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CHAPTER 1 

INTRODUCTION 

1.1. Overview 

Glycerol has numerous applications in industries that involve the production of dynamite, 

storage of industrial products, drugs and cosmetics.
1
 But the utility of glycerol in the area of 

biophysical chemistry as a molecular crowder,
2
 viscogen in friction related studies

3
 of proteins, 

as a cosolvent to enhance the stability of protein
18

 and cryoprotectant for biological molecules, 

cells, clones and embryos
4
 raises some serious concerns with regard to glycerol properties 

themselves. This thesis focuses particularly on the structure and dynamics of protein in aqueous 

glycerol. Studies have revealed that glycerol thermodynamically stabilizes protein by excluding 

itself from the vicinity of the protein.
5
 The conformational changes induced by glycerol makes 

one wonder if protein dynamics, relaxation and conformational substates studied in the presence 

of glycerol solvent truly report on the native state of the protein. Likewise, to what extent 

glycerol changes protein conformation in cryoprotected material remains unknown. It is 

therefore necessary to study the binary water-glycerol system to find out the mole fraction 

dependent properties of glycerol and the ternary system: water-protein-glycerol to understand the 

effects on protein structure, stability and dynamics. For example, the caveat of using glycerol to 

study protein properties at low pH is that glycerol monomers undergo proton-assisted 

oligomerization whose effect on solvent and protein properties is little understood. The thesis 

examines oligomerization of glycerol at moderately low pH, a condition used widely to not only 

study proteins but also preserve foodstuffs and biomaterials at low temperatures. Since protein is 

preferentially hydrated in aqueous glycerol,
6
 the thesis also studies how glycerol in the bulk 

controls relaxations and internal motions in proteins. 

 

1.2. Structure, Bonding and Chemical properties of Glycerol 

Glycerol, Propane-1,2,3-triol is a three carbon aliphatic alcohol with three hydroxyl groups. It is 

highly soluble in water and other alcohols because of its ability to form intermolecular H-

bonding. The aliphaticity of carbons in glycerol renders the molecule a complicated 
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conformational behavior. The presence of three –OH groups allows the molecule to form a rich 

inter- and intra-molecular H-bond network. It is this strong network of H-bond that is responsible 

for the viscosity of 1.41210
3
 cP at 20 ºC for pure glycerol

7
. Glycerol has a long liquid range 

temperature with melting point of 18 ºC and boiling point of 290 ºC.
1
 The presence of C–O and 

O–H polar bonds imparts a net dipole moment of 2.56 D to the molecule.
8
 The molecular 

structure of glycerol is shown below. 

 

 

 

 

1.3. Glycerol as a cryoprotectant and stabilizing agent for protein molecules 

The adaptation of living organisms in harsh environmental conditions of extremely low 

temperatures has always been a fascinating area of research. Many studies investigated the 

biochemical response and changes in the metabolites of these freeze tolerant animals to decrease 

in the temperature with seasonal changes.
913

 A study conducted on metabolites of liver of 

animals from Kolyma populations reveal that the concentrations of glycerol in fall is ≤ 0.5%, the 

three day long freezing at 5 ºC results the concentration of glycerol increase to 2%, a gradual 

decrease in temperature to 20 ºC for 20 days raised the concentration of glycerol to 7% and 

glycerol content as high as 18% was observed on long exposure to temperature below –20 ºC 

which demonstrates the role of glycerol as a natural cryoprotectant in these organisms.
14

 

Therefore glycerol has been employed as a cryoprotectant to preserve cells, tissues, organs in 

vitro and also for biomolecules like proteins and DNA. The low temperature studies on protein 

molecules are generally carried out in the presence of glycerol as a cryoprotectant because it is 

known to decrease the freezing point of water inhibiting the formation of ice and maintaining the 

structure of protein at low temperatures. But the knowledge of detailed transformations in the 
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conformation of protein at secondary and tertiary levels that glycerol could otherwise induce at 

room temperature will help gain deeper insights on the mechanistic approach of the role of 

glycerol as a cryoprotectant and preservant. 

 

 

1.4. Earlier reports on the study of water-glycerol binary system and water-

protein-glycerol ternary system 

1.4.1. Water-glycerol binary system 

The cryoprotective property and protein stabilizing ability of higher concentration of aqueous 

glycerol makes the water-glycerol mixture a fascinating system to study. It is crucial to explore 

the physical chemistry of water-glycerol binary system to unravel its function as a cryoprotectant 

and stabilizing cosolvent. Studies reveal that at low concentrations of glycerol in the water-

glycerol binary mixture, water undergoes crystallization at low temperature but an inhibition in 

the crystallization of water was observed at high concentration of glycerol which indicates that 

the ability of water-glycerol mixture to inhibit water crystallization at low temperature is linked 

to the concentration of glycerol and hydrogen bonding patterns of these solutions.
4
 The H-

bonding of water-glycerol mixture at different composition have been extensively studied using 

Molecular Dynamics Simulations (MDS)
15

 and IR spectroscopy.
16

 The study of protein reactions 

in glycerol also employs specific pH conditions to maintain the native state of the protein and 

hence the manner in which pH affects the physical chemistry of  the binary mixture from pH 27 

is explored in the chapter 2 of the thesis.  

 

1.4.2. Water-protein-glycerol ternary system 

Water has always been employed as a natural medium to carry out protein folding and unfolding 

studies. Since proteins are only marginally stable and can undergo partial unfolding with 

slightest stimulation from the environment which can affect the functionality of proteins in vitro 
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and in vivo, polyols are often employed as cosolvents owing to their ability to enhance the 

stability of the protein.  

One of the most widely used polyols to stabilize protein in aqueous solvent is glycerol. 

Although not much is known regarding the mechanism by which the cosolvents induce protein 

stability, earlier reports on the study of water-protein-glycerol ternary system have shown that 

glycerol shifts the native conformation of protein to a more compact and ordered states.
17

 Some 

reports also refer to the preferential interaction theory to provide a thermodynamic framework to 

account for the effect of glycerol on the stability of protein.
18

 The often encountered problem 

during protein refolding is the aggregation of protein, and glycerol is also known to inhibit the 

aggregation of protein.
17

 Reports also show that glycerol protects the protein from thermal 

induced aggregation.
19

   

 

1.5. Native and Quasi-native states of Protein 

The native state of a protein is the folded form which has all the four levels of protein structure 

properly assembled whereas the quasi-native state which appears in glycerol has higher 

propensity of secondary structure when compared to the native state. Also, the tertiary structure 

of the quasi-native state could be more compact or a little expanded depending on the protein and 

its native pH condition.
20

 These pH specific changes pertaining to tertiary structure is due to 

different physical properties of the binary mixture water-glycerol at different pH conditions. At 

low pH, the binary mixture is extremely heterogeneous in terms of the glycerol oligomers and 

water clusters which could affect the hydration of protein, consequently affecting its tertiary 

structure and Stoke’s radius.  

 

1.6. Diffusion and Hydrodynamic radius 

Diffusion allows molecules to find one another in the cell  enzymes to find the substrates, 

membrane proteins to find membranes, and transcription factors to find sites on DNA. The 

proper functioning of cell depends significantly on the diffusion of the cellular components. 

Therefore, diffusion studies of proteins in cells, cell membranes, and in vitro have always been a 
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core area of research in biophysical chemistry. Diffusion related studies act as an interface 

between biology and physics.  

If the Brownian motion is the manifestation of the thermal motions of fluid molecules, 

then the motion should obey the law of diffusion which is linear proportionality of Mean-squared 

displacement with time to yield a translational diffusion constant (𝐷𝑠)
21 

𝐷s =
𝑘B𝑇

𝑐𝜋𝑟𝜂
            (1) 

depending on the absolute temperature (𝑇), radius of the particle (𝑟) and viscosity of the fluid 

(𝜂). The other symbols in eq 1 have the usual meaning; 𝑘𝐵 is Boltzmann constant and 𝑐 is a 

constant that depends on the nature of the solvent.  Since the sizes of the proteins make them 

susceptible to Brownian motion, Einstein’s equation of translational diffusion is applicable to 

protein molecules.  

  Molecular dimension of the proteins is of considerable importance to characterize native 

and non-native states of proteins in a solution. Hydrodynamic radius which is also referred to as 

Stoke’s radius is a measure of dimension of a molecule determined by means of a translational 

diffusion coefficient. Hydrodynamic radius is a key parameter beyond just sizing of the molecule 

which provides vital information on numerous crucial biomolecular properties including 

conformational changes, affinity, oligomerization, and degradation. There are numerous 

techniques to probe the hydrodynamics of a protein molecule that includes small angle scattering 

studies using neutrons and X-rays,
22

 dynamic light scattering,
23

 and fluorescence correlation 

spectroscopy.
24

 Our study invariably employs pulsed field gradient (PFG) NMR
25

 to determine 

Stoke’s radius of proteins via translational diffusion coefficient.  

 

1.7. Internal Dynamics of Protein 

The extreme specificity in the functionality of protein is a consequence of the specific three-

dimensional structure of protein. The protein-enzyme reactions occasionally require the 

adaptation of changes in the 3D structure of protein. This adaptability demands high order of 

flexibility in protein molecule. The internal dynamics is a protein specific intrinsic property 

which offers this flexibility to the protein molecule. The internal dynamics of protein is strongly 
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affected by external parameters, like temperature and hydration in particular. Experiments have 

shown that density of water in the hydration shell impacts the functioning of enzyme by 

perturbing its internal dynamics.
26

 In the thesis we study the impact of high bulk viscosity of the 

solvent (glycerol) on internal dynamics, mean-squared volume fluctuation and diffusion of 

proteins. The internal dynamics of protein in glycerol is probed using transient 2D NOESY 

NMR to understand the slaving of internal dynamics of protein molecule by Debye relaxation of 

glycerol.
27
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CHAPTER 2 

H
+
-catalyzed glycerol condensation, preferential component 

exclusion, and water clustering in water-glycerol binary mixture 

 

Abstract 

Studies on pH sensitivity of glycerol in its binary mixture with water reveal cooperative 

formation of oligoglycerol catalyzed homogeneously by H
+
 under mild acidic condition at 25 

o
C. 

The oligo species predominantly occur as di, tri, and tetraglycerol, suggesting that the intended 

effect of glycerol in foods, pharmaceuticals, cosmetics, and the likes can be achieved simply by 

adding an optimized level of glycerol under mild acidic conditions. A survey of mean sizes of 

oligoglycerol and water clusters across the 27 pH range in 4.554.5 % glycerol (w/v) show 

enhancement in both oligomerization and water clustering as the glycerol content in the binary 

mixture increases, suggesting increasing mutual exclusion of the two components. While the two 

mutually excluded components plausibly exist by hydrogen bonding between the molecules of 

individual components under neutral pH conditions, glycerol largely undergoes oligomerization 

under acid condition with concomitant increase in the size of hydrogen-bonded water clusters. 

The preferential interactions of glycerol and water are explained invoking the concept of 

composition fluctuation that states that the thermodynamic interaction between the larger solute 

(glycerol) and the smaller solute (water) causes the former to produce composition fluctuation 

with respect to the latter to the same extent as the composition fluctuation with respect to the 

former itself.   
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2.1. Introduction 

Glycerol (propane-1,2,3-triol) is one of the most widely studied compounds due to its structural 

uniqueness and diverse applications in numerous areas of science, technology, and industry. The 

three –OH groups on glycerol make it readily soluble in water and alcohols, but not 

hydrocarbons. Glycerol is a saturated compound which makes it more flexible, imparting a vast 

conformational range and also makes it a good glass former. It has a long liquid range 

temperature (Tmelting=18 
o
C and Tboiling=290 

o
C) and can be supercooled to 86 

o
C which makes it 

acceptable as a cryoprotectant solvent to preserve proteins, biomolecules, and specimen. Because 

of the extraordinary properties of glycerol, including flexibility, viscosity, conformational 

behavior, and the ability to form inter and intramolecular H-bonds, the water-glycerol mixture 

forms an attractive system to study the physical properties of the binary mixture. In the process, 

the fundamental principles of physical chemistry are tested, glycerol reactions are explored, and 

possible caveats in the application of glycerol are examined.   

Experiments conducted on diverse areas of properties and reactions of glycerol and its 

interactions with solutes in binary and ternary mixtures are too vast to cite even a small fraction 

of the available literature. Nevertheless, some previous studies on water-glycerol system 

involved computational and experimental methods to study H-bond pattern at different 

concentrations of glycerol, and some experimental studies have focused on the H-bond status, 

diffusion, and cluster formation as a function of glycerol concentration.
110

 Barring a few 

dedicated reports (ref 11, 12, for example), the preferential solvent exclusion role of glycerol that 

thermodynamically stabilizes solutes has not been discussed. The phenomenon of preferential 

interaction of glycerol with solution components, which is deeply rooted in the principle of 

composition fluctuation in multicomponent systems
13,14

 is important because it contains often 

neglected terms arising from inter-solute thermodynamic interactions. The magnitude of 

composition fluctuation and hence the thermodynamic interactions are expected to change to a 

large extent when the hydrodynamic sizes of glycerol or water or both increase, leading to 

mutual exclusion of the components. 

In studies of mutual exclusion of water and glycerol in their binary mixture here, it is 

found that formation of glycerol oligomers can be homogeneously catalyzed by protons at 
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ambient temperature, i.e., by simply changing the pH of the aqueous solution from neutral to the 

range of 42. While this process is similar to Brønsted and Lewis acid-catalyzed condensation of 

glycerol at 150 
o
C,

15
 retrospection also shows heterogeneously catalyzed production of 

oligoglycerol by the use of solid acid catalysts and cation exchange resins at temperatures ≳100 

o
C.

1618
 Our approach of oligomerizing glycerol at 25 

o
C is thus simple and unassuming 

compared to the requirements of much higher temperature in both latter methods. We carry out a 

series of dimensional analysis of the glycerol oligomers and water clusters to demonstrate 

increasing mutual exclusion of the two components as glycerol concentration in the binary 

mixture increases. It is also inferred that changes to certain applications of glycerol, in 

pharmaceutical and food industries in particular, can be achieved simply by holding the glycerol 

containing solution under mildly acidic conditions. 

 

2.2. Materials and methods 

Glycerol from Sigma was 99.5% as determined by gas chromatography. Aqueous solutions of 

glycerol in the 4.554.5% (w/v) range were prepared in deionized water and held at different pH 

from 2 to 7 by using HCl and NaOH. The NMR samples were prepared in ~10% D2O, and 

simple 1D spectra were recorded using a relaxation delay of 5 s. Pulsed field gradient (PFG) 

experiments used diffusion gradients (z-gradient) in the range 015 Gauss cm
1

. The gradient 

pulse duration δ was 200 s, and the time delay between two pulses was set to 30 ms. All spectra 

were recorded at 25C in a 500 MHz ASCEND Bruker spectrometer. The same samples were 

used to take IR spectra using a FTIR-ATR instrument (ThermoFisher Scientific). 

 

2.3. Results and discussion 

2.3.1. 
1
H NMR spectrum of glycerol.  

The neutral-pH proton spectrum of aqueous glycerol contains resonances from three different 

sets of alkyl protons that we have labeled H
1
, H

1
, and H

2
, of which the two protons each of H

1
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and H
1

 labels are assumed to be non-equivalent (Figure 2.1). The H
1
 and H

1
 protons give rise to 

two doublet-of-doublet upfield resonances, one centered at ≈3.63 (J=4.35 Hz) and the other at 

≈3.54 ppm (J=11 Hz), arising from 
3
J(1,2), 

2
J(1,1) and 

3
J(1,2),  

2
J(1,1) couplings. The downfield-

shifted resonances centered at ≈3.75 ppm (Figure 2.1) are assigned to H
2
. Albeit insufficiently 

resolved, the 3.75 ppm resonance should have a triplet-of-triplet structure due to 
3
J(2,1), 

3
J(2,1)  

splitting of H
2
.   

 

 

Figure 2.1. Top, alkyl proton labels and the 
1
H NMR spectrum of 4.5% glycerol, pH 6. (ac) 

The shift of the H
2
 triplet-of-triplet resonances at the indicated pH values, pH-cooperative 

resonance shift shown for 4.5 (black), 13.5 (red), 27.0 (blue), 40.5 (dark yellow) and 54.5 (dark 
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cyan) % glycerol, and glycerol dependence of chemical shift at pH 2, 3, 4, 5, 6, and 7 plotted 

with increasing gray shade. The slope of the dashed line in (c) measures the glycerol coefficient, 

𝛾glycerol
(glycerol)

, of glycerol chemical shifts according to Eq 2. The coefficients are listed in Table 5. 

