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Abstract 
 

In chapter 3, the effects of urea and alkylureas were investigated on thermodynamic stability 
and internal dynamics of heme proteins (Cyt c and Mb). To determine the effects of urea and 
alkylureas on the internal dynamics of heme proteins, the kinetic and thermodynamic parameters for 
CO-association reaction of Ferrocyt c and CO-replacement reaction of MbCO by hexacyanoferrate 
ion were measured under varying concentrations of urea and alkylureas (MU, DMU, EU, TMU) at 
pH 7.0. As [denaturant] is increased, the rate coefficient of CO-association for Ferrocyt c (kass) first 
decrease in subdenaturing region and then increase on going from subdenaturing to denaturing 
milieu, which indicates that the low concentrations of denaturants constrain the internal dynamics of 
Ferrocyt c. Within the subdenaturing limit, the denaturant-mediated constrained dynamics of 
Ferrocyt c is found to be more for urea and least for TMU. However, within the subdenaturing limit, 
such denaturant-mediated constrained dynamics is not observed for Mb. Intermolecular docking 
between horse Cyt c and denaturant molecule (urea, MU, DMU, EU and TMU) reveals that 
polyfunctional interactions between the denaturant and different groups of Ω-loop of Cyt c and other 
part of protein decrease with an increase of alkyl group on urea molecule, which suggests that the 
decrease in the extent of restricted dynamics of Ω-loop with a corresponding increase of alkyl groups 
on urea molecule is due to the decrease of denaturant-mediated cross-linking interactions. These 
denaturant mediated interactions are expected to reduce the entropy of Ferrocyt c. Analysis of rate 
temperature data shows a progressive decrease in entropy of Ferrocyt c in the native to 
subdenaturing region. Thermodynamic analysis of denaturant (urea, MU, DMU, EU and TMU) 
effects on the thermal unfolding of Ferrocyt c and Mb reveals that (i) thermodynamic stability of 
proteins decreases with increasing concentration of denaturant or hydrophobicity of urea derivatives, 
(ii) water activity plays an important role in stabilization of protein, and (iii) destabilization of 
Ferrocyt c and Mb by denaturant occurs through the disturbance of hydrophobic interactions and 
hydrogen-bonding. 

In chapter 4, the effects of glycerol and trehalose were investigated on the structural, kinetic 
and thermodynamic properties of alkali pH-denatured Cyt c (UB-state).  Near-UV CD, far-UV CD, 
tryptophan fluorescence and 1-anilino-8-napthalene sulfonate (ANS) binding experiments suggest 
that the glycerol and trehalose transform the base-denatured Cyt c to MG-states. The glycerol and 
trehalose -induced fully populated GB (glycerol-induced) and TB (trehalose-induced) conformations 



of base-denatured Ferricyt c and Cyt-CO are molecular compact states containing native-like 
secondary structural contents but disordered tertiary interactions. The calculated values of free 
energy change (Go) for the UB→GB (Go ~1.76 Kcal mol-1) and UB→TB (Go ~1.62 Kcal mol-1) 
transitions are within error almost same, where GB and TB are the glycerol and trehalose induced 
MG states of base-denatured Ferricyt c. Both GB and TB-states of Ferricyt c undergo highly 
cooperative thermal unfolding transitions and they show cold denaturations at low sugar 
concentration. As [sugar] is increased, the thermal denaturation temperature increase and the cold 
denaturation temperature decrease. Thermal unfolding of GB and TB states of Ferricyt c are 
characterized by a large heat capacity change, indicating that the hydrophobic effect also 
contributes substantially toward the energetic stabilization of GB and TB states. Kinetic and 
thermodynamic parameters associated with the measurement of CO-association reactions of 
alkaline Ferrocyt c (pH 12.9) at variable concentrations of glycerol and trehalose indicate 
substantially restricted overall motion and stiffness of the polypeptide chain in GB- and TB-states of 
Cyt-CO.   

In chapter 5, the effect of sugars (glycerol, ribose, glucose, maltose, sucrose and trehalose) 
was investigated on the structural and thermodynamic properties of Lyz at pH 2.3 and pH 13. Near-
UV CD, far-UV CD and ANS binding experiments suggest that the glycerol and trehalose transform 
the base-denatured Lyz (pH 13) to MG-state. This chapter also evaluated the effect of sugars 
(glycerol, ribose, glucose, maltose, sucrose and trehalose) on the thermodynamic stability of Lyz at 
pH 2.3 both in the absence and presence of denaturants (GdnHCl and urea). Thermodynamic 
analysis of thermal and denaturant-induced unfolding transitions of Lyz at pH 2.3 measured at 
different concentrations of sugars (glycerol, ribose, glucose, maltose, sucrose and trehalose) reveals 
that these sugars increase the thermal and conformational stability of Lyz. Among the sugars used, 
the thermal and conformational stability of Lyz is increased more for trehalose and least for glycerol 
(trehalose > sucrose > maltose > glucose > ribose > glycerol). Thermodynamic analysis of thermal 
and urea-induced unfolding transitions of Lyz at pH 2.3 measured at different concentration of 
GdnHCl or urea in the absence and presence of fixed concentration of sugars (glycerol, ribose, 
glucose, maltose, sucrose and trehalose) reveals that these sugars counteract the destabilizing effect 
of the denaturants. The counteraction effect of sugars on the destabilizing effect of the denaturants is 
more pronounced for trehalose and least for glycerol (trehalose > sucrose > maltose > glucose > 
ribose > glycerol).  



In chapter 6, the effects of pH and electrolytes were investigated on the stability and iron 
release kinetics of oTf. The role of electrostatic interactions to the stability of iron binding to oTf 
have been assessed by equilibrium experiments that measure iron retention level of diferric-
ovotransferrin (Fe2oTf) as a function of pH and urea in the presence of varying types and 
concentrations of salts (NaCl, Na2SO4, NaBr and NaNO3) at 25 C. As [salt] is increased, the pH-
midpoint for iron release increases monoexponentially and plateau at ~0.4(±0.05)M 
NaCl/NaBr/NaNO3 or ~0.15(±0.03)M Na2SO4. However, at pH 7.4, the urea-midpoints for iron 
release (based on fluorescence emission at 340 nm) and for unfolding of Fe2oTf and apo-
ovotransferrin (based on ellipticity values at 222 and 282 nm) are found to decrease at low salts 
concentrations (0.1(±0.02)M Na2SO4 or ≤0.35(±0.15) M NaCl) but are increased at higher salts 
concentrations. Furthermore, Na2SO4 has a greater effect than does NaCl in increasing the urea-
midpoints for iron release and unfolding. These results indicate that at low salt concentrations, the 
electrostatic interactions control the stability of the oTf-Fe3+ complex and secondary and tertiary 
structures of protein, while at higher salt concentrations; salt ions behave according to Hofmeister 
series. At pH 5.6, as [salt] is increased, the rate constants for reductive iron release (Fe2+ release) and 
urea-denaturation induced iron release (Fe3+ release) from the N-lobe of oTf (FeNoTf) increase 
monoexponentially and plateau at ~0.4(±0.1)M NaNO3/NaCl or ~0.2(±0.05) M Na2SO4. These 
results suggest that the conformational change-induced by anion binding as well as the electrostatic 
screening of surface Coulombic interactions plays important role in the accelerating of Fe2+ and Fe3+ 

release from FeNoTf at endosomal pH conditions.  
In chapter 7, the effects of concentration, size, shape, and viscosity of crowding agents on 

stability and iron release kinetics of sTf-Fe3+ complex at physiological pH 7.4 and endosomal pH 
5.5-5.7 were investigated. As [crowding agent] is increased, the pH-midpoints for iron release of 
Fe2sTf shift towards the lower pH values while the urea-denaturation midpoints for iron release and 
unfolding of Fe2sTf shift towards the higher urea concentrations, which suggest that the crowding 
agent presence in the reaction medium increase the Tf-Fe3+ complex and structural stability of 
Fe2sTf. Furthermore, the crowding agent mediated increase in Tf-Fe3+ complex and structural 
stability of Fe2sTf typically follows the order: dextran 70 (rod shaped) > dextran 40 (rod shaped) > 
ficoll 70 (spherical shaped), which suggests that size, shape and viscosity of crowding agent also 
control the Tf-Fe3+ complex and structural stability of Fe2sTf. As [NaCl] is increased both in the 
absence and presence of dextran 40, the pH-midpoints for iron release from Fe2sTf shift towards the 



higher pH values while the urea-denaturation midpoints for iron release and unfolding of Fe2sTf at 
pH 7.4 and 5.7 shift towards the lower urea concentrations, which suggest that the salt presence both 
in the absence and presence of crowding agent decrease the Tf-Fe3+ complex and structural stability 
of Fe2sTf. At pH 7.4 and pH 5.5, as [crowding agent] is increased, the rate constants for reductive 
iron release (Fe2+ release) and urea denaturation-induced iron release (Fe3+ release) from the N-lobe 
of sTf (FeNsTf) decrease, which suggest that the crowding agent presence in the reaction medium 
retards the iron release from FeNsTf. Furthermore, the crowding agent mediated retardation in iron 
release typically follows the order: dextran 70 > dextran 40 > ficoll 70, which suggest that the size, 
shape and viscosity of crowding agents control the iron release from FeNsTf. The anion mediated 
acceleration of reduction and urea denaturation induced iron release from FeNsTf is also observed 
both in the absence and presence of crowding agent. 

In chapter 8, the mechanism of iron release from diferric ovotransferrin (Fe2oTf) was 
evaluated at mildly acidic pH (3.9pH4.3) in the presence of nonsynergistic anions (Cl, SO42). In 
vitro, iron release from Fe2oTf at mildly acidic pH in the presence of nonsynergistic anions occurs in 
at least six kinetically detectable steps. Step 1 involves the proton-assisted loss of the synergistic 
carbonate anion. In subsequent steps, iron release is controlled by slow proton transfers and anion 
binding. In Step 2, the N-lobe gains one proton. In Step 3, the N-lobe gains one proton with kinetic 
linkage to the binding of two monoanions or one dianion. In step 4, iron is released from the N-lobe 
with kinetic linkage to the uptake of two protons accompanied by the loss of anions. In Step 5, the 
C-lobe gains one proton with kinetic linkage to the binding of two mono anions or one dianion. In 
Step 6, iron release from the C-lobe occurs with the gains of two protons accompanied by the loss of 
anions.   
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Chapter 1 
Introduction 

In vivo proteins are nature’s gift. To perform various biological functions, the unfolded 
polypeptide chain must fold into a three dimensional native conformation. In 1970s, Chris 
Anfinsen revealed that the linear amino acid sequence of a polypeptide chain contains all the 
necessary information to fold in a three-dimensional structure [1]. Despite a commendable 
progress has been made in protein folding [2-31], a basic question how proteins fold in vivo and 
in vitro remains enigmatic? In vitro, the molecular interactions assist folding while in cellular 
milieu, the cellular helper factors, including, praline isomers, protein-protein disulfide isomerase, 
and molecular “chaperones” assist folding [32]. The traditional view of the protein folding 
reaction was based on the existence of a preferred route driving the denatured chain to its native 
conformation via a sequence of consecutive intermediate. Non native compact conformations 
during protein folding are called as folding intermediates [33]. Misfolded or partially folded 
intermediates often tend to aggregate because of exposure of hydrophobic core in unstructured 
polypeptide chain which is originally buried in the native state of protein [34]. In vivo, the highly 
crowded environment of the cell can also cause the protein aggregation [32,35]. This may lead to 
formation of highly ordered, amyloid fibrils. These clumps formation in brain are believed to 
cause the neurodegenerative diseases (Mad Cow and Alzheimer's disease). The native 
conformations of proteins must be energetically stable. There are several factors such as 
hydrophobic interactions, ionic interactions, hydrogen bonding, conformational entropy, metal 
coordination, and disulfide bonding are accountable for the correct folding and stability of 
proteins [36-38]. The equilibrium between unfolded and native state of the protein can be altered 
by varying these factors through the changes in solvent conditions (i.e., changes in cosolvents 
composition, temperature and pH) [39-41]. The interrelationships between protein function, 
stability, and dynamics play significant role in many biological processes.  

Stabilization of proteins, which are particularly susceptible to osmotic stress, is of key 
importance to the cell’s health. All organisms typically experience various types of water stress, 
i.e., stresses such as high or low temperature, desiccation, and external osmotic pressure [39]. To 
avoid osmotic catastrophe under stress conditions, the cell volume is maintained osmotically via 
carefully controlled changes in the intracellular concentrations of organic osmolytes [39,42-43]. 
Naturally occurring osmolytes are typically classified as protecting and non-protecting 
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osmolytes. The non-protecting osmolytes (i.e., urea) generally denature the proteins [44-74]. In 
contrast, protecting osmolytes generally increase the stability of native proteins but they do not 
greatly affect the native structure of protein [75]. Protecting osmolytes provide protection against 
denaturing stresses. Naturally occurring protecting osmolytes mainly include following three 
chemical classes: (i) the polyols, which include glycerol, sucrose, trehalose, sorbitol and other 
sugars, (ii) certain amino acids, including glycine and proline and (iii) methylamines, such as 
sarcosine, betaine and trimethylamine-N-oxide [39,42-43,75].  Protecting osmolytes maintain the 
intracellular proteins in a soluble form in order to maintain cell viability. Intracellular presence 
of Trimethylamine-N-oxide in the cells of rays and sharks is supposed to counteract the 
deleterious effect of urea [39]. They manage the cell volume regulation under water-stressed 
conditions that may includes (i) extremes of temperature, (ii) extremes of pressure, (iii) changes 
in extracellular osmotic condition, (iv) desiccation, or (v) even the intracellular presence of the 
protein denaturing osmolyte, urea [76-78]. Protecting osmolytes favors the folded conformation 
through increasing the free energy of the unfolded conformation, whereas non-protecting 
osmolytes favour the unfolded conformation through lowering the free energy of the unfolded 
conformation [79-81]. Generally, the non-protecting osmolytes interact favorably with the 
unfolded conformation, resulting in preferential accumulation of non-protecting osmolytes 
proximate to the protein surface and protecting osmolytes interact unfavorably with the unfolded 
conformation, resulting in preferential depletion of osmolytes proximate to the protein surface 
[79-81]. However, the exact mechanism of osmolytes-proteins interactions is still unknown.  

Denaturants like urea (a non-protecting osmolyte) [44-74] and guanidine hydrochloride 
(GdnHCl) [82-83], alcohols [84-85] are widely used to study the stability and folding of proteins.  
However, the mechanisms by which these denaturants unfold the proteins in aqueous solution are 
poorly understood.The molecular mechanisms responsible for urea-induced protein denaturation 
are not clearly understood. Two classes of interactions are distinguished in the literature- (i) 
direct hydrogen-bonding interactions between urea and protein molecule [44-53] or (ii) indirect 
effects via changes in water structure [54-59]. So far it is not clear whether urea forms hydrogen 
bonds with the polypeptide backbone or the polar residues [50,54-56,60-68]. Calorimetric studies 
with cyclic dipeptides in urea reveal that both mechanisms can contribute significantly in the 
denaturant-induced unfolding of proteins [69]. Poklar et al investigated the effect of alkylureas 
on the thermodynamic stability of -lactoglobulin A [70-71], -chymotrypsinogen A [72-73], 
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and ribonuclease A [74-75]. They reported two important results: (i) the thermodynamic stability 
of these proteins decrease with increasing hydrophobicity of urea derivatives [70-75], and (ii) 
depending on the hydrophobicity and concentration of alkylureas, they also destabilize the 
tertiary structure and can cause rearrangement and distortion of secondary structure of proteins 
[70-75]. 

The interrelationships between protein function, stability, and dynamics play significant 
roles in protein engineering and biological process. In last few years, XRD-technique [86-87] 
and NMR spectroscopy [87-88] have been vastly used to correlate structure, conformational 
changes, function, and stability of proteins. Despite a commendable progress has been made in 
understanding the physics of protein folding, the investigations of protein dynamics are still in its 
infancy [89]. In particular, internal dynamics that include small amplitude collective motions 
[90], large amplitude cooperative breathing modes [91], and structural fluctuations at the 
subglobal level [92] are poorly understood.  

The stability and dynamics of proteins in solution are strongly coupled to the dynamics of 
solvent [89,93-96]. In terms of time scale, protein undergoes structural fluctuations from ultrafast 
(in the femtoseconds to picoseconds range) to relatively slow (in the range of seconds) [97-101]. 
Structural fluctuations which occur on the ultrafast time scale eventually facilitate larger scale 
protein rearrangements that are responsible for modulating the biological functions of proteins 
[93,102-103]. Although, the fast protein motions that control conformational transitions 
associated with protein function has been studied extensively [104-108], the relatively slow 
changes in structural dynamics of proteins across the folding-unfolding transition has received 
meager attention [109-110]. Equilibrium hydrogen exchange experiments under native to 
denaturing conditions provide evidence for selective and sequential opening of subglobal 
strucres in a manner that restricts the possible folding pathways to a limited set [110]. The 
possible roles of structural dynamics in folding can be determined by studying the changes in 
thermal fluctuations at both atomic and large-scale collective level. Neutron scattering 
techniques [111], NMR relaxation and spectral density maps [112-113], and cross-relaxation 
suppressed exchange NMR spectroscopy (EXSY) [114] have provided valuable insight into the 
structural dynamics of proteins. Analysis of X-ray data for certain protein crystals soaked in 
denaturant (urea or GdnHCl) solution indicates that the low concentrations of denaturant reduce 
the mobility of native proteins [115-116]. Constraints on intramolecular dynamics can also 
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reduce the amplitudes of thermal fluctuations [115-117]. Analysis of the effect of GdnHCl 
concentration on the rate of slow dynamic processes such as Y97 ring-flip motions in 
Ferricytochrome c (Ferricyt c) and thermal dissociation of CO from natively folded CO-liganded 
Ferrocytochrome c (Ferrocyt c) also provides evidence that the low concentrations of denaturant 
restrict the internal dynamics of protein [109,114]. In order to determine the role of hydrophobic 
and hydrogen bonding interactions on the stability, folding and dynamics of native proteins, this 
thesis work investigated the effects of urea and alkylureas on the thermodynamic stability and 
internal dynamics of horse heart cytochrome c (Cyt c) and horse heart myoglobin (Mb). To 
determine the effect of urea and alkylureas on the internal dynamics of heme proteins, the CO-
association reaction of Ferrocytochrome c (Ferrocyt c) and CO-replacement reaction of 
myoglobin–CO complex (MbCO) by hexacyanoferrate ion were measured under varying 
concentrations of urea and its alkyl derivatives (MU, DMU, EU, and TMU).  

In vitro, sugars are widely used as stabilizing agents for the maintenance of biological 
activity of biomolecules [118-125]. Glycerol, sucrose, glucose, and trehalose are most widely 
used sugars due to their protein stabilizing efficiency [120,126]. Sugars also exhibit the function 
of aiding in protein folding, refolding and in preventing protein aggregation [127-128]. The 
ability of protecting osmolytes to protect against denaturation is supposed to be generic and 
independent of the evolutionary history of the proteins [129-130]. Sugars may also strengthen the 
intermolecular O-H interactions responsible for the stability and structure of proteins [131]. 
Sugars protect the proteins against dehydration by hydrogen bonding to the dried protein by 
serving as water substitute [132-133]. Despite its widespread use the molecular basis for sugars 
ability to stabilize the proteins remains unknown. Sugars protect the protein against thermal 
denaturation through increasing the thermal denaturation temperature (Tm) [131,134-148]. 
Higher thermal stability of enzymes advantageous for the industries where thermostable enzymes 
provide increased rate of reactions, longer shelf-lives at normal storage temperatures and 
lowered risk of microbial contamination [149]. Sugars have more stabilizing effect on the pH-
denatured proteins than the native proteins [136-138]. Sugars have ability to refold and stabilize 
the acid-denatured protein to molten globule (MG)-state [150-152]. 

A molten globule (MG) is a molecular compact state with native-like secondary structure 
but with a disordered tertiary structure [153-155]. On the basis of structural and kinetic studies, 
MG-state has been assumed to be a major intermediate in protein folding [155-159]. Several 
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earlier reports suggest that MG-state can occur both in the late stages of folding [154-155,160-
161] as well as in the early stages of folding [158,162-164]. The MG-state is also very important 
for protein function in the living cell [153]. A family of intrinsically disordered proteins that 
lacks tertiary structure but are MG-like [165-167] have been found to be involved in cell 
signaling and regulatory functions through their interactions with DNA and other proteins [168-
171]. A number of small angle X-ray scattering studies revealed that MG-state adopts a wide 
range of structures from the relatively disordered to highly ordered [172-173], which imply that 
the MG-state is a largely fluctuating ensemble with various energy minimum. The effect of 
electrolytes or charges on the stability of MG-state showed that the reduction of electrostatic 
repulsion between charged residues of unfolded conformation is the main driving force of MG-
state stability [158,174-176].  

Timasheff and co-workers demonstrated that sugars stabilize the protein as a result of 
preferential hydration of the denatured state as compared native state [134-135]. Thus, the folded 
state of protein is stabilized relative to the unfolded state because it exposes less surface area 
from which the cosolvents must be excluded. While the effects of sugars on the fast protein 
dynamics are widely studied [177-179], very little has been done to record the effect of sugars on 
low-frequency local motions that control the relatively slow changes in structural dynamics of 
proteins [180]. Furthermore, the effect of sugars on the thermodynamic stability of pH-denatured 
proteins is not clearly understood [150]. In order to understand the effect of sugars on the pH-
denatured proteins, this thesis work investigated the effect of sugars (glycerol, ribose, glucose, 
maltose, sucrose and trehalose) on the structural and thermodynamic properties of Cyt c and 
Lysozyme (Lyz) at pH 12.9-13 or pH 2.3. To determine the effect of sugars on the internal 
dynamics of protein, the CO-association reaction of Ferrocyt c were measured under varying 
concentrations of glycerol and trehalose at pH 12.9.  

The contribution from ionic interactions in proteins is relatively more complex [181]. For 
example, the low pH triggers a large conformational change in transferrins (Tfs), which is a 
critical step for iron release in endosome [182-196]. In general, the pH modulates the protein 
stability by altering the charges on ionizable groups in the proteins through protonation or 
deprotonation [197]. Buffer conditions such as pH and electrolyte (salt) can have dramatic effect 
on biological functions of proteins [182-196,198-210]. The salt ions also modulate the stability 
of proteins [211-212]. At lower salt concentrations, salt ions affect the stability of proteins by 
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altering the electrostatic (Debye-Hückel) screening of Coulombic interactions [213-215]. On the 
other hand, the specific ion binding effects of salt often occurs at less than one millimolar salt 
concentrations [216] while the hydrophobic effects of salt dominates at molar salt concentrations 
(>0.5 M) [213-214,217-219]. At relatively higher salt concentrations, the Hofmeister effect, 
which depends on the nature of added ions, also affects the stability of proteins by increasing the 
surface tension of solvent that eventually modulates the hydrophobic interactions [212,220-223]. 
According to Hofmeister series, the anions typically follow the order: F–  HPO42– > SO42– > 
CH3COO– > Cl– > NO3– > Br– > ClO3– > I– > ClO4– > SCN– [211]. The species left to the Cl– are 
referred to as kosmotropes (ordering of water structures and thus stabilize the protein) and causes 
salting out effect while those right to the Cl–, known as chaotropes (breaking of water structure 
and thus destabilize the proteins), leads to salting-in effects [220-223]. 

