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Abstract

The stability of proteins is known to be affected significantly in the presence of high concentration of salts and is highly
pH dependent. Extensive studies have been carried out on the stability of proteins in the presence of simple electrolytes
and evaluated in terms of preferential interactions and increase in the surface tension of the medium. We have carried
out an in-depth study of the effects of a series of carboxylic acid salts: ethylene diamine tetra acetate, butane tetra
carboxylate, propane tricarballylate, citrate, succinate, tartarate, malonate, and gluconate on the thermal stability of five
different proteins that vary in their physico-chemical properties: RNase A, cytochrpimgsin inhibitor, myoglobin,

and lysozyme. Surface tension measurements of aqueous solutions of the salts indicate an increase in the surface tension
of the medium that is very strongly correlated with the increase in the thermal stability of proteins. There is also a linear
correlation of the increase in thermal stability with the number of carboxylic groups in the salt. Thermal stability has
been found to increase by as much as@at 1 M concentration of salt. Such a high thermal stability at identical
concentrations has not been reported before. The differences in the heat capacities of denat@atmriRNase A,

deduced from the transition curves obtained in the presence of varying concentrations of GdmCI and that of carboxylic
acid salts as a function of pH, indicate that the nature of the solvent medium and its interactions with the two end states
of the protein control the thermodynamics of protein denaturation. Among the physico-chemical properties of proteins,
there seems to be an interplay of the hydrophobic and electrostatic interactions that lead to an overall stabilizing effect.
Increase in surface free energy of the solvent medium upon addition of the carboxylic acid salts appears to be the
dominant factor in governing the thermal stability of proteins.
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Salts have been known to affect the physico-chemical properties afis, Matthews and Richard$982 suggested that about half of the
proteins like their solubilitfGreen, 1932; Carbonnaux et al., 1995 free energy of stabilization of RNase A originates from electro-
stability (von Hippel & Schleich, 1969 and K, (Abe et al., static contributions. The effect of salts on the hydrophobic inter-
1995. Perturbation of these properties by salts depends upon thactions is most obvious from the phenomenon of decreased solubility
chemical nature of the salts as well as that of the proteins. Saltand aggregation of proteins at high salt concentratiwas Hippel
affect mainly electrostatic and hydrophobic interactions in the pro-& Schleich, 1969. The effect of salts on proteins can be defined
tein moleculegMelander & Horvath, 197)7 Based on their analy- in terms of two opposing forces: salting-in of proteins in the salt
solutions assigned to Debye—Hiickel screening of surface charges
at low concentrations; and salting-out, which usually takes place at
Reprint requests to: Rajiv Bhat, Centre for Biotechnology, Jawaharlahigher salt concentratior(s=1.0 ionic strengths Apparently it is

Nehru University, New Delhi 110067, India; e-mail: rajiv@jnuniv.ernet.in. T S
ipresent address: Molecular Biology Unit. Dairy Microbiology Divi- observed that salting-in agents work as good denaturants and salting

sion, National Dairy Research Institute, Karnal 132001, India. out agents as good stabilizers of protein structédmakawa et al.,
Abbreviations-CTgen,a-chymotrypsinogen: A, absorbance; ASA, ac- 1990a.
cessible surface area; BTC, butane tetracarboxylic acid;ccydyto- Proteins have been known to have specific ion binding sites

chromec; D, denatured state; EDTA, ethylene diamine tetraacetic aCid;(Pace & Grimsley, 1988 Some ions bind to proteins at very low

GdmCl, guanidinium chloride; HEW, hen egg white; MOP$N3morpho- . . -
lino]propane-sulfonic acidN, native state; PTC, propane tricarboxylic concentrations and affect their stabilitylakhatadze et al., 1998

acid; RNase A, ribonucleagg Ty, transition temperature; Trp-Inh, trypsin  While other salts affect the stability in a general manner without
inhibitor; UV, ultraviolet; VIS, visible. having any specificity toward proteinson Hippel & Schleich,
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1969; Busby et al., 1981; Arakawa et al., 1990b; Bonnette et al.their chain and the total number of carboxylate groups, was studied
1994; Jensen et al., 19P5The differential stability provided by on RNase A, trp-inh, lysozyme, and aytat pH 5.0, 7.0, and 9.2.
salts of different combinations indicates the contribution of bothThermal denaturation studies on eyat pH 9.2 were not possible
the cations and anions for providing stability to the protein to andue to its precipitation at higher temperatures. Sodium tartarate
extent depending on their position in the Hofmeister sé¢kegmeis-  and sodium succinate were not soluleltM concentration at pH

ter, 1888; Baldwin, 1996 In salt systems the effect of an individ- 5.0. EDTA also has very low solubility at pH 5.0 and was found to
ual ion has been found to be essentially additifeakawa &  denature and precipitate cytat all the pH values. This could be
Timasheff, 1991 due to the chelating action of EDTA on the heme*Faroup.

Salts that do not have specific binding to proteins increase theiFigure 1A—H shows the thermal unfolding behavior of RNase A at
thermal stability essentially through their effect on water structurepH 5.0, 7.0, and 9.2 in 0.5 and 1.0 M salt concentrations and of
manifested by an increase in its surface tensimanoglu &  myoglobin at pH 7 in the presence of 1.0 M salts.