(df) and (gi) depict the same description in the same order as in (ac) for the H
1
 and H

1
 or H

1
 

and H
1
 resonances. The fits of data to acid titration of the chemical shifts shown in b, e, and h are 

given by Eq 1. 

 

2.3.2. Acid-induced cooperative oligomerization of glycerol.  

The chemical shifts (𝛿) of all alkyl protons regardless of the concentration of glycerol used titrate 

upfield (shielding or low frequency shift) cooperatively as acidic conditions are approached 

(Figure 2.1b,e,h). The acid titration of 𝛿  is assumed to represent a proton-consuming 

oligomerization transition depicted by Scheme 1. We note that aggregated population of glycerol 

may be present even at neutral pH, especially  at higher %glycerol, but the formation of such 

aggregates do not require the assistance of protons. In the proton-assisted oligomerization, 

protonated glycerol leads to the formation of oxirane ring which is opened by another glycerol 

monomer to yield diglycerol ether. The process can continue to yield [glycerol]n, where n is the 

number of monomers in the oligoglycerol whose population is presumably heterogeneous in 

terms of the n value (Scheme 1). This proposition requires the appearance of more than two 

resonances in the 
13

C NMR spectrum of glycerol at acid pH which we did not observe in titration 

experiments. The appearance of only two 
13

C lines influences us to assume that the linear 

aggregates of glycerol condense further to produce crown ether-like cyclic glycerol. 

Considering this putative mechanism (Scheme 1) of glycerol oligomerization in acidic 

medium we chose to analyze the acid titration of chemical shifts by the modified Hill equation in 

the form of the logistic four-parameter regression model   

𝛿(pH) = 𝑎 +
𝑚pH𝑛

𝑝𝑛+pH𝑛 ,          (1) 

where a is the completely titrated upfield chemical shift or shielding of the glycerol protons, m 

(= 𝛿 ppm) is the total change of 𝛿 across the titration, n is the slope (Hill coefficient) of the 
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transition that brings about the observed shielding of glycerol protons at acid pH, and p is the 

midpoint of the transition (Figure 2.1b,e,h). The value of each of the m and p fit parameters is 

nearly the same for all protons in different % glycerol (Table 1), indicating H
+
-induced 

oligomerization independent of glycerol concentration. Specifically, the Hill coefficient averaged 

over the glycerol concentrations is ~13(2) for all the resonances measured, suggesting that the 

formation of the initial oligomer cooperatively leads to the formation of other oligomers, each 

requiring a proton to produce the first oxirane ring. The subsequent cyclization of the oligomers 

does not consume protons. 

  

 

Scheme 1. Proton assisted oligomerization of glycerol. 
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Table 1. Logistic Hill equation fit parameters for pH titrations of chemical shifts of glycerol 

protons, 298 K 

 

Proton %glycerol   Parameters   

  a m (=), ppm n p  

1,1 (or 1,1) 4.50 3.55 0.017 14.8 5.1   

 13.5 3.55 0.017 11.2 5.0   

 27.5 3.54 0.017 13.0 4.9 

 40.5 3.53 0.016 12.8 4.6 

 54.5 3.53 0.016 12.3 5.0 

 

1,1 (or 1,1) 4.50 3.64 0.017 13.3 5.1   

 13.5 3.64 0.017 13.9 5.2   

 27.5 3.63 0.017 13.0 4.9 

 40.5 3.62 0.016 11.3 4.9 

 54.5 3.61 0.016 9.7 4.7 

 

2 4.50 3.76 0.017 14.4 5.1   

 13.5 3.76 0.016 14.6 5.3   

 27.5 3.76 0.015 14.9 5.1 

 40.5 3.75 0.017 8.1 5.0 

 54.5 3.74 0.015 15.0 5.3 

 

 

Water protons 4.50*     

 13.5 4.81 0.02 18.7 5.2 

 27.5 4.81 0.05 18.7 5.2 

 40.5 4.81 0.09 18.5 5.2 

 54.5 4.81 0.12 17.9 5.2 

 

* The change  across the pH scale is insufficient for fitting the data. 

Although the size of the chemical shift change for glycerol (𝑚 = 𝛥𝛿(glycerol)) across the 

pH range is very similar (Table 1), the glycerol coefficient for shielding of the glycerol protons 

𝛾glycerol
(glycerol)

= (
Δ𝛿(glycerol)

Δglycerol
)

pH,T,P

,           (2) 
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where Δglycerol is the range of %glycerol, for the H
2
 proton (Figure 2.1c) is larger than those for 

protons H
1
 and H

1
 (Figure 2.1f,i) by 2.1510

4
 ppm %glycerol

1
. The larger shielding of the H

2
 

proton but relatively deshielded H
1
 and H

1
 (Figure 2.1c,f,i) is presumably due to the 

involvement of carbon bearing these protons in the etherial linkage (Scheme 1). 

Seeking additional support for acid-induced glycerol oligomerization, we took IR spectra 

of 27% glycerol held in the pH range 28 (Figure 2.2a). The IR absorption intensities of the 

indicated vibrational modes appear to titrate with acidity of the medium (Figure 2.2b,c,d). The 

absorption of the stretching mode of CO in CH2OH in particular titrates out distinctly (Figure 

2.2b). This is the same CO group involved in the etherial linkages in the cyclic aggregate. 

Unconstrained fit of the titration according to 

𝐼 = A+
∆𝐼

1+10𝑛(pH-pKa)
          (3) 

where I is IR absorption,  A the initial untitrated baseline absorption, I the change in absorption 

across the pH range, and n the number of protons titrated, yields the involvement of 1.5(0.5) 

protons for the formation of the acid oligomers. 

It is also pertinent to ask as to how the IR absorbance might increase as the pH of the 

medium is reduced from neutral to acidic, i.e., when the aggregates turn larger. The IR 

absorbance for a single-quantum excitation of CO stretching for example is given by 

𝐼 = (
𝜕𝜇(𝑟)

𝜕𝑟
)

𝑟=𝑟e

∫ 𝜓𝑣
∗(𝑟 − 𝑟𝑒) 𝜓𝑣′ 𝑑𝑟

+∞

−∞
        (4) 

where 𝑣′ and 𝑣 refer to vibrational levels in the ground and excited electronic surfaces, 𝑟 is the 

internuclear C
+−O

−
 distance specific to the stretching mode and 𝑟𝑒  is the equilibrium 

separation. The first-order derivative of the dipole is expected to be larger in larger aggregates, 

i.e., at lower pH, because the reduced intermolecular distances in the aggregates that increase the 

intermolecular interactions also leads to an increase in the magnitude of  of C
+−O

−
; for 

example, the net dipole moment of two nearby CO groups will be the vector sum of the two 

dipole moments. This increase in the magnitude of  is compensated little by the change in the 

CO bond length. In other words, the oscillation of the CO bond from the equilibrium position 
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changes only marginally in the larger aggregates than in the smaller ones. The larger value of the 

dipole derivative then leads to more intense absorption of the large-size aggregates forming at 

low pH than that of the smaller ones occurring at higher pH.  

 

 

Figure 2.2. (a) IR spectra of 27% glycerol in the pH range 2-8 (in the order of decreasing 

absorbance) indicating a few mode assignments. The absorbance with pH is shown for the bands 

at 993 (solid) and 1418 (open) cm
1

 (b), 1110 cm
1

 (c), and 2894 and 2949 cm
1

 (d). The solid 

lines are fits to data according to equation 3. 
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2.3.3. Confirmation of oligomerization of glycerol in acidic pH using mass spectrometry 

The mass spectra of 50% (w/v) aqueous glycerol at pH 2.63, 3.7 and 6.24 were recorded (Figure 

2.3). The peaks of m/z values higher than the peaks of mono glycerol (m/z upto 800)  were 

observed in the spectra recorded at pH mentioned above. These peaks must correspond to the 

fragments of higher oligomers of glycerol. Thus the appearance of these peaks in the mass 

spectrum confirm the oligomerization of glycerol at acidic pH. According to the Table 1, the 

mass spectrum of 50% (w/v) aqueous glycerol at the aforementioned pH values  should show 

peaks corresponding to the m/z of cyclic glycerol oligomers of size 5-9 along with smaller 

oligomers. However, molecular ion peaks of oligomers of size 8 and 9 are not prominent in the 

spectra probably due of their instablity. The molecular ions of oligomers in 50% (w/v) aqueous 

glycerol observed in the spectra at pH 2.63, 3.7 and 6.24 are listed below.  

 

Table 2. The mass spectra data of oligomers at pH 2.63 

pH 2.63 

Observed 

m/z 

Identification  Molecular 

formula 

Oligomer 

type 

Oligomer 

size 

Theoritical 

m/z 

I% Error 

(ppm) 

167.0930 M+H C6H14O5 linear 2 167.0919 27 6.5 

189.0750 M+Na C6H14O5 linear 2 189.0739 23 5.8 

184.1199 M+NH4 C6H14O5 linear 2 184.1185 4.5 7.6 

388.1970 M C15H32O11 linear 5 388.1944 0.4 6.7 

463.4937 M+H C18H38O13 linear 6 463.4952 0.3 -3.2 

610.3074 M C24H50O17 linear 8 610.3048 0.2 4.2 

149.0819 M+H C6H12O4 cyclic 2 149.0814 4.2 3.3 

171.0633 M+Na C6H12O4 cyclic 2 171.0642 1 -5.2 

245.1001 M+Na C9H18O6 cyclic 3 245.1016 6.8 -6.1 

240.1447 M+NH4 C9H18O6 cyclic 3 240.1470 0.5 -9.6 

319.1368 M+Na C12H24O8 cyclic 4 319.1371 0.7 0.9 

319.3059 M+Na C12H24O8 cyclic 4 319.3044 6.9 4.7 

370.3928 M C15H30O10 cyclic 5 370.3933 0.2 -1.3 

319.1368 M+Na C15H30O10 cyclic 5 319.1371 0.7 -0.9 

319.3059 M+Na C15H30O10 cyclic 5 319.3044 6.9 4.7 

541.5422 M+Na C21H42O14 cyclic 7 541.5404 0.8% 3.3 

666.3370 M C27H54O18 cyclic 8 666.3370 0.2 0 
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Table 3. The mass spectra data of oligomers at pH 3.7 

pH 3.7 

Observed 

m/z 

Identification  Molecular 

formula 

Oligomer 

type 

Oligomer 

size 

Theoritical 

m/z 

I% Error 

(ppm) 

167.0921 M+H C6H14O5 linear 2 167.0919 19.3 1.1 

189.0744 M+Na C6H14O5 linear 2 189.0739 65.7 2.6 

263.1107 M+Na C9H20O7 linear 3 263.1106 2.4 0.3 

258.1555 M+NH4 C9H20O7 linear 3 258.1553 0.3 0.7 

337.1473 M+Na C12H26O9 linear 4 337.1474 0.5 -0.2 

332.1927 M+NH4 C12H26O9 linear 4 332.1920 0.2 2.1 

633.6333 M+Na C24H50O17 linear 8 633.6343 0.2 -1.5 

149.0812 M+H C6H12O4 cyclic 2 149.0814 4.8 -1.3 

171.0641 M+Na C6H12O4 cyclic 2 171.0633 2.9 4.6 

223.1181 M+H C9H18O6 cyclic 3 223.1182 1.2 -0.4 

245.1003 M+Na C9H18O6 cyclic 3 245.1001 17.3 0.8 

240.1453 M+NH4 C9H18O6 cyclic 3 240.1447 0.4 2.4 

319.1360 M+Na C12H24O8 cyclic 4 319.1368 0.6 -2.5 

393.1748 M+NH4 C15H30O10 cyclic 5 393.1736 0.4 3.0 

462.2576 M+NH4 C18H36O12 Cyclic 6 462.2550 0.2 5.6 

541.2462 M+Na C21H42O14 cyclic 7 541.2472 0.2 -1.8 

 

Table 4. The mass spectra data of oligomers at pH 6.24 

pH 6.24 

Observed 

m/z 

Identification  Molecular 

formula 

Oligomer 

type 

Oligomer 

size 

Theoritical 

m/z 

I% Error 

(ppm) 

167.0919 M+H C6H14O5 linear 2 167.0920 18.7 -0.5 

189.0742 M+Na C6H14O5 linear 2 189.0739 100 1.5 

184.1185 M+NH4 C6H14O5 linear 2 184.1185 3 0 

263.1107 M+Na C9H20O7 linear 3 263.1109 7.1 -0.7 

258.1539 M+NH4 C9H20O7 linear 3 258.1553 0.6 -5.4 

337.1477 M+Na C12H26O9 linear 4 337.1474 0.8 0.8 

149.0814 M+H C6H12O4 cyclic 2 149.0817 5 -2.0 

171.0634 M+Na C6H12O4 cyclic 2 171.0633 2.7 0.5 

223.1180 M+H C9H18O6 cyclic 3 223.1181 29 -0.4 

240.1432 M+NH4 C9H18O6 cyclic 3 240.1447 0.4 -6.2 

319.3048 M+Na C12H24O8 cyclic 4 319.3044 7.6 1.2 

541.5396 M+Na C21H42O14 cyclic 7 541.5404 0.8 -1.4 
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Figure 2.3. The mass spectra of glycerol at three different acidic pH 

 

2.3.4. Mutually inclusive water clustering.  

An interesting observation is the formation of water clusters concurrent with glycerol 

oligomerization. The clue to water clustering is provided by deshielding (high-frequency shift) 

titration of the water protons as the pH of the water-glycerol solution is reduced from 6 to 4, 

registering pH5.3(0.15) as the titration midpoint p (Figure 2.4a, Table 1). Deshielding is 
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associated with water clustering because the network of H-bonds in the water cluster decreases 

the electron density on the participating protons. Unlike the same size of shielding of the glycerol 

protons (Δ𝛿(glycerol)) at low pH regardless of %glycerol used (Figure 2.1b,e,h), the deshielding 

of water protons (Δ𝛿(water)) at low pH strongly depends on the concentration of glycerol in the 

water-glycerol mixture (Figure 2.4a), suggesting that water clustering is increasingly favorable 

with glycerol concentration or, equivalently, with decreasing water content (Figure 2.4b). To see 

this, we consider the glycerol coefficient of water deshielding, i.e., the slope of Δ𝛿(water) with 

glycerol content at different pH 

𝛾glycerol
(water)

= (
Δ𝛿(water)

Δglycerol
)

pH,T,P

.            (5) 

 

 

 

Figure 2.4. (a) pH-dependent chemical shift of water protons in the binary solution of 4.5 

(black), 13.5 (red), 27.5 (blue), 40.5 (dark yellow), and 54.5 (dark cyan) % glycerol. The solid 

lines are drawn according to equation 1. The dashed line for 4.5% glycerol indicates 

insufficiency of data for a fit. (b) Glycerol dependence of the chemical shift of water protons at 

pH 2, 3, 4, 5, 6, and 7 plotted with increasing gray shade. The slopes defined as glycerol 

coefficient of water chemical shift, 𝛾glycerol
(water)

, are listed in Table 5. 
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Table 5. Glycerol coefficients (glycerol) in ppm %glycerol
1

 for chemical shift changes ()  

  

pH 𝛾glycerol
(glycerol)

* 𝛾glycerol
(water)

 

Averaged 6.60510
4

 (H
2
) 

 4.78710
4

 (H
1
 or H

1
)  

 4.12310
4

 (H
1

 or H
1
) 

 

2  2.54410
3

 

3  2.56310
3

 

4  2.68710
3

 

5  1.33610
3

 

6  2.82010
3

 

7  1.90010
3

 

 

* Negative signs for the coefficients indicate shielding of glycerol protons with increasing glycerol. 

 

The results plotted in Figure 2.4b and listed in Table 1. show that water protons are deshielded 

more with glycerol content in the solution, suggesting that water clustering and glycerol 

oligomerization are concurrent phenomena. 

