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Abstract. Salt influences protein stability through electrostatic mechanisms as well
as through nonpolar Hofmeister effects. In the present work, a continuum solvation
based model is developed to explore the impact of salt on protein stability. This model
relies on a traditional Poisson-Boltzmann (PB) term to describe the polar or electro-
static effects of salt, and a surface area dependent term containing a salt concentration
dependent microscopic surface tension function to capture the non-polar Hofmeister
effects. The model is first validated against a series of cold-shock protein variants
whose salt-dependent protein fold stability profiles have been previously determined
experimentally. The approach is then applied to HIV-1 protease in order to explain an
experimentally observed enhancement in stability and activity at high (1M) NaCl con-
centration. The inclusion of the salt-dependent non-polar term brings the model into
quantitative agreement with experiment, and provides the basis for further studies
into the impact of ionic strength on protein structure, function, and evolution.
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1 Introduction

It has long been understood that salts have a significant impact on the stability and ac-
tivity of proteins and nucleic acids, which constitute a foundation underlying cellular
function. The intracellular and extra cellular salt concentration varies with the organism
and environment, but fluctuates typically in the range of 100-200 mmol/L for organisms
living within physiological conditions consistent with mesophiles. Salts can significantly
influence the stability of biomolecules by screening electrostatic interactions. For exam-
ple, the repulsion between negative charges on the phosphate backbone of nucleic acids
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is screened by salt, contributing to the stability of biologically relevant DNA and RNA
conformations [1]. The effect of salts on proteins has been demonstrated using numer-
ous systems including multimeric complexes that have been shown to disintegrate into
separate monomers upon changes in the environmental salt concentration. Some pro-
teins within halophilic organisms have even adapted to function specifically within high
salinity environments, destabilizing under physiological salt concentrations consistent
with mesophilic environments [2, 3]. The development of accurate physical models de-
scribing the thermodynamic impact of salts on macromolecules could lead to a broader
understanding of biomolecular structure and function.

Within a cellular environment, biomolecules are solvated in an aqueous environment
containing salt ions and numerous other solutes. The influence of ions on biomolecular
interactions is mediated through electrostatic screening, site-specific binding, and prefer-
ential hydrophobic effects or Hofmeister effects. The role of salt concentration in protein
stability can be determined by measuring the unfolding transition as a function of salt
concentration, but interpreting the mechanism of action is a non-trivial problem. Some
ions stabilize proteins by binding to specific sites. This ligand-induced ion-specific stabi-
lization is usually observed below 0.2 mol/L ionic strength [4]. Bulk ionic strength results
in the screening of surface charge-charge interactions primarily at lower salt concentra-
tions. Hofmeister effects, which are dominant at higher salt concentrations, strengthen
the hydrophobic effect by increasing the surface tension of the solvent, or by stabilizing
peptide dipoles through specific ionic interactions [5]. Theoretical modeling can provide
a basis from which the different mechanisms associated with salt effects may be assessed
and compared.

The electrostatic screening effect (and the effect on self polarization energies), primar-
ily related to bulk ionic strength, can be studied through continuum electrostatic models
such as those based on a Poisson-Boltzmann (PB) formalism [6,7]. The PB equation can be
used to describe the electrostatic potential from the reaction field of a system containing a
solute with a fixed charge distribution and a surrounding mobile charge distribution rep-
resenting the salt. Mobile charges are modeled by a Boltzmann distribution with respect
to the electrostatic potential generated by the fixed charges of the solute [8]

~∇·[ǫ(~r)~∇ϕ(~r)]

=−4πp f (~r)−4π∑
i

c∞
i Ziλ(~r)·e

−Zi ϕ(~r)/κβT. (1.1)

Eq. (1.1) is the Poisson-Boltzmann equation, which describes electrostatic interactions
between solute and solvent molecules where p f is charge density of fixed charges. c∞

i

is the concentration of ion i and Zi is the charge of the ion. The second term on right
hand side represents mobile charges typically restricted to the solvent region. It contains
the ionic strength and charge density associated with the mobile charges. The distribu-
tion of mobile charges around solute’s fixed charges is modeled by the Boltzmann factor

(e−Ziqϕ(~r)/κβT). This special case of Debye-Hückel theory with a 1:1 electrolyte accounts


