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ABSTRACT: The conformational stabilityXG) of muscle acylphosphatase, a sm@lp globular protein,

has been determined as a function of temperature, urea concentration, and pH. A combination of thermally
induced and urea-induced unfolding, monitored by far-UV circular dichroism, was used to define the
conformational stability over a wide range of temperature. Through analysis of all these data, the heat
capacity change upon unfoldindC,) could be estimated, allowing the determination of the temperature
dependence of the main thermodynamic functiok&,(AH, AS). Thermal unfolding in the presence of

urea made it possible to extend such thermodynamic analysis to examine these parameters as a function
of urea concentration. The results indicate that acylphosphatase is a relatively unstable protein with a
AG(H0) of 224 1 kd mol at pH 7 and 25C. The midpoints of both thermal and chemical denaturation

are also relatively low. Urea denaturation curves over the pH rand@@ have allowed the pH dependence

of AGto be determined and indicate that the maximum stability of the protein occurs near pH 5.5. While
the dependence afG on urea (then value) does not vary with temperature, a significant increase has
been found at low pH values, suggesting that the overall dimensions of the unfolded state are significantly
affected by the number of charges within the polypeptide chain. The comparison of these data with those
from other small proteins indicates that the pattern of conformational stability is defined by individual
sequences and not by the overall structural fold.

Protein folding is one of the most intensively studied of thermodynamic parameters upon unfolding for a number
aspects of modern biochemistry. It has been realized, overof proteins (, 2).

the past 30 years, that many proteins can unfold cooperatively |n this work we have studied the conformational stability
and reversibly under denaturing conditions, such as high of acylphosphatase (AcP)a small globular enzyme of 98
temperature, chemical denaturants, or extremes of pH, withresidues. It catalyzes the hydrolysis of acyl phosphates such
a virtually complete loss of native secondary and tertiary as 1,3-bisphosphoglycerate, acetyl phosphate, carbamoyl
structure. The simplicity of the unfolding transition and its phosphate, succinyl phosphate, andgkespartyl phosphate
character of reversibility allow a detailed description of its formed during the activity of membrane pum@s-). AcP
thermodynamics; the two-state model, which assumes thathas been purified and sequenced from several vertebrates as
at equilibrium the protein exists only in two alternative forms  two isoenzymes sharing about 50% amino acid sequence
(fully folded or fully unfolded), frequently seems to be identity (8, and references therein). The two isoenzymes
adequate to describe the unfolding transition caused byare known as the muscle and erythrocyte AcP, indicating
denaturing agents and has been used for the determinationhe tissues from which they were purified for the first time.
The structure of muscle AcP has been determinedtby
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AcP for equilibrium unfolding studies and to obtain a full equilibrium. Reversibility of unfolding was checked by
description of its overall stability. diluting a sample at high urea concentration into the buffer

An accurate determination of the conformational stability solution and recording its ellipticity at 222 nm. At high
over a wide range of temperature, pH, and denaturantpPH values, the transition was also followed by fluorescence
concentration is vital for the comprehension of the physical With excitation and emission wavelengths of 280 and 335
interactions that stabilize the functional structure of a protein. "M, respectively, on a Perkin-Elmer LS 50 B spectrofiuo-
Surprisingly, there are very few proteins whose thermody- fimeter.
namic functions of unfolding have been studied in a thorough  Buffers and Urea SolutionsFor the analysis performed
and complete manner. In this study we determine thermo-2as a function of pH, the following buffer solutions were
dynamic parameters of AcP unfolding as a function of used: 50 mM citric acid pH 2.462.80; 50 mM formic acid
temperature, urea concentration, and pH using far-ultravioletPH 3.00-3.80; 50 mM acetic acid pH 4.66.50; 50 mM
circular dichroism as a spectroscopic probe to monitor cacodylic acid pH 6.50; 50 mM-ethylmorpholine pH 7.50;
unfolding. Our analysis focuses on the free-energy change50 mM boric acid pH 8.569.50; 50 mM sodium carbonate
upon unfolding AG), the only parameter appropriate for fully ~PH 10.50-11.00; sodium hydroxide/40 mM sodium acetate
describing the conformational stability of the folded form PH 11.50. In the preparation of these buffer solutions,
relative to the unfolded one. The analysis of our data and particular care was taken to avoid the addition of chloride,
the comparison with those of other proteins allow us to gain Phosphate, or sulfate anions, which are known to bind to
insight into the effect of chemical denaturants on the the active site of native AcP16), potentially altering its
thermodynamic parameters of protein stability under a variety Stability. There is no evidence at present that any chemicals

