. The transition between 1.0 and 1.5 M of
GdHCl showed a red-shift in the emission maximum
which corresponded to the initial increase of inten-
sity. Finally, the final quantum yield values for the
Y57W and CDOM33 suggested similar environ-
ments for the exposed Trp residue in the two pro-
teins.

The reversibility of the chemically induced un-
folding was tested for all oncomodulin mutants by
dialyzing the denatured protein against fresh buffer
and then running denatured proteins through a
Sephadex G-25 column. The spectra reversed fully
and the refolded proteins showed similar binding
behavior to the native protein. This indicated that
thermodynamic analysis of the unfolding curves gen-
erated by chemical denaturation could be done.

The unfolding free energies and transition mid-
points for each apo protein were obtained by fitting
the integrated intensity data. In the case of the Y57W
mutant, the initial rise in intensity upon the first
addition of denaturant made it impossible to fit the
baseline region if the initial point was included. For
this reason, the fitting was done starting at the
second point in the titration. This has the effect of
shifting the entire unfolding curve upward, and af-

Ž .fects that values of s and F in Eq. 1 . However,N 0N

this fitting procedure has no affect on the values of
m , DG , or C since these values depend onG un 1r2

slopes, and thus are not affected by shifting the curve
in the y-direction. In fitting the unfolding curves, it
was assumed that the unfolding transitions followed
a two-state model. Our unfolding curves clearly indi-
cated two-state unfolding processes for the various
proteins, indicating that this assumption was valid.
We also assumed that the Trp fluorescence reported
on changes in the global structure of the protein. The
validity of the assumption is described further in
Section 3.4.

The fitting results for all apo proteins are shown
in Table 3. The DG and C values of Y57W andun 1r2

CDOM33 were quite similar suggesting that there
was not a significant difference in the chemical
stability of the protein when the modified CD loop
was present but had no metal ions bound. The free

Table 3
Free energy changes for chemical unfolding of oncomodulin

Ž .obtained by fitting of unfolding curves to Eq. 1
y1 y2Ž . Ž . Ž .Proteins DG kcal mol m kcal l mol C Mun G 1r2

2 q aCa -free
Y57W 3.9"0.3 3.2"0.2 1.2"0.1
Y65W 0.6"0.1 1.9"0.4 0.3"0.1
F102W 1.9"0.1 2.2"0.2 0.8"0.1
CDOM33 3.0"0.3 2.7"0.3 1.2"0.1

2 q bCa -loaded
dY57W 6.7"0.5 3.3"0.3 2.0"0.1

Y65W 6.6"0.5 3.4"0.3 1.9"0.1
F102W 5.2"0.5 2.9"0.3 1.8"0.1
CDOM33 6.9"0.4 3.1"0.2 2.2"0.1

3 q cTb -loaded
eY57W 7.8"0.5 2.8"0.2 2.8"0.1

Y65W 6.7"0.7 2.3"0.3 2.9"0.1
F102W 8.0"0.8 3.1"0.3 2.6"0.2

cF102W 11.1"1.5 4.2"0.5 2.6"0.3
cCDOM33 8.5"0.9 2.1"0.2 4.0"0.1

a Fitting parameters for apo proteins were as follows: F102W:
F s1.00, F s0.137, m s0.00, m s0.157; Y65W: F sN U N U N

1.00, F s0.848, m s0.00, m sy0.039; Y57W: F s1.091,U N U N

F s0.768, m s0.037, m s0.108; CDOM33: F s0.980,U N U N

F s1.444, m s0.030, m s0.133.U N U
b Fitting parameters for Ca2q-loaded proteins were as follows:
F102W: F s1.010, F s 0.260, m s 0.121, m s 0.023;N U N U

Y65W: F s0.982, F s0.745, m s0.016, m sy0.016;N U N U

Y57W: F s339, F s345, m s0.00, m s0.00; CDOM33:N U N U

F s1.042, F s0.772, m s0.00, m sy0.013.N U N U
c Fitting parameters for Tb3q-loaded proteins were as follows:

