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Abstract

Temperature-jump relaxation spectrometry has been used to study the unfolding properties of Ca -freeDrosophila2q

calmodulin from 278 to 336 K, monitored by absorption of Tyr-138. The T-jump amplitude data are well fitted
throughout with a melting temperatureT s315.7 K, DH s140.5 kJ mol andDC s3.28 kJ K mol , givingo y1 o y1 y1

m m p

DG s7.36 kJ mol for the C-domain, in good agreement with other data. The relaxation rate observed(timeo y1
293

range 1ms–1 ms) obeys a simple two-state kinetic mechanism throughout. The activation energy for unfolding is
nearly temperature-independent, in contrast to that for refolding, and hence the transition state is relatively compact,
resembling the folded state, and the relaxation time,t, shows complex temperature dependence. The domain unfolding
is a two-state process occurring witht of ;100 ms at theT . At 296 K, when the C-domain is;6% unfolded,m

k f305 s ,k f4660 s andtf200 ms. This closely resembles the rate and extent of a reported C-y1 y1
unfolding refolding

domain exchange process, inferred from NMR line-broadening at 296 K. The inherent instability of the apo-C-domain
of calmodulin indicates that the unfolded form significantly contributes to the physical properties of apo-calmodulin
at normal temperatures, and this instability is enhanced by low ionic strength conditions.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

This paper reports new experimental work on
the thermal stability of the important eukaryotic
protein, calmodulin(CaM). Protein stability stud-
ies have a direct link to the formative work of the
Schellman laboratory of the 1960s, when the field
was in its infancy. The subject has now been
transformed by the current capabilities for protein
expression, molecular genetics, site-directed muta-
genesis and protein engineering, posing even more
detailed questions of protein folding mechanisms.
The native state of a globular protein, on which
biological specificity and selectivity depends, is
typically a dynamic structure with only marginal
thermodynamic stability. Experimental studies of
protein folding processes continue to illuminate
the subtle relationship between protein structure
and stability.

Calmodulin is a 148-residue protein comprising
two structurally distinct domains,(N-domain, res-
idues 1–77; C-domain, residues 78–148) (seew1x
for a review). Each domain contains two EF-
hands. These segments are formed of a helix–
loop–helix motif, with a Ca -binding site2q

comprising a sequence of 12 residues, the first 10
of which constitute the loop portion. CaM is best
known as the ubiquitous intracellular receptor for
Ca with which it forms the Ca –CaM complex,2q

4

which in turn acts as the activator of numerous
enzymes. The function of Ca binding in CaM2q

is to induce a substantial conformational change
in both domains, due to the inclusion in the seven-
coordinate liganding sphere of the calcium ion, of
a bidentate glutamate residue, the 12th and last
residue of the Ca -binding loop central to the2q

EF-hand helix–loop–helix motif. Conformational
changes are essential to target recognition and
Ca -dependent enzyme regulation by CaMw2x.2q

In addition, CaM acts, apparently in the apo-state,
as the ‘light chain’ for numerous unconventional
(i.e. non-muscle) myosins, and the IQ target
sequence has now been recognised in a wide range
of proteinsw3x.

Calmodulin is an abundant protein, readily iso-
lated from natural sources, and also expressed in
recombinant form; the protein and its mutants have
been the subject of numerous biophysical studies

of its structure by X-ray crystallography, NMR
and optical spectroscopyw1x. The X-ray studies
are restricted to structures involving holo-CaM,
since to date the apo-form has not been suitably
crystallised. As a modular protein of two highly
homologous, but distinct structural domains, CaM
is of unusual interest for protein folding studies.
A primary objective of such studies has been to
determine the course of the transition between the
native(N) and unfolded(U) states, with particular
interest in the definition of ‘autonomous folding
units’ w4x and, by implication, the possible involve-
ment of one or more intermediate states and their
relationship to states N or U. Such intermediates
may occur either as equilibrium species, or as
transient kinetic species, with important implica-
tions for the initial steps of either the unfolding of
the native protein, or the refolding of the unfolded
state. The thermal denaturation of numerous small
proteins, such as phageT4 lysozymew5x, shows
simple two-state unfoldingw6,7x, and chemical
denaturation has been widely treated from both
equilibrium and kinetic perspectivesw8–10x.