of conditions. used in the present study bind preferentially to either the
folded or unfolded form of AcP. Fresh urea stock solutions
MATERIALS AND METHODS were prepared daily by dissolving urea in water and adding

i o ) . the appropriate chemical compound among those listed above
Protein Purification and ChemicalsAcP expression and iy order to have a final 50 mM solution in all cases. The
purification was performed according to Modesti et &B)(  pH was then corrected to the desired value by adding sodium
Protein purity was checked by determination of the enzyme pyqroxide, acetic acid, or trifluoroacetic acid. The urea
specific activity (4) and SDS-PAGE, showing that the final  ¢oncentration in the stock solutions was checked using a hand
content of AcP was higher than 95%. All chemicals used refractometer, ATAGO R5000, according to Pat@)(
were of the highest analytical grade. Data Analysis. In both the thermally induced and urea-
Thermally Induced DenaturationFar-UV CD at 222 nm induced unfolding curves, the data before and after the
was used to monitor the thermal unfolding of AcP using a transition were linearly fitted in order to determine the pre-
Jasco J-720 spectropolarimeter equipped with a temperatureand posttransition baselines. The apparent equilibrium
control system and cuvettes with 1-mm path lengths. The constant of unfolding K., and free-energy chang@AG)
thermal unfolding curves were recorded using a heating ratewere estimated in the transition region by using
of 0.5 °C/min from 20 to 80°C or from 5 to 75°C,

depending on the approximately predicted temperature range Keg= Vn = WIY — Vo) 1)
of the transition. In all cases the temperature course was
monitored by positioning a thermocouple inside the sample. AG = —RTIn(Kg) (2)

The protein concentration of all samples was-03 mg/
mL in buffer solutions with pH values ranging from 2.00to where y is the ellipticity observed at the given urea
7.00 and urea concentration ranging from 0 to 4 M. The concentration or temperature apcandy, are the ellipticities
reversibility of the unfolding transitions was checked by the characteristic of the folded and unfolded protein, respectively,
measurement of the CD signal at room temperature uponand extrapolated from the pre- and posttransition baselines
cooling immediately after the conclusion of the transition. to the urea concentration or temperature under consideration.
Urea-Induced DenaturationFar-UV CD at 222 nm was For all urea-induced denaturation curves, plotsAgs
also used to monitor the urea-induced unfolding of AcP. Urea against urea concentration could be fitted by linear least-
denaturation curves were obtained at different temperaturessquares analysis, according to the two-state model, by using
(ranging from 5 to 42°C) and at different pH values (from
2.50 to 11.50). Each urea denaturation curve was obtained AG = AG(H,0) — m[urea] 3
by following the CD signal of 2530 samples containing
0.4 mg/mL of protein and a concentration of urea varying where m is a measure of the\G dependence on urea
from 0 to 9 M. For the analysis as a function of temperature, concentration andG(H-O) is the free-energy change in the
all samples were in 50 mM acetate buffer, pH 5.5. For the absence of denaturant. This plot allows the determination,
analysis carried out as a function of pH, several buffer by the linear extrapolation method8), of AG values also
solutions at different pH values were used (see below), butin the pre- and posttransition regions where the protein is
care was taken in maintaining a constant ionic strength. Thefully folded or fully unfolded, respectively. The midpoint
pH was checked again for a mixture of 50 samples around  of denaturationCy, can also be determined from eq 3 and
the transition midpoint as suggested by Pace etl&). (n corresponds to the urea concentration whié& = 0.
some cases, the measured pH value varied by 0.10 pH units Santoro and Bolen1Q) have pointed out that these
and the second value was considered the true value in themethods of analyzing unfolding curves underestimate the
analysis. In all cases the CD signal was recorded after anexperimental error in the parameters determined, because no
incubation period D3 h in order to let the protein reach error is assumed for the pre- and posttransition baselines.
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To get a more realistic assessment of the error, they

recommended the use of a nonlinear least-squares analysis

to fit the data of a urea denaturation curve:

y = {(y; + m{urea])+ (y, +
m [urea]) expf-(AG(H,0)/RT — mlurea]RT)]} {1 +
exp[—(AG(H,0)/RT — mlurea]RT)]} (4)

wherey:, m, y,, andm, are the slopes and intercepts of the
pre- and posttransition regions ands(H,O) andm have
the same meaning as in eq 3. Value€gf m, andAG(H.0)
were essentially identical using either eq 3 or 4.
In the case of thermally induced unfolding curves, the van't
Hoff plot of In(Keg) against 1T was linearly fitted to
In(Keg) = ASy/R — AH/R(1/T) (5)
AHn andAS, being the enthalpy and entropy changes upon

unfolding at the half-denaturation temperaturg, respec-
tively.

