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Enthalpic and Entropic Contributions to Actin Stability: Calorimetry, Circular 
Dichroism, and Fluorescence Study and Effects of Calcium? 
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ABSTRACT: The AH associated with the thermal unfolding of G-actin has been determined by differential 
scanning calorimetry (DSC) to be 142 f 5 kcal/mol, with the T,  (melting temperature) a t  57.2 f 0.5 OC, 
at  pH 8.0 (heating rate 0.5 K/min).  The  transition is broad and cannot be treated as a single transition 
that mimics a two-state process, suggesting the existence of domains. Deconvolution is done to fit it into 
two quasi-independent two-state transitions. For F-actin, the transition is more cooperative, with a cooperative 
ratio (the ratio of van't Hoff enthalpy and calorimetric enthalpy) of 1.4, indicating intermonomer interaction. 
The AH of the thermal unfolding of F-actin is 162 f 10 kcal/mol with a T,,, a t  67.0 f 0.5 OC. A state 
of G-actin similar to that of the heat-denatured form, designated D-actin, is obtained by removing tightly 
bound Ca2+ with EGTA. The DSC-detectable cooperative transition is completely lost when the free calcium 
concentration of the medium is 1 X lo-" M or lower, using a Ca2+/EGTA buffer system. However, circular 
dichroism (CD) shows that the helix content of actin, 32% in the G-form, is only partially reduced to 19% 
in this apo form. The C D  spectrum and the helix content of the calcium-depleted actin are almost identical 
with those of the heat-denatured D form. This loss of 40% of the native helical content is irreversible in 
both cases. The  remaining 60% of the native helical content cannot be further eliminated by heating to 
95 OC. A complete and reversible unfolding of the D-actin can be obtained by 5 M guanidinium chloride 
or 8 M urea. The heat denaturation as  well as  chemical denaturant unfolding have also been followed by 
the intrinsic fluorescence of tryptophans. A red shift of the emission maximum from 325 to 335 nm is observed 
with heat and EGTA denaturation. Completely unfolded actin has an emission maximum a t  345 nm. The 
accessibility of hydrophobic binding sites upon heat and EGTA denaturation is detected by A N S  (anili- 
nonaphthalenesulfonate) binding; the total number of binding sites increases by about 5-fold upon dena- 
turation. These findings suggest a two-step pathway for the complete unfolding of G-actin, N - D * U, 
where N, D, and U denote the native, a denatured but compact, and the completely unfolded states, 
respectively. The  first irreversible step is characterized by a large enthalpic change and involves the 
dissociation of the high-affinity Ca2+. This transition involves melting of two independent domains. The  
second reversible step is purely entropic and cannot be induced by heating. The structural characteristics 
of D-actin are  intermediate between N- and U-actin. AG, AH, and AS of each conformational transition 
are given. 

x e  folding-unfolding transition of small globular proteins 
is highly cooperative and approaches the two-state process [for 
a recent review, see Privalov and Gill (1988)l. For proteins 
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with larger molecular weights or complex structures, the 
presence of independent cooperative domains can be detected 
or deduced from the analysis of calorimetric data (Privalov, 
1982; Sturtevant, 1987). Recent studies of the thermal sta- 
bility of proteins (Baldwin, 1986; Privalov & Gill, 1988) in- 
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dicate that there is a temperature range (between cold and 
heat denaturations) in which stabilizing forces, such as van 
der Waals interactions and hydrogen bonding, overcome the 
dissipative forces of the hydration of nonpolar residues. The 
transition enthalpy, measured calorimetrically, is believed to 
originate from van der Waals interactions and hydrogen 
bonding in the protein structure. 

The presence of residual structures in “unfolded” proteins, 
particularly in heat-denatured proteins, has been known 
(Tanford 1968). Unfortunately, attempts to distinguish be- 
tween a partially unfolded protein (with residual structures) 
and the fully unfolded protein (e.g., the guanidinium chloride 
unfolded form) or to characterize these forms have been 
difficult (Privalov & Gill, 1988). Actin appears to be a good 
system for studying these questions. The heat-denatured actin 
(D-actin) retains approximately 60% of its native helical 
content as observed by ORD (optical rotatory dispersion) and 
CD (Nagy & Jenks, 1962; West et al., 1967; Nagy & 
Strzelecka-Golaszewska, 1972; Strzelecka-Golaszewska et al., 
1985). A similar state of protein is obtained by removing 
tightly bound Ca2+. Both processes result in a red shift of 10 
nm for the Trp fluorescence emission which is consistent with 
only a partial exposure of tryptophan residues to the aqueous 
environment (Lehrer & Kerwar, 1972). Complete unfolding 
by 5 M guanidinium chloride and 8 M urea, and thus the 
exposure of tryptophan residues, results in a further red shift 
of 10 nm. We report here a systematic study of heat and 
EGTA denaturations, characterization of these denatured 
states, and comparison with the guanidinium chloride unfolding 
reaction. The enthalpy and entropy of each reaction are 
calculated and their contributions to the stability of proteins 
assessed. 
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MATERIALS AND METHODS 
Actin Purification. Actin was purified from acetone powder 

