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 Most organisms that have adapted to environmental stresses have done so by production and accumulation of certain small 
organic molecules, known as osmolytes that arose by natural selection and have the ability to stabilize intracellular proteins 

against the environmental stress. It is well known that osmolytes stabilize proteins and induce folding of aberrant proteins and 

therefore, it is of therapeutic use for a large number of protein misfolding diseases. Thus, it is very important that the present 

knowledge of the ability and mechanism of osmolyte-induced protein folding and structural stabilization should reach to 

researchers working in different avenues. In around 40 years of research, we have gained great advances in various aspects of 

protein folding and structural stabilization induced by osmolytes. To summarize and discuss the original findings, many short 

review articles and few long reviews have also been available but almost all have focuses on specific aspects. To get a clear 

picture of the effect of osmolytes on protein folding and structural stabilization, it is necessary for the benefits of the general 

readers, to combine and discuss all findings made during its 40 years of life. This review article is therefore, designed to give a 
collective knowledge on almost all facets of the progresses made on osmolyte-protein interaction to-date. 
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INTRODUCTION 
 
 Plants, animals and microorganisms need to adapt to 

environments in the biosphere that would ordinarily denature 

proteins and enzymes or otherwise cause disruption of life-

giving cellular processes. These hostile environments involve 

such stresses as extremes of temperature, pH, cellular 

dehydration, desiccation, high extracellular salt, and even the 

presence of denaturing concentrations of urea  inside  cells  [1- 
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3]. A mechanism of adaptation that protects the cellular 

components against these denaturing stresses involves the 

accumulation of small organic molecules known as osmolytes 

[1-3]. These organisms typically contain osmolytes at several 

millimolar concentrations [4-6]. Two defining characteristics 

of protecting osmolytes are that they stabilize proteins against 

denaturing stresses, and their presence in the cell does not 

largely alter protein functional activity [1,7-21]. The basic 

premise is that natural selection of protecting osmolytes is 

based upon selection for a particular molecular-level that 

confers  generic  stabilization  to  all  proteins  without altering  
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their functional activity [2,3]. A number of cellular osmolytes 

have been proposed to act as chemical chaperones to rescue 

defective proteins and to protect native proteins from 

proteotoxic intracellular environments [22]. The term 

“chemical chaperone” was chosen to reflect that though these 

osmolytes possess properties akin to molecular chaperones, 

they are not protein molecules that facilitate protein folding 

and contribute to acquire thermo tolerance. 

 A list of almost all the osmolytes used by organisms by 

various organisms is given in Table 1. Chemically, these 

osmolytes can be grouped into three major classes (as seen in 

Table 1): polyols (mannitol, glycerol, sorbitol, inositol, pinitol, 

sugar and sugar derivatives), free amino acids (glycine, 

alanine, proline) and their derivatives (taurine, octopine, β-

alanine), and methyl ammonium compounds including 

trimethylamine-N-oxide (TMAO), glycerophosphocholine 

(GPC), glycine betaine (betaine) and sarcosine. Often, they are 

classified as compatible or counteracting based on their effects 

on the functional activity of proteins. Compatible osmolytes 

increase protein stability against denaturation with little or no 

effect on their function under native conditions [1,23-27]. 

Representatives of this class include certain amino acids (e.g., 

proline and glycine) and polyols (e.g., trehalose, sucrose and 

sorbitol). Counteracting osmolytes consist of the methylamine 

class of osmolytes, which are believed to have the special 

ability to protect intracellular proteins against the inactivating 

and destabilizing effects of urea [28,29]. In contrast to 

compatible osmolytes, counteracting osmolytes are believed to 

cause changes in protein function that are opposite of the 

effects that urea has on protein function [28,30-33]. Examples 

of organs and even whole animals that are rich in urea-

containing cells are mammalian kidney which contains betaine 

and GPC as counteracting osmolytes, and  cartilaginous  fishes 

 

 

 

 

 

 

 

 

 

 

 

 

and coelacanth which use TMAO as the principal 

counteracting osmolyte [34-38]. Very recently, we are also 

able to make another systematic classification of osmolytes 

based on the structure-function relation [13] (see Fig. 1). Class 

I includes polyhydric alcohols (sorbitol, glycerol, xylitol, 

adonitol, mannitol) and amino acids and derivatives (glycine, 

alanine, proline, serine, lysine, β-alanine and taurine) that have 

no significant effects on both protein stability in terms of 

Gibbs free energy change at 25 °C (∆GD°) and kcat. Class II 

represents methylamines (sarcosine, dimethylglycine, betaine, 

trimethylamine N-oxide) that increase both ∆GD° and kcat, but 

decrease Km. Sugars (glucose, fructose, galactose, sucrose, 

raffinose, stachyose) that increase ∆GD°, but decrease both Km 

and kcat belong to class III. 

 Except for urea (used only by a comparatively few groups 

of animals), osmolytes are widespread in occurrence; for 

example, betaine is used in every kingdom of life, and most 

marine invertebrates, numerous prokaryotes, and many 

mammalian cell types use amino-acid osmolytes. Taurine is 

widespread among marine animals and some mammalian 

organs [1]. Carbohydrate osmolytes occur in most variety in 

photosynthesisers, but are not exclusive to plants and algae; 

for instance, sorbitol is an osmolyte in some marine algae and 

in mammalian kidneys [2,39]. Sugars and polyols are also the 

dominant solutes accumulated in organisms adapting to 

freezing, such as terrestrial plants, insects, reptiles and some 

polar fishes [2,39]. Many organisms use mixtures of osmolyte 

types; e.g., the mammalian kidney along with urea, contains 

the polyols, myo-inositol and sorbitol, the methylamines, 

GPC, glycine betaine, and taurine [34,35].  

   Around 4 decades (1972-2010) have been invested to 

understand the effect of these compounds on protein structure, 

folding and function. We have gained  tremendous  knowledge  

 

 

 

 

 

 

 

 

 

 

 Table 1. Three Classes of Naturally Occurring Osmolytes Used by Organisms under Various Stress Conditions 

 

Amino acids and derivatives Polyols and sugars Methylammonium salt 

Proline, phenylalanine, valine, 

leucine, isoleucine, serine, 

glutamine, arginine, lysine, glycine, 

aspartate, β-alanine, ectonine, 

taurine, hypotaurine, thiotaurine 

Glycerol, sorbitol, manitol, 

pinitol, inositol, glucose, fructose, 

sucrose, raffinose, stachyose, 

trehalose, mammosylglycerate, 

glucosylglycerate 

Glycine betaine, L-carnitine, 

glycerophosphorylcholine, 

choline, creatine, trimethylamine 

N-oxide, N-methyltaurine, 

sarcosine 
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 Fig. 1. Relationship between protein stability and catalytic  

             efficiency.  Plot of (∆kcat/Km) vs. ∆∆GD
o of  RNase- 

            A obtained in the presence of  various osmolytes as  

            class I (polyols and amino acids), class  II  (methyl- 

               amines),  and  class  III (sugars).  Symbols (o),  (∆),  

               and (▽) represent  classes I, II and III, respectively.         

               The plots  are redrawn  using data published earlier  

               from our laboratory [13]. 

 

 

on many facets of osmolyte-protein interaction including, its 

effect on protein folding landscape, enzymatic kinetic 

parameters, thermodynamic mechanism and various 

applications in health and industry. A large number of short 

review articles have appeared in the literature that focus on 

specific avenues of the osmolyte-protein interaction. However, 

to date there appeared no review article that contains 

collective data on the progresses made in around 40 years. 

This review article is therefore, designed to give a collective 

knowledge on almost all facets of the progresses made on 

osmolyte-protein interaction to date. We have incorporated all 

aspects of osmolyte-protein interaction and discussed in depth. 

We have also pointed out upcoming avenues that might be 

important as future direction.  

  

DISCOVERY OF COMPATIBILITY PARA-
DIGM                                   
 
Osmolytes Are Compatible with Protein Stability, 
Enzyme and Cellular Functions 
 The compatibility hypothesis [40], later extended by Clark, 

Somero, Wyn Jones and others [1,41], recognizes that 

inorganic salts (especially NaCl) at high cellular 

concentrations disrupt protein function in vitro, but the major 

osmolyte salts usually do not, even at several milli-molar 

concentrations. Use of organic osmolytes, in fact, should 

maintain enzyme functions without significant disruptions 

over a wide range of external salinities. General compatibility 

has been tested in vivo by manipulating cell osmolytes, 

hypothesizing that cells under hyperosmotic stress suffer if 

osmolyte levels are reduced, whereas in the presence of  a 

osmoprotectant, cells grow better (exogenous compatible 

osmolytes or precursors). The eubacterium E. coli, for which 

growth slows with increasing external osmolality, uses K+ and 

glutamate as major osmotic agent [42]. Nevertheless, cell 

growth is inhibited by high osmolality of K+ and glutamate, 

and is greatly improved by extracellular betaine, which 

through uptake replaces cellular K+ and glutamate [43]. 

Similarly, one line of mammalian renal medullary cells (PAP-

HT25) in hyperosmotic culture uses primarily sorbitol as an 

osmolyte. In another observation renal cells suffered when 

deprived of myo-inositol, but improved when betaine was 

provided [44].  
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 Osmolyte compatibility is believed to result from the 

absence of osmolyte interactions with substrates and co-

factors, and the non-perturbing or favorable effects of 

osmolytes on macromolecular-solvent interactions. Among all 

the compatible osmolytes, polyols are the most prevalent 

molecules used by nature to protect organisms against the 

stresses of high osmotic pressure and freezing [1,45]. For the 

last several years we have been investigating the compatibility 

paradigm of osmolytes in the face of enzyme kinetic 

parameters (Km and kcat) and protein stability, Tm or Cm, (the 

midpoint of heat or chemical-induced denaturation) and ∆GD° 

and their relation thereof. We have shown that almost all 

polyol osmolytes do not significantly alter protein stability 

(∆GD°) and hence enzymatic kinetic parameters (Km and kcat) 

of RNase-A and lysozyme thereby making these osmolytes 

ideally compatible with the enzyme functions and protein 

stability [9].  

 However, it is important to note that compatibility does not 

hold true in general, and may depend on the nature of enzymes 

and osmolytes used. For instance, although glycerol has been 

shown to be compatible with functions of many enzymes 

[9,46], it is found to be non-compatible with several other 

enzymes [46-48]. Observation on the compatibility of 

osmolyte with functional activity of enzymes is explained in 

the light of the finding that osmolytes are preferentially 

excluded from the protein domain [49]. It has been argued that 

since these co-solvents are excluded from the vicinity of the 

protein surface, i.e., there is no direct interaction between the 

osmolyte and the protein, they are expected to have no effect 

on Km and kcat [1,24]. However, the possibility that these 

osmolytes may have minor effects on the association of 

substrate with enzyme through solvation effects on substrates 

or enzyme active sites by means of effects on the 

thermodynamic activity of substrates or enzyme, cannot be 

ruled out [24,48].  

 Another significant discovery that the protein stability 

(∆GD°) at physiological pH and temperature is also not 

affected by polyols, indicates that the protein turnover may not 

be affected by the presence of these osmolytes [10]. The 

compatibility of osmolytes with protein stability (∆GD°) holds 

true for many compatible osmolytes, namely amino acids and 

their derivatives [8-11]. It is argued that the main reason for 

not    perturbing    the    ∆GD°   of   proteins   by   osmolytes  at  

 

 

physiological pH and temperature is due to the fact that there 

is perfect enthalpy-entropy compensation in the presence of 

osmolytes or, in other words, there is perfect balance of 

preferential exclusion (stabilizing force) and preferential 

binding (destabilizing force) of the osmolytes to the proteins 

[9-11]. In another development, recently molecular dynamic 

simulation study have uncovered that the osmolytes have 

almost no effect either on the thermodynamics of hydration of 

small non-polar solutes or on the hydrophobic interactions at 

the pair and many-body level [50]. Therefore, this neutrality of 

osmolytes toward hydrophobic interaction (one of the primary 

driving forces in protein folding) is at least partially 

responsible for making osmolytes compatible with protein 

stability in terms of ∆GD° [50].  