Equilibrium unfolding properties of apo-CaM
and its separate apo-domains have recently been
studied by thermal and chemical denaturation(w11x
and references therein). The interpretation of
chemical denaturation data depends on the extrap-
olation of the experimentally determined free ener-
gy of stabilisation as a function of denaturant
concentration. The justification for a linear extrap-
olation of DG vs. wdenaturantx, ano

w x298, denaturant

essential assumption in the analysis, was provided
by Schellmanw12x. Since the two domains are
strongly homologous and structurally similar, apo-
CaM provides an interesting model for unfolding
studies. The equilibrium unfolding of apo-CaM by
chemical denaturation can be resolved into two
processes, corresponding to the individual
domains, identified using different near- and far-
UV optical parametersw11x. The separated apo-C-
domain(DG f8.5 kJ mol ) is less stable thano y1

293

the apo-N-domain(DG f12.5 kJ mol ), ando y1
293

in the intact apo-CaM, the C-domain is further
destabilised by;2.7 kJ mol , while the N-y1

domain is stabilised by a similar amount.
The same effects are observed in thermal stabil-

ity: the T of the C-domain in intact apo-CaMm
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(43.5 8C) is lower than the separate C-domain
(49.4 8C), whereas theT of the N-domain inm

intact apo-CaM(57.5 8C) is increased relative to
the separate N-domain(50.3 8C). Thus theTm

values of the separate domains are closely similar,
and the resolvable difference in intact apo-CaM
appears to be due to the interaction of the unfolded
C-domain with the(folded) N-domain. The total
free energy of stabilisation of either apo-domain is
small, consistent with the treatment of protein
thermal stability given by Becktel and Schellman
w7x, also rationalising the fact that point mutations
can cause remarkable changes inT for bothm

domains w13x. The effect of Ca binding on2q

stability follows the predictions of the ligand
binding theory as described by Schellmanw14x,
with the stability of the C-domain(having higher
affinity for Ca than the N-domain) being more2q

sensitive to Ca binding. By contrast, Mg has2q 2q

greater affinity for the N-domainw15x, and may
have the function of exerting some protective
effect on CaM when intracellularwCa x is low2q

(-100 nM).
Measurements of the stability of the C-domain

of apo-CaM w11x showed that this domain is
partially unfolded at room temperature. This would
have relevance to many biophysical studies, for
example optical and especially NMR spectroscopy,
on which the current structural model of apo-CaM
and its domains is basedw16–18x. The line-broad-
ening of apo-C-domain NMR resonance showed
that the C-domain was intrinsically more dynamic
than the N-domain on a sub-ms time-scalew19x.
In addition, many of the intra-strand NOE effects
normally observed in the C-domain disappeared at
low ionic strength, presumably due to expansion
of the highly negatively charged domainw20x.
Consistent with this, the thermal and chemical
denaturation of apo-CaM(and its individual
domains) have been shown to be significantly
enhanced at low ionic strengthw11x, but they are
largely unaffected by pH in the range 6–8, cov-
ering typical conditions of both optical and NMR
experiments.

By contrast with the detailed equilibrium
description, less is known in quantitative terms
about the kinetics of the dynamic processes and
the possible existence of transient kinetic inter-

mediates. Currently, the most widely used experi-
mental approach to folding kinetics is to initiate a
denaturant concentration relaxation process by
stopped-flow mixing, and observing either Trp-
fluorescence or(less commonly) peptide circular
dichroism (CD). (In fact, stopped-flow CD,
reviewed inw21x, also owes a debt to John Schell-
man’s encouragement.) The refolding process from
guanidine hydrochloride of parvalbumin, a CaM-
related EF-hand protein, occurred within the 18-
ms dead time of the far-UV CD stopped-flow
apparatusw22x. The limitations in time resolution
may be overcome in due course by new mixing
techniquesw23x. However, shorter time-resolution
can be obtained with the well-established tech-
nique of temperature-jump relaxation, pioneered
by Eigen and co-workersw24x. This technique is
widely applicable for proteins in an essentially
physiological buffer. It involves observation of
temperature-induced perturbations of a balanced
equilibrium system as a function of temperature,
with fluorescence or absorption measurements at
ms time resolution. Sub-ms resolution is now
available through laser-induced T-jumpw25x. The
related technique of pressure jump, either in single-
shot or repetitive mode, offers analogous infor-
mation, with time resolution of 50ms and longer
w26x. The kinetic approach to studying protein
stability using relaxation techniques does not
appear to have been applied to CaM or its
homologues.