Abdulnur, 1965; Lin & Timasheff, 1996t is suggested that pro- All the proteins studied lead to an irreversible thermal denatur-
tein stability and solubility are linked to this phenomenon. All ation at alkaline pH, particularly at pH 9.2. In the absence of any
structure stabilizing, precipitating, or self-association inducing agentsalts, the proteins showed some reversibility up to pH 9.2, except
are preferentially excluded from the protein surface while all struc-for lysozyme. Trp-inh and RNase A showed diminished reversibil-
ture destabilizing agents increase protein solubility and lead to théy as seen on reheating and comparing the thermodynamic param-
preferential binding to proteins as determined by multicomponentters obtained with that of the first heating. Thermal denaturation
thermodynamic analysis using equilibrium dialysis and densimetremperature§T,,) on second heating were found to be within
techniques(Timasheff, 1993 Interfacial energy at the protein- +0.5°C of that of the first heating but the enthalpy of denaturation
solvent boundary plays an important role in the protein-solventAH,,) was found to be decreased by 20-25%. The observed
preferential interactions. A change in the surface tension of théwysteresis is mainly because of irreversible denaturation, which
medium upon the addition of solutes would also govern the modés more prominent at alkaline pfZale & Klibanov, 1986. The de-

of interaction of the cosolvent with the protein. Simple electrolytesnaturation profiles, which were highly irreversible, have not been
which increase the thermal stability of proteins have been found tsubjected to thermodynamic analysis, while RNase A unfolding,
essentially act by increasing the surface tension of the solvenwhich was reversible up to 80%, was subjected to thermodynamic
medium(Arakawa & Timasheff, 1982; Arakawa et al., 1990b analysis. It has been observed that even in such cases the obtained

Among carboxylic acid salts, acetate and citrate have long beeparameters can throw some light on the protein—solvent inter-
known to act as protein stabilizefgon Hippel & Schleich, 19609 actions(Edge et al., 1988; Hernandez-Arana & Rojo-Dominguez,
Studies carried out on the effect of acetate on the interactions with993. It was observed that in the presence of carboxylic acid salts
lysozyme indicate that the salt induces preferential hydration to thenany of the proteins undergo aggregation at higher temperatures.
protein at high concentrations, while at low concentrations doe§o avoid aggregation and to bring down tfig to manageable
not have any appreciable interaction with the protéirakawa & limits, 1.5 M or 1.0 M GdmCI was always added in the solutions.
Timasheff, 1982 The stabilizing effect of the carboxylic acid It was observed that the effect of GdmCI was additive within the
salts, like acetate, may be essentially mediated via solvent water. &xperimental errors as observed earlier by other autdoekawa
series of carboxylic acid salts have also been used to increase ti®&Timasheff, 1985.
thermal stability of antithrombin II{Busby et al., 1981; Busby & Figure 3 shows the effect of various concentrations of GAmCI on
Ingham, 1983 However, unlike inorganic salts, a comprehensive the thermal denaturation of RNase A at pH 7.0. Theof RNase
study to investigate their mechanism of action is lacking in theA linearly decreases with GdmCI concentration, with a slope of
literature. In this paper we report the results of our studies on the-10°C/(mol of GdmC). Addition of 0.5 M carboxylic salts like
thermal stability of five different globular proteins: ribonuclease A BTC, PTC, and citrate increase tfig of RNase by 8—-1€C in the
(RNase A, cytochromec (cyt c), trypsin inhibitor(Trp-Inh), myo- presence of varying concentrations of GdmCI. The slopes of plots
globin, and lysozyme at several pH values in the presence obetweerl,, and solvent-concentration for GdmCIl and GdmCI with
sodium salts of various carboxylic acids. The carboxylic acid saltarboxylic salts differ slightly, indicating that these salts are more
studied were ethylene diamine tetraacetic a@DTA), butane  effective under denaturing conditions.
tetracarboxylic acidBTC), propane tricarboxylic acidPTC), cit- Figure 4 shows the effect of concentration of various carboxylic
ric acid, succinic acid, tartaric acid, malonic acid, and gluconicacid salts on the thermal stability of RNase A at pH 5.0 and 7.0 in
acid, which vary in their carbon chain length and the number ofthe presence of 1.5 M GdmQT,,, the difference irl,, of RNase
carboxylic groups. The proteins varying in their physico-chemicalin the presence and absence of salts, increases linearly with the salt
properties were selected to enable us to elucidate the role of thetoncentrations in the case of EDTA, malonate, tartarate, and glu-
hydrophilicity, hydrophobicity, and net charge in the salt mediatedconate. However, the effect of BTC, PTC, citrate, and succinate is
thermal stability of proteins. This paper also presents an analysis afot linear. TheAT,, values in the presence of salts are in the order:
the role of surface tension of the solvent medium and its correlaBTC > PTC ~ citrate~ succinate> EDTA > tartarate> malo-
tion with the increase in the thermal stability of proteins. nate> gluconate. BTC increases tfig of RNase A at pH 7.0 by
as much as 1& at 0.6 M concentration, while PTC increases it by
23.8°C at 1.2 M concentration. Such a significant increase in the
thermal stability of proteins at these concentrations, with any co-
solvent additives, had not been observed earlier.