of muscle from New Zealand white male rabbits as described 
by Pardee and Spudich (1982). The procedure was modified 
by replacing Tris-HCI with HEPES (HEPES, 2 mM, pH 8.0; 
NaATP, 0.2 mM; CaCl,, 0.2 mM; and mercaptoethanol, 0.5 
mM) for any measurement involving heat denaturation. 
G-Actin was polymerized to F-actin by raising the concen- 
tration of NaATP to 1 mM and by adding 50 mM KCl and 
2 mM MgCl, to the previous buffer. Formation of filaments 
was monitored by using electron microscopy. The purity of 
the protein was checked by SDS-polyacrylamide gel electro- 
phoresis (PAGE), as described by Laemmli (1970), using a 
Bio-Rad miniprotean I1 system. The protein concentration 
was determined by UV absorption (E;$ = 6.3) for G-actin. 
The concentration of F-actin was obtained by determination 
of the nitrogen content as described by Lowry et al. (1951). 

Differential Scanning Microcalorimetry. DSC was per- 
formed with a MC-2 scanning calorimeter (Amherst, MA) 
interfaced to an AT & T PC 6300 personal computer through 
an A/D converter (DT 2801 board). The software was pro- 
vided by the manufacturer as a data acquisition package (EMF 
software). The data analysis of this package is based on the 
deconvolution procedure of Freire and Biltonen (1 978a-c). In 
this procedure, the partition function of the system is directly 
obtained from DSC data, and a DSC spectrum can be resolved 
into either multiple independent or sequential two-state pro- 
cesses. The capacity of the calorimeter cell is 1.241 mL, and 
all the available heating rates, between 0.16 and 1.5 K/min, 
were used. Proteins were dialyzed overnight against the 
reference buffer, and concentrations ranging from 1.2 to 13 
mg/mL were used, with no noticeable effect on the enthalpy 
and T,. Baselines were drawn as a straight line from the Ti 
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to the Tf of the transition, the two temperatures being the 
initial and the final temperatures, respectively, for analysis 
from a DSC curve (Takahashi et al., 1981). The van’t Hoff 
enthalpy was calculated by means of the partition function 
Q (Privalov & Potekhin, 1986): AH,, = RTZ[d(ln Q)/dT]. 
In a fluorescence study, AHvH was calculated from equilibrium 
constant by using the van’t Hoff equation. The cooperative 
ratio (CR) is defined here as AHVH/AHH,,, and values higher 
than 1 are interpreted as effects due either to aggregation or 
to intermolecular interaction, whereas a lower value suggests 
the presence of a multidomains transition (Privalov & 
Pothekin, 1986; Tsong et al., 1972). 

Circular Dichroism. The ellipticity of the protein was 
followed by using an AVIV 60 DC spectropolarimeter inter- 
faced to an AT & T PC 6300 personal computer (at the Johns 
Hopkins University) or alternatively with a Jasco J 41 C 
spectropolarimeter interfaced through an Adalab A/D con- 
verter to an IBM-XT compatible personal computer. 
Water-jacketed, thermostat4 quartz cells were obtained from 
Hellma (Forest Hill, NY) with path lengths of 1 and 0.1 mm. 
Calibration of the instruments was done with (+)-10-cam- 
phorsulfonic acid. The temeprature of the sample was followed 
in the cell by using a previously calibrated YSI 51 1 micro- 
probe. Protein concentrations of 0.5-1 mg/mL were used. CD 
is expressed as the mean ellipticity per residue, [e ]  = 8’. 
MRW/cl, which has dimensions of degree centimeter squared 
per decimole and where the mean residue weight (MRW) of 
11 5 was used (Nagy & Strzelecka-Golaszewska, 1972). c 
represents the protein concentration in grams per milliliter, 
and the light path of the quartz cell is 1. 

Fluorescence Measurements. The intrinsic fluorescence of 
the protein and ANS (1-anilino-8-naphthalenesulfonate) was 
followed by using an Aminco-Bowman spectrophotofluorom- 
eter (Silver Spring, MD). Intrinsic fluorescence was measured 
by using 290 nm as the excitation wavelength and 335 nm as 
the emission wavelength. For ANS fluorescence, the excitation 
and the emission maxima were 400 and 470 nm, respectively, 
in the buffer used for actin. Binding constants were obtained 
from the titration curve by using Scatchard analysis. ANS 
was allowed to react with protein for 10 min for each data 
point. Where fluorescence spectral shifts were to be monitored, 
a Perkin-Elmer MPF 44A fluorescence spectrophotometer was 
used. Melting curves were obtained with a continuous tem- 
perature programmer by Neslab which controlled a Lauda 
K2/RD water circulator. The sample temperature was directly 
measured with a thermistor probe. 

