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ABSTRACT: Temperature-induced reversible unfolding and refolding of the three-strandedR-helical coiled
coil, Lpp-56, were studied by kinetic and thermodynamic methods, using CD spectroscopy, dynamic
light scattering, and scanning calorimetry. It was found that both unfolding and refolding reactions of this
protein in neutral solution in the presence of 100 mM NaCl are characterized by unusually slow kinetics,
which permits detailed investigation of the mechanism of these reactions. Kinetic analyses show that the
unfolding of this coiled coil represents a single-stage first-order reaction, while the refolding represents
a single-stage third-order reaction. The activation enthalpy and entropy for unfolding do not depend
noticeably on temperature and are both significantly greater than those for the folding reaction, which
show a significant dependence on temperature. The activation heat capacity change for the unfolding
reaction is close to zero, while it is quite significant for the folding reaction. The correlation between the
activation and structural parameters obtained for the Lpp-56 coiled coil suggests that interhelical van der
Waals interactions are disrupted in the transition state, which is nevertheless still compact, and water has
not yet penetrated into the interface; the transition from the transient state to the unfolded state results in
hydration of exposed apolar groups of the interface and the disruption of helices. The low propensity for
the Lpp-56 strands to fold and associate is caused by the high number of charged groups at neutral pH.
On one hand, these charges give rise to considerable repulsive forces destabilizing the helical conformation
of the strands. On the other hand, they align the folded helices in parallel and in register so that the apolar
sides face each other, and the oppositely charged groups may form salt links, which are important for the
formation of the trimeric coiled coil. A decrease in pH, which eliminates the salt links, dramatically
decreases the stability of Lpp-56; its structure becomes less rigid and unfolds much faster.

The R-helix andR-helical coiled coils represent funda-
mental structural motifs in proteins. The relative simplicity
of coiled coils suggests that they might be effective models
for understanding protein design and the mechanism of
folding (1-4). The folding and unfolding of the single-
strandedR-helix and two-strandedR-helical coiled coils have
therefore been intensively studied experimentally and theo-
retically (see refs5-15). Three-stranded coiled coils have
been studied much less (16-19), although they present
considerable interest themselves as biological molecules and
also as the next level in modeling globular proteins by a
bundle of helices (see refs20 and21).

Here we present the results of studying the unfolding and
refolding of the three-strandedR-helical coiled coil, Lpp-
56,1 which is a fragment of a lipoprotein from the outer
membrane ofEscherichia coli(22). Crystallographic study
of this protein (23, 24) showed that its three helical strands
form an apolar core inside the coiled coil and the polar

external surface (Figure 1A,B). However, at neutral pH, the
three helical strands are held together not only by the
hydrophobic forces maintaining the apolar core but also by
the salt links between the negatively and positively charged
Asp and Lys residues, which become spatially close in the
trimeric structure (Figure 1C). Our investigation has revealed
a rather unexpected feature of the temperature-induced
unfolding and refolding of this protein: both these reactions
are extremely slow at neutral pHs. Correspondingly, the
experimentally observed melting profiles of this molecule
do not reflect a real equilibrium. This causes certain
difficulties in studying the energetic bases of the structure
of this protein, but it opens prospects for detailed investiga-
tion of the dynamics of its formation. Similar situations, when
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1 Abbreviations: Lpp-56, 56-amino acid polypeptide of the trimeric
coiled-coil domain of theE. coli outer membrane lipoprotein;Cp, partial
molar heat capacity;Cp

exc(T), excess heat capacity as a function of
temperature;Cp

max, heat capacity value at the heat absorption peak;
∆Cp, heat capacity increment upon unfolding of the protein;∆Hcal and
∆HvH, enthalpies measured calorimetrically and determined using the
van’t Hoff equation, respectively;Tmax or Tm, temperature of heat
absorption maximum at the melting of the coiled coil;TG, temperature
at which the Gibbs energy of the equilibrium unfolding of the protein
is zero; Tt, equilibrium transition temperature at which half of the
molecules are in the unfolded state in the equilibrium process.
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the experimentally observed unfolding of protein proceeds
far from equilibrium, are rather frequent in protein science
and, if not recognized, might raise doubts about the ap-
plicability of thermodynamics to proteins in general (see refs
25 and26).

MATERIALS AND METHODS

Protein Isolation and Characterization.The Lpp-56
protein was isolated as described in ref24. The sequence of
the protein is given in Figure 1. Results of MALDI mass
spectrometry analysis showed that the protein samples were
highly homogeneous, and the estimated molecular mass
(6156.3 Da) corresponds well with that calculated from its
sequence (6153.7 Da). Concentrations of the Lpp-56 protein
in solution were determined spectrophotometrically using an
extinction coefficientE270 of 1280 M-1 cm-1. Experiments
were carried out in two standard solutions: 100 mM NaCl,
10 mM sodium phosphate buffer (pH 7.4) and 100 mM NaCl,
10 mM glycine-HCl buffer (pH 3.0). The protein solutions
prepared for the experiments, particularly calorimetric, were
carefully dialyzed against solvent.