It is also useful to analyze the titration of 𝛾glycerol
(water)

 of water deshileding with pH (Figure 2.5) by 

equation 4 mentioned above. Explicitly,  

𝛾glycerol
(water)

= A+
∆𝛾glycerol

(water)

1+10𝑛(pH-pKa)
,         (6) 

in which A is the ordinate value at pH 7, n the number of protons titrated, and ∆𝛾glycerol
(water)

 is the 

total change in 𝛾glycerol
(water)

 across the pH range. The n=1.3(0.2) from the fit suggests a single 

proton-mediated water clustering, and pKa=5.0 is close to the midpoint of pH titration of glycerol 

chemical shift (p) given in Table 1, further indicating the mutual inclusiveness of glycerol 

aggregation and water clustering.  
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Figure 2.5. pH-titration of glycerol coefficient for 

deshielding of water protons. The fit through the 

data yields n=1.3(0.2) and pKa=5.0 (Eq 5). 

 

 

 

 

 2.3.5. Sizes of glycerol oligomers and water clusters.  

The sizes were determined by a series of pulsed-field-gradient (PFG)-NMR experiments with 

water-glycerol binary mixtures of 4.5, 13.5, 27, 40.5, and 54.5% glycerol contents, each at unit 

interval of pH from  2 to 7. A sample of spectra is shown in Figure 2.6a, and the details of 

calculation of translational diffusion coefficient (Ds) are supplied as Supporting Information. 

Cluster sizes were estimated from the Stokes-Einstein relation 

𝐷s =
𝑘B𝑇

𝑐𝜋𝑟𝜂
,           (7) 

in which the symbols have the usual meaning, and we assume the particle-liquid sticking 

condition (c=6). The sizes of glycerol clusters given as Stokes diameter increase as the pH 

decreases from 7 to 2 (Figure 2.6b). There are however neutral-pH aggregates as well, the sizes 

of which increase with glycerol level in the solution. To estimate the size of an aggregate it is 

useful to consider the size of a glycerol monomer, which can be estimated from the molecular 

volume 

𝑉 =
4

3
𝜋𝑟3 with 𝑉 =

𝑚

𝑁A𝜌
,         (8) 

where r is the radius of the molecular volume, m the molecular mass ( molecular weight), NA 

Avogadro number, and  the density of glycerol (1.255 g ml
1

); the diameter of the monomer is 

roughly 0.81 nm.  At pH 7 for example, the mean size of glycerol in its 4.5% solution is 1.46 nm 
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corresponding to a dimer, and the size in the 54.5% solution increases to 6.34 nm. This result is 

consistent with earlier reports of the existence of neutral-pH aggregates which are held together 

by H-bonding,
19

 and whose size scales up with the glycerol content in the binary solution.
20

 We 

see similar behavior with the sizes of water clusters (Figure 2.6d). The diameters for both 

glycerol and water at different % glycerol and pH values and the corresponding glycerol repeats 

calculated by taking ~0.81 as the monomer diameter are listed in Table 6.      

 

Figure 2.6. Size estimation of 

glycerol aggregates and water 

clusters in water-glycerol binary 

mixture. (a) PFG-NMR spectra 

of 13.5% glycerol showing the 

decrease in resonance intensities 

of glycerol with field gradient. 

(b) Stokes diameter of glycerol 

aggregates in 4.5 (black), 13.5 

(red), 27 (blue), 40.5 (dark 

yellow), and 54.5 (cyan) % 

glycerol at different pH. (c) 

Stokes diameter of glycerol 

aggregates at pH 7, 6, 5, 4, 3, 

and 2 (decreasing gray shade in 

the order) with inverse % 

glycerol. The dashed lines, one 

for each pH, represent fits to 

data according to equation 9, 

yielding an average power law 

coefficient, 0.85 (SD 0.07). (d) and (e) show water cluster diameters with the same description 

given for (b) and (c), respectively. For water clustering, 0.49 (SD 0.09). 
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Table 6. Stokes diameter (in nm) of glycerol and water clusters, 298 K. The numbers in italics 

within parentheses provide the approximate repeat size of glycerol in the oligomers/aggregates. 

% glycerol pH 

 2 3 4 5 6 7  

    

 Glycerol 

 

4.5 1.6521(2) 1.5501(2) 1.5092(2) 1.5523(2) 1.5427(2) 1.4675(2) 

13.5 2.8406(3) 2.3835(3) 2.1997(2/3) 2.2149(2/3) 2.1721(2/3)  

27.0 3.3459(4) 3.0089(4) 2.6881(3) 2.8262(3) 2.7600(3) 2.5996(3) 

40.5 5.4900(7) 4.9087(6) 4.3719(5) 4.2152(5) 4.4147(5)  

54.5 7.7778(9) 6.8987(8/9) 7.1690(9) 6.4742(8) 6.6014(8) 6.3350(8) 

 

 Water 

 

4.5 1.1541 1.1398 1.0842 1.0198 0.9556 0.8656 

13.5 1.2357 1.2019 1.1674 1.1079 1.0890  

27.0 1.7040 1.5348 1.3567 1.3592 1.2560 1.1702 

40.5 2.3376 2.0239 1.7797 1.6757 1.4983  

54.5 3.2032 3.3093 3.1016 2.5809 2.3049 1.9786  

 

The sizes of both glycerol oligomers and water clusters irrespective of the pH vary with inverse 

glycerol concentration by a power law dependence  

2𝑟 = (
1

% glycerol
)

−𝜅

,          (9) 

the coefficient 𝜅  taking values of 0.85 and 0.49 for glycerol and water, respectively (Figure 

2.6c,e). This behavior is similar to that observed for polymers, where the radius of gyration has a 

dependence on the number of monomers raised to a power (Flory 1949).
21

 The power law 

behavior observed for both glycerol oligomers and water clusters is a manifestation of mutual 

exclusion by which the two avoid each other; the larger value of 𝜅  for the former appears 

because of their larger size relative to those of the latter. Thermodynamically, the interaction 

between water and glycerol becomes less favorable when glycerol concentration in the binary 

solution increases, leading to exclusion of water molecules from the vicinity of glycerol species 

that in turn favors clustering of water molecules.     



27 
 

2.4. Discussion 

2.4.1. Oligomerization of glycerol catalyzed by solvent H
+
.  

Glycerol oligomerization catalyzed directly by solvent H
+
 in the range of ~110

4
 to 110

2
 mol 

L
1

 (pH ≲4) at ambient temperature has a distinct overall advantage over the hitherto shown 

oligomerization carried out by homogeneous catalysts such as strong Brønsted and Lewis 

acids
15,17

 and heterogeneous catalysts including Nafion-like acid ionomers and zeolites.
16,18

 The 

latter approaches suggest the use of high temperature, ≳100 
o
C, with the rationale that elevated 

thermal energy may facilitate the formation of glycidol epoxide
17

 that we have called oxirane. 

The results we produce however show redundancy of elevating the temperature to such a high 

level without compromising on the time required to produce the glycerol oligos; condensation of 

glycerol under our ambient condition occurs within ~46 h of lowering the pH to the 24 range. 

This possibility of generating oligoglycerol renders in situ use of glycerol in acidic foodstuff, 

cosmetics, and certain pharmaceutical products that are maintained in the 25 range of pH to 

achieve antimicrobial activitity. 

 Porous solid catalysts such as ionomers are thought to induce shape-selective effects on 

oligomerization, often preventing repeated condensation and cyclization so as to produce lesser 

number of repeats in the oligomer.
16

 On the other hand, the high temperature conditions applied 

in heterogeneously catalyzed oligomerization also leads to ion leaching and deactivation
22

 or 

even physical degradation of the catalyst. It must be said that the explicit reaction conditions for 

obtaining lower repeats of glycerol is not available apriori; instead the initial % glycerol as the 

reactant, the catalyst load, and the reaction time up to the point of consumption of about half of 

the initial glycerol are optimized. In any event, physical data of glycerol oligos routinely declare 

the presence of di, tri, tetra, and penta to nonaglycerols. Generally, triglycerol dominates, and 

penta to nonaglycerol species account for ~10% of the overall yield.
16,23

 Our simple non-catalytic 

approach yields a mixture of di- to tetraglycerol at acid pH with the initial glycerol contained 

within  ~27% (Table 6). 
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2.4.2. Preferential interaction of water-glycerol components.  

The key result that glycerol oligomerization and water clustering is mutually inclusive can be 

explained qualitatively by considering the physical properties of water-glycerol binary solution. 

When the molecules of two fluid components obey the van der Waals equation of state they 

share similarity in their behavior at the same reduced pressure and temperature  called 

corresponding state principle (CSP), which has already been generalized to predict the surface 

tension of liquid mixtures (Rice& Teja, 1982). If the surface tension of aqueous glycerol solution 

decreases with increasing mole fraction of glycerol,
24

 then the decrease should occur for both 

water and glycerol, and it is known that glycerol slightly decreases the surface tension of water.
11

 

The reduced surface tension lowers the respective Gibbs free energy barrier for water clustering 

and glycerol aggregation. 

On a quantitative footing, one may refer to the concept of composition fluctuation of 

multicomponent systems, according to which the thermodynamic interaction between the larger 

solute molecules (glycerol) and the smaller solute molecule (water) should cause the former to 

produce composition fluctuation with respect to the latter to the same extent as the composition 

fluctuation with respect to the former itself.
13

 To suit the context of the water-glycerol binary 

mixture, we provide a concise and simple picture of the outcome of the otherwise rigorous 

thermodynamic treatment. Denoting the nonelectrolyte components water and glycerol by ‘1’ 

and ‘2’, respectively, the liquid solute behavior can be represented by the individual excess 

chemical potentials which when expanded in a power series in the component concentration c 

read 

𝜇𝑖 = 𝜇𝑖
o(𝑇, 𝑃) + log 𝛾𝑖𝑐𝑖 i =1, 2  

log 𝛾1 = 𝐴11𝑐1+𝐴12𝑐2  

log 𝛾2 = 𝐴21𝑐1+𝐴22𝑐2,         (10) 

where A11, A12, A21, and A22 are thermodynamic interaction coefficients that measure the 

perturbation of  of one component by the other. The perturbation could be in the intra- and 

inter-component interactions as well as in the freedom of motion of the molecules, both are 
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mutual. The vector equation log 𝜸 = 𝑨𝒄 obtained from eq (10) explicitly provides the matrix for 

thermodynamic interaction coefficients 

(
log 𝛾1

log 𝛾2
) = (

𝐴11 𝐴12

𝐴21 𝐴22
) (

𝑐1

𝑐2
).         (11) 

The off diagonal coefficients, well known as coherence transfer coefficients for two coupled 

species, in the present case should be negative because when interpreted from a molecular 

standpoint the two components preferentially exclude each other. 

 

2.4.3. Caveat on the use of glycerol in acid pH.  

Glycerol has been employed as a macromolecular crowder,
25

 and as a viscogen in studies of 

frictional effects on DNA translocation,
26

 RNA transcription,
27

 protein and enzyme reaction 

rates,
28

 and protein dynamics, conformational substates, and energy landscape.
2940

 Although the 

results of these studies are generally acceptable, the reducing effect of glycerol remains 

accountable. Glycerol is a reducing agent, and hence the iron-containing proteins, e.g., 

myoglobin and cytochrome c, which have been used extensively in studies cited above are 

invariably in the reduced or ferro form.
40

 In such cases, the already prevailing protein-stabilizing 

effect of glycerol
11

 is augmented by the reductive stabilization of heme proteins. At the same 

time, the preferential hydration of proteins by aggregated species of glycerol vis a vis its 

monomer remain unknown. In other words, glycerol not only increases the viscosity and reduces 

the surface tension of the solvent, but also modifies the physicochemical properties of proteins. 

This study recognizes another caveat of using glycerol to study protein properties at low pH (ref 

4143, for example) where repeats of glycerol monomers in the form of oligomers whose effect 

on solvent and protein properties is little understood. This limitation will apply also to studies 

with glycerol at alkaline pH, where OH

  catalyzes condensation to produce oligomers. 
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CHAPTER 3 

Quasi-native transition and self-diffusion of proteins in water-

glycerol mixture 

 

Abstract 

An orderly investigation of the levels of secondary and tertiary structures, kinetics of tertiary 

structural changes, and self diffusion coefficient of lysozyme and cytochrome c in the 070% 

(weight/volume) range of glycerol is reported. While secondary structural propensity of both 

proteins is larger in glycerol, results for tertiary structure and translational diffusion coefficient 

with increasing glycerol provide two contrasting depictions  lysozyme becomes increasingly 

compact, plausibly due to disulfide bridge constraints, but cytochrome c expands and loses the 

tertiary structure. The chain expansion and contraction corresponding to loss and reformation of 

tertiary structure of cytochrome c are ultrafast that occur in the sub-millisecond bin. Changes in 

protein conformation appear in as little as 2% glycerol, and the results suggest that glycerol 

does not unfold the protein but reversibly destabilizes to quasi-native state(s). These 

observations make one ponder whether results of studies on protein dynamics, relaxation, and 

conformational sub-states reported in literature can be associated with native-state properties. 

 

3.1. Introduction 

Glycerol, an exceedingly viscous alcohol with complex conformational and dynamical 

properties is widely used in dynamite production, storage of industrial products, drugs and 

cosmetics, enzyme-catalyzed semi-synthesis of proteins, and as a cryoprotectant for biological 

molecules, cells, clones, and embryos. The highly elastic property of glycerol renders its use as 

a general glass matrix
1
 that has been employed for a long time in studies of low-temperature 

protein dynamics, conformational sub-states and energy landscape
2-9

, and plasticization of 

protein-based films
10

. Even though the extraordinary properties of glycerol itself and its effect 

on solutes have drawn attention for a long time, of particular interest has been the structure, 

conformation, kinetics of conformational changes, and thermodynamic properties of proteins in 
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waterglycerol mixture. Following initial observations of glycerol effect on enzyme activity
11-13

 

and conformational change
14

, the influential work of Gekko and Timasheff
18-19

 heralded a great 

deal of interest in the chemistry of the three-component waterproteinglycerol system. 

Ensuing experimental and theoretical studies
20-26

 have substantially added to the understanding 

of protein stabilization by glycerol. It has also become apparent that a part of the glycerol effect 

involves its influence on the order, structure, and hydrogen bonding of water.
7,27

 Although 

proteinglycerol interactions involve both electrostatic and hydrophobic bonding
22

, more recent 

investigations are focusing on the interplay of osmolytes, in general, with hydrophobic 

interactions within the protein.
28,29

 Stabilization by glycerol against cold denaturation of 

proteins has also been discussed very recently.
28,30

 

 

Despite such significant advances in the area questions still arise as to what extent 

glycerol might change the structure and conformation of proteins, and whether the induced 

changes are similar for different proteins. How fast the conformational changes might occur in 

response to a transfer of the aqueous protein to glycerol solutions? How can the structural and 

conformational changes in the presence of glycerol be related to increased protein stability, 

which is explained in thermodynamic terms?
15-17,22,28

 It was reported that high concentration of 

glycerol transforms both native and acid denatured cytochrome c to a low-spin heme-containing 

molten globule-like state that is rich in -helix but lacks tertiary structure.
31,32

 Chen et al
33

 have 

reported that glycerol stabilizes lysozyme and -lactoglobulin, but destabilizes -lactalbumin 

and lactoferrin. Bonincontro et al
34

 find a slight reduction of hydrodynamic radius of lysozyme 

in 0‒70% (w/w) range of glycerol, indicating compaction of the protein. Scharnagle et al
35

 state 

that there is no unique molecular model for the influence of glycerol on protein stability.  

 

Here we have conducted simple experiments for a systematic review of secondary and 

tertiary structures of lysozyme and cytochrome c placed in 070% glycerol solutions, 

determined the self diffusion coefficient for the two proteins in glycerol, and considered the rate 

of conformational changes when the aqueous protein solution is transferred to waterglycerol 

mixture. The secondary structural propensity of both proteins has been found to increase in 

glycerol, but tertiary structural changes and translational diffusion coefficients indicate that 

lysozyme becomes more compact and dense while cytochrome c expands concomitant with 



37 
 

considerable loss of tertiary contacts. Glycerol-induced conformation loss and chain expansion 

of the latter are also supported by kinetic results. The structural changes are modeled as a two-

state native⇌quasi-native transition, and the changes in the free energy are calculated. We also 

discuss the instances where our data appear inconsistent with those reported earlier.    

