Biochemistry2004,43, 14891-14900 14891

Kinetics and Thermodynamics of the Unfolding and Refolding of the
Three-Stranded-Helical Coiled Coil, Lpp-56

Anatoly |. Dragary, Sergey A. Potekhif,Andrei Sivolob! Min Lu,"” and Peter L. Privalov¥

Department of Biology, Johns Hopkins Weisity, Baltimore, Maryland 21218, Institute of Protein Research, Pushchino,
Moscow Region, 142290 Russia, Department of General and Molecular Genetics, Natiopatsidpi 01033 Kie, Ukraine,
and Department of Biochemistry, Weill Medical College of CornellJgrsity, New York, New York 10021

Receied July 30, 2004; Résed Manuscript Recegéd August 20, 2004

ABSTRACT: Temperature-induced reversible unfolding and refolding of the three-strantetical 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 a-helix ando-helical coiled coils represent funda- external surface (Figure 1A,B). However, at neutral pH, the
mental structural motifs in proteins. The relative simplicity three helical strands are held together not only by the
of coiled coils suggests that they might be effective models hydrophobic forces maintaining the apolar core but also by
for understanding protein design and the mechanism of the salt links between the negatively and positively charged
folding (1—4). The folding and unfolding of the single- Asp and Lys residues, which become spatially close in the
strandedx-helix and two-stranded-helical coiled coils have  trimeric structure (Figure 1C). Our investigation has revealed
therefore been intensively studied experimentally and theo-a rather unexpected feature of the temperature-induced
retically (see ref$—15). Three-stranded coiled coils have unfolding and refolding of this protein: both these reactions
been studied much lesd6-19), although they present are extremely slow at neutral pHs. Correspondingly, the
considerable interest themselves as biological molecules andexperimentally observed melting profiles of this molecule
also as the next level in modeling globular proteins by a do not reflect a real equilibrium. This causes certain

bundle of helices (see ref) and 21). difficulties in studying the energetic bases of the structure
Here we present the results of studying the unfolding and of this protein, but it opens prospects for detailed investiga-
refolding of the three-stranded-helical coiled coil, Lpp- tion of the dynamics of its formation. Similar situations, when

56} which is a fragment of a lipoprotein from the outer
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Ficure 1: (A) Side view of the separatadthelical 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.

the experimentally observed unfolding of protein proceeds a protein over the whole operational temperature range. In
far from equilibrium, are rather frequent in protein science the calorimetric experiments with Lpp-56, we used scanning
and, if not recognized, might raise doubts about the ap- rates from 0.125 to 2.0 K/min, but most of the experiments
plicability of thermodynamics to proteins in general (see refs were carried out at 1.0 K/min. The Nano-DSC instrument is
25 and 26). 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 analyzedi7(28).

Ellipticity. The ellipticity of the Lpp-56 protein was studied
using a JASCO J-710 spectropolarimeter. The temperature

Protein Isolation and CharacterizationThe Lpp-56 was scanned up and down with different fixed rates using a
protein was isolated as described in 2df The sequence of  Peltier PTC-3481 temperature controller. In the kinetic
the protein is given in Figure 1. Results of MALDI mass experiments, the native protein solution was heated rapidly
spectrometry analysis showed that the protein samples werepr the preheated solution was cooled rapidly to the required
highly homogeneous, and the estimated molecular masstemperature. For this purpose, we did not need to use
(6156.3 Da) corresponds well with that calculated from its stopped-flow equipment because both the unfolding and
sequence (6153.7 Da). Concentrations of the Lpp-56 proteinrefolding reactions of Lpp-56 are very slow, proceeding over
in solution were determined spectrophotometrically using an many minutes. For analysis of the reaction rate, we used the
extinction coefficientE,zo of 1280 M cm™. Experiments  initial part of the recorded kinetics curve in which the
were carried out in two standard solutions: 100 mM NaCl, contribution of the backward reaction is insignificant.
10 mM sodium phosphate buffer (pH 7.4) and 100 MM NaCl,  [ight Scattering.Dynamic light scattering experiments
10 mM glycine-HCI buffer (pH 3.0). The protein solutions were carried out using a DynaPro Molecular Sizing Instru-
prepared for the experiments, particularly calorimetric, were ment equipped with a Peltier thermostated cell holder and
carefully dialyzed against solvent. operated under the control of Dynamics 4.0 data acquisition