Calorimetry.Calorimetric measurements were carried out
on a Nano-DSC instrument (Calorimetric Science Corp.) with
capillary calorimetric cells. The advantage of this instrument
is that it has a short relaxation time (<20 s), can scan up
and down between 0 and 130°C with a chosen constant
rate, and has an exceptionally stable baseline, which is
needed for determining the absolute partial heat capacity of

a protein over the whole operational temperature range. In
the calorimetric experiments with Lpp-56, we used scanning
rates from 0.125 to 2.0 K/min, but most of the experiments
were carried out at 1.0 K/min. The Nano-DSC instrument is
equipped with the software program to run itself and process
the measured data, to determine the partial heat capacity as
a function of temperature and analyze it (27, 28).

Ellipticity. The ellipticity of the Lpp-56 protein was studied
using a JASCO J-710 spectropolarimeter. The temperature
was scanned up and down with different fixed rates using a
Peltier PTC-3481 temperature controller. In the kinetic
experiments, the native protein solution was heated rapidly
or the preheated solution was cooled rapidly to the required
temperature. For this purpose, we did not need to use
stopped-flow equipment because both the unfolding and
refolding reactions of Lpp-56 are very slow, proceeding over
many minutes. For analysis of the reaction rate, we used the
initial part of the recorded kinetics curve in which the
contribution of the backward reaction is insignificant.

Light Scattering.Dynamic light scattering experiments
were carried out using a DynaPro Molecular Sizing Instru-
ment equipped with a Peltier thermostated cell holder and
operated under the control of Dynamics 4.0 data acquisition
and analysis software. This instrument measures the intensity
of scattered light and estimates the apparent hydrodynamic
radius of the averaged scattering macromolecules. A special
12 µL quartz microcuvette was used. All solutions were
filtered using a MicroFilter system equipped with 0.1 and
0.02µm Anodisc filters. In kinetic experiments of refolding,
the light scattering was recorded at 50°C after fast cooling

FIGURE 1: (A) Side view of the separatedR-helical strands of the Lpp-56 trimeric coiled coil showing that their contact surfaces are apolar
and completely dehydrated in contrast to the polar external surfaces, which bind a considerable number of water molecules (immobilized
water molecules are shown by the red beads, negative charges are blue, and the red spheres show positively charged Lys and Arg residues).
(B) Axial view of Lpp-56 showing the hydrophobic core, which goes along the trimeric coiled coil. (C) Axial slice of Lpp-56 showing
formation of the salt links between the Asp and Lys residues at neutral pH. At the bottom is given the sequence of the Lpp-56 polypeptide
chain.
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from 72 °C. The rate constant was determined by fitting to
the experimental curve the function characterizing the third-
order reaction:

where I fld and Iunf are the intensities of the scattered light
specific for the folded and unfolded protein, respectively,
and [F3] is the concentration of the trimer. In the determi-
nation of the radius of gyration, the axial ratio of Lpp-56
was assumed to be 1/5.

Analysis of the Apparent Excess Heat Capacity Profiles.
Slow unfolding-refolding kinetics of the Lpp-56 coiled-coil
trimer induce deformation of the DSC profiles. Analysis of
obtained profiles monitored at different heating and cooling
rates can provide information about the rates of unfolding-
refolding processes and evaluate thermodynamic parameters
in equilibrium.

The excess heat capacity function for the nonequilibrium
process is calculated from the equation

where kunf is the rate constant for first-order kinetics of
denaturation,kfld is the rate constant for the third-order
kinetics of refolding, andV is the heating or cooling rate.
θeq(T) andθ(T) are the fractional populations of the denatured

form in equilibrium and under experimental nonequilibrium
conditions, respectively; [F3]0 is the concentration of the Lpp-
56 trimer. Equation 2 is derived in the Supporting Informa-
tion. On the basis of this equation, the experimental profiles
of Lpp-56 unfolding and refolding were fitted by the lab-
made “3M-kinetics” program (which can be requested) and
the activation energies (∆H*unf and∆H* fld), the rate constants
of unfolding and refolding (kunf andkfld, respectively), and
the fractional population of the unfolded form in equilibrium
(θeq) were determined.

Structure Analysis. The water ASAs of the Lpp-56 protein,
separated helical chains, and peptides in the extended
conformation were determined by NACCESS (http://wol-
f.umist.ac.uk./naccess/). For the molecular graphics, Mole
was used.

RESULTS

Melting Profiles of Lpp-56 at Neutral pH.Figure 2A shows
the temperature dependencies of the ellipticity of Lpp-56
(inset) and its temperature derivative upon consecutive
heatings of the same sample after its slow cooling to the
starting temperature of 0°C at pH 7.4 in the presence 100
mM KCl. It appears that Lpp-56 is fully helical below 50
°C and completely loses its helical conformation over a
narrow temperature range of 55-70 °C. This process of
unfolding and dissociation of the trimeric coiled coil proceeds
with intensive heat absorption, which results in a noticeable
heat capacity increment,∆Cp (Figure 2B). We can consider
this process a “melting” of the coiled coil and, correspond-
ingly, denote the temperature of maximum heat absorption
as a melting temperature (Tm ) Tmax).