 

3.2. Materials and methods 

Horse cytochrome c (Sigma) and hen lysozyme (Calbiochem) were used without further 

purification. Glycerol (Sigma) was 99.5% in minimum assay by gas chromatography. Aqueous 

solutions of glycerol were prepared by weighing glycerol. All experiments were performed at 

25ºC in water at pH 3.8 (lysozyme) and 15 mM phosphate buffer, pH 7 (cytochrome c). 

3.2.1. Equilibrium titration 

Protein titration with glycerol was carried out by mixing two stock solutions that were identical 

in pH, buffer, and protein content, except that one contained glycerol and the other not. Samples 

containing variable glycerol (w/v %) were prepared by mixing the two stock solutions 

appropriately. Final protein concentrations were 8 and 10 M of cytochrome c and lysozyme, 

respectively. Samples for near-UV CD measurements contained 50 M protein. All 

measurements were done after equilibrating the samples at 25ºC for ~12 h. Tryptophan 

fluorescence spectra (excitation 280 nm) were recorded in a JASCO FP-8300 instrument, far-UV 

CD measurements were done using a AVIV SF420 spectropolarimeter, and visible absorption 

spectra were taken in a CARY 100 UV-Visible spectrophotometer. 

3.2.2. Stopped-flow kinetics 

Kinetics of protein conformational changes in glycerol were studied by diluting the aqueous 

solution of the protein with the glycerol solution. In the reverse experiment, the protein initially 

dissolved in the glycerol solution was diluted by mixing with the buffer. The mixing ratio of 

protein to buffer solutions was 1:7. Fluorescence-monitored kinetics were measured in a 

BioLogic SFM400 instrument using a high-density mixer and a 0.8 mM cuvette. The instrument 
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dead time, determined at the actual flow rate of solutions, was ~1.8(0.2) ms. Each kinetic trace 

analyzed was an average of 810 traces. 

3.2.3. NMR Spectroscopy 

The samples were 15% D2O solutions of 2 mM protein containing variable glycerol. Lysozyme 

samples were held at pH 4, and cytochrome c samples were buffered with 15 mM sodium phosphate, 

pH 7. Pulsed-field-gradient NMR (PFG NMR) diffusion measurements were carried out with 

diffusion gradient (z-gradient) in the range of 1-40 Gauss cm
-1

. All spectra were recorded at 25C in 

a 500 MHz Avance HD Bruker spectrometer. 

3.3. Results 

3.3.1. Glycerol increases the propensity of secondary structure 

The effect of glycerol, expressed in terms of activity (Figure 3.1), on the secondary structure of 

lysozyme and cytochrome c was probed by 222 and 207-nm CD (Figure 3.2). To read a large 

number of samples with better signal-to-noise time-averaged CD values at 222 and 207 nm were 

taken instead of acquiring the entire far-UV spectrum. The changes in ellipticity angles with the 

natural logarithm of glycerol activity (Figure 3.3a,b,d,e) clearly show an increase in the 

secondary structure for both proteins. We note that a previous study reported little change in the 

CD of lysozyme in 0‒50% (v/v) range of glycerol
45

. It is not clear how the authors missed out 

the changes, and whether data presented were averaged adequately. 

 

Figure 3.1. Simulated glycerol-water binary mixture data to obtain the empirical relations 

(Equations 1 and 2). The data are reproduced from the work of Yi, F. and Axelbaum, R. L. (Oxy-
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combustion of low-volatility fuel with high water content. Eastern States Section Meeting of the 

Combustion Institute, 2013). 

𝛾glycerol = 𝑎 + 𝑏𝑒−𝑐𝑥 + 𝑑𝑒−𝑒𝑥2
+ 𝑓𝑒−𝑔𝑥3

                     (1) 

Where a=0.869137, b=0.485583, c=0.077251, d=0.169208, e=3.100230e3,  f=0.219587, g=1.835472e5 

𝛾water = 𝑎 + 𝑏𝑒−𝑐𝑥 − 𝑑𝑒−𝑒𝑥2
+ 𝑓𝑒−𝑔𝑥3

− ℎ𝑒−𝑖𝑥4
         (2) 

Where a=132.374134, b=0.019929, c=21.138945, d=131.938407, e=3.147335e7, f=0.744960 

g=1.531386e6, h=0.181720, i=5.967701e8 

Figure 3.2. Far-UV CD spectra of (a) lysozyme, and (b) cytochrome c at different glycerol. Each 

spectrum is an average of two scans. 

The 222 and 207-nm bands do not distinguish between helical and -structures, their rotational 

strength originating from the n* and * transitions, respectively, of the peptide 

chromophore.
36

 However the argument that the contribution of -helical structure to the 207-nm 

ellipticity is more than that of -structure is often used as a first approximation of the -helix 

content through R, defined as the ratio of 207 to 222 nm ellipticities. The variation of R with 

glycerol suggests no increase of -helix for lysozyme (Figure 3.3c), contrary to the result for 

cytochrome c (Figure 3.3f). It thus appears that glycerol induces -structural propensity in 
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lysozyme but -helical propensity in cytochrome c. We call this ‘reversible secondary structure 

transition’ (Nw⇌Dgly) that transforms the native state in water (Nw) to a quasi-native state in 

glycerol (Dgly), which is richer in secondary structure content. 

 

Figure 3.3. Secondary structure probed by far-UV CD for lysozyme (ac) and cytochrome c 

(df) plotted with the natural logarithm of the activity of glycerol (ln aglycerol). The weight-

percent values corresponding to ln aglycerol are shown on top. 
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3.3.2. Significant changes in tertiary structure 

Tertiary structure was probed first by fluorescence using the same samples that were used for 

far-UV CD experiments. In the 080% range of glycerol the wavelength of maximum emission, 

max, for lysozyme undergoes Stokes shift from 337 to 329 nm (Figure 3.4a), consistent with 

earlier reports.
37,38

 The max of the model chromophore 5-methoxyindole in glycerolwater 

mixture shows little shift (Figure 3.5a,b), suggesting that the observed shift for lysozyme may 

not be due to the surface tryptophans (W 62,63, and 123). In a similar result, the fluorescence of 

N-acetyl tryptophanamide (NATA) across 060% glycerol shows 2.5(±0.5) nm blue shift and 

~15% decrease in quantum yield (Figure 3.5c,d), suggesting a minor contribution of the 

fluorescence of any surface tryptophan to the total fluorescence due to tertiary structural changes 

to which we did not apply any correction. The blue shift of the protein fluorescence arises from 

the displacement of the tryptophan side chains into protein interior. Since the protein interior is 

already apolar and the excited state of the indole has a larger dipole moment than the ground 

state,
39

 the excited state corresponding to the 00 fluorescence emission will be energetically 

less stable. The higher energy of the excited state will produce blue shift in emission max. The 

glycerol-induced protein compaction accompanying burial of the tryptophans should also be the 

reason for fluorescence quenching shown using the 337-nm emission (Figure 3.4b). As unfolding 

of lysozyme at pH 3.8 results in fluorescence increase,
40

 the quenching seen here might appear to 

be the reminiscent of folding. However, since the starting state itself is the native state, there is 

little scope for further conformational folding. The fluorescence quenching therefore reflects a 

glycerol-induced transition of the compact tertiary structure to more compact states. The 

compaction leads to tighter packing and hence considerable changes in the tertiary structure. 

The change in the tertiary structure with glycerol was also monitored by near-UV CD 

(Figure 3.4c). The increase in the 290-nm band intensity of lysozyme corresponds to tertiary 

structure folding ,
38,41

 but in the present case we associate the transition with compaction of 

tertiary structure, consistent with the interpretation of the fluorescence results. A simple 

explanation for the increase in the 290-nm CD intensity can be provided based on the theory of 

coupled electric transitions.
42

 If the rotational strength R of an aromatic side chain originates 

from a coupling of its * transition with an electric transition of a nearby protein group, then 
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R is proportional to the distance d between the point dipoles for the aromatic and the nearby 

group. In the glycerol compacted protein d is expected to decrease which will enhance R, 

consistent with the observations made (Figure 3.4c). 

 

 

Figure 3.4. Tertiary structure of lysozyme (ac) and cytochrome c (df) with ln aglycerol. Changes 

in tryptophan fluorescence and near-UV CD correspond to acquisition of additional tertiary 

structure for lysozyme but unfolding of cytochrome c. 

2 6 18 52 74 2 6 18 52 74

Glycerol % (w/v) Glycerol % (w/v)

F
lu

o
re

s
c

e
n

c
e

, 
3

3
7

 n
m

2

3

4

E
m

is
s
io

n
 

m
a
x
 (

n
m

)

328

333

338

 (nm)
300 350 400

F
lu

o
re

s
c

e
n

c
e

0

2

4

a

b

ln aglycerol

-5 -4 -3 -2 -1

C
D

 (
2

9
0

 n
m

)

1.5

2.0

2.5

F
lu

o
re

s
c

e
n

c
e

, 
3
0

4
 n

m
0

1

2

E
m

is
s
io

n
 

m
a
x
 (

n
m

)

303

306

309

d

e

ln aglycerol

-5 -4 -3 -2 -1

C
D

 (
2

8
2

 n
m

)

-2

-1

0

f

Lysozyme

c

glycerol
increases

 (nm)
290 315 340 365 390

F
lu

o
re

s
c

e
n

c
e

0

1

2
Cytochrome c

glycerol
increases



43 
 

 

Figure 3.5. (a) Changes in the fluorescence emission spectrum of 5-methoxyindole with glycerol. 

The inset shows no shift (within error) in the wavelength of emission maximum. (b) Quenching of 

330-nm emission of 5-methoxyindole intensity due to the solvent effect. (c) Fluorescence of NATA 

with glycerol, with the max shift (inset). (d) Quenching of NATA fluorescence at 351 nm with 

glycerol. 

 

In contrast to the results for lysozyme that have shown glycerol-induced transition of the 

tertiary structure to more compact states, data for cytochrome c show unfolding of tertiary 

structure. Fluorescence of the lone tryptophan of native cytochrome c (W59) in water is 

completely quenched due to resonance energy transfer to the heme,
43

 but the emission increases 

with glycerol accompanying a shift in the max from 308 to 305 nm (Figure 3.4d). The 3-nm shift 

is not substantial, but is an indication of displacement of the tryptophan side chain to a more 

apolar environment, similar to the explanation given for the blue shift of max for lysozyme. 

However, the result that fluorescence increases with glycerol (Figure 3.4e) suggests an increase 

in the W59heme distance and hence unfolding of tertiary structure. It is well known that 

unfolding of tertiary structure of cytochrome c results in fluorescence increase.
43,44
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The loss of tertiary structure in waterglycerol mixture was also probed by near-UV CD 

(Figure 3.4f). The near-UV CD of cytochrome c originates almost entirely from the Trp 59 side 

chain.
42,45

 The indole does not possess magnetically allowed transitions, but gains rotational 

strength through coupling of its electric dipole transition moment with that of the * 

transitions of the heme, and possibly peptides and other aromatic chromophores.
46

 Since the 

rotational strength is largely dependent on the indole‒heme distance, an increase in the Trp59‒

heme distance weakens the rotational strength, which is an indicator of tertiary structure 

unfolding. Thus, fluorescence and near-UV CD results are mutually consistent, and we conclude 

that the tertiary structure of cytochrome c unfolds in waterglycerol mixture. 

 

3.3.3. Reduction of the heme iron and tertiary structure changes in cytochrome c 

During the course of experiments we often observed the color of cytochrome c turn brighter in 

the waterglycerol mixture which led us to examine the visible optical absorption spectrum of 

cytochrome c. The Soret band (
*
) red-shifts from 409 to 412.5 nm in the 070% range of 

glycerol (Figure 3.6a), suggesting reduction of the heme iron Fe
3+
 Fe

2+
, consistent with the 

fact that glycerol is a hydrogen donor.
47

 Also, the decrease in the Soret absorption coefficient 

with glycerol (Figure 3.6b) indicates destabilization of the tertiary structure,
48

 consistent with 

fluorescence and near-UV CD results. These results are made clearer by the much weaker Q 

bands (
*
) which were studied with another batch of concentrated samples. The Q bands of 

reduced cytochrome c (Fe
2+

) appear at 550 nm due to configurational interaction between a1ueg 

and a2ueg,
49

 and 520 nm which is vibronic. The terms a1u and a2u label the highest occupied  

orbitals, and the eg term refers to the lowest unoccupied * orbital. Figure 3.6c shows that 

cytochrome c is reduced already in the solution containing 3% glycerol.  
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Figure 3.6. Ferric  ferrous heme transition and unfolding of cytochrome c probed by heme 

absorption. Red shift of the Soret absorption maximum with higher glycerol (a) and increased 

550-nm absorbance at low concentrations of glycerol (c) are signs of reduction of the heme iron. 

The decrease in absorption with glycerol (b,d) indicates protein unfolding. 

 

The reduction of the heme of cytochrome c should be due to glycerol, because the trace of any 

other reducing agent in the solutions was not expected to be significant. The initial increase of 

the 550-nm absorbance indicates that the protein is fully reduced in ~9% glycerol, which 

provides the baseline for the reduced protein. At >9% glycerol we observe the conformational 

changes of the reduced cytochrome c. The absorbance decreases sharply in the 930% range of 

glycerol, suggesting substantial loss of the tertiary structure  (Figure 3.6d). Reduced cytochrome 

c (Fe
2+

) is very stable, and global unfolding of the protein chain by glycerol is unlikely. To 

summarize, low glycerol reduces cytochrome c and the reduced native state of the protein (N) is 

reversibly transformed to a quasi-native state (Dgly) due to tertiary structure unfolding at high 

glycerol (N⇌Dgly). 
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3.3.4. Self diffusion and hydrodynamic properties of the proteins 

The changes in tertiary structure ‒ compaction for lysozyme but unfolding for cytochrome c, 

should be reflected in hydrodynamic properties of the proteins in the presence of glycerol. To see 

this, we measured the translational diffusion coefficient, Ds, for both proteins in water-glycerol 

solutions by PFG NMR.
50

 The attenuation of resonance amplitudes as a function of pulsed field 

gradient strength (Figure 3.7) yields Ds according to 

𝐼(𝑔) = 𝐼0exp [−(𝛾𝛿𝑔)2 (Δ −
𝛿

3
) 𝐷S]             (3) 

in which =26.75210
7
 rad T

1
 s
1

 is the gyromagnetic ratio of 
1
H,  (=6.310

3
 s) is the duration 

of the PFG, g is the gradient strength, and  (=0.3 s) is the time delay between the PFG pulses. 

Values of  and  given here are those used in our experiments.  
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Figure 3.7. (a) Aliphatic region of PFG-NMR spectra of cytochrome c in 20% glycerol. (b) Glycerol 

resonances in the same set of spectra. (c) Signal attenuation is preceded by a build-up at the lower 

end of the field gradient, so as to produce a skewed Gaussian. The actual attenuating data are fitted 

to Equation 3. This illustration is done using data for cytochrome c in aqueous solution.  

 

Figure 3.8 shows the variations of Ds for lysozyme and cytochrome c in water-protein-glycerol 

system where the glycerol content varies between 0 and 45% (w/v). In both protein solutions the 

Ds of glycerol decreases, although the values and the extent of decrease are not comparable due 

to the pH difference of the solutions. However, the measured value of Ds varies from 
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2
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 for cytochrome c, suggesting molecular expansion of the later. This is 

more clearly seen when the Ds for proteins are converted to hydrodynamic radii (see below). 