RESULTS

Equilibrium Unfolding. A complete characterization of
the thermodynamics of AcP unfolding has been carried out
at pH 5.50 by a combination of equilibrium heat and urea
unfolding experiments performed under different conditions.

Figure 1 shows two representative unfolding curves
followed by far-UV CD (222 nm). The transitions are

characterized by the presence of a single sharp change ir|:IGURE 1:

the ellipticity that is typical of a two-state model. All
transitions showed a degree of reversibility higher than 90%.
Figure 2A shows nine thermally induced unfolding curves,
normalized to the fraction unfolded,, obtained at urea
concentrations ranging from 0 to 3.2 M at 0.4 M intervals.
Thermodynamic parameters derived from fitting these curves
to the van't Hoff analysis show that the increase of urea
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Representative thermal (A) and urea-induced (B)
unfolding transitions for AcP monitored by CD at 222 nm. For the
thermal transition, the sample contained 0.4 mg/mL AcP in 50 mM
acetate buffer and 1.2 M urea, pH 5.50. Ellipticity was measured
every 0.08°C. The urea denaturation curve was obtained &tG7
with samples containing 0.35 mg/mL AcP in the same buffer at
different urea concentrations. The solid line through data in panel
B represents the best fit to eq 4.

concentration causes a reduction of the thermoresistance oexpected to decrease at sufficiently low temperatures, but

the protein (i.e.,T, value) concomitant with a slight but
significant decrease of the enthalpy change upon unfolding.
In a complementary set of experiments, urea denaturation
curves were acquired at temperatures ranging from 4 to 41
°C. Figure 2B and Table 1 show the results of this study.

evidently this occurs only below @C for AcP.

Stability Cuwes To obtain a complete characterization
of the thermodynamics of AcP as a function of temperature,
the heat capacity change upon unfoldin§C{) must be
known in accordance with the standard thermodynamic

In this case an increase in temperature correlates with arelationships:

diminishing of the protein resistance to chemical denatur-
ation. Since the dependence A6 on urea concentration
(m value) does not change significantly with temperature,
the observed decrease Af5(H,0) with temperature solely
reflects the variation i, the midpoint of urea denaturation.
Both of the approaches described above show that AcP

does not exhibit, over the range of temperatures under study,

the phenomenon of cold denaturation. In fact, the unfolding

AH(T) = AH,, + AC, (T — T,) 6)
AS(T) = AS, + AC, In(TIT,) 7)

AG(T) = AH,(1 — TIT,) + AC[T — T,, — TIn(T/T,)]
8

transition caused by urea shifts to higher urea concentrationwhere Ty, is the temperature at which the protein is half-
as the temperature decreases and the analysis was nalenaturedAG = 0) andAH,, andAS, are the enthalpy and

possible at 4 and 1TC because the transition occurs beyond

entropy changes upon unfolding B4, respectively. In our

the range of accessible urea concentrations. In addition, thestudy, a plot of AG againstT over a wide range of
absence of curvature in the pretransition regions of the heattemperature, called the stability curve by Becktel and

denaturation curves at high urea concentration confirms this

Schellman 20), was achieved by the use AfG data from

observation, since the existence of cold denaturation wouldthe transition region of a thermal denaturation a{H,0)

have caused a value &flower than 100% at low temper-

data from urea denaturation experiments carried out at

ature. However, as a consequence of the positive value ofdifferent temperatures. The plots can be constructed at
AC, of unfolding, the conformational stability of proteinsis  various urea concentrations wilfG values at high temper-
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Ficure 2: Thermally induced and urea-induced unfolding curves
of AcP, followed by CD at 222 nm and converted to fraction
unfolded usind, = (Y — Yn)/(Ya — Yn), Wherey, y,, andyy have the
same meaning as in eq 1. (A) Heat denaturation curves in 50 mM
acetate buffer, pH 5.50. The curves shown from right to left were
acquired at various urea concentrations ranging from 0 to 3.2 M
with 0.4 M intervals. The spread @f at high temperatures is due
to the vicinity of pre- and posttransition baselines in that region.
(B) Urea denaturation curves of AcP (50 mM acetate buffer, pH
5.50) at temperatures of 15°%& (filled circles), 24.2°C (empty
circles), 32.6°C (filled triangles), and 37.0C (empty triangles).