FIGURE 2: (A) Temperature dependencies of the mean residue ellipticity at 220 nm of Lpp-56 at pH 7.4 upon consecutive heatings of the
same sample after its slow cooling to the starting temperature of 0°C (inset), and the temperature derivatives of these functions. (B)
Temperature dependencies of the partial molar heat capacity of Lpp-56 upon consecutive heatings of the same sample. (C) Heat capacity
functions of Lpp-56 obtained at different heating rates. (D) Heat capacity functions of Lpp-56 obtained at different cooling rates. The
concentration of the monomers in all experiments was 210µM.
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The change in ellipticity and the heat absorption peak are
largely reproducible on consecutive heating runs of the same
sample. The small decrease in the initial ellipticity and of
the area of the heat absorption peak on repeated runs results
from some degradation of the polypeptide, which typically
takes place at high temperatures. The sharpness of the heat
absorption peak and its correspondence with the observed
changes in ellipticity suggest that the process of unfolding
of the Lpp-56 is highly cooperative.

It is notable that the partial heat capacity of Lpp-56 initially
increases linearly with an increase in temperature with a
rather small slope (∂Cp/∂T ) 0.17 ( 0.01 kJ K-2 mol-1 )
9.3 ( 0.5 mJ K-2 g-1). Calculated per gram, the specific
slope is slightly greater than that for proteins with rigid
structure, such as BPTI [∂Cp/∂T ) 6.0 ( 0.5 mJ K-2 g-1

(29)], but it is significantly smaller than the heat capacity
dependencies on temperature of the two-stranded coiled coils
(7, 9, 15, 30, 31). This shows that the initial three-stranded
coiled-coil structure of Lpp-56 is quite rigid, and an increase
in temperature does not significantly intensify fluctuations
of its structure until the critical temperature is reached, where
it unfolds cooperatively.

Extrapolating the heat capacities of the folded and unfolded
states into the transition zone (Figure 2B), one can determine
the heat capacity increment upon protein unfolding,∆Cp,
and, from the heat absorption peak area, the enthalpy of
unfolding, ∆Hcal (Table 1).

The simplest assumption would be that the process of
dissociation and unfolding of the three helical strands of Lpp-
56 (F3 S 3U) is a cooperative third-order reaction. One can
determine then the van’t Hoff enthalpy of this process from
its sharpness at the melting temperature,Tm, i.e., from the
height of the heat absorption peak,Cp

max, normalized to its
area,∆Hcal, assuming thatn ) 3 (28):

The values obtained for∆HvH are listed in Table 1.
Surprisingly, they are in stark conflict with the calori-
metrically measured∆Hcal: the van’t Hoff enthalpy is almost
twice the calorimetric enthalpy. Moreover, Table 1 shows

that the unfolding temperature does not depend on concen-
tration as expected for a multimeric reaction. On the other
hand, the melting profiles show a substantial dependence on
the heating rate (Figure 2C) and especially on the cooling
rate (Figure 2D).

It is notable that the heat effects in the cooling experiments
depend significantly on the concentration, in contrast to the
heating experiment. This becomes especially clear using
ellipticity as an index of the reaction process, since the CD
spectrometer permits variation of protein concentration over
a significantly larger range than the DSC instrument (Figure
3).

The significant differences between the profiles obtained
on heating and cooling, i.e., the large hysteresis, demonstrate
that, in both cases, we do not have thermodynamic equilib-
rium. This conclusion is confirmed by studying the kinetics
of unfolding and refolding of Lpp-56 at different tempera-
tures using CD spectroscopy.

Kinetic Studies of the Lpp-56 Unfolding and Refolding at
Neutral pH.By heating the protein solution rapidly to some
fixed temperature above theTm, or cooling rapidly the
preheated protein solution below theTm, one can easily
measure the kinetics of the Lpp-56 unfolding and refolding
because both processes are slow, proceeding over many
minutes and even hours.

FIGURE 3: (A) Ellipticity profiles of Lpp-56 obtained upon heating and cooling at 65µM monomers in solution at pH 7.4. The inset shows
the ellipticity spectrum of Lpp-56 at 20 and 83°C. (B) Fraction of the trimers in heating and cooling experiments at different protein
concentrations.

∆HvH(Tm) )
(xn + 1)2RTm

2Cp
max

∆Hcal
)

7.46RTm
2Cp

max

∆Hcal
(3)

Table 1: Calorimetrically Measured Apparent Thermodynamic
Characteristics of the Lpp-56 Trimer and Its Unfolding and
Dissociation (melting) at pH 7.4 and 3.0a

pH heating rate concentration (∂Cp/∂T) ∆Cp Tm ∆Hcal ∆HvH

7.0b 1.0 69.3 0.17 2.5 65.0 660 1150
0.5 67.7 0.17 - 64.3 676 1080
0.25 63.7 0.17 - 63.1 657 1073
0.125 138.3 - - 61.5 699 1090

3.0c 1.0 360 0.25 2.2 43 350 430

σ (0.01 (0.2 (0.1 (20 (50

a Heating rate in kelvin per minute. Concentration in micromolar
trimer. Cp and ∆Cp in kilojoules per kelvin per mole.Tm (the
temperature of heat absorption peak maximum) in degrees Celsius.
∆Hcal and ∆HvH are enthalpies measured calorimetrically and deter-
mined using the van’t Hoff equation, respectively, both in kilojoules
per mole. (∂Cp/∂T) in kilojoules per square kelvin per mole.b In 100
mM NaCl, 10 mM sodium phosphate buffer (pH 7.4).c In 100 mM
NaCl, 10 mM Gly-HCl buffer (pH 3.0).
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The transition of the folded trimeric coiled coil into
unfolded monomers (F3 f 3U) is described by the first-
order kinetic reaction:

where kunf is an unfolding rate constant and [F3] is the
concentration of the folded trimer. Its integration gives for
the fraction of folded trimersθ ) [F3]/[F3]0 ) exp(kunft) or