Considering the general response of protein tertiary structures in waterglycerol mixture 

we expected cytochrome c also to undergo compaction. The expansion is most likely due to 

direct binding of glycerol to the heme, in which case not only the heme pocket structure but also 

the entire tertiary structure will be perturbed. This notion follows from the observation that the 

heme undergoes reduction in waterglycerol (Figure 3.6), and conforms to an earlier hint that 

alcohols directly associate with the ferric heme iron of cytochrome c.
51

 In spite of the observed 

expansion of the tertiary fold we feel that certain regions of the protein become more compact 

locally as was also found in an earlier study of slower flip rate of aromatic rings of cytochrome c 

in waterglycerol.
52 

 

Figure 3.8. NMR-measured self-diffusion 

coefficients of the proteins (red symbols) in 

glycerol. Symbols in black show diffusion of 

glycerol in the respective protein solutions. 
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3.3.5. The free energy of structural changes, and the effective number of displaced water 

The results above have shown that glycerol drives the proteins to non-native states by the 

Nw⇌Dgly transition where Dgly-state is rich by -helix content. But the tertiary structure in the 

Dgly-state is either more compact as for lysozyme or unfolded in the case of cytochrome c. To 

calculate the free energy of these transitions we carry out an analysis based on the theoretical 

form of the ligand binding polynomial
53

 in conjunction with Wyman’s linked function.
54

 

Because glycerol is thought to interact with surface side chains of proteins by hydrogen 

bonding
22

 rather than weak physical interactions, we assume a Langmuir-type of selective 

binding to independent sites. Using subscripts 1, 2, and 3 to label water, protein, and glycerol 

components, respectively, the chemical potential of the protein in the presence of glycerol is 

written as 

𝜇2 = 𝜇2
o + 𝑅𝑇 ln 𝑚2 + 𝑅𝑇𝛽2                      (4) 

in which 𝜇2
o , m2, and 2 are standard-state chemical potential, molal concentration, and the 

excess free energy of the protein due to glycerol binding. The quantity 2, which is often 

approximated to the coefficient of thermodynamic binding 23 for the protein‒ligand 

interaction, is given by
55,56 


2

≡ Γ23 ≅ (
𝜕𝑚3

𝜕𝑚2
)

𝑇,𝑃,𝜇3

. 

Because the change in the free energy of the protein due to binding of the ligand at two different 

concentrations is the change in the perturbation of the chemical potential of the protein, 

∆𝐺 = 𝜇2
D − 𝜇2

N = 𝑅𝑇(Γ23
D  − Γ23

N ) = 𝑅𝑇∆Γ
23

,  

where 𝜇2
D  and 𝜇2

N  are chemical potentials of the protein in the glycerol-bound state and the 

native state in the absence of glycerol. The corresponding thermodynamic binding coefficients 

are Γ23
D  and Γ23

N . When information about 23 is not available it is estimated from the Wyman 

linkage equation,
54

 which expressed in terms of glycerol activity is  
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𝑅𝑇 (
𝜕 ln 𝐾

𝜕 ln 𝑎3
)

𝑚2

= 𝑅𝑇∆Γ23 = ∆𝐺,                     (5) 

where K is the equilibrium constant for the Nw⇌Dgly reaction, and a3 is the activity of glycerol. 

It is noted that glycerol solution is highly non-ideal, and a large change in the activity 

coefficient of glycerol takes place over a small change in its % content in the aqueous solution. 

Therefore, the molar or mole fraction-based scale is inappropriate. 

To calculate G by the use of equation 5 we extracted the values of K across the 

Nw⇌Dgly transition from the normalized transition curves. The slope of ln K vs ln aglycerol times 

RT yields G. If the change in the protein effect is assumed to be linear with the natural 

logarithm of activity of glycerol then the measured G matches GD,gly, the free energy of the 

quasi-native transition in glycerol. Figure 3.9  illustrates the analysis for the lysozyme Nw⇌Dgly 

transition probed by secondary and tertiary structures. The GD,gly values obtained for both 

lysozyme and cytochrome c (Figure 3.10) are listed in Table 1. 

 

Figure 3.9. Linearity of natural logarithms of the equilibrium constant for the Nw⇌Dgly quasi-

native transition of lysozyme with the natural logarithm of glycerol activity, probed by far-UV 

CD (a,b) and fluorescence (c,d). The free energy values are listed in Table 1. 
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Figure 3.10. Natural logarithms of the equilibrium constant for the Nw⇌Dgly  denaturation 

transition of cytochrome c with the natural logarithm of glycerol activity, probed by far- (a,b) and 

near- (c,d) UV CD. The free energy values are listed in Table 1 of the main text. 

The above analysis carried out using the natural logarithm of activity of water (ln a1), yields the 

difference in the effective number of preferentially bound water molecules to the native and 

glycerol-bound non-native states
56 

(
𝜕 ln 𝐾

𝜕 ln 𝑎1
) = (

𝜕 ln 𝑚1

𝜕 ln 𝑚2
)

𝑇,𝑃,𝜇1

D

− (
𝜕 ln 𝑚1

𝜕 ln 𝑚2
)

𝑇,𝑃,𝜇1

N

= Δ𝜉1,      (6) 

where 1 is the difference between the preferential binding of water and glycerol to the native 

and non-native states, m1 and m2 represent molal concentration of water and protein, 

respectively, and 1 is the chemical potential of water in the water-protein-glycerol system. 

Figure 3.11, where the activity of water (a1) is explicitly written as aH2O, shows the analysis 

using data for lysozyme. Values of 1 for both lysozyme and cytochrome c (Figure 3.12) are 

given in Table 1. 
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Figure 3.11.  The logarithm of equilibrium constants for the Nw⇌Dgly transition of lysozyme 

with logarithm of water activity, probed by far-UV CD (a,b) and fluorescence (c,d). Values of 

the slope, 1, which represents the change in the effective number of water molecules across 

the Nw⇌Dgly reaction, are listed in Table 1. 
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Figure 3.12. The change in the effective number of water molecules across the Nw⇌Dgly reaction 

for cytochrome c transition is obtained from the slope of straight lines (1) in panels b and d. The 

values are listed in Table 1. 

 

Table 1. Quasi-native transition free energy 𝛥𝐺𝑔𝑙𝑦 and the difference of preferential binding of 

water to native and Quasi-native states (𝛥𝜉1). 

 

Protein pH Charge 𝜟𝑮𝒈𝒍𝒚(Kcal mole
-1

) (𝜟𝝃𝟏) 

Secondary 

structure 

Tertiary 

structure 

Secondary 

structure 

Tertiary 

Structure 

Lysozyme 3.8 +16.4 2.11 (±0.3) 1.70 (±0.2)
* 

39.1 (±4) 32.8 (±2)
* 

Cytochrome c 7.0 +9.6 1.96 (±0.3) 2.50 (±0.4)
# 

30.4 (±8) 55.5 (±8)
# 

 

*
From fluorescence at 337 nm    

#
From near-UV CD 

Perusal of the numbers in Table 1 tells that the quasi-native transition free energy in glycerol is 

modest and roughly matches the folding free energy of structural intermediates commonly 

observed in guanidinium unfolding of proteins. The GD,gly values for the Nw⇌Dgly transition in 

glycerol should not be large, because it is not an unfolding transition.  The magnitude of 1 

reflects the change in the effective number of water molecules in the hydration layer nearest to 

the protein surface due to interaction of glycerol with surface side chains. The 1 values noted 

in Table 1 are also modest compared to at least a hundred water molecules involved in the 

hydration change in protein unfolding, consistent with the results that glycerol interaction does 

not lead to chain unfolding.  
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3.3.6. Kinetics of tertiary structural changes in cytochrome c 

To find out the timescale for conformational changes across the Nw⇌Dgly equilibrium in water-

glycerol system we carried out stopped-flow fluorescence measurements. The initial 

waterprotein (NW) or waterproteinglycerol (Dgly) solution was diluted eight-fold into 

waterglycerol mixture of variable glycerol content. The kinetics entail a single observable 

phase irrespective of jumps from lower to higher or reverse glycerol content, although the 

inclusion of a delayed phase (~15-fold slower) improves the fits (Figure 3.13a,e). To note are 

two interesting observations. One, ~95% of the expected signal is lost in the 1.8 ms dead-time 

of measurement (Figure 3.8b,f), implying the presence of one or more submillisecond phases. 

Two, in DglyNw jumps, the product of the submillisecond kinetics is a contracted protein 

which then expands in the observable window (Figure 3.13a,b). This inference is based on the 

fact that expansion of the cytochrome c chain increases the hemeW59 distance causing 

increased fluorescence of the tryptophan.
57

  

In NwDgly jumps the events are reversed  the native compact state undergoes submillisecond 

expansion which then contracts in milliseconds (Figure 3.13e,f). With the zero-time signal (S0) 

determined by extrapolating the traces to time t=0 we obtained the unobservable fluorescence 

change corresponding to burst phase kinetics (Figure 3.13c,g). The observable amplitude is 

<5% across the glycerol scale. The macroscopic rate constants, obs, appear to show a transition 

with a midpoint of ~15% glycerol (Figure 3.13d,h), which is clearer in the experiment in which 

the waterprotein solution was mixed with increasing glycerol-containing buffer where the 

faster observable phase increases by at least two orders of magnitude (Figure 3.13h). The 

observations together with the burst phase kinetics leads to the following minimal kinetic 

mechanism (Scheme 1)  

 

Scheme 1 

Nw Dgly

E

ID

C

IN
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in which E and C are expanded and contracted burst products, and ID and IN are non-native and 

native-like intermediates, respectively.  
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Figure 3.13. Fluorescence-monitored kinetics of conformational changes in cytochrome c upon 

transfer from water to waterglycerol and the reverse. (a) Two observed exponential phases of a 

trace (1 and 2, 39.11 and 5.04 s
1

, respectively) following a jump from 64% initial to 26% 

final glycerol. (b) Sample of traces shown relative to the signal for the initial protein solution in 

64% glycerol. At higher glycerol (>35%) the traces fit to a single exponential. (c) Signal 

amplitudes: zero-time fluorescence, S0 (yellow triangle), baseline fluorescence of traces, S∞ 

(green inverted triangle), and amplitudes corresponding to the observable phases 1 and 2 

(black and red circles, respectively). The arrows indicate glycerol dependence of the 

unobservable phase. (d) The observable phases 1 and 2. Panels ef show corresponding data 

for transfer of the protein from water (0% glycerol) to varying waterglycerol mixture. The 

description of symbol types and coloration are same as for panels c and d. 

 

3.4. Discussion 

3.4.1. Large-scale changes in protein structure in waterglycerol 

The increase in secondary structure content of both lysozyme and cytochrome c starts to occur 

in as low as 25% glycerol and tends to saturate at ~60% glycerol. We believe additional 

secondary structure is a general property of proteins in water-glycerol medium. The details of 

the mechanism by which cosolvents enhance the secondary structural propensity of proteins are 

not certain. Many factors may contribute; the binding of the cosolvent may produce specific 

interactions between both polar and apolar side chains within the protein, and nonspecific 

interactions between charged side chains and helix dipoles.
58,59

  Earlier lattice simulation studies 

have predicted that molecular compactness can drive the propensity of both helices and 

sheets.
60,61

 This suggestion appears applicable at least for glycerol, which drives protein 

structures to more compact states.
22,52

 But the finding that cytochrome c which expands in the 

presence of glycerol and yet rich in -helix leads us to reason that it is not only the global 

compactness, but locally compact segments can also increase the helix propensity. 
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Regarding tertiary structural changes in waterglycerol we find two contrasting 

responses of the tertiary structure to waterglycerol. The changes, which begin to occur in as 

low as 2% glycerol and are completed in ~70% of the cosolvent, lead to molecular compaction 

of lysozyme, but expansion of cytochrome c. These changes are also reflected in the variation of 

their self diffusion coefficients, Ds (Figure 3.8). The observations sharply contradict the limited 

qualitative data of earlier studies of glycerol effect on lysozyme
41

 and cytochrome c
62

 whose 

tertiary structures were reported to change negligibly. We believe protein tertiary structures in 

general are strongly affected in waterglycerol mixture. 

    The different modes of structure development for lysozyme and cytochrome c in 

glycerol should arise from differences in their native state structures and the initial pH 

conditions employed. Native lysozyme is rich in both - and -structure contents and has four 

disulfide bonds which are stable at pH 3.8. But cytochrome c has no disulfides, and the 

secondary structure consists of four helices and three rudimentary -turns. The development of 

additional -structure for lysozyme but -helix for cytochrome c in their quasi-native states 

may arise from the characteristic initial native-state secondary structures. Regarding the change 

in tertiary conformation with glycerol, the compaction of lysozyme may be due to constraints 

imposed by the disulfide bonds, the absence of which along with possible dissociation of the 

Fe
2+
M80 bond in glycerol render large expansion of the cytochrome c chain (Figure 3.14). 

 

Figure 3.14. Coarse depiction of changes in structure and dimension of lysozyme, pH 3.8 (top), 

and cytochrome c, pH 7 (bottom). Disulfides of lysozyme are not shown. The heme is in red. 
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3.4.2. Ultrafast tertiary structure collapse and temporal intermediates in cytochrome c 

About 95% of glycerol-induced tertiary structural changes in cytochrome c is completed in the 

submillisecond bin, and we call this regime ultrafast because conformational changes are 

limited by the diffusion of chain segments. When the Nw-state is taken to high glycerol the 

chain expands largely in the microsecond regime and then contracts marginally in milliseconds 

to produce the Dgly-state via a structural intermediate. These events are reversed when Dgly is 

driven to fold to Nw (Scheme 1). Submillisecond chain contraction and expansion coupled with 

transient contact formation between Fe
2+

 and the M80 ligand are known for the folding-

unfolding of ferrocytochrome c.
63,64

 But what is hard to know is the nature of this collapsed or 

expanded product, whether a specific barrier-limited structural intermediate or a nonspecific 

species produced by random collapse in response to the changing solvent condition. Since water 

is preferentially included, or equivalently, glycerol is preferentially excluded from the protein 

surface, it is very likely that the submillisecond species forms due to changes in Fe
2+
M80 

ligation and protein chainsolvent interactions, and is therefore a nonspecific species unlike a 

true structural intermediate.  Therefore, the collapsed species forms very likely due to ultrafast 

preferential hydration coupled to relieving the chain from interaction with glycerol. Yet the 

content of native-like tertiary structure in the contracted product cannot be dismissed, because 

nonspecific collapse often comprises more than one event which we do not resolve here. If the 

preferential hydration is the earliest event, the later event(s) may represent local structure 

formation and reorganization of the native-state topology.
65 

We associate the millisecond kinetics with secondary structure reorganization and 

structure consolidation which give rise to excess -helices in the NwDgly process but restores 

the helicity to the initial normal level in the DglyNw transition. The modes of secondary 

structure consolidation are expected to be slow for proteins the size of cytochrome c. The fact 

that millisecond kinetics entails two phases implies accumulation of a temporal intermediate 

whose structure remains to be studied. 
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3.4.3. Quasi-native states of proteins in glycerol 

The resolution of structural changes listed above is good enough to state that glycerol binding 

brings about completely reversible (Nw⇌Dgly) major structural changes in the native state. But 

what do we call the structurally altered Dgly states? The glycerol-bound state is not unfolded, 

because the unfolded state is distinguished by a highly expanded and solvent exposed state that 

has little residual structure as obtained under strongly denaturing conditions. Is the glycerol-

bound state denatured because the structural changes are major and reversible (Nw⇌Dgly), and 

distinct from the initial native structure? These characteristic changes may appear to fit into the 

operational definition of denaturation due to Tanford.
66

 But the problem lies in deciding what 

the original native structure is. The structures in glycerol cannot be compared to those of the 

proteins in dilute buffer solutions at fixed pH. Little is known of protein structures in extremely 

crowded conditions of the cell interior with very high concentration of macromolecules, but if 

any conditions are considered to be “native” it would be these. So, the glycerol-induced 

structural changes cannot really be compared to those of native proteins in dilute buffer 

solutions. But agreeing with Tanford,
66

 we recognize that proteins remain active while 

undergoing tolerable structural changes in response to changes in environment. The states 

associated with such structural changes are “quasi-native states”. In fact, the examples Tanford 

used to describe these states, cation- and pH-induced conformation changes, for example, are 

closely analogous to the glycerol-induced changes described here. The quasi-native states of 

enzymes in glycerol, for example, are functionally active.
67

 However, based on the observations 

presented here it would appear that glycerol-induced quasi-native states are generally rich in -

helices. 

3.4.4. Factors that perturb protein structure in waterglycerol mixture 

Unlike urea and guanidine hydrochloride that unfold proteins by interacting with both side-

chain and backbone atoms by polyfunctional interactions,
68

 osmolytes are thought to spare the 

backbone atoms.
69

 Glycerol, for example, establishes electrostatic and hydrophobic interactions 

with limited surface groups
22

 to perturb protein structure, but not to the extent of unfolding. 