The effectiveness of these salts is consistent with the position
Figures 1 and 2 show the thermal denaturation profiles of severadf -COOH group in the anionic lyotropic series, which is based on
proteins in the presence of carboxylic acid salts. The effect othe effectiveness of different ions on the salting-out of proteins
carboxylic acid salts, which vary in the number of carbon atoms in(Hofmeister, 1888; von Hippel & Schleich, 1969 he effective-

Results

Thermal denaturation studies
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Fig. 1. Thermal denaturation profiles of RNase A in the presence of carboxylic acid sgits@tt 5.0, 1.5 M GdmCI, and 0.5 M salts;
(B) pH 5.0, 1.5 M GdmCI, and 1.0 M salt§C) pH 7.0, 1.5 M GdmClI, and 0.5 M saltéD) pH 7.0, 1.5 M GdmCl, and 1.0 M salts;
(E) pH 7.0, 1.0 M GdmClI, and 1.0 M salt&) pH 7.0, no GdmCI; 0.5 M tartarate, 0.7 M citrate M each of gluconate, succinate,
and malonate{G) pH 9.2, 1.5 M GdmClI, and 0.5 M salts; arill) myoglobin at pH 7.0, 1.0 M GdmCl, anl M salts.
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Fig. 2. Thermal denaturation profiles, in the presence of various carboxylic acid salts, oaty#) pH 5.0, 1.5 M GdmCI, and 0.5 M
salts;(B) pH 5.0, 1.5 M GdmCI, and 1.0 M saltéC) pH 7.0, 1.5 M GdmClI, and 0.5 M salts; lysozyme(Btl) pH 5.0, 1.5 M GdmClI,
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and 1.0 M salts{D2) pH 5.0, 1.5 M GdmCI, and 0.5 M saltinset shows the first derivative spectra of lysozyme denaturation in the

presence of 0.5 M citrate, PTC, and succinate, the first peak indicates the aggregation of lysozyme just at the completion of the transition,
whereas the second peak indicates the saturation of the aggregation phenomenon at the peak tenigertuve0, 1.5 M GdmcCl, and
0.5 M salts(the arrow points to the onset of aggregation of the prgtdirp-Inh at(F) pH 5.0, 1.5 M GdmCI, and 0.5 M salt€3) pH 5.0,

1.5 M GdmCl, and 1.0 M salts; ar(#) pH 7.0, 1.5 M GdmClI, and 0.5 M salts. Symbols shown are the same as in Figures 1A and 1B. In
(A) and(B) BTC concentration was 0.6 M.
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" i v ) T T ) solutions increases linearly with an increase in their concentration
in the studied rangéFig. 6). Surface tension data for the aqueous
carboxylic acid salt solution at various concentrations &(2&re

. in Table 1. The effectiveness of different carboxylic acid salts in
raising the surface tension of water is in the order of BFC
EDTA > PTC > citrate > succinate> tartarate> malonate>

] gluconate. The order is almost the same as observed in the case of
. effectiveness of these salts in increasing the thermal stability of
proteins, suggesting the possible role of increased surface tension

Tm (°C)

© 1 of the solvent in the stabilization. This has been observed in amino
00 ) 05 ) ) 15 j 20 acids, simple inorganic salférakawa & Timasheff, 1983, 1984
GdmCl Conc. (M) and sugardLee & Timasheff, 1981; Kita et al., 1994; Lin &

Fig. 3. Thermal stability of RNase A in the presence of varying con- Tlm.asheff, 1998 . . . .
centrations of GAmCI and 0.5 M carboxylic acid salts at pH 7.0. At 0.5, Figure 7 shows the correlation of the increase in protein thermal

1.0, and 1.5 M GdmCl concentration, the open and filled circles arestability (AT,,) with the increase in the surface tension of water
overlapping. (Ao) in the presence of carboxylic acid saltg.,, values for RNase

A and cytc have been calculated on a per molar basis of salt

concentration by taking the slopes of the lines from Figures 4 and

5, respectively. In cases whefg is not the linear function of salt
ness of these salts in stabilizing RNase A is very much consisterdoncentration, the slopes from the tangents drawn at 0.5 M salt
with their efficacy in providing thermal stability to antithrombin concentration were used. For BTC the slope of the tangent at
I (Busby & Ingham, 198 In the case of RNase A, it is found (.25 M salt concentration was taken, whereas for PTC and citrate,
that the effectiveness of carboxylic salts can be correlated with thgyr which the curve is almost linear at lower concentration, a
number of COOH groups in the acid. The greater the number ofangent at 0.5 M was taken to determine the valuea Bf/AC.
COOH groups in the acid chain, the higher its effectiveness im¢/AC values for the salts were calculated from Figure 6. Figure 7
providing stability. shows a nonlinear increase ily,/AC with respect toAc/AC.

