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ABSTRACT: Hisactophilin is a histidine-rich pH-dependent actin-binding protein fromDictyostelium
discoideum. The structure of hisactophilin is typical of theâ-trefoil fold, a common structure adopted by
diverse proteins with unrelated primary sequences and functions. The thermodynamics of denaturation of
hisactophilin have been measured using fluorescence- and CD-monitored equilibrium urea denaturation
curves, pH-denaturation, and thermal denaturation curves, as well as differential scanning calorimetry.
Urea denaturation is reversible from pH 5.7 to pH 9.7; however, thermal denaturation is highly reversible
only below pH∼ 6.2. Reversible denaturation by urea and heat is well fit using a two-state transition
between the native and the denatured states. Urea denaturation curves are best fit using a quadratic
dependence of the Gibbs free energy of unfolding upon urea concentration. Hisactophilin has moderate,
roughly constant stability from pH 7.7 to pH 9.7; however, below pH 7.7, stability decreases markedly,
most likely due to protonation of histidine residues. Enthalpic effects of histidine ionization upon unfolding
also appear to be involved in the occurrence of cold unfolding of hisactophilin under relatively mild
solution conditions. The stability data for hisactophilin are compared with data on hisactophilin function,
and with data for two otherâ-trefoil proteins, human interleukin-1â, and basic fibroblast growth factor.

Hisactophilin is a histidine-rich, actin-binding protein from
the slime mold,Dictyostelium discoideum(1). This protein
is involved in the pH-dependent anchoring of actin to the
plasma membrane. In vivo and in vitro experiments have
shown that below pH 7 hisactophilin binds to both actin and
the cell membrane, while at increased pH, binding is
markedly decreased (1-6). Two-dimensional1H and 15N
NMR titration experiments have revealed that the overall
structure of hisactophilin is maintained from pH 5.7 to pH
11.1 and that ionization of histidine residues is implicated
in pH-dependent actin and membrane binding (7). The
histidine residues are located primarily in surface loops, and
the overall structure of the protein is typical of theâ-trefoil
fold family (Figure 1) (8, 9).

We have initiated in depth investigations of the stability
and folding of hisactophilin with the aims of elucidating the
relationships between stability, folding, and function for
hisactophilin, and discerning general features of the stability
and folding ofâ-trefoil proteins. To date, measurements of
stability and folding have been reported for two other
â-trefoil proteins, human interleukin-1â (IL-1â)1 (10-16)
and human basic fibroblast growth factor (bFGF) (17, 18).
IL-1â is a cytokine, while bFGF is a growth factor; thus,
the functions of these proteins are unrelated to that of

hisactophilin. There is no detectable sequence homology
between hisactophilin and the otherâ-trefoil proteins;
however, they do all contain medium or large hydrophobic
residues at 18 structurally conserved positions (9, 19). Recent
experimental and theoretical studies indicate that folding
pathways may be conserved among proteins with diverse
primary sequences but the same overall fold (20). Conse-
quently, it is of great interest to compare the stability and
folding of unrelated proteins that adopt the same fold.
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FIGURE 1: Side view of structure of hisactophilin. Theâ-trefoil
structure consists of three trefoil units, each containing four
sequentialâ-strands. The structure is colored to highlightâ-hairpins
formed byâ-strands: 1-12 and 2-3 (red); 4-5 and 6-7 (yellow);
8-9 and 10-11 (blue). The 31 histidine residues are shown in
yellow. The first and fourth strands from each trefoil form a six-
stranded antiparallelâ-barrel, while the second and third strands
form a hairpin triplet, which packs against one end of theâ-barrel.
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In this paper, we report characterization of the thermo-
dynamic stability of hisactophilin as a function of pH and
temperature, measured by urea denaturation curves, optically
monitored thermal denaturation curves, and differential
scanning calorimetry (DSC). The data are interpreted in terms
of the function of hisactophilin and in terms of theâ-trefoil
superfold.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Recombinant hisac-
tophilin was obtained as described previously (7). Purified
hisactophilin was dialyzed against 10 mM ammonium
carbonate solution (pH 7.9), lyophilized, and stored at
-20 °C.

Solution Preparation.Stock buffer solutions were prepared
gravimetrically by weighing out appropriate quantities of
conjugate acid and conjugate base (MES/NaMES for pH
5.6-6.2; KH2PO4/K2HPO4 for pH 5.7-7.7; and glycine/
sodium glycinate for pH 8.7-9.7). Stock urea solutions were
made gravimetrically using ultrapure urea (>99.5%, Bio-
Shop) and stored frozen at-20 °C. Dilutions of stock
solutions were made using Hamilton syringes. Final urea
concentrations were confirmed using a refractometer (Bausch
& Lomb Optical Co., NY) (21).

Urea Denaturation CurVes.For urea denaturation curves,
a 10× protein solution was prepared by dissolving lyophi-
lized protein to a concentration of 2-3 mg mL-1 in 500 mM
buffer containing 10 mM DTT and 10 mM EDTA. The
protein solution was diluted 10-fold with a combination of
urea solution and water to give the final desired urea
concentration. Samples were equilibrated for at least 2 h at
the appropriate temperature (20.0 or 5.0°C), before taking
readings in the spectrofluorometer (Fluorolog-22, Jobin
Yvon-Spex, Instruments S.A., Inc., NJ) or CD spectropo-
larimeter (J715, Jasco). Temperature control was achieved
using a water bath (RTE-211, NESLAB Instruments Inc.,
NH) for the fluorometer, or by a Peltier cell (ELFIN model
ELDC5D4, Japan Servo Co. Ltd.) for the polarimeter.
Fluorescence readings were made in 1-cm path-length
cuvettes using either the J715 CD spectropolarimeter (fluo-
rescence mode, 280 nm long-pass filter, slit widths 5 nm,
scanning excitation spectrum from 260 to 300 nm), or the
Fluorolog-22 (with excitation and emission wavelengths and
slit widths set to 277 and 306 nm, and 1 and 5 nm,
respectively). CD data were acquired at 227 nm using slit
widths of 5 nm and a 1-mm path-length cuvette.