Figure 4A shows that the logarithm of the fraction of
folded molecules, ln(θ), is a linear function of time; i.e., this
process is indeed a first-order reaction. In contrast, folding
of trimer from the unfolded monomers (3Uf F3) is
described by the third-order kinetic reaction

The integration of which gives

Correspondingly, the kinetic data of the refolding reaction
appear as a linear function of time only with respect to 1/(1
- θ)2, i.e., in the coordinates linearizing the third-order
reaction (Figure 4B). As follows from eq 7, the slope of the
kinetic functions (R ) 18kfld[F3]2) for the third-order reaction
should be proportional to the square of the concentration of
the protein (inset of Figure 4B). The slope defines the rate
constant at the given temperature. The rate constants
determined by kinetic experiments at various temperatures
are listed in Table 2 and in Figure 5 are plotted in Arrhenius
coordinates.

According to the Arrhenius equation

the slope of lnk versus 1/RT corresponds to the activation
energy∆E* for the unfolding and refolding reactions. It is
notable that the function for the unfolding reaction appears
to be linear, which means that the activation energy does

not depend noticeably on temperature; i.e., the activation heat
capacity effect is close to zero. In contrast, the function for
refolding shows substantial curvature, which suggests that
the activation energy for refolding depends on temperature.
The activation heat capacity of refolding,∆Cp*, obtained
by fitting the data shown in Figure 5, is equal to-2.4( 0.3
kJ K-1 mol-1. The activation heat capacity effect thus is very
close to the calorimetrically measured total heat capacity
increment of Lpp-56 unfolding (Table 1). The fact that the
activation heat capacity changes mainly with the transition
from the unfolded to the activated state is in agreement with
data obtained for many other globular proteins (see ref32).
The activation energy,∆E*, can in fact be considered the
activation enthalpy,∆H* , since they differ byRT (=2.7 kJ/
mol), i.e., a value which is on the order of our experimental
error.

Using transition rate theory, from the observed rate
constant one can also determine the activation Gibbs energy,
∆G*, and the activation entropy,∆S*, bearing in mind that
the observed rate constant exponentially depends on these
two parameters:

FIGURE 4: (A) Dependence of the logarithm of the fraction of folded
Lpp-56 molecules on time, determined in unfolding kinetic experi-
ments using a temperature jump from 20°C to 60, 63, and 65°C
and 65µM protein in a pH 7.4 solution. (B) Dependence of the
inverse square of the fraction of unfolded Lpp-56 molecules on
time, determined in refolding kinetic experiments using a temper-
ature jump from 72 to 25°C at protein concentrations of 162 (1),
81 (2), 40.6 (3), and 20.3µM (4). The inset shows the dependence
of the slopes,R, of the kinetic functions on protein concentration.

∂[F3]

∂t
) -kunf[F3] (4)

ln(θ) ) -kunft (5)

d[U]
dt

) -kfld[U]3 (6)

1/(1 - θ)2 ) 1 + 18kfld[F3]0
2t (7)

k ) γ exp(-∆E*/RT) (8)

Table 2: Rate Constants of Lpp-56 Unfolding and Refolding
Determined by the CD-Kinetic Experiments at pH 7.4a

unfoldingb refoldingc

T (°C) kunf (s-1) T (°C) kfld (M-2 s-1)

60.0 3.4× 10-4 5.0 2.3× 106

63.0 1.9× 10-3 15.0 9.2× 105

65.0 6.3× 10-3 25.0 2.9× 105

70.0 1.2× 10-1 35.0 8.2× 104

- - 45.0 1.8× 104

a The concentration of Lpp-56 in kinetic experiments was 65µM.
b For unfolding, the heating jump from 20°C to 60, 63, 65, and 70°C
was used.c For refolding, the cooling jump from 72°C to 50, 45, 36,
25 15, and 5°C was used.

FIGURE 5: Dependence of the logarithm of the rate constants of
unfolding (9) and refolding (0) of Lpp-56 at pH 7.4 on the inverse
temperature as determined from the CD-kinetic experiments. For
unfolding, rapid heating from 20°C to 60, 63, 65, and 70°C was
used; for refolding, rapid cooling from 72°C to 45, 36, 25, 15,
and 5°C was used. The dependence is linear for unfolding and
shows clear curvature for refolding [the fitted function is shown as
the solid line (1)]. It means that unfolding proceeds with an
activation heat capacity effect close to zero, but refolding is
associated with a significant negative activation heat capacity
change. The dashed lines (2 and 3) show the functions determined
by fitting the DSC-melting profiles of Lpp-56. The inset shows
the functions of the logarithm of the rate constants of unfolding
and refolding of Lpp-56 obtained by fitting the DSC-melting profiles
at pH 3.0.

k ) γ exp(-∆G*/RT) )
γ exp(-∆H*/RT) exp(∆S*/R) (9)
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However, in contrast to∆H* , the value of which does
not depend on the preexponential coefficient (see eq 4), the
values of ∆G* and ∆S* depend on the preexponential
coefficientγ, the value of which is not precisely determined
and, depending on the formalism that is chosen, varies over
the range from 6.2× 1012 M-1 s-1 according to Eyring’s
formalism (33) to 3.3× 109 M-1 s-1 according to Kramers’
formalism (34) (see also refs9, 32, and35). This leads to
some uncertainty in the values of∆G* and ∆S*, as shown
in Table 3, which in the case of the entropy is relatively
small but is significant in the case of the Gibbs energy.