Calorimetry.Calorimetric measurements were carried out and analysis software. This instrument measures the intensity
on a Nano-DSC instrument (Calorimetric Science Corp.) with of scattered light and estimates the apparent hydrodynamic
capillary calorimetric cells. The advantage of this instrument radius of the averaged scattering macromolecules. A special
is that it has a short relaxation time<20 s), can scan up 12 uL quartz microcuvette was used. All solutions were
and down between 0 and 13C with a chosen constant filtered using a MicroFilter system equipped with 0.1 and
rate, and has an exceptionally stable baseline, which is0.02um Anodisc filters. In kinetic experiments of refolding,
needed for determining the absolute partial heat capacity ofthe light scattering was recorded at 8D after fast cooling

MATERIALS AND METHODS
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Ficure 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 °@ (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 2%0

from 72°C. The rate constant was determined by fitting to form in equilibrium and under experimental nonequilibrium
the experimental curve the function characterizing the third- conditions, respectively; B is the concentration of the Lpp-
order reaction: 56 trimer. Equation 2 is derived in the Supporting Informa-
tion. On the basis of this equation, the experimental profiles
| =1yt (Igg — 11 — (1 + 18k [F7)%7T (1) of Lpp-56 unfolding and refolding were fitted by the lab-
made “3M-kinetics” program (which can be requested) and
wherelqq and Iy are the intensities of the scattered light the activation energie\H* ,s andAH*q4), the rate constants
specific for the folded and unfolded protein, respectively, of unfolding and refolding K.ns and kqq, respectively), and
and [R] is the concentration of the trimer. In the determi- the fractional population of the unfolded form in equilibrium
nation of the radius of gyration, the axial ratio of Lpp-56 (6.y) were determined.
was assumed to be 1/5. Structure AnalysisThe water ASAs of the Lpp-56 protein,
Analysis of the Apparent Excess Heat Capacity Prafiles separated helical chains, and peptides in the extended
Slow unfolding-refolding kinetics of the Lpp-56 coiled-coil  conformation were determined by NACCESS (http://wol-
trimer induce deformation of the DSC profiles. Analysis of f.umist.ac.uk./naccess/). For the molecular graphics, Mole
obtained profiles monitored at different heating and cooling was used.
rates can provide information about the rates of unfoleing
refolding processes and evaluate thermodynamic parametergeESUI‘TS
in equilibrium. Melting Profiles of Lpp-56 at Neutral pHrigure 2A shows
The excess heat capacity function for the nonequilibrium the temperature dependencies of the ellipticity of Lpp-56
process is calculated from the equation (inset) and its temperature derivative upon consecutive
" heatings of the same sample after its slow cooling to the
90 nf 0 \3 starting temperature of ©C at pH 7.4 in the presence 100
M= AHm;;—T - T[l —0-(Q1- Qec’)(g_o) ] - mM KCI. It appears that Lpp-56 is fully helical below 50
2 ¢ °C and completely loses its helical conformation over a
27[Rloknaf 1 — 0 0.3— 6 2 narrow temperature range of 530 °C. This process of
\% \1 — Oeq €q unfolding and dissociation of the trimeric coiled coil proceeds
with intensive heat absorption, which results in a noticeable
where kynt is the rate constant for first-order kinetics of heat capacity incrememh\C, (Figure 2B). We can consider
denaturation kyq is the rate constant for the third-order this process a “melting” of the coiled coil and, correspond-
kinetics of refolding, and/ is the heating or cooling rate. ingly, denote the temperature of maximum heat absorption
O.{T) andd(T) are the fractional populations of the denatured as a melting temperatur@{ = Tnmay).
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Ficure 3: (A) Ellipticity profiles of Lpp-56 obtained upon heating and cooling at®6 monomers in solution at pH 7.4. The inset shows
the ellipticity spectrum of Lpp-56 at 20 and 8&. (B) Fraction of the trimers in heating and cooling experiments at different protein
concentrations.