Denaturation curve data were fit using the linear extrapo-
lation method (LEM) to a two-state transition between the
native and the denatured state, with a nonsloping pretransition
baseline and a sloping post-transition baseline according to
the following equation:

where Y is the measured optical signal at a given urea
concentration,YN is the signal for the native state, which is

independent of urea concentration,YU is the signal for the
unfolded state in the absence of urea,SU is the urea
dependence of the signal for the unfolded state,R is the gas
constant,T is the temperature in Kelvin,∆Gu

H2O is the Gibbs
free energy of unfolding of the protein at temperatureT in
0 M urea, andm is the denaturant dependence of∆Gu

(21, 22).

DSC. DSC experiments were performed using a nano
differential scanning calorimeter (Calorimetry Sciences
Corporation). Protein samples were prepared by dissolving
lyophilized hisactophilin in the appropriate buffer, followed
by extensive dialysis and centrifugation, and pH measure-
ment of the final solution. Protein concentrations were
determined by absorbance at 280 nm, using an extinction
coefficient of 0.330 at 280 nm for a 1 mg mL-1 hisactophilin
solution, as determined using the method of Gill and von
Hippel with correction for light scattering (23, 24). DSC
samples from pH 5.59 to pH 6.25 typically contained∼2.5
mg mL-1 protein, 50 mM MES/NaMES, 1 mM EDTA, and
1 mM DTT. MES was used because it has high buffering
capacity over this pH range where hisactophilin thermal
unfolding is highly pH dependent [pKa of 6.15 at 20.0°C
(25)].

DSC samples were degassed just before loading into the
DSC cells and scanned under a constant excess pressure of
2.5 atm to prevent bubble formation. Protein samples were
routinely rescanned to check reversibility. The shapes of
baselines were similar from one experiment to another;
however, the offsets varied so that it was not possible to
calculate absolute values ofCp. Results were independent
of heating rate, except that reversibility decreased at slow
scan rates. Samples were therefore routinely scanned at a
heating rate of 1 K min-1 to the minimum temperature
required to obtain an adequate post-transition baseline (i.e.,
generally to 75-85 °C, depending on pH).

DSC thermograms were analyzed as described elsewhere
(26) using Microcal Origin software (version 5.0, Microcal
Software Inc., USA) to obtain the temperature at the midpoint
of the unfolding transition,Tg, and the calorimetric and van’t
Hoff enthalpy of denaturation.∆HVH and∆Hcal were found
to agree within experimental error, consistent with a two-
state equilibrium.∆HVH was used for further analysis since
it has lower experimental error (27, 28).

Optically-Monitored Thermal Denaturation CurVes.Samples
were prepared as described for urea denaturation curves. CD
data collection at pH 5.80 was automated using the Experi-
ment Manager application of the Jasco software. Both the
heating and the cooling experiments were started at 20.0°C,
with a 2.0 °C increment and 3 min equilibration time for
heating, and 1.0°C and 4 min for cooling. Longer times
were needed at lower temperatures to ensure equilibrium.
At the end of heating or cooling, the sample temperature
was returned to 20.0°C to determine reversibility. At pH
5.80, cooling transitions were essentially fully reversible,
while the heating transitions were>90% reversible. For
fluorescence-monitored experiments at pH 9.7, the water bath
was programmed to heat the sample at 1°C min-1, and the
temperature in the cuvette was monitored using a copper-
constantan thermocouple. Sample fluorescence was measured
continuously during heating, and also after reequilibrating
the sample after heating to determine reversibility. The

Y )

YN - 〈YN - (YU + SU[urea])〉 exp(-∆Gu
H2O + m[urea]

RT )
1 + exp(-∆Gu

H2O + m[urea]

RT )
(1)
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fluorescence-monitored experiments were much more revers-
ible (∼80-100%) than DSC experiments at this pH, due to
the use of lower protein concentrations in the fluorescence
experiments.

Optically monitored thermal denaturation data at pH 5.80
and 9.7 were analyzed (29) by fitting the temperature
dependence of the optical signals of the native state and
denatured state to straight lines, except for the CD of the
native state which was temperature-independent. At each
temperature,T, the fraction of the unfolded protein,fu, was
then calculated using:

whereYobs is the observed CD signal,YU is the signal of the
unfolded state, andYN is the signal of the native state. The
equilibrium constant,Ku, at T is given by

Values ofKu were converted to the corresponding values of
Gibbs free energy of unfolding using:

RESULTS

The thermodynamic stability of hisactophilin was mea-
sured using urea denaturation curves, optically monitored
thermal denaturation curves and DSC.

Urea Denaturation CurVes.For urea-induced unfolding,
the structure of hisactophilin was monitored using fluores-
cence and far-UV CD. Hisactophilin has a relatively low
intrinsic fluorescence since it does not contain tryptophan.
Fluorescence therefore arises mainly from three tyrosine
residues: Tyr62 is exposed to solvent on the surface of the
protein, while Tyr52 and Tyr92 are partially buried near the
protein surface (8). The fluorescence spectrum has an
emission maximum at 306 nm both in the absence and in
the presence of urea, and the fluorescence intensity increases
with increasing urea concentration (Figure 2, panel A). The
far-UV CD signal of native hisactophilin is also relatively
weak, as is generally observed for all-â proteins. In the
absence of denaturant, the CD spectrum of hisactophilin has
broad minima at 209 and 200 nm, and a maximum at 227
nm (Figure 2, panel B). The minimum at 209 nm is typical
for â-sheet structure, while the minimum at 200 nm has been
observed in class IIâ-proteins and unstructured proteins (30).
The maximum at 227 nm is a combination of contributions
from secondary structure, including the manyâ-turns and
loops in the protein, and from aromatic residues (31, 32).
The CD spectrum of recombinant hisactophilin is very similar
to that of natural hisactophilin, which contains an N-terminal
myristoyl group (3). Thus, the myristoyl group does not
appear to have a major effect on the secondary structure of
the protein. The hisactophilin CD spectrum has some
similarities to that of IL-1â, which is also a relatively weak
spectrum consistent with a large proportion ofâ-structure
(10). At high urea concentration, the CD spectrum of
hisactophilin is typical of unstructured protein (30).

The fluorescence and CD spectra change little from pH
5.7 to pH 9.7, at any given urea concentration. This is
consistent with NMR studies on hisactophilin as a function
of pH (7), which found that the overall structure of the
protein is maintained over this pH range. In the absence of
denaturant, the spectra do change dramatically below pH
∼5.5 and above pH 11.4, as the protein begins to unfold at
extreme pH values (data not shown).