Urea and Guanidinium Chloride Denaturation. Ultrapure 
guanidinium chloride (enzyme grade) was obtained from 
Bethesda Research Laboratories (Gaithersburg, MD), and 
electrophoresis purity urea was obtained from Bio-Rad 
(Richmond, CA). When reversibility was to be checked, the 
denaturant was removed by dialysis at 4 OC for 12 h. The 
free energy of denaturation was calculated by linear extrap- 
olation to zero denaturant concentration as previously de- 
scribed (Pace, 1975; Tanford, 1968). 

Calcium Determination. The free Ca2+ concentration in 
the EGTA/Ca2+ buffer system was calculated according to 
Tsalkova and Privalov (1985) using an association constant 
of 5.0 X 1 O ’ O  M-’ (Schmid & Reilley, 1957). The change in 
the number of bound Ca2+ (An) upon thermal unfolding was 
determined from calorimetric data by using the following 
procedure. The binding is assumed to be a single-step process 
represented by the equation: 

A + AnCa2+ = A.AnCa2+ 
where A is actin. The apparent equilibrium constant, Kapp, 
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is given by 

[A.AnCa2+1 
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[A] [Ca2+lPn Kapp = 

The fraction of protein with high-affinity calcium, a,  is 

[A-AnCa2+] 

[A] + [A.AnCa2+] 
a =  

Calorimetrically, a is simply the enthalpy measured at  a 
specific calcium concentration divided by the enthalpy mea- 
sured at a saturated calcium concentration. It can be shown, 
then, that 

log [a/(l - a ) ]  = log KBpp + An log [Ca2+] (1) 

Thus, from the slope of a plot shown in Figure 3B, An can be 
obtained. 

The release of Ca2+ from heat-denatured D-actin was de- 
termined by the method described by Kendrick et al. (1977). 
Free calcium chelates with Arsenazo 111, [2,2'-( 1,g-dihdyr- 
oxy-3,6-disulfonaphthylene-2,7-bis(azo)bisbenzenearsonic 
acid]. Arsenazo 111, in the form of sodium salt, was obtained 
from Sigma (St. Louis, MO). The following spectroscopic 
method was used to obtain its concentration from a calibration 
curve. The protein was dialyzed overnight for complete re- 
moval of unbound Ca2+. Standard calibration wad done in 
the dialysis buffer using 2.5-25 pmol of protein. Each sample 
wad divided into two parts; one was untreated, and the other 
was heated at 60 OC for 30 min and then rapidly cooled. 
Calcium values determined for native and heat-denatured 
protein were 1.6 f 0.3 and 2.57 f 0.1 M/M, respectively. The 
number of Ca2+ released was 0.97 M/M. This result does not 
exclude the possibility that there is calcium which after being 
released from its native sites still binds to the protein with an 
affinity higher than that of the chelating constant of Arsenazo 
111, as is suggested from the data of Figure 3B. 

RESULTS 
Heat Denaturation of N-Actin. The thermal denaturation 

of G-actin is apparently irreversible (on the basis of enthalpy 
changes) and is a relatively slow reaction. Thus, in comparing 
the DSC result, it is important to define experimental con- 
ditions precisely. Unless otherwise specified, a heating rate 
of 0.5 K/min was used in these experiments. Figure 1A shows 
the excess heat capacities for G-actin (4.3 mg/mL) and F-actin 
(4.8 mg/mL) upon thermal denaturation. The calorimetric 
AH thus obtained was 142 f 5 kcal/mol at a T,  of 57 f 0.3 
"C for G-actin and 162 f 10 kcal/mol at a T,  of 67 f 0.5 
OC for F-actin. The equilibrium thermodynamic analysis was 
used to obtain these enthalpy values despite the fact that these 
thermal transitions are apparently irreversible. This has been 
done previously in order to gather useful information for un- 
derstanding the denaturation process (Tatunashvili & Privalov, 
1984; Edge et al., 1985; Privalov & Potekhin, 1986). In panels 
B and C of Figure I ,  experimental curves are compared with 
theoretical curves, assuming a two-state transition, with the 
parameters listed in Table I for G-actin and F-actin, respec- 
tively. The cooperative ratio is less than 1 (0.7) for G-actin, 
suggesting that the denaturation is not a simple two-state 
process, and therefore can be resolved into multiple steps. 
Fitting of the excess heat capacity curve into two independent 
two-state steps is shown in Figure 1D. The best fit was ob- 
tained with two transitions, one at a T ,  of 52.3 O C  with a AHH,, 
of 44 kcal/mol and the other at a T,  of 56.7 OC with a AH,,, 