 

Osmolytes Do Not Alter the Native Protein Structure 
(Structural Compatibility) 
    Thermodynamic equilibrium study merely yields the free 

energy difference between folded and unfolded structures with 

no indication as to the extent that the structure of the 

individual states has been perturbed. Folded structures of most 

proteins are sensitive to changes in environmental conditions 

such as temperature, pressure, moisture content, and the 

presence of salts and other solutes. Significant perturbations in 

thermodynamic conditions can cause changes in secondary 

and tertiary structures, leading to a partial or complete loss of 

their activity. Organisms are known to adapt to such 

perturbations in different ways, including evolutionary 

adaptations that endow stability/activity under extreme 

conditions (e.g., as in extremophiles) or through accumulation 

of osmolytes [50]. The first evidence for the non-perturbing 

nature of osmolytes on the folded native structures comes 

from spectroscopy measurements. Measurement of the far- 

and near-UV CD spectra and near-UV absorption spectra of 

many native proteins in the absence and presence of osmolytes 

are (within experimental errors) identical [10-12,51], 

indicating that both secondary and tertiary structures are not 

perturbed by the presence of osmolytes. The second evidence 

comes from the size exclusion chromatography results that 

revealed that osmolytes have no effect on the dimensions of 

the native fold [32,52,53]. Most convincingly, X-ray result on 

co-crystallization of RNase-A fragment with TMAO revealed 

that the native structure of protein  is  unperturbed  by  TMAO  
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[54]. Thus, measurements of optical properties, dimensional 

properties, and X-ray data clearly indicate that the native 

structure of a protein is the same in the presence or absence of 

polyols. This conclusion is also supported by the 2-

dimentional NMR studies that measures exchange rates of 

individual labile protons. It has been observed that glycine (up 

to 2 M concentration) has negligible effect on the intrinsic 

quality and nature of the NMR spectra of proteins [18]. 

Interestingly, simulation study [50] also proposed that the 

neutrality of osmolyte towards hydrophobic interactions is at 

least partially responsible for making the “structure non-

perturbing” osmolyte. 

 

Effects of Osmolytes on Internal Dynamics/Native 
State Flexibility  
    Native state flexibility information in the presence of 

osmolytes has been obtained primarily from amide H-D 

exchange (HX) rates, and all available data concur that 

osmolyte attenuates structural fluctuations in proteins 

[19,55,56]. But the observations on HX have a number of 

technical issues [57,58]. HX rates suggest that the mobility of 

deeply buried, rigid segments of the polypeptide is more 

affected than superficial domains. For example, studies 

employing site-specific NMR-detected HX rates [18,27,57] 

have concluded that the osmolyte inhibits slow, large scale 

unfolding like transitions but has no detectable effects on 

small-scale fluctuations. On the contrary, studies employing 

FTIR to follow the overall fraction of exchanged protons have 

indicated that both slow and fast exchange rates are affected 

by the presence of osmolyte [19,56,59,60]. Recently, Kim et 

al. [19] suggested that the adoption of different exchange 

conditions might account for the discrepancy. The analysis of 

exchange rates in terms of structural fluctuations also 

presumes knowledge of the prevailing exchange regime (EX1 

or EX2). Alternative exchange routes, such as solvent 

penetration, which are difficult to distinguish from EX2, 

would exhibit pH dependence, are generally dismissed as 

unimportant, more from the impossibility to determine their 

relative magnitude rather than on experimental grounds [19]. 

Furthermore, questions have been raised on the sensitivity of 

HX rates for reporting on the flexibility of native state of the 

protein. Recently, Qu and Bolen [57] and Wooll et al. [58] 

emphasized  that  HX  rates  are  sensitive  to  large  amplitude  

 

 

unfolding like transitions but are intrinsically insensitive with 

respect to fluctuations of the native fold. It is argued that even 

if the osmolyte did inhibit the internal fluctuations, they would 

be hard to detect in EX2 rates as open and closed states 

involved in the exchange are similar in surface area with a 

negligible shift in the closed to open equilibrium. 

 To suppress the controversies arising out of interpreting 

HX rates, Strambini and co-workers [61-63] using Trp 

phosphorescence spectroscopy (a remarkably sensitive 

technique for probing the flexibility of globular proteins) 

measured phosphorescence lifetime, which is a direct probe of 

the local flexibility of the protein matrix around the 

chromophore (T) and the bimolecular rate constant (kq) for the 

quenching of phosphorescence by acrylamide in solution. 

They discovered that there is a sharp distinction between 

proteins with a compact globular fold and internally hydrated 

proteins in terms of perturbation by internal fluctuations by 

osmolytes. From the modulation of T and kq of azurin in the 

presence of sucrose, xylitol, and trehalose across a wide 

temperature range, it was concluded that the sugar osmolyte 

attenuates structural fluctuations principally when 

macromolecules are internally hydrated and thermally 

expanded or loose [61]. However, in another study they 

demonstrated that for apoazurin, alcohol dehydrogenase, 

alkaline phosphatase and glyceraldehydes-3-phosphate 

dehydrogenase, 1.8 M TMAO does not perturb the flexibility 

of these macromolecules in a temperature range between -10 

°C and up to near the melting temperature [64]. Attenuation of 

structural fluctuation in the native state, therefore, on the other 

hand, is not the general response to the osmolyte. The sharp 

distinction between proteins with a compact globular fold and 

internally hydrated proteins, together with the positive role of 

temperature seem to indicate that important effects of 

osmolyte on protein dynamics are linked to the possibility of 

dehydrating-compacting the native state. Thus, from the 

observations obtained from Trp spectroscopy, osmolytes 

compact the native structure or influence the internal dynamics 

only when proteins undergo thermal expansion or are 

structurally loose. 

 In another development, contrary to the above observations 

obtained from phosphorescence spectroscopy, studies using 

NMR spin-relaxation measurements on RNase-A [65], 

demonstrated  that  osmolyte,  TMAO  restricts the  increase in  
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conformational space sampled by the N-H bond vectors in the 

presence of guanidine hydrochloride alone. Thus, osmolyte 

causes more restricted, native-like protein fluctuations, 

possibly limiting access to higher energy conformational sub-

states that would otherwise, ultimately lead to protein 

denaturation. Several of the protein sites experiencing this 

TMAO-induced reversal of dynamics reflect those identified 

by hydrogen exchange experiments [66], which occur on a 

much slower time scale. Indeed the result is in agreement with 

other experimental and theoretical studies, indicating that 

TMAO reverses the effects of chemical denaturant, urea by 

decreasing the fluctuations of the native state [57,67-69]. 

These observations, therefore, point to a relation between 

stability and dynamics of enzymes. In agreement, several 

studies have shown that the native state of a protein consists of 

inter converting high (most compact) and low (less compact) 

activity state ensembles [70]. It has also been demonstrated 

that the presence of osmolytes shifts the native conformational 

equilibria toward the most compact protein species within 

native-state ensembles [70]. Taken together, despite of their 

differences in the interpretation of the results obtained from 

many techniques, the effect of the osmolytes on the internal 

dynamics cannot be discounted as there is no direct 

relationship between activity and thermodynamic stability 

(∆GD°) of enzymes in the presence of osmolytes suggesting 

that osmolytes have direct consequences on native structure 

ensemble [13]. Different osmolyte classes may have different 

consequences on the ensemble nature of the native state [13].  

 
NATURALLY OCCURING DESTABILIZING 
OSMOLYTE SYSTEM 
 
 Although compatible osmolytes are largely accumulated to 

stabilize protein and enzyme systems, nature has not ignored 

the use of protein destabilizing osmolyte system to act as 

efficient osmoprotectants. The metabolic waste, urea and 

many other osmolytes (arginine, histidine, and lysine), referred 

as non-compatible are also very good osmoprotectant [71]. It 

is well-known that urea is a chaotropic agent that disrupts non-

covalent responsible for the globular structure of proteins 

[29,38,72,73]. This loss of structure influences enzyme kinetic 

properties such as maximal velocity (Vmax) and Km [29,38] and 

alters the midpoint of denaturation curves of proteins [72,74].  

 

 

 To protect from the deleterious effects of urea on protein 

stability and function, organisms accumulate other stabilizing 

osmolytes such as TMAO, sarcosine, glycine betaine and 

GPC. When the molar ratio of the urea to methylamine is 

appropriate (often 2:1), counteraction works the best [2,38,75]. 

The two effects are shown to be algebraically additive 

[28,38,76] amidst some conflicting reports [77-80]. Based on 

activity measurements, urea increases Km and decreases kcat of 

enzymes but methylamines just have opposite effects [32,39]. 

The urea-methylamine counteraction system is mainly 

confined to at least in two independent systems, namely, 

mammalian kidney, and many marine elasmobranch fishes. 

Interestingly, urea concentration in marine elasmobranch 

fishes reaches up to (300-500·mM) [1,81,82] and 400-600 mM 

in mammalian kidney. It increases up to 3-4 M in xeric rodents 

under antidiuretic conditions  [83].  

 Other common non-compatible osmolytes that organisms 

use are arginine, lysine, and histidine [2]. Based on 

thermodynamic measurements, many investigators reported 

that arginine, histidine, and lysine destabilize proteins at 

physiological pH. All these osmolytes lower both Tm and 

∆GD°, the Gibbs free energy change on denaturation of 

proteins at 25 °C [7,24,84]. It is also well known that the 

destabilizing effect of arginine is due to its preferential 

binding to proteins [85]. However, the effect of lysine is 

unusual. Low concentration of lysine destabilizes proteins, 

while its high concentrations stabilize proteins [84]. 

Intracellular role of non-compatible osmolytes are not 

properly understood but it is speculated that these osmolytes 

may perhaps be involved in maintaining protein quality 

control or act as ligands to many proteins [86]. Thus these 

non-compatible osmolytes may be directly involved in the 

modulation of functional activity of proteins. 
 
UNDERSTANDING THERMODYNAMIC 
BASIS OF PROTEIN STABILITY 
 
Effect of Osmolytes on Melting Temperature (Tm) 
and Gibbs Free Energy Change at 25 °C (∆GD°) of 
Proteins Upon Denaturation 
 A number of compatible osmolytes common to bacteria 

and eukaryotes have been shown to increase Tm (melting 

temperature)  and  Cm  (melting  concentration) of proteins (see  
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Fig. 2). For instance, one molar of trehalose increases the 

stability of lysozyme by 8 °C and sucrose by 4 °C for RNase-

A [19,87]. Extensive investigation of the effect of polyol 

osmolytes on Tm indicated that their effect on Tm increases in a  

osmolyte concentration dependent manner [9-11,16,19]. 

Interestingly, stabilizing effect of polyols increases as a 

function of the length and number of OH groups of the 

polyhydric alcohol [88]. On the other hand, stabilizing effect 

of sugar osmolytes is found to depend not only on their 

concentration but also on their size; larger the size of the sugar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

molecules, the more is the increase in Tm [12]. For example, 

the stabilizing effect of sugar osmolytes in terms of Tm goes in 

the order of stachyose > raffinose > sucrose > glucose ~ 

fructose ~ galactose, which is, in fact, the increasing order of 

the sugars size. Similar to compatible osmolytes, all 

counteracting osmolytes also offer big increase in Tm in a 

concentration dependent manner [51,74]. For instance, 

glycine-based osmolytes (glycine, sarcosine and betaine) 

increased the Tm values for RNase and lysozyme (e.g., 8.2 M 

sarcosine increased the Tm for RNase by 22 °C [89]. However, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Effect  of  various osmolytes on the heat-induced and  GdmCl-induced denaturation of  RNase-A at pH 7.0,  

           measured  in terms of Tm and Cm,  respectively.  Osmolytes used are: sorbitol (o), xylitol (∆), adonitol (▽),   

          glycerol (□), glucose (●), fructose(�), sucrose (�), stachyose (�), TMAO (◊), sarocsine  (�) and glycine  

     betaine (�). The plots are redrawn using the data published earlier from our laboratory [9-11,16,19,87]. 
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some glycine-based methylated osmolytes including sarcosine 

and glycine betaine are found to have a tendency to destabilize 

proteins (or decrease Tm) at high concentrations due to its 

propensity to bind to the exposed hydrophobic groups in the 

denatured state [89]. There is another class of perturbing 

osmolyte that includes arginine, lysine and histidine. This 

class of osmolyte is found to decrease Tm due to binding to the 

denatured state of a protein as opposed to the compatible 

osmolytes that increase Tm and ∆GD°. Detailed studies 

demonstrated that the increase in Tm of proteins upon osmolyte 

addition is due to a shift in the protein denaturation 

equilibrium, N state ↔ D state, toward the right. It is believed 

that the preferential exclusive effect exhibited by the 

osmolytes is the main driving force for making a shift in the 

denaturation equilibrium leading to the stabilization of 

proteins by osmolytes. 
 Similar to the effect of osmolytes on Tm all counteracting 

osmolytes also increase ∆GD° of proteins in a concentration 

dependent manner. However, unlike counteracting osmolytes, 

there are ambiguous reports on the effect of compatible 

osmolytes on ∆GD° at physiological pH and temperature. 