Dynamic Light Scattering Experiment.Similar refolding
experiments were also carried out using the dynamic light
scattering method. Figure 6 shows that the intensity of light
scattering by the Lpp-56 solution, which was preheated to
72 °C and cooled rapidly to 50°C, increases with time and
tends to the value which it had initially at 4°C before being
heated. One can see that the experimental points are perfectly
approximated by the function describing a one-stage third-
order kinetic process with the folding rate constant at 50°C
equaling (2.0( 0.2) × 104 M-2 s-1. This rate constant
corresponds well with the rate constant determined by CD-
kinetic experiments at that temperature (Table 2). It is notable
that, notwithstanding a significant change in intensity of the
light scattering in the cooled solution, the hydrodynamic
radius of the particles, which are responsible for scattering,

does not change and is close to the hydrodynamic radius of
the molecules before they were heated above the melting
point of Lpp-56. This means that the observed increase in
light scattering intensity results from the increase in the
concentration of the particles responsible for the light
scattering, the folded trimers, and the monomers do not
contribute noticeably to this effect. This is surprising because
one might expect that refolding of the helical trimer from
the unfolded monomers proceeds through a dimeric helical
intermediate. However, the light scattering method does not
detect the appearance of intermediate dimers. The situation
with Lpp-56 thus differs qualitatively from that of LZ16A,
the only studied three-stranded coiled coil, which showed
the presence of dimeric intermediates in the folding reaction
(17).

Simulation of the Heating-Cooling Excess Heat Capacity
Profiles of Lpp-56.Because of the slow unfolding-refolding
reactions, the heat capacity profiles of Lpp-56 depend
significantly on the scanning rate, in contrast to the profiles
of other coiled coils (7). Using the rate constants and the
activation energies obtained in the kinetic experiments, one
can simulate the excess heat capacity profiles of Lpp-56
unfolding and refolding for the various heating and cooling
rates (see Materials and Methods).

The simulated profiles of Lpp-56 unfolding and refolding,
shown in Figure 7, illustrate the experimentally observed
evolution of the apparent excess heat capacity functions
obtained at different heating and cooling rates (Figure 2).
One can see that with an increase in the heating rate, the
heat absorption peak shifts to temperatures higher than that
corresponding to the equilibrium process and its high-

Table 3: Activation Parameters of Lpp-56 Unfolding and Refolding at pH 7.4 and 3.0 at Their Equilibrium Temperatures,Tt
eq a

unfolding folding

conditions ∆H* ∆G* T∆S* ∆Cp* ∆H* ∆G* T∆S* ∆Cp*

pH 7.4,Tt
eq ) 60 °C 501 105c 396cc 0 -140 57cc -190cc -2.4

84cd 417cd 35cd -175cd

pH 3.0,Tt
eq ) 40 °C 158 93cc 66cc 0cb -160 59cc -220cc 0cb

75cd 83cd 41cd -201cd

σ (30 (8 (15 (0.3 (10 (5 (15 (0.3
a ∆H*, ∆G*, and T∆S* are in kilojoules per mole.∆Cp* is in kilojoules per kelvin per mole.b ∆Cp* taken equal to zero at global fitting of the

kinetic data.c Values calculated by Eyring’s formalism.d Values calculated by Kramers’ formalism.

FIGURE 6: (A) Time dependence of the light scattering intensity in
the refolding experiment after a fast drop in temperature of an Lpp-
56 solution from 72 to 50°C (O). The protein concentration in
solution was 2.0 mg/mL. The solid line is the best fit of the
experimental data by the function corresponding to a third-order
reaction. The filled circles show that the intensity of light scattering
by folded Lpp-56 at 4°C does not change over time. (B)
Hydrodynamic radius determined from the light scattering experi-
ment for the native protein at 4°C (4) and for the refolding process
at 50°C (O).

FIGURE 7: Simulated melting profiles of Lpp-56 for the heating
and cooling rates of 1.0, 0.5, 0.25, and 0.125 K/min (dashed lines)
and the equilibrium melting profile (thick line). For simulation, the
thermodynamic parameters obtained at pH 7.4 were used (Tables
2 and 3).
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temperature slope becomes steeper, while the low-temper-
ature slope becomes shallower. An increase in the cooling
rate results in the opposite effect.

Fitting of the DSC-Melting Profiles.Using eq 2 and the
3M-kinetics program, one can also solve the reverse problem,
which is to calculate the equilibrium excess heat capacity
function and kinetic parameters from the apparent nonequi-
librium functions obtained at different heating and cooling
rates. It appears that at the concentration of the Lpp-56 trimer
([F3]0 ) 3 × 10-5 M), the equilibrium transition temperature,
Tt, is 60°C at pH 7.4, but at pH 3.0, it drops to 40°C. The
solid lines in Figure 8 show the calculated equilibrium excess
heat capacity functions. The fitting of these profiles, assum-
ing for simplicity that the activation heat capacities for
folding and unfolding reactions are zero, gives us the rate
constants of these reactions in the whole considered tem-
perature range. The dashed lines in Figure 5 show these
functions for pH 7.4 and 3.0. One can see that, for the
unfolding reaction at pH 7.4, the derived function of the rate
constant is in excellent agreement with the experimentally
determined values given as black squares.