Temperatwe IOeg. C1 

FIGURE 1: Calorimetric melting curves of G- and F-actin. (Panel 
A) Curve 1 ,  G-actin, 4.3 mg/mL, in 2 mM HEPES, 0.2 mM ATP, 
0.2 mM CaCI2, and 0.5 mM mercaptoethanol at pH 8.0; curve 2,4.8 
mg mL F-actin in 2 mM HEPES, 1 mM ATP, 50 mM KC1,0.2 mM 
Ca", 2 mM MgC12, and 0.5 mM mercaptoethanol at pH 8.0. The 
scanning rate was 0.5 K/min in both cases. (Panel B) Comparison 
of the DSC endotherm of G-actin (1 )  with the simple two-state 
transition (2) using a AH of 140 kcal/mol and a T,,, of 57.0 OC, based 
on the van't Noff equation. (Panel C) Comparison of the endotherm 
of F-actin (1) with the simple two-state transition (2) using a AH 
of 180 kcal/mol and a T,  of 67.2 OC. The calorimetric curve is 
asymmetric compared to the theoretical curve. (Panel D) The en- 
dotherm of G-actin is fit into the two independent two-state model. 
Curves 1,2,  3, and 4 are the experimental endotherm, the least-squares 
fit of the two-domain model, the melting of the first domain, and the 
melting of the second domain, respectively. See text for details. 

~~ 

Table I: Deconvolution of Calorimetric Endotherms of G-Actin' 

T m  AHa, AHVH AG(23 "C)~ AS [Cali 
("C) (kcal/mol) (kcal/mol) (kcal/mol) (mol.K)] 

( I )  One-Step Cooperative Transition 

(2) Independent Two Two-State Transitions 

51.2 f 0.5 142 f 5 9 4 f  4 10.3 178 

transition I 52.3 44 f 5 3.6 84 
transition I 1  56.7 107 zt  IO 8.4 151 

(3) Sequential Two Steps (Each Step a Two-State Transition) 
transition I 52.9 54 f 5 4.1 98 
transition I1 56.7 96 f 8 1.2 I I9 
"The deconvolution followed the procedure of Freire and Biltonen (1978). 

Each experimental value is the mean of at least five determinations. The stand- 
ard deviation is given for each experimental value. The AC of heat denaturation 
was 2.3 f 0.6 kcal/mol. In the calculation of the AG(23 '6) of unfolding, a ACp 
of 2.3 kcal/mol was used. One-third of this value was assigned to transition I and 
two-thirds to transition 11. A heating rate of 0.5 K/min was used in all DSC 
measurements. Protein concentration ranged between 2.2 and 3.4 mg/mL. 

of 107 kcal/mol. Fitting to a two sequential two-state process 
was also attempted, and the values are also reported in Table 
I. The resolution into two independent melting processes is 
appealing because the enthalpy values for the two transitions 
are proportional to the molecular weights of the two fragments 
obtained after limited proteolysis of G-actin (Jacobson & 
Rosenbush, 1976). Thermodynamic quantities were calculated 
by the procedure of Privalov et al. (1986) and are listed in 
Table I. The endotherm of F-actin is much sharper than that 
of G-actin, with a CR (cooperative ratio, Le., AHvH/AHcal) 
of 1.4, and the T,  is shifted to 67 f 0.5 "C. The higher 
cooperativity and greater stability of F-actin are related to the 
formation of filamentous structures. 

Effects of Calcium on the Enthalpy of Denaturation. In 
Figure 2, the effect of calcium on the AH,,, of heat denatu- 
ration is examined. The [Ca2+] was controlled with a 
Ca2+/EGTA buffer system. The protein was dialyzed over- 
night (or at least 12 h) against a Ca2+/EGTA solution with 
a known free calcium concentration, at 4 OC, and DSC was 
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free AH,, Tm [EGTA] [CaCI,] 
ICa2+1 (MI (kcal/mol) I°C) (mM) ImM) 

~ 

2 x 10-4 141 f 5 59.2 f 0.1 NBb NB 
I x 10-7 122 f 8 53.4 f 0.6 0.5 0.49 
I x 10-9 120 f 6 53.2 f 0.3 1.0 0.98 
1 X 119 f IO 53.2 f 0.2 1.0 0.83 
8 X lo-" 110f 11 53.1 f0.8 1.0 0.80 
5 x 10-11 81 f 10 53.0 f 0.2 1.0 0.72 
2.5 X IO-" 18 f 8 47.0 f 1.0 1.0 0.56 
2.3 X lo-" 15 f 8 46.0 f 0.5 1.0 0.21 