Systematic studies show that compatible osmolytes do not 

have significant effect on ∆GD° of proteins at physiological 

temperature and pH while there is a big increase in Tm in their 

presence [8,10,11]. Therefore, we argue that the change in Tm 

of proteins by compatible osmolytes cannot be regarded the 

real yardstick of the extent of protein stabilization by 

osmolytes. However, two other laboratories (Timasheff and 

co-workers and Bhat and co-workers) report that ∆GD° of 

proteins are increased by compatible osmolytes at 

physiological pH and temperature [14-16,87,90]. This 

discrepancy may be due to the methods employed in the 

estimation of ∆GD°. For instance, Timasheff and co-workers 

analyzed thermal denaturation curves by assuming a value of 

zero for �Cp. In fact, �Cp values of proteins are zero neither in 

the absence nor in the presence of compatible osmolytes. Bhat 

and co-workers estimated ∆GD° of proteins in the presence 

and absence of compatible osmolytes at the Tm. Therefore, 

∆GD of a protein in the presence of osmolytes estimated at the 

Tm of control will not be same as that expected at 25 °C for 

�Cp of proteins in the absence and presence of osmolytes is 

not zero. 

 The protein stabilization in terms of ∆GD° depends on  two  

 

 

factors namely, �HD° (�HD, the denaturational enthalpy 

change at 25 °C) and �SD° (�SD, the denaturational entropy 

change at 25 °C). Estimation of enthalpy and entropy 

contributions to ∆GD° in a given solvent condition using the 

values of Tm, �Hm and �Cp, of RNase-A and lysozyme 

obtained in the presence of polyol osmolytes using appropriate 

thermodynamic relations, revealed that there is a perfect 

enthalpy-entropy compensation of proteins in the presence of 

all polyol osmolytes at pH 7.0, i.e., ∆GD° is unperturbed 

[10,11]. Therefore, thermodynamically the non-perturbing 

effect of compatible osmolytes on ∆GD° is due to the perfect 

balance between enthalpy and entropy. On the other hand, it 

has been shown earlier that preferential binding of the 

osmolytes destabilizes proteins while preferential exclusion 

stabilizes proteins [49]. Therefore, unperturbed ∆GD° of 

proteins in the presence of compatible osmolytes indicate that 

there is perfect balance of preferential binding and exclusion 

at physiological pH and temperature in the presence of 

compatible osmolytes.  

 
Effect of Osmolytes on Protein Stability Depends on 
pH 
 Although osmolytes stabilize proteins, the stabilizing 

effect appears to depend on the type of solvent conditions 

used. Effect of polyol osmolytes is generally pH-dependent 

[10,11,14,15]; lower the pH, higher the stabilizing effect. For 

example, almost all polyol osmolytes (sorbitol, xylitol, 

mannitol, glycerol, adonitol) are found to have no significant 

effect on protein stability (in trems of ∆GD°) at physiological 

conditions (neutral pH and 25 °C) [10] but are found to 

strongly enhance ∆GD° at lower pH values [9,11,14,15]. 

Similarly, the sugar osmolyte, trehalose has also been reported 

from Bhat’s laboratory [87] to have the same trend of pH-

dependent stabilizing effects. Other sugars (glucose, fructose, 

galactose, sucrose, raffinose and stachyose) are also observed 

to have more stabilizing power (in terms of ∆GD°) on proteins 

at lower pH values [12]. Chemical potential measurement of 

RNase-A in the presence of sorbitol at pH 5.5 and 2.0 also 

suggests that sorbitol stabilizes RNase-A more at pH 2.0 than 

at 5.5 [15]. The current notion of this pH-dependence of ∆GD° 

of proteins is explained in the light of the report that different 

charge states of a protein affect its hydrophobicity [91]. In 

fact, protein hydrophobicity increases with  a  decrease  in  pH  
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due to the protonation of COO- groups [91]. Interestingly, 

polyol and sugar osmolytes are more preferentially excluded 

from the hydrophobic surfaces by solvophobic interaction 

between the hydrophobic groups and the -OH groups present 

in polyol osmolytes [87].  

 Another interesting observation that has been made is that 

amino acid osmolytes (glycine, proline, isoleucine, leucine, 

phenylalanine, valine) and amino acid derivatives (taurine, β-

alanine) do not show significant pH-dependent stabilization 

effects on proteins in terms of ∆GD° [7,8]. In fact, these 

osmolytes are found to have no significant effects on ∆GD° of 

proteins at all pH values. Although they do not alter ∆GD° of 

proteins at all pH values, the extent of stabilization of proteins 

in terms of Tm is more at lower pH than at physiological pH. 

Thus, the effect of amino acids and derivatives is somewhat 

different from that of polyols and sugars.  

 All osmolytes are not universal protein stabilizing 

compounds. Rather the effect of some osmolytes are, in fact, 

denaturing at some solvent conditions. For example, TMAO, 

contrary to overwhelming stabilization effect near neutral pH, 

strongly destabilize proteins at lower pH values (pH 5.0 and 

lower) [51]. In fact, TMAO is positively charged at pH below 

4.5 as it has a pKa in the pH range 4.56-4.75 [28,57]. 

Interestingly, another methylamine osmolyte, glycine betaine 

was also found to destabilize or lose its stabilization power at 

lower pH values (pH 5.0 and below) while it still stands as a 

strong protein stabilizer near neutral pH [92].  

 There are no mechanistic data on why osmolytes behave 

differently at both physiological and lower pH values. 

However, on thermodynamic grounds, as mentioned above, 

there is perfect compensation between the enthalpy and 

entropy in the presence of polyol osmolytes leading to no 

change in ∆GD°. At lower pH values (below 7.0) where ∆GD° 

is increased in the presence of polyols, protein stabilization is 

dominated either by enthalpic or entropic factors depending on 

the type of protein in consideration. For example, protein 

stabilization by all the polyol osmolytes is under enthalpic 

control for lysozyme but under entropic control for RNase-A 

[9,10,93]. Additionally, in the case of sugar osmolytes, protein 

folding is under enthalpic control for RNase-A [12,94] while 

entropic in case of α-lactalbumin [94]. For TMAO, at pH ≥ 

5.0, protein stabilization is enthalpically unfavorable and 

entropically  favorable   for   many   proteins.    However,   the 

 

 

unfavorable enthalpy change outweighs the favorable entropy 

change to yield an unfavorable free energy change (∆∆GD° > 

0) [51,95]. At pH values < 5.0 enthalpic contribution to 

protein destabilization outweighs the entropic contribution 

leading to a ∆∆GD° < 0; hence, destabilization is under 

enthalpic control for two proteins, lysozyme and α-

lactalbumin while for RNase-A, protein destabilization is 

under entropic control. For amino acid osmolytes and their 

derivatives, similar to polyols, there is perfect compensation 

between enthalpy and entropy at both physiological and lower 

pH values leading to no significant change in ∆GD° at all pH 

[8].  

 
Osmolytes Counter Denaturing Effects of Urea, Salt, 
Pressure on Proteins and Induce Refolding 
 Some osmolytes, especially, methylamines, in addition to 

imparting stabilization, are found to counteract specifically the 

deleterious effects that denaturant urea may have on protein 

stability in terms of Tm and ∆GD° [34,38,77]. The urea-

methylamine counteraction does not work at any concentration 

ratio between urea and methylamine but is found most 

appropriate at 2:1 urea to methylamine (for detail see 

subheading “NATURALLY OCCURING DESTABILIZING 

OSMOLYTE SYSTEM”. Among the methylamines, betaine is 

known for its ability to counter the effect of high concentration 

of salts on protein stability in many higher plants, bacteria, and 

in some mammalian cells [23,96,97]. TMAO has also been 

demonstrated to have the ability to counter the denaturing 

effects of pressure on proteins [98]. This is why these 

osmolytes are found predominantly in the sea bottom dwellers 

[99,100]. Interestingly some osmolytes are found to prevent 

cold denaturation of proteins [101]. Disaccharides, most 

notably trehalose, are built up in anhydrobiotic dormant 

organisms (e.g., baker’s yeast). However these sugars do not 

follow the mechanisms of non-interactive compatibility. 

Rather they bind to macromolecules and membranes, 

effectively replacing water [102]. TMAO has been 

demonstrated to have the ability to induce refolding of 

intrinsically or thermodynamically unfolded proteins [53]. 

Some osmolytes behave as “chemical chaperones” by 

promoting the correct refolding of unfolded proteins in vitro 

and in cell [103-107]. Many osmolytes are also reported to 

reverse protein aggregation [103,108-110].  
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PROGRESSES ON OSMOLYTE-PROTEIN 
INTERACTIONS 
 
Mechanism of Osmolyte-Induced Protein 
Stabilization 
 In the equilibrium protein folding reaction, D state ↔ N 

state, protecting osmolytes push the equilibrium toward N, 

whereas denaturing osmolytes push the equilibrium toward D. 

As yet, there is no universal molecular theory that can explain 

the mechanism by which osmolytes interact with the protein to 

affect the thermodynamic equilibrium. However, the most 

convincing evidence comes from the work of Timasheff and 

co-workers who have shown that stabilizing osmolytes are 

preferentially excluded from the immediate vicinity of the 

protein domain and this preferential exclusiveness is the main 

driving force for osmolyte-induced protein stabilization 

[90,111]. This preferential exclusion is brought about by three 

general means [112]. One being the solvophobic interaction 

between osmolyte and N and D states of proteins; a second 

means draws from surface tension effect, in that osmolytes 

that increase surface tension should also be excluded 

preferentially from the protein surface [16,87,113,114]. A 

third means of achieving preferential exclusion arises from 

excluded volume considerations [115-117]. Later on, Bolen 

and co-workers, on the basis of transfer free energy 

measurements of amino acid side chains and peptide backbone 

from water to osmolyte solutions, demonstrated that osmolyte 

stabilization of proteins originates from the predominant 

unfavourable interaction of the osmolytes with the peptide 

backbone [31,52,118] while side chain interactions contribute 

weakly. Unfavorable interactions between a solvent 

component (osmolyte solution) and a protein functional group 

(peptide backbone) are traditionally classified as solvophobic, 

and this unfavorable interaction has been termed as the 

osmophobic effect [119]. Transferring native proteins to 

osmolyte solution increases the chemical potential, i.e., 

destabilizing the native state. The reason why osmolyte 

stabilizes the proteins against denaturation is that they 

destabilize the unfolded state much more than they destabilize 

the native state [119]. This same conclusion was also drawn 

by Timasheff  [49], based on thermodynamic measurements 

that permit evaluation of change in chemical potentials of the 

native and denatured proteins on transfer to osmolyte solutions 

 

 

[49]. In another development, it has also been reported that 

these osmolytes have different preferences to interact with the 

various surface groups of proteins and thus affect the 

thermodynamic transition between protein states that expose 

different kinds and amounts of surface area [120].  

 
Native and Denatured States are Differently 
Preferentially Hydrated  
 On the basis of preferential interaction measurements 

between protein and osmolytes, Timasheff and co-workers 

[14,15] pointed out that there is no requirement that a co-

solvent be preferentially excluded from the native protein in 

order to be a structure stabilizer. But the strong preferential 

exclusion of osmolytes from the denatured state is the driving 

force of the osmolyte-induced protein stabilization. In a 

systematic study by Timasheff and co-workers, the 

preferential hydration of the native RNase-A was found to 

slightly decrease with increasing temperature. Between 20 and 

35 °C, there is no change in preferential interaction parameters 

of the native protein in the presence of sorbitol. Its magnitude 

(0.37-0.46 g of water/g of protein) is similar to the generally 

observed hydration values of most globular proteins [121-

123]. There is no significant increase in the preferential 

hydration of RNase-A even at 48 °C (and pH 5.5) where the 

protein still exists in the native conformation. However, 

denatured state is overwhelmingly preferentially hydrated at 

48 °C and pH 5.5 [14,15]. Interestingly, in the denaturation 

transition region, the preferential hydration remains at higher 

values for the denatured protein but not for the native one. 

Many pieces of evidence also suggest that there is no 

requirement that co-solvent be preferentially excluded from 

the native protein in order to be a structure stabilizer or 

destabilizer. What is required is that the preferential binding to 

the denatured state must be negative or smaller [18,124,125]. 

Therefore, the source of protein stabilization is due to 

increased preferential hydration of the denatured state, not the 

native state.  
 