Ž .F102W Trp : F s1.009, F s0.357, m sy0.112, m sN U N U
Ž 3q .y0.002; F102W Tb : F s 0.994, F s 0.273, m sN U N

y0.172, m sy0.008; Y65W: F s0.995, F s0.316, m sU N U N

0.021, m s0.056; Y57W: F s0.996, F s0.377, m s0.016,U N U N

m sy0.021; CDOM33: F s1.031, F s0.261, m s0.032,U N U N

m sy0.006.U
d The thermodynamic parameters were obtained by fitting emis-
sion maxima data.
eThe thermodynamic parameters were obtained by fitting Tb3q

luminescence data.

energy and transition midpoint values for F102W
were significantly lower than for the proteins with
the Trp present in the loop region. This may indicate
that the presence of the Trp residue at position 102
slightly destabilized the apo protein. Y65W had the
lowest free energy and transition midpoint among

Ž y1these mutants about 1.0 kcal mol and 0.37 M
.lower than F102W . Position 65 is interesting in that

it is a kink point in the D-helix. The kink in this
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helix seems necessary to allow the D-helix to wrap
tightly around the hydrophobic core of the protein. It
appears that the apo protein is significantly affected
by the insertion of a Trp at position 65, resulting in
the low local free energy of unfolding when the Trp
is at position 65.

( 2 q )3.3. Chemical denaturation of holo Ca -loaded
proteins

Loading of Ca2q caused substantial changes in
the unfolding behaviour and the overall stability of
the various oncomodulin mutants. The unfolding
curves are shown in Fig. 2, while the changes in the
spectroscopic parameters upon denaturation are
shown in Table 1. Denaturation of each of the holo
proteins caused a typical red-shift in the emission

Ž .maximum l and a change in fluorescence inten-max

sity as summarized in Table 1. F102W OM showed
Žthe greatest change in both quantum yield 75%

. Ž .decrease and emission maximum 30 nm increase .
The FWHM of this protein also increased by 25 nm
upon unfolding. The intensity of F102W started to
decrease immediately upon addition of denaturant;
however, the main unfolding transition reported by
both the intensity and emission maximum value did

Fig. 2. Fluorescence intensity changes as a function of GdHCl
Ž . Ž .concentration for calcium-loaded F102W v , Y65W ' , Y57W

Ž . Ž .I and CDOM33 l . The symbols are the experimentally
derived data points. The solid lines are the lines-of-best-fit as

Ž .determined by fitting to Eq. 1 . Fitting parameters are given in
Table 3.

not begin until 1.0 M GdHCl was present. These
results suggested that the interaction of GdHCl with
the protein may have caused the protein structure to
be loosened and the quantum yield to decrease be-
fore the main unfolding process had begun.

This explanation is also supported by acrylamide
quenching experiments which were done at different
GdHCl concentrations. The active quenching sphere

Ž Ž .. y1V from Eq. 4 increased by 0.8 M when the
concentration of GdHCl increased from 0 to 1.6 M;
however, the values of the Stern–Volmer constant
Ž . Ž y1 .K stayed relatively constant 4.0–5.0 M .SV

There was a large increase in both the V and KSV

values when the concentration of GdHCl exceeded
1.9 M, at which point the main unfolding process
began. The completely unfolded protein had a V
value of 2.4 My1 and a K value of 9.25 My1 atSV

2.55 M GdHCl, indicative of a fully exposed Trp
w xresidue 34 . In addition, the k value increased byq

3-fold compared to the value of the native holo
protein, again indicating that the Trp was fully ex-
posed.