Fluorescence- and CD-monitored urea denaturation curves
of hisactophilin (Figure 3) were acquired at 20.0°C from
pH 5.7 to pH 9.7 (Table 1). The reversibility of urea-induced
unfolding is >90% at all pH values, and the results are
independent of protein concentration from∼0.2-2.5 mg
mL-1. At a given pH and temperature, data can be fit using
eq 1 for a two-state transition, and results obtained by
fluorescence and CD agree within experimental error,
consistent with a two-state model for unfolding (Figure 3
and Table 1). At 20.0°C, hisactophilin stability is relatively
constant from pH 7.7 to pH 9.7, but it decreases markedly
from pH 7.7 to pH 5.7 (Figure 4). Stability also decreases

fu )
Yobs- YU

YN - YU
(2)

Ku )
fu

1 - fu
(3)

∆Gu(T,[urea])) -RT ln Ku (4)

FIGURE 2: (A) Fluorescence and (B) far-UV CD spectra of
hisactophilin. Spectra were obtained at 20.0°C, pH 5.7 (50 mM
KH2PO4/K2HPO4 buffer with 1 mM EDTA and 1 mM DTT, protein
concentration 0.24 mg mL-1 for fluorescence and 2.3 mg mL-1

for CD) in 0 M (solid line), 3.0 M urea (dashed line), and 8.0 M
urea (dotted line). Fluorescence spectra were acquired in a 1-cm
cuvette using an excitation wavelength of 277 nm, with excitation
and emission slit widths set to 1 nm, and 5 nm, respectively. CD
spectra were recorded with a 0.01-cm path length cell and a 2-nm
bandwidth. CD spectra are an average of 10 scans with the baseline
subtracted.
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when temperature is decreased from 20.0 to 5.0°C at pH
5.7 and 6.7 (Table 1).

Thermal Stability of Hisactophilin.The stability of his-
actophilin as a function of temperature was investigated
further using DSC and optically monitored thermal dena-
turation curves. The equations used to describe the thermo-
dynamics of protein stability in terms of a reversible two-
state transition between the folded and denatured states are
given below (29):

where∆H(T) is the enthalpy of unfolding at temperature,T,
∆HTg is the unfolding enthalpy at the midpoint of the heat
unfolding transition,Tg, ∆S(T) is the entropy of unfolding
at a given temperature,∆STg is the entropy of unfolding at
Tg, ∆G(T) is the Gibbs free energy of unfolding atT, and
∆Cp is the difference in heat capacity between the folded
and unfolded state of the protein. All the∆ values correspond
to the value for the unfolded state relative to the value for
the native state.

Equation 8 describes a pseudo-parabolic temperature
dependence for∆G(T). Thus, a protein will have a temper-
ature at which it has maximum stability and stability
decreases above and below this temperature. A protein may
therefore undergo both a heat-induced unfolding transition,
with a midpoint,Tg, and a cold-induced unfolding transition,
with a midpointT ′g. Heat unfolding generally occurs below

100 °C and so is easily measurable experimentally. In
contrast, cold unfolding generally occurs below 0°C under
most solution conditions and so is not easily measurable.
Cold unfolding may be observed, however, by destabilizing
a protein using low pH or by adding denaturants such as
urea (33).

DSC.DSC experiments on hisactophilin were performed
from pH 5.4 to pH 9.7. At all pHs a single endotherm,
corresponding to high temperature-induced protein unfolding,
was observed as temperature was increased from 0 to 70-
80 °C. Reversibility was at least 80% and generally>90%
below pH 6.25 (Figure 5). At pH 6.7, reversibility was only
∼2%, at pH 7.7 it was∼20%, and at pH 8.7 and pH 9.7 it
was ∼45%. Since hisactophilin has a pI of∼6.9 (1), the
decreased reversibility is likely related to the decreased net
charge of the protein at increased pH and high temperature,
as has been observed for other proteins (27). The use of
higher protein concentrations for DSC experiments may also
decrease the reversibility relative to urea-induced denatur-
ation. There was some evidence for a second unfolding
transition in DSC thermograms at low pHs, corresponding
to low temperature-induced unfolding near 0°C. This
transition was difficult to measure, however, due to the low
quality of the DSC baseline at low temperature, and potential
problems with freezing the protein solution. Cold unfolding
was therefore investigated further using optically monitored
denaturation curves (vide infra).

The high-temperature unfolding transition from pH 5.4 to
pH 6.2 was analyzed in terms of a reversible process (34).
Tg and ∆HTg values obtained from the data fitting are
summarized in Table 2. Consistent with the results of urea
denaturation curves, the DSC data show that hisactophilin
stability decreases markedly with decreasing pH, based on
decreasingTg values from pH 6.2 to pH 5.4.

Table 1: Urea Denaturation Curve Analysis of Hisactophilin Stabilitya

linear extrapolation methode binomial extrapolation methode

pH
temp
(°C) probe bufferb

m
(kcal mol-1 M-1)

Cmid

(M)
∆Gu

H2O

(kcal mol-1)
m1

(kcal mol-1 M-1)
Cmid

(M)
∆Gu

H2O

(kcal mol-1)

5.70 20.0 CD KPi 2.24( 0.17 1.02( 0.02 2.28( 0.19 2.29( 0.10 1.02( 0.01 2.27( 0.11
20.0 CD MES 2.19( 0.12 1.05( 0.02 2.20( 0.13 2.35( 0.12 1.05( 0.02 2.39( 0.12
20.0 Fl KPi 2.19( 0.20 1.06( 0.03 2.32( 0.22 2.37( 0.20 1.06( 0.03 2.42( 0.22
20.0 Fl MES 2.20( 0.19 0.99( 0.03 2.18( 0.21 2.36( 0.19 1.00( 0.03 2.28( 0.21

5.87d 5.0 CD MES 1.90( 0.09 0.91( 0.02 1.73( 0.09 2.05( 0.09 0.92( 0.01 1.82( 0.09
6.20c 20.0 Fl MES 2.39( 0.15 2.23( 0.02 5.33( 0.31 2.68( 0.15 2.23( 0.03 5.63( 0.31

20.0 Fl MES+ 400 mM NaCl 2.56( 0.14 1.39( 0.02 3.56( 0.19 2.85( 0.14 1.40( 0.02 3.84( 0.19
6.70 20.0 CD KPi 1.63( 0.18 3.10( 0.05 5.04( 0.48 2.15( 0.14 3.26( 0.04 6.25( 0.44