For the folding reaction at this pH, the derived function
of the rate constant is in agreement with the experimental
points (white squares) at temperatures close to the equilib-
rium transition temperature, but at significantly lower tem-
peratures, they deviate because the derived function was
obtained with the assumption that activation enthalpy does
not change with temperature. The rate constants of Lpp-56
unfolding and refolding at pH 3.0 were obtained with the
same assumption,∆Cp* ) 0 (inset of Figure 5). The decrease
in pH has changed considerably the rate constants, especially
that of the unfolding reaction. It is notable, however, that
the functions of the rate constants for the unfolded and folded
reaction at both considered pHs cross each other when 1/T
) 0.00283 K-1, i.e., atT ∼ 80 °C. This is a temperature,
TG, where the Gibbs energy difference between the folded
and unfolded states is zero at the standard protein concentra-
tion, 1 M.

DISCUSSION

Energy Barriers.The most remarkable feature of the
unfolding and refolding of Lpp-56 is that the rate is unusually
slow, particularly at pH 7.4. It is much slower than that of
any two-stranded coiled coils that have been studied (30).

Moreover, it is several orders of magnitude slower than the
unfolding and refolding of LZ16A, the only three-stranded
coiled coil that has been studied (17). This coiled coil,
however, demonstrated the presence of dimeric intermediates
in the folding reaction in contrast to Lpp-56, which, as we
have shown, refolds without detectable dimeric intermediates.
The absence of dimeric intermediates in the refolding of Lpp-
56 may explain its very slow rate: the probability of proper
alignment of all three strands is rather low, but as soon as it
is achieved, all three strands cooperatively collapse into a
thee-stranded coiled coil.

The slow unfolding and refolding rates of Lpp-56 indicate
that the activation barriers in these reactions are unusually
high (Figure 9). It appears that at pH 7.4 the major changes
in enthalpy and entropy take place with the transition from
the folded to the activated state. The activation enthalpy at
this stage definitely dominates over the activation entropy
factor. Their difference forms a Gibbs free energy barrier of
∼100 kJ/mol when the trimeric coiled coil reaches the
unfolded and dissociated state. The transition from the
unfolded state to the activated state is much easier and is
associated with significantly smaller changes in enthalpy and
entropy, but it is notable that the entropy factor dominates
at this stage. The overall change in the enthalpy of Lpp-56
upon the transition from the folded to the unfolded state (i.e.,
the difference between the activation enthalpies for the two
stages) amounts to 640 kJ/mol at pH 7.4. This value perfectly
corresponds with the calorimetrically determined enthalpies
of Lpp-56 unfolding under these conditions (Table 1).

According to the Arrhenius plot presented in Figure 5,
the activation heat capacity does not change noticeably with
the transition from the folded to the activated state, but it
clearly increases by∼2.4 kJ K-1 mol-1 with the transition
from the activated state to the unfolded state. The value of
this activation heat capacity effect amounts to the calori-
metrically measured heat capacity increment of Lpp-56
unfolding (Table 1).

It is known that the heat capacity effect of conformational
changes in proteins is mostly caused by hydration of exposed
apolar groups (29). This suggests that the transition of Lpp-
56 from the native state to the transition one does not result
in the hydration of apolar groups. It thus appears that the

FIGURE 8: Equilibrium excess heat capacity functions of Lpp-56
at pH 7.4 and 3.0 (solid lines) determined by fitting of the apparent
excess heat capacity profiles (O and0) obtained calorimetrically
upon heating with a rate of 1 K/min at a protein concentration of
3 × 10-5 M. The dashed line shows the fitted apparent excess heat
capacity function.

FIGURE 9: Scheme of the energy levels of Lpp-56 corresponding
to the native folded (F), unfolded (U), and activated (A*) states at
60 °C and pH 7.4 (9) and pH 3.0 (4) in the presence of 100 mM
KCl and at a protein concentration of 3× 10-5 M. ∆H* is the
activation enthalpy,T∆S* the activation entropy factor, and∆G*
the activation Gibbs free energy, all in kilojoules per mole. To not
overload the figure, the activation energies calculated only by
Eyring’s formalism are shown.
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apolar groups, which are packed in the interior of the trimeric
coiled coil, are still inaccessible to water in the activated
state. That is, the helices forming this coiled coil are still
not sufficiently separated to permit water penetration. In
contrast, the change from the transition state to the unfolded
state is likely to be associated with the extensive hydration
of apolar groups. On the other hand, the transition of folded
Lpp-56 into the transition state is associated with a significant
increase in enthalpy and entropy. It thus appears that, at this
stage, extensive disruption of some short-range enthalpic
interactions takes place, resulting in a considerable increase
in the degree of conformational freedom of interfacial groups.
These cannot be hydrogen bonds, especially between those
residues, which form the interface in the coiled coil and are
removed from water because their disruption without hydra-
tion requires too much energy. In this stage, therefore,
disruption of interhelical van der Waals contacts most
probably takes place. The overall contact area of apolar
groups in the interface of the Lpp-56 coiled coil, determined
by rolling a probe over the surface of the coiled coil and the
isolated helices, is∼4.4× 103 Å2/mol. The averaged surface-
normalized energy of van der Waals interactions in proteins
is on the order of 120 J/Å2 (29). One can expect therefore
that the energy of disruption of van der Waals contacts in
Lpp-56 should be∼530 kJ/mol. This value is surprisingly
close to the observed activation energy upon unfolding of
the trimeric coiled coil, 500 kJ/mol (Table 3). Disruption of
the interfacial van der Waals contacts should unfreeze the
side chains of residues, which are packed in the interface.
Analysis of the Lpp-56 structure shows that there are∼72
side chains that gain freedom when the interhelical contacts
are disrupted. If we assume that the entropy of unfreezing
of the mean side chain is∼13 J K-1 mol-1 (36), for 72
residues this gives an entropy gain of∼1.0 kJ K-1 mol-1, a
value within the limits for the derived activation entropy at
this stage [1.2( 0.2 kJ K-1 mol-1 (Table 3)].