THEORETICAL MODELS TO EXPLAIN 
PROTEIN-OSMOLYTE INTERACTIONS 
 
 Several models are currently used to obtain molecular-

level interpretations of the data [126-128].  These  models  can  
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be divided into two broad classes. One class of explanation 

focuses on changes in concentrations of the solvent and solute, 

and interprets osmolyte-induced effects in terms of binding 

equilibria of the solute and solvent to the biological 

macromolecules [126,129-131]. A second class focuses on 

excluded-volume effects that result from the increase in steric 

repulsions in solute-solvent mixtures relative to pure solvent 

[132-134]. The fact that equivalent data are interpreted in 

fundamentally different ways highlights the controversy 

surrounding the driving forces responsible for solute-induced 

changes in conformational equilibria. Supports for steric 

repulsions as a major stabilizing force comes from the 

observations that the native state of proteins is not maximally 

compact [135,136] and osmolytes decrease the apparent 

specific volume and adiabatic compressibility of several native 

proteins, proving that they are more compact [135,137]. 

Simulation studies also indicate that steric repulsions can be a 

major driving force in osmolyte-induced folding. First, Monte 

Carlo simulations that treat the denatured state as a string of 

small hard spheres show that small solutes could drive folding 

[138]. Second, lattice model simulations that restrict the 

configurational space available to the protein chain (i.e., 

constrain the chain to be compact) predict that compactness 

will cause secondary structure formation [139] which is true 

for many proteins [140-142].  

 Schellman presents the most sophisticated binding analysis 

[127,129,130,143] with protein solvation in solvent-solute 

mixtures modeled as competitive binding of the solvent and 

solute to sites on the protein. His analysis leads to a new form 

of the binding polynomial in which all terms depend on solute-

solvent exchange instead of on solute addition. This analysis 

differs from that of Timasheff in the treatment of the solvent 

component, which is held constant in Timasheff's analysis. 

Schellman's analysis, although limited, [129] is the only 

binding model that faithfully portrays many features of solute-

induced protein stabilization and destabilization. The most 

commonly employed binding model, osmotic stress analysis 

(OSA), attributes the osmolyte-induced changes in protein 

conformations to water-protein binding and interprets the data 

in terms of differences in the number of water molecules 

bound to each state [126,144]. OSA analysis quantifies the 

change in the number of water molecules bound to each state 

by assuming that the solute makes no contribution  to  the  free  

 

 

energy change and that all water molecules bind the protein 

with the same binding constant. However, Timasheff [145], on 

the other hand, showed that OSA violates the laws of 

thermodynamics. Even if these theoretical objections could be 

overcome, interpretation of data with OSA leads to the 

unrealistic conclusion that the number of bound water 

molecules depends on which osmolyte is used. 

 In another development, Saunders et al., [146] was able to 

dissect the contributions arising out of steric exclusion and 

binding effect of polyol osmolytes on cytochrome-c using 

scale particle theory. They demonstrated that that while steric 

repulsions (hard interaction) are a major driving force for the 

stabilization of the native and an intermediate state (A state), 

binding interactions (soft interaction) between the protein and 

water, and between protein and osmolyte can enhance or 

attenuate this stabilization. Interestingly, binding interaction 

leads to stabilization of the A state but destabilizes the native 

cytochrome-c. They argued that the native-state destabilization 

from soft interactions could result from more favorable 

osmolyte-protein interactions or less favorable water-protein 

interactions [146]. Similarly, the A-state stabilization from 

soft interactions could result from less favorable osmolyte-

protein interactions or more favorable water-protein 

interactions. Therefore, the actual mechanism must be a 

combination of the two classes, and models based on this 

combination lead to valuable insight. In a similar observation, 

Weatherly and Pielak [147] also concluded that steric 

conclusion alone cannot explain the effects of osmolytes on 

the thermodynamic equilibria. Thus, in a modified revised 

model of osmolyte-induced protein stabilization is described 

as a balance of hard interaction (steric exclusion) and soft 

interaction (preferential binding). Weatherly and Pielak [147] 

further show that simple models are not sufficient to 

understand osmolyte-protein interactions because osmolytes 

interact differently with proteins. For instance, betaine is most 

excluded from bovine serum albumin, whereas TMAO is most 

excluded from cytochrome-c [147,148].  

 
Kirkwood-Buff Theory in Understanding Osmolyte-
Protein Interaction 
 It is assumed that protein stability and solubility in the 

presence of osmolytes depend on protein solvation by water or 

osmolytes   (osmolation).   Traditionally,   only    the    relative  
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preference can be measured, and that the individual solvation 

contributions of water and osmolyte are inaccessible. 

Recently, using Kirkwood-Buff theory, Rosgen and co-

workers [149,150] determined hydration and osmolyte 

solvation (osmolation) of peptide backbone for all the classes 

of osmolytes. They demonstrated that the major solvation 

effects on protein side-chains originate from the osmolytes, 

and that the hydration mostly depends on the size of the side-

chain. The peptide backbone unit displays a much more 

variable hydration in the different osmolyte solutions. Indeed, 

osmolytes can be grouped according to their peptide unit 

solvation behavior. Although methylamines, TMAO, sarcosine 

and betaine show very little change in the hydration of the 

peptide unit upon transfer from water to 1 M osmolyte, the 

osmolation is large and negative. This indicates that the 

methylamines are strongly excluded from the peptide unit. The 

amino acid proline and the polyols, glycerol, and sorbitol are 

also strongly excluded from the peptide unit, but in the 

presence of these osmolytes a large amount of water is also 

excluded from the peptide unit. The saccharides, sucrose, and 

trehalose, exert their effects differently than do the other 

protecting osmolytes. These osmolytes favorably interact with 

the peptide unit. Concomitantly, the peptide unit becomes 

excessively hydrated. The net effect of trehalose is a large 

hydration of the peptide unit with a net-zero solvation by 

trehalose. Sucrose is even more enriched around peptide 

groups. Only the denaturing osmolyte, urea obeys the classical 

solvent exchange mechanism in which the preferential 

interaction with the peptide unit excludes water [151].  

 
Molecular Dynamic Simulation (MDS) Studies of 
Protein-Osmolyte Interaction 
 From a thermodynamic standpoint, the stabilization of 

proteins (higher ∆GD° for unfolding) is directly related to the 

osmolyte’s preferential interaction with the protein [49,152-

154]. Simply stated, osmolytes stabilize proteins in their native 

state if they are more strongly excluded from the unfolded 

state than from the native state of a protein. Therefore, the 

osmolytes’ effect depends on the extent to which bulk water 

serves as a better solvent to osmolytes than water in the 

vicinity of the protein. To further evaluate the molecular 

details of osmolyte effect on water structure and the 

consequent   effect   of  the   structure  of  water  molecules  on 

 

 

resisting thermal unfolding, various simulation studies have 

been carried out. At present MDS studies of only two 

stabilizing osmolyte classes (methylamine and polyols) are 

available in the literature. The simulations show enhancement 

of water structure by TMAO in the form of a slight increase in 

the number of hydrogen bonds per water molecule, stronger 

water hydrogen bonds, and long-range spatial ordering of the 

solvent. These findings suggest that TMAO stabilizes proteins 

via enhancement of water structure, such that interactions with 

the amide unit are discouraged [95]. In agreement, several 

other investigators also demonstrated that TMAO prevents 

protein unfolding by ordering and strengthening water 

structure while also preferentially excluded from the protein’s 

surface [69,155-157]. Therefore, this structure-making action 

of TMAO enhances the penalty associated with protein 

unfolding and exposure to solution (an increased hydrophobic 

effect) while at the same time diminishing the ability of water 

molecules to compete with protein intramolecular hydrogen 

(H) bonds. Contrary to TMAO, other MDS studies [158] of 

concentrated binary mixtures of different polyols (glycerol, 

xylitol, adonitol, sorbitol, myo-inositol and scylloinositol) in 

water indicate that water ordering decreases in the presence of 

high concentrations of polyols, in agreement with other 

experimental results [159,160] and simulations [161,162]. The 

extent of water disordering and H bond loss in the presence of 

polyol solute generally grows with proportion to the number 

of polyol hydroxyl groups but also depends sensitively on the 

number of osmolyte internal H bonds, an isomer specific 

property. Interestingly, the formation of more distorted H 

bonds between water and osmolyte correlate well with a shift 

toward more linear water-water H bonds in the polyol’s 

vicinity. This suggests that water binding to osmolyte is less 

compatible with the water H bond network and that in the 

presence of osmolytes; the remaining water-water H bonds are 

optimized while, in concert, the overall network’s tetrahedral 

structure is diminished. In a similar study many carbohydrates 

and polyols are shown to interfere with water structure [160]. 

Taken together, results on TMAO and polyol osmolytes 

indicate that effects on water structure are completely 

opposite. Therefore, water structure perturbation by osmolytes 

cannot be regarded as the generic cause of the origin of the 

native protein structural stabilization or preferential 

exclusiveness   of   the   osmolytes  from  the  protein  surface.  
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Interestingly, recent experiments convincingly show little 

correlation between osmolytes’ impact on water structuring in 

the bulk and their action as protein stabilizers [159]. In another 

observation, it has also been demonstrated that osmolytes do 

not always need to be excluded from the surface of proteins in 

order to stand as structural stabilizer [151]. For example, 

trehalose exceptionally stabilizes proteins by binding to the 

native protein [151].  

 
OSMOLYTE-MEDIATED PROTEIN FOL-
DING  
 
Effect of Osmolytes on Protein Folding 
Intermediates/Folding Pathway 
 During the course of protein folding, in addition to correct 

folding which leads to the production of functional protein, 

incorrect folding may also occur, leading to the formation of 

misfolded protein or aggregation. In fact, misfolding or 

aggregation occurs frequently [163-166] inside cells. Polyols 

such as sucrose, glucose, and sorbitol, are commonly used as 

protein refolding assistants [167] to suppress aggregation. 

There are no significant mechanistic data on how these 

osmolyte chaperones refold or relieve aggregated/misfolded 

proteins. One mechanism of protein folding is that it proceeds 

via hydrophobic collapse wherein a hydrophobic core is first 

formed followed by secondary and tertiary structural 

rearrangements to yield the native protein [168]. The 

hydrophobic core so formed is prone to aggregation because it 

is largely exposed to the solvent. Polyols, such as sucrose, 

glucose, glycerol and trehalose are believed to bind to the 

hydrophobic core, causing a decrease in its hydrophobic 

character [167]. At the same time, the presence of polyols also 

increases the viscosity of the refolding buffer, and thus 

reducing the probability of collision among the hydrophobic 

core [110,169]. Recent studies of the products of the 

submillisecond folding reactions of several proteins, including 

barstar [170], ribonuclease A [171,172], lysozyme [173], 

cytochrome c [174] and apomyoglobin [175], suggest that 

these proteins fold via accumulation of early intermediates 

which are structurally highly heterogeneous. In the presence of 

TMAO or sarcosine, these became more homogeneous and 

structured [176]. It has also been proved that different 

osmolytes induce different structures in this early intermediate  

 

 

[176], which indicates that inside the cell one protein may 

undergo different folding pathways depending on the types of 

osmolyte present.  

 Osmolyte-induced stabilization has also been observed due 

to increased folding rates [177,178], presumably by 

facilitating condensation of polypeptides into the semi-

compact transition state: the rate-limiting step in protein 

folding. However, some authors argued that osmolytes have an 

opposing effect on the protein folding rate, since they are 

viscogenic and retard diffusion of polypeptides through the 

solvent [177-183]. Therefore, the ability of osmolyte is most 

likely a direct consequence of its stability promoting property. 

Studies on a cold-shock protein, calpastatin B, show that there 

is a distinct retardation of the folding rate at increased 

viscosity by osmolytes or other viscogenic agents, indicating 

that displacement of solvent is an important determinant of the 

kinetics of this rapidly folding protein [177-183]. A 

contrasting example is provided by chymotrypsin inhibitor 2 

(CI2), which is largely unaffected by solvent viscosity. CI2 

shows a steady increase in folding rate upon addition of 

sucrose [184]. The lack of diffusive character indicates that 

CI2 crosses the diffusive barrier without significant 

displacement of osmolyte molecules [184].  

 In another observation, Chang et al. [185] have shown that 

osmolyte (sugar) forces protein to fold by collapsing the 

unfolded protein chain into a compact structure, and thereby 

enhanceing misfolding and aggregation. Because such 

collapsed structure may be too compact and rigid, rendering 

the misfolded structure being unable to reorganize into the 

native state. Thus, osmolyte may be useful when the unfolded 

or folding intermediates are too soluble and cannot be readily 

converted into a more compact structure. Interestingly, it has 

been shown that α-synuclein is highly soluble even in the 

unfolded state, but attains a folded structure in the presence of 

TMAO [186]. Addition of sugars to acid-denatured 

cytochrome-c also gives species that are nearly identical to the 

molten globule state [115], a common intermediate in protein 

folding [187]. Moreover, the stabilizing effect of sucrose on 

the molten globule state increases with both the size and 

concentration of sugars. This intermediate structure is found to 

have structural properties similar to that of molten globule 

states of cytochrome-c formed by addition of salts [115].  