20.0 Fl KPi 1.62( 0.14 3.08( 0.04 5.10( 0.38 1.96( 0.26 3.15( 0.09 5.46( 0.79
7.08d 5.0 Fl KPi 1.67( 0.16 2.00( 0.04 3.34( 0.32 1.96( 0.16 2.00( 0.04 3.64( 0.32
7.70 20.0 CD KPi 1.63( 0.05 4.31( 0.01 7.11( 0.73 2.23( 0.06 4.31( 0.02 8.30( 0.23

20.0 Fl KPi 1.59( 0.22 4.26( 0.10 6.78( 0.94 2.13( 0.05 4.39( 0.02 7.96( 0.19
8.15 20.0 Fl KPi 1.65( 0.08 4.61( 0.16 7.59( 0.37 2.22( 0.07 4.62( 0.02 8.71( 0.33
8.70 20.0 CD Gly 1.46( 0.04 5.18( 0.03 7.55( 0.19 2.14( 0.06 5.21( 0.04 9.21( 0.27

20.0 Fl Gly 1.49( 0.06 5.19( 0.03 7.75( 0.20 2.28( 0.07 5.33( 0.33 10.11( 0.34
20.0 Fl Gly+ 400 mM NaCl 1.47( 0.13 4.53( 0.04 6.64( 0.55 2.11( 0.12 4.55( 0.05 8.11( 0.53

9.70 20.0 CD Gly 1.53( 0.07 4.58( 0.02 7.03( 0.25 2.17( 0.07 4.59( 0.02 8.45( 0.31
20.0 Fl Gly 1.65( 0.15 4.76( 0.04 7.85( 0.62 2.04( 0.10 4.84( 0.08 8.17( 0.42

a Error estimates are from fitting data to eq 1 using nonlinear least squares regression analysis by the program KaleidaGraph (Synergy Software).
Solution conditions were 0.2-0.3 mg mL-1 protein in 50 mM buffer containing 1 mM EDTA and 1 mM DTT.b KPi is KH2PO4/K2HPO4 and
Gly is glycine/sodium glycinate.c Denaturation curve in MES at pH 5.7+ 400 mM NaCl was also acquired but data could not be fit accurately as
Cmid was significantly decreased.d These pH values are adjusted for the temperature under which the denaturation curves were obtained using
dpKa/dT ) -0.025 for KPi (55) and-0.011 for MES (25). e For linear extrapolation method (LEM) the equilibriumm was fit as a constant in
eq 1, while for the binomial extrapolation method (BEM),m2 was fixed to 0.072 based on fit of data in Figure 8 andm1 was fit as a constant in
eq 14.

∆H(T) ) ∆HTg
+ ∆Cp(T - Tg) (5)

∆S(T) ) ∆STg
+ ∆Cp ln( T

Tg
) (6)

∆G(T) ) ∆H(T) - T∆S(T) (7)

∆G(T) ) ∆HTg(1 - T
Tg

) + ∆Cp[T - Tg - T ln( T
Tg

)] (8)
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∆G(T) values can be calculated from DSC data using eq
8. To do this, the change in heat capacity upon unfolding,
∆Cp must be known.∆Cp is defined from the Kirchoff
equation as:

Equation 9 has been used extensively to give a reliable
measure of the∆Cp for the unfolding of proteins, by
measuring∆HTg andTg as a function of pH (34). Using the
DSC data from pH 5.4 to pH 6.2, a linear regression analysis
of ∆HTg versusTg yields a value of∆Cp of 2.4 ( 0.3 kcal

mol-1 K-1 for hisactophilin. This value was used to calculate
values for∆Gu(293) corresponding to the different pHs at
Tg, pHTg (Table 2). The DSC values for∆Gu(293) at pHTg

∼5.7 are somewhat higher than the values obtained by urea
denaturation at the same pH. This is probably because pHTg

is underestimated in DSC samples, due to the buffering action
of the histidines of hisactophilin (∼5.6 mM histidine for 2.5
mg mL-1 protein solution for DSC, as compared with∼0.56
mM for urea denaturation) and due to nonlinear behavior of
∆Gu in urea (vide infra). Since the stability is so strongly
pH-dependent, only a small difference in pH can account
for the differences between the DSC and urea denaturation
results.

The pH-dependent DSC data can be used to calculate the
number of protons released upon unfolding, using eq 10 (34):

whereνU and νN are the number of protons bound to the
denatured and native states, and∆ν is the number of protons
associated with protein unfolding. Values of∆ν are given
in Table 2.

Optically Monitored Thermal Denaturation CurVes. (a)
pH 5.8.To further investigate the temperature dependence

FIGURE 3: Optically monitored urea denaturation curves at pH 7.7.
Solutions contained 50 mM KH2PO4/K2HPO4, pH 7.7, 1 mM
EDTA, 1 mM DTT, and 0.2 mg mL-1 protein at 20.0°C. (A) CD
(9), (B) fluorescence (O), (C) fraction of unfolded protein as
measured by CD (9) and fluorescence (O) are coincident, consistent
with a two-state unfolding transition.

∆Cp ) (d∆HTg

dT ) (9)

FIGURE 4: Fluorescence-monitored urea denaturation curves for pH
5.7 (b), pH 6.7 (9), pH 7.7 ([), pH 8.7 (2), and pH 9.7 (0),
displayed in terms of the fraction of unfolded protein. Solutions
contained 50 mM buffer (KH2PO4/K2HPO4 buffer and MES/
NaMES for pH 5.7, KH2PO4/K2HPO4 buffer for pH 6.7 and 7.7,
glycine/sodium glycinate for pH 8.7 and 9.7), 1 mM EDTA, 1 mM
DTT, and 0.2-0.3 mg mL-1 protein, at 20.0°C. Hisactophilin
stability increases markedly from pH 5.7 to pH 7.7 and then remains
relatively constant from pH 7.7 to pH 9.7.

Table 2: DSC Analysis of Hisactophilin Stability

pH293K pHTg
a

Tg

(°C)
∆HTg

(kcal mol-1)
∆Gu(293,0)
(kcal mol-1) ∆ν

5.59 5.32 47.0 51.4 1.5 3.4
5.75 5.45 48.9 51.7 1.4 3.4
5.81 5.46 53.6 62.9 2.1 4.0
6.03 5.63 58.3 73.1 2.8 4.5
6.09 5.69 58.7 84.4 4.1 5.2
6.25 5.81 61.7 83.9 3.8 5.1
a pH corrected to value atTg using dpKa/dT ) -0.011 for MES

(25). Errors in each point are about( 10% for∆HTg and( 0.4 °C for
Tg. A linear regression fit of∆HTg versusTg gives a∆Cp value (eq 9)
of 2.4 ( 0.3 kcal mol-1 K-1.