Structurally, transferrins (Tfs; serum transferrin (sTf), ovotransferrin (oTf) and lactoferrin 
(Lf)) are bi-lobed glyco-proteins proteins, N- and C-terminal domains of approximately similar 
size, and each can bind one iron (Fe3+) synergistically with a carbonate anion [185, 224-227]. 
These two domains are connected by a linker sequence [228-229]. The synergistic anion 
carbonate is an absolute necessary for the interaction of Tfs with the iron [227,230-233]. 
Carbonate (or bicarbonate) is the dominant synergistic anion in vivo that plays a critical role in 
physiological release and uptake of iron by Tfs [234-241]. The affinity of Tfs for Fe3+ is 
extremely high (Ka 1020 M-1) [242-245]. The high affinity for Fe3+ gives protection against iron-
catalyzed free radical formation and limits the bacterial growth. Tfs can also bind non-ferrous 
metal ions [246-249], few of them are of therapeutic and diagnostic interest [243,250-252]. sTf is 
primarily responsible for iron transport from biological fluids to cytosol by receptor-mediated 
endocytosis [234] while oTf and Lf act as bacteriostatic agents [226]. Few earlier in-vitro studies 
have revealed that the oTf also possesses the cellular iron transport functions [253-255].  

Delivery of Fe3+ from plasma to tissue cells occurs via pH-dependent receptor-mediated 
endocytosis [256-258]. At neutral pH, circulating sTf preferentially binds to the extracellular 
portion of the transferrin receptor (TFR) on the cell surface followed by rapid internalization into 
an acidic endocytic compartment [259]. In endosome, acid induced conformational change 
releases the Fe3+ from sTf-Fe3+ complex [260-261]. Now, there is prerequisite for reduction of 
Fe3+ because only Fe2+ is transported out of endosomal lumen to cytoplasm by divalent metal 
transporter (DMT1) [234]. Reduction of Fe3+ is mediated by an endosomal ferrireductase [259-
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260]. After iron release, apo-sTf remains bound to the TFR and recycled back to the cell surface. 
The sTf protein is present at a concentration of ~3 mg mL–1 in serum of a healthy human body. It 
is only ~30% saturated with iron [262], which allowing it to significantly bind and transport 
other metal ions.  More than thirty metal ions can bind to Tfs and some of them are of 
therapeutic and diagnostic interest [250-252]. Ferritin and sTf manage essential stores of iron in 
our body. Inside cells, extra iron is locked safely in the protein shell of ferritin [263-264]. At 
neutral pH, the affinity of Tfs for iron is extremely high but decreases progressively with 
decreasing pH below neutrality [83,182,184-196,215]. Increasing evidences suggest that both pH 
and many non-synergistic anions (e.g., SO42–, Cl–, NO3–, ClO4–, etc.) which do not bind directly 
to iron but bind to the protein [188,265-270] also play an important role in iron release from Tfs 
[188,269, 253-255, 263, 265-285]. However, the effect of non-synergistic anions on the chelator-
meditated iron release from monoferric- (FeNTfs or FeCTfs) and differric-Tfs (Fe2Tfs) remains 
controversial because it depends on the types of chelator used [269, and reference there in]. The 
contributions of electrostatic and hydrophobic interactions to the stability of proteins are 
generally determined by measuring the stability of proteins in the presence of varying types and 
concentrations of salts often as function of pH [206,286-287]. Although, the effects of salts on 
the stability of proteins have been studied extensively [203,215,218,288-289], only few studies 
measured the relative contributions of the electrostatic and hydrophobic interactions to the 
stability and functional properties of proteins [215,289]. This thesis work investigated the effects 
of pH and salts on the stability and iron release kinetics of oTf and sTf. 

The structures of N- and C-lobes are quite similar in Tfs. However, these lobes are 
different in: (a) affinity for iron binding [252,290-291], (b) conformational and thermal stability 
[292-293], (c) interaction with nonsynergistic anions, [294] and (d) kinetics of iron binding and 
release [279-280, 295-297]. Few earlier reports suggest that protonation and anion binding to the 
protein control the kinetics of iron release from diferric-sTf (Fe2sTf) and differic-Lf (Fe2Lf) 
[295,298-301]. To understand the mechanisms by which pH and salts influence the biological 
functions of proteins, by using the methods and techniques of chemical relaxation [295,300,302-
304], this thesis work investigated the effects of salts (NaCl and Na2SO4) on the kinetics and 
mechanism of iron release from diferric ovotransferrin (Fe2oTf ) at mildly acidic pH conditions.   

The cell is filled with large numbers of macromolecules (nucleic acid, ribosomes, 
lipids, carbohydrate, and proteins) [305-306]. The concentration of these macromolecules in the 
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cytoplasm ranges from 50-400 mg ml–1 [307-309]. Cumulative excluded volume from all 
macromolecules inside the cell is generally referred by “macromolecular crowding” [310-
311]. The term “macromolecular crowding” coined by Minton implies the nonspecific influence 
of steric repulsions on specific reactions that occur in high volume occupied media [312]. The 
macromolecular crowding is generally described as an excluded volume effect [313]. Because of 
it any reaction that amplifies the available volume will be stimulated by macromolecular 
crowding [314-315]. According to excluded volume effects, crowding is a nonspecific force that 
favors processes resulting in the reduction of total volume, such as the folding of proteins [316-
317].  

 Macromolecular crowding has a significant impact on the protein conformational 
change, structure, folding, stability, activity, binding, mobility, protein-protein interactions, 
aggregation and protein allostry [312,317-344]. The milieu of cytoplasm is considered as a 
highly crowded and concentrated that modulates the kinetics and thermodynamics of 
biochemical reactions [318-320,345-352]. Macromolecular crowding alters the equilibrium 
constants and reaction rates through: (i) change in reactant molecules mobility [353-356], (ii) 
depletion interaction (excluded volume effect) that results in attraction between protein and 
crowder [320,345,357-359], and (iii) non-specific chemical interaction between protein and 
crowder [349-350,360-361].  

The highly crowded intracellular environment alters the thermodynamics of biophysical 
processes including protein folding, dissociation, association and diffusion [320,362-365]. 
Generally, the macromolecular crowding effect described in two ways, hardcore repulsions and 
nonspecific chemical (soft) interactions [349-351,366-369]. Excluded volume effect originates 
from hardcore repulsions that decreases the volume available to the protein and thus favors the 
compact conformation of protein. Excluded volume effect generates anisotropic osmotic pressure 
known as a depletion force that pushes the molecules together [370-371]. The hardcore repulsive 
effect involves only the arrangement of molecules, not their chemical interaction. The second 
phenomenon arises because crowders not only exclude volume, but also participate in 
nonspecific chemical (soft) interaction for which coulombic interactions [369], hydrogen bonds, 
and the hydrophobic effect are key players [372-373]. Repulsive nonspecific interactions 
reinforce the hardcore repulsions, whereas attractive nonspecific interactions oppose them. Even 
though individually weak, the high concentration of macromolecules can lead to a large net 
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effect [361]. The crowding effects described to arise from entropic and enthalpic contributions; 
hard-core repulsions are entropic, whereas the consequent nonspecific chemical interactions are 
enthalpic.  

Crowded environment is not confined to cellular interiors but also occurs in the 
extracellular matrix of tissues and takes place at membrane surfaces [319,374]. The blood 
plasma contains ~80 mg ml-1 of protein, a concentration sufficient to cause significant crowding 
effect [319]. sTf-Fe3+-receptor complex releases its iron under a highly crowded cellular 
environment [256-261]. Factor affecting the stability and iron release from Tfs have been well 
established by different research groups in dilute solutions [182-196,269, 253-255, 263, 265-
285]. However, the physiological environment is poorly modeled by such dilute solutions [375]. 
In vivo, the biochemical reactions differ significantly from those studied in vitro in dilute 
solutions [375]. While the effects of macromolecular crowding on the stability [376,377,387-
385, and reference there in] and functional properties of proteins [386,387-388,389-391] have 
been studied extensively, the effects of macromolecular crowding on the functional properties of 
Tfs are not explored so far  Thus, the macromolecular crowding in the blood plasma, on the cell 
surface and in the endosome may play an important role in the conformational transition during 
iron release from sTf. In vivo, the environment around sTf is crowded with molecules of 
different shapes and sizes. Proteins have evolved to function under such crowded environments. 
To model the iron release from sTf by mimicking the in vivo conditions, in vitro such a crowded 
environment can be achieved by adding high concentrations of crowding agents to the system 
[319-320,326,352,374, 392-395]. In vitro, synthetic crowding agents such as dextran and ficoll 
are often used to mimic the intracellular crowding [278-285,396-398]. They are chemically inert, 
non-charged polymers of certain sizes and shapes (i.e., dextran 40, dextran 70 and ficoll 70). 
They occupy the space in reaction medium but do not interact directly with the proteins [404-
406]. Dextran 40 and dextran 70 are polymers of D-glucopyranose and these behave as a quasi 
random coil due to flexibility and linearity having Rh of ~45 Å and ~63 Å, respectively [399-
403]. Ficoll 70 is a compact and highly cross-linked and branched copolymer of sucrose and 
epichlorohydrin that can be approximated as a semi-rigid sphere having Rh of ~55 Å [401-403]. 
Dextran has a lower degree of branching than ficoll that adopts a more elongated and flexible 
shape [404-406]. Thus, the relative studies employing these crowding agents allow us to examine 
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how the nature and the geometric shape of the respective crowding agent affect the stability and 
iron release from sTf. 

The macromolecular crowding can modulate the structure, stability, and function of 
sTf. To understand how sTf executes its biological function in a highly crowded cellular 
environment, this thesis work evaluated the effects of concentration, size, shape and viscosity 
of crowding agents (dextran 40, dextran 70 and ficoll70) on stability and iron release kinetics of 
sTf. This thesis work also evaluated the effect of crowding agent (dextran 40) on the salt (NaCl) 
dependence of the stability and iron release kinetics of sTf. 

Cyt c and Mb serve as paradigm for the study of stability and folding of proteins. The heme 
protein Cyt c is known for its role as an electron carrier in the mitochondrial electron transport 
chain [407]. The structure of Cyt c (104 amino acids and 12.4 kDa molecular weight) consists of 
five α-helices connected by Ω loops (Fig. 1.1a) [408]. The presence of covalently bound heme, 
smaller size and single-domain in Cyt c makes it paradigm for examining new concepts and 
approaches in protein folding [409-411]. Cyt c is involved in apoptosis. Nantes et al observed 
that (de)protonations of ionic residues due to change in pH of mitochondrial intermembrane 
space alter the binding efficiency of Cyt c to Cyt oxidase, Cyt reductase and other components of 
electron transfer chain, which in result change the normal function of protein and induce the 
apoptosis [412]. The biological activity of Cyt c as a mitochondrial electron transport shuttle 
strongly depends on maintaining the native HIS18/MET80 heme coordination [413]. Mb is also a 
heme protein that stores oxygen in cardiac muscle and facilitates the diffusion of oxygen from 
blood capilliaries to the mitochondria. It can also bind other ligands such as NO and CO [414]. 
The structure of Mb (153 amino acid and 16.7 kDa molecular weight) consists of eight α-helicies 
connected by short loops (Fig. 1.1b). Because of its vital role in the muscle metabolism and 
noncovalently bound heme group, Mb has been the subjects of intensive biophysical research 
[415-416]. Lyz is found in tears, saliva, human milk, and mucus. Lyz damages the cell walls of 
bacteria and thus exhibits bacteriolytic functions. Lyz (129 amino acid and 14.3 kDa molecular 
weight) is a bi-domains (α-helical and β-sheet domains) globular protein (Fig. 1.1c). Owing to its 
smaller size, high-abundance and well characterized biophysical properties, Lyz has been 
frequently used in protein science [420-423]. The bi-lobed structcture of Fe2oTf is shown in Fig. 
1.1d.  
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Fig. 1.1 Ribbon models for (a) Cyt c (PDB: 1HRC) [408], (b) Mb (PDB: 1YMB) [417], (c) Lyz 
(PDB: 2LYZ) [418] and (d) oTf (PDB: 1OVT) [419].  
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Chapter 2 
Materials and Methods 
 
2.1 Materials         
Horse heart Cytochrome c (Cyt c) (type VI), horse heart Myoglobin (Mb), egg white apo-
ovotransferrin (apo-oTf) (C0755) and bovine serum apo-transferrin (apo-sTf) (T0178) were 
purchased from Sigma. Hen egg white Lysozyme (Lyz) was purchased from Calbiochem. 
Alkylureas (methylurea (MU), N,N’-dimethylurea (DMU), ethylurea (EU), tetramethylurea 
(TMU)), sugars (ribose, glucose, maltose, sucrose, trehalose), salts (NaCl, NaNO3, NaBr, Na2SO4, 
NaClO4), bathophenanthroline disulfonate (BPS), 8-anilino-1-naphthalene sulfonate (ANS), 
crowding agents (Dextran 40, Dextran 70), NaOH, sodium dithionite, K3[Fe(CN)6], and salts of 
buffers (glycine, dibasic and mono basic sodium phosphate, sodium acetate, 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonate (HEPES), 2-(N-mopholino) ethanesulfonate (MES) and 3-
[Cyclohexylamino]-1-propanesulfonic acid (CAPS)) were purchased from Sigma. Ultra pure 
GdnHCl and urea were purchased from USB. Glycerol was purchased from Merck. Ficoll 70 was 
purchased from GE health care. Centricon filter of 10 kDa molecular mass cut-off was purchased 
from Millipore, Bedford, MA, USA. pH of samples were adjusted by using concentrated NaOH or 
HCl.  
 
2.2 Methods 
2.2.1 Measurements of CO-association kinetics of Ferrocyt c 
To evaluate the effect of different cosolvents on internal dynamics of Ferrocyt c, the CO-
association kinetics of Ferocity c were measured at varying concentrations of cosolvent 
(denaturant (urea, MU, EU, DMU, TMU, GdnHCl (pH 7.0) or sugar (glycerol, trehalose (pH 
12.9)) or salt (NaCl (pH 12.9))). Ferrocytochrome c (Ferrocyt c) can be driven to bind CO when 
the latter is used in saturating concentration (1 mM). Small volumes of Ferrocyt c solution were 
diluted 101-fold into deaerated CO-saturated buffer containing ~3 mM sodium dithionite and 
varying concentrations of denaturant (urea, MU, EU, DMU, TMU, GdnHCl (0.1 M phosphate, 
pH 7.0)) or sugar (glycerol, trehalose (2 mM CAPS, pH 12.9)) or salt (NaCl (2 mM CAPS, pH 
12.9)) under anaerobic atmosphere. Final concentration of protein in the reaction medium was 
~8-10 M. Measurements of CO-association kinetics of Ferrocyt c were performed on Shimadzu 
2450 spectrophotometer at 550 nm (heme absorbance). In the presence of destabilizing 
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concentrations of denaturant, the kinetics of the fast CO-association reactions were recorded on 
Shimadzu 2450 spectrophotometer coupled with Applied Photophysics RX 2000 Rapid Kinetics 
System stopped-flow mixing accessory.  
 
2.2.2 Measurement of CO-replacement kinetics of MbCO by hexacyanoferrate ion 
If the internal dynamics of protein changes by addition of denaturant then there should change in 
the reaction rate of ligand binding or exit. For CO-replacement reaction of CO-liganded 
myoglobin (MbCO) by hexacyanoferrate ion, MbCO was prepared by dissolving the protein in 
the deaerated buffer (pH 7.0, 0.1 M phosphate buffer) containing sodium dithionate and then dry 
CO was passed under anaerobic atmosphere. Small volumes of MbCO were diluted in the 
degassed K3[Fe(CN)6] containing varying concentrations of denaturant (urea, MU, EU, DMU, 
TMU) (pH 7.0, 0.1 M phosphate buffer). The final concentrations of protein, CO, sodium 
dithionate, and K3[Fe(CN)6] in the reaction medium were ~10, 500, 0.5, 400 mM, respectively. 
This method permits replacement of CO by [Fe(CN)6]3− and CO-replacement kinetic 
measurements were performed on Shimadzu 2450 spectrophotometer at 421 nm. 
 
2.2.3 Measurement of far-UV CD, near-UV CD, fluorescence and absorbance monitored 
denaturant-induced equilibrium unfolding transitions of proteins  
CD spectroscopy is particularly good for the characterization of secondary (far-UV CD) and 
tertiary (near-UV CD) structures in proteins. Protein conformation can be tracked by 
fluorescence spectroscopy. CD and fluorescence spectroscopy could be used to study the 
conformational stability of a protein under stress conditions (extreme pH conditions or high 
concentration of denaturants). Native protein have good amount of secondary and tertiary 
structure than the unfolded one. To determine the effect of denaturants on the conformational 
stability of proteins, the far-UV CD (222 nm), near-UV CD (282 nm) and fluorescence (ex: 280 
nm)-monitored denaturant (urea, MU, DMU, EU, TMU and GdnHCl)-induced equilibrium 
unfolding curves were measured for Ferricytochrome c (Ferricyt c) (pH 6.0 (0.5)), CO-
liganeded Ferrocyt c (Cyt-CO) (pH 7.0 (1)), Mb (pH 7.0 (1)) and Ferrocyt c (pH 7.0 (1)) at 
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25 °C. The final protein concentrations for the fluorescence, far-UV CD and near-UV CD 
measurements were ~10 (Ferricyt c/Ferrocyt c/Cyt-CO/Mb/MbCO), ~10-15 (~10 (Ferricyt c), 
~15 (Mb)) and ~70 µM (Ferricyt c), respectively. The absorption spectrum of Ferricyt c shows to 
characterstic heme absorbances centred at around 399 and 695 nm. The urea dependent heme 
absorbance of Ferricyt c at 399 and 695 nm were also measured using 20 and 100 µM 
concentration of protein, respectively at pH 6.0 (0.5), 25 °C. Cyt-CO samples were prepared by 
incubating the Ferrocyt c under different concentration of denaturant in the presence of CO (≈1.0 
mM) under anaerobic atmosphere. MbCO samples were prepared as described previously and 
before the measurements were placed in dark place in tightly capped quartz cuvettes. Before the 
measurements, the protein samples (Ferrocyt c, Ferricyt c, Cyt-CO, Mb, MbCO) were 
equilibrated for ~2 hrs. The buffer conditions used for these measurements were 0.1 M 
phosphate buffer. 

To determine the effect of sugars on the conformational stability of proteins, fluorescence 
(ex: 280) monitored GdnHCl-induced unfolding of Cyt-CO (pH 12.9, 2 mM CAPS) and Lyz (pH 
13, 2 mM CAPS), and urea-induced unfolding of Lyz (pH 2.3, 25 mM glycine) were measured in 
the absence and presence of a desired concentration of sugar (trehalose, sucrose, maltose, 
glucose, ribose or glycerol) or salt (NaCl). To determine the sugar effect on the denaturant-
dependant thermodynamic stability of Lyz, the fluorescence monitored GdnHCl dependent urea-
induced unfolding transitions of Lyz (pH 2.3, 25 mM glycine) were also measured in the absence 
and presence of sugar (trehalose, sucrose, maltose, glucose, ribose or glycerol). The final 
concentration of Cyt-CO and Lyz was 10 M for fluorescence measurements. The protein 
samples were equilibrated for ~60 minutes before the measurements.  

To determine the effect of salt or sucrose on thermodynamic stability of Fe2oTf and apo-
oTf, the far-UV CD and near-UV CD monitored urea-induced unfolding curves of diferric-
ovotransferrin (Fe2oTf) and apo-oTf (0.05 M HEPES (pH 7.4) or 0.05 M MES (pH 5.8-5.4)) 
were measured in the presence of different concentrations of salt (NaCl, Na2SO4) or sucrose at 
25 C. To determine the effect of crowding agents on thermodynamic stability of Fe2sTf at pH 
7.4 and pH 5.5, the far-UV CD-monitored urea-induced unfolding curves of Fe2sTf (0.05 M 
HEPES (pH 7.4) or 0.05 M MES (pH 5.5)) were measured in the presence of different 
concentrations of crowding agents (dextran 40, dextran 70 or ficoll70) at 25 C. To determine the 
effect of crowding agents on salt-dependence of thermodynamic stability of Fe2sTf at pH 7.4 and 
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pH 5.5, the far-UV CD-monitored urea-induced unfolding curves of Fe2sTf (0.05 M HEPES (pH 
7.4) or 0.05 M MES (pH 5.5)) were measured in the presence of different concentrations of NaCl 
in the absence and presence of 200 mg ml-1 dextran 40 at 25 C. The final concentrations of 
protein (apo-oTf, Fe2oTf, Fe2sTf) for far-UV and near-UV CD measurements were ~5 and ~10 
M, respectively. Prior to data collection, the protein samples (apo-oTf, Fe2oTf, Fe2sTf) were 
incubated for ~5 hrs at 25 C. The fraction of unfolded protein (apo-oTf, Fe2oTf, Fe2sTf), fD, was 
estimated from the far-UV (222 nm) and near-UV (282 nm) CD data.  

CD (far-UV CD (250-200 nm, 1.0 mm cell), near-UV CD (320-240 nm, 5.0 mm cell)), 
fluorescence emission (320-410 nm, 10.0 mm cell) and absorbance (800-250 nm, 10.0 mm cell) 
spectra were taken on JASCO (model J810 or J815) spectropolarimeter, Perkin Elmer LS-55 
spectrofluorometer and Shimadzu 2450 spectophotometer, respectively. However, the 
fluorescence emission spectra of Cyt-CO in the presence urea, alkyl ureas (MU, DMU, EU, 
TMU) and GdnHCl (pH 7.0, 25 °C) were taken on Cary Eclipse Agilent spectrofluorometer. 
Fluorescence emission intensity used was 358/360 nm, 358 nm, 360 nm and 375 nm for Cyt c 
(Ferricyt c, Ferrocyt c), Mb, Lyz and Cyt-CO/MbCO, respectively. The concentrations of the 
urea and GdnHCl solutions before and after measurements were determined by refractive index 
measurements on an Abbe refractometer. The final concentrations of urea and GdnHCl are those 
taken after the measurements. The unfolding transitions were analyzed assuming a two state 
transition between the folded (N) and unfolded (U) conformations by using the procedure of 
Santoro and Bolen [1] equation (1),  

 
where Sobs is the signals (fluorescence, CD or absorbance) at given denaturant 

concentration, D, cf and cu, and mf and mu represent intercepts and slopes of native and denatured 
states baselines, respectively, ∆GD is the denaturation free energy in the absence of denaturant, 
and mg is the surface area exposed by the solvent.  
 