Figure 5 shows the effect of carboxylic acid salts on thermalgoth the quantitied;, ando have been observed to increase lin-

stability of cytc. The trend in the effect of different salts on @yt early with an increase in the salt concentration. The observation
has been found to be similar to that on RNase A. This suggests thalearly indicates the strong dependence of protein thermal stability
there should be some common forces operating in the stabilizatiopn the surface tension of the solvent. But the nonlinear behavior of
of different proteins. These salts stabilize different proteins to dif-the curveqFig. 7A,B) suggests that surface tension is not the sole
ferent extents, perhaps reflecting variations in protein—cosolventactor leading to the increase in the thermal stability of RNase A
interactions depending upon the physico-chemical properties oind cytc.
proteins. Figures 8A and 8B show a correlation of the increase inTthe
of RNase A and cyt due to the addition of salts with the number
of -COOH groups,Cy present in these molecules. For both the
proteins, the magnitude of the slope of the plot has been found to
Surface tension measurement for all the carboxylic acid salts ifbe equal to 7.3C per -COOH group. This suggests the common
water were carried out at 2& as a function of their concentration. and additive effect of carboxylic groups in providing stability to
It has been observed that surface tension of all the aqueous sdltese proteins. However, the slope of the plot in the case of Trp-Inh

Surface tension measurement and analysis
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Fig. 4. Increase in the thermal stability of RNaseM\,, in varying salt concentrations &) pH 5.0 andB) pH 7.0. Symbols shown
are the same as that in Figures 1A and 1B.
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T T v 7 " J Table 1. Surface tension values of aqueous solutions
154 1 of carboxylic acid salt8 at different concentratiorfs
v ]
A at 25°C
g 10+ T Surface tensioridyne cni?)
'E l Cosolvent additive 0.3M 0.6 M 1.0M
< 54 v .
EDTA 72.52+ 0.22 73.76x 0.07 —
(0.2 M) (0.4 M)
0. BTC 72.97+ 0.09 73.72+ 0.06 —
\ v U A U T U T (0-25 M) (0.5 M)
0o 02 04 08 08 10 PTC — 7403+ 021  75.97+ 0.02
Salt Conc. (M) Citrate 73.28+ 0.18  74.14+ 0.15  75.76+ 0.04
) . . . Succinate 73.1% 0.03 74.00+ 0.05 75.43+ 0.12
Fig. 5. Thermal stability of cytt as a function of salt concentration at pH
7.0. Symbols shown are the same as that in Figures 1A and 1B. Tartarate 73.21 0.05 73.84+ 0.07 74.87+ 0.06
Malonate 73.58t 0.02 74.43+ 0.01 76.03+ 0.01
(0.5 M) (2.0 M) (2.5 M)
Gluconate 72.84 0.07 73.38+ 0.2 74.41+ 0.07

is different (Fig. 8C)‘, though the trends 'arg quite similar !n all Note: Surface tension of water was taken as 71.97 dyne' @h25°C.
three cases. Interestingly, the plots are similar to that obtained for apy of the aqueous salt solutions was not adjusted and was usually 7-9
the dependence afo/AC with respect toCy (Fig. 8D). except EDTA, which had pH >11.
bConcentrations of EDTA, BTC, and malonate have been shown in
parentheses.

Thermal stability as a function of pH

Thermal denaturation studies on proteins have been carried out at

several pH values to determine the role of net charges on protein

surfaces in modulating the protein—solvent interactions. Figure ghey are more effective in providing stability at low pH values and
shows the effect of pH on the stability provided by these salts intheir effectiveness increases linearly with a decrease in the pH of
the case of RNase A. TheT,, values in the presence of BTC, PTC, the solvent(Kaushik & Bhat, 1998 Hydroxyl groups in the car-
succinate, and malonate decrease linearly with the increase in nBexylic acid salts may be acting in the same fashion.

charges on proteins, i.e., these cosolvents provide greater stability

at higher pH values. On the other hand, citrate, tartarate, and

gluconate show a break in the linear trend below pH 7.0. ThisHeat capacity of proteins

anomalgus effect may be arising due to the presence of hydrox}h/e have obtained a value aC, of 2.14+ 0.07 kcal mot * K 1
groups in these cosolvent molecu_les. BTC, PTC, succinate, anfl, Rnase A denaturation evaluated by varying Theusing dif-
malonate have a backbone to which only -COOH groups are afgrent concentrations of GdmCl. Figure 10A shows the plot of

tached while in the case of citrate, tartarate, and gluconate, hydroAHm vs. T,, for RNase A. The fitting errors are very low whereas
gens of the methylene groups in the backbone of these moleculgf experimental errors are within2-4%. TheAC, value ob-

are substituted by hydroxyl groups. These extra hydroxyl groupsained by ugshown as the slope of the plot in Fig. 10fr RNase
may somehow be affecting the protein—solvent interactions dep unfolding is very close to 2.2 0.3 kcal moF't K1 obtained
pending on the charge status of the protein or the COOH groups ig ectroscopically by varying tHE, by the addition of ure&Pace
these molecules, or both. Studies on polyols as additives show th@fLaurents, 1989 Liu and Sturtevant1996 have reported aC,

of 2.10+ 0.18 kcal mof'* K~ in the presence of 1.0 M GdmClI
and found thatC, varies depending on the concentration of GdmCI
used. In the absence of GAmCI, they have reporté@avalue of
1.74 + 0.02 kcal mof? K1 for RNase A. We have observed
different slopes foaH,, vs. T, plots in the case of RNase A in the
presence of carboxylic acid salts at pH 5.0 and(Fig. 10B. AC,

at pH 7.0 was found to be higher than that at pH 5.0 in the presence
of salts, but both the values are much lower than that obtained in
the presence of GdmQCFig. 10A).