Osmolytes are also found to affect the protein structure indirectly by altering the density, order, 
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and hydrogen bonding of water
30,69,70

 both on the protein surface and in the bulk. The outcome 

is a reduction in protein flexibility.
26 

We wish to mention the effect of static dielectric constant of water-glycerol mixture that 

has attracted less attention. It is a basic tenet of protein structure that side chain charges are 

generally located on the surface where they can be solvated favorably. Surface disposition of 

charges is preferred because their burial in the low-dielectric protein interior is energetically 

expensive simply because charge storage capacity is low there. In regard to the 

waterproteinglycerol (or polyol) system the surface charges are sandwiched by two low 

dielectric media. The static dielectric constant () of the waterglycerol medium (~40% w/v 

glycerol) near 25ºC is ~65
71

 and that of the protein interior is ~7,
72

 which suggests that surface 

charges should not be internalized. But the Coulombic repulsion involving unscreened surface 

charges becomes stronger in the waterglycerol medium relative to pure water whose dielectric 

constant is 80. In the experiments here, the net positive charges on lysozyme and cytochrome c 

calculated by Protein Calculator v3.4 (protcalc.sourceforge.net) are +16 and +9.6, respectively, 

which make the protein surfaces highly positively charged. Increased repulsion between 

positively charged regions, and hence the increase in electrostatic free energy in waterglycerol 

should destabilize the structure. 

3.4.5. The free energy of transfer of proteins from water to glycerol 

The reversibility of the native ⇌ quasi-native transition ( Nw⇌Dgly ) allows for a detailed 

thermodynamic treatment of the process. We find that the free energy for the Nw⇌Dgly process, 

GN,gly, measured by both secondary and tertiary structure probes of lysozyme and cytochrome 

c is ~2(±0.5) kcal mol
1

 (Table 1). This is the increase in the free energy of the glycerol-induced 

quasi-native state (GD,gly) relative to that of the native state in water (GN,w). 

The condition GD,gly > GN,w prevails because of a rise in the chemical potential of the 

protein due to glycerol binding when the protein is transferred from the aqueous to 

waterglycerol milieu. Thus GN,gly ~ GN,tr, where GN,tr is the free energy of transfer of the 

native protein from water to glycerol. The free energy of transfer for the unfolded state from 

water to glycerol (GU,tr) is not known, and we use the free energies of unfolding in water 
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(Gw) and glycerol (Ggly) to estimate GU,tr for cytochrome c (Figure 3.15). From 

guanidinium chloride denaturation of cytochrome c we set Gw~9 and Ggly~10 kcal mol
1

 

(40% glycerol) to obtain GU,tr~3 kcal mol
1

, suggesting that unfolding of the protein structure 

has no major effect on the transfer free energy. This evidence is inconsistent with the 

longstanding belief that the Gibbs energy effect of osmolytes on unfolded proteins relative to 

that for native proteins is very large.
73

 The fact that GN,tr~GU,tr, for cytochrome c at least, 

suggests that unfolded proteins preferentially exclude glycerol only to a little larger extent than 

do native states. 

 

Figure 3.15. Thermodynamic box showing the free energy changes for reactions involving the 

states Nw, Uw, Dgly, and Ugly at 25ºC, 40% glycerol. 

 

3.4.6. Estimation of glycerol binding energy  

In protein-glycerol binding the involvement of both hydrophobic and electrostatic interactions 

have been implicated.
22,74

 If we assume binding of several glycerol molecules to independent 

but nearly identical sites on the protein surface an effective binding constant KB can be 

estimated by using the self-diffusion data through
75 

𝑅H~𝑅H
0 (1 + 𝑟𝑎→𝑎0

𝐾B𝑎

1+𝐾B𝑎
),               (7) 

where RH is hydrodynamic radius of the protein, 𝑅H
0 is the RH value in the absence of glycerol, a 

is activity of glycerol, and r
a1

 is the relative change in RH as the activity of glycerol 

approaches unity. Values of RH were approximated from self-diffusion coefficients of lysozyme 

Nw

Dgly

Uw

Ugly

Gw

(~9)

GU,tr

(~3)

GN,tr

(~2 kcal mol1 )

Ggly

(~10)
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and cytochrome c in waterglycerol mixtures (Figure 3.8) by the Stokes-Einstein relation, and 

the dependence of RH on the activity of glycerol was fitted to equation 7 (Figure 3.16). The fits 

give KB~16.4 and 2.1 M
1

 for lysozyme and cytochrome c, respectively, and the binding energy 

(RT ln KB) for glycerol-protein interaction thus is ~1(±0.6) kcal mol
1

. The binding energy 

approximated by this overly simplified approach is based on the analysis of binding isotherms, 

which is different from the preferential binding expressed as the number of moles of glycerol 

bound per mole of protein.
15,16

 The glycerol binding energy of ~1 kcal mol
1

 is roughly two-fold 

higher than the energy of methanol binding to proteins.
75 

 

Figure 3.16. The functional dependence of Rh of lysozyme () and cytochrome c () on 

glycerol activity according to equation 7. The effective binding constants (KB) for the binding of 

glycerol to lysozyme and cytochrome c are 16.4 and 2.1 M
1

, respectively. 

3.4.7. Redistribution of water molecules in glycerol-bound protein 

A key concept in glycerol stabilization of proteins is preferential hydration or preferential 

inclusion of water molecules at the cost of preferential exclusion of glycerol from the protein 

surface. Preferential exclusion means deficiency of glycerol on the protein surface relative to its 

concentration in the bulk solvent. By corollary, water is preferentially included on the protein 

surface, which should increase the density of water that is already denser by ~15% than the bulk 

water.
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There has been confusion in the past concerning the interpretation of results obtained by 

using the Wyman relation (equation 6), whether the slope 1 truly reflects the change in the 

water of hydration during a reaction.
56,77,78

 The equilibrium constant KB for protein-glycerol 

interaction which leads to the native ⇌ quasi-native reaction ( Nw⇌Dgly ) is essentially an 

exchange equilibrium constant KB=Kex=Kgly/KW, where Kgly and Kw are hypothetical equilibrium 

constants for the binding of glycerol and water, respectively, to vacant sites.
79

 The mutual 

inclusiveness of the two events leads to a redistribution of both glycerol and water on the 

protein surface, and this redistribution difference between the two states of the Nw⇌Dgly 

equilibrium is obtained from equation 6. Because the number of glycerol molecules on the 

protein surface is far lower than the number of water molecules anywhere along the course of 

the reaction, we can neglect the redistribution of glycerol on the protein surface and retain the 

number of water molecules alone. Hence, 1 in equation 6 represents the change in the 

effective number of water molecules across the Nw⇌Dgly reaction. 

What about myoglobin in water-glycerol? Of special interest is myoglobin whose dynamics 

and ligand binding properties in water-glycerol mixture have been reported vastly, and is still 

being studied to uncover the principles of protein motions and energy landscape. Recently, 

Hirai et al
70

 used wide-angle x-ray and small-angle neutron scattering to study glycerol-induced 

solvation and thermal stability of myoglobin with reference to its structure content. Both 

cytochrome c and myoglobin are heme proteins, but the native state of the latter already has 

eight helices. The results of Hirai et al appear to indicate higher -helical content in the 

presence of glycerol, consistent with the finding with cytochrome c here. The authors also 

implicate glycerol stabilization of tertiary structure of myoglobin in contrast with the expansion 

of cytochrome c reported here. Myoglobin should be studied with probes specific to the heme, 

and secondary and tertiary structures for a better understanding of glycerol effect. But it is our 

conviction that the heme iron of myoglobin will also be reduced by low concentration of 

glycerol to produce deoxymyoglobin, whose structure and conformation will be altered at high 

glycerol.     
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3.5. Conclusion and prospect 

Glycerol elicits considerable conformational changes in proteins contrary to earlier belief. The 

protein is reversibly transformed to a quasi-native state of higher -helical content, and the 

quasi-native state can be more compact or expanded than the native state in a protein specific 

manner. The conformational changes are ultrafast leaving only about 5% observable in the 

millisecond time bin. These observations have direct relevance to the use of glycerol as a 

cryoprotectant in storage and a medium of higher bulk viscosity for studies of protein reactions. 

In both applications the resultant protein conformation is extensively different from the native 

conformation. In both applications the resultant protein conformation is extensively different 

from the native conformation. Consequently, reactions rates,
67

 ligand binding and relaxation 

properties,
2-9,80

 and physical and chemical characteristics of proteins, myoglobin in particular, 

studied in glycerol are those of quasi-native states rather than the native state. 
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CHAPTER 4 

Glycerol-slaved volume fluctuation and NMR cross-relaxations in 

lysozyme 

 

Abstract 

Adiabatic compressibility, volume fluctuation, and 
1
H

1
H nuclear cross-relaxation in lysozyme 

have been measured in variable glycerol viscosity to study self-diffusion, isotropic rigid-body 

rotational tumbling, and intramolecular motion at 298 K, pH 3.8. Compressibility and volume 

fluctuation as well as dynamics of lateral and rotational diffusions, and intramolecular cross-

relaxation rates all show fractional viscosity dependence with a power law exponent  in the 

0.10.81 range. The diffusion coefficient D of glycerol itself is non-Stokesian with friction, 

having a fractional viscosity dependence on the medium viscosity (D
,  0.61). The 

concurrence and close similarity of the fractional viscosity dependence of glycerol diffusion on 

the one hand, and diffusion and intramolecular cross-relaxation rates of the protein on the other 

logically leads to infer that solvent relaxations and protein processes are coupled. The coupling 

leads to slaving of at least some of the protein motions by Debye relaxation of glycerol. The 

coupling also explains why an overwhelmingly large body of rate vs glycerol viscosity data 

shows overdamped Kramers behavior.   

 

4.1. Introduction 

The structural dynamics involving lateral self-diffusion and isotropic rotational tumbling of 

proteins in continuous interaction with the solvent can be described and quantified by the well-

known principles of Brownian theory and energy dissipation. These overall diffusion motions 

can be measured by several methods, including dynamic light scattering, hydrodynamics, field-

gradient NMR, and spin relaxation. But the area of internal dynamics is hazy, because several 



74 
 

hundreds of atoms in the congress can move individually or in groups of different sizes in 

10
7
10

13
 Hz range of frequencies with distance amplitudes covering from 0.4 to several 

angstroms. Time-averaged isotropic atomic displacements can be quantified by determining the 

Debye-Waller factor (𝐵 = 8𝜋2〈𝑥2〉, where 〈𝑥2〉 is mean square displacement, MSD) encoded in 

the X-ray scattering from each atom,
1
 but efforts are needed to measure collective motions where 

atom groups of variable size move in unison, each group having its own frequency and 

amplitude. For example, collective flipping of all hydrogens in an aromatic ring rotation or the 

rotation of a methyl group can be measured.
26

 Collective motions involving atoms in sub-global 

dynamics and helical dynamics have also been observed by pump-probe laser spectroscopy and 

X-ray scattering in sub nanosecond regimes.
712

 

Some of the collective modes of motion, each of which can recruit a group of both bonded and 

non-bonded atoms are generally preserved, and they are thought to be functionally important.
13

 

The other much larger group of collective motion is represented by the normal modes of 

vibrations of bonded atoms. A protein the size of lysozyme with 1950 atoms
14

  has ~5844 

vibrational modes, of which only a few, perhaps one or two, low-frequency (~1 cm
1

 ~310
10

 

Hz) modes represent in-phase fluctuation of nearly all atoms in the molecule so as to produce 

small volume fluctuation necessary for maintenance of the native state.
15

 Modes with higher 

vibrational frequency are increasingly excited as the protein is increasingly denatured, producing 

larger volume fluctuations.
15

 All normal modes are thus not necessary, nor excited, for structure 

and stability of the native protein.
 
 

The above is only a précis with fewer citations from the vast area of protein dynamics that offers 

a myriad of questions and concerns to be addressed. Thermodynamics requires that the protein 

be hydrated, but how does the water of hydration control protein motions? For that matter, how 

do bulk solvent relaxations take control of local and collective motions in the protein interior? 

How effectively the internal fluctuations dissipate energy? What mechanism can explain the non-

Stokesian performance of protein motions, self-diffusion, and rotational tumbling correlation in 

particular? Clearly, answers to such queries are sought not only as a part of academic pursuit, but 

also to prescribe conditions for stability and optimal functioning of proteins and enzymes.
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To this end, we carried out a series of experiments to measure sound velocity in lysozyme and 

1
H

1
H nuclear cross-relaxation rates by 2D-NOESY, both in glycerol-containing aqueous 

solvent. The sound velocity measurements provide values of the thermodynamic properties 

adiabatic compressibility and volume fluctuation, and the cross-relaxation rates provide 

information of intramolecular dynamics. The rationale of employing the water-glycerol mixture 

was to generate macroscopic viscosity so as to increase the protein tumbling correlation time, 

which displaces the time window for the observation of internal dynamics. The varying solvent 

viscosity also provides an opportunity to reexamine the extent to which solvent friction damps 

the motions, i.e., a reevaluation of Kramers stipulate.
16

 The use of glycerol as a viscogen in our 

experiments was also prompted by the relatively recent idea that Debye relaxations of glycerol 

can dictate motions and folding of proteins.
1719

 Clearly, many unknowns about how glycerol 

affects the thermodynamic stability, folding, fluctuations, and internal friction of proteins need to 

be explored. 

 

4.2. Experimental section 

Samples of 3 mM Lysozyme in D2O were made in different concentrations of glycerol ranging 

from 0 to 40% (w/v). The pH of all samples was held at 3.8 by the use of minimal volume of 

HCl. Homonuclear 
1
H transient 2D NOE spectra of each sample was recorded at 298 K with 

mixing times 0.05, 0.09, 0.125, 0.150, 0.180, 0.210, 0.250, 0.300, 0.400 and 0.550 ms in a 500 

MHz Bruker spectrometer. The spectra were processed and analyzed using Topspin. Further 

analyses were carried out with graphing softwares and codes written for the purpose. Solution 

density and velocity of sound wave (4.8 MHz) were measured on aqueous samples of 15 μM 

lysozyme prepared in different concentrations of glycerol ranging from (0 to 50% w/v). The pH 

of all solutions was 3.8, and the measurements were carried out at 298 K using a vibrating tube 

densitometer (DSA-5000M, Anton paar). 
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4.3. Results and Discussion 

4.3.1. Compressibility of lysozyme in water-glycerol mixture  

Since internal dynamics of macromolecules can be described to an extent by measuring bulk 

quantities such as hydrodynamics, compressibility, packing density, and elasticity coefficient of 

compression by pressure or viscosity, we first looked at the compressibility of lysozyme in the 

water-protein-glycerol system with the expectation that preferential exclusion of glycerol from 

the protein surface and hence its hydration will force it to adopt a more compact and ordered 

state. Sound velocity measurements on lysozyme samples in variable glycerol were carried out 

using a vibrating tube density meter at 293 K. The adiabatic compressibility of the solution and 

the solvent, 𝛽s and 𝛽o, respectively, are calculated from sound velocity (u) and density () by the 

Laplace formula 𝛽 = 1/𝜌𝑢2, and the adiabatic compressibility coefficient of the protein, 𝛽p, is 

obtained from the difference of 𝛽s  and 𝛽o . The 𝛽p  values are finally corrected for the 

compressibility of the protein-hydrating water (1810−12cm2 dyne−1), which is nearly equal to 

the compressibility of ice.
20,21

 As the details of the procedure and assumptions adopted for these 

calculations are found in several earlier studies on protein compressibility,
4,2125

 we avoid 

reproducing them here. The calculated values of 𝛽s, 𝛽o, and 𝛽p in the 050% (w/v) range of 

glycerol are shown in Figure 4.1, where the difference of 𝛽s  and 𝛽o  dispenses with the 

compressional relaxation time of liquid glycerol and the mutually inclusive effect on the water 

structure, yielding adiabatic compressibility of the protein 𝛽p alone. 

The compressibility of lysozyme across the 050% range of glycerol decreases by ~1.3-fold 

(Figure 4.1c), suggesting a constraining effect of glycerol on the amplitudes of atom density 

fluctuations in the protein interior. The compressibility with glycerol presumably follows a 

power law dependence 

𝛽p =
𝑐

𝜂𝜅           (1) 

with  being the solvent viscosity given in centipoise here. The value of the power law exponent 

(0.15) obtained from the fit (Figure 4.1c) indicates fractional solvent viscosity dependence of 

𝛽p. It is predominantly the effect of the bulk macroscopic viscosity which acts to diminish the 
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amplitudes of both large-scale conformational motions and individual vibrational fluctuation of 

atoms and their collective motions in the protein interior. Since collective motions involve large-

amplitude fluctuations of a group of atoms in unison,
26

 the bulk viscosity not only reduces the 

fluctuation amplitudes but also degrades the normal modes of vibrations causing the associated 

frequency spectrum to shift.
15

 

 

Figure 4.1. Adiabatic compressibility of water-

protein-glycerol solution, s (a), water-glycerol 

solvent mixture, o (b), and the hydrated protein, p 

(c) with glycerol viscosity at 298 K, pH 3.8. Note: 

cm
2
dyne

1
=1 Pa

1
. 