2.2.4 Measurement of the far-UV CD, near-UV CD, fluorescence and ANS fluorescence 
spectra of native and pH-denatured proteins in the presence of sugar or salt 
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Under extreme pH conditions, protein looses its secondary and/or tertiary structures and 
the addition of stabilizing additive in the pH-denatured proteins may stabilize the the secondary 
and/or tertiary structures, these changes could be monitored using the CD and intrinsic 
fluorescence spectroscopy. The far-UV CD, near-UV CD and fluorescence spectra of base 
denatured Ferricyt c, Cyt-CO, Lyz were measured in the absence and presence of sugar (glycerol 
and trehalose) or salt (NaCl) at pH 12.9/13, 25 C (2 mM CAPS). The far-UV CD and near-UV 
CD spectra of native Ferricyt c, Ferrocyt c, Lyz and GdnHCl-unfolded Ferricyt c, Cyt-CO and 
Lyz were collected at pH 7.0, 25 C (50 mM phosphate buffer). The far-UV CD and near-UV 
CD spectra of Lyz were also collected at pH 2.3, 25 C (25 mM glycine buffer). The 
fluorescence spectra of native Ferricyt c, Ferrocyt c and Lyz were also collected at pH 7.0, 25C 
(50 mM phosphate buffer). The final concentration of the protein used for the far-UV CD, near-
UV CD and fluorescence measurements were 10-30, 50-130 and 10 µM, respectively. ANS-
fluorescence is widely used to detect the MG-states of proteins [2-3]. Binding of ANS to 
hydrophobic regions generally increases the ANS fluorescence intensity of MG-state [2-3]. The 
ANS fluorescence spectra for the native Lyz and Ferricyt c at pH 7.0, 25C (50 mM phosphate 
buffer) and base-denatured Ferricyt c and Lyz, at pH 12.9/13, 25 C (2 mM CAPS buffer)) were 
measured without additive and in the presence of glycerol and trehalose, respectively. The ANS 
fluorescence spectrum was also recorded for GdnHCl-denatured Lyz at pH 7.0, 25C (50 mM 
phosphate buffer). For ANS fluorescence measurements, ratio of ANS (150 µM) and protein (10 
µM) were 15:1. The CD (far-UV CD (250-200 nm, 1.0 mm cell), near-UV CD (320-240 nm, 5.0 
mm cell)) and fluorescence (fluorescence (ex: 280 and em: 320-410 nm, 10.0 mm cell), ANS-
fluorescence (ex: 380 and em: 400-600 nm, 10.0 mm cell)) spectra of proteins were collected on 
JASCO J815 spectropolarimeter and Perkin Elmer LS-55 spectrofluorometers, respectively. 
Before the measurements the samples were equilibrated for ~60 minutes. 

 
2.2.5 Measurement of the far-UV CD and absorbance monitored thermal unfolding 
transitions of proteins 

Temperature dependent changes in the proteins conformation could be monitored using 
the far-UV CD and absorbance signals. To investigate the effects of the denaturants and sugar on 
the thermal stability of native Ferrocyt c and Mb, the visible absorbance monitored (416 and 550 
nm for Ferrocyt c and 409 nm for Mb) thermal unfolding curves of Ferrocyt c and Mb were 
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collected in the absence and presence of different concentrations of urea, GdnHCl, sucrose, 
alkylureas (MU, EU, DMU, TMU) at pH 7.0 (0.1 M phosphate buffer). To find out the effect of 
urea, GdnHCl, and sugar on the acid-denatured Lyz, the absorbance monitored (292 nm) thermal 
unfolding curves of Lyz were collected at pH 2.3 (25 mM glycine buffer) in the absence and 
presence of different concentrations of urea, GdnHCl and sugars (glycerol, ribose, glucose, 
maltose, sucrose, trehalose). To evaluate the effect of sugar on the denaturant dependant thermal 
stability of acid-denatured Lyz, the absorbance monitored (292 nm) thermal unfolding curves of 
Lyz were collected at pH 2.3 at different concentration of denaturant in the absence and presence 
of fixed concentration of sugar (glycerol, ribose, glucose, maltose, sucrose, trehalose) at pH 2.3.  

 To estimate the effect of sugar (glycerol or trehalose) or salt (NaCl) on the thermal 
stability of base-denatured Ferricyt c and Lyz, the far-UV CD monitored (222 nm) thermal 
unfolding curves of Ferricyt c and Lyz were collected at pH 12.9 (±0.1) (2 mM CAPS buffer) in 
the absence and presence of different concentrations of sugar (glycerol or trehalose) or salt 
(NaCl). The far-UV CD monitored (222 nm) thermal unfolding curve of Ferrocyt c was collected 
at pH 7.0 in 0.1 M phosphate buffer. The absorbance and CD monitored thermal denaturation 
curves of proteins were collected on Shimadzu 2450 spectophotometer (with S-1700 
thermoelectric single cell holder) and on Jasco 815 CD spectrophotometer (Peltier controlled), 
respectively. The temperature of protein solution was raised at a rate of 1 °C/min. The protein 
concentration used for the absorbance monitored thermal unfolding experiments were 7-10, 5-7 
and 5-7 M for Ferrocyt c, Mb and Lyz, respectively. For CD measurements ~15 M of protein 
(Ferricyt c, Ferrocyt c, Lyz) was used. These thermal unfolding curves were analyzed by using 
two-state van′t Hoff equation (equation (2)) [4] or Gibbs Helmholtz equation (equation (3)), 
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where Sobs (T) is the observed signal (absorbance or CD), yN and yU, and mN and mU, 

represent intercepts and slopes of the native (pre-transition) and unfolded (post-transition) 
baselines, respectively, R is the gas constant, T is absolute temperature Cp represent heat 
capacity change, R is a gas constant, and Hm represent the van’t Hoff enthalpy at thermal 
denaturation midpoint (Tm). Thermodynamic stability, expressed in terms of free energy of 
denaturation, ΔGT was calculated using the equation (4), 
 
 
 
2.2.6 Preparation of Fe2Tf and FeNTf 

Diferric-transferrin (Fe2Tf; Fe2oTf and Fe2sTf) was prepared by well known procedure 
used earlier for Fe2sTf [5-7]. Briefly, an iron nitrilotriacetate solution was prepared by dissolving 
nitriloacetic acid (~100 mol) and FeCl3.6H2O (~50 mol) in 2 mL solution of 6 M HCl. The pH 
of this solution was adjusted to 4.0 with the concentrated NaOH solution. The solution was 
finally diluted to 10 mL. Apo-transferrin (apo-oTf and apo-sTf) (80 mg, 1 mol) was dissolved 
in 3 mL of buffer (50 mM HEPES, pH 7.4, 20 mM NaHCO3). Protein solution was then diluted 
upto 5 mL by adding the freshly prepared iron nitrilotriacetate solution. Protein solution thus 
prepared was incubated overnight at ~37 C. To remove the unbound iron, protein solution was 
exchanged at least five times with original buffer (50 mM HEPES, pH 7.4) by using a Centricon 
filter of 10 kDa molecular mass cut-off. The iron saturation of Tf was checked by urea–
polyacrylamide gel electrophoresis. The concentration of Fe2Tf was determined 
spectrophotometrically on the basis of ε465 nm = 5103 M─1 cm─1 [8]. The percentage of protein 
iron saturation was above 95%.  
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N-lobe of Tf (FeNTf; oTf (FeNoTf) and N-lobe of sTf (FeNsTf)) was prepared by well 
known procedure used earlier for FeNsTf [7,9]. The perchlorate ion enhances the rate of iron 
release from the C-lobe 260 times more than the N-lobe of Tf. Therefore, the concept of selective 
release of iron from C-lobe of Fe2Tf is used to prepare the FeNTf. For this, Fe2Tf (250 M) was 
incubated at 37 C for ~2 hrs in 0.1 M HEPES buffer that also contained 0.1 M EDTA and 2.7 M 
NaClO4. To remove the EDTA and NaClO4 from the protein solution, the protein solution was 
exchanged at least five times with original buffer (50 mM HEPES, pH 7.4) by using a Centricon 
filter of 10 kDa. The iron saturation of FeNTf was checked by urea–polyacrylamide gel 
electrophoresis. The concentration of FeNTf was determined spectrophotometrically on the basis 
of ε465 nm = 2150 M─1 cm─1 [5]. 
 
2.2.7 Measurement of the absorbance and fluorescence monitored iron release profiles of 
Fe2Tf as a function of pH and urea  

Low pH and high concentration of denaturant promote the iron release from Fe2Tf. To 
determine the effect of salt or sucrose on the pH-induced iron release from Fe2oTf, the samples 
of Fe2oTf (~10 M) were prepared in mixture of buffers (0.02 M HEPES + 0.02 M MES, pH 
~8.0-3.0) containing different concentrations of salts (NaCl, NaNO3, NaBr, Na2SO4) or sucrose 
at 25 C. To determine the effect of crowding agents on the pH-induced iron release from 
Fe2oTf, the samples of Fe2sTf (~6 M) were prepared in mixture of buffers (0.1 M HEPES + 
0.05 M MES, pH 7.5-2.0) that contained different concentrations of crowding agent (dextran 40, 
dextran 70, ficoll70) at 25 C. To determine the effect of crowding agents on the salt-dependence 
of pH-induced iron release from Fe2Tf, the samples of Fe2sTf (~6 M) were prepared in mixture 
of buffers (0.1 M HEPES + 0.05 M MES, pH 7.5-2.0) that contained different concentrations of 
salt (NaCl) in the absence and presence of 200 mg ml-1dextran 40 at 25 C. Before the data 
collections, the Fe2oTf and Fe2sTf samples were incubated for ~4 hrs and ~6 hrs at 25 C, 
respectively. The pH of protein samples were measured both before and after the experiments. 
The reported pH values are those determined after taking the data. The decrease in absorbance 
maximum at 465 nm and increase in fluorescence emission intensity at 340 nm (ex: 280 nm) 
were used as the reliable markers for iron release from Fe2Tf [10-13]. The pH equilibrium 
profiles for Fe2Tf were measured by monitoring changes in the fluorescence emission at 340 nm 
(ex: 280 nm) or absorbance at 465 nm. The pH profiles of Fe2Tf were fitted to equation (5) [14]:  
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where cf and cu are the normalized absorbance or fluorescence signals for the iron-loaded native 
state and the iron-free acid-denatured state, respectively, and Cm is the pH midpoint where the 
Fe2Tf lost its half of the metal ions. 

To determine the effect of salt or sucrose on the urea-induced iron release from Fe2oTf, 
the samples of Fe2oTf (10 M) were prepared in a buffer (0.05 M HEPES, pH 7.4 or 0.05 M 
MES, pH 5.8-5.4) containing different concentrations of urea and a desired concentration of salt 
(NaCl, Na2SO4) or sucrose. Before the data collection, the protein samples were incubated for ~5 
hrs at 25 C. To determine the effect of crowding agent on the urea-induced iron release from 
Fe2oTf, the samples of Fe2sTf (~6 M) were prepared in a buffer (0.1 M HEPES, pH 7.4 or 0.1 
M MES, pH 5.7) containing different concentrations of urea and a desired concentration of 
crowding agent (dextran 40, dextran 70, ficoll 70) at 25 C. To determine the effect of crowding 
agents on the salt-dependence of urea-induced iron release from Fe2Tf, the samples of Fe2sTf (~6 
M) were prepared in different concentrations of urea contained variable concentrations of salt 
(NaCl) in the absence and presence of 200 mg ml-1dextran 40 at 25 C. Before the data 
collection, Fe2sTf samples at 7.4 and pH 5.7 were incubated for ~20 and ~3 hrs (25 C), 
respectively. On the basis of fluorescence emission at 340 nm (ex: 280 nm) and absorbance at 
465 nm, the fraction of iron released was estimated.  The normalized urea-induced denaturation 
curves for the iron release were fitted to equation (1). Fluorescence emission spectra (320-410 
nm) were collected on Perkin Elmer LS-55 spectrofluorometer or visible absorbance spectra 
(390-710 nm) were collected on Shimadzu 2450 spectrophotometer.   

 
2.2.8 Stopped-flow measurement of folding-unfolding kinetics of Ferrocyt c 

To establish the connection between the denaturant dependent CO-association rates and 
global folding and unfolding rates the folding-unfolding kinetics of Ferrocyt c were measured 
under different conditions of GdnHCl. For refolding kinetics, Ferricyt c (0.35 mM) unfolded in 
7.5 M GdnHCl was reduced under N2 by the sodium dithionite (3.2 mM). Thus prepared 
unfolded Ferrocyt c was mixed with the refolding buffer in the stopped flow in the desired ratio 
to record the folding kinetics. For unfolding kinetics, Ferrocyt c (0.35 mM) was prepared by 
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reducing the Ferricyt c with sodium dithionite added to a final concentration of 3.2 mM. Thus 
prepared native Ferrocyt c was mixed with the unfolding buffer in the stopped flow in the desired 
ratio to record the unfolding kinetics. Samples were equilibrated for 10 min before mixing. 
Stopped-flow experiments used a Biologic SFM400 module regulated at 25 ○C by the use of an 
external water bath. The spectrometer was configured for fluorescence detection (ex: 280 nm, 
em: 358 nm). A two syringe mixing at a total flow rate of 8 ml s-1 was employed (1:7, 
protein/buffer). Typically, 10–20 shots were averaged.  
 
2.2.9 Measurement of urea denaturation-induced and sodium dithionite reduction-induced 
iron release kinetic profiles of FeNTf  

When FeNoTf was incubated with 9.0 M urea at pH 7.4 or 6.0 M urea at pH 5.6, the 
absorbance of 465 nm band is decreased significatenly with time [15].  To determine the effect 
of salt or sucrose on the urea-induced iron release from FeNTf, FeNoTf solution (40 L, 110 M, 
pH 7.4) was mixed rapidly to HEPES buffer (0.05 M, 0.8 mL, pH 7.4) that contained 9.0 M urea 
and a desired concentration of salt (NaCl or Na2SO4) or sucrose at 37 C. At pH 5.6, iron release 
reaction is relatively faster, therefore, the kinetics of iron release at this pH was measured by a 
Shimadzu 2450 spectrophotometer coupled with applied photophysics RX 2000 rapid kinetics 
stopped-flow mixing accessory. FeNoTf (pH 7.4) was placed in one syringe and MES buffer 
(0.05 M, pH 5.6) that contained 6.0 M urea and a desired concentration of salt (NaCl or Na2SO4) 
or sucrose was placed in other stopped flow syringe. For kinetic experiments of urea 
denaturation-induced iron release the final concentrations of FeNoTf were ~5.5 M and ~10 M 
at pH 7.4 and 5.6, respectively. To determine the effect of crowding agents on the urea-induced 
iron release from FeNTf, FeNsTf solution (50 L, pH 7.4) was mixed rapidly to HEPES buffer 
(0.1 M, 950 L, pH 7.4)  (for measurement at pH 7.4) or MES buffer (0.1 M, 950 L, pH 5.5) 
(for measurement at pH 5.5) that contained 10.0 M (pH 7.4) or 6.0 M (pH 5.5) urea and a desired 
concentration of crowding agent (dextran 40 or dextran 70 or ficoll 70) at 37 C. To determine 
the effect of crowding agents on the salt-dependence of urea-induced iron release from FeNTf, 
FeNsTf solution (50 L, pH 7.4) was mixed rapidly to HEPES buffer (0.1 M, 950 L, pH 7.4)  
(for measurement at pH 7.4) or MES buffer (0.1 M, 950 L, pH 5.5) (for measurement at pH 
5.5) that contained 10.0 M (pH 7.4) or 6.0 M (pH 5.5) urea and different concentrations of NaCl 
in the absence and presence of 200 mg ml-1 dextran 40 at 37 C. For kinetic experiments of urea 
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denaturation-induced iron release, the final concentration of FeNsTf was ~15.0 M. The kinetics 
of iron release from the FeNTf was measured by monitoring the change in absorbance at 465 nm, 
37 C.   

To determine the effect of salt or sucrose on the reduction induced Fe2+ release from 
FeNoTf at pH 7.4, a small volume of FeNoTf solution (40 L, 110 M, pH 7.4) was mixed 
rapidly to a degassed HEPES (0.05 M, 0.8 mL, pH 7.4) buffer that contained 10 mM sodium 
dithionite, 0.25 mM BPS and a desired concentration of salt (NaNO3 or Na2SO4) or sucrose (25 
C). At pH 5.6, the reductive iron release reaction is relatively faster, therefore, the kinetics of 
reductive iron release at this pH was measured by a Shimadzu 2450 spectrophotometer coupled 
with applied photophysics RX 2000 rapid kinetics stopped-flow mixing accessory. FeNoTf (pH 
7.4) was placed in one syringe and MES buffer (0.05 M, pH 5.5) that contained sodium 
dithionite, BPS, and a desired concentration of salt (NaNO3 or Na2SO4) or sucrose was placed in 
other stopped flow syringe (25 C). For kinetic experiments of reduction induced Fe2+ release at 
pH 5.6 and 7.4, the final FeNoTf concentration was ~5 M. To determine the effect of crowding 
agents on the reduction induced Fe2+ release from FeNsTf at pH 7.4 or pH 5.5, 20 L (pH 7.4) of 
FeNsTf solution was mixed rapidly to a deaerated HEPES buffer (0.1 M, 980 L, pH 7.4) or 
MES buffer (0.1 M, pH 5.4) that contained sodium dithionite, BPS and a desired concentration 
of crowding agent (dextran 40 or dextran 70 or ficoll 70) at 25 C.  To determine the effect of 
crowding agents on the salt-dependence of reduction induced Fe2+ release from FeNsTf at pH 7.4 
or pH 5.5, 20 L (pH 7.4) of FeNsTf solution was mixed rapidly to a deaerated HEPES buffer 
(0.1 M, 980 L, pH 7.4) or MES buffer (0.1 M, pH 5.4) that contained sodium dithionite, BPS 
and different concentrations of NaCl in the absence and presence of dextran 200 mg ml-1 40 at 25 
C. 8 M and 10 M concentration of FeNsTf was used for reduction induced Fe2+ release kinetic 
experiments at pH 7.4 and pH 5.5, respectively. The final concentration of sodium dithionite and 
BPS were 10 and 0.25 mM, respectively. The reductive iron release kinetics was measured by 
Fe2+-BPS complex absorbance at 538 nm [16-17].   

 
2.2.10 Measurements of mildly acidic pH-triggered iron release kinetic profiles of Fe2oTf 

Manual mixing kinetics experiments were performed by thorough mixing of a neutral 
aqueous solution of Fe2Tf (pH 7.4, 50 mom HEPES buffer) with acetate buffer (pH≤4.2) 
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containing a desired concentrations of NaCl or Na2SO4 to achieve a final pH of 3.9≤pH≤4.3 at 25 
C. To capture the fast process, the kinetics experiments were also measured by Shimadzu 2450 
spectrophotometer coupled with rapid kinetics stopped-flow mixing accessory (applied 
photophysics RX 2000). FeNoTf (pH 7.4) was placed in one syringe and acetate buffer (pH≤4.2) 
that containing desired concentrations of NaCl or Na2SO4 was placed in other stopped flow 
syringe at 25 C. The final concentration of Fe2oTf was 8−10 μM. The resulting change in 
absorbance at 465 nm was monitored with a Shimadzu 2450 spectrophotometer or Cary Model 
6000i spectrophotometer (25.0 ± 0.1 °C).     
 
2.2.11 Measurement of water activity (aW) in the presence of denaturants and sugars 

Water activity (aW) plays an important role on protein stability [18-21]. In the presence of 
denaturants and sugars to determine the effect of water activity (aW) on proteins stability the 
water activity analysis were performed.When cosolute Y is urea, GdnHCl, and sugar (trehalose, 
sucrose, maltose, glucose, ribose, glycerol) water activity (aW) of a protein solution was 
calculated by equation (6) [18-21], 

 
where XY is the mole fraction of cosolute. The experimental parameters, α, β and  were reported 
for urea, GdnHCl, and (trehalose, sucrose, maltose, glucose, ribose, glycerol) in the literature 
[18-20] and are provided in Table (1). The values of aw for alkylureas (MU, EU, and DMU) were 
calculated by an expression,   = -55.51/m ln aw, where m is molality of a given alkylurea. The 
experimental osmotic coefficient  for the MU, DMU, and EU were taken from the literature 
[22].  
Table 1 Parameters in Equation (6) to describe water activity of denaturants and sugars solutions.* 

Solute    
Urea - 0.8309 - 

GdnHCl -0.6462 6.560 -20.97 
Sucrose - -7.405 - 

Trehalose -  −6.646   164.72 
Maltose - −9.549 - 
Glucose - −2.734 - 
Ribose - −1.699 - 

Glycerol - −2.22  - 
* From reference [18-21] 
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2.2.12 Docking experiments of Cyt c and MbCO with denaturants  
In order to gain insight into the protein-denaturants interactions, docking between the 

horse cyt c (PDB: 1HRC [23]) or horse MbCO (PDB: 1DWR [24]) and denaturant molecule 
(urea, MU, DMU, EU and TMU) was performed on SwissDock server using the default 
parameters [25-26]. Different binding modes of denaturant-protein hydrogen bonding were 
analyzed using UCSF chimera [27]. 