o (dyne.cm+)

Enthalpy—entropy compensation

Figure 11 shows the compensation between enthalpy and entropy
—TT— in the case of protein stability provided by carboxylic acid salts.
08 10 1.2 14 16 o ; ’
AAH° andAAS’ values are the differences in enthalpy and entropy
for proteins calculated at thg, of the control(in the absence of
Fig. 6. Surface tensiow of aqueous solutions of carboxylic acid salts as Salts in the absence and presence of carboxylic acid salts. A value
a function of salt molarity. Symbols are as shown in Figures 1A and 1B.of 276.3°C as the temperature of compensatidg,for RNase A

00 02 04 06
Salt Conc. (M)
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Fig. 7. The contribution of surface tension of the solvent in providing thermal stabilifAjdRNase A at pH 7.0. Open circles data
have been calculated by taking the slope of the tangent at 0.5 M salt concentration, while the filled circles are the actual experimental
data obtained at 0.5 M salt concentrati@) cyt ¢ at pH 5.0, andC) Trp-Inh at pH 5.0AT,, values have been calculated as the slope
of the tangent at 0.5 M salt concentration. The surface tension data have been calculated as the slope of the linear curve fitted to the
experimental data. The standard deviatiomif, values is within+0.3°C and inAc is within +0.2 dyne cm™.

has been obtained signifying the role of water in imparting stabilitywhich AAH® andAAS® were evaluated suggests the overwhelming

to the proteinlLumry & Rajender, 1970; Eftink et al., 1983A T,
much lower than the temperature midpoint of transitidy, at
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Fig. 8. Plots showing dependence of thermal stabilityAf RNase A,(B) cyt c, (C) Trp-Inh, and(D) surface tension of the aqueous

solution of carboxylic acid salts on the number of -COOH- gro@spresent in the cosolvent molecules. The standard deviation in

ATy, and Ao values are the same as for Figure 7.

entropic contribution to the net free energy of stabilization pro-
vided by the carboxylic acid salts.



Protein stability in carboxylic acid salts 229

20

18 i / ] Role of surface tension
16 |- i
L
A
;>/
—

———7——7—7 Discussion

In Figure 7, surface tension is the major force in governing protein—
solvent interactions, providing thermal stability to the protein mol-

2(3, " i ‘ ecules in the presence of carboxylic acid salts. These salts vary in
E 12 | .1 the number of carboxylic and hydroxyl groups that affect the sur-
< - face tension of water to varying extents, increasing the thermal
10 T stability of proteins in the same order as the increase in the surface
[ v—— X ] free energy of water. Increased thermal stability in a solvent of

8 i V><// 1 high surface free energy has been explained on the basis of two
6 v . operative forceg1) an increased energy required for cavity for-
I 1o mation (Sinanoglu & Abdulnur, 1964, 1965; Lee & Timasheff,
1981; Arakawa & Timasheff, 1983; Lin & Timasheff, 1998nd

pH (2) preferential hydration of protein&sekko & Morikawa, 1981;
Fig. 9. Thermal stability of RNase A in the presence of various carboxylic Arakawa et al., 1990b
acid salts as a function of pH of the solution. Symbols used are the same Our results show that the magnitude of the increase in the sur-
as in Figures 1A and 1B. face tension of the solvent water due to the added cosolvents
depends upon the number of -GHCOOH, and -OH groups present
in them. We have found that the increase in surface tension of the
solvent correlates well with the increase in the thermal stability of
globular proteins studiedFig. 7). However, nonlinearity in the
) ~_ curves betweenT,,/AC andAo/AC suggests that surface tension
To elucidate the role of net charges and net hydrophobicitys ot the sole factor responsible for the thermal stability of pro-
(AASAwnp — AASAp) of proteins, whereAASAe is the buried  eins. The stabilization in general involves a fine balance between
nonpolar accessible surface al&SA) which gets exposed upon o opposing forces, adsorption or binding and exclusion. The
denaturation of the native state, andSAp is the buried polar  tandency of an ion to interact with a surface has a direct binding
ASA getting exposed upon protein unfolding, plots between thes%art and a solvation-sphere péfimasheff, 19098 The net free
parameters and the increasdjpwere calculateddata not sShown  energy of stabilization depends on the positive free energy of cav-
The values ofAASAp for polar and nonpolar surface areas are ity formation in a solvent of given surface free energy and the free
from Myers et al(1995. It was observed that there was no direct energy contribution from protein-cosolvent interactia®
correlation between the two parameters andAfig for proteins. (Breslow & Guo, 1999 i.e.,
There was also no direct correlation observed between the total
change inAASAwp and theAT,, of proteins. This indicates that 8(AG)stan= 0(AG)cavitationt 8(AG)sonation )
neither the net charges, irrespective of the protein type, nor the net
hydrophobicity, is a dominant factor governing protein thermal The contribution due to electrostatic interactions of the charged