∆ν ) νU - νN )
∆HTg

2.303RTg
2

dTg

dpH
(10)
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of hisactophilin stability, in particular, cold unfolding, CD-
monitored thermal denaturation curves were obtained by
heating and by cooling the protein from 20.0°C in various
concentrations of denaturant at pH 5.8 (Figure 6), where the
heat-induced unfolding monitored by CD was>95% revers-
ible.

At pH 5.8, both heat and cold unfolding transitions are
evident in the CD-monitored curves in the presence of 0 to
1.25 M urea (Figure 6, panel A). The CD signal decreases
upon unfolding, for both heat- and cold-induced transitions.
The baselines for heat- and cold-unfolded hisactophilin
appear to be continuous (Figure 6, panel A). This suggests
that the heat- and cold-unfolded states are thermodynamically
indistinguishable, as has been found for other proteins (33)
and is borne out in the following analysis.

Direct fitting of the cold unfolding data is difficult,
particularly at low denaturant concentrations, due to the
relatively small amplitude of the CD signal changes and

poorly defined cold-unfolded baselines. Also, the pH of the
samples will change significantly over a large temperature
range, and this will complicate the analysis because hisac-
tophilin stability is very sensitive to pH in this range. The
data were therefore first analyzed by fitting only the high-
temperature unfolding data using van’t Hoff analysis (linear
ln Ku vs 1/T plot) using fraction unfolded from∼0.35-0.65
(pH can reasonably be treated as constant over this relatively
small temperature range). Van’t Hoff enthalpies,∆HTg

VH, and
melting temperatures,Tg, are summarized in Table 3. The
slope of the linear plot of∆HTg

VH versusTg (eq 9) gives an
apparent change in heat capacity,∆Cp

app, of 2.0 ( 0.2 kcal
mol-1 K-1. This gives an estimate of∆Cp because the
analysis does not account for the enthalpic contribution of
urea binding to protein (35-38). Since this∆Cp

app value is
very similar to the value of 2.4( 0.3 kcal mol-1 obtained

FIGURE 5: Representative DSC thermograms of the denaturation
of hisactophilin in 50 mM MES/NaMES, pH 5.83, 1 mM EDTA,
1 mM DTT. (A) Raw data for 1, buffer baseline scan; 2, unfolding
endotherm; 3, results of rescanning the sample of endotherm 2;
and 4, hisactophilin data corrected for the buffer baseline and
indicating the interpolative baseline (dashed line) used to eliminate
the denaturation heat capacity changes. (B) Normalized data (solid
line) fit to a non-two-state transition model (dotted line). TheTg is
53.9°C with ∆HVH of 60.8 kcal mol-1 and∆Hcal of 64.7 kcal mol-1

(∆HVH/∆Hcal ) 0.94).

FIGURE 6: Thermal unfolding of hisactophilin at pH 5.80. Unfolding
was monitored by CD at 228 nm using a 0.1-cm path-length cuvette.
Solutions contained 0.29 mg mL-1 protein in 50 mM MES/NaMES,
pH 5.80, 1 mM EDTA, 1 mM DTT, and 0-1.25 M urea. (A) CD
signal change as a function of temperature for 0.00 M (O), 0.25 M
(b), 0.50 M ()), 0.75 M ([), 1.00 M (0), and 1.25 M (9). Data
are averaged for two separate experiments. “Sigmoidal” decreases
in CD signals with increasing and decreasing temperature, followed
by sloping baseline regions indicate that hisactophilin is undergoing
both high and low-temperature unfolding. (B) Raw data were
converted to∆Gu(T,[urea]) as described in text. Using∆Cp ) 2.0
kcal mol-1 K-1 (obtained from van’t Hoff plots of the high-
temperature unfolding data),∆Gu(T,[urea]) values were fit to eq 8.
Values from fits are summarized in Table 3. Direct fitting of∆Cp

for data at 1.00 M gives 2.13( 0.04 kcal mol-1 K-1.
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for ∆Cp by calorimetry; however, it seems that urea does
not have a large effect on unfolding enthalpies of hisacto-
philin at the relatively low denaturant concentrations used
here.

The thermal unfolding data were also analyzed by directly
fitting ∆G(T) versusT values to eq 8 (35-37) (Figure 6,
panel B). Since the cold unfolding transition is not well
defined for 0 to 0.75 M urea, and the pH varies significantly
over large temperature ranges, only the heat unfolding data
were analyzed for these results. For the 1.00 M data, the
cold unfolded baseline is well defined and heat and cold
unfolding occur over a narrower temperature range; thus,
both branches were analyzed simultaneously. The 1.25 M
data cannot be fit in this way because the protein is more
than 50% unfolded at all temperatures. In principle,∆Cp can
be fit directly in this analysis; however, the error in this value
is very high if only the heat unfolding transition is analyzed.
Consequently, for 0 to 0.75 M urea,∆Cp was fixed to 2.0
kcal mol-1 K-1, the value obtained from the van’t Hoff
analysis above. For the 1.00 M data,∆Cp was also fit directly.
Values of∆HTg, Tg, ∆HT ′g

andT ′g obtained for the fits are
summarized in Table 3 and fits are shown in Figure 6, panel
B. The data for 0 to 0.75 M are well fit using 2.0 kcal mol-1

K-1 for ∆Cp, and a similar value of∆Cp (2.13( 0.04 kcal
mol-1 K-1) is obtained for direct fitting of the 1.00 M data.
The values of∆HTg and Tg obtained by the direct fitting
method agree with the values obtained by van’t Hoff analysis
within experimental error. Also, the values of∆HTg andTg

obtained in 0 M urea by CD-monitored thermal denaturation
agree with the values obtained by DSC (Table 2).Tg and
∆HTg values decrease andT ′g and∆HT ′g

values increase as
the concentration of urea increases, as has been observed
for other proteins (33).