 
2.2.13 Urea concentration correction in the presence of crowding agent 

Inert crowding agent increases the activity coefficient of other small species through 
decreasing its available volume through pure steric repulsion [28-31]. To calculate the effective 
concentrations of urea in the presence of crowding agent (dextran 40, dextran 70, ficoll 70), the 
partial specific volume of dextran 40, dextran 70 and ficoll 70 were determined in the absence 
and presence of urea. The partial specific volume is same in the absence and presence of 
crowding agent suggest that no interaction between crowding agent and urea. The value partial 
specific volume for all the crowding agents is 0.670 (±0.004) ml gm-1 and did not dependent on 
the concentration of crowding agent. The effective concentration of urea was calculated as 
described previously [28-31]. Urea concentration denotes the corrected effective concentration.      
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Chapter 3 
Effects of Urea and Alkylureas on Thermodynamic Stability and Internal 
Dynamics of Heme Proteins 
 
3.1 Introduction 
           Although, the effect of urea and GdnHCl on the stability and local dynamics of M80-
containing Ω-loop of native cytochrome c (Cyt c) have been investigated [1-3], the molecular 
mechanism by which these denaturants influence the local dynamics of M80-containing Ω-loop 
of Cyt c is not clearly understood. Moreover, the influence of alkylureas (methylurea (MU), 
dimethyl urea (DMU), ethylurea (EU) and tetramethylurea (TMU)) on the internal dynamics of 
Cyt c and myoglobin (Mb) is not studied before. In order to unravel the underlying mechanism 
by which these denaturants control the local dynamics of M80-containing Ω-loop of Cyt c, the 
effect of urea, GdnHCl, MU, DMU, EU and TMU on the structural fluctuations of the M80-
containing Ω-loop of Cyt c was examined by measuring the rate of thermally-driven CO 
interaction with Ferrocyt c with varying concentrations of these denaturants. To determine the 
effect of denaturants on the internal dynamics of Mb, the rate of CO-replacement reaction of CO-
liganded Mb (MbCO) was examined in the presence of varying concentrations of urea, MU, 
DMU, EU and TMU. It is known that CO interaction with Ferrocyt c replaces the native Fe2+-
M80 bond of protein with the non-native Fe2+-CO bond [4-5]. Within the subdenaturing limit, 
the CO-association reaction data shows a substantial reduction in the amplitudes of thermal 
motions of the M80-containing Ω-loop of Ferrocyt c. The amplitudes of thermal motions of Ω-
loop are found to be more reduced for urea and least for TMU. These results in conjugation with 
the docking results between the horse Cyt c and denaturant molecule (urea, MU, DMU, EU and 
TMU) show that the decrease in the extent of denaturant-mediated restricted dynamics of Ω-loop 
with a corresponding increase of alkyl groups on urea molecule is due to the decrease of 
denaturant-mediated cross-linking interactions with different groups of Ω-loop or other parts of 
the protein. On going from subdenaturing to unfolding milieu, the constraints on intramolecular 
dynamics of Ferrocyt c are subdued by the chaotropic action of the denaturant. However, within 
the subdenaturing conditions, as the concentration of denaturant is increased in the reaction 
medium, the rate of CO-replacement from MbCO increases and found to be more increased in 
the presence of TMU and least for urea. These results suggest that (i) the subdenturing 
concentrations of these denaturants unable to restrict the internal dynamics of Mb and, (ii) 
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chaotropic action of the denaturant increases as the hydrophobicity increases on the urea 
molecule.  
           The understanding of factors governing protein stability is important for 
biopharmaceutical and vaccines development efforts. In order to determine the exact effects of 
denaturants on the thermal stability of native proteins, the effects of urea and alkylureas were 
investigated on the thermal unfolding of Ferrocyt c and Mb. Water plays a fundamental and 
important role on protein stabilization [6]. Pioneering works by Miyawaki et al have revealed 
that water activity also plays an important role in protein stability [7-9]. Thermodynamic analysis 
of urea, MU, DMU, EU and TMU effects on the thermal unfolding of Ferrocyt c and Mb reveals 
that (i) thermal denaturation free energy change (∆GT), thermal unfolding midpoint temperature 
(Tm), and van′t Hoff enthalpy change (∆Hm) of protein decrease with increasing the concentration 
of denaturant and hydrophobicity of urea derivatives, (ii) water activity plays an important role 
in Ferrocyt c and Mb  stability and (iii) the disturbance of hydrophobic interactions and the 
hydrogen-bonding play crucial role in the destabilization of Ferrocyt c and Mb by denaturant. 
 
3.2 Results  
3.2.1 Denaturants dependence rate constant and activation parameters of CO-association and 
CO-replacement reactions 

Fig. 3.1a typifies the kinetics of CO-association reaction of Ferrocyt c in the absence of 
denaturant at pH 7.0, 25 C. The kinetics of CO-replacement reaction of MbCO in the absence of 
denaturant at pH 7.0, 22 C is shown in Fig. 3.1b. The CO-association (Fig. 3.1a) and CO-
replacement (Fig. 3.1b) kinetics are best described by single exponential decay with time 
constant,ass = 18 min and off  = 0.6 min, respectively. The exponential decay in absorbance at 
550 nm (the heme π→π* α-band) is due to association of CO to the protein. The CO replacement 
reaction of MbCO by hexacyanoferrate ions (K3[Fe(CN)6]) can be described as [10]:  
 

 
As described earlier [10-11], the observed rate constant kapp, can be given as, 
 
 

 
MbCO + CN– Mb + CO + CN– MbCN + CO koff 

kon k+CN 
k-CN 

off on offapp
on

(1)k k k k k kk k k k
   +CN -CN -CN

+CN -CN
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Fig. 3.1 (a) Represents the slow single-phase CO-association reaction, Ferrocyt c+CO  Ferrocyt c-CO 
( = 18.0 min, 25 C) monitored by 550 nm heme absorbance. (b) Represents the slow single-phase CO 
replacement reaction, MbCO+CN–  MbCN+CO ( = 0.6 min, 22 C) monitored at 421 nm. (c) 
Represents fluorescence monitored urea (■), MU (□), DMU (▲), EU (), TMU (), and GdnHCl (●) 
induced unfolding transitions of Cyt-CO at pH 7.0, 25 °C. Panel (c) also shows the urea-induced partial 
denaturation of Ferrocyt c (◊). (d) Represents fluorescence monitored urea (■), MU (□), DMU (▲), EU 
(), and TMU () induced unfolding transitions of MbCO at pH 7.0, 25 °C. The solid lines in panel (c) 
and panel (d) represent the iterated least-squares fit of the data to a two-state unfolding transition 
(equation (1), chapter 2). The fitted parameters are summarized in Tables 1 and 2. (e) Denaturants 
dependence of Log kass (urea (■), MU (□), DMU (), EU (), TMU (◊) and GdnHCl (♦)) at 25(1) C, 
pH 7.0. The lines through the data in panel (e) have been drawn by inspection only. (f) Denaturants 
dependence of Log koff (urea (■), MU (□), DMU (), EU (), and TMU (◊) at 22(1) C, pH 7.0.   
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Because CO dissociates much slower and CN binds much faster, therefore, k+CN » kon, and k-CN « 
koff. Furthermore, k-CN « k+CN. The equation (1) then simplifies to kapp ~ koff. After the addition of 
CN, the kinetics of CO replacement by CN was monitored at 421 nm. Figs. 3.1c and 3.1d show 
the denaturant (urea, MU, DMU, EU, TMU or GdnHCl)-induced fluorescence monitored 
unfolding transitions of the CO-liganded Ferrocyt c (Cyt-CO) and MbCO, respectively at pH 7.0, 
25 °C.  Fig. 3.1c also presents the urea-denaturation transition of Ferrocyt c at pH 7.0, 25 °C, 
which clearly suggests that within the limit of the aqueous solubility of urea, Ferrocyt c exhibits 
incomplete unfolding [12]. Two-state analysis [13] (equation (1), Chapter 2) of the denaturant-
induced unfolding transition curves of the Cyt-CO and MbCO provided the free energy of 
denaturation (∆GD) and surface area exposed by solvent (mg) for denaurants. The resulting, ∆GD, 
mg and Cm for different denaturants for Cyt-CO and MbCO are summarized in Tables 1 and 2, 
respectively. Figs. 3.2a and 3.2b show the effect of denaturants (urea, MU, EU, DMU, TMU, and 
GdnHCl) on the relative free energies of native and unfolded states in Cyt-CO and MbCO. The 
difference between the relative free energies of native and unfolded states typically follows the 
trend: urea > MU > DMU > EU > TMU > GdnHCl (Figs. 3.2a and 3.2b).   

 
 
 

 
 
 

 

 
 

 
Fig. 3.2 Diagram illustrating the effect of denaturants (urea, MU, EU, DMU, TMU, and GdnHCl) on the 
relative free energies of native and unfolded states in Cyt-CO (a) and MbCO (b). The thermodynamic 
parameters derived from equilibrium unfolding experiments (Fig. 3.1c and 3.1d, Tables 1 and 2). The free 
energy of the native state of proteins is arbitrarily set to zero. The energy levels of transition states may 
not appear scaled exactly.   
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Figs. 3.1e and 3.1f show the logarithm of rate coefficient for CO-association reaction and 

CO-replacement reaction in the presence of different concentration of urea, MU, EU, DMU, 
TMU, and GdnHCl. Data in Fig. 3.1e provides two major results: (i) “Chevron-like” feature of 
the Log kass-denaturants space: As the final concentration of denaturant is raised starting from 
strongly native-like conditions, the value of Log kass initially decreases and then increases, 
showing the inflections centered around 5.0, 4.5, 4.0, 3.1, 2.8, and 2.3 M for urea, MU, DMU, 
EU, TMU, and GdnHCl, respectively, (ii) The variation in magnitudes of kass with denaturants: 
As the denaturants concentrations are increased  from 0.0 to 5.0 M urea, 4.5 M MU, 4.0 M 
DMU, 3.1 M EU, 2.8 M TMU, and 2.3 M GdnHCl, the value of kass decreases to about 4.0, 3.3, 
2.5, 2.3, 1.7, and 4.5 folds, respectively.  

In the subdenaturing limit of denaturants, the decrease in the Log kass value is more 
pronounced for GdnHCl and urea and least for TMU (GdnHCl > urea > MU > DMU > EU > 
TMU) (Fig. 3.1e), which suggests that CO-association with Ferrocyt c is controlled by some 
specific interactions of denaturant molecules with the protein groups. At relatively higher 
concentrations of denaturant, the unfolding action of denaturant dominants that eventually 

Table 1 GD, mg, and Cm values for denaturants for unfolding of Cyt-CO monitored by fluorescence 
(ex: 280 nm, em: 375 nm).  
denaturant (M)  GD mg Cm 

 
denaturant (M) GD mg Cm 

Urea 13.0 1.37 9.5 EU 11.9 1.90 6.3 
MU 12.9 1.54 8.4 TMU 11.0 2.70 4.1 

DMU 12.3 1.60 7.7 GdnHCl 10.7 3.00 3.6 
*mg and GD (25 C) are reported as kcal mol-1 M-1 and kcal mol-1, respectively. The uncertainties of 
mg and GD values reported here are 0.2 kcal mol-1 M-1 and 1.0 kcal mol-1, respectively. Cm is 
reported in M. The uncertainty of Cm values reported here is 0.3 M. 

Table 2 GD, mg, and Cm values for denaturants for unfolding of MbCO monitored by fluorescence 
(ex: 280 nm, em: 375 nm).  
denaturant (M) GD mg Cm 

 
denaturant (M) GD mg Cm 

Urea 9.1 1.28 7.1 EU 7.0 1.65 4.2 
MU 8.7 1.45 6.0 TMU 5.9 2.92 2.0 

DMU 7.3 1.49 4.9     
*mg and GD (25 C) are reported as kcal mol-1 M-1 and kcal mol-1, respectively. The uncertainties of 
mg and GD values reported here are 0.2 kcal mol-1 M-1 and 1.0 kcal mol-1, respectively. Cm is 
reported in M. The uncertainty of Cm values reported here is 0.3 M. 
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facilitates the CO-association process, and hence the values of Log kass increase sharply (Fig. 
3.1e). Data in Fig. 3.1f clearly shows that within the subdenaturing limit of denaturants, the Log 
koff continuously increases, indicating that subdenaturing concentrations of denaturants are 
unable to reduce the thermal motions of Mb. The increase in Log kass and Log koff values at 
higher denaturant concentration (Figs. 3.1e and 3.1f) are more pronounced for longer chain 
monosubstituted urea and tetramethyl-substituted urea, which suggests that the hydrophobic 
interactions and hydrogen-bonding may play important roles in controlling the CO-association 
reaction of Ferrocyt c and the CO-replacement reaction of MbCO. 

 
 
 

 
 
 
 
 
 
 Fig. 3.3 (a) Represents the GdnHCl-induced equilibrium unfolding curve of Ferrocyt c (pH 7.0, 25 °C) 
probed by fluorescence (ex: 280 nm, em: 358 nm). The solid lines in panel (a) represent the iterated least-
squares fit of the data to a two-state unfolding transition (equation (1), chapter 2). (b) GdnHCl 
dependence of the CO-association reaction rates presented in the perspective of global folding-unfolding 
kinetic rates. GdnHCl dependence of Log kobs for the CO-association reaction (slow (♦) (manually and 
with stopped flow rapid mixing accessory) and fast (◊) (conventional stopped flow), Log kass), and global 
folding (■, Log kf) and unfolding (□, Log ku) rates of Ferrocyt c. The lines through the data in panel (b) 
have been drawn by inspection only.  
          The observation that the values of Log kass are increasingly promoted in progressively 
destabilizing conditions (Fig. 3.1e) leads one to examine the nature of the unfolding mode that 
controls the CO-association reaction. Fig. 3.3a presents the GdnHCl-induced unfolding transition 
of Ferrocyt c at 25 °C. Given Cm ~5.1 M GdnHCl for the equilibrium unfolding, the rate-
[GdnHCl] data in Fig. 3.3b warrant a dynamical analysis of the protein in subdenaturing and 
denaturing limits. To establish the connection between the Log kass-labeled unfolding event and 
the global unfolding, Fig. 3.3b also presents the millisecond folding/unfolding rates of Ferrocyt 
c. As GdnHCl concentration is increased stating from 0.0 to 5.0 M, Log kass initially decrease 
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upto ~2.3 M GdnHCl and then increase and finally merge with the Log ku values at ~4.9 M 
GdnHCl. This finding indicates that the motional mode of Ferrocyt c that controls CO-
association reaction preserves its identity as a local mode (thermal fluctuations) in the 
subdenaturing limit but is dominated by the global unfolding motions under denaturing or 
unfolding conditions. 
            To further investigate the effect of denaturants on the internal dynamics of native 
Ferrocyt c and MbCO, the denaturants dependence of the activation enthalpy (∆Hass‡) and 
activation entropy (∆Sass‡) was examined for the CO-association reaction of Ferrocyt c and CO-
replacement reaction of MbCO. If internal dynamics of protein is restricted at some 
concentration of denaturant, then the activation enthalpy for the CO-association reaction would 
be comparatively higher. Fig. 3.4a shows the Eyring plots for CO-association reaction of 
Ferrocyt c in the absence and presence of 5.0 M urea, 4.5 M MU, 4.0 M DMU, 3.1 M EU, 2.8 M 
TMU, and 2.3 M GdnHCl. Fig. 3.4b shows the Eyring plots for CO-replacement reaction of 
MbCO in the absence and presence of 8.0 M urea, 6.0 M MU, 3.5 M DMU, 3.5 M EU, and 3.0 
M TMU. To determine the denaturants dependency of activation enthalpy and activation entropy, 
the plots in Figs. 3.3a and 3.3b were analyzed by using the Eyring equation (equation (1)) [14].  
 
 
Tables 3 and 4 summarize the values of the activation enthalpies and activation entropies at 
varying concentrations of denaturants for Ferrocyt c and MbCO, respectively. The data in Table 
3 clearly shows that in the presence of low concentrations of denaturants, the activation enthalpy 
for CO-association reaction of Ferrocyt c increases. The data in Table 4 clearly shows that in the 
presence of denaturants, the activation enthalpy for CO-replacement reaction of MbCO 
decreases. The extent of increase in the activation enthalpy for CO-association reaction of 
Ferrocyt c is most marked for GdnHCl and urea, and least for TMU (Table 3). The extent of 
decrease in the activation enthalpy for CO-replacement reaction is most marked for TMU and 
least for urea for (Table 4).  
  Both entropy and fluctuations have the same origin, and the entropy of the system is a 
measure of atomic fluctuations [10,12].  This entropy appears to be local, owing to less freedom 
of the bonded residues and restrictions on the rotations of pertinent dihedral angles (φ, ψ and ω).  

‡ ‡
Bln( / ) (Δ (Δ (1) ass/off  ass/off ass/offk h k T = S /R)- H /RT)
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Thus, a reduction in the vibrational entropy in the presence of denaturants correlates with 
decreased spatial displacements of vibration (thermal) fluctuations of heme and the surrounding 
atoms responsible for the CO-association to Ferrocyt c. A previous study revealed that the low 
frequency local motions of M80 containing -loop of Ferrocyt c controls the CO-dissociation 
process from natively folded CO-liganded Ferrocyt c [15].  The entropy reduction for the protein 

Table 3 Activation enthalpy (∆Hass‡), activation entropy (∆Sass‡) and entropy reduction (∆Sass‡) 
for CO-association reaction of Ferrocyt c in 0.1 M sodium phosphate buffer, pH 7.* 

Stabilizing 
Additive 

additive concentration 
(M) 

∆Hass‡ ∆Sass‡ ∆Sass‡ 
no additive 0.0 24.9 (0.2) 10.1 (1.0) 0.0 

Urea            5.0 28.5 (0.4) 21.9 (1.2) 11.8 (0.2) 
GdnHCl 2.3 28.6 (0.4) 21.8 (1.2) 12.7 (0.2) 

MU 4.5 28.1 (0.1) 21.0 (0.3) 10.9 (0.7) 
DMU 4.0 26.7 (0.2) 16.8 (0.6) 6.7 (0.4) 

EU 3.1 25.4 (0.1) 12.6 (0.6) 2.5 (0.4) 
TMU 2.8 25.1 (0.4) 11.6 (1.2) 1.5 (0.2) 

*H‡ass, S‡ass, and S‡ass are reported as kcal mol-1, cal mol-1 K-1, and cal mol-1 K-1, 
respectively. The uncertainty (standard error) is indicated in parenthesis.  

Table 4 Activation enthalpy (∆Hoff‡) and activation entropy (∆Soff‡) for CO-replacement reaction 
of MbCO in 0.1 M sodium phosphate buffer, pH 7.* 

Additive additive concentration 
(M) 

∆Hoff‡ ∆Soff‡ 
no additive 0.0 19.0 (0.3) -1.5 (1.1) 

Urea 8.0 15.2 (0.5) -13.7 (1.6) 
MU 6.0 14.5 (0.3) -15.6 (1.1) 

DMU 3.5 13.4 (0.5) -19.0 (1.7) 
EU 3.5 13.1 (0.7) -19.4 (2.0) 

TMU 3.0 12.0 (0.5) -22.9 (1.8) 
*H‡off, and S‡off are reported as kcal mol-1, and cal mol-1 K-1, respectively. The uncertainty 
(standard error) is indicated in parenthesis.  
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in the presence of denaturant relative to that in the absence of denaturant (∆Sass‡) was calculated 
according to equation,  

 
where, Sass‡(ref) and Sass‡(x) are the activation entropies for CO-association reaction in 

the absence and the presence of x concentration of denaturant. Table 3 summarizes values of 
∆Sass‡ in the presence of 5.0 M urea, 4.5 M MU, 4.0 M DMU, 3.1 M EU, and 2.8 M TMU. The 
entropy reduction for CO-association reaction is apparently positive in the presence of denaturant 
and this positive entropy loss is found higher for urea and GdnHCl and least for TMU (Table 3). 

 
Fig. 3.4 (a) Eyring plots for the CO-association reaction, 0.1 M sodium phosphate buffer, pH 7 with no 
additive (), 5.0 M urea (■), 4.5 M MU (□), 4.0 M DMU (▲), 3.1 M EU (), 2.8 M TMU (), and 2.3 M 
GdnHCl (). Activation enthalpies (∆Hass‡) and activation entropies (∆Sass‡) are listed in Table 3. (b) 
Eyring plots for the CO-replacement reaction, 0.1 M sodium phosphate buffer, pH 7 with no additive (), 
8.0 M urea (■), 6.0 M MU (□), 3.5 M DMU (▲), 3.5 M EU () and 3.0 M TMU (). Activation 
enthalpies (∆Hoff‡) and activation entropies (∆Soff‡) are listed in Table 4. 
 

Fig. 3.5a shows the urea distribution of Hass‡ determined from temperature dependence 
of the CO-association reaction. The peak value of Hass‡ appears at 5.0 M of urea, which is also 
the concentration at which the Log kass vs [Denaturant] profile exhibits the minimum (Fig. 3.1e). 
This finding reveals that in the presence of urea (≤5.0 M), the free energy of the protein is 
lowered, leading to decrease of Log kass. Above 5.0 M urea, the denaturing action of denaturant 
beats its own protein stabilizing effect, therefore, the Log kass now increases because of an 
increase in entropy reduction of the protein that leads to a decrease in Hass‡ and Sass‡. Fig. 3.5b 

‡ ‡ ‡
ass ass (x) ass (ref)Δ (2)S = S - S
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shows the ∆Sass‡ vs [Urea] plot. The increase in ∆Sass‡ with [Urea] exhibits a peak value of ~12 
cal mol-1K-1 at 5.0 M urea, suggesting a dramatic loss of motional freedom of the protein.   

The data in Figs. 3.4a and 3.4b suggest strong enthalpy-entropy compensation, this 
correlation was confirmed by plotting Hass‡ against Sass‡ (Fig. 3.5c). Linear least-squares fits to 
the data in Fig. 3.5c provided a compensation temperature around 293 K, which suggests that 
water plays important role in controlling the CO-association dynamics of Ferrocyt c. 

Fig. 3.5 (a) Urea distribution of ∆Hass‡ for CO-association reaction (b) Urea distribution of entropy 
reduction (∆Sass‡) by protein relative to the entropy of the protein in the absence of denaturant (Sass‡(ref)) for CO-association reaction. (c) Presents the Hass‡ against Sass‡ plot for urea. The solid line in panel (c) 
presents linear least-squares fits to the data.  
 