Role of physico-chemical properties of proteins

o
solvatior)

stability in the presence of carboxylic acid salts. cosolvent molecules including that of the Nans are likely to be
130 130
120 {1 10
g 110 1o
g 1
100
i 100 -
90
% - = 7.24(3.91) + 214(20.07)XTm O pH 7.0, AH=13.56+1.59(20.17)xTm, R=0.93
R=0.999 @+ pH5.0, AH=35.62+1.02(+0.07)xTm R=0.977
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Fig. 10. Calculation of heat capacity of denaturatiav@, of RNase A fromAHy, vs. Ty, plots: (A) in the presence of 0-1.5 M GdmClI
in the buffer at pH 7.0(B) in the presence of various carboxylic acids at pH 5.0 and 7.0. At pH 5.0, 1.5 M GdmCl was always present
in the solution whereas at pH 7.0 GdmCI was present from 0-1.5 M concentration along with various salts.
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more effective under denaturing conditions, i%€I,, in their pres-

J ence increases with an increase in the GdmCI concentration. The
variation in slopes could be due to small changes in the denatur-
ation enthalpy of the protein under the different conditions used
J and points to the possible competition between GdmCl and car-
boxylic acid salts resulting in a shift in the equilibrium between the
two end states for thermodynamic stability of the system.

25}
20}

15}

Solvent effect on heat capacities of proteins

101 E It has been found that solvents can drastically affect the heat ca-
pacity of denaturation of proteins, depending on the composition
of the solution and on the method employed to change the tem-
. perature of unfoldingLiu & Sturtevant, 1998 Small errors in
AAH® = 446(£223) + 276.3(tAT)xAAS® | AC, may not affect the estimation afG® over a small range of
R =0.993 temperature away frori,, although these errors may affect the

ot b estimation ofAAH® and AAS°® appreciably. We have found that
5 20 4o & = & = 1o carboxylic acid salts decr_ease mé_p of RNase A in the absence
and presence of GdmCFig. 10. Liu and Sturtevan{1996 ob-
served an increase in theC, value for RNase A in the presence of
Fig. 11. Enthalpy—entropy compensation plots for RNase A. Data plottedSucrose. This could be due to the aggregation of the denatured state
are for different pH conditions in the presence of several carboxylic acidas observed by them. Santoro et(aP92 reported aAC, = O for
salts. RNase in the presence of sarcosine. Lysozyme also showed similar

behavior in high concentration of osmolyt&&antoro et al., 1992

Woolfson et al.(1993 have reported a decreaseAg, for ubig-

uitin with increasing methanol concentration. The positive value of
negligible as compared to the surface tension effect. Acetate hasC, of denaturation is considered to be essentially due to the
been found to lead to large preferential hydration of lysozyme atexposure of hydrophobic groups to the solvent mediurates,
0.5 and 1.0 M concentration@rakawa & Timasheff, 1982 At \hich can form clathrate hydrates around the nonpolar residues.
20 mM concentration it has been found to have no net interactiongvhen a cosolute is added to water, th@, would depend on the
with lysozyme and BSA at pH 4.5. Although these interactionsadditional interactions the buried groups would have with water in
would be highly pH dependent, we expect their contribution, if the presence of the cosolute or with the cosolute itself. The low-
any, to be marginal at very high cosolvent concentrations. Theyring in theAC, value in the presence of carboxylic salts implies
carboxylic acid salts used by us have the basic acetate moiety ithat the solvation of the exposed nonpolar groups is considerably
them and are therefore expected to act similar to acetate. A possibigminished. The variation in thaC, values obtained by us at pH
origin of the nonlinear trend of T,,/AC vs. Ac/AC may be due to 5.0 and 7.0 indicate the varied ionization states of the carboxylate
the extrapolation of the properties of the solvent system deterions at different pHs that lead to different magnitudes of inter-

mined at 25C to higher temperatures, i.€ly, of proteins. It is  actions between the nonpolar groups of proteins and charged car-
quite possible that the nature and magnitude of these propertiasoxylate ions.

may change at higher temperatures in a nonlinear fashion depend-

ing on the solute—solvent interactions. Further, it must be pointed o .
out that the surface tension studies represent measurements for tR@!€ Of protein in protein
flat air-water interface, which is quite different from the complex At high concentration, carboxylic acid salts act as strong salting-
curved protein—solvent interface, even though the effect of theyut agents. This is due to unfavorable interactions between the
curvature on the surface tension can be accounted for by geometrifighly polar cosolvent molecules and the nonpolar residues in
considerationgNicholls et al., 1991; Sharp et al., 199None-  proteins. Carboxylic acids have been observed to alter the prop-
theless, in the case of carboxylic acid salt induced stability oferties of water due to their kosmotropic nature which leads to the
proteins, surface tension seems to be at least a dominant, if not threngthening of cohesive forces among the water molecules. Ac-
sole factor. cording to Breslow and GuL990, the effectiveness of chaotro-

pic or kosmotropic agents is governed by a fine balance between
the free energy of cavitation, which is positive for solvents with
increased surface tension due to the presence of cosolvents, and
A cocktail of lyotropic and chaotropic salts as cosolvents providedree energy of solvation which depends upon the nature of solute—
a very complex situation at the protein—solvent interface. As asolvent interactions. The free energy of solvation should be de-
result of the structure making action of the lyotropes, water mol-pendent upon the favorable interactions between polar solvent and
ecules will try to occupy the protein surface to avoid the contact ofpolar protein atoms, and the unfavorable polar—nonpolar inter-
lyotropes with the protein surface, while the chaotropes like GdmChctions between cosolvent and protein molecules. Protein denatur-
will compete with water for site occupancy on the protein surfaceation involves a large change in the surface area, which is essentially
(Timasheff, 1992, 1993 The variation in the slopes of curves due to the buried hydrophobic residues that are exposed to solvent
betweenT,,,and GdmCI concentration afg,and(GdmCIl+ 0.5 M upon denaturation of the protein molecule. The dataASA for
carboxylic acids (Fig. 3) indicates that carboxylic acid salts are several globular proteins elucidated by Myers et(4B95 and

-AAH° (kcal.mol )

- AAS® (e.u.)