Table 1: Analysis of Urea Denaturation at Different Temperatures

Chiti et al.
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Ficure 3: Temperature courses of conformational free energy of
unfolding at pH 5.50 and at various urea concentrations (stability
curves): 0 M (open circles), 0.4 M (filled squares), 0.8 M (open
tilted squares), 1.2 M (crosses), 1.6 M (filled triangles), 2.0 M (open
triangles), 2.4 M (open squares), and 2.8 M (filled circles). Each
stability curve was obtained by the combinationAd® data from

the heat unfolding transition regions (high temperatures)/&@&d
data calculated from isothermal urea denaturation curves with eq
3 (low temperatures). Solid lines represent fitting of every data set
to eq 8 allowing the estimation of,, AHm, andAC, at several
urea concentrations. The results of such a fitting procedure are
reported in Table 2.

Table 2: Thermodynamic Parameters of AcP from the Analysis of
Stability Curves at Different Urea Concentratidns

[urea] AHm ASy (kJ AC, (kJ AGs

M) Tm(K) (kIJmof?) mol 1KY moI*EKfl) Ts(K) (kJ mol?)
0.0 3297 351 1.064 6.15 277.3 28.7
04 3278 335 1.022 6.07 277.0 26.7
0.8 3258 324 0.997 6.28 278.1 24.3
1.2 323.9 305 0.941 6.19 278.2 22.0
16 3214 286 0.890 5.86 276.1 20.6
20 318.6 276 0.866 6.19 277.0 18.4
24 316.3 256 0.809 6.20 277.6 16.0
28 313.2 238 0.760 5.77 274.5 15.0

aValues ofTy, AHm, andAC, were derived from the stability curves
(Figure 3) using eq 8AS, was subsequently calculated usii§, =

temp (C) Cn(Murea) m(kJmoltM™1) AG(H,0) (kJ mol?)

4.0 not measurable not measurable not measurable

10.0 not measurable not measurable not measurable

155 5.36 5.22 28.0

20.2 491 5.14 25.3

24.2 4.54 5.31 24.1

28.0 4.32 5.22 225

32.6 3.70 5.26 19.5

37.0 3.04 6.09 18.5

41.3 2.72 4.71 12.8

am and AG(H;0O) were estimated from plots G versus urea
concentration fitted to eq 3y, is the concentration of urea corre-
sponding to the midpoint of denaturation whek& = 0. At low

AHm/Tm. Tsis the temperature of maximum free energy conformational
stability and was obtained from eq 8Gs was thus determined by
replacingT with Tsin eq 8. Experimental errors from the least-squares
fits are as follows: 10% foAC, (at high urea concentrations it increases
to 20%), 5% forAHm, 10% for AS,, 0.5 and 2 K forT, and Ts,
respectively, and 5% foAGs.

A number of interesting observations arise from this
analysis. (1) The good fits to the data confirm the validity
of this method based on the combinationk® estimates
from heat and chemical denaturation experiments to express
the equilibrium between the folded and unfolded states of
protein. The good fits also allow us to get a reliable and
averaged value oAC, for the range of temperature under
consideration. (Il) Figure 3 allows the conformational

temperatures analysis was not possible due to the high stability of the Stability of AcP to be defined over a wide range of

protein. Experimental errors are 0.1 M fG,, 0.5 kJ mot* M~ for
m, and ca. 10% foAG(H-0).

temperature and urea concentrations. Furthermore, the
determination of the parameters listed in Table 2 allows this
two-dimensional characterization to be extended to enthalpy

atures from thermal unfolding curves obtained in the presenceand entropy changes by the use of eqs 6 and 7. (lll) The

of urea andAG values at low temperatures calculated from

high values ofAG at low temperatures, near the freezing

urea denaturation curves by use of eq 3. Figure 3 showspoint of water, are responsible for the absence of observable

such plots at different urea concentrations. Solid lines

cold denaturation. (IV) Setting the first derivative of eq 8

represent fits of data to eq 8, and the parameters derived areequal to O, we can determine the temperatufe, of

summarized in Table 2.

maximum conformational stability of AcP and, consequently,
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the maximum value oAG under these condition\Gs). 450 T
Ty = Ty/{exp[AH/(AC,T)]} 9) 400
> [
Values of Ts and AGs, collected from each stability curve, E 350
are also listed in Table 2.Ts values fall in the narrow 2 [

m

temperature range-16 °C and are largely independent of
urea concentration.