It appears thus that unfolding of the rigid three-stranded
coiled coil starts from the simultaneous disruption of all van
der Waals contacts between the strands, and since the
probability of that is low, the process is slow.

According to the considered model, during the transition
from the activated state to the unfolded state, water penetrates
between the separated helices hydrating the exposed apolar
groups and, by decreasing the strength of intrahelical
hydrogen bonds at the apolar face, initiates unfolding of the
helices. The hydrated surface area of the exposed apolar
groups (8.8× 103 Å2/mol) is twice that of the area of apolar
contacts. The surface-normalized enthalpy of hydration of
apolar groups at 50°C is approximately-70 J/Å2 (29). Thus,
the overall enthalpy of hydration of exposed apolar groups
is expected to be approximately-600 kJ/mol. On the other
hand, the enthalpy of disruption of an isolatedR-helix at 60
°C amounts to 4.5 kJ per residue (7). For the 168 residues,
which form three helices of Lpp-56, this gives∼760 ( 20
kJ/mol. The net sum of these two values, which are opposite
in sign, is∼160 kJ/mol, and this is close to the enthalpy of
the transition from the activated state to the unfolded state
(Table 3). The entropy for the transition from the activated
state to the unfolded state can be calculated bearing in mind
that the entropy of unfolding of anR-helix at 60°C is ∼ 20
J K-1 (mol per residue)-1 (7), the entropy of hydration of
the aliphatic groups (∆Shyd) equals-0.57 J K-1 mol-1 Å-2

(29), and the ASA of the apolar groups, which are hydrated
upon dissociation of strands, is∼4400 Å-2 mol-1. This
makes the activation entropy factor (-T∆S*) 250 kJ/mol,
which is very close to that determined by studying the
refolding kinetics (Figure 7).

In the folding reaction, according to the model that follows
from the kinetic studies, the transition into the activated state
consists of folding the separate strands into a helical
conformation and the proper alignment of the three helices
at a distance, which excludes water, but is insufficient to
form van der Waals contacts. The probability of folding into
an R-helical conformation for the isolated strands of Lpp-
56 is very low; at a low protein concentration, we do not
observe the appearance of helical conformation by CD, even
at low temperatures (see Figure 3). The low folding
propensity of the Lpp-56 strands is perhaps caused by the
presence of charged residues (Figure 1), which give rise to
considerable repulsive forces destabilizing the helical con-
formation of the strands. However, the same forces would
align the folded helices in parallel and in register so that the
apolar sides face each other and the oppositely charged
groups may form salt links, which are important for the
formation of the trimeric coiled coil (see below) (23).

A decrease in pH significantly decreases the enthalpy and
entropy for the transition from the folded to the activated
state.

Lpp-56 in an Acidic Solution. Unfolding of Lpp-56 at pH
3.0 was studied especially to investigate the role of salt links
in the formation of this trimeric coiled coil. Under these
conditions, the Asp residues are protonated, and that
eliminates the salt links between these residues and Lys. As
shown above, this results in the significant destabilization
of Lpp-56; at pH 3.0, it unfolds upon heating at a much lower
temperature and with a much lower enthalpy than at pH 7.4
(Table 1 and Figure 8). Analysis of the observed unfolding-
refolding profiles using the above-described formalism
showed that a decrease in pH resulted in a significant drop
in the enthalpy and entropy for the transition from the folded
to the activated state (Table 3 and Figure 9).

A considerable decrease in the unfolding enthalpy at pH
3.0 is surprising because the salt links were assumed to be
entropic interactions, and in themselves, they cannot con-
tribute much to the enthalpy of protein stabilization. It
appears, however, that they play an essential role in the
formation of the three-stranded coiled-coil structure of Lpp-
56. Namely, they might be important for aligning the strands
in proper register, which is required for formation of the tight
van der Waals contacts between the apolar groups of the
strands. The folded state of Lpp-56 at pH 3.0, therefore, is
looser than at pH 7.4. Correspondingly, the enthalpy and
entropy for the transition from the folded to the activated
state are smaller. The assumption that the structure of Lpp-
56 at pH 3.0 is looser than at pH 7.4 is confirmed by the
steeper initial slope of the heat capacity of Lpp-56, showing
that heating at pH 3.0 proceeds with a more significant
increase in thermal fluctuations of its structure (Table 1).
Actually, a similar situation was observed upon replacement
of some key residues in Lpp-56; this resulted in looser
packing of the triple-helical coiled coil and a significant
increase in itsB-factor (23).

