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The production, processing, and utilization of proteins, in nature Table 1.
and in biotechnology, occur under nonideal solution conditions.

Effects of Carbohydrates on the Stability and
Hydrodynamic Radius of RNase?

Nature uses high concentrations of organic molecules to protect Tn(°C) AGy-p (kcallmol) Run (B)
organisms from dehydrationin vivo, biomolecular interactions buffer 62.6 (0.1) 8.2(0.1) 21.2(0.3)
occur in crowded intracellular environmentsln vitro, the addition 0.15 M sucrose  63.6 (0.1) 9.1(0.2)
of high concentrations of sugars increases the stability of the native 8-2% m sucrose gg-g Egig 1?)'2 ((g?) 21.9(0.3)
: : . sucrose . . . .

state”of pr_oteln_s over den_atured stdte'shls enhancement o_f 0.63 M sucrose  66.5 (0.2) 106 (0.2) 22.2(0.3)
stability typically increases YVIth concentlratlon and molecular welglh.t 0.80 M sucrose  67.1(0.2) 11.1(0.2)
of the sugar. The mechanisms by which sugars increase stability 0.29 M fructose  63.9 (0.1) 9.1(0.2)
are not completely understood. This communication describes a 0.57 M fructose ~ 64.5 (0.2) 9.5(0.2) 21.7(0.3)
study of the effects of fructose and sucrose on the thermal stability 0-89M fructose  66.0(0.2) ~ 10.1(0.2)

ri | . il | h . 1.21 M fructose  66.5 (0.1) 10.5(0.2) 22.0(0.3)
of ribonuclease A (RNase) using capillary electrophoresis (CE) and 1 55 v fructose  68.0 (0.2)  11.2 (0.2)

protein charge ladders, collections of proteins that differ incremen-
tally in number of chemically modified charged groddBecause aTmis the melting temperaturdGn-p is the free energy of denaturation
this approach provides information on both the thermodynamics ©f RNase at 25C, Ry is the hydrodynamic radius of the protein in the
. . native state andRyp in the denatured state. Values in parentheses are
(i.e., the free energAGn-p, of denaturation) and structural changes  .qtimates of standard error of the data.
(i.e., the effective hydrodynamic radiug,, of proteins in both the
native and denatured states) associated with stability, it allows a
simple microscopic interpretation of the effects of sugars on the
stability of RNase.

We used CE to measurkeGy-p of RNase at 25C and pH 8.4
in the presence of different concentrations of sucrose and fructbse.
Specifically, the fraction of protein in the native and denatured states
was determined as a function of temperature by measuring shifts
in electrophoretic mobility. We used a two-state model of dena-
turation, a reasonable approximation for RNade, determine
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AGy-p. Values ofAGy-p and melting temperatur@&,,, are shown
in Table 1. 05
Values of Ty, increase modestly in the presence of the sugars: /
00 1T+ 1T

4.5°C for the addition of 0.8 M sucrose and 5@ for the addition 0 02 04 06 08 1 12 14 16

of 1.52 M fructose. Effects of sugar on values AGy_p are Concentration of carbohydrate (molar)

significant. At the largest concentrations of sucrose (0.8 M) and Figyre 1. Values of AAG, the difference inAGy_p measured in buffer

fructose (1.52 M)AGy-p is 3 kcal/mol greater than in the absence and in the presence of sugars, for RNase at@%s a function of molar

of sugar, an ncrease of36% Gy iy peliolh e Vil
To further quantify the eﬁeCt§ of sugars on stability, we g:t v;?ues of 21 A for native RNase and 28 A for denatured RNase were

calculated values chAG by subtracting values aiGy-p measured ;seq for the hard sphere radii of the protein. All experiments were conducted

in buffer from values obtained in the presence of sugar; values of at pH 8.4 in 25 mM Tris, 192 mM Gly, and 30 mM NaCl.

AAG are plotted as a function of molar concentration in Figure 1.