AG, AH, andAS as a Function of Temperature and Urea
Concentration. Equations 6-8 and the parameters listed in
Table 2 determined from the analysis of the stability curves
were utilized to determine the temperature dependencies of 200 o L L e
the three fundamental thermodynamic quantities. The large 35 40 45 50 5% 60 6s
positive value ofAC, is responsible for the strong depen- T, (C)
dence of botl\H andASon temperature and for the higher g yre 4: Plot of AH,, againstT, as determined from the analysis
value of AH with respect tofTASat lower temperatures. This  of heat denaturation curves at different pH values (crosses) and
is consistent with the fact that, at physiological temperatures, urea concentrations (filled circles). The latter values were calculated
the native conformation of a protein is stabilized by a after taking into account the ure@rotein enthalpy interaction (see

: . the text for further details). The data were linearly fitted, and the
;2L?Lzbg)enthalplc factor against an unfavorable entropy of slope provides a value afC, of 6.61-+ 0.70 kJ/mal.
The investigation of the relationship between the energeticsg g1 + 070 kJ mot? K-1, in good agreement with that

of AcP unfolding and temperature can be extended to eachyqineq from stability curves. However, deriving from a
of the urea concentration values under study. This allows combination of heat and chemical denaturation, our best
the_dependence cﬁl_—L AS a_ndAG on denaturant CONCeN-  gqyimate ofAC, remains that obtained from the analysis of
tration to be determlned at fixed values Qf temperature (datastability curves (6.15+ 0.60 kJ mof! K-3). This is the
not shown). At high temperatures a slight dependence of
AH on urea concentration has been found (e-¢,99 kJ
molfl_M*1 at 60 °C), whereas no significant variation of temperature and denaturant concentration.
AH with urea was observed at lower temperatures. &A®r N )
the opposite behavior was found with small variations atlow ~ Efféct of pH on the Stability of AcPThe conformational
temperatures (e.g., 14.7 kJ mbM—1 at 10°C). The slopes stab|I_|ty of acylphosphatase has also been s_tudled as a
of plots of AG against urea concentration provide estimates function of pH by means of urea denaturation curves
of m at various temperatures that are very similar to those Performed at various pH values and monitored by far-Uv
listed in Table 1. CD and, in some cases, by fluorescence emission. Over the
Estimate ofAC,. The values of the heat capacity change €ntire pH range analyzed, AcP unfolding was found to be
upon unfolding, listed in Table 2 and determined by the highly reversible. At acidic pH the adequacy of a two-state
analysis of the stability curves, show thAC, does not model for the analy3|s of data has previously been.demon-
change significantly with increasing urea concentration. In Strated {2). At basic pH the steepness of the transition and

AH
]
o

value we used for the analysis of the unfolding thermody-
namics, described in the previous section, as a function of

the absence of urea, the calculated valué6}, is 6.15+ the perfect coincidence of the urea denaturation curves as

0.60 kJ mot! K-, An alternative way to calculat&C, is monitored by CD and fluorescence emission (data not shown)

based on the Kirchoff equation: are consistent with a two-state transition also under these
conditions. Figure 5 shows the analysis@f, m, andAG

dAH/dT, = AC, (20) over a wide range of pH values. As can be seen, the pH

dependencies dt,, andm are opposite. The lowest values

The values ofAH,, and Ty, determined from the van't Hoff ~ of Cr are at both low and high pH, where the protein is
analysis of the heat denaturation curves reported in Figureexpected to be unstable due to the protonation and depro-
2A, could be used to determine a plot &H,, versusTm, tonation of acidic and basic residues, respectively. The
the slope of which yields a value @C,. This approach highest stability of the protein against urea was found at pH
gives, however, only an apparent measurememi@f, as ~ 9.50 Cn = 5.23 M), which is about 2 pH units lower than
AH, values obtained in the presence of urea underestimatethe isoionic point of acylphosphatase, 1126)( Despite

the actual values due to a negative enthalpy interaction the behavior o, the AG dependence on urea concentration
between urea and the protein surface area exposed to thém value) was found to be high at extreme pH values and
solvent upon unfoldingX1—24). Nevertheless, as explained lower in the pH range 4.5010.50, showing a minimum at
above, our analysis allows us to determine the dependencepH 9.50 (n = 3.74 £ 0.15 kJ mot* M~%). Thermally