The change in_ ellipticity and th_e heat absorption peak are Taple 1: Calorimetrically Measured Apparent Thermodynamic
largely reproducible on consecutive heating runs of the samecCharacteristics of the Lpp-56 Trimer and Its Unfolding and
sample. The small decrease in the initial ellipticity and of Dissociation (melting) at pH 7.4 and 3.0

the area of the heat absorption peak on repeated runs resultH heating rate concentrationd@y/aT) AC, Tm AH AHW

from some degradation of the polypeptide, which typically 75 19 69.3 017 25 650 660 1150
takes place at high temperatures. The sharpness of the heat 0.5 67.7 017 - 643 676 1080
absorption peak and its correspondence with the observed 0.25 63.7 017 - 631 657 1073
changes in ellipticity suggest that the process of unfolding 5 2:%25 ;633'3 _0.25 _2.2 61‘5’ eggo 102g0
of the Lpp-56 is highly cooperative. o 1001 402 401 420 450

It is notable that the partial heat capacity of Lpp-56 initially
increases linearly with an increase in temperature with a aHeating rate in kelvin per minute. Concentration in micromolar

_ 1 trimer. C, and AC, in kilojoules per kelvin per moleT, (the
2 1 d P
rather small slopeaC,/oT = 0.17+ 0.01 kJ K™ mol™ = temperature of heat absorption peak maximum) in degrees Celsius.

9.3+ 0.5 mJ K? g™). Calculated per gram, the specific  AHea and AH* are enthalpies measured calorimetrically and deter-
slope is slightly greater than that for proteins with rigid mined using the van't Hoff equation, respectively, both in kilojoules
structure, such as BPTBE,/0T = 6.0 + 0.5 mJ K2zgt per mole. §Cy/aT) in kilqjoules per square kelvin per moleln 100
(29)], but it is significantly smaller than the heat capacity mMCINag" 10 g‘IM ng“l;"?f phOSpga(t)e buffer (pH 7.#)n 100 mM
dependencies on temperature of the two-stranded coiled coilcNa : 10 mM Gly-HCI buffer (pH 3.0).

(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 determined
the heat capacity increment upon protein unfoldingy,
and, from the heat absorption peak area, the enthalpy of

i cal
unfolding, AH® (Table 1). spectrometer permits variation of protein concentration over

The simplest assumption would be that the process of _"_. .. : -
dissociation and unfolding of the three helical strands of Lpp- g)&gnlﬁcantly larger range than the DSC instrument (Figure

56 (k< 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 temperatrg, i.e., from the
height of the heat absorption pedR;™, normalized to its
area,AH®, assuming thah = 3 (29):

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
epend 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

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.

3) Kinetic Studies of the Lpp-56 Unfolding and Refolding at
Neutral pH.By heating the protein solution rapidly to some
fixed temperature above th&,, or cooling rapidly the

The values obtained foAH'" are listed in Table 1. preheated protein solution below tfg, one can easily
Surprisingly, they are in stark conflict with the calori- measure the kinetics of the Lpp-56 unfolding and refolding
metrically measuredH®: the van't Hoff enthalpy is almost ~ because both processes are slow, proceeding over many
twice the calorimetric enthalpy. Moreover, Table 1 shows minutes and even hours.

(Vn+ 1)2RTm2C3‘aX: 74T, CI™

vH —
AHT(Ty) = AH% AH%
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Ficure 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 2D to 60, 63, and 65C

and 65uM 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 25C at protein concentrations of 162 (1),
81 (2), 40.6 (3), and 20.@M (4). The inset shows the dependence
of the slopesg, of the kinetic functions on protein concentration.