 Although   some   efforts   have   been    directed    towards 
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understanding the effects of osmolytes on protein folding, 

little is known about their effect on folding intermediates and 

partially unfolded states of proteins. It is known that osmolytes 

have a profound influence on protein folding either by 

binding, acting on the folding intermediates, or by enhancing 

the folding rate. Interestingly, it has been reported recently 

that glutamate has more effect on the molten globule states 

than the more extended denatured state in glutaminyl-tRNA 

synthetase [188]. Therefore, systematic investigation on the 

effect of osmolytes on the partially denatured or intermediate 

states formed during the protein folding may change our 

current notion on how osmolytes induce protein folding. The 

effect of osmolyte-induced protein folding inside the cell and 

in vitro may not be completely via its effect either on the 

native or denatured states. Rather the folding intermediate 

states may play a crucial role in interaction with the 

osmolytes. Partially unfolded states are important not only in 

understanding the folding processes but may also in many 

diseases that involve extracellular protein aggregation and 

amyloid fibril formation, such as Alzheimer's disease and 

Scrapie [189,190]. Similar intracellular protein aggregates 

(Lewy bodies) are also known to play an important role in 

other neurodegenerative diseases, such as Parkinson's disease 

[191]. Very little is known about the role of osmolytes on such 

processes, although it is generally recognized that cells in the 

brain accumulate high concentrations of several osmolytes 

[192,193]. Therefore, investigating the effect of osmolytes on 

the protein folding intermediates may yield valuable insights 

on how osmolytes regulate these cellular processes. This may 

eventually help to develop osmolytes as therapeutic tools for 

disease associated with protein misfolding/aggregation. In 

fact, in a mouse model, trehalose has been shown to be 

effective in attenuating protein aggregation and subsequent 

life span for Huntington’s disease. 

 

APPLICATIONS IN HEALTH AND BIO-
TECHNOLOGY  
 
Possibility of Osmolytes for Treatment of Birth 
Defects  
 The complex and interrelated reactions, which make up 

living processes, are dependent upon the presence of proteins, 

not  only  as  catalysts,  but  also   in   their   role  as  structural  

 

 

molecules, as storage and carrier molecules, and as molecular 

motors. All of these functions require that nascent polypeptide 

chains correctly fold into the biologically active, three-

dimensional structure of the native state. It is well known fact 

that cellular environment is crowded [128], and molecular 

crowding promotes protein aggregation, and thus enhances the 

need for chaperone action [128]. Besides, in many inborn 

errors of metabolism, mutant gene products are structurally 

altered and may not fold correctly while the function of the 

proteins is only partially impaired. This may signal the quality 

control system to retain and degrade the mutant proteins, 

resulting in its deficient functional activity. Evidence is 

accumulating that many human diseases are caused by 

improper folding of nascent polypeptides as they achieve a 

final three-dimensional structure [194-198]. This is so, in part, 

because such proteins partially/fully lose their activities and/or 

result into trafficking defects [199]. This group includes 

Alzheimer’s disease, transmissible spongiform encephalities, 

serpin deficient disorders, haemolytic anaemia, Huntington’s 

diseases, cystic fibrosis, diabetes type II, amylotropic lateral 

sclerosis, Parkinson’s disease, dialysis related amyloidosis and 

more than 15 other less known diseases [197]. Recently, it has 

been shown that specific chemical chaperones are able to 

correct such misfolded conformations to prevent the excessive 

degradation various mutant proteins and consequently 

promoting the intracellular functional activity of the mutant 

proteins. For instance, osmolytes have been shown to reverse 

the intracellular retention of many of misfolded proteins such 

as CFTR [200,201], α-chymotrypsin [202], aquaporin-2 [201], 

p-53 and β-glycoprotein [203] in the endoplasmic reticulum. 

Recently, several osmolytes (glycerol, betaine, taurine and 

TMAO among others) have also been shown in cell culture 

models to correct protein folding and trafficking defects in 

�F508 CFTR in cystic fibrosis [204], the prion protein PrP 

[105], and temperature sensitive mutants of the tumor 

suppressor protein p53, the viral oncogene protein pp60 and 

the ubiquitin activating enzyme E1 [205]. Glycerol, TMAO 

and DMSO have been used to reverse the �F508 mutated cells 

of cystic fibrosis [206,207]. Osmolytes can also inhibit the 

conversion of cellular prion protein (PrPc) to the protease-

resistant and amyloid-forming PrPsc associated with 

transmissible encephalopathies [208]. Powell and Zeitlin [206] 

also showed that TMAO and glycerol  control  fibril  assembly  
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of amyloid-β (Aβ) which is a defining characteristic of 

Alzheimer’s disease [206]. TMAO also inhibited formation of 

fibrillar structures from β-amyloid peptides [106]. Recently, 

certain osmolytes, especially trehalose, were found to be 

effective in slowing the aggregation of several aggregation 

prone proteins including Aβ (1-40) [209], insulin [210], 

W7FW14F [211] and Huntingdon protein [212]. More 

importantly, trehalose increases human neuroblastoma cell 

(SH-SY5Y) viability in the presence of Aβ aggregates [209], 

and alleviates the extended polyglutamine chain induced 

symptoms in a mouse model of Huntington’s disease [212]. 

Another osmolyte, trimethylamine-N-oxide (TMAO) protectes 

MC65 cells under conditional expression of amyloid protein 

precursor carboxyterminal fragments [213]. In an exciting 

experiment, dietary trehalose enhanced survival of mice with a 

disease similar to that of human Huntington’s chorea. The 

brains of these animals had fewer of the protein clumps that 

characterize this neurodegenerative disease [212,214]. The 

addition of glycerol to prokaryotic cells expressing mutant 

forms of (phenylalanine hydroxylase) PAH induced the 

synthesis of the recombinant proteins at higher levels and led 

to an increase in its catalytic activity [215]. This effect was 

also observed after addition of TMAO (5 mM) and taurin (10 

mM) to the culture medium. Gain of function of destabilized 

variants of human proteins by chemical chaperones is quite 

evident in the case of the cytosolic cystathionine synthase 

(CBS) deficiency of which develops into classic 

homocystinuria. The expression of mutant forms of CBS in a 

yeast expression model, in the presence of a range of chemical 

chaperones (TMAO, glycerol, sorbitol, praline and DMSO) 

induced an increase in activity and in the tetrameric formation 

of the protein [216]. However, the rescue of enzyme activity 

was only detected when the mutant variants were expressed in 

the presence of the studied compounds, and not when these 

were added to the purified mutant protein. Interestingly, a 

synergistic effect resulting from the combination of these 

compounds was observed. This led to the suggestion that in 

this case, the osmolytes exert their effects by favoring 

productive folding pathways, possibly by minimizing 

destabilized intermediate conformations, as observed for 

barstar [176]. Several chemical chaperones have also been 

reported to promote protein refolding into a native state and 

suppress aggregation that accompanies protein  refolding  for a  

 

 

large number of disease causing mutant proteins 

[22,105,204,205,217,218]. A list of disease causing mutant 

proteins and their rescuability by specific chemical chaperones 

is described by Leandro and Gomes [167]. Therefore, a well-

designed specific chemical chaperone should lead to a 

powerful drug specifically for treating an inherited disorder. 

Understanding of how these chemical chaperones interact with 

proteins and enzymes will provide the fundamental knowledge 

on the molecular basis of specific chemical chaperone action, 

and designing and translating them into clinical applications. 

Researches how to use osmolytes as pharmacological 

compounds to specifically stabilize a mutant enzyme are also 

underway. 

 

Biotechnological Applications of Osmolytes 
 Osmolytes are becoming increasingly useful in molecular 

biology and biotechnology, such as stabilization of laboratory 

and pharmaceutical reagents [219]. Stabilizing osmolytes 

improve reconstitution of functioning prokaryotic and 

eukaryotic protein-membrane complexes [220] and improve 

crystallization of proteins [221]. Betaine improves cell-free 

transcription/translation and also polymerase chain reaction by 

improving either the efficiency of DNA-polymerase or the 

affinity between primer and template DNA [222,223]. 

Interestingly, it also maximizes monoclonal antibody 

production by hybridoma cells [224]. Hyperglycemia in 

diabetes mellitus leads to build up of the osmolyte sorbitol, 

with implications for treatment [225]. Betaine being present in 

pathogenic bacteria helps them to grow well in the presence of 

salts and urea, so betaine perhaps play a role in urinary tract 

infections and in drug design for treatment [226]. Protein 

misfolding in vitro may lead to a decrease in the production 

yield of the native functional protein. Therefore, with the 

development of recombinant DNA techniques, strategies for 

improving the rate of correct protein refolding relative to 

incorrect folding have become a major focus of biotechnology 

[227-229]. One of the successful strategies in improving 

protein yield is to incorporate some osmolyte in the bacterial 

growth media during protein expression to suppress inclusion 

body formation [230]. Solution containing osmolyte combo is 

also currently used to resolubilize and refold the inclusion 

body [231].  

 In agriculture, transfer  of  genes  for  osmolyte  production 
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from salt-tolerant into salt-intolerant species is being used to 

adapt plants for saline and drought conditions [232]. Crop 

plants are also being engineered to accumulate a variety of so-

called compatible solutes against various stress conditions so 

as to increase the crop yields [233-235]; several reviews have 

recently discussed osmoprotection in plants and its potential 

application in improving drought and salt stress tolerance 

[236-238].  

 Some osmolytes have unique non-osmotic roles other than 

counteraction. Taurine, for example, high in mammalian heart 

and brain and many marine invertebrates may be an 

antioxidant (among other properties) [239]. Betaine is a ligand 

for many proteins [240] and is involved in many biological 

methylation reactions [241]. Proline accumulation in water-

stressed plants may be primarily for maintaining redox states 

than for compatibility or stabilizing aspects [234]. Cyclitols 

that aid plants in water retention may also scavenge free 

radicals generated during drought, cold and other stresses 

[242]. But in many cases the selective rationales for certain 

osmolyte patterns and types in certain organisms are not 

known. For example, for reasons not clear, contents of 

osmolyte-type differ and change dramatically in different 

ways among mammalian tissues during development [243]. 

Therefore, further studies on unique properties of osmolytes 

need to be conducted. 

 
UPCOMING AVENUES  
 
Osmolytes Modulate Molecular Chaperones 
 In a systematic study of refolding of heat-denatured malate 

dehydrogenase at 47 °C in the presence of each of the 

molecular chaperones (GroEL, DnaK and ClpB) was 

measured after supplementation of osmolytes, betaine, 

trehalose, proline, or glycerol [244]. Surprisingly, all 

osmolytes were found to have a regulatory effect on the 

folding of thermally denatured malate dehydrogenase by 

individual and combinations of chaperones GroEL, DnaK and 

ClpB. With the exception of trehalose, low physiological 

concentrations of proline, glycerol, and especially glycine 

betaine activated the molecular chaperones, likely by assisting 

local folding in chaperone-bound polypeptides and stabilizing 

the native end product of the reaction. High osmolyte 

concentrations, especially trehalose, strongly inhibited  DnaK- 

 

 

dependent chaperone networks, such as DnaK+GroEL and 

DnaK+ClpB, probably because high viscosity affects dynamic 

interactions between chaperones and folding substrates and 

stabilizes protein aggregates. Thus, during combined salt and 

heat stresses, cells can specifically control protein stability and 

chaperone-mediated disaggregation and refolding by 

modulating the intracellular levels of different osmolytes. In 

other observations, trehalose accumulation in yeast not only 

suppresses protein aggregation during heat shock but also 

interferes with chaperone-assisted protein refolding in vivo 

and in vitro [104]. Osmolytes promote the in vitro refolding by 

GroEL of a mutant enzyme, which cannot be refolded either 

with the chaperone or osmolytes alone [245], Taken together, 

all observations indicate that in addition to their activity as 

chemical chaperones that directly controls protein stability, 

osmolytes may also indirectly regulate protein homeostasis in 

cells by controlling the activity of molecular chaperones. 