 
3.2.2 In silico identification of denaturants binding sites on Cyt c and MbCO 
The different clusters of denaturants (urea, MU, DMU, EU, and TMU) that are involved in 
binding with Cyt c and MbCO at the same site are screened through their fullfitness strength. 
Docking results reveal that these denaturants can form multiple variable length hydrogen bonds 
with the backbone-backbone or backbone-side chain atoms of the Cyt c and MbCO molecule that 
are distant from each other (Figs. 3.5 and 3.6, and Tables 5 and 6). In the subdenaturing limit of 
denaturants, such polyfunctional interactions between the denaturant and different groups of Ω-
loop and other part of the Cyt c (Fig. 3.6 and Table 5) restrict the internal dynamics of protein or 
part of it (Fig. 3.1e). As the alkyl group is increased on the urea molecule, the number of 
denaturant molecules that involved in polyfunctional interactions with different groups of Ω-loop 
and other part of the Cyt c decrease (Fig. 3.6 and Table 5). Figs. 3.5b and 3.5c clearly indicate 
that about seven urea molecules and four DMU molecules form multiple variable length 
hydrogen bonds with backbone and side chain atoms of the Ω-loop. Docking results further 
revealed that the denaturant molecules also form variable length hydrogen bonds with the side 
chain or peptide bond (C=O or N-H group) of single amino acid (Tables 5 and 6). These  
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Fig. 3.6 (a) A ribbon model for horse Cyt c (PDB: 1HRC) [18]. Heme atoms are shown in ball and stick 
form. The Ω-loop residues (70-85) are marked according to their position. (b) Shows the hydrogen 
bonding network established by seven urea molecules in which ASN70, LYS73, LYS79, ALA83, GLY84 
residues of Ω-loop are involved. Panel (b) clearly shows that these seven urea molecules establish nine 
hydrogen bonds with different residues of Ω-loop (ASN70, LYS73, LYS79, ALA83, GLY84) and seven 
hydrogen bonds with other different residues of the protein (THR28, TYR48, GLU66, GLU69). (c) 
Represents the hydrogen bonding network established by four DMU molecules in which 6 hydrogen 
bonds forms with different residues of Ω-loop (THR78, LYS79, ALA83, GLY84) and two hydrogen 
bonds with other different residue of protein (THR28). Panel (d) shows that TMU molecules do not form 
any hydrogen bond with Ω-loop. For better visualization, the side chains of those residues are shown only 
which eventually involved in hydrogen bonding with denaturant molecules (panels (b) and (c)). Panel (b) 
also shows the side chain of MET80 in ball and stick form. The other residues (as appear in panel (a)) 
have been removed in panels (b), (c) and (d) to better expose the denaturant binding sites on Ω-loop. 
Image processing was performed using UCSF Chimera [19].   
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Table 5 Classification of denaturant-protein hydrogen bonding interactions determined by using 
SwissDock server [16-17]. 
denaturant hydrogen 
bonding interactions sites 
of horse Cyt c 

number  of  denaturant molecules 
involved in hydrogen bonding with 
Cyt c 

number of  denaturant 
molecules involved in 
hydrogen bonding with Ω-loop 
of Cyt c 

 urea MU DMU EU  TMU Urea DMU EU  TMU 
with side chain of single 
amino acid only 

8 10 6 10 6 0 0 1 0 
with  C=O group of single 
peptide bond only 

1 6 9 8 0 0 3 1 0 
with N-H group of single 
peptide bond only 

0 0 2 2 2 0 0 0 0 
with  C=O group of peptide 
bond and side chain of 
different amino acid 

7 1 3 2 0 3 1 0 0 

with N-H group of peptide 
bond and side chain of 
different amino acid 

2 1 0 0 0 0 0 0 0 

with two C=O groups of  
different peptide bonds 

6 3 2 1 0 3 0 0 0 
with  C=O and N-H groups 
of  two different peptide 
bonds 

1 0 1 1 0 0 0 0 0 

with side chains of two 
amino acids 

7 8 3 4 0 1 0 0 0 
total denaturants molecules 
involved in hydrogen 
bonding with protein 

32 29 26 28 8 7 4 2 0 

total denaturant molecules 
that involved in poly 
functional cross-linking 
interactions   

23 13 9 8 0 7 1 0 0 

total denaturant molecules 
that not involved  poly 
functional cross-linking 
interactions   

9 16 17 20 8 0 3 2 0 

ratio of  denaturant 
molecules that involved 
and not involved in poly 
functional cross-linking 
interactions   

2.55 0.81 0.52 0.4 0     
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Table 6 Classification of denaturant-MbCO hydrogen bonding interactions determined by using 
SwissDock server [16-17]. 
denaturant hydrogen 
bonding interactions sites 
of MbCO 

number  of  denaturant molecules involved in hydrogen bonding with 
MbCO 

 Urea MU DMU EU  TMU 
with side chain of single 
amino acid only 

8 14 8 9 2 
with  C=O group of single 
peptide bond only 

6 5 4 6 0 
with N-H group of single 
peptide bond only 

0 0 0 1 1 
with  C=O group of peptide 
bond and side chain of 
different amino acid 

2 3 1 4 0 

with N-H group of peptide 
bond and side chain of 
different amino acid 

1 1 0 0 0 

with two C=O groups of  
different peptide bonds 

0 0 1 0 0 
with  C=O and N-H groups 
of  two different peptide 
bonds 

2 0 0 0 0 

with side chains of two 
amino acids 

1 1 1 3 0 
total denaturants molecules 
involved in hydrogen 
bonding with protein 

20 24 15 23 3 

total denaturant molecules 
that involved in poly 
functional cross-linking 
interactions   

6 5 3 7 0 

total denaturant molecules 
that not involved  poly 
functional cross-linking 
interactions   

14 19 12 16 3 

ratio of  denaturant 
molecules that involved 
and not involved in poly 
functional cross-linking 
interactions    

0.30 0.26 0.25 0.43 0 
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Fig. 3.7 (a) Shows the hydrogen bonding network established by two urea molecules with GLU41, 
ASP44, HSE81 and GLU83 residues of protein. (b) Shows the hydrogen bonding network established by 
two MU molecules with ASP44 and LEU149 residues of protein. (c) Shows the hydrogen bonding 
network established by two DMU molecules with LYS77, LYS78 and ALA84 residues of protein. (d) 
Shows the hydrogen bonding network established by two EU molecules with LYS16, ASP122, LYS78 
and HIS81 residues of protein. Panels (a) to (d) show the ribbon model for horse MbCO with heme atoms 
and CO in ball and stick form. Residues are marked according to their position. Image processing was 
performed using UCSF Chimera [19].  
 hydrogen bonding interactions do not crosslink the different atoms of the protein. However, their 
contributions toward the denaturant-mediated restricted dynamics of Cyt c cannot be neglected 
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since denaturant like TMU does not involve in polyfunctional interactions with different groups 
of Cyt c or Ω-loop of it (Table 5) but it restricts the internal dynamics of protein (Fig. 3.1e). It is 
also observed that TMU does not form any hydrogen bond on the Ω-loop of Cyt c (Fig. 3.6d). 
Figs. 3.6a, 3.6b, 3.6c, and 3.6d show the multiple variable length hydrogen bonding network 
established by the urea, MU, DMU and EU with the different groups on MbCO, respectively. 
However, as compared to Cyt c the lesser denaturant molecules are involved in polyfunctional 
cross-linking interactions in the case of MbCO (Table 6). Therefore, in the subdenaturing limit, 
the polyfunctional interactions between the denaturant and different groups of MbCO are not 
enough to restrict the internal dynamics of MbCO (Fig. 3.1f).     
 
 
3.2.3 Denaturant dependence of far-UV CD, near-UV CD, heme absorbance, and fluorescence  
Aqueous stability of Ferrocyt c is extremely high (~18 kcal mol-1 at 25 °C) [5], and within the 
limit of the aqueous solubility of urea, Ferrocyt c exhibits incomplete unfolding [12]. Ferrocyt c 
and Ferricyt c are nearly identical both structurally and conformationally [20-23], so to 
determine the effect of urea and alkylureas on the conformational stability of protein, the 
denaturant induced unfolding transitions were measured for Ferricyt c. The far-UV CD spectra of 
Ferricyt c and Mb exhibit two negative bands at 208 and 222 nm, which reflects the secondary 
structure of the protein. Fig. 3.8a presents the far-UV CD spectra of Ferricyt c without additive 
and in the presence of 5.0 M urea, MU, EU, and GdnHCl. Fig. 3.8b presents the far-UV CD 
spectra of Mb without additive and in the presence of  4.6 M urea, 4.8 M MU, 4.3 M DMU, 4.3 
M EU, and 9.0 M urea. Figs. 3.7a and 3.7b clearly show that in the presence of denaturants, the 
two negative bands at 208 and 222 nm are eliminated, which reflects that the denaturants disrupt 
the secondary structure of protein [5,12,24-28]. These two negative bands (peptide bands) of 
Ferricyt c are not greatly affected in the presence of 5.0 M urea but are significantly lost in the 
presence of 5.0 M of EU (Fig. 3.8a). The peptide bands of Mb also do not greatly affected in the 
presence of 4.6 M urea but significantly lost in the presence of 4.3 M of EU (Fig. 3.8b).  

The near-UV CD spectrum of native Ferricyt c exhibits two sharp negative bands 
between 280 and 295 nm, associated with the packing of the Trp59 side chains [29].  Fig. 3.8c 
presents the near-UV CD spectra of Ferricyt c without additive and in the presence of 5.0 M of 
urea, MU, DMU, EU, and GdnHCl. Fig. 3.8c clearly shows that in the presence of 5.0 M 
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urea/MU/DMU, the two negative bands at 282 and 289 nm are disrupted, indicating that 
denaturants disrupt the tertiary structure of folded proteins [12,30]. The two negative bands at 
282 and 289 nm are not greatly affected in the presence of 5.0 M urea but are significantly lost in 
the presence of 5.0 M of EU, indicating that the efficiency for the disruption of tertiary structure 
also vary with the hydrophobicity of denaturant. 
 

Fig. 3.8 (a) Represent the far-UV CD (in the absence of denaturant (——) and in 5.0 M aqueous solutions 
of urea (∙∙∙∙∙∙), MU (), EU (— ∙ ∙ —), and GdnHCl (+++++)) spectra of Ferricyt c, at pH 6.0 (0.5), 25 ○C. (b) Represent the far-UV CD (in the absence of denaturant (——) and in aqueous solutions of 4.6 M 
urea (∙∙∙∙∙∙), 4.8 M MU (  ), 4.3 M DMU (— ∙ ∙ —), 4.3 M EU (   ), and 9.0 M urea ( ) spectra 
of Mb, pH 7.0 (0.1), 25 ○C. (c) Represent the near UV-CD (in the absence of denaturant (——) and in 
5.0 M aqueous solutions of urea (∙∙∙∙∙∙), MU (  ), DMU ( ),  EU (— ∙ ∙ —), and GdnHCl 
(+++++)) spectra of Ferricyt c at pH 6.0 (0.5), 25 ○C. 
 Figs. 3.8a and 3.8b represent the the far-UV CD (222 nm) monitored various denaturants-
induced equilibrium unfolding transitions of Ferricyt c and Mb, respectively. Figs. 3.8c and 3.8d 
represent the fluorescence-monitored various denaturants-induced equilibrium unfolding 
transitions of Ferricyt c and Mb, respectively. Fig. 3.9e represents near-UV CD (282 nm) 
monitored various denaturants-induced equilibrium unfolding transitions of Ferricyt c. These 
unfolding transitions were analyzed assuming a two state transition between the folded (N) and 
unfolded (U) conformations by using the procedure of Santoro and Bolen [13] (equation (1), 
chapter 2). The resulting free energy of denaturation (ΔGD), surface area exposed by solvent 
(mg), and midpoint denaturant concentration (Cm) for unfolding of Ferricyt c and Mb by various 
denaturants monitored by CD (far-UV CD (222 nm) and near-UV CD (282 nm)), and 
fluorescence (ex: 280 nm) are provided in Tables 7 and 8, respectively.  
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Table 7 GD, mg, and Cm values for denaturants for unfolding of Ferricyt c monitored by far-UV CD 
(222 nm), near-UV CD (282 nm), and fluorescence (ex: 280 nm, em: 358 nm). 

 far-UV CD (222 nm) near-UV CD (282 nm) Fluorescence 
denaturant 

(M) 
GD mg Cm GD mg Cm GD mg Cm 

Urea  9.02  1.20  7.52 10.1 1.3 7.8 8.4 1.1 7.8 
MU 7.02 1.02 6.85 8.8 1.25 7.0 6.9 0.97 7.1 

DMU - - - 6.7 1.1 6.2 6.4 0.95 6.7 
EU 5.50 1.16 4.75 5.1 1.0 5.1 3.0 0.65 4.6 

TMU - - - - - - 2.8 0.80 3.5 
GdnHCl 4.96 1.77 2.80 5.60 2.0 2.8 5.5 2.2 2.5 

*mg and GD (25C) are reported as kcal mol-1 M-1 and kcal mol-1, respectively. The uncertainties of 
mg and GD values reported here are 0.2 kcal mol-1 M-1 and 1.0 kcal mol-1, respectively. Cm is 
reported in M. The uncertainty of Cm values reported here is 0.3 M. 

Table 8 GD, mg, and Cm values for denaturants for unfolding of Mb monitored by far-UV CD (222 
nm), and fluorescence ((ex: 280 nm, em: 358 nm). 

 far-UV CD (222 nm) Fluorescence 
denaturant 

(M) 
GD mg Cm  GD mg Cm 

Urea 8.4 1.47 5.7 8.6 1.43 6.0 
MU 8.0 1.59 5.0 8.1 1.67 4.9 

DMU 6.5 1.48 4.4 7.8 1.76 4.4 
EU 6.3 1.90 3.3 7.0 2.30 3.0 

TMU - - - 6.3 3.03 2.1 
GdnHCl 6.0 3.74 1.6 6.5 4.11 1.6 

*mg and GD (25C) are reported as kcal mol-1 M-1 and kcal mol-1, respectively. The uncertainties of 
mg and GD values reported here are 0.3 kcal mol-1 M-1 and 1.5 kcal mol-1, respectively. Cm is 
reported in M. The uncertainty of Cm values reported here is 0.3 M. 
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Fig. 3.9  (a) Denaturants dependence of the far-UV CD at 222 nm (urea (■), MU (◊), EU (), and 
GdnHCl (▼)) for Ferricyt c. (b) Represent the denaturants dependence of the far-UV CD at 222 nm (urea 
(■), MU (◊), DMU (▲), EU (), and GdnHCl (▼)) for Mb. (c) Shows the denaturants dependence of the 
fluorescence (ex: 280 nm, em: 358 nm) (urea (■), MU (◊), DMU (▲), EU (), TMU (), and GdnHCl 
(▼)) for Ferricyt c. (d) Shows the denaturants dependence of the fluorescence (ex: 280 nm, em: 358 nm) 
(urea (■), MU (◊), DMU (▲), EU (), TMU (), and GdnHCl (▼)) for Mb. (e) Represent the 
denaturants dependence of the near-UV CD at 282 nm (urea (■), MU (◊), DMU (▲), EU (), and 
GdnHCl (▼)) for Ferricyt c. (f) Represents fraction of Ferricyt c unfolded as function of urea (pH 6.0 
(0.5), 25 C) probed by CD signals at 222 nm (■), 282 nm (◊), heme absorbance at 399 nm () and 695 
nm (), and fluorescence at 358 nm (□). All transitions in panels (a), (c), (e) and (f) were measured at 25 
°C, 0.1 M phosphate, pH 6.0 (0.5).  All transitions in panels (b) and (d) were measured at 25 °C, 0.1 M 
phosphate, pH 7.0 (0.1), 25 °C. The solid lines in panels (a) to (f), represent the iterated least-squares fit 
of the data to a two-state unfolding transition (equation (1), chapter 2). The fitted parameters are 
summarized in Tables 5 and 6 for Ferricyt c and Mb, respectively. 
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The effectiveness of the urea and three alkylureas (MU, DMU, and EU) was investigated 
for disruption in helical secondary structure and tertiary structure of Ferricyt c and secondary 
structure of Mb as a function of increasing hydrocarbon chain size and branching. For Ferricyt c, 
this is shown in Figs. 3.8a and 3.8e where almost 7.5 M of urea is required to disrupt one half of 
the secondary structure as well as tertiary structure while the corresponding  figures are only 7.0 
M for MU, 6.0 M for DMU, and 5.0 M for EU (Table 7). For Mb, this is shown in Fig. 3.9b 
where almost 5.7 M of urea is required to disrupt one half of the secondary structure while the 
corresponding figures are only 5.0 M for MU, 4.4 M for DMU, and 3.3 M for EU (Table 8). Fig. 
3.9f compares the urea-induced normalized equilibrium unfolding transitions of Ferricyt c 
probed by employing the far-UV CD at 222 nm, near-UV CD at 282 nm, fluorescence emission 
at 358 nm, and heme absorption at 399 nm and 695 nm. This comparison shows that the 
transitions measured by far-UV CD at 222 nm, near-UV CD at 282 nm, fluorescence emission at 
358 nm, and heme absorbance at 399 nm are, within error, nearly superimposable but they are 
non-coincidence with the transition measured by heme absorbance at 695 nm (Fig. 3.9f).  
 
 
3.2.4 Thermal denaturation of Ferrocyt c and Mb in the presence of denaturants 

The Soret, , and  peaks are the main characteristics of the Ferrocyt c absorption 
spectrum. The maxima of the Soret, , and  bands are ~416, 550, and 520.5 nm, respectively at 
293 K , pH 7.0 [31-32]. These values correspond to native HIS18/MET80 axial coordination of 
the heme [31-32]. A recent thermal unfolding study of Ferrocyt c (pH 7) have shown that when 
the temperature is increased from 20 to 100 °C, the intensities of the Soret (416 nm) and   (550 
nm) bands decrease significantly, indicating that the protein is substantially denatured [15]. For 
Mb the absorbance maxima at 409 nm decreases at higher temperature suggests temperature 
induced protein denaturation [10]. Recently, pioneering works by Schweitzer-Stenner group have 
revealed accumulation of intermediates during the thermal unfolding of Ferricyt c [33-34]. In 
search of intermediates for thermal unfolding of Ferrocyt c, the thermal unfolding transition for 
Ferrocyt c was probed by employing the far-UV CD (222 nm) (Fig. 3.10a) and heme absorption 
(416 nm (Fig. 3.10b) and 550 nm (Fig. 3.10c)) are, within error, nearly superimposable and 
cooperative (Fig. 3.10d). The observation of indistinct thermal unfolding transition curves fails 
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the basic test for accumulation of intermediates to a detectable level for the thermal unfolding of 
Ferrocyt c. Thermal unfolding of Ferrocyt c/Mb in the presence of different concentrations of 
urea, GdnHCl, MU,EU, DMU, and TMU should be verifiable by far-UV CD (222 nm) as well. 
However, in the presence of alkylureas at high temperatures, the far-UV CD spectra show very 
large noise signal due to an elevation of the HT voltage; especially, peptide signals are 
increasingly obscured with the alkylureas content. 

Figs. 3.11a and 3.11b show that the intensities of the α (550 nm) and Soret (416 nm) 
bands recorded at 320 K in the presence of 6.0 M MU (pH 7.0) were decreased significantly 
when the temperature was increased up to 380 K. This allows us to evaluate the effect of urea, 
alkylureas, and GdnHCl on the thermal unfolding of Ferrocyt c. Previous reports revealed the 
temperature dependence shifts in the Soret bands of heme proteins with increasing temperature 
[32,35-37]. However, at low denaturant concentrations [0.0-4.0 M GdnHCl], the temperature-
induced shift was not observed in α-band (550 nm) of Ferrocyt c [32]. Similarly, the 
temperature-induced shift was not observed in α-band (550 nm) of Ferrocyt c (Fig. 3.11b) but 
was observed in the Soret band (416 nm) of Ferrocyt c (Fig. 3.11a). So the linear behavior 
depicted in Fig. 3.10c is not due to temperature-induced blueshift. Figs. 3.10c and 3.10d show 
the thermal denaturation curves for Ferrocyt c monitored at λ = 550 nm and 416 nm taken in 
different MU concentrations. For comparison these denaturation curves were normalized and 
expressed as a fraction unfolded in Figs. 3.10e and 3.10f for λ = 550 nm and 416 nm, 
respectively. Fig. 3.12a shows that the intensity of 409 band of Mb recorded at 298.15 K in the 
absence of denaturant (pH 7.0) was decreased significantly when the temperature was increased 
up to 373.15 K. This allows us to evaluate the effect of urea and alkylureas on the thermal 
unfolding of Mb. Fig. 3.12b presents the thermal denaturation curves for Mb monitored at λ = 
409 nm under different concentrations of TMU. For comparison these denaturation curves were 
normalized and expressed as a fraction unfolded in Fig. 3.11c. 

To determine the denaturants dependency of denaturation enthalpy change (Hm) and 
thermal denaturation midpoint Tm, the thermal denaturation data were analyzed by using two-
state van′t Hoff equation (equation (2), chapter 2) [38]. The resulting, Tm and ΔHm for unfolding 
of Ferrocyt c and Mb under various denaturant concentrations are summarized in Tables 9 and 
10, respectively. Thermodynamic stability, expressed in terms of free energy of denaturation, 
ΔGT at 25 C for various denaturant concentrations was calculated from equation (4) (chapter 2) 
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using a constant value of heat capacity, CP ~1.34 kcal mol-1 K-1 and ~2.20 kcal mol-1 K-1 for 
Ferrocyt c and Mb, respectively [32]. The resulting ΔGT for unfolding of Ferrocyt c and Mb 
under va rious denaturant concentrations are provided in Tables 9 and 10, respectively. 

 

Fig. 3.10 (a) Represents the thermal unfolding transition of Ferrocyt c monitored by far-UV CD at 222 
nm. Panels (b) and (c) present the thermal unfolding transition of Ferrocyt c monitored by heme 
absorption at 416 nm and 550 nm, respectively. (d) Presents the thermal unfolding transitions measured 
by different optical probes, presented as a fraction of unfolded protein (CD signal at 222 nm () and heme 
absorptions at 416 nm (■) and 550 nm (□)). All transitions in panels (a), (b), and (c) were measured in the 
absence of denaturant at pH 7.0. The solid curves in panels (a), (b), and (c) represent nonlinear least-
squares fits to equation (2) (chapter 2).   
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 Fig. 3.11 Panels (a) and (b) represent the absorption spectra of Ferrocyt c at 320 K (solid line) and 380 K 
(dotted line) recorded in the presence of 6.0 M MU (pH 7.0). Panels (c) and (d) show thermally induced 
unfolding of Ferrocyt c monitored at 550 nm (panel (c)) and 416 nm (panel (d)) as the change in 
excitation coefficient in the presence of 0.0 (), 1.29 (), 3.06 (), 4.72 (▲), 6.75 (□) and 10.8 (■) molal 
solution of MU. The solid curves in panels (c) and (d) represent nonlinear least-squares fits to equation 
(2) (chapter 2). To simplify the comparison of various thermal transitions, the extent of protein 
denaturation is presented as a fraction of unfolded protein (550 nm, panel (e); and 416 nm (panel (f)). The 
solid curves in panels (e) and (f) represent nonlinear least-squares fits to equation (2) (chapter 2). 
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Table 9 Denaturant (urea, MU, DMU, EU, TMU, GdnHCl) and sucrose dependence of thermodynamic  
parameters for thermal denaturation of Ferrocyt c as monitored by absorbance at 550 and 416 nm. 