—solvent interactions

Competition between stabilizers and denaturants
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Makhatadze and Privalofd995 show that the value ofASAyp Sigma Chemical Companist. Louis, Missoun. They were dia-
is more than twice that foAASAp. Therefore the net interaction lyzed against distilled de-ionized water and lyophilized. The ly-
between the exposed surfaces of the denatured protein and tlophilized samples were dried oves@. PTC and gluconic acid
carboxylic acid salt molecules should be of repulsive nature. Strongvere purchased from Sigma Chemical Company. BTC was ob-
repulsion from solvent should force the nonpolar residues to getained from Aldrich Chemical Co Milwaukee, Wisconsin Tri-
buried. The stronger the repulsion, the stronger the hydrophobisodium citrate and disodium tartarate were obtained from E. Merck
interactions in the core of the protein. The net positive contribution(Mumbai, Indig. Disodium succinate hexahydrate and disodium
of both the free energy of cavity formation and the free energy ofmalonate were obtained from Sisco Research Laboratdgvles-
solvation should lead to a large free energy of stabilization. Rebai, Indig. Tetrasodium EDTA and GdmCI were procured from
cently Liu and Boler{1995 and Wang and Bolef1997), based on =~ Amresco(Solon, Ohig. Glass double distilled water was used to
the free energy of transfer studies of amino acids and a modehake the solutions. The pH of the solutions was adjusted on a
peptide from water to osmolyte solutions, have demonstrated thafonsort or Radiometer PHM84 research pH meter. A 40 mM ac-
the stabilizing effect of osmolytes for proteins is governed byetate buffe E. Merck at pH 5.0, 20 mM phosphaté&. Merck or
unfavorable peptide backbone interactions with the cosolvents anMlOPS (Sigma Chemical Co.buffers at pH 7.0, and 20 mM gly-
not the amino acid side chains. Similar studies in the case o€ine NaOH buffe E. Merck at pH 9.2 were used from their stock
carboxylic acid salts would perhaps throw further light on the solutions.
nature of interactions between various protein groups and these
salts and their role in protein stabilization.

The compensation plot betwean H® andAAS® for the studied ~ Methods
proteins indicates the role of water in imparting thermal stability to
proteins. T, between 250 and 315K has been proposed to be due Thermal denaturation experiments
to the altered state of water in protein—water interactidnsnry

& Rajender, 1970; Eftmk et aI_., 19%3which in th? present Cas€ 599 or Shimadzu 160A model YVIS spectrophotometer to which
could result from the increase in the surface tension of the medium . - temperature programmer CE-24Teci) was attached
in the presence of carboxylic acid salts. Nicholls ef{&991) and %he concentrations of the protein solutions wer8.5 mg/mL '

Thermal denaturation experiments were carried out using a Cecil

Sharp et al(lgg?trk:av;]a zropﬁsebt_ll thf‘tbs.'ﬁrfi.ce tepsnor: can t_)re ufse xcept for cytc and myoglobin where 0.1 nigiL of protein con-
as a measure ot the hydrophopic stabilization ot proteins. 1aniory . ation was used. The protein solutions were heated in a 0.5 mL

(1979 has argued for thg r.elat|0n§h|p between interfacial freemalsked and Teflon stoppered quartz cuvédelima, Milheiny
energy and the hydrophobic interactions. Our data also support t

e . ) aden, Germany The temperature of the protein solution was
above proposition since we have observed that the higher the SUlzised linearly at a constant scan rate 6CImin in all experi-

face Fensmn (.)f th_e_aqueous cosolvent_ medlum, the greatgr IIﬁ\ents.The wavelengths for monitoring the conformational changes
effectiveness in raising the thermal stability of globular protelns.Were 287 nm for RNase A, 293 nm far-CTgen, 301 nm for

However, the lack of correlation between the net hydrophobicitylysoZyme 285 nm for trypsin inhibitor, 394 nm for cgtand
and net charges withT,, for a wide variety of proteins indicates 410 nm f,or myoglobin based on the ’dif‘ference spectra of the

thetl.t n at(:]dltl.o? to tt_he p;edt?mlnzant rql(;e of .hydetJh.Ob'C Itnhtetrh respective proteins. The reversibility of the denaturation curves
actions, the Interaction of charged residues in proteins wi Svere determined by reheating the protein solutions. In all the cases,
charged carboxylic §a|t lons, either _by direct weak binding Orexcept at pH 9.2 and wherein proteins became aggregated during
through long range interactions mediated by water, leads to th't?he denaturation reaction, the thermal transitions were reversible

overall Stab".lty effect. . L . . and amenable to thermodynamic analysis.
In conclusion, there is a significant increase in the thermal sta-

bility of proteins in the presence of carboxylic acid salts, being as .