"The free [Ca2+] was determined by using log K = 10.7 for EGTA 
(Schmidt & Reilly, 1957), where K is the association constant of 
EGTA and Ca2+. Protein concentration varied from 3.1 to 4.3 mg/ 
mL, using four different protein preparations. The heating rate was 1 
K/min .  The calorimetric enthalpy is the average of at least three de- 
terminations f the standard deviation. bNot buffered. 

run. The calorimetric enthalpy is strongly dependent on the 
free Ca2+ concentration. For the free'Ca2+ concentration 
between 1 X and 1 X lo-' M, the AH,,, was rather 
constant and is approximately 120 f 5 kcal/mol a t  a T,,, 53 
OC (in buffer A with Ca2+/EGTA and a t  a 1 K/min heating 
rate). When the free Ca2+ concentration was further lowered, 
a gradual reduction of the calorimetric enthalpy and a com- 
plete loss of the transition were observed a t  a free [Ca2+] of 
1 X IO-" M. There was also a slight shift of the peak tem- 
perature from 53 to 47 OC. A plot of calorimetric enthalpy 
vs free [Ca2+] is shown in Figure 3A. The numerical values 
are given in Table 11. In Figure 3B, a plot based on eq 1 is 
shown and from the slope of the curve, a An of 3.5 was ob- 
tained. This result suggests that upon the thermal unfolding 
there is a release of three to four tightly bound calciums. 

Higher free [Ca2+], in 5 m M  range, induced a partial po- 
lymerization of G-actin as reflected by the increase in viscosity. 
Formation of oligomers was detected by using nondenaturing 
polyacrylamide gels. This polymerization seems to be re- 
sponsible for the gradual shift of the T,  toward the T,,, of 
F-actin and the sharpening of the DSC endotherm, ap- 

a ?  
L +  

-iam -lam -&so -&YJ 
I . # . , . , /  

-i im 

log Ical 
FIGURE 3: Dependence of the calorimetric enthalpy of G-actin on 
the free calcium concentration. (Panel A) AHm, is plotted against 
the free calcium concentration. (Panel B) The difference in the number 
of high-affinity calciums bound to the D and N forms of actin was 
estimated to be 3.5, using eq 1. 

proaching the characteristics of the fully polymerized F-actin. 
EGTA-denatured D-actin did not show a cooperative 

transition upon thermal denaturation (Figure 2D, curve 1). 
The C D  spectrum (Figure 4A, spectrum 2) and the fluores- 
cence spectrum (Figure 5B, spectrum 3) of EGTA-denatured 
D-actin resemble those of heat-denatured D-actin (Figure 4A, 
spectrum 3 for CD, and Figure 5B, spectrum 2 for fluores- 
cence) when the two forms were compared a t  the same tem- 
perature, 25 OC. 

Helical Content of the Native and Denatured Structures. 
Figure 4A reports C D  spectra of native actin (curve l ) ,  
heat-denatured actin (curve 2), EGTA-denatured actin (curve 
3), and fully unfolded U-actin [with 8 M urea or 5 M guan- 
idinium chloride (curve 4)]. A value of obtained for 
native G-actin was -13 500 f 500 deg/(cm2-dmol), which 
corresponds to about 33.6% helix [a complete helix has the 
value of -38500 deg/(cm2.dmol) a t  222 nm (Nagy & 
Strzelecka-Golaszewaska, 1972)] or to 29.8% when the whole 
spectrum was fitted with a least-squares fitting procedure using 
the spectra reported by Chang et al. (1978) as reference. The 
value we report is in agreement with that reported by Wu and 
Yang (1976) and Strzelecka-Golaszewska et al. (1985). The 
spectrum was characterized by a lower value at 210 nm than 
a t  222 nm. A spectrum of heat-denatured G-actin was 
characterized by a minimum a t  215 nm, and the signal a t  222 
nm decreased to -8200 deg/(cm2-dmol) which corresponds to 
about 21% helical structure as compared to the value above, 
or to 18% residual helix using the least-squares fit. A loss of 
37.5% of the native helical structure (or of 39.6% with the 
computer fitting) was attributed to the irreversible thermal 
denaturation observed calorimetrically. The EGTA D-actin 
shows a similar reduction in the ellipticity at 222 nm, and the 
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FIGURE 4: Ultraviolet circular dichroism (CD) of actin in different 
forms. (Panel A) Shown are the CD spectra of native G-actin ( l ) ,  
EGTA-denatured D-actin (2), heat-denatured D-actin (3), and un- 
folded U-actin, either in 5 M guanidinium chloride or in 8 M urea 
(4). In all cases, the protein concentration was 1 mg/mL in 2 mM 
Tris-HCI, 0.2 mM ATP, 0.5 mM Mercaptoethanol, and 0.2 mM Ca2+, 
pH 8.0 except for curve 2 where 2 mM EGTA was substituted for 
0.2 mM Ca2+. All spectra were taken at room temperature (23 "C). 
See text for details. (Panel B) Urea unfolding of G-actin (0 )  and 
EGTA D-actin (0). Both transitions were monophasic, with a 
midpoint of unfolding (C,) at 5.52 M for G-actin and of 6.25 M for 
EGTA D-actin. These measurements were done at 23 OC. (Panel 
C) Guanidinium chloride unfolding of G-actin (A) and EGTA D-actin 
(0). unfolding of G-actin was biphasic. In the first step, 40% of the 
native helical structure was lost (C, of 0.44 M). The C, of the second 
step occurred at 2.3 M compared to that of EGTA D-actin at  2.4 
M. See text for details. Experiments were done at 23 OC. 