of AH on urea concentration. This relationship was found induced unfolding curves at various pH values give a pH
to be linear at all temperatures, and thus, from our set of dependence df, similar to that ofCy,. T decreases rapidly
raw data corrected values dfH,, can be obtained in the as the pH is lowered from 4.50, whereas it does not vary
absence of urea at the corresponding temperature. Figure £onsistently at neutral pH (data not shown). Heat denatur-
shows a Kirchoff plot with values ofAH; from heat ation is not completely reversible under basic conditi@®s, (
denaturation experiments performed at different urea con-and thus, the van't Hoff analysis must be limited only to
centrations and pH values, the former being corrected asneutral and acidic pH values where equilibrium unfolding
explained above. This approach provideA@, value of conditions appear to persist.
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7.00 — in the K, value in the folded and unfolded states of one
6.00F A cysteine or tyrosine residue (see Discussion).
L ]
igg . o ] DISCUSSION
_— X £ Y 3
= 300 e o | A comprehensive study of the unfolding of AcP is reported
S 000F ] in this work. The most detailed analysis of the main
‘ thermodynamic quantities as a function of temperature and
1.00te ] the interaction of AcP with urea has been carried out at pH
0.00 ] 5.50 and under conditions of moderate ionic strength. This
T S ST NP M H B analysis has been supplemented by a measurement of the
B conformational stability of the protein over a wide range of
= 10014 l pH values at 25C.
= 800} ) 1 The basis of the overall study presented here is the
o) assumption that the two-state model of folding is valid and
g 6.00r ¢ + ] correct for AcP when both urea and heat are used as
2 400l + ¢ ¢ ' ¢ ] denaturing agents. It has been previously reported that
E thermally and chemically induced unfolding curves of AcP
2.00 ] are characterized by the presence of a single sharp transition
L (12). When normalized to the fraction of the native state,
the transitions are perfectly superimposable using a variety
T 2501 + b9 ' C of physical probes such as NMR, CD, and enzymatic activity
g 20.0 [ ¢ ] 4 ] measurements. Moreover, no changes are observed upon
35 ++ varying the protein concentration, indicating that aggregation
& 150¢ is not significant. In the present study, intrinsic tryptophan
O 100F 4 ] fluorescence has also been used as a further probe to verify
E'.:j‘ 5.00} the coincidence of transitions at basic pH. Both thermal and
0] chemical denaturation are reversible as demonstrated by the
< 0.00F + recovery of enzymatic activity3) and CD signal charac-
S0 teristic of the folded state upon restoring the refolding
2 3 45 6 7 8 9 101112 conditions. Another key point for the applicability of our
pH analysis is the assumption that the unfolded states generated

by either urea or heat are effectively equivalent. In many
FIGURES: Cp, (A), mvalue (B), andAG(H,0) (C) as a function of cases, thermally denatured proteins have been shown to
pH for urea unfolding of AcP at 25C. Buffer solutions used in  preserve a higher degree of residual structure than chemically
the analysis are reported in Materials and MethodsC=pstandard denatured state$2, 33). NMR and photo-CIDNP experi-
deviation errors are approximately the size of symbols. ments suggest that this is not the case for AcP and indicate

. . that very little persistent structure is present in the unfolded
Figure 5C shows a plot dkG(H;0) against pH. Several protein regardless of the method of denaturatidi).(

features are evident from the analysis of this figure. The Furthermore. the samm values were obtained from urea-
fir_st is that acylphosphatase s in its n_ative state over a very;n ceqd den,aturation and from isothermal slices of heat
wide range of pH valgles (2.5011.00) withAG(HzO) values  yonanration curves (data not shown). Although we cannot
greater than 10 kJ mol. Outside this pH range, the stability  je oyt the existence of small structural differences between
of the enzyme collapses abruptly, most probably due to the {he two denatured proteins, these findings suggest that the
excess of positive or negative charges present at low andyyg unfolded states must represent equivalent thermodynamic
high pH, respectively 27). Nevertheless, in the broad states, and thus, the difference in mean residue ellipticity in
interval where the enzyme is fully foldedG(H2O) increases  the two forms of denatured protein and found for AcP as

progressively with the decrease of pH with maximum values well as for other proteins3@, 34—36) is likely to be a
at pH 3.56-6.50, which is also approximately the pH range baseline effect37, 39).

of maximum catalytic activity16, 28). The slope of a plot The description of the free-energy change of unfolding as
of AG(H0) against pH, such as that reported here, allows 5 fynction of temperature represents the stability curve of
the number of protons taken up or released upon unfolding the protein 20). Using a combination of thermal and urea
to be calculated29, 30). A reliable determlnatlon of this unfolding experiments, the free-energy change upon unfold-
number at extremes of pH would require a much more jng was measured over a wide range of temperature, namely,
detailed characterization of such a plot at these pH values.15-g5°C. Fitting data to the widely accepted eq 8 enables
This is rather difficult to achieve because of the steepnessan estimate for the heat capacity change on unfolding to be
of the plot in these two regions. However, our plot allows made; this is the key parameter for a complete description
the qualitative conclusion that the release of protons at high of the energetics of the unfolding reaction (egs8). This