The transition of the folded trimeric coiled coil into
unfolded monomers ¢~ 3U) is described by the first-
order kinetic reaction:

o[F
Ts] == kunf[FS]

where kyy¢ is an unfolding rate constant ands]Hs the
concentration of the folded trimer. Its integration gives for
the fraction of folded trimer® = [F3]/[F3]o = expkunt) OF

In(6) = —kyntt (5)

Figure 4A shows that the logarithm of the fraction of
folded molecules, Irf]), 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 (3Y> F3) is
described by the third-order kinetic reaction

(4)

d
% = —kgo[U]? (6)
The integration of which gives
UL — 6)* =1+ 18kgy[Fal 2t @)

Correspondingly, the kinetic data of the refolding reaction
appear as a linear function of time only with respect to 1/(1
— 0)? i.e., in the coordinates linearizing the third-order
reaction (Figure 4B). As follows from eq 7, the slope of the
kinetic functions ( = 18kgq[F3]?) 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

k=1y exp(—AE*/RT) (8)

the slope of Ink versus 1RT corresponds to the activation
energyAE* 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

Biochemistry, Vol. 43, No. 47, 200414895

Table 2: Rate Constants of Lpp-56 Unfolding and Refolding
Determined by the CD-Kinetic Experiments at pH¥.4

unfolding® refolding’

() ot (57 TCO k(M ?s?
60.0 3.4x 107 5.0 2.3x 10°
63.0 1.9x 10°3 15.0 9.2x 1P
65.0 6.3x 1073 25.0 2.9x 1P
70.0 1.2x 10 35.0 8.2x 10¢
- - 45.0 1.8x 10

a2 The concentration of Lpp-56 in kinetic experiments wasu®.
b For unfolding, the heating jump from 2C to 60, 63, 65, and 76C
was used¢ For refolding, the cooling jump from 72C to 50, 45, 36,
25 15, and 5C was used.
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Ficure 5: Dependence of the logarithm of the rate constants of
unfolding @) and refolding [J0) of Lpp-56 at pH 7.4 on the inverse
temperature as determined from the CD-kinetic experiments. For
unfolding, rapid heating from 20C to 60, 63, 65, and 70C was
used; for refolding, rapid cooling from 72ZC 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.
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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.C,*, obtained

by fitting the data shown in Figure 5, is equal+®@.4+ 0.3

kJ K- mol™%. 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&2gf

The activation energyAE*, can in fact be considered the
activation enthalpyAH*, 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,
AG*, and the activation entropy\S*, bearing in mind that
the observed rate constant exponentially depends on these
two parameters:

k=y exp(—AG*RT) =
y exp(—AH*/RT) expAS/R) (9)
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Table 3: Activation Parameters of Lpp-56 Unfolding and Refolding at pH 7.4 and 3.0 at Their Equilibrium Tempergtlires,

unfolding folding
conditions AH* AG* TAS ACy* AH* AG* TAS ACy*
pH 7.4,T%%= 60°C 501 105 396 0 —140 57¢ —190¢ —2.4
84cd 417 35 —1754
pH 3.0, ;= 40°C 158 93¢ 66°° Qocb —160 59¢ —220¢ ocb
75 83 41« —201¢d
o +30 +8 +15 +0.3 +10 +5 +15 +0.3

3 AH*, AG*, and TAS* are in kilojoules per moleAC* is in kilojoules per kelvin per mole? AC,* taken equal to zero at global fitting of the
kinetic data.° Values calculated by Eyring’s formalisrfiValues calculated by Kramers’ formalism.
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107, sec Ficure 7: Simulated melting profiles of Lpp-56 for the heating
FiIGURE 6: (A) Time dependence of the light scattering intensity in  and cooling rates of 1.0, 0.5, 0.25, and 0.125 K/min (dashed lines)
the refolding experiment after a fast drop in temperature of an Lpp- and the equilibrium melting profile (thick line). For simulation, the
56 solution from 72 to 50C (O). The protein concentration in  thermodynamic parameters obtained at pH 7.4 were used (Tables
solution was 2.0 mg/mL. The solid line is the best fit of the 2 and 3).
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) does not change and is close to the hydrodynamic radius of