The unfolding curve of Y65W showed an inten-
sity and wavelength profile which matched closely.
Both the intensity and the wavelength values showed

Ž .a narrow transition range 1.6–2.5 M GdHCl . Over-
all, the quantum yield of Y65W decreased by about
20% upon unfolding, while the emission maximum
red-shifted by 4 nm. These changes corresponded to
a slight increase in the exposure of the Trp residue
Žas determined by the V and k values shown inq

.Table 2 .
CDOM33 and Y57W OM showed similar changes

Ž .in the emission maximum 9 nm and FWHM values
Ž .3–4 nm upon unfolding. However, the intensity
profiles of these two proteins were remarkably dif-
ferent. Overall, CDOM33 had a decrease of 35% in
intensity during denaturation while the intensity of

ŽY57W increased by 30% upon unfolding see Table
.1 . The quantum yield of the two proteins were

Ž .identical within error , suggesting that the proteins
were completely unfolded. This suggestion is sup-
ported by the reasonable similarity in the k and Vq

Ž .values for the unfolded proteins Table 2 . The simi-
larity in the quantum yields and k values stronglyq

suggests that adjacent residues were not acting as
static quenchers of fluorescence, in agreement with

w xprevious reports 19 . The observed increase in the
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fluorescence intensity upon denaturation of Y57W is
intriguing. It is apparent that the unfolding process,
which generally causes a decrease in intensity, was
competing with the decalcification process, which
causes a 70% increase in intensity for Y57W. The
combined effects of these processes resulted in an
overall increase in intensity of 30% for the unfolding
process.

The unfolding energies and transition midpoints
for each of the proteins were obtained by fitting the

Ž .intensity data to Eq. 1 . The results are shown in
Table 3. Owing to the combination of processes
which affected the intensity of Y57W, the unfolding
of this protein could not be adequately fit using
intensity data. Therefore, changes in the emission
wavelength during unfolding were used in this case.
This approach is valid when the quantum yield does
not change significantly between the folded and un-

Žfolded forms this being one reason why fits to
.intensity-based data were problematic . To check this

assumption, both intensity and emission maximum
data were used to calculate thermodynamic parame-
ters for CDOM33, which underwent similar intensity
changes when compared to Y57W. Similar thermo-
dynamic data was obtained in both cases.

The most obvious difference between the holo
and apo proteins is that the stability of each protein
increased substantially upon binding of Ca2q, indi-
cating that the metal ions preferentially bind to the
folded form of the protein. However, not all proteins
were stabilized to the same degree. For example, the

Ž .stabilization, or D DG value, on going from theun
Ž y1 .apo to the holo form of Y57W 2.9 kcal mol ,

Ž y1 . ŽF102W 3.3 kcal mol or CDOM33 3.9 kcal
y1 .mol was substantially lower than that for Y65W

Ž y1 . 2q6.0 kcal mol . Hence, we observe that Ca
binding can overcome the destabilizing effects of
inserting a Trp into position 65 of the D-helix. The
F102W mutant was stabilized to a similar degree
when compared to Y57W or CDOM33, but still had
the lowest unfolding free energy and transition mid-
point. Thus even for the Ca2q-loaded form, the
insertion of the Trp into the F-helix still results in
partial destabilization of the protein.

CDOM33 was observed to have the highest free
Ž .energy and transition midpoint 2.2 M . Since the

whole CD loop was modified for CDOM33 to pro-
w xvide higher binding affinity 20 , the higher free

energy and higher transition midpoint were not unex-
pected. This result proved that increases in the bind-
ing affinity can stabilize the native structure of the
holo-protein. Altering of binding affinity can be
achieved by either replacing the loop with residues
which can provide a higher binding affinity or by
loading the protein with other metal ions which have
higher binding affinity.

3.4. Chemical denaturation of Tb3q-loaded proteins

To further explore the effects of metal ions on
protein stability, unfolding experiments were done
for proteins containing a 3:1 molar ratio of
Tb3q:protein. It is important to note that the concen-
tration of Tb3q used in this part of the study was
significantly less than that used for the study of

2q Ž 2q .Ca -loaded proteins 50:1 Ca :protein . In gen-
eral, the stability of a ligand binding protein will

w xdepend on the concentration of ligand 10,11 , and
hence the thermodynamic parameters determined in
this work will depend on metal ion concentration.
However, the purpose of this study was not to exam-
ine protein stability as a function of metal ion con-
centration, but rather as a function of binding affin-
ity. The choice of metal ion concentration was deter-
mined by the level at which maximum stability was
obtained. For Ca2q, maximum stability occurred at a
concentration of metal ion which was 50-fold higher
that the protein concentration. For Tb3q, the addition
of a 50-fold excess of the metal ion resulted in
aggregation of the protein, and thus could not be

Žused. Instead, the level for maximum stability in
3q .this case a 3:1 Tb :protein ratio was used.