(b) pH 9.7.Thermal denaturation curves were acquired in
the presence of 0 to 2.5 M urea at pH 9.7, using fluorescence
to monitor unfolding (Figure 7). Cold-induced unfolding
cannot be observed under these conditions, sinceT ′g is
shifted to lower temperatures relative to pH 5.7, due to the
increased stability of the protein at pH 9.7 (vide infra and
Table 4). The fluorescence-monitored thermal unfolding
experiments were much more reversible than DSC experi-
ments at this pH, due to use of lower protein concentrations
in the fluorescence experiments.

The thermal unfolding data were analyzed using linear
van’t Hoff analysis as at pH 5.8 (Table 4). A plot of the
∆HTg versusTg data in urea at pH 9.7 (Figure 7) gives a
value for ∆Cp

app of 2.2 ( 0.3 kcal mol-1 K-1. This value
agrees within error with the value of∆Cp

app obtained for
CD-monitored thermal denaturations in urea at pH 5.8, and
with the value of∆Cp obtained by DSC. This confirms that
urea does not have a large effect on∆Cp

app relative to∆Cp

and indicates that∆Cp varies little with temperature for
hisactophilin over the range ofTg values investigated (35-
66 °C). ∆Cp was therefore again treated as a constant, and
an average value of 2.2 kcal mol-1 K-1 was used to calculate
∆Gu(293,[urea]),∆HT ′g

and T ′g for the different urea con-
centrations (Table 4). As expected, cold unfolding is
calculated to occur at lower temperature at this pH as
compared to pH 5.8.

In Figure 8, the values of∆Gu(293,[urea]) from thermal
denaturation (Table 4) are compared with those from urea

Table 3: Analysis of Hisactophilin Thermal Denaturation at pH 5.8
at Different Urea Concentrationsa

[urea]

(M)

Tg
VH b

(°C)

∆HTg

VH b

(kcal mol-1)

Tg
c

(°C)

∆HTg
c

(kcal mol-1)

T ′g c

(°C)

∆HT ′g
c

(kcal mol-1)

0.00 53.9 53.9 53.7 56.0 0.8 -49.8
0.25 51.0 45.1 51.9 46.0 8.1 -41.7
0.50 47.4 41.7 48.0 40.2 9.5 -36.9
0.75 42.7 30.4 43.8 30.1 14.6 -28.3
1.00 35.2 19.4 35.7 20.3 15.8 -19.4

a Samples contained 0.29 mg mL-1 hisactophilin in 50 mM MES/
NaMES, 1 mM EDTA, and 1 mM DTT. Sample pH was 5.80 at 20.0
°C, thus based on dpKa/dT ) -0.011 for MES (25), pHTg varied from
5.43 for the 0 M sample to 5.63 for the 1.0 M sample.b Values ofTg

VH

and ∆HTg

VH were obtained by fitting high-temperature unfolding data
from Figure 6, panel A, using van’t Hoff analysis, as described in
Results.c Values ofTg, ∆HTg, andT ′g, ∆HT ′g

were obtained by fitting
the high-temperature unfolding data for 0.00 to 0.75 M urea and both
high- and low-temperature data for 1.00 M urea to eq 8.

FIGURE 7: Thermal unfolding of hisactophilin at pH 9.7. Unfolding
was monitored by fluorescence with excitation and emission
wavelengths of 277 and 306 nm, respectively, using a 1-cm path-
length cuvette. Solutions contained 0.20 mg mL-1 protein in 50
mM glycine/sodium glycinate buffer, pH 9.7, 1 mM EDTA, 1 mM
DTT and 0-2.50 M urea. (A) Representative thermal unfolding
transitions for (from right to left) 0.00, 0.50, 1.00, 1.50, 2.00, and
2.50 M urea. (B) van’t Hoff plot corresponding to data from panel
A (each point represents a single thermal denaturation experiment).
The estimated errors are about( 10% for ∆HTg

VH and ( 1 °C
for Tg.
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denaturation curves (Table 1), taking into account the effect
of temperature on solution pH. The∆Gu(293,[urea]) values
from the thermal denaturation data are clearly slightly higher
than expected based on linear extrapolation of the transition
region data of the equilibrium denaturation curve. This
suggests that∆Gu(T,[urea]) has a nonlinear dependence on
urea concentration at low denaturant concentrations. Con-
sistent with this,m values of urea denaturation curves
increase with decreasingCmid as pH decreases (Table 1, and
Wong, H. J., and Meiering, E. M., unpublished data).
Increasedm values at low pH have been observed for other
proteins and have been attributed to an increased solvent
exposure of the denatured state at low pH due to increased
electrostatic repulsions (39-41). To investigate further,

equilibrium denaturation curves were acquired at pH 5.7,
6.2, and 8.7 in the presence of NaCl (Table 1). In principle,
NaCl should screen the electrostatic repulsions in the
unfolded state, leading to a decrease inm value. For
hisactophilin,m was unaffected by NaCl, thus, the increase
in m with decreasingCmid does not appear to be the result of
increased electrostatic repulsions.

Nonlinearity of∆Gu(T,[urea]) at low denaturant concentra-
tions has been analyzed using binomial extrapolation model
(BEM) (28, 42) and denaturant binding model (DBM) (21,
22). The combined data from thermal denaturation and
equilibrium urea denaturation in Figure 8 were fit to the
equation for BEM:

where∆Gu(T,[urea]) is the Gibbs free energy of unfolding
at temperatureT at any urea concentration,∆Gu(T,0) is
the Gibbs free energy of unfolding in 0 M urea,m1 and
m2 are constants. According to this fit (Figure 8),
∆Gu(293,[urea])) 8.73 ( 0.15 - (2.05 ( 0.13× [urea])
+ (0.072( 0.022× [urea]2). The data were also fit to the
equation for DBM:

where ∆n is the number of urea molecules binding upon
unfolding,a is the denaturant activity, andKassis the average
association constant at each urea binding site. Fitting of these
data gave∆Gu(T,0) of 8.89( 0.15 kcal mol-1, ∆n ) 29 (
7, andKass ) 0.144( 0.045. FixingKass to a value of 0.09
as suggested by Filimonov et al. (42) gives ∆Gu(T,0) )
8.75 ( 0.10 and∆n ) 42.4 ( 0.7. Although the DBM fit
agrees well with the experimental data, the values of∆n are
lower than might be expected for a protein of this size and
amino acid composition (21), and the fitted values have rather
large errors. Also, direct fits of denaturation curve data to
DBM allowing for post transition sloping baseline did not
converge, because∆n spiraled downward whileKassspiraled
up. Consequently, for hisactophilin the DBM results do not
appear to be very reliable.