Hydrodynamic radius determined from the light scattering experi- ("€ molecules before they were heated above the melting
ment for the native protein at«C (») and for the refolding process ~ point of Lpp-56. This means that the observed increase in
at 50°C (O). light scattering intensity results from the increase in the
concentration of the particles responsible for the light
However, in contrast taAH*, the value of which does  scattering, the folded trimers, and the monomers do not
not depend on the preexponential coefficient (see eq 4), thecontribute noticeably to this effect. This is surprising because
values of AG* and AS* depend on the preexponential one might expect that refolding of the helical trimer from
coefficienty, the value of which is not precisely determined the unfolded monomers proceeds through a dimeric helical
and, depending on the formalism that is chosen, varies overintermediate. However, the light scattering method does not
the range from 6.2« 10> M~! s™! according to Eyring’s  detect the appearance of intermediate dimers. The situation
formalism @3) to 3.3 x 10° M~* s™* according to Kramers’  with Lpp-56 thus differs qualitatively from that of LZ16A,
formalism @4) (see also ref®, 32, and35). This leads to  the only studied three-stranded coiled coil, which showed
some uncertainty in the values AG* and ASf, as shown  the presence of dimeric intermediates in the folding reaction
in Table 3, which in the case of the entropy is relatively (17).
small but is significant in the case of the Gibbs energy. Simulation of the HeatingCooling Excess Heat Capacity
Dynamic Light Scattering Experimer8imilar refolding Profiles of Lpp-56Because of the slow unfoldirgefolding
experiments were also carried out using the dynamic light reactions, the heat capacity profiles of Lpp-56 depend
scattering method. Figure 6 shows that the intensity of light significantly on the scanning rate, in contrast to the profiles
scattering by the Lpp-56 solution, which was preheated to of other coiled coils 7). Using the rate constants and the
72 °C and cooled rapidly to 56C, increases with time and  activation energies obtained in the kinetic experiments, one
tends to the value which it had initially at°€ before being can simulate the excess heat capacity profiles of Lpp-56
heated. One can see that the experimental points are perfectlynfolding and refolding for the various heating and cooling
approximated by the function describing a one-stage third- rates (see Materials and Methods).
order kinetic process with the folding rate constant atG0 The simulated profiles of Lpp-56 unfolding and refolding,
equaling (2.0+ 0.2) x 10* M~2 s7L This rate constant shown in Figure 7, illustrate the experimentally observed
corresponds well with the rate constant determined by CD- evolution of the apparent excess heat capacity functions
kinetic experiments at that temperature (Table 2). It is notable obtained at different heating and cooling rates (Figure 2).
that, notwithstanding a significant change in intensity of the One can see that with an increase in the heating rate, the
light scattering in the cooled solution, the hydrodynamic heat absorption peak shifts to temperatures higher than that
radius of the particles, which are responsible for scattering, corresponding to the equilibrium process and its high-
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Ficure 8: Equilibrium excess heat capacity functions of Lpp-56 FIGURE 9: Scheme of the energy levels of Lpp-56 corresponding
at pH 7.4 and 3.0 (solid lines) determined by fitting of the apparent to the native folded (F), unfolded (U), and activated (A*) states at
excess heat capacity profile® @ndO) obtained calorimetrically 60 °C and pH 7.4M) and pH 3.0 4) in the presence of 100 mM
upon heating with a rate of 1 K/min at a protein concentration of KCI and at a protein concentration of 3 105 M. AH* is the
3 x 1075 M. The dashed line shows the fitted apparent excess heatactivation enthalpyTAS* the activation entropy factor, andiG*
capacity function. the activation Gibbs free energy, all in kilojoules per mole. To not
overload the figure, the activation energies calculated only by
temperature slope becomes steeper, while the low-temper-Eyring’s formalism are shown.