550 nm 
urea (m) Tm Hm GT MU (m) Tm Hm GT DMU (m) Tm Hm GT 

0.0 371.6 120 13.3 0.0 371.6 120 13.3 0.0 371.6 120 13.3 
1.60 369.0 117 12.7 1.29 368.5 117 12.7 1.73 364.4 114 12.1 
2.65 366.6 114 12.1 3.06 363.3 112 11.7 3.51 359.3 108 11.0 
3.69 364.4 113 11.9 4.72 361.0 107 10.8 5.76 353.9 101 9.7 
5.04 361.9 108 11.0 6.75 355.3 101 9.7 7.46 350.2 95 8.7 
6.86 357.6 103 10.1         

550 nm 
EU (m) Tm Hm GT TMU 

(m) Tm Hm      GT GdnHCl 
    (m) Tm Hm   GT 

0.0 371.6 120 13.3 0.0 371.6 120 13.3 0.0 371.6 120 13.3 
1.33 365.5 114 12.1 2.18 351.8 108 10.7 0.3 367.4 103 10.1 
3.71 355.8 102 9.9 3.28 342.7 100 8.9 0.6 364.4 96 8.8 
5.56 350.6 95 8.7 4.60 336.1 90 7.2 1.0 360.4 86 7.2 
6.46 348.2 92 8.2 5.25 331.2 80 5.7 1.5 355.4 75 5.5 

        2.0 350.6 73 5.4 
        2.8 342.9 65 4.4 

550 nm  416 nm 
Sucrose 

(m) Tm Hm GT  MU (m) Tm Hm GT DMU (m) Tm Hm GT 
0.0 371.6 120 13.3  0.0 372.0 117 12.7 0.0 372.0 117 12.7 
0.7 374.3 128 14.9  1.29 368.6 113 11.9 1.73 363.2 113 11.9 
1.3 376.8 136 16.5  3.06 364.2 108 11.0 3.51 359.3 108 11.0 
2.0 382.0 145 18.5  4.72 360.0 100 9.6 5.76 355 90 8.0 

     6.75 356.2 96 8.9 7.46 352 75 5.6 
416 nm  

EU (m) Tm Hm GT TMU (m) Tm Hm GT     
0.0 372.0 117 12.7 0.0 372.0 117 12.7     

1.33 366.8 100 9.5 2.18 354.4 109 11.0     
3.71 357.8 85 7.1 3.28 345.0 105 9.8     
5.56 352.5 75 5.6 4.60 338.0 99 8.4     
6.46 350.2 70 4.9 5.25 333.0 96 7.5     

*Hm and GT (25 C) are reported as kcal mol-1. The uncertainties of Hm and GT (25 C) values reported here  
are 5 and 1.0 kcal mol-1, respectively. Tm is reported in K. The uncertainty of Tm values reported here is 0.5  C. 
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Fig. 3.12 Panel (a) represents the absorption spectra of Mb at 298.15 K (solid line) and 373.15 K (dotted 
line) recorded in the absence of denaturant (0.1 M phosphate buffer, pH 7.0). Panel (b) shows thermally 
induced unfolding of Mb monitored at 409 nm as the change in excitation coefficient in the presence of 
0.0 (), 0.25 (○), 0.53 (▲), 0.82 (), 1.13 (■) molal solution of TMU. To simplify the comparison of 
various thermal transitions, the extent of protein denaturation is presented as a fraction of unfolded 
protein (panel (c). The solid curves in panels (b) and (c) represent nonlinear least-squares fits to equation 
(2) (chapter 2).   

Table 10 Denaturant (urea, MU, DMU, EU, TMU, GdnHCl) and sucrose dependence of thermodynamic  
parameters for thermal denaturation of Mb as monitored by absorbance at 409 nm. 
urea (m) Tm Hm GT MU (m) Tm Hm GT DMU (m) Tm Hm GT 

0.00 355.9 115 7.8 0.00 355.9 115 7.8 0.00 355.9 115 7.8 
0.95 351.4 106 6.8 0.51 350.9 106 6.8 0.45 351.4 106 6.7 
2.01 347.1 94 5.3 1.08 347.1 93 5.2 0.96 347.7 92 4.9 
3.21 342.2 83 4.3 1.68 342.7 86 4.6 1.09 345.3 90 4.8 
4.58 337.1 75 3.6 2.34 338.5 74 3.3 1.49 341.2 81 4.9 

    3.06 333.4 66 2.7 2.08 336.0 66 2.5 
        2.73 330.4 56 1.9 

EU (m) Tm Hm GT TMU 
(m) Tm Hm   GT Gdn 

HCl (m) Tm Hm GT 
0.00 355.9 115 7.8 0.00 355.9 115 7.8 0.00 355.9 115 7.8 
0.66 346.6 95 5.5 0.25 351.6 106 6.8 0.10 353.8 112 7.5 
1.40 338.3 70 2.9 0.53 344.0 87 4.6 0.25 350.2 102 6.2 
2.24 329.3 50 1.5 0.82 338.7 77 3.7 0.52 344.9 89 4.8 

    1.13 334.2 66 2.8 0.80 340.7 78 3.7 
        1.10 336.0 69 2.9 

Sucrose 
(m) Tm Hm GT         
0.00 355.9 115 7.8 
1.00 358.6 117 7.9 
 3.08 360.4 121 8.2 

*Hm and GT (25 C) are reported as kcal mol-1. The uncertainties of Hm and GT (25 C) values reported here 
 are 5 and 1.0 kcal mol-1, respectively. Tm is reported in K. The uncertainty of Tm values reported here is 0.5 
 C. 
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 D,S W W Y Δ Δ                                           (3) dlnK /dlna  = i – X /X j             

3.2.5 Denaturant dependence of the thermal denaturation midpoint (Tm), enthalpy of 
denaturation (Hm), and free energy of denaturation (GT) 

Fig. 3.13 shows the effects of various denaturants on the Tm, Hm and GT for Ferrocyt c 
and Mb, respectively. The Tm, Hm, and GT decrease linearly with increasing concentration of 
denaturants and the number of hydrophobic groups substituted on urea molecule (Tables 9 and 
10). Among the denaturants used in this study, the decrease in Tm is most pronounced for 
GdnHCl (Fig. 3.13a), which suggests that the GdnHCl is a most effective denaturant. When the 
number of the carbon is fixed in the alkylureas, the decrease in Tm, Hm, and GT are most 
pronounced for the normal alkylurea than the branched one (Fig. 3.13). The order of 
effectiveness towards the decrease in Tm, Hm, and GT is similar as reported in the literature for 
other proteins (urea < MU < DMU < EU < TMU) [39-43]. 

 
3.2.6 Analysis of thermal unfolding of Ferrocyt c and Mb in denaturants and sugar solutions 
with varied water activity 

The reciprocal form of Wyman-Tanford (WT) equation (equation (3)) can be applied to 
determine the change in the hydration number per protein molecule (Δi) upon unfolding of 
Ferrocyt c and Mb in different denaturants and sugar solutions [8,15,44], 
 
 
where KD,S (=[D]/[N]), aW is water activity, (Xw/XY)Δj is the cosolute-binding terms, Xw and XY 
are the mole fractions of water and cosolute, respectively, and Δj is the change in bound-cosolute 
molecules per protein molecule. Figs. 3.13a and 3.13b present the lnKD,S vs lnaW plots for 
unfolding of Ferrocyt c and Mb, respectively under different concentrations of denaturants and 
sugar. For each denaturant, the slope of reciprocal WT plot (Δi- (Xw/XY)Δj) was derived from 
linear least square fitting of data in Figs. 3.13a and 3.13b to equation (3) for Ferrocyt c and Mb, 
respectively. The slope was dependent upon the type of denaturant and sugar (Tables 11 and 12). 
The positive and negative slopes were obtained for sucrose and denaturants (urea, MU, DMU, 
EU, and GdnHCl), respectively. For sucrose, the term (XW/XY)j in equation (3) is negligible [7-
9], which provides the value of i = 68.8 mol/mol-protein and 32.1 mol/mol-protein for Ferrocyt 
c and Mb, respectively. From these i values, the binding term, (XW/XY)j for each denaturant 
was calculated from the slope in Figs. 3.13a and 3.13b for Ferrocyt c and Mb, respectively. 
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When the concentration of the cosolute is fixed, the term j can be easily determined from the 
solute binding term, (XW/XY)j (Tables 13 and 14). As compared to urea, MU, and DMU, the j 
value is found more for EU (2.83 for Ferrocyt c and 4.8 for Mb). However, among urea, MU, 
DMU, EU, and GdnHCl, the j value is found highest for GdnHCl (4.26 for Ferrocyt c and 6.7 
for Mb), indicating that as compared to urea and alkylureas molecules, the GdnHCl molecules 
bind more strongly to proteins upon their unfolding. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.13 (a) Effect of denaturants concentration (urea (○), MU (), DMU (▼), EU (□), TMU () and 
GdnHCl (◊)) on melting temperature (Tm) (550 nm) of Ferrocyt c at pH 7. (b) Effect of denaturants 
concentration (urea (○), MU (), DMU (▼), EU (□), TMU and () on melting temperature (Tm) (409 
nm) of Mb at pH 7. (c) Denaturants (urea (○), MU (●), DMU (▼) EU (□) and TMU ()) dependence of 
enthalpy change, Hm for Ferrocyt c at pH 7 (550 nm). (d)  Denaturants (urea (○), MU (●), DMU (▼) EU 
(□) and TMU ()) dependence of enthalpy change, Hm for Mb at pH 7 (409 nm). (e) Denaturants (urea 
(○), MU (●), DMU (▼), EU (□) and TMU ()) dependence of denaturation free energy change (GT) 
for Ferrocyt c at pH 7 (550 nm). (f) Denaturants (urea (○), MU (●), DMU (▼), EU (□) and TMU ()) 
dependence of denaturation free energy change (GT) for Mb at pH 7 (409 nm). In panels (a) to (f) the 
solid curves represent linear least-squares fitting.  
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3.2.7 Thermodynamic analysis for protein conformational stability in the presence of 
denaturants 

The linear extrapolation model (LEM) (equation (6)) [45-53] does not theoretically 
provide the direct effect of [cosolute] on ΔΔG, 

 
where ΔΔG is the free energies difference for protein unfolding in denaturant solution and water, 
mY is the concentration of cosolute (mol/kg-solvent), and m is an empirical parameter. The m-
value is negative for chaotropic cosolvents (i.e. denaturants) while it is positive for kosmotropic 
cosolvents (i.e., sugars). To determine the exact effect of [cosolute] on ΔΔG, equation (4) can be 
applied for analyzing the value of i for protein unfolding in sugar and denaturant solutions 
[9,15,54], 

Table 11 Slope of the reciprocal Wyman-Tanford plot for Ferrocyt c (equation (3)). 
Cosolute Urea MU DMU EU 

 -50.0 -56.5 -72.9 -91.3 
Cosolute GdnHCl Sucrose   

 -171.2 68.8   

Table 12 Slope of the reciprocal Wyman-Tanford plot for Mb (equation (3)). 
Cosolute Urea MU DMU EU 

 -70.7 -128.7 -176.7 -235.2 
Cosolute GdnHCl Sucrose   

 -337.3 32.1   

Table 13 Number of change in bound-cosolute molecules upon protein unfolding, j, at  
cosulute concentration of 1 mol/kg-solvent for Ferrocyt c. 

Cosolute Urea MU DMU EU 
 2.1 2.2 2.5 2.83 

Cosolute GdnHCl Sucrose   
 4.26 0.00   

Table 14 Number of change in bound-cosolute molecules upon protein unfolding, j, at  
cosulute concentration of 1 mol/kg-solvent for Mb. 

Cosolute Urea MU DMU EU 
 1.9 2.9 3.8 4.8 

Cosolute GdnHCl Sucrose   
 6.7 0.0   
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 D D,0 W Y W Δ Δ Δ Δ (5) lnK - lnK = i – X /X j lna                                                           

   D D,0 W Y W ΔΔ Δ Δ Δ Δ                   (6) G = -RT  lnK - lnK  = -RT i – X /X j lna       

 
By relating the ΔΔG to [Δi-(Xw/XY)Δj] and lnaW, one can obtain the possible role of 

water activity in protein stability [9,51],  
 
Since lnaW is zero or negative (aW1), so the term Δi should always stabilize the protein 
(equation (6)). In contrast, the term, (XW/XY)j, always destabilize the proteins unless Δj is 
negative [55-56]. Equation (5) also provides a theoretical basis for the LEM model. From 
equation (6), the ΔΔG was obtained as a function of [cosolute]. Figs. 3.13c and 3.13d show the 
plots of ΔΔG against [cosolutes] (mY (mol/kg-solvent)) for Ferrocyt c and Mb, respectively. 
ΔΔG was found to depend linearly on [cosolutes]. This indicates the applicability of LEM model. 
For each denaturant and sucrose, the slope (m-value) was calculated from the ΔΔG vs mY plots 
(Figs. 3.13c and 3.13d). The m-values for urea, MU, DMU, EU, GdnHCl, and sucrose were 
summarized in Tables 15 and 16. Tables 15 and 16 clearly indicate that the m-value depends on 
the type of denaturant used. 

 

 
 
 

 
 
 
 

Table 15 m-value of denaturants and sucrose for Ferrocyt c unfolding (equation (6)). 
Cosolute Urea MU DMU EU 

 -0.53 -0.59 -0.71 -0.90 
Cosolute GdnHCl Sucrose   

 -3.1 1.1   
The m-value is reported as kcal mol-1m-1. The uncertainties of m-value reported here is  0.2  
kcal mol-1m-1. 

Table 16 m-value of denaturants and sucrose for Mb unfolding (equation (6)). 
Cosolute Urea MU DMU EU 

 -0.92 -1.45 -1.85 -2.54 
Cosolute GdnHCl sucrose   

 -7.50 0.24   
The m-value is reported as kcal mol-1m-1. The uncertainties of m-value reported here is  0.2 
 kcal mol-1m-1. 
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Fig. 3.14 (a) Reciprocal form of Wyman–Tanford plot: Effect of water activity on unfolding ratio of 
Ferocity c in aqueous solution of denaturants (urea (), MU (○), DMU (▼), EU (□) and GdnHCl (■)), and 
sugar (sucrose (◊)) at pH  7.0, 363.15 K. (b) Reciprocal form of Wyman–Tanford plot: Effect of water 
activity on unfolding ratio of Mb in aqueous solution of denaturants (urea (), MU (○), DMU (▼), EU 
(□) and GdnHCl (■)), and sugar (sucrose (◊)) at pH  7.0, 355.00 K. (c) ΔΔG is plotted as a function of 
cosolute concentration (my) (urea (), MU (○), DMU (), EU (□), GdnHCl (◊) and sucrose (■)) for 
thermal unfolding of Ferrocyt c at pH 7.0. (d) ΔΔG is plotted as a function of cosolute concentration (my) (urea (), MU (○), DMU (), EU (□), GdnHCl (■) and sucrose (◊)) for thermal unfolding of Mb at pH 
7.0. The solid curves in Panels (a) to (d) represent linear least-squares fitting. 
 
3.3 Discussion 

The internal motions of the heme protein vary in response to the solvent conditions. The 
M80-contaning Ω-loop of cyt c comprises the residues 70 to 85 (Fig. 3.6a) [57]. This Ω-loop was 
recognized as a partially unfolded subglobal part of the protein [58-59]. The collective motions 
of this loop are the main determinant of the CO-association (Fe2+-M80 + CO → Fe2+-CO + M80) 
and dissociation (Fe2+-CO + M80 → Fe2+-M80 + CO) processes [1,23,60-61]. Furthermore, the 
denaturant modulation of CO-association rate reveals how collective motions of this Ω-loop vary 
in response to the denaturants in the reaction medium [1]. The rationale for studying CO-
replacement experiments of carbonmonoxymyoglobin (MbCO) as a function of denaturant is 
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based on the fact that entry and exit of ligands to and from the protein and the reaction rate 
parameters characterizing the binding of the ligand to the heme iron are all governed by Mb 
motions [62-64]. Previous reports revealed that the barrier for binding of CO and O2 to Mb are 
dynamic in nature and involves large structural motions [63-64]. The denaturant-protein 
interactions control internal motions of MbCO which are responsible for the CO-replacement 
from it. The kinetic and thermodynamic studies of Ferrocyt c in the presence of various 
denaturants (urea, MU, DMU, EU, TMU, and GdnHCl) have provided significant evidence for 
internal motional constraints and entropy reduction of the Ω-loop of Ferrocyt c in the 
subdenaturing region of these denaturant. However, such kind of internal motional constraints on 
MbCO are not observed under subdenaturing concentration of denaturant. The probable 
explanations for the constrained dynamics of the Ω-loop of Ferrocyt c in the presence of 
subdenaturing concentrations of denaturants and increased Log koff in the presence of denaturants 
are also discussed. The thermodynamic stability of Ferrocyt c and Mb decreases with increasing 
the denaturant concentration in the reaction medium. The role of water activity on protein 
stabilization is discussed. 
 
3.3.1 Motional constraints and entropy reduction due to denaturant binding  

Isothermal calorimetry [65] and x-ray crystallography [66-68] studies have provided 
evidence for direct interactions between protein groups and urea or guanidinium ion. At lower 
concentrations, guanidinium ion or urea molecule can interact with protein molecule through 
multiple hydrogen bonds and van der Waals interactions [66-68]. Docking results between the 
Cyt c and urea also reveal that about seven urea molecules form multiple variable length 
hydrogen bonds with the backbone-backbone or backbone-side chain atoms of the Ω-loop of Cyt 
c (Fig. 3.6b). Such denaturant-mediated nonspecific polyfunctional interactions may reduce the 
motional freedom and internal motions of the native proteins [1,66-67]. These additional 
interactions may also reduce the number of conformations accessible to the unfolded state and 
thus decrease the configurational entropy of local unfolding [69]. The superior stability of 
reduced Cyt c over oxidized Cyt c was explained on the basis of entropy reduction [22-23 ,70-
71]. However, as compared to Cyt c the lesser denaturant molecules are involved in 
polyfunctional cross-linking interactions with MbCO (Tables 5 and 6). In the subdenaturing limit 
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of denaturants, these weaker polyfunctional interactions between the denaturant and different 
groups of the MbCO are not enough for the motional constraints on MbCO (Fig. 3.1f).  
 
3.3.2 Kinetic and thermodynamic consequences of protein-denaturant interactions 
For the CO-association reaction, the intramolecular thermal collisions between the reactant 
molecules provide the energy for barrier crossing [1]. Due to some form of denaturant-protein 
interactions, there must be a reduction in the amplitude of thermal fluctuations [1-2]. The 
restricted thermal fluctuations then lower the rates of the CO-association reaction by increasing 
the activation energy barrier (Table 3). The decrease in the crystallographic B-factor 
conformations of the several proteins crystals soaked in low concentrations of denaturant 
solutions [66-67] could be due to reduction in amplitude of thermal fluctuations [103] As 
previously described [10,12], both local entropy and atomic fluctuations have the same physical 
origin, therefore, the restricted dynamics in the subdenaturing limit of denaturants must alter the 
entropy reduction of the protein. For Mb, within the subdenaturing limit, such denaturant-
mediated constrained dynamics is not observed and a continuous increase in the rate of CO-
replacement reactions occurs as the denaturant concentration is increased in the reaction medium 
(Fig. 3.1f).  

The CO-association reaction of Ferocity c has been designed to underline the changes in 
activation enthalpy and entropy reduction of proteins in the presence of denaturants (urea, MU, 
DMU, EU, TMU, and GdnHCl). The data in Table 3 clearly shows that in the presence of 
subdenaturing concentrations of denaturants, both activation enthalpy and entropy reduction 
increases, which supports the reduced motional freedom of Cyt c in the presence of 
subdenaturing concentrations of denaturant relative to that in the absence of denaturant. The 
sizeable decrease in amplitudes of thermal motions in the subdenturing limit of denaturants must 
also reduce the magnitude of subglobal unfolding motions and entropy reduction of the system 
[1]. In the presence of subdenaturing concentration of denaturants, the increase in activation 
enthalpy suggests the increase in barrier height between the native-state and transition state for 
the CO-association (Fe2+-M80+CO→Fe2+-CO + M80) process. It is more likely that the numbers 
of denaturants molecules that interact with the protein in the subdenaturing limit are insufficient 
to cross-link a large part of the molecule. This suggests that the observed restricted dynamics is 
localized to a subglobal part of the protein and the dynamics of which affect the CO-association 
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reactions. The extent of entropy reduction of Ferrocyt c for GdnHCl is found slightly higher as 
compared to that by urea (Table 3). Furthermore, the extent of entropy reduction of Ferrocyt c 
for urea is also found to decrease with increasing the number of hydrophobic groups substituted 
on urea molecule (Table 3).  

 
3.3.3 How could the increase in hydrophobic groups on urea molecule decrease the extent of 
denaturant-mediated constrained dynamics of Ω-loop of Ferrocyt c? 

An earlier study with Ferrocyt c has shown that the subdenaturing concentrations of urea 
constrain the internal dynamics of the Ω-loop of Ferrocyt c [2]. The present study shows that the 
subdenaturing concentrations of alkylureas (MU, DMU, EU, and TMU) also constrain the 
internal dynamics of the Ω-loop (Fig. 3.1e). It is also observed that with increase in the number 
of hydrophobic groups on urea molecule, the extent of denaturant-mediated constrain in the 
internal dynamics of Ω-loop of Ferrocyt c decrease (Fig. 3.1e). How could the increase in 
hydrophobic groups on urea molecule decrease the extent of denaturant-mediated constrained 
dynamics of Ω-loop of Ferrocyt c? The fact that, alkyl substituted urea molecule has lower 
ability to form hydrogen bonds, therefore, they may not produce as extensive cross-linking as the 
urea does. Makhatadze et al have calculated the total number of binding sites for urea in the 
folded and unfolded state of Cyt c [65]. From the obtained number of native state binding sites, 
one can approximately estimate that about 26 urea molecules interact to the protein in the 
presence of 5.0 M urea. If one urea molecule interacts with about two to three amino acid 
residues, assuming at least two hydrogen bonds per urea molecule [65-67], then in the presence 
of 5.0 M urea, approximately 52 residues of protein would experience restricted dynamics.  

Docking results between the Cyt c and urea, MU, DMU, EU, and TMU reveal that with 
increasing hydrophobic groups on urea molecule, polyfunctional interactions between the 
denaturant and different groups of Ω-loop and other part of the protein decrease (Fig. 3.6 and 
Table 5). This finding confirms that the decrease in the extent of denaturant-mediated restricted 
dynamics of Ω-loop with a corresponding increase of alkyl groups on urea molecule is due to the 
decrease of denaturant-mediated cross-linking interactions. It can be speculated that with 
increasing number of hydrophobic groups substituted on urea molecule, the less number of free 
N-H moieties in urea molecular framework are available to cross-link different groups of Ω-loop 
and protein. As a consequence, the denaturant-mediated cross-linking interactions decreases, 
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therefore, in the subdenaturing limit of alkyl substituted urea, the less number of residues would 
experience restricted dynamics. When all the N-H moieties in the urea molecule are methyl 
substituted, the denaturant-mediated constrain in the internal dynamics of Ferrocyt c is still 
noticeable (Fig. 3.1e). The current docking results reveal that the denaturant molecules also form 
variable length hydrogen bonds with the side chain or peptide bond (C=O or N-H group) of 
single amino acid (Figs. 3.5b, 3.5c, 3.5d and Table  5). Although, they do not crosslink with the 
different groups of the protein (Figs. 3.5b, 3.5c, 3.5d and Table 5) but their contributions toward 
the denaturant-mediated restricted dynamics of protein cannot be neglected since denaturant like 
TMU is not involved in cross linking with different groups of Ω-loop and protein (Fig. 3.6d and 
Table 5) but it restricts the internal dynamics of Ω-loop (Fig. 3.1e).  