The stability of both domains of CaM is
increased by Ca bindingw11,27x, to an extent2q

determined by the calcium concentration(cf. w14x).
Thus, it is the stability of the apo-form that is
central to the thermodynamic properties of the
system. The aim of the present work was to
characterise both the equilibrium and kinetics of
the complete unfolding transition of the C-domain
of apo-CaM as a function of temperature, moni-
tored by the absorption of the single Tyr-138 of
Drosophila CaM. We report refinements of the T-
jump technique applied over a 608C temperature
range. The data analysis has been extended to
examine critically the possible role of kinetic
intermediate species in this reaction, in order to
establish the consistency of the kinetic model with
that deriving from equilibrium studies. The kinetic
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approach provides additional thermodynamic cri-
teria that help to define the complexity and the
time range of the structural relaxation of apo-CaM
C-domain.

2. Materials and methods

Drosophila CaM was expressed inE. coli and
purified as described elsewherew13x. Calcium-free
(apo) samples were prepared by incubating with
5–25 mM EGTA and then desalting by passage
though two Pharmacia PD10(G25) columns equil-
ibrated with Chelex-treated buffer(25 mM Hepes,
100 mM KCl, pH 7.5). All measurements were
made with apo-CaM(240 mM) in 25 mM Hepes,
100 mM KCl, 1 mM EDTA (pH 7.5). In order to
avoid bubbles and cavitation at high temperatures,
the samples were carefully degassed prior to all
measurements. Solvent loss was avoided by using
a closed degassing syringe.

Static melting curves were measured with a
Uvikon 930 spectrophotometer(Kontron, Eching,
Germany) using a bandwidth of 1 nm and an
integration time of 4 s. Fused silica cuvettes
(10=10 mm ) were closed with a PTFE plug to2

prevent solvent loss at high temperature. Solutions
were heated at 30 K h using a modified K4Ry1

kryothermostat(Messgeraete-Werk LaudayTauber,
Germany). The temperature was measured using a
digital thermometer(TDA-01, Telemeter Electron-
ic, DonauwoerthyGermany) with a Pt-1000 tem-
perature sensor in one corner of the cuvette.
Uniform thermostatting was achieved using a rap-
idly spinning PTFE magnet, controlled by a Vari-
mag electronic mini-stirrer(HqP-Apparatebau,
Munich, Germany). The error in the temperature
wasF0.2 K.

T-jump measurements were made using a mod-
ified version of the instrument described by Rigler
et al. w28x. It is equipped for measurements of
both absorption and fluorescence, and was manu-
factured by Dia-Log GmbH(Dusseldorf, Germa-¨
ny). The light source (200-W HgyXe lamp;
Hanovia 901 B 11) gives a very intense line
spectrum of Hg with a small, continuous back-
ground of Xe, but has a stability very similar to a
pure Xe-lamp. The monochromator is the high-
intensity Schoeffel GM 250(250 mm, grating

1180 lines mm blazed at 300 nm, aperturey1

1:3.4). The original photomultiplier heads in the
absorption and reference light path were replaced
by photodiode heads(UV-Vis silicon photodiodes,
RCA C 30839) w29,30x. The T-jump sample cell
was the high-temperature design described in
Appendix A. The T-jump monochromator was set
to a bandwidth of 10 nm in order to obtain enough
light for low-noise signals in thems-range(band-
width defined by 50%-points). The static wave-
length was selected with respect to a doublet line
of neutral Hg(I) at 280.4 nm. Careful reinspection
revealed that there were also spectral lines at 281.5
and 284.8 nm from ionised Hg(II). The optical
density of Tyr-138 strongly decreases above 280
nm w31x. Thus, the effective T-jump wavelength
was approximately 283 nm and the T-jump ampli-
tude, after careful calibration of the T-jump cell,
was 20% lower than that calculated from the static
melting curve at 280.4 nm.