The terbium luminescence peaks at 545 nm and
490 nm resulting from ET from nearby Trp residues
can be used to provide additional signals which can
be utilized to monitor the unfolding process. Accord-
ing to the ranking of calcium binding proteins by

w xterbium sensitivity obtained by Hogue et al. 23 ,
when excited at 285 nm, the terbium signal ratio of
CDOM33:Y57W:Y65W:F102W is 30:6:4:1. At an
excitation wavelength of 295 nm, the sensitivity of
the Tb3q luminescence enhancement for Y65W and
F102W is further decreased since energy transfer
contributed from Tyr 57 is removed. However even
at 295 nm excitation it is still possible to utilize the
Tb3q peaks as a secondary signal to monitor the
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unfolding process of proteins. In the case of Y57W
and CDOM33 the Trp residue is located within the
binding loop, resulting in very efficient energy trans-
fer from Trp to Tb3q. Therefore, for these proteins
the terbium peak was used as a primary signal while
the Trp peak was used as a secondary signal. The use
of Tb3q or Trp luminescence is noted in the figure
captions.

The unfolding curves of the Tb3q loaded proteins
is shown in Fig. 3. It was noticed that in some cases
the curves originally appeared to show 2 unfolding
steps. However, it was determined that the initial
decrease in intensity was the result of dissolution of
aggregates which had formed during storage of Tb3q

loaded proteins. Titrations on freshly prepared sam-
ples always showed a single transition, indicative of
a 2-step unfolding process. The free energy and
transition midpoint values are shown in Table 3. It
was necessary to use Tb3q luminescence data to fit
the unfolding transitions of Y57W and CDOM33
since the intensity of the Trp residue was affected by
both changes in energy transfer to Tb3q and expo-
sure of Trp to solvent upon protein unfolding, result-
ing in non-linear baseline regions. The unfolding of
Y65W was fit using changes in Trp intensity upon

Fig. 3. Changes of fluorescence intensity during chemical denatu-
Ž .ration of terbium-loaded F102W excited at 295 nm Trp emission

Ž . Ž 3q . Ž .v , F102W excited at 285 nm Tb emission ` , Y65W
Ž . Ž . Ž .' , Y57W I and CDOM33 l . The symbols are the experi-
mentally derived data points. The solid lines are the lines-of-best-fit

Ž .as determined by fitting to Eq. 1 . Fitting parameters are given in
Table 3.

unfolding, while both the Trp signal originating from
Ž . 3qposition 102 excitation at 295 nm and the Tb

signal resulting from energy transfer from Try-57
Ž .excitation at 285 nm were measured during chemi-
cal denaturation of the F102W mutant. This last
experiment was done to examine the key question of
whether Trp fluorescence reported on local or global
unfolding of the protein.

Upon binding of Tb3q, the stability of Y57W
increased by 17%, showing that the changes in the
conformation of the loop upon binding of Tb3q were
significant. Terbium-loaded CDOM33 showed an en-

Ž .hancement in free energy 23% which was slightly
larger than that observed for Y57W, and a substan-

Ž .tial enhancement of C from 2.2 M to 4.1 M1r2

compared to Y57W. This behaviour was not unex-
pected since the binding affinity of the modified CD
loop is about ten times higher than the original CD

w xloop 20 . For Y65W the free energy did not change
upon binding of Tb3q. However, the transition mid-
point increased by 43% compared to Ca2q-loaded
protein.