 

 

 

 

 

 

 

 

 

4.3.2. Root mean square volume fluctuation.  

One of the utilities of adiabatic compressibility is to determine the volume fluctuation of a 

protein molecule by the rigorous thermodynamic relation
21,25,27

 

〈𝛿𝑉2〉 = 𝑘B𝑇𝑉M𝛽T          (2)   
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in which 〈𝛿𝑉2〉 is mean square volume fluctuation and 𝛽T is isothermal bulk compressibility, 

which can be substituted with 𝛽p when the volume coefficient of thermal expansion is far smaller 

than the heat capacity of the protein. This being the case in general,
21

 we take 𝛽T ≈ 𝛽p in the 

relation above. The quantity 𝑉M, the intrinsic volume of a protein molecule is obtained from the 

sum of van der Waals volume of all protein atoms and the intramolecular void volumes; we find 

𝑉M ~1.810
20

 cm
3
 for lysozyme by an approximate evaluation. The root mean square volume 

fluctuation (𝛿𝑉RMS = √〈𝛿𝑉2〉) of lysozyme decreases from 39.79 to 35.37 cc mol
1

 when the 

glycerol content in the protein solution increases from 0 to 50% (Figure 4.2). This decrease also 

has a power law dependence on the solvent viscosity, 𝜅 = 0.1. A caveat in the determination of 

𝛿𝑉RMS under variable solvent properties arises from the use of the same numerical value of the 

intrinsic volume of the protein molecule under all solvent conditions. If intramolecular void 

spaces in the protein change with the solvent glycerol, the value of 𝑉M is also expected to change 

to an extent; we assume that 𝑉M will change only marginally. The 1.13-fold change in 𝛿𝑉RMS 

observed here may appear only as a minor decrease in the volume of the protein in 50% glycerol; 

the hydrodynamic radius, however, decreases from ~22 to 15 Å.
28

 Since 𝛿𝑉RMS arises from the 

sum of all small-amplitude rapid internal fluctuations of varying frequencies, the decreasing 

𝛿𝑉RMS with glycerol indicates reduced amplitude of all such motions to bring about constraints in 

the internal dynamics. It is noted that glycerol does not penetrate into the protein interior, but 

exerts its effect by its exclusion from the protein surface, leading to preferential hydration of the 

protein.
2931

 

 

Figure 4.2. Glycerol viscosity 

dependence of root-mean-square 

volume fluctuation of lysozyme, 298 

K, pH 3.8. 
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4.3.3. 
1
H cross-relaxation rates in lysozyme in water-glycerol mixture  

A convenient approach to analyze the glycerol-induced restrictions of internal motions is the 

measurement of nuclear cross-relaxations in water-glycerol solvent. The rationale is based on the 

fact that intramolecular motions significantly influence nuclear cross-relaxation rates.
32,33

 For 

each level of glycerol in the lysozyme solution, transient NOESY spectra were obtained with 

different mixing times (m) set in the 50550 ms range. The 
1
H

N
-
1
H

 region of a set of spectra 

obtained in 10% glycerol (Figure 4.3) shows increasing cross peak intensity with m as NOE 

builds up, but decreases at longer m due to auto-relaxation of the spins. Since the rotational 

tumbling time (or correlation time, c) for the size of lysozyme dissolved in the viscous medium 

is sufficiently long, the slow-motion or spin diffusion limit (c𝜔o ≫ 1, where 𝜔o=5 × 108 Hz 

for the present) of time scale is assured. Accordingly, one expects the cross-peaks to be strong 

and positive as seen in the spectra. 

Figure 4.3. The 
1
H

N
-
1
H

 region of 

NOESY spectra of 1 mM lysozyme in 

10% (w/v) glycerol, 298 K, pH 3.8 

using the indicated mixing times. 

 

 

To obtain the cross relaxation rate 𝜎𝑘𝑙 

we use the initial rate approximation 

𝐼𝑘𝑙≈𝜎𝑘𝑙m
   (3) 

where 𝐼𝑘𝑙 is the relative intensity of the 

cross peak arising from spins k and l 

with shorter mixing times m . The 𝐼𝑘𝑙 

vs m plots each with variable glycerol 
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are provided in Figure 4.4 along with the assignments of the cross-relaxing nuclei depicted in 

Table 1. The decrease in 𝜎𝑘𝑙  with glycerol for each of these cross-relaxing pairs shows a 

fractional solvent viscosity dependence with the power law coefficient 𝜅 = 0.58 (Figure 4.5), 

suggesting that the internal friction is not the dominant reason. 

 

Figure 4.4 The m dependence of cross peak intensities. Assignments of the peaks indicated by 

1 to 12 are given in Table 1. 

Mixing Time (s)

I k
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Cross-peak Assignment 

1  M12 (NH) K13 (C

H) 

2  unassigned 

3  W28 (N1H) Y23 (C

H) 

4  R112 (NH) W108 (C

H) 

5  S24 (NH) Y23 (C

H) 

6  G26 (NH) C30 (C

H) 

7  I78 (NH) C64 (C

H) 

8  N65 (NH) C64 (C

H) 

9  D66 (NH) S60 (C

H) 

10  T51 (NH) S60 (C

H) 

11  W63 (N1H) W63 (C

H) 

12  V2 (NH) N39 (C

H) 

 

Table 1. Assignment of cross-relaxing nuclei 

 

Figure 4.5. Fractional viscosity dependence of 𝜎𝑘𝑙 

shown for 10 cross peaks without labeling; the 

assignments are given in Supplementary Information 

(Table S1). The dashed lines represent a power law 

fit to 𝜎𝑘𝑙 = 𝑐/𝜂𝜅  with  varying from 0.49 to 0.81 

for the 10 peaks. 

 

 

4.3.4. Inter-nuclear distances of some cross-relaxing proton pairs  

For further analysis, we briefly recall the basis of relating 𝜎𝑘𝑙 to spatial distance between the 

spins k and l, 𝑟𝑘𝑙 . Cross relaxation within the energy eigenstates corresponding to the four 

product functions |𝛼𝑘𝛼𝑙〉 , |𝛼𝑘𝛽𝑙〉 , |𝛽𝑘𝛼𝑙〉 , and |𝛽𝑘𝛽𝑙〉  can occur by zero-quantum ( |𝛼𝑘𝛽𝑙〉 ⇌

 |𝛽𝑘𝛼𝑙〉) and double-quantum (|𝛼𝑘𝛼𝑙〉 ⇌ |𝛽𝑘𝛽𝑙〉) transitions with the respective transition rates Wo 

and W2 given by 
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𝑊o =
1

2
𝑞𝑘𝑙𝐽𝑘𝑙(𝜔o𝑘 − 𝜔o𝑙)  

𝑊2 = 3𝑞𝑘𝑙𝐽𝑘𝑙(𝜔o𝑘 + 𝜔o𝑙)          (4) 

The magnetic dipolar coupling constant 𝑞𝑘𝑙 in these rate expressions can be evaluated by 

𝑞𝑘𝑙 = (
𝜇0

4𝜋
)

2 1

10
𝛾𝑘

2𝛾𝑙
2ℏ2〈 𝑟𝑘𝑙

−6〉 ~75.468 × 10−26 〈 𝑟𝑘𝑙
−6〉 rad m3s-1   (5)  

where 𝜇o is magnetic permeability of free space (4𝜋 × 10−7 T m A−1). The numerical value of 

𝑞𝑘𝑙 given above is valid when both k and l spins are 
1
H. The reduced spectral density functions 

𝐽𝑘𝑙 are 

𝐽𝑘𝑙(𝜔o𝑘 − 𝜔o𝑙) = 𝐽(0) = 2𝜏c  

𝐽𝑘𝑙(𝜔o𝑘 + 𝜔o𝑙) = 𝐽(2𝜔o) =
2𝜏c

1+4𝜔2𝜏c
2        (6)  

Since the cross relaxation rate 𝜎𝑘𝑙 = (𝑊2 − 𝑊o), eq 46 yield 

𝜎𝑘𝑙 = 75.468 × 10−26 [−𝜏c +
6𝜏c

1+4𝜔o
2𝜏c

2] 〈
1

 𝑟𝑘𝑙
6
〉      (7)  

which formally relates 𝜎𝑘𝑙 to 𝑟𝑘𝑙 for a rigid molecule. 

 The calculation of 𝑟𝑘𝑙  now requires the rotational correlation time 𝜏c  of lysozyme in 

glycerol solutions that are obtained from earlier studies of the hydrodynamic radius RH of the 

protein
28,34,35

 by the use of the Debye-Stokes-Einstein relation 

1

6𝜏c
=

𝑘B𝑇

8𝜋𝜂𝑅H
3           (8) 

The viscosity dependence of 𝜏c is described by the inverse power law relation 

𝑟𝑘𝑙(𝜂) =
𝑐

𝜂𝜅           (9) 
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with 𝜅 = −0.81 (Figure 4.6a), asserting on a fractional coupling of solvent viscosity with global 

tumbling. The distances between 𝑘  and 𝑙  for the 12 cross-relaxing 𝑘𝑙  proton pairs (Table 1) 

calculated by using these 𝜏c values are plotted in Figure 4.6b, showing an inverse power law 

dependence of 𝑟𝑘𝑙 on  𝜂 with the exponent 𝜅 ranging from 0.20 to 0.29, meaning an increasing 

internuclear distance with fractional solvent viscosity dependence. 

 

Figure 4.6. (a) Fractional viscosity dependence of the overall tumbling time c with viscosity, 

described by the inverse power law exponent 𝜅 = −0.81. (b) Power law dependence of the 

increase in internuclear distance shown for 12 unlabeled cross peaks with solvent viscosity. The 

value of 𝜅 obtained from the 12 fits lie in the range 0.20 to 0.29. 

 

4.3.5. Relative order parameter with viscosity  

The above result that the solvent viscosity produces an increase of average inter-nuclear distance 

of the cross-relaxing proton pairs suggests an increase in intramolecular mobility, which appears 

contrary to that of the compressibility results that are interpreted to mean that solvent viscosity 

promotes constraints on the amplitudes of internal motion. Whether intramolecular mobility 

increases or not can be analyzed by factoring the overall correlation function for the 𝑘𝑙 pair of 

cross-relaxing nuclei into the global rotational correlation, 𝐶global(𝑡), and internal correlation 

functions 𝐶𝑘𝑙
internal(𝑡) 

𝐶𝑘𝑙(𝑡) = 𝐶global(𝑡)𝐶𝑘𝑙
internal(𝑡)         (10) 
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which can be integrated to obtain 

1

𝜏total
=

1

𝜏𝑐
+

1

𝜏𝑘𝑙
            (11) 

The contribution of 𝜏𝑘𝑙  to the cross-relaxation rate is, however, conditional. If the internal 

correlation time corresponding to the 𝑘𝑙 internuclear vector is sufficiently small (𝜏𝑘𝑙 ≪ 𝜏𝑐), the 

contribution of 𝜏𝑘𝑙 will be considerable only when 𝐶𝑘𝑙
internal(𝑡) decays within a finite time.

36
 This 

is not always the case, especially for large molecules where global and local intramolecular 

motions are rarely correlated. The lack of a well-defined model of internal motion renders 𝜏𝑘𝑙 not 

readily interpretable because it depends on both the frequency and amplitude of internal motion 

faster than 𝜏𝑐. We assume that 𝜏𝑘𝑙 contributes little to the cross-relaxation of the 𝑘𝑙 pair because 

of its smallness compared to 𝜏𝑐 by at least three-orders of magnitude. This assumption allows 

one to introduce a 𝜏𝑐-based generalized order parameter 𝑆𝑘𝑙
2  by 

𝜎𝑘𝑙 = 〈𝑟𝑘𝑙〉
6〈𝑟𝑘𝑙

−6〉𝑆𝑘𝑙
2 𝜎𝑘𝑙

ref          (12) 

which relates the actual cross-relaxation rate constant 𝜎𝑘𝑙  to a reference cross-relaxation rate 

constant 𝜎𝑘𝑙
ref  of a relatively rigid state of the protein molecule with the average inter-nuclear 

distance 〈𝑟𝑘𝑙〉. Since the objective is to determine the dynamics of the protein in water-glycerol 

solutions relative to that in water alone, the cross-relaxation rate constant in the aqueous solution 

without glycerol can be taken as the reference. 

The variation of the relative order parameter with viscosity is shown in Figure 4.7. The order 

parameter reflects the extent of spatial restriction of the 𝑘𝑙  internuclear vector; 𝑆𝑘𝑙
2 = 1  for 

completely restricted mobility, and 𝑆𝑘𝑙
2 = 0 for completely unrestricted motion. In Figure 4.7, 

𝑆𝑘𝑙
2 = 1 for all internuclear vectors specifying the cross-relaxing nuclei, because the motional 

order at various levels of glycerol viscosity is being scaled with reference to the viscosity of 

water. The 𝑆𝑘𝑙
2  values greater than unity are outliers, arising from error in data. The inverse 

power law fit obtained by using the viscosity specific mean of 𝑆𝑘𝑙
2  yields a power law exponent 

𝜅 = 0.58 , indicating fractional viscosity dependence of internal motion. It is this internal 

dynamic disorder that gives rise to an increasing 𝑟𝑘𝑙 with solvent viscosity. 
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Figure 4.7. Fractional viscosity dependence of the generalized order parameter, relative to that in 

the absence of glycerol, characterizing the fluctuation of internuclear distance for ten 𝑟𝑘𝑙 vectors 

(labels not included). The value of the power law exponent  in 𝜎𝑘𝑙 = 𝑐/𝜂𝜅 obtained by fitting 

the data for 10 pairs of cross-relaxing nuclei (see Table 1) are in the 0.460.89 range. The data 

points exceeding unity are outliers. 

 

It is also useful to look at the dependence of the cross relaxation rate constant on rotational 

tumbling correlation time 𝜏𝑐 and 𝑆𝑘𝑙
2 . In Figure 4.8, the y-axis is generated by multiplying 𝜎𝑘𝑙 

with 𝜔o𝑞〈1/𝑟𝑘𝑙
6〉−1, and the abscissa is the 𝜏𝑐𝜔o scale. In this mode of plotting results, each 

𝜏𝑐𝜔o will have cross-relaxation rate constants from all assigned pairs of cross-relaxing nuclei. 

The fits according to equation 7 and 12 with those values of 𝑆𝑘𝑙
2  that have been calculated above 

are also shown in Figure 4.8. The spread of the curves indicates the influence of 𝑆𝑘𝑙
2  on the cross-

relaxation rate. The tapering of the spread with larger values of 𝜏𝑐 of lysozyme, i.e., with higher 

solvent viscosity, indicates that the cross-relaxation rate tends to be independent of 𝑆𝑘𝑙
2  as the 

tumbling correlation time increases. This result is a manifestation of the fact that the time scale 

of intramolecular mobility becomes insignificant with largeness of the tumbling time. 
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Figure 4.8. Effect of 𝜔o𝜏𝑐  on dynamic 𝜎𝑘𝑙  for the indicated values of 𝑆𝑘𝑙
2 . The fits are not 

according to eq 12 to emphasize on the influence of fluctuation of the 𝑟𝑘𝑙 on cross-relaxation 

rate. 

 

4.3.6. Fractional viscosity dependence of glycerol diffusion  

Properties of individual components of a binary or a ternary mixture consisting of 

water:protein:effector, in which the effector component is glycerol here, often change in a 

mutually inclusive manner. The results above already establish the variation in protein properties 

with the level of glycerol. To find out the changes in hydrodynamic properties of water and 

glycerol in their binary mixture, we used pulsed-field gradient NMR measurements to calculate 

the self-diffusion coefficient of glycerol (DS) with increasing level of glycerol at pH 3.5, 298 K 

(Figure 8). One finds the power law dependence of DS on glycerol viscosity as well (𝜅 = 0.62). 