The measurements were made with the temper-
ature linearly increasing at 15 K h . T-jumps ofy1

1.2 K were made at 6-min intervals in order to
allow time for sufficient thermal re-equilibration
between jumps. The upper temperature limit of
336 K was determined by experimental limitations,
particularly with cavitation. Most T-jumps were
made with a sampling time of 1ms and a total
time axis of 16 ms. No relaxation processes were
found at longer times. The electronic rise-time
filter constant was either 2 or 5ms. The sample
conductance was 4 mS at 278 K and 2.5-fold
greater at 336 K; thus, the heating-energy time
constant was 1–6ms with charge capacitors of 20
and 50 nF. The convolution of both time constants
gives the effective signal rise time, which has been
accounted for in the fitting process. A small,
unresolved fast effect present with all T-jumps,
due to the thermal expansion of water and the
temperature dependence of the extinction coeffi-
cients, was subtracted. The relaxation times refer
to the final temperature after the T-jump, and the
amplitudes to the average of the initial and final
temperature.

Data were collected using a BryansyPhysical
Data 523A transient recorder(10 MHz, 10 bit,
dual time base), and analysed using a multi-
exponential fitting program based on a modified
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Fig. 1. T-jump relaxation of 240mM apo-CaM(final temper-
ature 317.8 K) plotted on a quasi-log time axis(see text). The
amplitude axis has been normalised toDTs1 K and a 10-mm
optical path length. Signal rise time 5.6ms, relaxation time 83
ms (indicated by the vertical bar). (a) Original measurement
with fit (thin line). (b) As curve(a), but digitally filtered with
time shiftst s29 ms andt s9 ms to suppress pressure oscil-1 2

lations. The residual fitting error around the centre line is
enlarged five-fold.

Marquardt algorithm. The relaxation curves were
plotted on a quasi-log time axis, in which the first
15 data points have a linear time scale, followed
by a log time axis with 10 data points per time
interval 1:2(see Fig. 1, which shows the T-jump
relaxation of 240mM apo-CaM for a final tem-
perature 317.8 K). Thus, 116 data points span a
time interval of 1:16 000. The slope of the curves
is continuous at the linearylog switching point.
The implied data-reduction algorithm gives an
excellent compromise between data resolution and

noise reduction. The data points given in the
figures are for individual T-jumps.

Additional information could be obtained using
Tyr-138 fluorescence measurements. Static fluores-
cence measurements show a fairly broad transition,
with increasing fluorescence intensity near to 315
K, superimposed on thermal quenching. Fluores-
cence T-jump measurementswexcitation at 283 nm;
emission through long pass filter(Schott WG
320)x show an unresolved fast decrease due to the
thermal quenching followed by a time-resolved
increase, which is compatible with the absorption
measurements. These fluorescence signals are,
however, noisier than the absorption signals and
were not used in the analysis.

A two-state unfoldingyrefolding reaction of a
protein is formulated as:

kU

N|U (1)
kN

where k and k are the rate coefficients forU N

unfolding and refolding, respectively. The equilib-
rium constantK is the concentration ratioc yc ,U N

which is:

w zo
x |Ksc yc sk yk sexp yDG T yRT (2)Ž .U N U N y ~

o o oDG T sDH T yTØDS T (3)Ž . Ž . Ž .
whereDG (T), DH (T), andDS (T) are the stan-o o o

dard values of the Gibbs energy, the enthalpy and
the entropy, respectively. The temperature depend-
ence ofDH (T) andDS (T), and thus ofDG (T),o o o

is expressed as:
o o oDH T sDH qDC TyT (4)Ž . Ž .m p m

o o oDS T sDS qDC Øln TyT (5)Ž . Ž .m p m

where the subscript m denotes values at the melt-
ing temperatureT (where Ks1). DCp sC yo o

m U

C is the heat capacity change between states Uo
N

and N. SubstitutingDS sDH yT yields:o o
m m m

o oDG T sDH 1yTyTŽ . Ž .m m

w zox |qDC TyT yTØln TyT (6)Ž .p m my ~

In studying protein unfolding using optical
measurements, we must allow for the fact that the
extinction coefficientś and ´ depend slightlyN U
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Fig. 2. Static melting curve for 240mM apo-CaM measured at
280.4 nm. The solid line is the computed best fit to Eq.(8).

on temperature:

´ T s´ q´9 TyT isU,N (7)Ž . Ž .i i,m i m

If the total protein concentration is written as
c sc qc , the absorbance per unit length is:0 N U