In the presence of subdenaturing concentration of denaturant (urea, MU, DMU, EU and 
GdnHCl, the denaturant-mediated polyfunctional cross-linking interactions between different 
groups of proteins are responsible for the “disorder-to-order” structural transition of the Ferrocyt 
c, relative to that in an aqueous solution. This “disorder-to-order” transition is responsible for the 
constrained internal dynamics of protein because of this the amplitudes of thermal fluctuations 
responsible for the CO-association reaction also be reduced. The solvent-slaving model of 
protein dynamics [73-75]  has two components:  first, global and larger-scale diffusive motions 
of the protein are linked to the bulk solvent and are viscosity-dependent also known as α-
fluctuations, whereas internal dynamics the second component are coupled to motions in the 
hydration shell also known as β-fluctuations. β-fluctuations are essentially independent of the 
bulk solvent fluctuations [73-75]. These additional β-fluctuations are local protein motions that 
are essentially independent of the bulk solvent fluctuations and may be relevant at late stages of 
folding [73-75]. Since TMU does not involve in the polyfunctional cross-linking interactions 
between different groups of proteins but slows down the rate of CO-association to Ferrocyt c. 
This result warrants the role of solvent fluctuation on the protein internal dynamics. In the 
subdenaturing region in addition to polyfunctional cross-linking interactions between different 
groups of proteins, solvent fluctuations (solvent viscosity) exert its effect in controlling the 
internal dynamics of protein. However, at higher concentration denaturing action of denaturant 
controls the internal motions of Ω-loop of Ferrocyt c which eventually controls the CO-
association process. 
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The current results thus reveal that subdenaturing concentrations of urea and alkylureas 
stabilize the Ferrocyt c conformation. These results are inconsistent with earlier hydrogen-
deuterium exchange study of Ferrocyt c probed by real time NMR [76] and equilibrium NMR 
[59] methods. The results obtained from hydrogen-deuterium exchange study of Ferrocyt c 
revealed a gradual denaturation of protein by GdnHCl [59,76]. The folding models of Englander 
consider partial unfolded forms (PUFs) detectable under subdenaturing conditions [59,77-79]. 
The present results cannot directly be related to stabilization of PUFs, because urea and 
alkylurea-mediated cross-linking are not localized at certain parts of the protein. Because the 
denaturant molecules can interact with many functional groups including the backbone, the 
motional constraints are felt more or less globally. These results suggest that the hydrophobicity 
on urea molecule plays an important role in the internal motion of Ferrocyt c. 

 
3.3.4 Why subdenaturing concentrations of denaturants not constraint the internal dynamics 
of MbCO? 

The effect of subdenaturing concentrations of urea and alkylureas on the internal 
dynamics of the Mb has not been studied before. The present study showed that the denaturant 
mediated constrain is not observed on the internal dynamics of MbCO (Fig. 3.1f). Why 
subdenaturing concentrations of denaturants are unable to constrain the internal dynamics of 
MbCO? In comparison to Cyt c, docking results between the MbCO and urea, MU, DMU, EU, 
and TMU reveal that with increasing hydrophobic groups on urea molecule, polyfunctional 
interactions between the denaturant and different groups of the protein do not follow any trend 
(Table 6). However in each case the ratio of denaturant molecules that are involved or not in 
polyfunctional cross-linking interactions is small (Table 6). These weaker polyfunctional 
interactions between the denaturant and different groups of the MbCO are not enough for the 
motional constraints of MbCO (Fig. 3.1f). The present study also shows that the extent of 
denaturant-mediated structural fluctuations of MbCO increases with increase in the number of 
hydrophobic groups on urea molecule. This finding indicates that the hydrophobicity of 
denaturant molecule controls the internal dynamics of MbCO.  
             
3.3.5 Denaturant-induced entropic and electrostatic contributions 
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           Subdenaturing concentrations of both urea and GdnHCl stabilize [80-85] and constrain the 
internal dynamics of proteins [1,2,10,80-82,86]. How could subdenaturing concentrations of urea 
and GdnHCl stabilize and constrain the internal dynamics of proteins? The ionic denaturant, 
GdnHCl constrain the internal dynamics of the native and partially denatured states of proteins 
by both entropic effect due to intramolecular protein cross linking actions of guanidinium ions 
[1,2,10,81] and electrostatic effect due to the interactions of chloride and guanidinium ions  with 
the charged groups of the proteins [1,2,28,80-85]. The electrostatic effect of denaturants 
stabilizes the proteins under conditions favorable for charge screening. On the other hand, the 
entropic effect of denaturant operates invariably and is expected to stabilize all proteins through 
lowering the entropy reduction of protein. The stabilization of Ferrocyt c by subdenaturing 
concentrations of non-ionic urea is purely entropic [2].  
 
3.3.6 Effect of denaturants on the thermodynamic stability of Ferrocyt c and Mb 
  Thermodynamic stability (ΔGT) of Ferrocyt c (Fig. 3.13e) and Mb (Fig. 3.13f) decrease 
with increasing the concentration of denaturant and the size of hydrophobic group substituted on 
the urea molecule. Poklar et al had also studied the thermal denaturation of -chymotrypsinogen 
and RNAase A in aqueous mixture of urea, MU, EU, and DMU by DSC and observed that ΔGT 
decrease with increasing concentration of denaturant and the size of hydrophobic group 
substituted on the urea molecule [41,87]. Several previous studies on urea, alkylureas, and 
GdnHCl denaturation of proteins have shown that over the full range of denaturant 
concentration, ΔGT decreases linearly with denaturant concentration as [53,88-89],    
    
where ΔGT is the Gibbs free energy of denaturation in the absence of denaturant, and m* is the 
rate of change of ΔGT with concentration of cosolute (denaturant), mY (mol/kg-solvent). 
Although, the physical importance of the factor m* is not clearly understood, but few previous 
studies suggested that it reflects the difference between the accessibility of surface areas of 
native and denatured states of the polypeptide chain for a given denaturant [90-93]. ΔGT for 
Ferrocyt c (Fig. 3.13e) and Mb (Fig. 3.13f) varies linearly with denaturants concentrations. The 
parameters, m* and ΔGT were derived from linear least-squares fitting of the data (ΔGT vs mY) 
to equation (7). The values of m* and ΔGT are summarized in Tables 17 and 18. The high m* 
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value for EU suggests high effectiveness of this denaturants towards protein denaturation as 
compared to the other denaturants, urea, MU, and DMU.  
 

 
3.3.7 Urea and alkylurea-induced structural unfolding of Cyt c and Mb  

There is a general interest in determining the mechanism by which denaturants disrupt 
the protein secondary and tertiary interactions. The efficiencies for the disruption of secondary 
and tertiary structures vary significantly depending on the type of denaturant used. For Ferricyt c 
and Mb, the order of effectiveness towards the disruption of secondary and tertiary structures 
typically follows as: EU > DMU > MU > urea (Figs. 3.8a, 3.8b and 3.8e). This finding suggests 
that with increasing the hydrophobicity of urea derivatives, the ability of denaturant towards the 
structural unfolding increases. Within the experimental errors, the disruption of secondary and 
tertiary structures of Ferricyt c occurs at same denaturant concentration, for example the 
disruption of secondary and tertiary structures of native Ferricyt c is almost over at 9.0 M urea 
(Figs. 3.8a and 3.8e). However, the urea unfolding transitions of Ferricyt c measured by the far-
UV CD at 222 nm, near-UV CD at 282 nm, fluorescence emission at 358 nm, and heme 
absorption at 399 nm are non-coincidence with the urea unfolding transition measured by heme 
absorbance at 695 nm (Fig. 3.9f), which suggests the presence of an equilibrium intermediate in 
the N- to U-state transition of Ferricyt c. Recent thermodynamic studies on Ferricyt c have also 

Table 17 m* and ΔGT-values of denaturants for Ferrocyt c unfolding (equation (7)).  
Cosolute Urea MU DMU EU 

Parameters     
ΔGT 14.5 14.3 14.2 13.8 
m* -5.1 -5.8 -6.7 -8.5 

m* and ΔGT (25C) are reported as kcal mol-1m-1 and kcal mol-1, respectively. The uncertainties of 
m* and ΔGT values reported here are  0.2 kcal mol-1m-1 and  0.5 kcal mol-1, respectively. 

Table 18 m* and ΔGT-values of denaturants for Mb unfolding (equation (7)).  
Cosolute Urea MU DMU EU 

Parameters     
ΔGT 7.6 7.5 7.5 7.5 
m* -1.0 -1.7 -2.2 -2.9 

m* and ΔGT (25C) are reported as kcal mol-1m-1 and kcal mol-1, respectively. The uncertainties of 
m* and ΔGT values reported here are  0.2 kcal mol-1m-1 and  0.5 kcal mol-1, respectively. 
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revealed the presence of intermediates in the N-to U-state thermal transition of Ferricyt c [33-
34].  
 
3.3.8 The role of water activity on protein stability 

Equation (6) presents an important role of water activity in protein stability. ΔΔG was 
linearly dependent on urea, alkylureas (MU, DMU, and EU), and GdnHCl concentrations (Figs. 
3.13c and 3.13d). The m-values for these denaturants for protein unfolding were determined from 
the slopes of ΔΔG vs my plots in Figs. 3.13c and 3.13d (Tables 15 and 16). The m-value is 
considered to be a reliable indicator of denaturant efficiency towards its unfolding action. From 
all of the denaturants used in this study, GdnHCl gave the highest negative m-value (Tables 15 
and 16). The destabilizing power of GdnHCl, which is a typical protein denaturant, is stronger 
than the urea and alkylureas used in this study. Among urea and alkylureas, EU gave the highest 
negative m-value while the urea gave the lowest negative m-value (Tables 15 and 16). The 
hydrophobicity of urea and alkyl substituted urea typically decrease in the order EU > DMU > 
MU > urea. These findings suggest that the disturbance of hydrophobic interactions as well as 
the hydrogen-bonding play significant role in denaturant-mediated destabilization of Ferrocyt c 
and Mb.  
 
3.4. Conclusion 

It is important to understand the effects of denaturants (urea, alkylureas, and GdnHCl) on 
the structural fluctuation of the M80 containing -loop of Cyt c across the folding/unfolding 
transition, since subglobal unfolding units of Cyt c appear to determine the limited set of folding 
pathways  [94]. On going from native to unfolding conditions, the thermal motion of the Ferrocyt 
c first decreases in the subdenaturing milieu and then increases as subdenaturing to unfolding 
conditions are approached. Within the subdenaturing limit, the extent of decrease in amplitudes 
of thermal motions of the Ferrocyt c is found to be higher for urea and least for TMU. These 
results in conjugation with the docking results between the Cyt c and denaturant molecule (urea, 
MU, DMU, EU and TMU) reveal that the decrease in the extent of restricted dynamics of Ω-loop 
with a corresponding increase of alkyl groups on urea molecule is results from the decrease of 
denaturant-mediated cross-linking interactions. The denaturant-mediated cross-linking 
interactions also results in entropy reduction, and thus stiffens the Ferrocyt c. As compared to 
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TMU, the extent of entropy reduction is more for urea. As in the case of Cyt c, the thermal 
motion of MbCO was not found to decrease under subdenaturing concentrations of denaturants. 
The extent of increase in internal motions of the MbCO is found to be lower for urea and highest 
for TMU, which indicates that hydrophobicity on urea molecule controls the internal dynamics 
of MbCO. These results in conjugation with the docking results between the MbCO and 
denaturant molecule (urea, MU, DMU, EU and TMU) reveal that the denaturant-mediated cross-
linking in MbCO are not sufficient to constrain the internal dynamics of MbCO. Thermodynamic 
analysis of denaturants (urea, MU, DMU, EU, TMU) effects on the thermal unfolding of 
Ferrocyt c and Mb shows that the thermodynamic stability of protein decreases with increasing 
concentration of denaturant and hydrophobicity of urea derivatives. The reciprocal form of WT 
equation has been also utilized to evaluate the effect of water activity on Ferrocyt c and Mb 
stability. By this, the stabilization free energy of the protein in denaturant solution was 
calculated. The m-values were also obtained from the slope of the stabilization free energy vs 
[denaturant] plot. The m-values were found to be more negative for longer chain 
monosubstituted urea and di-methyl-substituted urea, which indicates that the destabilization of 
proteins by denaturants occur through the disturbance of hydrophobic interactions and hydrogen-
bonding. 
 
3.5 References 
[1] Kumar R, Prabhu NP, Yadaiah M, Bhuyan AK, Biophys J 87:2656–2662 (2004) 
[2] Bhuyan AK, Biochemistry 41:13386–13394 (2002) 
[3] Varhac R, Biochemica biophysica acta 1834:739–744 (2013) 
[4] Latypov RF, Maki K, Cheng H, Luck SD, Roder H, J Mol Biol 383:437–453 (2008) 
[5] Bhuyan AK, Kumar R, Biochemistry 41:12821–12834 (2002) 
[6] Bellissent-Funel M, Hydration Processes in Biology: Theoretical and Experimental 

Approaches, IOS Press, Amsterdam. (1999) 
[7] Miyawaki O, Saito A, Matsuo T, Nakamura K, Biosci Biotechnol Biochem 61:466–469 

(1997)   
[8] Miyawaki O, Biochim Biophys Acta 1774:928–935 (2007) 
[9] Miyawaki O, Biophys Chem 144:46–52 (2009) 
[10] Kumar R, Bhuyan AK, J Biol Inorg Chem 14:11–21 (2009) 
[11] Olson JS, Methods Enzymol 76:631–651 (1981) 
[12] Kumar R, Bhuyan AK, Biochemistry 44:3024–3033 (2005)    
[13] Santoro MM, Bolen DW, Biochemistry 27:8063–8068 (1988) 
[14] Miksovská J, Day JH, Larsen RW, J Biol Inorg Chem.  8:621–625 (2003) 
[15] Jain R, Sharma D, Kumar R, J Biochem 154:341–354 (2013)    
[16] Grosdidier A, Zoete V, Michielin O, Nucl Acids Res 39:W270-W277 (2011)   



76  

[17] Grosdidier A, Zoete V, Michielin O, J Comput Chem 32:2149–2159 (2011) 
[18] Bushnell GW, Louie GV, Brayer GD, J Mol Biol 214:585–595 (1990)   
[19] Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE, 

J Comput Chem 13:1605–1612 (2004) 
[20] Takano T, Dickerson RE, J Mol Biol 153:79–94 (1981) 
[21] Takano T, Dickerson RE, J Mol Biol 153:95–115 (1981) 
[22] Banci L, Bertini I, Gray HB, Luchinat C, Reddig T, Rosato A, Turano P, Biochemistry 

36:9867–9877 (1997) 
[23] Banci L, Bertini I, Huber JG, Spyroulias GA, Turano P, J Biol Inorg Chem 4:21–31 

(1999) 
[24] Bhuyan AK, Udgaonkar JB, J Mol Biol 312:1135–1160 (2001)  
[25] Thomas YG, Goldbeck RA, Kliger DS, Biopolymers 57:29–36 (2000) 
[26] Latypov RF, Cheng H, Roder NA, Zhang J, Roder H, J Mol Bio 357:1009–1025 (2006) 
[27] Tanford C, Adv Protein Chem 23:121–282 (1968) 
[28] Timasheff SN, Acc Chem Res 3:62–68 (1970)   
[29]  Davies AM, Guillemette JG, Smith M, Greenwood C, Thurgood AGP, Mauk AG, Moore 

GR, Biochemistry 32:5431–5435 (1993) 
[30] Elove GA, Chaffotte AF, Roder H, Goldberg ME, Biochemistry 31:6876–6883 (1992) 
[31] Margoliash E, Frohwirt N, Biochem J 71:570–572 (1959) 
[32] Varhac R, Antalik M, Bano M, J Biol Inorg Chem 9:12–22 (2004) 
[33] Hagarman A, Duitch L, Schweitzer-Stenner R, Biochemistry  47:9667–9677 (2008)    
[34] Schweitzer-Stenner R, Hagarman A, Verbaro D, Soffer JB, Methods Enzymol 466:109–

153 (2009)  
[35] Cupane A, Leone M, Vitrano E, Cordone L, Eur Biophys J  23:385-398 (1995) 
[36] Leone M, Cupane A, Cordone L, Eur Biophys J 24:117-124 (1996) 
[37] Cupane A, Leone M, Vitrano E, Eur Biophys J  21:385-391 (1995) 
[38] Santoro MM, Bolen DW, Biochemistry 31:4901–4907 (1992)  
[39] Poklar N, Lapanje S, Biophys Chem 42:283–290 (1992) 
[40] Poklar N, Vesnaver G, Lapanje S, Biophys Chem 47:143–151 (1993) 
[41] Poklar N, Vesnaver G, Lapanje S, J Protein Chem 14:709–719 (1995) 
[42] Poklar N, Vesnaver G, Lapanje S, Biophys Chem 57:279–289 (1996) 
[43] Poklar N, Petrovcic N, Oblak M, Vesnaver G, Protein Sci 8:832–840 (1999) 
[44] Jenkins WT, Protein Sci 7:376–382 (1998)  
[45] Pace CN, Methods Enzymol 131:266–280 (1986) 
[46] Schellman JA, Biophys Chem 96:91–101 (2002) 
[47] Bennion BJ, Daggett V, Proc Natl Acad Sci USA 100:5142–5147 (2003) 
[48] Timasheff SN, Xie G, Biophys Chem 105:421–448 (2003) 
[49] Hirato N, Mizuno K, Goto Y, J Mol Biol 275:365–378 (1998) 
[50] Velicelebi G, Sturtevant JM, Biochemistry 18:1180–1186 (1979) 
[51] Tanford C, Adv Protein Chem 24:l–95 (1970) 
[52] Prakash V, Loucheux C, Scheuffle S, Gorbunoff J, Timasheff SN, Arch Biochem 

Biophys 210:455–464 (1981) 
[53] Greene RF, Pace CN, J Biol Chem 249:5388–5393 (1974) 
[54] Miyawaki O, Tatsuno M, J Biosci Bioeng 111:198–203 (2011)  
[55] Xie G, Timasheff SN, Biophys Chem 64:25–43 (1997) 
[56] Kaushik JK, Bhat R, J Biol Chem 278:26458–26465 (2003) 



77  

[57] Leszczynski JF, Rose GD, Science 234:849-855 (1986)  
[58] Hoang L, Maity H, Krishna MMG, Lin Y, Englander SW, J Mol Biol 331:37–43 (2003) 
[59] Xu Y, Mayne LC, Englander SW, Nature Struct Biol 5:774–778 (1998) 
[60] Morgan JD, McCammon JA, Biopolymers 22:1579–1593 (1983) 
[61] Berghuis AM, Brayer GD, J Mol Bio 223:959–976 (1992) 
[62] Beece D, Eisenstein L, Frauenfelder H, Good D, Marden MC, Reinisch L, Reynolds AH, 

Sorensen LB,  Yue KT, Biochemistry 19:5147–5157 (1980) 
[63] Fenimore PW, Frauenfelder H, McMahon BH, Young RD, Proc Natl Acad Sci USA 

101:14408–14413 (2004).  
[64] Austin RH, Beeson KW, Eisenstein L, Frauenfelder H, Gunsalus IC, Biochemistry 

14:5355–5373 (1975) 
[65] Makhatadze GI, Privalov PL, J Mol Biol 226:491–505 (1992) 
[66] Pike AC, Acharya KR, Protein Sci 3:706–710 (1994) 
[67] Dunbar J, Yennawar HP, Banerjee S, Luo J, Farber GK, Protein Sci 6:1272–1733 (1997) 
[68] Hibbard LS, Tulinsky A, Biochemistry 17:5460–5468 (1978) 
[69] Dill KA, Biochemistry 29:7133–7155 (1990) 
[70] Trewhella J, Carlson VA, Curtis EH, Heidorn DB, Biochemistry 27:1121–1125 (1988 
[71]  Cohen DS, Pielak GJ, J Am Chem Soc 117:1675–1677 (1995) 
[72] Petsko GA, Ringe D, Ann Rev Biophys Bioeng 13:331–371 (1984)  
[73] Fenimore PW, Frauenfelder H, McMahon BH, Young RD, Proc Natl Acad Sci U S A 

101:14408-14413 (2004) 
[74] Fenimore PW, Frauenfelder H, McMahon BH, Parak FG, Proc Natl Acad Sci U S 

A 99:16047-16051 (2002) 
[75] Frauenfelder H, Fenimore PW, Chen G, McMahon BH, Proc Natl Acad Sci U S A 

103:15469-15472 (2006) 
[76] Bhuyan AK, Udgaonkar JB, Proteins: Struct, Funct, Genet 32:241–247 (1998)     
[77] Maity H, Maity M, Krishna MM, Mayne L, Englander SW, Proc Natl Acad Sci USA 102 

4741–4746 (2005) 
[78] Maity H, Maity M, Englander SW, J Mol Biol 343:223–233 (2004) 
[79] Krishna MM, Maity H, Rumbley JN, Lin Y, Englander SW, J Mol Biol 359:1410–1419 

(2006)  
[80] Zarrine-Afsar A, Mittermaier A, Kay LE, Davidson AR, Protein Sci 15:162–170 (2006) 
[81] Jain R, Kaur S, Kumar R, J Biochem 153:161–177 (2013) 
[82] Makhatadze GI, J Phys Chem B 103:4781–4785 (1999) 
[83] Makhatadze GI, Lopez MM, Richardson JM, Thomas ST, Protein Sci 7:689–697 (1998) 
[84] Mayr LM, Schmid FX, Biochemistry 32:7994–7998 (1993) 
[85] Hagihara Y, Aimoto S, Fink AL, Goto Y, J Mol Biol 231:180–184 (1993) 
[86] [114] Natali F, Moretti L, Boffi F, Bianconi A, Della Longa S, Castellano AC, Eur 

Biophys J 27:1–7 (1998)  
[87] Poklar N, Lah N, Oblak M, Vesnaver G, Acta Chim Slov 46:315–322 (1999) 
[88] Tanford C, Aune KC, Biochemistry 9:206–211 (1970) 
[89] Poklar N, Vesnaver G, Lapanje S, J Protein Chem 13:323–331 (1994) 
[90] Schellman JA, Biopolymers 26:549–559 (1987) 
[91] Alonso DO, Dill KA, Biochemistry 30:5974–5985 (1991) 
[92] Mayo SL, Baldwin RL, Science 262:873–876 (1993) 
[93] Knapp JA, Pace CN, Biochemistry 13:1289–1294 (1974) 



78  

[94] Hoang L, Bédard S, Krishna MMG, Lin Y, Englander SW, Proc Natl Acad Sci USA 99  
12173–12178 (2002)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 



79  

Chapter 4 
Structural, Kinetic and Thermodynamic Characterizations of the Sugar-
Induced Molten Globule States of the Alkali pH-Denatured Horse 
Cytochrome c   
 
4.1 Introduction 

Few earlier reports showed that a MG-like intermediate also play an important role in the 
Ferrocytochrome c (Ferrocyt c) folding [1-8]. Several previous reports suggest that anions 
arising from salts transform the acid-denatured protein (UA-state) to MG-state (A-state) [9-17]. 
Few other previous reports suggest that cations also transform the base-denatured protein (UB-
state) to MG-state (B-state) [16,18-21]. In general, a balance between the electrostatic 
interactions of charged residues and the opposing forces like hydrogen bonding and hydrophobic 
interactions determine the stability of MG-state [22-24]. However, the thermal denaturation 
studies of UA or UB-state of Ferricytochrome c (Ferricyt c) [14,19,25-26] showed that the 
hydrophobic interactions also contribute to the MG-state stability. Few previous reports showed 
that protecting osomolytes such as sugars and polyols also transform the UA-state of Ferricyt c to 
MG-state [27-30]. In the former case, the main driving force for MG formation is the increase in 
steric repulsion between the protein and sugar solution [28-29], while in the latter case it is the 
enhanced hydrophobic interactions that overcome electrostatic repulsion among charged side 
chains [27]. A Previous study showed that the NaCl induced A-state of Ferricyc c is partially 
folded state, consisting of the heme, C-terminal, N-terminal, and 60s helices, which is stabilized 
by nonbonding interactions between helices and with the heme [31]. A previous Trp fluorescence 
and resonance Raman spectroscopies study suggests that charge screening effect of KCl 
accelerates the early polypeptide chain collapse and introduces heterogeneity into the subsequent 
folding processes [32]. 
 Previous studies have shown that Na+ ions arising from NaCl transform the UB-state of 
Cytochrome c (Cyt c) to MG-state (B-state) by charge-screening mechanism [18-19]. A previous 
report revealed that (i) sugar (stachyose, melezitose, trehalose, glucose and glycerol) and salt 
(NaCl) transform the highly positively charged acid-denatured Ferricyt c (UA-state) to MG-state 
[28,33], and (ii) the heme environment near PHE82 is more native like in sugar than in salt 
[28,33]. Glycerol also transforms the native (N-state) state of Ferricyt c to MG-state that lacks 
the native Fe3+-M80 axial bond [34]. An earlier report showed that trehalose stabilizes the global 
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conformation of Ferricyt c under alkaline conditions [35]. The current study showed that glycerol 
and trehalose transform the highly negatively charged base-denatured Ferricyt c and CO-
liganded Ferrocyt c (Cyt-CO) (UB-states) to GB and TB-states, respectively, (where GB and TB are 
the glycerol and trehalose-induced MG states of UB-state of Ferricyt c and Cyt-CO), presumably 
mainly by the steric repulsion between solution components, that favors the compact state 
relative to unfolded state. The results from Circular dichroism (CD), tryptophan (Trp) 
fluorescence and 1-anilino-8-napthalene sulfonate (ANS) binding experiments suggest that the 
GB and TB-states resemble the generic properties of molten globules. A matter of our concern is 
to find out the source of GB and TB-states stability. The present work also determined the effects 
of glycerol and trehalose on (i) thermal unfolding of UB-state of Ferricyt c (pH 12.9), and (ii) 
kinetics of CO-association to alkaline Ferrocyt c (pH 12.9) 
 
4.2 Results and Discussion  
4.2.1 Sugar-induced molecular compaction of the base-denatured Ferricyt c and Cyt-CO  
         Native-states (N-states) of Ferricyt c and Ferrocyt c (pH 7.0) are fluorescence-silent while the 
UB-states of Ferricyt c and Cyt-CO at pH ~12.9 are fluorescent (Figs. 4.1a and 4.1b). Previous pH 
dependent Trp fluorescence and far-UV CD studies of Ferricyt c and Cyt-CO also revealed that 
Ferricyt c and Cyt-CO are substantially denatured at extreme basic pH ~12.9 [18-21]. Unfolding 
results in an increase in the heme-Trp distance due to molecular expansion [36-37]. Molecular 
compaction of the UB-states of Ferricyt c (Fig. 4.1a) and Cyt-CO (Fig. 4.1b) occurs when 6.0 M 
glycerol or 1.5 M trehalose or 1.5 M NaCl is included. 