ature slope becomes shallower. An increase in the cooling
rate results in the opposite effect. Moreover, it is several orders of magnitude slower than the
Fitting of the DSC-Melting ProfilesUsing eq 2 and the  unfolding and refolding of LZ16A, the only three-stranded
3M-kinetics program, one can also solve the reverse problem,coiled coil that has been studied7j. This coiled coil,
which is to calculate the equilibrium excess heat capacity however, demonstrated the presence of dimeric intermediates
function and kinetic parameters from the apparent nonequi-in the folding reaction in contrast to Lpp-56, which, as we
librium functions obtained at different heating and cooling have shown, refolds without detectable dimeric intermediates.
rates. It appears that at the concentration of the Lpp-56 trimer The absence of dimeric intermediates in the refolding of Lpp-
([Fslo = 3 x 107° M), the equilibrium transition temperature, 56 may explain its very slow rate: the probability of proper
T, is 60°C at pH 7.4, but at pH 3.0, it drops to 4C. The alignment of all three strands is rather low, but as soon as it
solid lines in Figure 8 show the calculated equilibrium excess is achieved, all three strands cooperatively collapse into a
heat capacity functions. The fitting of these profiles, assum- thee-stranded coiled coil.
ing for simplicity that the activation heat capacities for ~ The slow unfolding and refolding rates of Lpp-56 indicate
folding and unfolding reactions are zero, gives us the rate that the activation barriers in these reactions are unusually
constants of these reactions in the whole considered tem-high (Figure 9). It appears that at pH 7.4 the major changes
perature range. The dashed lines in Figure 5 show thesein enthalpy and entropy take place with the transition from
functions for pH 7.4 and 3.0. One can see that, for the the folded to the activated state. The activation enthalpy at
unfolding reaction at pH 7.4, the derived function of the rate this stage definitely dominates over the activation entropy
constant is in excellent agreement with the experimentally factor. Their difference forms a Gibbs free energy barrier of
determined values given as black squares. ~100 kJ/mol when the trimeric coiled coil reaches the
For the folding reaction at this pH, the derived function unfolded and dissociated state. The transition from the
of the rate constant is in agreement with the experimental unfolded state to the activated state is much easier and is
points (white squares) at temperatures close to the equilib-associated with significantly smaller changes in enthalpy and
rium transition temperature, but at significantly lower tem- entropy, but it is notable that the entropy factor dominates
peratures, they deviate because the derived function wasat this stage. The overall change in the enthalpy of Lpp-56
obtained with the assumption that activation enthalpy does upon the transition from the folded to the unfolded state (i.e.,
not change with temperature. The rate constants of Lpp-56the difference between the activation enthalpies for the two
unfolding and refolding at pH 3.0 were obtained with the stages) amounts to 640 kJ/mol at pH 7.4. This value perfectly
same assumptioAC,* = 0 (inset of Figure 5). The decrease corresponds with the calorimetrically determined enthalpies
in pH has changed considerably the rate constants, especiallyf Lpp-56 unfolding under these conditions (Table 1).
that of the unfolding reaction. It is notable, however, that  According to the Arrhenius plot presented in Figure 5,
the functions of the rate constants for the unfolded and folded the activation heat capacity does not change noticeably with
reaction at both considered pHs cross each other whEn 1/ the transition from the folded to the activated state, but it
= 0.00283 K, i.e., atT ~ 80 °C. This is a temperature, clearly increases by-2.4 kJ K'* mol-! with the transition
Te, where the Gibbs energy difference between the folded from the activated state to the unfolded state. The value of
and unfolded states is zero at the standard protein concentrathis activation heat capacity effect amounts to the calori-
tion, 1 M. metrically measured heat capacity increment of Lpp-56
unfolding (Table 1).
DISCUSSION It is known that the heat capacity effect of conformational
Energy Barriers. The most remarkable feature of the changes in proteins is mostly caused by hydration of exposed
unfolding and refolding of Lpp-56 is that the rate is unusually apolar groups29). This suggests that the transition of Lpp-
slow, particularly at pH 7.4. It is much slower than that of 56 from the native state to the transition one does not result
any two-stranded coiled coils that have been studag). ( in the hydration of apolar groups. It thus appears that the