A T s´ T c q´ T cŽ . Ž . Ž .N N U U

w z
x |s ´ T q ´ T y´ T ØKy 1qK cŽ . Ž . Ž . Ž .N U N 0µ ∂y ~

(8)

wherec yc sKy(1qK) is the degree of conver-U 0

sion. The fit to this equation(using GRAFIT 3)
yields the static data set:T , DH , DC , ´ ando o

m m p N,m

´ . Values of´9 and ´9 were estimated fromU,m N U

the data at low and high temperatures.
The T-jump amplitude is obtained by differen-

tiating Eq.(8) and multiplying by the temperature
jump DT. There is a small, instantaneous, fast
component due to the temperature-dependent
extinction coefficients:

w
xDA T s ´9Ž .fast Ny

z
|q ´9 y´9 ØKy 1qK c DT (9)Ž . Ž .U N 0~

The time-resolved kinetic amplitude is analysed
using:

w z2w z
x | x |DA T s ´ T y´ T Ø Ky 1qKŽ . Ž . Ž . Ž .kin U Ny ~ y ~

w zo 2
x |Ø DH T yRT Øc DT (10)Ž . 0y ~

to yield the kinetic data set:T , DH , DC ando o
m m p

´ y´ .U,m N,m

For a two-state unfolding reaction, the reciprocal
relaxation time is equal to the sum of the rate
coefficientsk andk for unfolding and refolding:U N

1ytsk qk s 1q1yK k s 1qK k (11)Ž .Ž .U N U N

The rate coefficients are related to the activation
energiesE and E and to the activation entro-a,U a,N

piesS andS by:a,U a,N

w z
x |ksexp yE T yRTqS T yRT isU,NŽ . Ž .i a,i a,iy ~

(12)

We assume thatDH (T)sE (T)yE (T) ando
a,U a,N

DS (T)sS (T)yS (T). Therefore, analogouso
a,U a,N

to Eq. (4) and Eq.(5):

E T sE qC TyT ,Ž . Ž .a,i am,i a,i m

S T sS qC Øln TyT , isU,N (13)Ž . Ž .a,i am,i a,i m

whereC is the heat capacity of activation. Witha,i

respect to the numerical analysis, we definek asm

the rate coefficient for unfoldingand refolding at
TsT . Substitutingk sexp(yE yRT qS ym m am,i m am,i

R) yields:

ksk exp yE 1yTyT yŽ .i m am,i mµ
w z
x |RTyC TyT yTØln TyT yRT ,Ž .a,i m m ∂y ~

isU,N (14)

Combining Eq.(11) and Eq.(14) and usingK
and T calculated from the time-resolved ampli-m

tude data, the fit of 1yt yields k , E andC .m am,U a,U

The corresponding quantities for the refolding
reaction areE sE yDH andC sC yo

am,N am,U m a,N a,U

DC . The solid lines in the Arrhenius plots areo
p

then easily calculated. The individual rate coeffi-
cients at any temperature are calculated ask sN

(1yt)y(1qK) andk s(1yt)y(1q1yK).U

3. Results and discussion

Analysis of the static(equilibrium) absorbance
data(Fig. 2) and the T-jump amplitude data(Fig.
3) show that the thermal unfolding process moni-
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Fig. 3. Normalised T-jump amplitude for 240mM apo-CaM
measured at 283 nm. The solid line is the computed best fit to
Eq. (10).

Table 1
Thermodynamic parameters for unfolding of the C-domain in
apo-calmodulin

Statica T-jump amplitude
(280.4 nm) (283 nm)

DH (kJ mol )o y1
m 139.1"0.6 140.5"1.3

T (K)m 315.03"0.03 315.72"0.10
DC (kJ K mol )o y1 y1

p 3.357"0.074 3.278"0.23
´ (M Øcm )y1 y1

N,m 1727.4"0.92 –
´ (M Øcm )y1 y1

U,m 1172.2"0.63 –
´ y´ (M Øcm )y1 y1

U,m N,m y555.2"1.3 y444.6"3

Tolerances are standard deviations of the multiparameter
fitting.