For F102W both the Trp and terbium signal de-
creased steadily by about 25–30% before unfolding
started at about 2.0 M GdHCl, and then decreased
sharply by about 40% during the unfolding process
until unfolding finished at about 3.0 M GdHCl. The
data in Table 3 indicate that the free energy and
denaturant index both increased slightly when Tb3q

luminescence was monitored instead of Trp fluores-
cence. However, the C value was identical in1r2

both cases. These results suggested that both the
F-helix and the loop regions unfolded at the same
time, as reported earlier. The free energy of the
unfolding process of F102W in the presence of Tb3q

was 54% greater than was obtained in the presence
of Ca2q. Furthermore, the C value increased by1r2

ca. 44%, which was in reasonable agreement with
the changes in C for Y57W.1r2

It is noteworthy that the C and free energy1r2

values of the terbium-loaded proteins all increased
compared to Ca2q-loaded or apo proteins no matter
where the Trp was located. For example, all apo OM
proteins had DG values lower than 4.0 kcal moly1.un

DG values of calcium-loaded proteins increased toun

5.3–7.4 kcal moly1 and DG values of terbium-un
y1 Žloaded proteins were 6.7–8.5 kcal mol with the

exception of F102W monitored by Tb3q lumines-
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y1 .cence, which was 11.1 kcal mol . Hence, as the
binding affinity increases, the stability of the protein
increases, and reaches what appears to be a limiting
value in the region of 8–9 kcal moly1. The results
also show that the more tightly bound Tb3q ion fully
overcomes the destabilization which appears to occur
upon insertion of a Trp into position 102. It is
possible that the higher valence of Tb3q may in-
crease the number of oxygen donor groups from the
protein bound to the metal, thus increasing the stabil-
ity of the protein–metal complex.

3.5. Thermal denaturation of Ca2 q-free proteins

The spectral characteristics of apo OM proteins
during thermal denaturation are shown in Table 4.
As was the case for chemical denaturation, all spec-
tra showed a substantial red-shift and an increase of
FWHM during unfolding. The thermal unfolding
curves for apo proteins are shown in Fig. 4. In all
cases, the unfolding process started at a relatively
low temperature, and unfolding was completed within
a relatively narrow temperature range. Thermally
induced unfolding profiles were analyzed by fitting

Fig. 4. Changes of fluorescence intensity as a function of tempera-
Ž .ture for calcium-free oncomodulin mutants. F102W v , Y65W

Ž . Ž . Ž .' , Y57W I and CDOM33 l . The symbols are the experi-
mentally derived data points. The solid lines are the lines-of-best-fit

Ž .as determined by fitting to Eq. 2 . Fitting parameters are given in
Table 5.

Ž . Ž .the unfolding curve to Eqs. 2 and 3 , and the
results are given in Table 5. Calculation of the DGun

value required that the temperature dependence of

Table 4
Changes in fluorescence properties of apo and Ca2q-loaded oncomodulin mutants during thermal denaturation

aŽ . Ž . Ž .Proteins Change in intensity Trp Change in FWHM nm Change in l nmmax

Y57W
2q b cCa -free 47% decrease 55–60–57 339–345–339
2qCa -loaded 17% decrease 53–59–55 339–345–339
3qTb -loaded 20% increase 53–60–54 339–345–339

Y65W
2qCa -free 33% decrease 55–57–55 343–345–343
2qCa -loaded 36% decrease 55–57–55 343–345–343
3qTb -loaded 20% decrease 55–57–56 343–345–343

F102W
2qCa -free 40% decrease 47–64–51 316–345–316
2qCa -loaded 72% decrease 39–64–40 315–345–315
3qTb -loaded 80% decrease 39–63–41 315–345–316

CDOM33
2qCa -free 47% decrease 54–58–56 339–345–339
2qCa -loaded 61% decrease 53–59–53 339–343–339
3qTb -loaded 58% decrease 53–59–54 339–343–340

a Data were corrected by the thermal quenching curve of Lys–Trp–Lys.
b Data represented FWHM of native protein, denatured protein and recovered protein.
c Data represent l values of native, denatured and recovered protein, respectively.max
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Table 5
Enthalpy changes for thermal unfolding of oncomodulin mutants