spectrum appeared nearly identical with that of the heat 
D-actin. 

The remaining 62% of the native helical structure could not 
be removed by heating to 90 "C, but was fully removed by 
5 M guanidinium chloride or 8 M urea (curve 4). Elimination 
of the guanidinium chloride reversed the C D  spectrum to that 
of the heat-denatured, but not to that of the native structure. 
In our experiments, this guanidinium chloride exposed protein 
was unable to polymerize after removal of the denaturant. 
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Unfolding with urea showed a better reversibility to N-actin. 
Unfolding of G-actin using urea (Figure 4, panel B) was 

quite different from the unfolding using guanidinium chloride 
(curve 1 of Figure 4, panel C). The unfolding by urea ap- 
peared broad and monophasic whereas the unfolding by 
guanidinium chloride clearly was a two-step process. The first 
transition was completed a t  1 M guanidinium chloride, and 
the second transition had a midpoint at 2.4 M. EGTA D-actin 
did not show the first transition, and the transition observed 
(curve 2 of Figure 4, panel C )  was superimposable to the 
second transition of G-actin. The free energies of denaturation 
presented in Table I11 are calculated by extrapolating to zero 
denaturant concentration, AGOapp according to Pace ( 1  975). 
At 23 OC, the apparent change in free energy was 13.0 
kcal/mol for the transition from N-actin to U-actin and 9.6 
kcal/mol for the transition from D-actin to U-actin when 
unfolded with urea. When guanidinium chloride was used for 
unfolding, the apparent free energy was 2.4 kcal/mol for the 
transition from N-actin to D-actin and 11.3  kcal/mol for the 
transition from D-actin to U-actin. Since the enthalpy change 
was not detected for the last transition (D to U) using DSC, 
the entropy change was calculated to be -31 and -38 cal/ 
(mol-K) a t  23 "C, for urea and guanidinium chloride un- 
folding, respectively. 

Tryptophan Fluorescence. The intrinsic fluorescence of 
G-actin was measured continuously as a function of temper- 
ature with an approximate scan rate of 0.7-0.8 K/min. The 
major contributor to the fluorescence of the protein comes from 
Trp residues [see also Lehrer and Kerwar (1973)], and the 
fluorescence intensity was, thus, measured at 335 nm (excited 
at 290 nm). A cooperative transition was detected which was 
accompanied by a reduction in the fluorescent intensity, with 
a T ,  of 56.7 "C (Figure 5, panel A). The van't Hoff enthalpy 
calculated from the fluorescence melting curve was 34 
kcal/mol, which is less than one-fourth the AHH,, and one-third 
of the AH,, calculated from the DSC endotherm. Experi- 
ments with heat- and EGTA-treated D-actin did not show 
sharp transitions in fluorescence over the temperature range 
from 10 to 85 "C, but rather a continuous reduction in in- 
tensity with increasing temperature. The fluorescence intensity 
of a tryptophan solution was found to have a strong temper- 
ature dependence although a spectral shift was not observed 
[see also Brand et al. (1962)l. Spectral shift is a more sensitive 
indication of the fluorophore microenvironment. We observed, 
in agreement with Lehrer and Kerwar (1972), that the Trp 
emission maximum of N-actin (325 nm) was shifted to 335 
nm in heat and EGTA D-actin (Figure 5 ,  panel B). Further 
shift of the emission maximum to 345 nm was seen for the 
urea or the guanidinium chloride U-actin (Figure 5 ,  panel B). 
Heating D-actin up to 80 "C did not cause a red shift of the 
Trp fluorescence, and the maximum remained a t  335 nm 
(Figure 5 ,  panel C). However, a complete unfolding by 
guanidinium chloride or urea of D-actin caused the maximum 
to shift from 335 to 345 nm (Figure 5,  panel D). 