´9 and ´9 were fixed aty1.54 andy0.58 M cma y1 y1
N U

K , respectively, in the analysis of the static data(see text).y1

Fig. 4. Variation of the reaction ratet with temperature. They1

solid line is the computed best fit to Eq.(14).

tored here using Tyr-138 is well accounted for in
terms of a simple two-state unfolding equilibrium.
Values ofDH , T andDC determined from theseo o

m m p

two analyses are in excellent agreement(Table 1)
and are closely similar to published values deter-
mined under slightly different solvent conditions
w11,32x. Although only the signal from the single
tyrosine residue is monitored in this study, the
thermodynamic parameters correspond well to
those determined for the C-domain by monitoring
thermal unfolding using the change in its overall
secondary structure, as assessed by far-UV CD
w11x. We also note that theDC value (3.28 kJo

p

K mol ), the calculatedDH value (197 kJy1 y1 o
333

mol ) and the calculatedDS value (0.62 kJy1 o
333

K mol ) are very similar to those predictedy1 y1

for a protein with 71 residues(4.11 kJ Ky1

mol , 210 kJ mol and 0.63 kJ K mol ,y1 y1 y1 y1

respectivelyw33x). The thermodynamic parameters
determined here predict a low free energy of
stabilisation at 293 K(DG ) of 7.36 kJ mol .o y1

293

This value agrees well with the value determined
using urea unfolding at this temperaturew11x, and
is consistent with the observation that point muta-
tions in the hydrophobic core(of either domain of
CaM) can markedly reduce the stability(with
reductions inT of more than 508C in somem

cases), and hence cause complete unfolding at
normal temperaturesw13x.

Although the variation in relaxation rate,ty1

(sk qk ), with temperature(Fig. 4) is complex,U N

it is also well accounted for by a simple two-state
unfolding mechanism. Plots of the individual rate
coefficients as log(k) vs. (1yT) are not linear for
either folding or unfolding(Fig. 5), as expected
for a reaction with a heat capacity change between
the ground and activated states. The curve for the
unfolding rate coefficient(k ) is, in fact, close toU
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Fig. 5. Variation of the rate coefficientsk and k with tem-U N

perature. The solid lines were calculated using Eq.(12).

Table 2
Kinetics parameters for unfolding of the C-domain in apo-
calmodulin

Unfolding Refolding

isU,N kU kN

k (s )y1
m 5090"96 (5090"96)

E (kJ mol )y1
am,i 119.5"1.1 y21.0"2.0a

C (kJ K mol )y1 y1
a,i 0.856"0.090 y2.42"0.3a

Including tolerances of amplitude fitting.a

linearity, with the rate coefficient varying by
almost four orders of magnitude over the temper-
ature range studied. This is becauseE is largeam,U

and positive, andC is small and positive(Tablea,U

2). By contrast, the curve for the folding rate
coefficient(k ) shows very high curvature. It goesN

through a maximum of;5700 s at 307 K andy1

remains within one order of magnitude over the
entire temperature range studied. This is because
E is small and negative, whilstC is largeam,N a,N

and negative(Table 2). This characteristic behav-
iour of the folding rate coefficient has now been
reported for a number of small proteinsw5,26,34–
37x, and this breakdown of the totalDC (with ao

p

small E ) is taken to indicate the existence ofam,N

a compact transition state, which maintains most
of the hydrophobic interactions of the native state.

4. Conclusions: the dynamics of the apo-CaM
C-domain

The biological function of calmodulin requires
a potentially dynamic structure to allow for Ca -2q

induced conformational changes. Structural disor-
der of holo-CaMw38x has been analysed in terms
of the correlated motion of substructures, poten-

tially implying a continuum of(closely related)
structures in solution, which could facilitate target-
dependent adjustment of its surfaces to optimise
docking interactions. Consistent with this, N15

NMR relaxation measurementsw39x show that the
backbone dynamics of holo-CaM domains reflect
the global motion of a given domain. The NMR
studies of apo-CaM show it to be a much more
dynamic structure than holo-CaM, with a much
greater breadth of conformational distribution. The
EF-hand loop sequences are much less structured,
and the C-domain specifically shows general line-
broadening of many residues. This effect is attrib-
uted to exchange processes on the time-scale of
100s of ms, consistent with dynamic exchange
between the majority species and;10% of one
or more additional conformersw16,17,19x. The
dynamic nature of the apo-state is also illustrated
by the observationw20x that, in solutions of low
ionic strength, the intra-strand NOE signals of the
apo-C-domain disappear, implying(at least) an
expansion of the molecule, which carries high
negative charge at neutral pH, but with retention
of secondary structure. Thus CaM, particularly in
its apo-state, is a molecule that exhibits an unusual
degree of flexibility, especially in the C-domain.
However, the locally dynamic nature of the folded
state evidently does not result in additional com-
plexity of the two-state equilibrium unfolding reac-
tion of this domain.