0 y1 0 y1 y1 e y1Ž . Ž . Ž . Ž . Ž .Proteins D H kcal mol DS cal mol K T 8C DG 208C kcal molun un un un

2 q aCa -free
Y57W 28.0"4.4 85.0"6.0 55.9"0.5 2.4"0.3
Y65W 19.4"2.0 59.4"4.8 52.8"0.4 1.4"0.2
F102W 54.0"6.2 166.6"5.9 50.9"0.4 4.6"0.5
CDOM33 28.8"2.7 83.9"4.1 70.1"0.5 3.0"0.3

2 q bCa -loaded
Y57W 28.4"3.1 82.8"8.7 70.0"0.5 3.0"0.4
Y65W 23.9"2.5 72.1"5.6 58.0"0.4 2.0"0.3
F102W 89.7"9.1 258.8"11.4 73.8"0.3 12.5"1.2
CDOM33 76.9"7.8 218.4"10.5 79.1"0.3 11.2"1.2

3 q cTb -loaded
dY57W 67.5"7.5 190.6"12.8 81.7"0.4 9.9"1.0

Y65W 61.7"6.6 184.2"11.9 61.6"0.4 6.8"0.7
F102W 74.4"8.3 207.6"15.1 86.4"0.4 11.6"1.1

dCDOM33 91.1"9.6 252.6"10.9 87.7"0.4 14.9"1.7

a Fitting parameters for apo proteins were as follows: F102W: F s1.011, F s0.721, s sy0.012, s sy0.007; Y65W: F s0.998,0N 0U N U 0N

F s0.669, s sy0.004, s sy0.006; Y57W: F s0.997, F s0.821, s sy0.010, s sy0.008; CDOM33: F s1.001,0U N U 0 N 0U N U 0N

F s0.724, s sy0.009, s sy0.006.0U N U
b Fitting parameters for Ca2q-loaded proteins were as follows: F102W: F s1.005, F s0.301, s s0.009, s s0.002; Y65W:0N 0U N U

F s0.999, F s0.470, s sy0.008, s sy0.004; Y57W: F s1.001, F s0.922, s sy0.013, s sy0.007; CDOM33:0N 0U N U 0N 0U N U

F s1.034, F s0.484, s sy0.009, s sy0.003.0N 0U N U
c Fitting parameters for Tb3q-loaded proteins were as follows: F102W: F s1.030, F s0.160, s sy0.009, s s0.000; Y65W:0N 0U N U

F s1.009, F s0.076, s sy0.014, s s0.002; Y57W: F s1.002, F s0.086, s s0.040, s s0.000; CDOM33: F s1.012,0N 0U N U 0N 0U N U 0N

F s0.280, s sy0.008, s sy0.000.0U N U
d The thermodynamic parameters were obtained by fitting Tb3q luminescence data.
e Ž . Ž y1 y1. Ž y1 y1.Free energy values were calculated using Eq. 3 with DC s1330 cal mol K for the apo form and 1100 cal mol K for thep,un

2q 3q w xCa - and Tb -loaded forms 16 , with a reference temperature of 293 K.

D H and DS be accounted for by including aun un

term for the differential heat capacity of the folded
Ž .and unfolded protein DC . The value we usedp,un

Ž .y1was 1330 cal deg mol for the apo form, and
Ž .y1 2q 3q1100 cal deg mol for the Ca - and Tb -loaded

w xforms 16 .
The results showed that the thermal stability of

the apo proteins was quite low. For single-Trp OM
Ž .mutants the transition midpoint T values wereun