14898 Biochemistry, Vol. 43, No. 47, 2004 Dragan et al.

apolar groups, which are packed in the interior of the trimeric (29), and the ASA of the apolar groups, which are hydrated
coiled coil, are still inaccessible to water in the activated upon dissociation of strands, 54400 A2 mol~L. This
state. That is, the helices forming this coiled coil are still makes the activation entropy factor TAS) 250 kJ/mol,
not sufficiently separated to permit water penetration. In which is very close to that determined by studying the
contrast, the change from the transition state to the unfoldedrefolding kinetics (Figure 7).
state is likely to be associated with the extensive hydration In the folding reaction, according to the model that follows
of apolar groups. On the other hand, the transition of folded from the kinetic studies, the transition into the activated state
Lpp-56 into the transition state is associated with a significant consists of folding the separate strands into a helical
increase in enthalpy and entropy. It thus appears that, at thisconformation and the proper alignment of the three helices
stage, extensive disruption of some short-range enthalpicat a distance, which excludes water, but is insufficient to
interactions takes place, resulting in a considerable increaseform van der Waals contacts. The probability of folding into
in the degree of conformational freedom of interfacial groups. an a-helical conformation for the isolated strands of Lpp-
These cannot be hydrogen bonds, especially between thos&6 is very low; at a low protein concentration, we do not
residues, which form the interface in the coiled coil and are observe the appearance of helical conformation by CD, even
removed from water because their disruption without hydra- at low temperatures (see Figure 3). The low folding
tion requires too much energy. In this stage, therefore, propensity of the Lpp-56 strands is perhaps caused by the
disruption of interhelical van der Waals contacts most presence of charged residues (Figure 1), which give rise to
probably takes place. The overall contact area of apolar considerable repulsive forces destabilizing the helical con-
groups in the interface of the Lpp-56 coiled coil, determined formation of the strands. However, the same forces would
by rolling a probe over the surface of the coiled coil and the align the folded helices in parallel and in register so that the
isolated helices, is-4.4 x 10® A2/mol. The averaged surface- apolar sides face each other and the oppositely charged
normalized energy of van der Waals interactions in proteins groups may form salt links, which are important for the
is on the order of 120 JA(29). One can expect therefore formation of the trimeric coiled coil (see below33).
that the energy of disruption of van der Waals contacts in A decrease in pH significantly decreases the enthalpy and
Lpp-56 should be~530 kJ/mol. This value is surprisingly  entropy for the transition from the folded to the activated
close to the observed activation energy upon unfolding of state.
the trimeric coiled coil, 500 kJ/mol (Table 3). Disruption of Lpp-56 in an Acidic SolutionUnfolding of Lpp-56 at pH
the interfacial van der Waals contacts should unfreeze the3.0 was studied especially to investigate the role of salt links
side chains of residues, which are packed in the interface.in the formation of this trimeric coiled coil. Under these
Analysis of the Lpp-56 structure shows that there a2 conditions, the Asp residues are protonated, and that
side chains that gain freedom when the interhelical contactseliminates the salt links between these residues and Lys. As
are disrupted. If we assume that the entropy of unfreezing shown above, this results in the significant destabilization
of the mean side chain is13 J K'* mol™ (36), for 72 of Lpp-56; at pH 3.0, it unfolds upon heating at a much lower
residues this gives an entropy gain-ef.0 kJ K1 mol™%, a temperature and with a much lower enthalpy than at pH 7.4
value within the limits for the derived activation entropy at (Table 1 and Figure 8). Analysis of the observed unfolding
this stage [1.2t 0.2 kJ K’ mol™* (Table 3)]. refolding profiles using the above-described formalism
It appears thus that unfolding of the rigid three-stranded showed that a decrease in pH resulted in a significant drop
coiled coil starts from the simultaneous disruption of all van in the enthalpy and entropy for the transition from the folded
der Waals contacts between the strands, and since thedo the activated state (Table 3 and Figure 9).
probability of that is low, the process is slow. A considerable decrease in the unfolding enthalpy at pH
According to the considered model, during the transition 3.0 is surprising because the salt links were assumed to be
from the activated state to the unfolded state, water penetrategntropic interactions, and in themselves, they cannot con-
between the separated helices hydrating the exposed apolatribute much to the enthalpy of protein stabilization. It
groups and, by decreasing the strength of intrahelical appears, however, that they play an essential role in the
hydrogen bonds at the apolar face, initiates unfolding of the formation of the three-stranded coiled-coil structure of Lpp-
helices. The hydrated surface area of the exposed apolab6. Namely, they might be important for aligning the strands
groups (8.8x 10® AZmol) is twice that of the area of apolar  in proper register, which is required for formation of the tight
contacts. The surface-normalized enthalpy of hydration of van der Waals contacts between the apolar groups of the
apolar groups at 58C is approximately-70 J/2 (29). Thus, strands. The folded state of Lpp-56 at pH 3.0, therefore, is
the overall enthalpy of hydration of exposed apolar groups looser than at pH 7.4. Correspondingly, the enthalpy and
is expected to be approximatety600 kJ/mol. On the other  entropy for the transition from the folded to the activated
hand, the enthalpy of disruption of an isolatedhelix at 60 state are smaller. The assumption that the structure of Lpp-
°C amounts to 4.5 kJ per residu@.(For the 168 residues, 56 at pH 3.0 is looser than at pH 7.4 is confirmed by the
which form three helices of Lpp-56, this gives/60 + 20 steeper initial slope of the heat capacity of Lpp-56, showing
kJ/mol. The net sum of these two values, which are oppositethat heating at pH 3.0 proceeds with a more significant
in sign, is~160 kJ/mol, and this is close to the enthalpy of increase in thermal fluctuations of its structure (Table 1).
the transition from the activated state to the unfolded state Actually, a similar situation was observed upon replacement
(Table 3). The entropy for the transition from the activated of some key residues in Lpp-56; this resulted in looser
state to the unfolded state can be calculated bearing in mindpacking of the triple-helical coiled coil and a significant
that the entropy of unfolding of am-helix at 60°C is ~ 20 increase in itB-factor 23).
J K1 (mol per residue) (7), the entropy of hydration of Thermodynamic Characteristics of Lpp-56 Unfoldige
the aliphatic groupsASY?) equals—0.57 J K’ mol~1 A2 equilibrium transition temperatur&,, which is derived from
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Ficure 10: Thermodynamic functions of the equilibrium unfolding
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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 interior29). 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