The results are qualitatively consistent with previous stutligs: in Table 1. The value oRy for the native state in the absence of

values ofAAG increase approximately linearly with concentration sugars was confirmed independently using pulse-field gradient

of sugar; (ii) the larger sugar, sucrose, has a greater stabilizing effectNMR.20 Thermal denaturation results in a changeRinof ~6 A,

on RNase than fructose at a given molar concentration. This secondindependent of the concentration of sugars.

effect can be quantified by the gradient®®y-_p with concentra- To rationalize the effects of sugars on the stability of RNase we

tion of sugar, which yields values of 3.6 kcal/mol per mole of used the simplest possible model of the free energy of solvation of

sucrose and 2.0 kcal/mol per mole of fructose. proteins: contributions of sugars to the enthalpy of solvation are
We used the combination of CE and charge ladders to measureignored; only effects of entropy are considered. This situation is

values ofR4 of RNase in the native and denatured st&téalues described by scaled particle theory (SPTyvhere the solution is

of electrophoretic mobility of the rungs of the charge ladder were modeled as a mixture of hard spheres of different size.

fit to Henry’s model of electrophoresis. The results are presented  Values ofAAG were calculated using SPT (solid lines in Figure

1). SPT predicts the free energy of solvation of the protein in terms

of the work of forming a cavity in the solution large enough to

* To whom correspondence should be addressed.
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accommodate the protein. The reversible work of cavity formation, the native state and 23.5 A in the denatured $tafising these
w (kcal/mol), is expressed as a third-order polynomial in the radius values of radii and 4.3 A for the radius of trehalose, SPT predicts

of the cavity,R (eq 1), where the coefficients, B, andC depend the measured value &AG of 1.9 kcal/mol per mol of trehalose.
on the size and concentration of sug&®, is pressure. From these results we conclude that the effects of sugars on the
stability of RNase are primarily the result of an increase in the
w=A+ BR+ CR + P4/37R’ Q) free energy of creating the proteisolvent interface; in SPT, this

effect is described entirely by an increase in the entropy of interface
We used eq 1 to calculate the excess work of cavity formation, formation in the presence of sugars, relative to pure water. The
Wexs the difference irw for RNase in water and the sugar solution.  jmpact of sugars on protein stability is strongly dependent on the
BecauseP is constant, the term proportional & cancels. We  sjze and concentration of the sugar and on the size (conformation)
calculatedAAG as the difference ofe,sfor the proteinin the native  of proteins in both the native and denatured states; the conformation
and denatured states. In this way, SPT predicts the change inof proteins can change significantly with the conditions of the
stability of RNase due to the contributions the sugars make to the gq)tion (pH, temperature, and ionic strength). Although these
entropy of solvation_of the protein in the native and den_atured_ states.sugars have a significant impact on the stability of RNase, they
We used a version of SPT that treats water explicitifhis have little effect on the hydrodynamic size, and presumably the
approach requires values of hard sphere radii for water, sugars,,ntormation, of RNase in either native or denatured states. CE,
and RNase in both the native and denatured states. In previous,han combined with protein charge ladders, yields in a single set

studles.,b\llalue? of radii forsrfor\(;tﬁe\msR wde__refestlr_nated fr(_)m solvent- of experiments both the thermodynamic and structural information
aclcesls![ ; fs ur agigfas ( timat ;‘2 ¢ adio n?tllvetprottelns_we;g ‘ that is essential for this microscopic interpretation of the effects of
caiculatec from S estimated irom crystal structures, radii o sugars on protein stability. Understanding the role of solutes on

denatureq protelns_ were calculated by assuming SASAs twice thoseprotein stability will have an impact on the selection of sugars and
of the native proteins. In contrast, we used measured valugs of

of RNase in the native and denatured states as estimates of th other additives for the formulation of protein pharmaceuticals and

hard sphere radii. We used 1.38 A for water’s hard sphere ratlius. %loca_talysts for improved S.tab”'ty and_ shelf _I|_fe;_ It ‘.N'” also
.. ) ) . . contribute to our understanding of protein stability in vivo.
Sugar radii were adjusted to fit the experimental data. Doing so

yielded values of 4.3 A for sucrose and 3.25 A for fructose, in Acknowledgment. The authors thank the National Science

good agreement with values reported previotistf 3'9__4'5_’&_ Foundation (Contract CTS-0134429) and the Camille and Henry
for sucrose and 3:23.9 A for glucose, a monosaccharide similar Dreyfus Foundation for financial support of this work

in size to fructose.
Clearly, neither water nor the sugars are realistically spheres with  supporting Information Available: Thermodynamic analysis of

no enthalpic interactions with the protein. Nevertheless, as shown glectrophoretic mobility data and details of the scaled particle theory.

in Figure 1, this simple model is sufficient to describe quantitatively This material is available free of charge via the Internet at http:/

the effects of these sugars on the stability of RNase. There is nopubs.acs.org.

need, in this case, to refer to quasichemical concepts such as the
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