The fluorescent probe ANS was used to monitor confor- 
mational changes. A N S  fluorescence increases in intensity 
when bound to hydrophobic regions of the protein (Stryer 
1965). The temperature dependence of the binding is shown 
in Figure 6. Relatively low ANS accessibility was observed 
when the protein was in the native state (calculated bound 
A N S  was 9 M / M  a t  23 "C). Upon heating, the intensity 
increased, coinciding with the observed thermal transition 
detected by DSC and Trp fluorescence (Figure 6, panel A). 
When the solution was cooled, the intensity of ANS fluores- 
cence stayed a t  a level much higher than the initial value. 
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FIGURE 5: Intrinsic tryptophan fluorescence of actin. (Panel A) Thermal denaturation of G-actin as monitored by the intrinsic tryptophan 
fluorescence. The excitation wavelength was 290 nm, and the fluorescence intensity at 335 nm was followed. The protein concentration was 
30 &mL, and the heating rate was 0.75 K/min. (Panel B) The emission spectra of native G-actin ( l ) ,  heat D-actin (2), EGTA D-actin 
(3), and U-actin in 8 M urea (4). All spectra were taken at 20 OC, with an excitation wavelength of 290 nm. The emission maxima were 
325, 335, and 345 nm, respectively, for G-, D-, and U-actin at a protein concentration of 30 kg/mL. (Panel C) Comparison of the emission 
spectra of heat D-actin at 70 OC (2) and the same sample after cooling to 20 OC (1) .  The emission maxima for both occurred at 335 nm. 
The result indicates that although heat denaturation destroyed the hydrophobic core of G-actin, tryptophan residues of the protein are not 
completely exposed to the solvent. (Panel D) Comparison of the emission spectra of heat D-actin before (1) and after (2) unfolding by 8 M 
urea (U-actin). A red shift from 335 to 345 nm was obtained at 20 OC. 

Table 111: Energetics of Actin Unfolding by Urea and Guanidinium Chloride 
urea guanidinium chloride 

AGO,,, (kcal/mol) C, (M) m [kcal/(mol.M)] AGo,,, (kcal/mol) C, (M) m [kcal/(mol.M)] 
N-actin to U-actin 13.0 5.52 2.35 

N - D transition 2.4 0.44 5.5 
D - U transition 10.6 2.30 4.6 

D-actin" to U-actin 9.6 6.25 1.54 11.3 2.40 4.1 
"The starting sample is the EGTA- or heat-denatured D-actin at 23 "C. AGO,,, C,, and m are the free energy of denaturation extrapolating to 

zero denaturant concentration, the midpoint of denaturation, and a linear extrapolation constant, respectively. These parameters are obtained by 
using the model of Pace (1975) and Tanford (1968). The parameter, m = AGo,,/C, has the physical meaning of the difference in the solvent 
accessibility of the denatured form and the native form (Schellman, 1978). The AS of the D-actin to U-actin transition is -31 cal/(mol-K) and -38 
kcal/(mobK) for urea and guanidinium chloride denaturation, respectively. 

A N S  titrations were performed for the three forms of actin 
a t  23 OC (Panel B). The number of ANS bound for D-actin 
reached about 50 MfM,  a t  23 OC, as estimated by Scatchard 
plot analysis. The binding constant was calculated to be 24 
and 30 pM for native actin and heat D-actin, respectively. The 
emission maximum shifted from 540 nm for free ANS to 470 
nm for bound ANS, indicating that the binding sites of ANS 
were hydrophobic (Turner & Brand, 1968). 

DISCUSSION 
The thermal denaturation of G-actin is complex. The van't 

Hoff enthalpy (94 kcalfmol) is much smaller than the cal- 
orimetric enthalpy (142 kcal/mol), suggesting that there are 
a t  least two structural domains of different thermal stabilities 
in the molecule. Our data were analyzed by assuming either 
that the two domains can melt independent of each other or 

that they melt sequentially one after the other. Distinction 
between the two models is not feasible based alone on the DSC 
data. However, we favor the independent melting model be- 
cause this model produces enthalpy of denaturation for two 
transitions proportional to the size of the two domains produced 
when actin is subject to mild proteolytic digestion (Jacobson 
& Rosenbush, 1976). Polymerization of G-actin to F-actin 
results in increased thermal stability and a higher degree of 
cooperativity, with a cooperative ratio changing from 0.70 to 
1.4. This implies an interaction among actin monomers in the 
filament. 