Thermodynamic Characteristics of Lpp-56 Unfolding.The
equilibrium transition temperature,Tt, which is derived from
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the apparent heat capacity profiles, permits us to determine
the equilibrium unfolding enthalpy at this temperature using
the calorimetrically measured heat capacity increment,∆Cp:

The equilibrium Gibbs energy of unfolding atTt and the
concentration of the protein ([F3]0) according to the equation
for the dissociation of the homotrimer (28) equal:

This equilibrium Gibbs energy is very close to the difference
in the activation Gibbs energies for the folding and unfolding
reactions (Figure 7 and Table 3). The equilibrium entropy
of unfolding under this condition is

At any other temperature,T, the thermodynamic parameters
of cooperative unfolding of Lpp-56 can be determined by
simple extrapolations:

These functions for Lpp-56 at pH 7.4 and 3.0 in the presence
of 100 mM KCl are shown in Figure 10.

It appears that the Gibbs energy of Lpp-56 stabilization
at 4°C equals-137 kJ/mol. This value is significantly higher
than-85 kJ/mol, the Gibbs energy of Lpp-56 stabilization
at this temperature found from its guanidinium chloride-
induced denaturation treated as an equilibrium reaction (23).
At that time, however, it was not realized yet that the
observed changes in Lpp-56 do not represent an equilibrium
reaction. This figure also shows that the temperature at which
∆Geq becomes zero,TG, is 80 °C, just as found from the
crossing of the rates of the unfolding and refolding reactions
(Figure 5). The large difference between theTG and the
equilibrium transition temperature,Tt (i.e., the temperature
at which half of molecules are in the unfolded state at
equilibrium), results from the fact that∆G is zero atTt for
only first-order reactions.

The enthalpy and entropy of Lpp-56 cooperative unfolding
at pH 3.0 are significantly lower than the enthalpy and
entropy, respectively, of the cooperative unfolding at pH 7.4,
if compared at the same temperature. This shows that their

structures are not identical. As discussed above, the structure
of Lpp-56 at pH 3.0 is much looser. Therefore, we can expect
that at 20°C, the contribution of the enthalpy of van der
Waals interactions between the apolar groups to protein
folding energetics is not balanced by the enthalpy of
dehydration of these groups; i.e., the enthalpy of hydrophobic
interactions is not zero at this temperature as it is in the case
of the proteins with tightly packed interiors (29). In contrast,
we can expect that at pH 7.4 the enthalpy of the hydrophobic
contribution to the stabilization of the Lpp-56 structure is
zero at 20°C. Under these conditions, the full enthalpy of
unfolding of this protein at this temperature should cor-
respond to the contribution of hydrogen bonds in its
stabilization.

The enthalpy of Lpp-56 unfolding extrapolated to 20°C
is ∆H(20 °C) (536( 40 kJ/mol). Assuming that it results
from the disruption of 186 hydrogen bonds, the enthalpy of
hydrogen bonds in Lpp-56 appears to be 2.9( 0.2 kJ/mol.
This value is very close to the previously determined enthalpy
of hydrogen bonding in the individualR-helix (13) and the
double-stranded coiled coils (7).

CONCLUSION

Characterization of protein stability by their melting
profiles obtained either optically or by DSC is now widely
used. An important conclusion, which follows from the
above, is that by the apparent sharp and reproducible melting
profile of protein, one cannot judge if a protein’s unfolding
represents an equilibrium cooperative transition and estimate
from its shape the thermodynamic characteristics of protein
stability. To specify the temperature-induced process ther-
modynamically, one should be sure that the observed process
is reversible and represents equilibrium. This requires its
investigation in both the heating and cooling experiments
carried out at different rates. The same requirement holds
for the denaturant-induced unfolding of proteins: to be sure
that the observed isotherm does indeed reflect equilibrium,
one has to obtain it at increasing and decreasing denaturant
concentrations.

If the observed melting profiles of protein do not cor-
respond to equilibrium, which is very frequently the case
with proteins, one can determine the equilibrium parameters
of protein unfolding using the above-described formalism.
Moreover, this formalism permits one to determine not only
the equilibrium thermodynamic parameters but also the rate
constants of the unfolding-refolding reactions over a broad
temperature range and, correspondingly, the activation
parameters specifying the energy barrier between the folded
and unfolded states.

Applying the developed method of analysis of the melting
profiles to Lpp-56, we showed that formation of this three-
stranded coiled coil is a very slow process because it requires
proper alignment of all three strands in a helical conforma-
tion. As soon as it is achieved, however, all three strands
cooperatively collapse into a three-stranded coiled coil.
Unfolding of this rigid structure proceeds even slower, since
that requires simultaneous breaking of all van der Waals
contacts and salt links between the strands, and this presents
a large energy barrier and takes a long time.

FIGURE 10: Thermodynamic functions of the equilibrium unfolding
and refolding of Lpp-56 at pH 7.4 and 3.0.

∆Ht ) ∆Hm - ∆Cp(Tm - Tt) ) 640 kJ/mol (10)

∆Gt ) -RTt ln([F3]0
2 × 0.52 × 33) ) 55 kJ/mol (11)

∆St ) (∆Ht - ∆Gt)/Tt ) 1.77 kJ K-1 mol-1 (12)

∆H(T) ) ∆H(Tt) - ∆Cp(Tt - T) (13)

∆S(T) ) ∆S(Tt) - ∆Cp ln(Tt/T) (14)

∆G(T) ) ∆H(T) - T∆S(T) (15)
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