 
Modulation of Protein Stability by Osmolyte 
Mixtures 
 Mixtures of organic osmolytes occur in cells of many 

organisms, raising the question of whether their actions on 

protein stability are independent or synergistic. Although there 

are some reports on their additive effects [12,246], several 

studies indicate that mixtures are more beneficial than the 

individual osmolytes at equimolar concentrations in stabilizing 

or refolding proteins. For instance, an equimolar mixture of 

arginine and glutamic acid has been found to show better 

solubilization than the sum effect of each component 

individually [108]. Furthermore, mixtures of TMAO and 

trehalose can be more efficient in refolding proteins than 

expected from simple additive effect [247]. Simultaneous 

addition of the charged L-amino acids, Arg and Glu 

(Arg+Glu) to the dilute solution of proteins (Ref2NM, 

MAGOH, and WW34) significantly reduces aggregation 

during the process of concentration by increasing the solubility 

limit while the individual equimolar osmolytes do not have 

significant effect on  the aggregation  [108]. In another 

observation, TMAO and sucrose enhanced thioflavin T 

detected aggregation of 1SS-α-lac amyloid fibril formation, 

but a mixture of trehalose and TMAO substantially inhibited 

the aggregation. Furthermore, certain osmolyte mixtures are 

more   beneficial   than  the  individual  osmolytes  in  rescuing  
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misfolded phenotype of mutant protein, cystathionine beta 

synthase [216]. Taken together, the mixture of differing 

osmolytes may be helpful in different types of applications in 

biological systems. Further progresses in understanding the 

synergism of osmolyte mixtures in many biological processes 

will yield insights on the application of osmolytes and in the 

development of suitable therapeutics in which one osmolyte 

does not work but an osmolyte combo serves as a magic 

solution. Also, a mixture of osmolytes may significantly 

reduce the concentrations of each osmolyte used, making 

cells/tissues to easily adapt to these conditions. 

 
SUMMARY AND PERSPECTIVES  
    

 It is understood from this review that during the 40 years 

of dynamic research in the area of protein-osmolyte science, 

we have made various landmark discoveries which helped us 

to answer the question: How do living organisms survive 

under the denaturing stress, be it high or low temperature 

stress, salt stress, water stress, urea stress or pressure stress. 

Intracellular osmolytes are accumulated to give generic 

stabilization of proteins. The unfavorable interaction of the 

osmolytes with the peptide backbone (osmophobic effect) is 

the cause of generic stabilization. However, the effect of many 

osmolytes may be protein specific. Interestingly, many 

osmolytes are potential denaturants at specific solution 

conditions. The refolding experiments carried out on many 

different wild type and mutant proteins in the presence of 

various osmolytes indicate that osmolytes ability to induce 

protein refolding is not true in general but in case by case 

basis. On thermodynamic grounds, protein folding in the 

presence of osmolytes is either under enthalpic or entropic 

control depending on the type of the protein chosen. 

Furthermore, an osmolyte preferentially binds to some 

proteins while it is preferentially excluded from the surface of 

another protein to yield stability. In the light of these 

observations, it is highly essential to understand the origin of 

specific interactions of an osmolyte with proteins of different 

chemical and physical properties keeping in mind that 

unfavorable peptide backbone-osmolyte interaction is the 

general cause of generic protein stabilization. It appears to be 

very unlikely that osmolytes’ major preference is the peptide 

backbone. Rather the solution condition wherein the  osmolyte  

 

 

and proteins are dissolved or the nature of the exposed side 

chains and peptide backbone of a protein will dictate whether 

a given osmolyte will be exclude or bind to the protein 

surface. Interestingly, protein folding intermediate states of 

some proteins have profound interaction with osmolytes than 

the denatured states. Most importantly, therefore, caution must 

be taken in interpreting protein folding data using the 

osmophobic model as effect of osmolyte.  

 Recent progresses in molecular dynamic simulations and 

computational studies have greatly magnified our molecular 

level understanding on protein-osmolyte interaction and the 

mechanism of osmolyte-induced protein folding. Furthermore, 

the upcoming avenues including osmolytes interaction with 

the molecular chaperones and multiple osmolyte system are 

areas of great intellectual curiosity as these systems are meant 

to circumvent multiple stresses. The changing need of human 

health due to various stresses including, global change in 

environment, in addition psychological and hormonal 

imbalances are of great concern. Incorporation of some dose 

of stress specific osmolyte in many pharmaceutical 

formulations might be of great utility to increasing stress 

tolerance of the cells or individuals while improving the 

efficacy of the drug. Osmolytes promising implications on 

biotechnology, health and industry makes the osmolyte-

protein science a potential research area for many researchers 

working in different avenues. Thus researchers working in 

translational and clinical aspects must aptly utilize this wealth 

of information on mechanistic and potential applications to 

gear up for use as therapeutic for many human diseases.  

 
ACKNOWLEDGEMENTS 
 
 FA gratefully acknowledges the financial support provided 

by the Council of Scientific and Industrial Research, India, 

and by the Department of Science and Technology, India. 

 

REFERENCES 
 

[1 ] P.H. Yancey, M.E. Clark, S.C. Hand, R.D. Bowlus, 

G.N. Somero, Science 217 (1982) 1214. 

[2 ] P.H. Yancey, Biolog. 50 (2003) 126. 

[3 ] P.H. Yancey, Sci. Prog. 87 (2004) 1. 

[4 ] J.A. Raymond, Fish Physiol. Biochem. 13 (1994) 13. 



 

 

 

Singh et al. 

 18 

 

 

[5 ] J.A. Raymond, Fish Physiol. Biochem. 18 (1998) 387. 

[6 ] P.H. Yancey, W.R. Blake, J. Conley, Comp. Biochem. 

Physiol. A Mol. Integr. Physiol. 133 (2002) 667. 

[7 ] S. Taneja, F. Ahmad, Biochem. J. 303 (Pt 1) (1994) 

147. 

[8 ] F. Anjum, V. Rishi, F. Ahmad, Biochim. Biophys. Acta 

1476 (2000) 75. 

[9 ] I. Haque, R. Singh, F. Ahmad, A.A. Moosavi-

Movahedi, FEBS Lett. 579 (2005) 3891. 

[10 ] I. Haque, R. Singh, A.A. Moosavi-Movahedi, F. 

Ahmad, Biophys. Chem. 117 (2005) 1. 

[11 ] I. Haque, A. Islam, R. Singh, A.A. Moosavi-Movahedi, 

F. Ahmad, Biophys. Chem. 119 (2006) 224. 

[12 ] N.K. Poddar, Z.A. Ansari, R.K. Singh, A.A. Moosavi-

Movahedi, F. Ahmad, Biophys. Chem. 138 (2008) 120. 

[13 ] S. Jamal, N.K. Poddar, L.R. Singh, T.A. Dar, V. Rishi, 

F. Ahmad, FEBS J. 276 (2009) 6024. 

[14 ] G.F. Xie, S.N. Timasheff, Prot. Sci. 6 (1997) 222. 

[15 ] G.F. Xie, S.N. Timasheff, Prot. Sci. 6 (1997) 211. 

[16 ] J.K. Kaushik, R. Bhat, J. Phys. Chem. B 102 (1998) 

7058. 

[17 ] M.M. Santoro, D.W. Bolen, Biochem. 31 (1992) 4901. 

[18 ] R.L. Foord, R.J. Leatherbarrow, Biochem. 37 (1998) 

2969. 

[19 ] Y.S. Kim, L.S. Jones, A.C. Dong, B.S. Kendrick, B.S. 

Chang, M.C. Manning, T.W. Randolph, J.F. Carpenter, 

Prot. Sci. 12 (2003) 1252. 

[20 ] J.S. Myers, W.B. Jakoby, J. Biol. Chem. 250 (1975) 

3785. 

[21 ] A.J. Wang, D.W. Bolen, Bioph. J. 71 (1996) 2117. 

[22 ] W.J. Welch, C.R. Brown, Cell Stress & Chap. 1 (1996) 

109. 

[23 ] A. Pollard, R.G. Wynjones, Planta 144 (1979) 291. 

[24 ] R.D. Bowlus, G.N. Somero, J. Exp. Zool. 208 (1979) 

137. 

[25 ] B. Lj, A.D. Brown, Arch.  Microbiol. 96 (1974) 37. 

[26 ] A. Wang, D.W. Bolen, Biophys. J. 71 (1996) 2117. 

[27 ] A. Wang, A.D. Robertson, D.W. Bolen, Biochem. 34 

(1995) 15096. 

[28 ] T.Y. Lin, S.N. Timasheff, Biochem. 33 (1994) 12695. 

[29 ] P.H. Yancey, G.N. Somero, Biochem. J. 183 (1979) 

317. 

[30 ] G.N. Somero, Am. J. Physiol. 251 (1986) R197. 

 

 

[31 ] A. Wang, D.W. Bolen, Biochem. 36 (1997) 9101. 

[32 ] I. Baskakov, A. Wang, D.W. Bolen, Biophys. J. 74 

(1998) 2666. 

[33 ] I.V. Baskakov, R. Kumar, G. Srinivasan, Y.S. Ji, D.W. 

Bolen, E.B. Thompson, J. Biol. Chem. 274 (1999) 

10693. 

[34 ] S. Bagnasco, R. Balaban, H.M. Fales, Y.M. Yang, M. 

Burg, J. Biol. Chem. 261 (1986) 5872. 

[35 ] A. Garcia-Perez, M.B. Burg, Hypertension 16 (1990) 

595. 

[36 ] T. Nakanishi, O. Uyama, H. Nakahama, Y. Takamitsu, 

M. Sugita, Am. J.  Physiol. 264 (1993) F472. 

[37 ] P.H. Yancey, Springer, Berlin-Heidelberg, New York 

(1985). 

[38 ] P.H. Yancey, G.N. Somero, J. Exp. Zool. 212 (1980) 

205. 

[39 ] P.H. Yancey, J. Exp. Biol. 208 (2005) 2819. 

[40 ] A.D. Brown, J.R. Simpson, J. Gen. Microbiol. 72 

(1972) 589. 

[41 ] R.G. Wyn Jones, R. Storey, R.A. Leigh, N. Ahmad, A. 

Pollard, Elsevier Press, Amsterdam, 1977. 

[42 ] M.T. Record, W.T. Zhang, C.F. Anderson, Adv. Prot. 

Chem. 51 (1998) 281. 

[43 ] M.T. Record, E.S. Courtenay, S. Cayley, H.J. Guttman, 

Tren. Biochem. Sci. 23 (1998) 190. 

[44 ] H. Kitamura, A. Yamauchi, T. Nakanishi, Y. 

Takamitsu, T. Sugiura, A. Akagi, T. Moriyama, M. 

Horio, E. Imai, Am. J. Physiol. 272 (1997) F267. 

[45 ] J.F. Carpenter, S.J. Prestrelski, T. Arakawa, Arch. 

Biochem. Biophys. 303 (1993) 456. 

[46 ] J.S. Myers, W.B. Jakoby, Biochem. Biophy. Res. 

Comm. 51 (1973) 631. 

[47 ] D.W. Bolen, J.R. Fisher, Biochem. 8 (1969) 4239. 

[48 ] K. Stamatakis, N.A. Gavalas, Y. Manetas, Aus. J. Plant 

Physiol. 15 (1988) 621. 

[49 ] S.N. Timasheff, Biochem. 41 (2002) 13473. 

[50 ] M.V. Athawale, J.S. Dordick, S. Garde, Biophys. J. 89 

(2005) 858. 

[51 ] R. Singh, I. Haque, F. Ahmad, J. Biol. Chem. 280 

(2005) 11035. 

[52 ] Y. Qu, C.L. Bolen, D.W. Bolen, Proc. Natl. Acad. Sci. 

95 (1998) 9268. 

[53 ] I.  Baskakov,  D.W.  Bolen,  J.  Biol.  Chem. 273 (1998) 



 

 

 

Forty Years of Research on Osmolyte-induced Protein Folding and Stability 

 
 

19 

 

 

4831. 

[54 ] G.S. Ratnaparkhi, R. Varadarajan, J. Biol. Chem. 276 

(2001) 28789. 

[55 ] S.L. Butler, J.J. Falke, Biochem. 35 (1996) 10595. 

[56 ] B.S. Kendrick, B.S. Chang, T. Arakawa, B. Peterson, 

T.W. Randolph, M.C. Manning, J.F. Carpenter, Proc. 

Natl. Acad. Sci. 94 (1997) 11917. 

[57 ] Y. Qu, D.W. Bolen, Biochem. 42 (2003) 5837. 

[58 ] J.O. Wooll, J.O. Wrabl, V.J. Hilser, J. Mol. Biol. 301 

(2000) 247. 

[59 ] R.A. DePaz, C.C. Barnett, D.A. Dale, J.F. Carpenter, 

A.L. Gaertner, T.W. Randolph, Arch. Biochem. 

Biophys. 384 (2000) 123. 

[60 ] D.H. Kim, D.S. Jang, G.H. Nam, S. Yun, J.H. Cho, G. 

Choi, H.C. Lee, K.Y. Choi, Biochem. 39 (2000) 13084. 

[61 ] P. Cioni, E. Bramanti, G.B. Strambini, Biophys. J. 88 

(2005) 4213. 