Our experiment has established several points. First, the 
removal of the high-affinity calcium by EGTA completely 
abolishes the DSC-detectable conformational transition, yet 
CD analysis suggests that 60% of the native helix content is 
still preserved. This indicates that the high-affinitive Ca2+ 
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FIGURE 6: Binding of ANS to actin. (Panel A) Heating curve (-) 
and cooling curve (e-) of a solution containing 40 kg/mL G-actin and 
30 pg/mL ANS. The excitation wavelength was 400 nm, and the 
emission was monitored at 470 nm. The heating and cooling rate 
was approximately 1.25 K/min. (Panel B) ANS binding to native 
G-actin (A), heat-denatured D-actin (0) and EGTA D-actin (0). 
The actin concentration was 30 rg/mL, and the titration was done 
at 23 "C. Scatchard analysis was used to estimate the binding constant 
of ANS and the number of binding sites. 

stabilizes the enthapy-dependent structure, presumably through 
van der Waals contacts, of the G-actin. Second, the heat- 
denatured D-actin resembles the EGTA D-actin, also retaining 
60% of the native helix content. This "residual" structure 
cannot be removed by further heating up to 95 "C. We were 
unable to make a distinction between the two denaturated 
forms by CD, fluorescence, or DSC experiments discussed in 
the paper. Third, the tryptophan fluorescence of both the heat- 
and the EGTA-denatured D-actin indicates that the hydro- 
phobic core of G-actin is not completely exposed to the solvent 
upon heat or EGTA denaturation. The emission maximum 
of tryptophan fluorescence and the ANS binding ability of 
D-actin suggest preservation of certain hydrophobic environ- 
ments in the D-actin. Fourth, D-actin can be completely and 
reversibly unfolded by guanidinium chloride and urea. This 
unfolding is purely an entropic process. These results can be 
represented by a simple mechanism for the unfolding of G- 
actin: 

N-actin - D-actin U-actin 
The first step is enthalpic and involves the denaturation of two 
independent domains, of approximately 1 1 and 3 1 kDa. The 
second step completely unfolds the protein and is purely en- 
tropic. The possibility that this second step arises from melting 
of a third stable, independent domain cannot be excluded. 

The integrity of N-actin requires high-affinity Ca2+. Loss 
of these calciums results in the irreversible denaturation to 
D-actin. We have attempted to quantitate the number of 
high-affinity Ca2+ by using calorimetry (Figure 3) and the 
Arsenazo 111 assay. However, the two methods were not 
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consistent; the calorimetric method gave a An of 3.5 whereas 
the Arsenazo I11 assay gave a An of 0.95. It is plausible that 
the high-affinity Ca2+, when released, could still remain bound 
to the denatured protein with a relatively high affinity. In this 
case, the bound Ca2+ would be detected by DSC but not by 
the Arsenazo I11 assay. Konno and Morales (1985) reported 
a high-affinity Ca2+ with a K D  of 5 nM for actin labeled with 
N-(5-fluoresceinyl)maleimide. Estes et al. (1987) use the 
calcium-specific chelator Quin2 to study this high-affinity 
calcium. Carlier et al. (1986) also reported a high-affinity 
calcium (KD of 2.6 nM) in G-actin. Our result with Arsenazo 
I11 assay agrees with these results. 

The D-actin might be considered one of the different types 
of folding/unfolding intermediates discussed by many authors, 
e.g., the framework of Kim and Baldwin (1982) or the molten 
globule of Dolgikh et al. (1981, 1984, 1985). It has a high 
helix content (19%), and despite the exposure of hydrophobic 
residues, the protein still maintains a compact structure as 
evidenced by its ability to bind ANS and the fact that the 
tryptophan residues are still in a relatively hydrophobic en- 
vironment. Unfortunately, attempts to recover N-actin from 
D-actin either by removing guanidinium chloride or by low- 
ering the temperature were not successful. Likewise, the 
high-affinity Ca2+ when released by EGTA could not be re- 
stored by the removal of EGTA and the addition of calcium 
back to the solution. In contrast, the D-actin to U-actin 
transition is fully reversible. 

Analysis of the results of guanidinium chloride is clearly 
a two-step process. The first transition apparently is related 
to the N-actin - D-actin denaturation step, and the second 
is superimposable onto the D-actin - U-actin unfolding step. 
For the guanidinium chloride unfolding, the free energy of the 
first denaturation at 23 "C (N-actin -+ D-actin is 2.4 kcal/ 
mol, and that for the second step (D-actin - U-actin) is 10.6 
kcal/mol (Table 111). For the urea unfolding from D-actin 
to U-actin, the free energy change is 13.0 kcal/mol (Table 111). 

The AS of the N-actin to D-actin transition has a positive 
value of approximately 200 cal/(mol.K) (Table I) whereas that 
of the D-actin to U-actin transition is negative, -31 cal/ 
(mo1.K) by guanidinium chloride unfolding and -38 cal/ 
(mo1.K) by urea unfolding (Table 111). The A S  of N-actin 
to U-actin would be approximately 165 cal/(mol-K). Con- 
versely, folding of U-actin to N-actin would have a negative 
entropy change of 165 cal/(mol.K). This simple analysis 
suggests that the stability of N-actin does not depend on the 
entropy term but rather on the enthalpy term. Our result, 
however, shows that there is an intermediate state in the 
folding of U-actin, Le., D-actin, and that the stability of this 
intermediate is entropic. No enthalpy contributes to the 
stability of D-actin. 
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