We also read a dataset on glycerol concentration dependence of DS from literature
37

 to find the 

power law exponent (𝜅 = 0.66), sufficiently consistent with that determined here (Figure 4.9, 

inset). Others (ref 38, for example) also quote a 𝜅-value near 0.7. 

This result suggests a deviation of DS of glycerol in ambient temperature from what 

Stokes-Einstein relation predicts. We dub this underdamped self-diffusion of glycerol ‘diffusion 

heterogeneity’, where ‘heterogeneity’ refers to isotropic spatial heterogeneity in the diffusion 
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with variable solution composition or changing pressure and temperature. The implication of 

diffusion heterogeneity of the water-glycerol  mixture is that the dynamics of the solvent system 

enslaves the dynamic properties of the protein solute in the water-protein-glycerol system. This 

is the central result to explain the fractional viscosity dependence of protein dynamics. 

 

Figure 4.9. Self-diffusion coefficient of glycerol with solvent viscosity determined by NMR 

(plotted in hue). The fit yields 𝜅 = 0.62. Inset, fit of the data from Yasunori and Gerald
37

 yields 

𝜅 = 0.66. 

4.4. Discussion 

4.4.1. Mutual exclusion of components in water-glycerol mixture  

The adiabatic compressibility 𝛽p and its corollary the root mean square volume fluctuation 𝛿𝑉RMS 

are two of the thermodynamic properties whose values at constant temperature are perturbed by 

glycerol viscosity. One therefore seeks an account based on the thermodynamic interaction 

between the solvent components in the water-lysozyme-glycerol system before considering the 

Viscosity (cP) 

0 2 4 6 8

D
S
 (

x
1

0
6
),

 c
m

2
 s-1

0.5

1.5

2.5

3.5

4.5

0 2 4 6 8
2

4

6

8

10



88 
 

fallout on the protein. A motivating observation we have made with the water:glycerol mixture is 

the exclusion of the components from each other’s vicinity, a phenomenon of thermodynamic 

exclusion common to mixtures of polar:apolar substances. If water and glycerol molecules both 

obey the van der Waals equation of state, then they share similar variation of their 

thermodynamic properties in response to a variable at the same reduced pressure and 

temperature. This is the outcome of the generalized corresponding state principle (CSP) that 

states that the thermodynamic behavior of the two mutually excluding components will vary in a 

similar manner.
39

 For example, the decrease in the surface tension  of glycerol with a rise of its 

mole fraction
40

 is accompanied by a slight decrease in the  of water as well.
29

 The decrease in 

the  of water per se is counterproductive to preferential hydration of the protein surface.
30

 

Instead, the reduced surface tension lowers the Gibbs free energy barriers for both water 

clustering and glycerol aggregation, leading to exclusion of glycerol from the surface of the 

protein whose solvation shell will now have improved density of water at the protein-water 

interface. This argument is similar to those stated earlier in the context of protein stabilization by 

glycerol.
29,31

 

 The preferential exclusion of glycerol leading to improved protein solvation can also be 

discussed with reference to the principle of composition fluctuation
41

 applied to the 

water:glycerol binary system. The thermodynamic interaction between the two should cause one 

component, say glycerol, to produce composition fluctuation with respect to the other to the 

same extent as that with respect to the former. Denoting the water and glycerol by ‘1’ and ‘2’, 

the individual excess chemical potentials can be given by 

𝜇𝑖 = 𝜇𝑖
o(𝑇, 𝑃) + log 𝛾𝑖𝑐𝑖          (13) 

with log 𝛾1 = 𝐴11𝑐1+𝐴12𝑐2 and log 𝛾2 = 𝐴21𝑐1+𝐴22𝑐2, in which the thermodynamic interaction 

coefficients A11, A12, A21, and A22 measure the perturbation of  of one component by the other in 

the mixture. The off-diagonal terms in the coefficient matrix arise from intercomponent 

thermodynamic interactions, and they are predicted to be negative if glycerol and water mutually 

exclude each other. 
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4.4.2. Protein compressibility and molecular fluctuation  

The above thermodynamic interactions between water and glycerol are expected to drive the 

native-state of the protein ensemble to less flexible states
31

 that have larger intramolecular 

density and reduced compressibility (Figure 4.1c), which merits evaluation in terms of the 

number of fluctuating protein molecules 𝑁  about an average 〈𝑁〉 . The basic analysis is 

approached with the Grand Canonical Ensemble theory of Kirkwood and Buff
42

 that can relate 

the variance of the isothermal compressibility 𝛽T  (𝛽P) to the distribution of the number of 

protein molecules whose average value is the Avogadro number on a molar basis. Denoting the 

total number of lysozyme molecules by 𝑁 and the volume 𝑉, it can be shown that
43 

 

<𝑁2>−<𝑁>2

<𝑁>2 =
𝜎𝑁

2

<𝑁>2 ≅
𝑘B𝑇 𝛽T

𝑉
          (14) 

where 𝜎𝑁
2 is the variance. We have already determined 𝛽T (𝛽P) with increasing mole fraction 

of glycerol. Taking the volume as the molar volume of lysozyme (14000 cm
3
 mol

1
), one can 

calculate the standard deviation 𝜎 for each value of 𝛽T, i.e., as a function of glycerol viscosity 

(Figure 4.10a). The probability distribution 𝑃(𝑁)  calculated as a normalized Gaussian 

distribution for 𝑁 

 𝑃(𝑁) =
1

𝜎√2𝜋
𝑒−0.5(

𝑁−〈𝑁〉

𝜎
)

2

         (15) 

is shown in Figure 4.10b for each value of 𝛽T. The width of the distribution (𝐹𝑊𝐻𝑀 = 2𝜎√ln 2) 

is centered about the mean value 〈𝑁〉 = 6.022 × 1023. By comparing 𝑁 with 𝜎, one finds that 

the fluctuations in the number of protein molecules are just one part in 1.310
14

 in water alone 

and one part in 1.610
14

 in the presence of 50% glycerol, implying that the fluctuating molecules 

decrease with increase in glycerol viscosity. We should also note that the compressibility 

decrease with glycerol viscosity that appears to follow a power law dependence (Figure 4.1) 

should have contributions from average compressional relaxation time of liquid glycerol as well. 

The same argument applies to volume fluctuation (Figure 4.2). Because lower compressibility 

constrains atom density fluctuations,
44,45

 the volume fluctuation quantified by 𝛿𝑉RMS decreases. 
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Figure 4.10. (a) Standard deviation () associated with adiabatic compressibility of lysozyme, 

298 K, pH 3.8. Note that  decreases as the compressibility decreases with higher solvent 

viscosity because the volume fluctuation decreases. (b) The probability distribution function 

P(N) for the number of fluctuation molecules N.   

 

4.4.3. Fractional viscosity dependence of protein motions  

As this discussion will be based on results, evidences, and postulates of glycerol effect on protein 

motions, it is convenient to present the premises in subsections. We keep in mind while 

progressing that studies of viscosity and relaxation, and thermodynamics of glycerol date back 

several decades and are still in flux. 

 4.4.3.1. Power law dependence of glycerol dielectric loss on frequencies.  

The conduction of alternating current (AC) by dielectric substances can be expressed to have 

contributions from both DC and effective AC components  
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𝜎(𝜔) = 𝜎o + 𝜔𝜀′′(𝜔)          (16) 

where 𝜎(𝜔)  is the conductivity and 𝜀′′  is the AC contribution to the conductivity, i.e., the 

dielectric loss. Empirical analysis of a large set of dielectric spectra has already shown that 

𝜀′′(𝜔) universally exhibits a power law dependence on frequency, 𝜀′′(𝜔) ∝ 𝜔𝑛−1, 0.6 < 𝑛 <

1.
46

 Specific to glycerol, most recent experiments show power law frequency dependence for 

low-frequency orientational-relaxation, called -loss (𝜈−𝜅, 𝜅 ≈ 0.5), as well as high-frequency 

caged rattling motion, called -loss (𝜈−𝜅 , 𝜅 in 0.10.2 range), at low temperature.
47

 We note that 

the power law dielectric loss represents the frequency response of motional relaxation, unlike the 

inhomogeneously broadened Gaussian molecular spectrum calculated from the electronic 

transition dipoles of molecules in different environment,
33

 and may arise from both bulk as well 

as barrier responses due to a variety of dipole reorganization motions.
46

 Moreover, the motions 

of viscous flow, i.e., orientation and translation, may not be executed by all molecules uniformly 

across the sample volume. Bulk inhomogeneity should mean spatial inhomogeneity in the 

macroscopic viscosity which is measured as an average over the entire volume of the liquid. We 

suggest that the local macroscopic viscosity appears to present the viscosity of glycerol as an 

extrinsic property, arising from its aggregation tendency. To summarize, the dependence of 

dielectric loss of glycerol on fractional power of frequency originates from dynamic 

heterogeneity of the macroscopic viscosity of glycerol across the volume of the liquid. 

 

4.4.3.2. Power law dependence of glycerol self-diffusion on glycerol viscosity  

The dynamic heterogeneity in the macroscopic viscosity of glycerol proposed above should lead 

to a non-Stokesian performance of isotropic diffusion of glycerol (Figure 4.9). Indeed so, results 

from molecular and Langevin dynamics simulations with a glass forming liquid have also shown 

that the diffusion coefficient Ds of the liquid does not vary linearly with viscosity as predicted, 

but follows a fractional viscosity dependence with a power law exponent 𝜅~0.85.
48

 This study 

shows further that the rate of loop formation in a polymer embedded in the glass forming liquid 

also has a fractional viscosity dependence with a 𝜅-value nearly identical to that obtained for the 

diffusion coefficient of the liquid against its viscosity.
48

 We note from our earlier studies that the 

rate of intrachain loop formation with microscopic internal friction coefficient also deviates from 
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linearity; increase of internal friction reduces the rate of polypeptide relaxation,
49

 but whether in 

accordance with a power law or not remains to be verified. However, the indications that 

dynamic heterogeneity of glycerol gives rise to a power law dependence of its diffusion on 

macroscopic viscosity should also lead to a power law dependence of protein motions, at least 

the orientational and translational modes that are directly related to the viscous flow. 

 

4.4.3.3. Power law dependence of protein motions on glycerol viscosity  

The concurrence of fractional viscosity dependence of the bulk solvent component and the 

protein solute logically leads to the conception that at least some of the protein motions will be 

coupled to the relaxation of the solvent. The protein motions and folding are said to be slaved by 

dielectric relaxations of glycerol,
17.19

 an approximate mechanics-based theory of which has also 

been given.
18

 If the rate coefficients of protein fluctuations are assumed proportional, although 

smaller by 5-orders of magnitude, to the orientational and translational relaxation rates of 

glycerol and the latter shows fractional viscosity dependence, the overdamped Kramers behavior 

observed on numerous occasions of protein and enzyme reaction rates with glycerol viscosity
16

 

can also be explained. One may note that the rate 1∕viscosity relation predicted by Kramers 

theory,
50,51

 which is based on the extent to which the frictional damping rate affects the degree of 

interaction of the reaction coordinate with the remaining degrees of freedom of the system, is 

decisive in both classical and quantum regimes.
51

 The overdamped ‘artifact’ observed for 

numerous protein processes in solutions arises mainly from overdamped relaxation of glycerol 

molecules. 

 We end this section by stating that solvent slaving refers to the coupling of not only 

glycerol relaxation, but also the fluctuation of bulk and hydration water to protein dynamics.
17,52

 

Therefore, if water and glycerol exclude each other purely on the thermodynamic ground so as to 

enrich the protein hydration layer in terms of water density and water-protein hydrogen bonding, 

the salving of some of the intra-protein motions by water is also expected to change. 
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4.4.3.4. Solvent slaving of NMR cross-relaxation rate.  

The rate of cross relaxation between nuclear spins 𝑘  and 𝑙  is inversely proportional to the 

average of the sixth root of the distance between them (𝜎𝑘𝑙 ∝ 〈 𝑟𝑘𝑙
−6〉), for which the fluctuation 

of the 𝑘𝑙  internuclear vector (  𝑟𝑘𝑙 ) may be considered. We have found that proton cross-

relaxation rates show fractional viscosity dependence with a power law exponent 〈𝜅〉 = 0.65, SD 

0.15 (Figure 4.5), implying that  𝑟𝑘𝑙 fluctuations are also slaved by the bulk solvent fluctuations 

and hence macroscopic viscosity. Although the result presented is conclusive, the interpretation 

may not seem as straightforward as it reads, because the slaving model is presumably not reliant 

on internal dissipation of energy.
19

 There are two approaches to analyze the validity of the 

interpretation. One, we concluded in an earlier study with no reference to the slaving concept 

that internal collective motions in protein, viz. ring flip rate, are damped by internal friction 

arising from dispersion interactions and London-van der Waals forces between nonbonded 

atoms.
4
 That study used glycerol to reduce the 𝛿𝑉RMS, leading to an increase in internal friction. 

In this setup, the internal friction may be thought as a delegate of the macroscopic viscosity, even 

though no dielectric relaxation can occur in the intraprotein milieu because glycerol cannot 

penetrate into the protein interior. Nevertheless, since the bulk solvent influences 𝜎𝑘𝑙, plausibly 

by increasing the density of the hydration shell, it may be stated that the internal fluctuations are 

also slaved by solvent relaxations. Two, 𝜎𝑘𝑙 is generally insensitive to internal motions when the 

internal correlation time is smaller than the rotational tumbling correlation time (𝜏𝑖 ≪ 𝜏𝑐), which 

is almost always the case. In the viscous medium, longer 𝜏𝑐 invariably leads to the spin diffusion 

limit, which means the cross relaxation rate depends on the relative tumbling correlation time 

𝜔o𝜏𝑐, where 𝜔o is the Larmor frequency. We also notice from Figure 4.8 that the cross relaxation 

rate does not show a power law dependence on 𝜏𝑐, suggesting that the global tumbling motion 

does not slave the internal motion even if the former is slaved by solvent relaxation. 

4.4.3.5. Glycerol-induced disorder and internal distance fluctuations  

A difficulty may appear when the decrease of nuclear cross-relaxation rate 𝜎𝑘𝑙 , and hence a 

decrease in the spatial restriction of the two cross-relaxing nuclei, with increasing glycerol 

viscosity is considered (Figures 4.5, 4.6). Moreover, the value of the generalized order parameter 

𝑆𝑘𝑙
2  characterizing the spatial restriction of the  𝑟𝑘𝑙 vector decreases with glycerol (Figure 4.7), 
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suggesting increasing fluctuations in the protein interior. This result may appear incompatible 

with glycerol-induced reduction in the compressibility and volume fluctuation (Figures 4.1, 4.2), 

both of which are expected to decrease the respective amplitudes of internal fluctuations.
4
 There 

should be no confusion, however; glycerol generally does not preserve the native state of a 

protein, but induces a reversible transition from the native to a less stable quasi-native state 

whose tertiary structure is less stable with increased fluctuations.
28

 Steady-state experiments may 

still indicate compaction of lysozyme,
28,35,53

 but this added compaction is related to the four 

disulfide bridges of lysozyme that are stable near pH 4. 

 

4.4.3.6. Water-glycerol medium as the viscogen: a catch-22 condition 

  

Our initial idea of varying the tumbling correlation of the protein by changing glycerol viscosity 

so as to displace the time-scale bin for the observation of intramolecular dynamics by NMR is 

indeed useful, but the above mentioned structural changes induced by glycerol come as a 

setback. To what extent the dynamics and relaxation of a protein in glycerol can be associated 

with its native state is questionable, even though glycerol is universally used as a viscogen in a 

plethora of protein studies. Nevertheless, dielectric relaxations (losses) of glycerol, however 

complex they could be,
47,54,55

 have yielded to the development of the solvent slaving concept of 

protein motions.
1719,5660 

 

 

4.5. Conclusion 

In the three-component system water-protein-glycerol, both glycerol and protein exhibit non-

Stokesian self-diffusion showing a fractional viscosity dependence with similar values of the 

power law exponent. This resemblance of fractional viscosity dependence leads to the thinking 

that some protein processes should be slaved by glycerol. By connecting this premise to earlier 

reports of the slaved dynamics model, we find that root-mean-square volume fluctuation and 

NMR cross relaxation rates are also slaved by dielectric relaxation of glycerol. It is suggested 

that solvent slaving of protein properties (dynamics) can explain the overdamped Kramers 
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behavior observed for numerous studies of solvent viscosity dependence of protein and enzyme 

reaction rates. 
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