[62 ] M. Gonnelli, G.B. Strambini, Photochem. Photobiol. 81 

(2005) 614. 

[63 ] M. Gonnelli, G.B. Strambini, Biochem. 34 (1995) 

13847. 

[64 ] M. Gonnelli, G.B. Strambini, Biophys. Chem. 89 

(2001) 77. 

[65 ] V. Doan-Nguyen, J.P. Loria, Prot. Sci. 16 (2007) 20. 

[66 ] D. Idiyatullin, I. Nesmelova, V.A. Daragan, K.H. 

Mayo, J. Mol. Biol. 325 (2003) 149. 

[67 ] V.A. Jaravine, K. Rathgeb-Szabo, A.T. Alexandrescu, 

Prot. Sci. 9 (2000) 290. 

[68 ] R.F. Gahl, M. Narayan, G.Q. Xu, H.A. Scheraga, 

Biochem.  Biophys. Res. Comm. 325 (2004) 707. 

[69 ] B.J. Bennion, V. Daggett, Proc. Natl. Acad. Sci. 101 

(2004) 6433. 

[70 ] T. Mashino, I. Fridovich, Arch. Biochem. Biophys. 258 

(1987) 356. 

[71 ] M.B. Burg, J.D. Ferraris, J. Biol. Chem. 283 (2008) 

7309. 

[72 ] Y. Nozaki, C. Tanford, J. Biol. Chem. 238 (1963) 4074. 

[73 ] P.H. von Hippel, T. Schleich, Marcel Dekker, New 

York 2 (1969) 417. 

[74 ] L.R. Singh, T.A. Dar, F. Ahmad, J. Biosci. 34 (2009) 

321. 

[75 ] P.H. Yancey, J. Comp. Physiol. B 158 (1988) 369. 

[76 ] L.R.  Singh,  T.   Ali Dar,   I.   Haque,  F.  Anjum,  A.A. 

 

 

Moosavi-Movahedi, F. Ahmad, Biochim. Biophys. 

Acta 1774 (2007) 1555. 

[77 ] L.R. Singh, T.A. Dar, I. Haque, F. Anjum, A.A. 

Moosavi-Movahedi, F. Ahmad, Biochim. Biophysi. 

Acta-Prot. Proteom. 1774 (2007) 1555. 

[78 ] M.B. Burg, E.M. Peters, Am. J. Physiol. 273 (1997) 

F1048. 

[79 ] H.R. Palmer, J.J. Bedford, J.P. Leader, R.A. Smith, J. 

Biol. Chem. 275 (2000) 27708. 

[80 ] M.B. Burg, Am. J. Physiol. 268 (1995) F983. 

[81 ] P.H. Yancey, CRC Press, Boca Raton, 1994. 

[82 ] J.S. Ballantyne, C.D. Moyes, T.W. Moon, Can. J. Zool. 

65 (1987) 1883. 

[83 ] R.E. MacMillen, A.K. Lee, Science 158 (1967) 383. 

[84 ] V. Rishi, F. Anjum, F. Ahmad, W. Pfeil, Biochem. J. 

329 (Pt 1) (1998) 137. 

[85 ] T. Arakawa, S.N. Timasheff, Arch. Biochem. Biophys. 

224 (1983) 169. 

[86 ] T.W. Mu, D.S.T. Ong, Y.J. Wang, W.E. Balch, J.R. 

Yates, L. Segatori, J.W. Kelly, Cell 134 (2008) 769. 

[87 ] J.K. Kaushik, R. Bhat, J. Biol. Chem. 278 (2003) 

26458. 

[88 ] S.Y. Gerlsma, J. Biol. Chem. 243 (1968) 957. 

[89 ] M.M. Santoro, Y.F. Liu, S.M.A. Khan, L.X. Hou, D.W. 

Bolen, Biochem. 31 (1992) 5278. 

[90 ] J.C. Lee, S.N. Timasheff, J. Biol. Chem. 256 (1981) 

7193. 

[91 ] L.A. Kuhn, C.A. Swanson, M.E. Pique, J.A. Tainer, 

E.D. Getzoff, Proteins 23 (1995) 536. 

[92 ] L.R. Singh, T.A. Dar, S. Rahman, S. Jamal, F. Ahmad, 

Biochim. Biophys. Acta 1794 (2009) 929. 

[93 ] K. Gekko, J. Biochem. 91 (1982) 1197. 

[94 ] T.F. O'Connor, P.G. Debenedetti, J.D. Carbeck, 

Biophys. Chem. 127 (2007) 51. 

[95 ] Q. Zou, B.J. Bennion, V. Daggett, K.P. Murphy, J. Am. 

Chem. Soc. 124 (2002) 1192. 

[96 ] T.M. Nosek, M.A. Andrews, Pflugers Arch. 435 (1998) 

394. 

[97 ] M.E. Clark, Springer-Verlag, Berlin, 1985, p. 412. 

[98 ] J.F. Siebenaller, G.N. Somero, CRC Crit. Rev. Aq. Sci. 

1 (1989) 1. 

[99 ] M.B. Gillett, J.R. Suko, F.O. Santoso, P.H. Yancey, J. 

Exp. Zool. 279 (1997) 386. 



 

 

 

Singh et al. 

 20 

 

 

[100 ] R.H. Kelly, P.H. Yancey, Biolog. Bulletin 196 (1999) 

18. 

[101 ] K.B. Storey, Comp. Biochem. Physiol. 117 (1997) 319. 

[102 ] J.H. Crowe, F.A. Hoekstra, L.M. Crowe, Annu. Rev. 

Physiol. 54 (1992) 579. 

[103 ] D. Samuel, T.K. Kumar, G. Ganesh, G. Jayaraman, 

P.W. Yang, M.M. Chang, V.D. Trivedi, S.L. Wang, 

K.C. Hwang, D.K. Chang, C. Yu, Prot. Sci. 9 (2000) 

344. 

[104 ] M.A. Singer, S. Lindquist, Mol. Cell 1 (1998) 639. 

[105 ] J. Tatzelt, S.B. Prusiner, W.J. Welch, EMBO J. 15 

(1996) 6363. 

[106 ] D.S. Yang, C.M. Yip, T.H. Huang, A. Chakrabartty, 

P.E. Fraser, J. Biol. Chem. 274 (1999) 32970. 

[107 ] P.A. Voziyan, M.T. Fisher, Prot. Sci. 9 (2000) 2405. 

[108 ] A.P. Golovanov, G.M. Hautbergue, S.A. Wilson, L.Y. 

Lian, J. Am. Chem. Soc. 126 (2004) 8933. 

[109 ] Y.D. Park, B.N. Wu, W.X. Tian, H.M. Zhou, Biochem. 

-Moscow 67 (2002) 914. 

[110 ] F. Meng, Y. Park, H. Zhou, Int. J. Biochem. Cell Biol. 

33 (2001) 701. 

[111 ] T. Arakawa, R. Bhat, S.N. Timasheff, Biochem. 29 

(1990) 1914. 

[112 ] D.W. Bolen, Methods 34 (2004) 312. 

[113 ] Y. Kita, T. Arakawa, T.Y. Lin, S.N. Timasheff, 

Biochem. 33 (1994) 15178. 

[114 ] T.Y. Lin, S.N. Timasheff, Prot. Sci. 5 (1996) 372. 

[115 ] P.R. Davis-Searles, A.S. Morar, A.J. Saunders, D.A. 

Erie, G.J. Pielak, Biochem. 37 (1998) 17048. 

[116 ] P.R. Davis-Searles, A.J. Saunders, D.A. Erie, D.J. 

Winzor, G.J. Pielak, Annu. Rev. Biophys. Biomol. 

Struct. 30 (2001) 271. 

[117 ] J.A. Schellman, Biophys. J. 85 (2003) 108. 

[118 ] Y. Liu, D.W. Bolen, Biochem. 34 (1995) 12884. 

[119 ] D.W. Bolen, I.V. Baskakov, J. Mol. Biol. 310 (2001) 

955. 

[120 ] M. Auton, D.W. Bolen, Proc. Natl. Acad. Sci. 102 

(2005) 15065. 

[121 ] H.B. Bull, K. Breese, Arch. Biochem. Biophys. 128 

(1968) 488. 

[122 ] J.F. Carpenter, M.J. Pikal, B.S. Chang, T.W. Randolph, 

Pharm. Res. 14 (1997) 969. 

[123 ] I.D. Jr.  Kuntz,  W.  Kauzmann,   Adv.  Prot.  Chem.  28 

 

 

(1974) 239. 

[124 ] P. Cioni, G.B. Strambini, J. Am. Chem. Soc. 120 

(1998) 11749. 

[125 ] S.N. Timasheff, Biochem. 31 (1992) 9857. 

[126 ] V.A. Parsegian, R.P. Rand, D.C. Rau, Energ. Biol. 

Macromol. 259 (1995) 43. 

[127 ] J.A. Schellman, Biopolymers 34 (1994) 1015. 

[128 ] S.B. Zimmerman, A.P. Minton, Annu. Rev. Biophys. 

Biomol. Struct. 22 (1993) 27. 

[129 ] J.A. Schellman, Biophys. Chem. 37 (1990) 121. 

[130 ] J.A. Schellman, Biophy. Chem. 45 (1993) 273. 

[131 ] S.N. Timasheff, Annu. Rev. Biophys. Biomol. Struct. 

22 (1993) 67. 

[132 ] O.G. Berg, Biopolymers 30 (1990) 1027. 

[133 ] D. Knoll, J. Hermans, J. Biol. Chem. 258 (1983) 5710. 

[134 ] A.P. Minton, Cur. Opin. Biot. 8 (1997) 65. 

[135 ] P.L. Privalov, J. Mol. Biol. 258 (1996) 707. 

[136 ] F.M. Richards, Annu. Rev. Biophys. Bioeng. 6 (1977) 

151. 

[137 ] A. Almagor, A. Priev, G. Barshtein, B. Gavish, S. 

Yedgar, Biochim. Biophys. Acta 1382 (1998) 151. 

[138 ] Y.Q. Zhou, C.K. Hall, Biopolymers 38 (1996) 273. 

[139 ] D.P. Yee, H.S. Chan, T.F. Havel, K.A. Dill, J. Mol. 

Biol. 241 (1994) 557. 

[140 ] J. Hermans, J. Chem. Phys. 77 (1982) 2193. 

[141 ] J.L. Marmorino, M. Lehti, G.J. Pielak, J. Mol. Biol. 275 

(1998) 379. 

[142 ] J.L. Marmorino, G.J. Pielak, Biochem. 34 (1995) 3140. 

[143 ] J.A. Schellman, Annu. Rev. Biophys. Biophys. Chem. 

16 (1987) 115. 

[144 ] V.A. Parsegian, R.P. Rand, N.L. Fuller, D.C. Rau, 

Methods in Enzymol. 127 (1986) 400. 

[145 ] S.N. Timasheff, Adv. Prot. Chem. 51 (1998) 355. 

[146 ] A.J. Saunders, P.R. Davis-Searles, D.L. Allen, G.J. 

Pielak, D.A. Erie, Biopolymers 53 (2000) 293. 

[147 ] G.T. Weatherly, G.J. Pielak, Prot. Sci. 10 (2001) 12. 

[148 ] E.S. Courtenay, M.W. Capp, C.F. Anderson, M.T. 

Record, Biochem. 39 (2000) 4455. 

[149 ] D. Harries, J. Rosgen, Methods Cell Biol. 84 (2008) 

679. 

[150 ] J. Rosgen, Methods Mol. Biol. 490 (2009) 195. 

[151 ] M. Auton, D.W. Bolen, J. Rosgen, Prot.-Struct. Fun. 

Bioinfo. 73 (2008) 802. 



 

 

 

Forty Years of Research on Osmolyte-induced Protein Folding and Stability 

 
 

21 

 

 

[152 ] J. Rosgen, Methods Enzymol. 428 (2007) 459. 

[153 ] V.A. Parsegian, Int. Rev. Cytol. -a Survey of Cell 

Biology 215 (2002) 1. 

[154 ] J.M. Schurr, D.P. Rangel, S.R. Aragon, Biophys. J. 89 

(2005) 2258. 

[155 ] B.J. Bennion, M.L. DeMarco, V. Daggett, Biochem. 43 

(2004) 12955. 

[156 ] J.C. Phillips, R. Braun, W. Wang, J. Gumbart, E. 

Tajkhorshid, E. Villa, C. Chipot, R.D. Skeel, L. Kale, 

K. Schulten, J. Comput. Chem. 26 (2005) 1781. 

[157 ] D.L. Pincus, C. Hyeon, D. Thirumalai, J. Am. Chem. 

Soc. 130 (2008) 7364. 