DISCUSSION

pH-Dependence of Hisactophilin Stability.The pH-
dependence of the thermodynamic stability of hisactophilin
is rather unusual in that, although the protein is relatively
stable from pH 7.7 to pH 9.7, below pH 7.7 stability
decreases markedly, and the protein is acid unfolded at a
relatively high pH of∼5. This pH dependence is most likely
related to the unusually high proportion of histidine residues
in this protein (31 of 118 residues) (1). The histidines are
located primarily on the surface of the protein (Figure 1)
(8), and have pKa values on average close to 6.8 (7). Thus,
as pH decreases below 7.7, the net charge on hisactophilin
increases dramatically as many histidine residues become
protonated (3). Other ionizable groups in hisactophilin
include the side chains of 13 Asp and Glu, and 10 Lys and
Arg. Thus, by pH∼5 the histidines should for the most part
be fully protonated, and the net charge on the protein will
be in excess of+28. Strong electrostatic repulsion between
the many positively charged groups may then cause the
protein to unfold.

Table 4: Analysis of Hisactophilin Thermal Denaturation at pH 9.7
at Different Urea Concentrations

[urea]

(M)

Tg
VH

(°C)

∆HTg

VH

(kcal/mol)

T ′g
(°C)

∆HT ′g
(kcal/mol) pHTg

a

∆Gu(293,[urea])b

(kcal/mol)

0.00 (3)c 65.7 119 -31.6 -95.0 8.56 8.96
0.25 63.3 117 -32.5 -93.6 8.62 8.64
0.50 (2)c 63.4 110 -27.2 -89.2 8.61 7.73
0.75 61.6 105 -25.2 -86.0 8.66 7.15
1.00 (2)c 60.7 97.2 -20.3 -80.8 8.68 6.16
1.50 57.3 90.7 -18.6 -76.2 8.77 5.42
2.00 54.5 84.3 -16.4 -71.7 8.84 4.73
2.50 (2)c 48.5 81.5 -20.2 -69.5 8.99 4.36

a Solutions contained 50 mM glycine/sodium glycinate, pH 9.7, at
20.0 °C. The corrected pH atTg was calculated using temperature
coefficient, dpKa/dT, of -0.025 for Gly (55). b ∆Gu(293,[urea]) was
calculated using average∆Cp of 2.2 kcal mol-1. c Values at 0, 0.50,
1.00, and 2.50 M represent average of 3, 2, 2, and 2 separate
experiments, respectively.

FIGURE 8: Combined∆Gu(293,[urea]) data from urea denaturation
and thermal denaturation.∆Gu(293,[urea]) values from fluorescence-
monitored thermal denaturations in 0-2.50 M urea at pH 9.7 have
pHTg values corresponding to∼pH 8.7 and so they are combined
with urea equilibrium denaturation curve data at pH 8.7. Values of
∆Gu(293,[urea]) from thermal denaturation curves (b) were
calculated using eq 8 with∆Cp ) 2.2 kcal mol-1 as described in
text. Values of∆Gu(293,[urea]) from urea equilibrium unfolding
(O) were calculated fromCmid ) 5.19 M for a distance of( 1.0 M
at intervals of 0.25 M andm ) 1.49 kcal mol-1 M-1 for
fluorescence denaturation curve at pH 8.7 (Table 1). The fit of
combined data to a second-order polynomial according to BEM
(eq 11) gives∆Gu(293,[urea])) 8.76 ( 0.13 - (2.12 ( 0.13×
[urea]) + (0.072 ( 0.022× [urea]2) and is shown by the solid
line. Linear extrapolation using only the equilibrium urea denatur-
ation curve data is shown by the dashed line.

∆Gu(T,[urea])) ∆Gu(T,0) + m1[urea]- m2[urea]2 (11)

∆Gu(T,[urea])) ∆Gu(T,0) - ∆nRTln(1 + aKass) (12)
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The function of hisactophilin is also pH-dependent.
Measurements of hisactophilin binding to model membranes
have revealed that strong binding occurs at pH 6.0, and that
binding is essentially abolished as the pH is raised to 7.0
(3). Also, based on in vitro experiments, actin binding by
hisactophilin is strong at pH 6.5, and negligible at pH 7.5
(1). The changes in binding occur over a pH range where
histidine ionization occurs (7), suggesting that interactions
between the positively charged histidines and negative groups
of actin and membranes are important for binding. It is
interesting that the stability of free hisactophilin is decreased
at low pH as the protein becomes positively charged to carry
out its biological binding functions. Analogous electrostatic
destabilization of a protein due to functional binding require-
ments has been observed previously for barnase (43); it may
be a common phenomenon in proteins that bind molecules
with high net charge.

From pH 7.7 to pH 9.7, hisactophilin is relatively stable,
and stability varies little with pH. In this pH range,
hisactophilin has moderate stability as compared to other
single domain proteins (44). Near physiological pH, the
stability of hisactophilin is similar to that of otherâ-trefoil
proteins under comparable conditions, IL-1â [∼7 kcal mol-1

(10, 45)] and human bFGF [∼5 kcal mol-1 (17)].
Cold Unfolding of Hisactophilin.Urea denaturation curves

reveal that hisactophilin is clearly destabilized at 5.0°C as
compared to 20.0°C (Table 1) and appears to undergo cold
unfolding even in the absence of denaturant at pH 5.8. While
cold unfolding can be observed for many proteins when they
are destabilized by adding relatively high concentrations of
denaturant, generally it is not observed in the absence of
denaturant becauseT ′g tends to be well below 0°C (33).
For proteins with particularly high∆Cp and low measured
experimental enthalpy,∆Hexp, however, cold unfolding will
occur at higher temperatures and may be observed in the
absence of denaturant (33). Hisactophilin meets both of the
required thermodynamic characteristics for cold unfolding.
It is a relatively large single domain protein with a large
hydrophobic core (19), and so it has a relatively large∆Cp

(46). Consistent with this, them value for hisactophilin is
also comparatively large (47). In addition, at low pH,∆Hexp

is relatively low for hisactophilin as compared to other
proteins (46).