pH outweighs the uptake at low pH due to the steeper slopeprocedure, using a simple spectroscopic probe to get a
in the former case. This is consistent with an isoionic point detailed insight into the thermodynamic parameters, was
of 11.4 found for AcP 25). The slight slope observed at introduced by Pace and Lauren89) for the study of RNase
neutral to mildly basic pH could be caused by the difference A and adopted successfully, more recently, for other proteins
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such as barstaBg) and HPr 85, 40). The results reported  increase of more than 2-fold was observed from high to low
here for AcP support the validity of this method as an pH values (Figure 5B). An alternative but similar model to
alternative to the classical and widely used calorimetric the linear extrapolation model employed throughout the
technigues. Furthermore, while th®G of unfolding is present work regards as proportional to the number of
determined in calorimetric studies by a long extrapolation additional sites available to interact with the denaturant after
performed with eq 8 from the high temperatures at which unfolding @4). Myers et al. {) have pointed out that a linear
thermal denaturation occurs, our approach allows a full positive relationship exists betweemand the surface area
description of the stability curve, providing excellent ex- exposed to solvent upon unfoldindASA), calculated on
perimental confirmation of the widely used expression itself. the basis of known X-ray crystallographic structures of
The applicability of eq 8 is subject to the assumption of a proteins and a random coil model for the unfolded confor-
temperature-independeC,. Calorimetric studies have mation. Nevertheless, proteins with comparalfSA often
demonstrated that this parameter should not be treated agxhibit consistent differences im. This discrepancy sug-
temperature-independent for a large body of protezndX). gests that other factors could play an important role in
Nevertheless, our study is limited to temperatures lower than determining the magnitude of (1, 15). For example, the
60 °C where a variation oAC;, greater than 20% has rarely  cleavage of disulfide bonds in RNase T1 leads to an increase
been found. Besides, our data are consistent with angf m, probably because the unfolded protein is on average
approximately invarianAC, over the range of temperature  more extended4s). The mounting evidence that chemically
considered, for two main reasons: the good fits of A@ denatured proteins are not necessarily fully unfolded but
data with eq 8 and the good agreement of our two best retain at least local hydrophobic clusted8,(46, 47) indicates
estimates ofAC, derived from different intervals of tem-  that proteins may unfold to different extents. A study carried
perature (Figures 3 and 4). out with a range of denatured proteins using solvent
One of the results of our study is the achievement of a perturbation difference spectroscopy (SPDS) shows that
comprehensive definition of AcP unfolding thermodynamics aromatic residues are more exposed to the solvent in those
over a wide two-dimensional range of temperature and proteins which have a highen value @5, 48). All these
denaturant concentration. The parameters obtained from oufgpservations appear to correlatavith the extent of surface
analysis and their dependencies on temperature are compatgrea exposed in the unfolded protein. Our results suggest
ible with the results obtained for other proteins (seeZef that the solvent exposure of chemically unfolded AcP does
for arecent review). The enthalpy change of unfolding was not change with temperature) remaining constant in the
found to increase linearly with temperatureA@, value of  range 15-60°C. A similar result was obtained for barstar
6.15- 0.60 kJ mof* K™* being the constant of proportion-  (36) and HPr 85, 40). In contrastmincreases considerably
ality (eq 6). AlthoughAH was also found to be linearly gt jower pH values for AcP. This was also found for the
dependent on denaturant concentration, this proved signifi-fa\y other proteins studied in this wayL%, 45, 49) and
cantly less marked, and the highest changes were calculategh opaply reflects the expansion of the unfolded state at low
at high temperatures (e.g=5.99 kJ mot* M~ at 60°C). pH due to the electrostatic repulsion among the excess of
Similar findings are apparent for the entropy change upon hositive charges. However, other possible explanations
unfolding, with a substantial variation with temperature (€q cannot be ruled out, and further investigation is necessary.
7) and minor changes with urea. By contrast, the free-energy .
change upon unfolding exhibits a strong dependence not only As far as the effect of denafcur_ants A, is co_ncerned,
earlier reports present a conflicting picture; while no trend

on temperature (eq 9) but also on urea concentration with .
an abrupt decrease according to a constant of proportionalityWas observed for AcP (present work), jactoglobulin

of 5.27 kJ mot* M~* (mvalue, eq 3). This means that the (50 end _barsta_rE(G), calorimetric studies have indicated that
destabilization of the native form of a protein accompanying 2Cp IS higher in the presence of denaturard, (51, 52).
the addition of denaturants is not caused by substantiaIMoreOV.e.r’ there are aiso reports A, being lowered .by
changes of eitheAH or AS of unfolding, but that it arises the addition of denaturant8%, 53). The extremely varied

simply from a favorable enthalpic factor being outweighed picture presented here and elsewhere indicates that t.he effect
by an unfavorable entropic one. of chemical denaturants @xC, may depend on the particular