the apparent heat capacity profiles, permits us to determinestabilization.

the equilibrium unfolding enthalpy at this temperature using
the calorimetrically measured heat capacity increm&y,:

AH, = AH_, — AC(T,, — Ty) = 640 kd/mol  (10)
The equilibrium Gibbs energy of unfolding at and the
concentration of the protein (}fo) according to the equation
for the dissociation of the homotrime2&) equal:
AG, = —RT,In([F3], x 0.5 x 3% =55kJ/mol  (11)

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

AS = (AH,— AG)IT,=1.77kIK mol™ (12)

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

AH(T) = AH(T) — AC((T,—T) (13)
AS(T) = A(T) — AC, In(TyT) (14)
AG(T) = AH(T) — TAS(T) (15)

These functions for Lpp-56 at pH 7.4 and 3.0 in the presence
of 100 mM KCI 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 reacf@h (
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
AGeq becomes zeroJg, is 80 °C, just as found from the
crossing of the rates of the unfolding and refolding reactions
(Figure 5). The large difference between the and the
equilibrium transition temperaturd; (i.e., the temperature
at which half of molecules are in the unfolded state at
equilibrium), results from the fact th&tG is zero atT; for
only first-order reactions.

The enthalpy and entropy of Lpp-56 cooperative unfolding

The enthalpy of Lpp-56 unfolding extrapolated to ZD
is AH(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 2.9.2 kJ/mol.
This value is very close to the previously determined enthalpy
of hydrogen bonding in the individual-helix (13) and the
double-stranded coiled coilg)(

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 unfoldingrefolding 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

at pH 3.0 are significantly lower than the enthalpy and that requires simultaneous breaking of all van der Waals
entropy, respectively, of the cooperative unfolding at pH 7.4, contacts and salt links between the strands, and this presents
if compared at the same temperature. This shows that theira large energy barrier and takes a long time.
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