A further feature of the domain structure of
CaM relates to a possible interaction of the
domains during the unfolding process,w11x. The
apo-C-domain is the less stable of the two
domains, and will generally unfold in the presence
of a folded apo-N-domain. The observation that
the thermodynamic stability for the apo-C-domain
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Fig. 6. High-temperature T-jump sample cell:(a) vertical cross-
section in the absorptionyexcitation light path; and(b) hori-
zontal cross-section in the centre of the cell. Coarse hatching,
stainless steel and brass; dense hatching, silicon rubber; dotted,
plastic (black polyacetal resin, polyurethane foam with lower
electrode); clear, fused silica. Electrodes are coated with solid
platinum. Numbering: 1, cell head with grounded upper elec-
trode; 2, cell body; 3, fused silica cube with sample cavity; 4,
lower electrode with high-voltage connector; 5, plan convex
lenses with emission windows; 6, Pt-1000 temperature sensor;
and 7, connectors for the Pt-1000 sensor.

of CaM is lower than that of the isolated domain
has been interpreted as involving an interaction
between the unfolded C-domain and the folded N-
domain. This occurs without perturbation of the
equilibrium unfolding mechanism, which follows
a two-state unfolding process for each domain
w11x.

The work described here shows that the kinetics
of the thermal unfolding of the C-terminal domain
of apo-CaM may also be described as a transition
between just two states, namely the folded and
unfolded forms of the C-domain. The process is

therefore kinetically described by the two rate
coefficients for folding and unfolding. The absence
of any additional kinetic processes in the time
range observed(2 ms to ;16 ms, and longer
times using the cooling correction described by
Rabl w40x) indicates the persistence of this two-
state behaviour over the full temperature range
studied. There is therefore no evidence for an
additional intermediate kinetic state of the C-
domain that might be related to a substructural
component(e.g. one EF-hand of the pair compris-
ing the domain). The single relaxation process is
associated with unfolding of the C-domain in the
presence the(predominantly) folded N-domain
(see above). Possible minor, coupled relaxation
processes, associated for example with the alter-
native, less probable pathway of the unfolding of
the C-domain in the presence of an already unfold-
ed N-domain, would most probably have a similar
native-like transition state for the C-domain, and
hence a similar unfolding rate(which dominates
the relaxation rate at high temperatures). Such a
pathway would be expected to contribute more
significantly to the data only at high temperatures
()325 K), where amplitudes are small. It is
unlikely, therefore, that such a process would be
detectable in these experiments as a possible dif-
ferential relaxation of the C-domain in the presence
of either folded or unfolded N-domain. Hence, the
two-state kinetic behaviour appears fully consistent
with the two-state equilibrium unfolding mecha-
nism for this domain.

The thermodynamic parameters for the C-ter-
minal domain of CaM(Table 1) enable us to
calculate that the percentage of molecules with an
unfolded C-domain varies from;2.5% at 108C
to ;13% at 308C under our experimental condi-
tions. The relaxation time for equilibration between
the native and unfolded formsw(k qk ) x variesy1