high as 22C at 1.0 M concentration, compared to several of the Surface tension measurements

cosolvent additives studied by us or used by others. Increase in Surface tension of aqueous carboxylic acid salts solutions was
thermal stability also seems to correlate well with the increase irfletermined by drop weight methdHita et al., 1994. The rate of

the number of carboxyl groups of the salt. Several physico-flow through the capillary was controlled to 5-6 drops per minute.
chemical properties of proteins like net hydrophobicity and chargesJhe temperature of the stalagmometer was maintained at 25
irrespective of the protein used, seem to be playing a compensatof;1°C by circulating water in the glass jacket around it from a
role, leading to the overall thermal stability effect in the presencecirculator bath, which was stopped during the collection of drops
of these salts. The studies carried out on a wide variety of proteintp avoid any vibrations. In each experiment, the weight of 50 drops
and carboxylic acid salts indicate that the predominant force bewas measured in a Precision Scientific weighing balance immedi-
hind carboxylic acid salt induced stabilization of proteins is theately after the collection of drops.

increase in the surface free energy of the solvent medium.

Analysis of data
The evaluation of thermodynamic parameters obtained from spec-

Materials and methods troscopic technique is based on the equilibrium conskanfor
N < D conversion in a two-state reversible transition, whéend
Materials D represent the native and the denatured states, respectively. Equi-

. . librium constant was deduced from the equation:
Ribonuclease ARNase A, lysozyme(hen egg white(HEW)),

a-chymotrypsinogerie-CTgen, cytochromec (cyt ¢), myoglobin _
and trypsin inhibitor from HEW(Trp-Inh) were procured from K = [Unfolded|/[Native] = (Ay — Ao)/(Ao — Ap) )
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whereAy is the absorbance of the pure native state in the transition zone at any tempeérahdextrapolated from the pre-transition
region,Ap is the corresponding absorbance of the pure denatured statg&nthe observed absorbance at temperalunethe transition
zone. Equation 2 can be rewritten as

Ao = (A + K-Ap)/(1+K) ©)
and

K = exp(—AG°/RT) (4)

whereAG° is the standard free energy changes the gas constant, anidis the temperature in kelvin. Substituting the valuekoiin
Equation 3, we deduce

Ao = [(Ay + Ap-exp(—AG°/RT))/(1 + exp(—AG°/RT)]. (5
The Gibbs—Helmholtz equation can be written as

AG®(T) = AHL(1 = T/Ty) — ACy(Ty — T + T-In(T/Ty,)) (6
whereAH,, is the enthalpy of denaturation evaluated atTheAC, is the heat capacity change for denaturatibpjs the temperature

at the midpoint of the transition, antlrefers to any temperature whes&°(T) is calculated.
Substituting the value oAG°(T) obtained from Equation 6 in Equation 5, we deduce

_ [An + Ap-exp(—1/R(AHL(L/T — 1/T,) — AC,(T/T — 1+ In(T/Tw)))]

© [1+4 exp(—1/RAH(L/T = 1/T,) — AC,(T/T — 1+ In(T/T,))] @
SinceAy and Ap have been found to be a linear functions of temperature, Equation 7 can be rewritten as
B [ay + My T+ (ap + MpT)-exp(—1/RAHL(L/T —1/Ty) — ACy(T/T — 1+ In(T/T)))] @®

Ao = [1+ exp(—1/R(AH(1/T — 1/T,) — ACy(T/T — 1+ In(T/T,)]

whereay andap, are the intercepts dfy andAp in the absorbance

vs. temperature pIOtS amj\, ande are the Corresponding slopes. Aral_(awa T, Timasheff SI\_I. 1952. Pref_erential interactions of proteins with salts
E . has b dto fi he th Id ion d b in concentrated solution®iochemistry 28545-6552.
quation 8 has been used to fit to the thermal denaturation data Wrakawa T, Timasheff SN. 1983. Preferential interactions of proteins with sol-

using nonlinear least-squares fit and successive iterations using vent components in aqueous amino acid solutidash Biochem Biophys

Marquardt-Levenberg routine as provided in the OnfYfirsoft- A 524115T9j|}77- et SN, 1984 Mechanism of orotein sali by divalent
: sy rakawa |, limasnhe . . Mechanism of protein salting out by aivalen

ware(M|_crocaI Inc., Northampton, Massaghusét}!amlnlmum of . cation salts: Balance between hydration and salt bindBigchemistry

50 iterations or more were performed until the fractional change in  23:5912-5923.

XZ value was obtained within the tolerance limit set to 0.0005.Arakawa T, Timasheff SN. 1985. The stabilization of proteins by osmolytes.

Usually a value of the order of 16—104 of fractional y2 change Biophys J 47411-414. A . o .
Arakawa T, Timasheff SN. 1991. The interactions of proteins with salts, amino

was obtained in the final iterations. Para_‘mem‘rsa'?' My, Mp, T, acids, and sugars at high concentration. In: Gilles R, Hoffmann EK, Bolis L,
and AH, were floated freely so as to fit them simultaneously to  eds.Volume and osmolality control in animal celiol. 9. Berlin, Germany:
Equation 8. Springer-Verlag. pp 226-245.
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