Ž .very close within 58C of each other . The free
energy values showed that, when compared to Y57W,
the apo-form of Y65W was less stable whereas the
apo-CDOM33 mutant was more stable. This trend
was in agreement with that found during chemical
denaturation of the apo mutants. Interestingly, the
F102W mutant had the highest free energy among
these proteins even though the T value was theun

lowest of the four proteins studied. This correlates to

the increased values of both the enthalpy and entropy
terms. Given that the apo form of the F102W mutant
showed very poor stability towards chemical denatu-
ration, it is possible that the increased free energy is
the result of incomplete removal of the Ca2q from
the protein. It is also possible that GdHCl is better
able to denature proteins compared to thermal denat-
uration methods, possibly due to electrostatic interac-
tions between the positively charged denaturant and
the protein, which has a net charge of y15 at neutral

w xpH 34 .
CDOM33 had the highest transition midpoint

Ž .over 158C higher than the other mutants and a
Žslightly lower free energy value than F102W about

y1 .0.9 kcal mol lower . These results may reflect
slight differences in the stability imparted by the
novel CD loop structure as compared to the native
CD loop of the other proteins.
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3.6. Thermal denaturation of Ca2 q-loaded proteins

The spectral characteristics of holo OM mutants
during thermal denaturation are shown in Table 4
and the unfolding curves are shown in Fig. 5. The
results of the thermodynamic analysis of the unfold-
ing curves is given in Table 5. In all cases, denatura-
tion caused a decrease in the fluorescence intensity, a
red shift in the emission maximum and an increase
in the FWHM. The unfolding curves were signifi-
cantly different than those obtained from chemical
denaturation, mainly owing to the additional contri-
bution from thermally induced quenching of fluores-
cence. The holo form of the proteins had T valuesun

which were higher than the values obtained for the
apo form, consistent with binding of the metal ions
to the folded state of the protein. Interestingly, the
thermal denaturation profiles of the holo-oncomodu-
lin mutants showed a different trend compared to the
chemical denaturation profiles. Binding of Ca2q

caused the unfolding temperature of Y57W to in-
crease by 148C while the free energy of unfolding
increased by 1.2 kcal moly1. The Y65W protein
showed smaller Ca2q-dependent increases in local
unfolding temperature and free energy, in agreement
with the results from chemical denaturation.

Fig. 5. Changes of fluorescence intensity during thermal denatura-
Ž . Ž . Ž .tion of calcium-loaded F102W v , Y65W ' , Y57W I and

Ž .CDOM33 l . The symbols are the experimentally derived data
points. The solid lines are the lines-of-best-fit as determined by

Ž .fitting to Eq. 2 . Fitting parameters are given in Table 5.

F102W showed a significant increase in both the
Ž .unfolding midpoint 73.88C and the free energy of

thermal unfolding upon binding of Ca2q, suggesting
that the binding of Ca2q is fundamentally important
in stabilizing the F-helix against the hydrophobic
core. Perhaps most important is the significant in-
crease in both the local enthalpy and entropy of
unfolding as probed by Trp-102 on going from the
apo to the holo forms. Neither Y57W nor Y65W
show such large increases. This is consistent with
destabilization of the apo form of the protein when
Trp is located at position 102, in agreement with the
chemical denaturation results. Once again, the
F102W protein showed lower stability for chemical
denaturation as compared to thermal denaturation,
supporting the suggestion that electrostatic interac-
tions between GdHCl and the protein may have
affected the unfolding behaviour.

In the case of the CDOM33 there was also a large
increase in thermal stability upon binding of Ca2q.
Both the enthalpy and entropy of the unfolding
transition increased dramatically, resulting in an in-
crease in both the unfolding transition temperature
and the free energy of unfolding. These results agreed
with the results from the chemical stability studies
which showed that altering the binding affinity of the
loop improved the stability of calcium binding pro-
teins. The large increase in enthalpy and entropy for
CDOM33 compared to Y57W is most likely due to
the differences in the mode of binding to metal ions
in the two loops. For Y57W, there is a bridging
water in the binding loop at Asp-59 which partici-
pates in the binding process. For CDOM33, the
Glu-59 residue participates directly in coordinating
to the bound metal ion without the bridging water.
The entropy and enthalpy of the nearby Trp residue
would be expected to change dramatically upon
binding of metal ions. The direct coordination with-
out the need for bridging water molecules may also
explain the much higher overall stability of CDOM33
during both chemical and thermal denaturation.