[158 ] R. Politi, L. Sapir, D. Harries, J. Phys. Chem. A 113 

(2009) 7548. 

[159 ] J.D. Batchelor, A. Olteanu, A. Tripathy, G.J. Pielak, J. 

Am. Chem. Soc.126 (2004) 1958. 

[160 ] G. Dipaola, B. Belleau, Can. J. Chem. 55 (1977) 3825. 

[161 ] M. Carlevaro, E.R. Caffarena, J.R. Grigera, Int. J. Biol. 

Macromol. 23 (1998) 149. 

[162 ] J.R. Grigera, J. Chem. Soc., Faraday Trans. 84 (1988) 

2603. 

[163 ] M.A. Speed, J. King, D.I.C. Wang, Biot. Bioeng. 54 

(1997) 333. 

[164 ] M.A. Speed, D.I.C. Wang, J. King, Nat. Biotech. 14 

(1996) 1283. 

[165 ] J.L. Cleland, D.I.C. Wang, Bio-Tech. 8 (1990) 1274. 

[166 ] A.L. Fink, Folding & Design 3 (1998) R9. 

[167 ] P. Leandro, C.M. Gomes, Mini-Rev. Med. Chem. 8 

(2008) 901. 

[168 ] M.S. Cheung, A.E. Garcia, J.N. Onuchic, Proc. Natl. 

Acad. Sci. 99 (2002) 685. 

[169 ] R. Mishra, R. Seckler, R. Bhat, J. Biol. Chem. 280 

(2005) 15553. 

[170 ] M.C. Shastry, J.B. Udgaonkar, J. Mol. Biol. 247 (1995) 

1013. 

[171 ] W.A. Houry, D.M. Rothwarf, H.A. Scheraga, Biochem. 

35 (1996) 10125. 

[172 ] W.A. Houry, H.A. Scheraga, Biochem. 35 (1996) 

11719. 

[173 ] C.J. Morgan, A. Miranker, C.M. Dobson, Biochem. 37 

(1998) 8473. 

[174 ] S. Akiyama, S. Takahashi, K. Ishimori, I. Morishima, 

Nat. Struct. Biol. 7 (2000) 514. 

 

 

[175 ] C. Nishimura, H.J. Dyson, P.E. Wright, J. Mol. Biol. 

322 (2002) 483. 

[176 ] L. Pradeep, J.B. Udgaonkar, J. Biol. Chem. 279 (2004) 

40303. 

[177 ] M. Jacob, T. Schindler, J. Balbach, F.X. Schmid, Proc. 

Natl. Acad. Sci. 94 (1997) 5622. 

[178 ] K.W. Plaxco, D. Baker, Proc. Natl. Acad. Sci. 95 

(1998) 13591. 

[179 ] B.A. Chrunyk, C.R. Matthews, Biochem. 29 (1990) 

2149. 

[180 ] J.M. Goldberg, R.L. Baldwin, Biochem. 37 (1998) 

2556. 

[181 ] M. Jacob, F.X. Schmid, Biochem. 38 (1999) 13773. 

[182 ] S. Sato, C.J. Sayid, D.P. Raleigh, Prot. Sci. 9 (2000) 

1601. 

[183 ] C.D. Waldburger, T. Jonsson, R.T. Sauer, Proc. Natl. 

Acad. Sci. 93 (1996) 2629. 

[184 ] A.G. Ladurner, A.R. Fersht, Nat. Struct. Biol. 6 (1999) 

28. 

[185 ] B.S. Chang, R.M. Beauvais, T. Arakawa, L.O. Narhi, 

A. Dong, D.I. Aparisio, J.F. Carpenter, Biophys. J. 71 

(1996) 3399. 

[186 ] V.N. Uversky, J. Li, A.L. Fink, FEBS Lett. 509 (2001) 

31. 

[187 ] O.B. Ptitsyn, R.H. Pain, G.V. Semisotnov, E. Zerovnik, 

O.I. Razgulyaev, Febs Lett. 262 (1990) 20. 

[188 ] A.K. Mandal, S. Samaddar, R. Banerjee, S. Lahiri, A. 

Bhattacharyya, S. Roy, J. Biol. Chem. 278 (2003) 

36077. 

[189 ] D.R. Booth, M. Sunde, V. Bellotti, C.V. Robinson, 

W.L. Hutchinson, P.E. Fraser, P.N. Hawkins, C.M. 

Dobson, S.E. Radford, C.C. Blake, M.B. Pepys, Nature 

385 (1997) 787. 

[190 ] L.C. Serpell, M. Sunde, C.C. Blake, Cell Mol. Life Sci.  

(1997) 871. 

[191 ] K.A. Conway, J.D. Harper, P.T. Lansbury, Nat. Med. 4 

(1998) 1318. 

[192 ] S.R. Gullans, J.G. Verbalis, Annu. Rev. Med. 44 (1993) 

289. 

[193 ] E.A. Nagelhus, M. Amiry-Moghaddam, A. Lehmann, 

O.P. Ottersen, Adv. Exp. Med. Biol. 359 (1994) 325. 

[194 ] J.W. Kelly, Curr. Opn. Struct. Biol. 6 (1996) 11. 

[195 ] R. Khurana, J.R. Gillespie, A. Talapatra, L.J. Minert, C. 



 

 

 

Singh et al. 

 22 

 

 

Ionescu-Zanetti, I. Millett, A.L. Fink, Biochem. 40 

(2001) 3525. 

[196 ] S.B. Prusiner, Trends in Biochem. Sci. 21 (1996) 482. 

[197 ] C. Soto, Febs Lett. 498 (2001) 204. 

[198 ] P.J. Thomas, B.H. Qu, P.L. Pedersen, Trends in 

Biochem. Sci. 20 (1995) 456. 

[199 ] C.M. Dobson, Philos. Trans. Royal Soc. London Series 

B-Biol. Sci. 356 (2001) 133. 

[200 ] S. Sato, C.L. Ward, M.E. Krouse, J.J. Wine, R.R. 

Kopito, J. Biol. Chem. 271 (1996) 635. 

[201 ] B.K. Tamarappoo, B.X. Yang, A.S. Verkman, J. Biol. 

Chem. 274 (1999) 34825. 

[202 ] J.A.J. Burrows, L.K. Willis, D.H. Perlmutter, Proc. 

Natl. Acad. Sci. 97 (2000) 1796. 

[203 ] T.W. Loo, D.M. Clarke, J. Biol. Chem. 272 (1997) 

31945. 

[204 ] C.R. Brown, L.Q. HongBrown, J. Biwersi, A.S. 

Verkman, W.J. Welch, Cell Stress & Chap. 1 (1996) 

117. 

[205 ] C.R. Brown, L.Q. HongBrown, W.J. Welch, J. Clin. 

Invest. 99 (1997) 1432. 

[206 ] K. Powell, P.L. Zeitlin, Adv. Drug. Deliv. Rev. 54 

(2002) 1395. 

[207 ] M. Howard, W.J. Welch, Methods Mol. Med. 70 (2002) 

267. 

[208 ] S.K. DebBurman, G.J. Raymond, B. Caughey, S. 

Lindquist, Proc. Natl. Acad. Sci. 94 (1997) 13938. 

[209 ] R. Liu, H. Barkhordarian, S. Emadi, C.B. Park, M.R. 

Sierks, Neurobiol. Dis. 20 (2005) 74. 

[210 ] A. Arora, C. Ha, C.B. Park, FEBS Lett. 564 (2004) 121. 

[211 ] S. Vilasi, C. Iannuzzi, M. Portaccio, G. Irace, I. 

Sirangelo, Biochem. 47 (2008) 1789. 

[212 ] M. Tanaka, Y. Machida, S. Niu, T. Ikeda, N.R. Jana, H. 

Doi, M. Kurosawa, M. Nekooki, N. Nukina, Nat. Med. 

10 (2004) 148. 

[213 ] R.L. Woltjer, W. Nghiem, I. Maezawa, D. Milatovic, T. 

Vaisar, K.S. Montine, T.J. Montine, J. Neurochem. 93 

(2005) 1047. 

[214 ] M. Tanaka, Y. Machida, N. Nukina, J. Mol. Med. 83 

(2005) 343. 

[215 ] P. Leandro, M.C. Lechner, I. Tavares de Almeida, D. 

Konecki, Mol. Gen. Metabol. 73 (2001) 173. 

[216 ] L.R. Singh, X.  Chen,  V.  Kozich,  W.D.  Kruger,  Mol. 

 

 

Gen. Metabol. 91 (2007) 335. 

[217 ] B.V. Edington, S.A. Whelan, L.E. Hightower, J. Cell 

Physiol. 139 (1989) 219. 

[218 ] E.C. Eleutherio, J.T. Silva, A.D. Panek, Cell Stress 

Chap. 3 (1998) 37. 

[219 ] T. Arakawa, D. Ejima, Y. Kita, K. Tsumoto, Biochim. 

Biophys. Acta 1764 (2006) 1677. 

[220 ] P.C. Maloney, S.V. Ambudkar, Arch. Biochem. 

Biophys. 269 (1989) 1. 

[221 ] D. Jeruzalmi, T.A. Steitz, J. Mol. Biol. 274 (1997) 748. 

[222 ] W. Henke, K. Herdel, K. Jung, D. Schnorr, S.A. 

Loening, Nucleic Acids Res. 25 (1997) 3957. 

[223 ] C. Hethke, A. Bergerat, W. Hausner, P. Forterre, M. 

Thomm, Genetics 152 (1999) 1325. 

[224 ] K. Oyaas, T.E. Ellingsen, N. Dyrset, D.W. Levine, 

Biotech. Bioengg. 43 (1994) 77. 

[225 ] M.B. Burg, P.F. Kador, J. Cln. Invest. 81 (1988) 635. 

[226 ] B.A. Peddie, M. Lever, K. Randall, S.T. Chambers, 

Antonie Van Leeuwenhoek Int. J. Gen. Mol. Microbiol. 

75 (1999) 183. 

[227 ] R. Rudolph, H. Lilie, FASEB J. 10 (1996) 49. 

[228 ] R.W. Ruddon, E. Bedows, J. Biol. Chem. 272 (1997) 

3125. 

[229 ] C.H. Schein, Bio-Tech. 8 (1990) 308. 

[230 ] K. Tsumoto, D. Ejima, I. Kumagai, T. Arakawa, Prot. 

Express. Purification 28 (2003) 1. 

[231 ] G. Chakshusmathi, R. Varadarajan, PINSA 68 (2002) 

375. 

[232 ] M.C. Tarczynski, R.G. Jensen, H.J. Bohnert, Science 

259 (1993) 508. 

[233 ] E.A. Bray, Plant Physiol. 103 (1993) 1035. 

[234 ] J.C. Cushman, Am. Zool. 41 (2001) 758. 

[235 ] D. Rontein, G. Basset, A.D. Hanson, Metabol. Engg. 4 

(2002) 49. 

[236 ] P.D. Hare, W.A. Cress, Plant Growth Regul. 21 (1997) 

79. 

[237 ] N. Holmberg, L. Bulow, Trnd. Plant Sci. 3 (1998) 61. 

[238 ] K.O. Holmstrom, E. Mantyla, B. Welin, A. Mandal, 

E.T. Palva, Nature 379 (1996) 683. 

[239 ] T.J. Miller, R.D. Hanson, P.H. Yancey, Comp. 

Biochem. Physiol. a-Mol. Integ. Physiol. 125 (2000) 45. 

[240 ] A. Schiefner, G. Holtmann, K. Diederichs, W. Welte, E. 

Bremer, J. Biol. Chem. 279 (2004) 48270. 



 

 

 

Forty Years of Research on Osmolyte-induced Protein Folding and Stability 

 
 

23 

 

 

[241 ] L. Barra, C. Fontenelle, G. Ermel, A. Trautwetter, G.C. 

Walker, C. Blanco, J. Bacteriol. 188 (2006) 7195. 

[242 ] B. Orthen, M. Popp, N. Smirnoff, Proc. Royal Soci. 

Edinburgh Sec. B-Biol. Sci. 102 (1994) 269. 

[243 ] P.H. Yancey, Am. Zool. 41 (2001) 699. 

[244 ] S. Diamant, N. Eliahu, D. Rosenthal, P.  Goloubinoff, J.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biol. Chem. 276 (2001) 39586. 

[245 ] P.A. Voziyan, L. Jadhav, M.T. Fisher, J. Pharm. Sci. 89 

(2000) 1036. 

[246 ] M. Auton, D.W. Bolen, Biochem. 43 (2004) 1329. 

[247 ] G. Bomhoff, K. Sloan, C. McLain, E.P. Gogol, M.T. 

Fisher, Arch. Biochem. Biophys. 453 (2006) 75. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