The low ∆Hexp for hisactophilin is likely related to the
high histidine content of this protein.∆Hexp is the sum of
the enthalpy of the protein conformational change,∆Hpr

conf,
and the enthalpy of ionization of protein and buffer,∆Hion

(33):

where∆ν is the number of groups ionized at the protein
transition,∆Hpr,i

ion and ∆Hbuf
ion, are the enthalpies of protona-

tion of a single group on the protein and of the buffer,
respectively. From analysis using eq 10 (Table 2), the number
of protons taken up upon denaturation of hisactophilin ranges
from ∼3 at pH 5.6 to∼5 at pH 6.2. These values are
comparable to values obtained at low pH for other proteins,
e.g., ∼4-6 for myoglobin (48) and ∼3 for RNaseA and
lysozyme (49).

For myoglobin the uptake of protons upon unfolding was
attributed to ionization of 5-6 histidine residues, which are
buried and neutral in the native state and charged in the
unfolded state. For hisactophilin, unfolding may also be
accompanied by uptake of protons by histidines, since at least
some of these are likely to have a higher pKa in the unfolded
state, which may more readily accommodate a higher net
charge than the native state due to its more extended
structure. Assuming that the pKa values of histidines in native
hisactophilin are on average∼6.8 (7), if the pKa values for
histidines in the unfolded protein are on average∼7.1 (which
is in the range observed for random coil proteins), then one
would expect a total uptake of∼3 protons by 31 histidine
residues at pH 6.2, and an uptake of∼1 proton at pH 5.6,
i.e., one expects a decrease in∆ν with decreasing pH. Clearly
these calculations are very rough, since they do not take into
account the possibility for larger changes in pKa for
individual histidines or proton uptake by other groups such
as aspartate. Nevertheless, the calculated trend in∆ν with
pH is consistent with the experimental data and suggests that
ionization of histidine residues is involved in the proton
uptake associated with unfolding.

The enthalpy of ionization of histidines upon unfolding
(6.9 kcal mol-1) will be partially offset by ionization of buffer
(3.5 kcal mol-1 for MES). Assuming that the number of
moles of buffer that ionize is equal to the number of moles
of histidine that ionize, then the net effect of ionization will
be to decrease∆Hexp by ∼10 to 17 kcal mol-1 for pH 5.6-
6.2. This is consistent with the observation that∆Hexpvalues
for hisactophilin are relatively low as compared to values
obtained for other proteins (13). Interestingly, low values of
∆Hexp for myoglobin were also attributed to ionization of
histidine residues upon unfolding. Furthermore, cold unfold-
ing was also observed in the absence of denaturant for
myoglobin (48).

Analysis of Thermal Unfolding and Equilibrium Denatur-
ation CurVe Data. For hisactophilin,∆Cp

app measured in
urea is very similar to∆Cp measured by DSC. Comparing
with results for other proteins, the effect of denaturant on
∆Cp

app is variable; no clear trends are observed for some
proteins (50-52), while for others∆Cp

app decreases slightly
(53) or increases (28) in denaturant. Thus, the effects of
denaturant may be protein-dependent. On the basis of the
data of Makhadatze and Privalov (38), the effects for urea
should generally be small,∼0.06 kcal mol-1 K-1 per molar
urea.

The data obtained here indicate that∆Cp varies little with
temperature for hisactophilin, and the thermodynamic data
are well fit using a constant value of∆Cp. Similar results
have been obtained for many other proteins (28, 35-37, 50).
These results are consistent with other experimental data,
which suggest that the temperature-dependence of∆Cp

follows a broad bell-shaped function with a maximum around
40 °C (46). For such a function, over moderate temperature
ranges in the vicinity of the maximum,∆Cp can be treated
as constant.

Comparison of urea denaturation curve data with thermal
denaturation data at high pH suggests that the denaturant
dependence of∆Gu(T,[urea]) increases at low urea concen-
trations (Table 4 and Figure 8). In agreement with this,m
values increase with decreasingCmid at low pH, and this

∆Hexp) ∆Hpr
conf + ∆Hion )

∆Hpr
conf + ∑

i

∆Hpr,i
ion + ∆ν∆Hbuf

ion (13)
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increase inm value is not affected by increasing ionic
strength (Table 1, and Wong, H. J., and Meiering, E. M.,
unpublished data). Kinetic experiments of hisactophilin
unfolding and refolding (Liu, C., Gaspar, J. A., Wong, H.
J., and Meiering, E.M, unpublished data) are also best fit
using nonlinear denaturant dependence of∆Gu(T,[urea]).
Similar upward curvature of∆Gu(T,[urea]) with decreasing
urea concentration has been observed for other proteins (28,
54). This raises the often discussed issue of whether LEM
is appropriate for analysis of equilibrium denaturation curves.
Interestingly, fitting of data for hisactophilin using BEM
gives coefficients that are rather similar to values obtained
for barnase (28) (from Figure 8, 2.65 vs 2.12 form1, and
0.080 versus 0.072 form2, for barnase and hisactophilin,
respectively). Also, data for SH3 domains have been fit using
a value of 0.08295 form2 (42, 54). This suggests that the
curvature could be a general effect of urea, and curves could
be fit using BEM by fixingm2 as was done for SH3. We
have therefore included BEM fitting in Table 1, using the
value ofm2 ) 0.072 obtained from Figure 8 in a modified
form of eq 1:

In general, values of∆Gu
H2O obtained using LEM are

systematically lower than values obtained by BEM. The
differences are very small under conditions where the protein
is unstable at low pH; however, the differences increase with
increasing pH to∼2 kcal mol-1 at pH∼8.7. Although DBM
fitting can also account for nonlinear denaturant dependence
of ∆Gu (21, 22), using this method for hisactophilin does
not give reliable results because there are problems with
convergence of fits, and the fitted values are out of line with
values obtained for other proteins (21). Thus, BEM appears
to be the most appropriate method for analysis of urea
denaturation curves of hisactophilin.

In conclusion, we have reported herein extensive measure-
ments of the thermodynamic stability of hisactophilin. The
data can be fit to two-state chemical- and temperature-
induced unfolding models. Stability is strongly pH-dependent
and is correlated with the pH dependence of actin- and
membrane-binding by hisactophilin. Ionization of histidine
residues is implicated in the pH dependence of stability and
function, and in the occurrence of cold unfolding under mild
solution conditions. Near physiological pH, the stability of
hisactophilin is moderate and comparable to the stability of
other â-trefoil proteins. The experiments reported herein
provide the groundwork for ongoing studies of the dynamics
and folding of hisactophilin, which should provide further
insights into the molecular determinants of theâ-trefoil fold.
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