The variations of the free-energy change with urem (  Protein under study.
value) and the heat capacity changecf) are those expected Effect of pH on the Stability of AcPThe study of the
for a protein of the size of AcPl( 42, 43). The results conformational stability of AcP over a wide range of pH
indicate that AcP is a relatively unstable protein among thosewas achieved by the analysis of urea-induced unfolding
showing full reversibility of the unfolding process both from curves at various pH values. The analysis, performed
the point of view ofAG(H-0) or of the midpoint of thermal  according to Pacel{) and Santoro and Bolerl), was
and chemical denaturation. The low conformational stability possible throughout this interval of pH, since the transition

of AcP cannot be ascribed to its small size, si® of appears to be highly reversible and to approach a two-state

unfolding and the molecular weight of a protein are uncor- model. pH is known to influence the stability of a protein

related R). for two main reasons: (I) Changes of pH alter the ionization
Study of the Acylphosphatas®rea Interaction. At state of titratable groups leading to the formation/breakage

present, the mode by which chemical denaturants induceof electrostatic repulsive/attractive interactions, and (K} p
protein unfolding is not well understood. In our study, we values of chargeable groups are different in the folded and
have analyzed the variation &iG on urea concentratiom( unfolded conformations; consequently, changes of pH leading
value) with temperature and pH. While no significant to the titration of a group only in the unfolded form cause a
variation is found with temperature (Table 1), a consistent destabilization of the overall native protein structubd)(
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Figure 5 shows the results of our study. The mathematical tapje 3; Thermodynamic Parameters of Four Structurally Related
analysis of a plot oAG versus pH (Figure 5C) is possible  proteing

provided that the K, values of all the titratable residues are AG(H:0 m (kJ Cn AHm(KJ T AC, (K]
known in both the native and denatured forms of the protein. protein (kJmofY) mol-*M-%) (M) molY) (°C) mol 1 K1)
This information is not available for AcP to date, but the muscle 22.P 4.7% 469 391 56.F 6.4%

figure allows us to make some important remarks: the highly = AcP
positive slope of the plot at very low pH indicates thi,p ~ HP" 222 485 458 3l7 634 623
-~ . . ) ; .\ ADA2he  17.0 4.0 4.2 199 77 3.6
values for acidic residues (i.e., aspartic and glutamic acid) pqpf 13.4 nd nd 299 742 39
are lower in the folded conformation than in the unfolded , ,
i . - . a Parameters regarding AcP were obtained from the present work,

one B0, 54). Similarly, the highly negative slope at high iy from Nicholson & Sholtz35), ADA2h from Villegas et al. §5),
pH suggests that thekp values of basic residues (arginine and AdB from Conejero-Lara et ab§). ® 50 mM N-ethylmorpholine,
and lysine) are higher in the folded form. According to pH 7.0. ©50 mM acetate, pH 5.5¢ 20 mM phosphate, pH 7.0¢50
Tanford @0), a simple calculation shows that a difference MM phosphate pH 7.0/ 20 mM phosphate, pH 7.5. Values are from
of only 0.4 pH units in the 6, of a single histidine, cysteine, differential scanning microcalorimetry experimengdNot determined.
or tyrosine residue could account for the slight slope observed
in the central part of the plot (pH-711). Muscle AcP lacks  have in common is the relatively low conformational stability
histidine residues2b) but contains one cysteine and several when compared with values from a large body of proteins
tyrosine residues that could be responsible for the observed(2). This may in part be a consequence of the absence of
decrease in stability. disulfide bridges in all four proteins under consideration.

Despite the observation that the maxim@m value was Thus, the backbone hydrogen bonding and the structural
found at basic pH, the highest conformational stability of constraints determined by the folding pattern of a protein
AcP was estimated at mildly acidic pH (3:56.50). The do not represent the only determinants of the unfolding
strong dependence ofon pH is responsible for this apparent thermodynamics. The differences emerging from the com-
lack of correlation betwee@,, andAG(H:0O). According to parison of the procarboxypeptidase activation domains with
Myers et al. {) T, andC,,, do not represent a true index of AcP and HPr clearly show that tertiary interactions, which
the conformational stability of a proteinG(H,O) being the are different within this group of proteins due to the absence
only parameter to account quantitatively for all of the of sequence identity, must play a significant role in deter-
interactions that stabilize the three-dimensional structure of mining the thermodynamic parameters for unfolding.
a protein. ThusJ, andCp, should be regarded as parameters
simply indicating the resistance of a protein against heat andACKNOWLEDGMENT
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