The free energy and unfolding temperature values
obtained for Ca2q-loaded OM mutants were in all
cases lower than the values obtained by Henzl and

w xco-workers 16 for native rat oncomodulin and vari-
ous mutants with Ca2q bound. This discrepancy is
likely due to the lower ionic strength used in our

Ž .work 100 mM KCl as compared to the work by
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Ž .Henzl and coworkers 150 mM NaCl . The stability
of oncomodulin has been reported to be highly de-
pendent on the level of salt present, owing to electro-
static contributions to the conformational stability of

w xthe protein 35 .

3.7. Thermal denaturation of Tb3q-loaded proteins

Binding of terbium instead of calcium also im-
proved the thermal stability of each protein studied.
The thermal unfolding curves of terbium-loaded pro-
teins are shown in Fig. 6, while the thermodynamic
data is given in Table 5. The unfolding curves for
Y57W and CDOM33 mutants were obtained from
changes in Tb3q luminescence, while the unfolding
curves for Y65W and F102W were obtained from
changes in the intensity of Trp fluorescence. Interest-
ingly, the transition midpoints and free energy of
unfolding for Y57W increased significantly com-
pared to the case where Ca2q was bound. This is
further supported by the large increases in the en-
thalpy and entropy of unfolding on going from Ca2q

to Tb3q. The enthalpy, entropy and free energy of
the Y65W also increased substantially upon binding
of Tb3q, suggesting that there was a major confor-
mational change in the protein upon binding of the

Fig. 6. Fluorescence intensity changes during thermal denaturation
Ž . Ž . Ž .of terbium-loaded F102W v , Y65W ' , Y57W I and

Ž .CDOM33 l . The symbols are the experimentally derived data
points. The solid lines are the lines-of-best-fit as determined by

Ž .fitting to Eq. 2 . Fitting parameters are given in Table 5.

more highly charged lanthanide ion, in agreement
with the chemical denaturation results. Interestingly,
the free energy of terbium-loaded F102W appeared
to be lower than calcium-loaded protein even though
the T value was improved. However, the standardun

deviation in the enthalpy and entropy values was
quite large since the unfolding curve showed no
post-unfolding region owing to the upper tempera-

Ž .ture limit of our instrument 958C , which was past
the point where unfolding was completed. Hence, it
is possible that there was not a significant difference
in stability upon binding of Tb3q. For CDOM33, the
binding of Tb3q increased all thermodynamic val-
ues. This is consistent with the higher coordination
number for Tb3q as compared to Ca2q, and is in
agreement with the chemical denaturation studies.

4. Conclusions

This study has shown that single Trp mutants of
the Ca2q-binding protein oncomodulin can provide
useful information on effects of point mutations on
the stability of the protein when different levels or
types of metal ions are bound. In all cases, the
binding of metal ions resulted in large improvements
in both the chemical and thermal stability of the
protein. Comparison of the stability of proteins upon
binding of different ions showed clearly that both
thermal and chemical stability were improved upon
binding of metal ions with the order apo-Ca2q-

Tb3q. The thermodynamic parameters obtained in
this work reflect global denaturation of protein struc-
ture reported from different locations. The thermody-
namic values provided information on the degree to
which the presence of the Trp at different locations
either stabilized or destabilized the folding of the
protein, and how the presence of different metal ions
influenced this effect. Overall, the results suggested
that increasing the number of metal ligating oxygens
in the binding site, either by using a metal ion with a

Ž 3q.higher coordinate number i.e., Tb thereby draw-
ing in more carboxylate ligands, or by providing
more ligating groups, as in the CDOM33 replace-
ment, produces notable improvements in protein sta-
bility. This strongly suggests that the metal ion must
be removed before protein unfolding occurs.
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