U N

from ;470 ms at 10 8C to ;160 ms at 30 8C.
Hence, many biophysical measurements on apo-
CaM under typical conditions(10–308C and 100
mM KCl) are likely to include contributions from
both folded and unfolded states of the protein. At
lower ionic strengths, where CaM is even less
stable w11x, the percentage of molecules with an
unfolded C-domain is still higher. The biophysical
studies detailed in Section 1w16,17,19,38x illus-
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trate the presence in apo-CaM of dynamic pro-
cesses within either domain, and more evidently
in the C-domain. Thus, we can enquire whether
these dynamic exchange processes represent
unfolding, or are a composite of minor variations
in structure of the apo-domain that do not involve
large changes in exposed surface area, and hence
solvent interaction. These structures would then be
effectively isoenergetic, and likely to exchange
relatively rapidly. The exchange process identified
by NMR is reported to involve approximately 5–
10% of an additional state, but is in fact relatively
slow, with a relaxation time of a few 100ms
(;350 ms, w19x). This relaxation time is very
similar to that for equilibration between the native
and unfolded forms of the apo-C-domain, which
we calculate to be;200 ms at the temperature of
the NMR experiment(23 8C), where the domain
is ;6% unfolded. Hence, both the time scale and
the magnitude of the effect appear fully consistent
with the NMR properties affected by the kinetics
and the extent of the folding–unfolding process.
It should be noted that hydrogen exchange at 23
8C shows a large number of rapidly exchanging
backbone NH moieties in the C-domain, but also
a smaller number of slowly exchanging residues,
particularly in helix-G, indicating the persistence
of some degree of protectionw19x. Thus, while it
appears that this unfolded state must retain at least
a small amount of residual structure, we conclude
that the unfolded state of the apo-C-domain is
implicated in the exchange process inferred from
the NMR line-broadening observed.

Appendix A: High-temperature T-jump cell

The insulating body of a T-jump cell is made of
plastic (e.g. black polyacetal resin). The optical
windows are usually cones of high-quality fused
silica and the electrodes are cold-drawn gold or
platinum, soldered onto brass. The sample cells
are inserted into a large, temperature-controlled
metal block with a high-voltage(HV) connector
at the bottom. Thermal equilibration is mainly
achieved via the grounded upper electrode.

Two problems are inherent with plastic material:
low thermal conductivity and a large thermal
expansion coefficient. The first problem has been

partly overcome by armouring black PTFE with
stainless steelw28x. This armouring cannot, how-
ever, be used over an extended temperature range
because of the different thermal expansion, espe-
cially with conical wide-angle fluorescence emis-
sion windows. The high-temperature cell shown in
Fig. 6 was due to an idea of Detlev Riesner(see
w41x). The centre part is a hollow cube of fused
silica plates with half-spherical cut-outs above and
below a sample cavity of 7 mm in path length
(manufactured by Hellma, Muellheim, Germany).
Some modifications to the original design have
been made to reduce sample volume, improve the
HV breakdown limit, reduce the thermal inertness
(by reducing the thermal mass of the lower elec-
trode) and improve temperature measurement. The
distance between the electrodes is 12 mm and the
minimum sample volume is 1.3 ml. Differences in
the thermal expansion of different materials have
been buffered using silicon rubber. The main
advantage of the fused silica cube is that the
conductivity of heat is five-fold better than that of
conventional plastics. A small Pt-1000 thin-film
resistor(M-FK 422, Heraeus, Hanau, Germany) is
mounted near to the entrance window and con-
nected to a linearised digital-thermometer device
with a four-pole connector.

For thermal calibration, the upper electrode has
been replaced by a stainless steel electrode of the
same dimensions. This electrode had two deep,
blind holes and a central through-hole. In one
blind hole there is another Pt-1000 element to
measure the electrode temperature. In the other
two holes, there is a precisely matched pair of
NTC-thermistors in a bridge circuit to measure the
temperature difference between the electrode and
the centre of the liquid sample. The thermistors
have a thin shaft(2=25 mm ) of glass tubing;2

the position of the thermistor in the liquid is
adjusted to be slightly below the centre of the
optical axis with respect to the thermal conductiv-
ity of the glass shaft. Two other platinum thermom-
eters are used for monitoring the thermostat bath
temperature and the cell holder temperature. Thus,
there are six points of temperature measurement,
and a computer program is used for monitoring
the various temperatures and temperature differ-
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ences. The electrolytic conductivity of the sample
is also monitored.

Increasing the thermostat bath temperature at 18
K h increased the temperature rise within they1

cell at 15 K h . The temperature differencey1

between the centre of the cell and the Pt-1000 at
the outside of the fused silica cube was"0.1 K
at 289 K and 0.2"0.3 K at 333 K. The correspond-
ing temperature difference between the upper elec-
trode and the centre of the cell was"0.1 K at
289 K and 2.2"0.3 K at 333 K. Referred to the
sample volume observed by the light path, the
uncertainty of the Pt-1000 reading is less than 1
K, also at lower temperatures.
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