Figs. 4.1c and 4.1d show the ANS fluorescence spectra of N- and UB-states of Ferricyt c 
without additive and in the presence of different concentrations of glycerol and trehalose, 
respectively. Clearly, the ANS fluorescence intensity of UB-state of Ferricyt c is significantly 
increased in the presence of high concentration of sugar (6.0 M glycerol and 1.5 M trehalose) than in 
its absence. This finding indicates that in the GB and TB-states of Ferricyt c, the hydrophobic 
clusters, which were originally buried inside, are now solvent exposed. Figs. 4.1e and 4.1f present 
the fluorescence monitored titration of the UB-state of Ferricyt c with glycerol and trehalose, 
respectively. Data in Figs. 4.1e and 4.1f clearly suggests that glycerol and trehalose-drive the 
UB→GB and UB→TB transitions, where GB and TB are glycerol and trehalose-induced molecular 
compact state of alkali-denatured Ferricyt c, respectively.  
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Fig. 4.1 (a) Fluorescence emission spectra for N-state of Ferricyt c at pH 7 in the absence of additive (solid 
line) and UB-state of Ferricyt c at pH 12.9 absence of additive (dotted line), and presence of 6.0 M glycerol 
(medium dash line), 1.5 M trehalose (short dash line) and 1.5 M NaCl (dash dot dot line). (b) Fluorescence 
emission spectra for N-state of Ferrocyt c at pH 7 in the absence of additive (solid line) and UB-state of Cyt-
CO at pH 12.9 in the absence of additive (dotted line), and presence of 6.0 M glycerol (medium dash line), 
1.5 M trehalose (short dash line) and 1.5 M NaCl (dash dot dot line). (c) ANS fluorescence spectra (ex: 380) 
of N-state of Ferricyt c in the absence of additive (pH 7.0) (solid line) and UB-state of Ferricyt c (pH 12.9) in 
the absence of additive (dotted line) and in the presence of 2.0 M (dash dote line), 3.0 M (dash dot dot line) 
and 6.0 M (short dash line) of glycerol. (d) ANS fluorescence spectra (ex: 380) of N-state of Ferricyt c at pH 
7 in the absence of additive (solid line) and UB-state of Ferricyt c at pH 12.9 in the absence of additive (dotted 
line) and in the presence of 0.25 M (dash dote line), 1.0 M (dash dot dot line) and 1.5 M (short dash line) of 
trehalose. (e) Relative quenching of Trp59 fluorescence (ex: 280 nm, em: 360 nm) of Ferricyt c as a function 
of glycerol, pH 12.9. (f) Relative quenching of Trp59 fluorescence (ex: 280 nm, em: 360 nm) of Ferricyt c as 
a function of trehalose, pH 12.9. The solid line through the data in panels (e) and (f) has been drawn by 
inspection only. The final proteins concentrations for Trp and and ANS fluorescence measurements were 10 
µM.     
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4.2.2 Sugar-induced folding of the UB-state     
 The MG-states generally have native-like secondary structures [9,22]. Figs. 4.2a, 4.2b, 
4.2c and 4.2d show the far-UV CD spectra of different states of Cyt c. The MRE observed for 
the UB-states of Ferricyt c (Figs. 4.2a and 4.2b) and Cyt-CO (Figs. 4.2c and 4.2d) at 222 nm 
decrease when 6.0 M glycerol (Figs. 4.2a and 4.2c), 1.5 M trehalose (Figs. 4.2b and 4.2d) and 
1.5 M NaCl (Figs. 4.2b and 4.2d) are included, indicating the UB→GB, UB→TB and UB→B 
transitions, where GB, TB and B-states are the glycerol, trehalose and salt-induced refolded state 
of UB-state of the Ferricyt c/Cyt-CO. It is observed that the MRE values for the GB (Figs. 4.2a 
and 4.2c), TB and B-states (Figs. 4.2b and 4.2d) of Ferricyt c/Cyt-CO are comparable with the 
MRE value of the N-states of Ferricyt c (Figs. 4.2a and 4.2c)/Ferrocyt c (Figs. 4.2b and 4.2d), 
respectively.  Figs. 4.3a and 4.3b show the normalized far-UV CD (222 nm) monitored UB→GB 
and UB→TB transitions for the UB-state of Ferricyt c, respectively. Figs. 4.3c and 4.3d show the 
normalized far-UV CD (222 nm) monitored UB→GB and UB→TB transitions for the UB-state of 
Cyt-CO, respectively. Clearly, base-denatured UB-states of Ferricyt c and Cyt-CO acquire 
extensive secondary structure and molecular compaction in the presence of high concentrations 
of glycerol and trehalose.  

The Gibbs free energy change, G, for the two-state transitions, UB→GB and UB→TB of 
Ferricyt c was calculated by the equation (1): 
 
 
where, Yobs is the observed value of the CD signal, YUB and YGB are the CD signal intensities for 
the UB and GB-states, respectively. By assuming a linear dependence of G on glycerol and 
trehalose concentration [38], the least-squares fit of the data to equation (2),  
 
provides, Go = ~1.76 (0.1) Kcal mol-1 and m (slope reflecting the cooperativity of the  

 ln ln ( ) ( ) (1)obs UB GB obsG RT K= RT Y  - Y  / Y  - Y   

0 [ ] (2)G G m osmolyte     
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Fig. 4.2 (a) Far-UV CD spectra for N-state of Ferricyt c at pH 7 in the absence of additive (solid line) and 
UB-state of Ferricyt c at pH 12.9 in the absence of additive (dotted line) and in the presence of 6.0 M 
glycerol (short dash line). (b) Far-UV CD spectra for N-state of Ferricyt c at pH 7 in the absence of 
additive (solid line), GdnHCl-unfolded (5.0 M GdnHCl) Ferricyt c at pH 7 (long dash line) and UB-state 
of Ferricyt c at pH 12.9 in the absence of additive (dotted line) and in the presence of 1.5 M trehalose 
(short dash line) and 1.5 M NaCl (dash dot dot line). (c) Far-UV CD spectra for N-state of Ferrocyt c at 
pH 7 in the absence of additive (solid line) and UB-state of Cyt-CO at pH 12.9 in the absence of additive 
(dotted line) and presence of 6.0 M glycerol (short dash line). (d) Far-UV CD spectra for N-state of 
Ferrocyt c at pH 7 in the absence of additive (solid line), GdnHCl-unfolded (5.0 M GdnHCl) Cyt-CO at 
pH 7 (long dash line) and UB-state of Cyt-CO at pH 12.9 in the absence of additive (dotted line) and in the 
presence of 1.5 M trehalose (short dash line) and 1.5 M NaCl (dash dot dot line). The final concentrations 
of the protein were 10 µM, 15 µM, 30 µM and 15 µM in panels (a), (b), (c) and (d), respectively.  
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Fig. 4.3 (a) The glycerol-induced folding transition (CD 222 nm) of UB-state of Ferricyt c (10 µM) at pH 
12.9. (b) The trehalose-induced folding transition (CD 222 nm) of UB-state of Ferricyt c (15 µM) at pH 
12.9. (c) The glycerol-induced folding transition (CD 222 nm) of UB-state of Cyt-CO (30 µM) at pH 12.9. 
(d) The trehalose-induced folding transition (CD 222 nm) of UB-state of Cyt-CO (15 µM) at pH 12.9. The 
solid lines through the data in panels (a) to (d) have been drawn by inspection only. (e) Shows unfolding 
free energy changes in the transition region calculated from the equilibrium curve (panel (a)). The linear 
least-squares best fit of the data to equation (2) [38] provided, Go = ~1.76 kcal mol-1, m = ~0.58 kcal 
mol-1 M-1.(f) Shows unfolding free energy changes in the transition region calculated from the equilibrium 
curve (panel (b)). The linear least-squares best fit of the data to equation (2) [38] provided, Go = ~1.62 
kcal mol-1 and m = ~3.5 kcal mol-1 M-1. 
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transition) = ~0.58 kcal mol-1 M-1 for UB→GB transition (Fig. 4.3e),   and Go= ~1.62 (0.1) 
Kcal mol-1 and m= ~3.5 kcal mol-1 M-1 for UB→TB transition (Fig. 4.3f), respectively. Clearly the 
Go values for glycerol and trehalose are almost identical, suggesting that Go is independent of 
the nature of the protecting osmolyte and thus it is a property of the protein alone. The calculated 
values of Go for the UB→GB (Go = ~1.76 Kcal mol-1) and UB→TB (Go = ~1.62 Kcal mol-1) 
transitions are lower than the free energy change for the already known UA→A transition (Go = 
~2.63 kcal mol-1) [28,39] and UA→GA transition (Go = ~2.25 kcal mol-1) [30], where A and GA 
are the anions and glycerol-induced MG-states of UA-state of Ferricyt c.  Although, the physical 
importance of the factor m is not clearly understood, but few previous studies of protein 
denaturation by denaturants suggested that it reflects the difference between the accessibility of 
surface areas of native and denatured states of the polypeptide chain for a given denaturant [40-
43]. The high m value for trehalose (~3.5 kcal mol-1 M-1) than glycerol (~0.58 kcal mol-1 M-1) 
suggests high effectiveness of trehalose towards refolding of UB-state to MG-state as compared 
to glycerol.  
 
4.2.3 Moderately rigid tertiary structure in the GB and TB-states  
 In general, the MGs are characterized by disordered tertiary structure [9,44]. Fig. 4.4 
shows the far-UV CD spectra of different states of Ferricyt c (Fig. 4.4a-4.4b) and Cyt-CO (Figs. 
4.4c-4.4d). UB-states of Ferricyt c (Fig. 4.4a-4.4b) and Cyt-CO (Figs. 4.4c-4.4d) do not show the 
CD absorption at 282 and 289 nm, which suggest that it lack the tertiary structure. The aromatic 
CD spectra for the GdnHCl unfolded Ferricyt c and Cyt-CO at pH 7.0 and UB-states of Ferricyt c 
and Cyt-CO at pH 12.9 are almost same (Figs. 4.4b and 4.4d). When 6.0 M glycerol or 1.5 M 
trehalose or 1.5 NaCl is included in the UB-states of Ferricyt c/Cyt-CO, the base-denatured 
protein is apparently not acquired sufficient near-UV CD signal, indicating not much gain of 
tertiary interactions (Fig. 4.4).  
 
4.2.4 GdnHCl-induced stabilization and subsequent unfolding of the GB-state of Cyt-CO and 
GdnHCl-induced unfolding of the TB and B-states of Cyt-CO 
Previous pH-dependent absorbance and fluorescence emission studies of Ferrocyt c showed that 
the CO ligation to Ferrocyt c at extreme basic pH (pH 13) unfolds the protein [18,20,45]. 
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Furthermore, the inclusion of salt transforms the base-denatured Cyt-CO to B-state [18,20,45]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 (a) Near-UV CD spectra for N-state of Ferricyt c at pH 7 in the absence of additive (solid line) 
and  UB-state of Ferricyt c at pH 12.9 in the absence of additive (dotted line) and in the presence of 6.0 M 
glycerol (short dash line). (b) Near-UV CD spectra for N-state of Ferricyt c at pH 7 in the absence of 
additive (solid line), GdnHCl-unfolded (5.0 M GdnHCl) Ferricyt c at pH 7 (long dash line) and UB-state 
of Ferricyt c at pH 12.9 in the absence of additive (dotted line) and in the presence of 1.5 M trehalose 
(short dash line) and 1.5 M NaCl (dash dot dot line). (c) Near-UV CD spectra for N-state of Ferrocyt c at 
pH 7 in the absence of additive (solid line) and UB-state of Cyt-CO at pH 12.9 in the absence of additive 
(dotted line) and in the presence of 6.0 M glycerol (short dash line). (d) Near-UV CD spectra for N-state 
of Ferrocyt c at pH 7 in the absence of additive (solid line), GdnHCl-unfolded (5.0 M GdnHCl) Cyt-CO 
at pH 7 (long dash line), UB-state of Cyt-CO at pH 12.9 in the absence of additive (dotted line) and in the 
presence of 1.5 M trehalose (short dash line) and 1.5 M NaCl (dash dot dot line). The final 
concentrations of the protein used were 90 µM in panels (a), (b), (c) and 130 µM in panel (d). 
 
        The UB-state of Cyt-CO becomes compact in the presence of 6.0 M glycerol, 1.5 M 
trehalose or 1.5 M NaCl (Fig. 4.1b), indicating UB→GB, UB→TB, UB→B transitions, where GB, 
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TB and B-states are glycerol, trehalose and NaCl-induced molecular compact state of alkali-
denatured Cyt-CO, respectively. Few earlier reports have shown that the low concentrations of 
GdnHCl ( 0.5 M) transform the UA-state and UB-state of Cyt c to MG-states [19,45-46]. Figs. 
4.5a and 4.5b present the fluorescence emission spectra of Cyt-CO at pH 12.9 in the presence of 
6 M glycerol (Fig. 4.5a) or 1.5 M trehalose (Fig. 4.5b) with 0.0 M, 0.4 M and 3.0 M of GdnHCl. 
Clearly, the low concentrations of GdnHCl compact the GB-state of Cyt-CO but not the TB-state 
of Cyt-CO. 

The GdnHCl titration of the GB and TB-states of Cyt-CO are shown in Figs. 4.5c and 
4.5d, respectively. Data in Fig. 4.5c show that the low concentration of GdnHCl (≤ 0.4 M) 
transforms the GB-state to an intermediate, IG. Fig. 4.5c clearly shows two consecutive 
transitions, first is the GdnH+-induced refolding transition of the GB-state (≤ 0.4 M GdnHCl) and 
second is the GdnH+-induced unfolding transition of the IG-state (> 0.4 M GdnHCl). However, 
this type of GdnH+-induced refolding transition is not observed for TB-state of Cyt-CO (Fig. 
4.5d). The GdnHCl-induced refolding transition of GB-state is fitted to the equation (3) [39], 
 
which yields n (the difference of the number of GdnH+ ions bound to UB and GB-states)= 3.7, 
Kb (the binding constant) = 4.9 M-1, and K (the true equilibrium constant for the GdnH+ ions-
induced refolding transition in the absence of GdnH+) = 2.8.  At 25 C, the value of free energy 
was found to be ~0.62 kcal mol-1 (Go = ─RTlnK). The increase in the GdnHCl concentration 
above 0.4 M results in the unfolding of the IG-state (Fig. 4.5c). The fit of the unfolding transition 
data (Fig. 4.5c) to the equation (4) [47], 

 
 
yields m = 0.26(0.01) kcal mol-1 M-1 and G = 1.0(0.02) kcal mol-1. The terms Kubind, KGbind, 
n, m, and G in equation (4) have their usual meaning as described earlier [18]. However, this 
type of GdnH+-induced refolding transition is also not observed for B-state of Cyt-CO (Fig. 
4.5f), indicating that glycerol is unable to diminish electrostatic repulsion between the charged 
residues of the UB-state (Fig. 4.5d). The GdnH+-induced unfolding transitions of TB (Fig. 4.5d) 
and B-states (Fig. 4.5f) were analyzed using standard two state equation (equation (1), chapter 2).  

 
 

1 [ ]ln [ ]  (4)1 [ ]
      

nu
bind
G
bind

K GdnHClG G RT m GdnHCl                                      K GdnHCl 

app b x(1 ) (3)   nK K K a 



88  

[GdnHCl] (M)
10-3 10-2 10-1

Flu
ore

sce
nc

e(a
u)

1.0

1.5

1 2 3

GdnHCl activity (M) 
10-2 10-1 100

K a
pp

0

2

4

(c)
Wavelength (nm)

330 345 360 375 390

Re
lat

ive
 Fl

uo
res

cen
ce

30
40
50
60 (a)

Wavelength (nm)
345 360 375 390

Re
lat

ive
 Fl

uo
res

cen
ce

0
25
50
75

100

[GdnHCl] (M)
0.0 1.5 3.0 4.5

Flu
ore

sce
nc

e(a
u)

0.0

0.5

1.0

[GdnHCl] (M)
0.0 1.5 3.0 4.5

Flu
ore

sce
nc

e(a
u)

0.0

0.5

1.0

(b)

(d)

(e) (f)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.5 (a) Fluorescence emission spectra of Cyt-CO at pH 12.9 in the presence of 6 M glycerol with 0.0 
M (short short line), 0.4 M (dotted line) and 3.0 M (solid line) of GdnHCl. (b) Fluorescence emission 
spectra of Cyt-CO at pH 12.9 in the presence of 1.5 M trehalose with 0.0 M (short short line), 0.4 M 
(dotted line) and 3.0 M (solid line) of GdnHCl. (c) The GdnHCl-induced (fluorescence monitored, ex: 
280 nm, em: 375 nm) folding-unfolding transition of the GB-state of Cyt-CO at pH 12.9. The continuous 
line represents the fit to the experimental data by the use of equation (4). The fit yields m = 0.26(0.01) 
kcal mol-1 M-1 and G = 1.0(0.02) kcal mol-1. (d) The GdnHCl-induced (fluorescence monitored, ex: 
280 nm, em: 375 nm) equilibrium unfolding transition of the TB-state of Cyt-CO at pH 12.9, 1.5 M 
trehalose.  The solid line is the standard two state fit to data (equation (1), chapter 2). The fit yields G°D = 5.88 (0.42) kcal mol-1 and mg= 2.52(0.18) kcal mol-1 M-1. (e) In the presence of low concentrations of 
GdnHCl, guanidinium ions drive the GB → IG transition. The observable equilibrium constant, Kapp, for 
the GB   IG is plotted against the molar activity of GdnHCl. The values of Kapp were calculated from 
equation, Kapp = [(Yobs – YIG) / (YGB -Yobs)], where Yobs is the observed value of the signal, YGB and YIG are 
the corresponding values for the GB and IB-states, respectively [39]. The solid line is the fit to data 
according to equation (3) (see text). The fit yields n = 3.7, Kb = 4.9 M-1, and K = 2.8. At 25 C, the value 
of K corresponds to the free energy of 0.62 kcal mol-1. (f) The GdnHCl-induced (fluorescence monitored, 
ex: 280 nm, em: 375 nm) equilibrium unfolding transition of the Cyt-CO at pH 12.9, 1.5 M NaCl.  The 
solid line is the standard two state fit to data (equation (1), chapter 2). The fit yields G°D = 4.42 (0.52) 
kcal mol-1 and mg = 2.27 (0.26) kcal mol-1 M-1. 
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The measured G for the fully populated GB, TB and B-states of Cyt-CO against GdnHCl 
are 1.0(0.02), 5.88(0.42) and 4.42(0.52) kcal mol-1, which indicates that the TB and B-states 
are more thermodynamically stable than the GB-state. However, the GB, TB and B-states of Cyt-
CO are comparably less thermodynamically stable than the N-state of Cyt-CO (G = 
11.65(0.2) kcal mol-1 for the N-state of Cyt-CO [48]). The mg-value for GB, TB and B-states of 
Cyt-CO are 0.26(0.01), 2.52 (0.18), and 2.27(0.26) kcal mol-1 M-1, respectively which 
indicates that the TB and B-states of Cyt-CO are more ordered as compared to the GB-state of 
Cyt-CO. However, GB, TB and B-states of Cyt-CO are comparably less ordered as compared to 
the N-state of Cyt-CO (the mg-value (2.95(0.28) kcal mol-1) for the N-state of Cyt-CO [48]. 
  
4.2.5 Sugars and salt dependent CO-association kinetics of alkaline Ferrocyt c reveals that the 
GB, TB and B-states of Cyt-CO are stiff and dynamically constrained  
 To determine qualitatively, how dynamic the interior of the GB, TB and B-states, the CO-
association reaction of Ferrocyt c were conducted at alkaline pH 12.9 containing the variable 
concentration of glycerol, trehalose and NaCl. In CO saturated (~1 mM) buffer, the Ferrocyt c 
binds CO [18,45]. The CO-association kinetics is slow, which is a denaturation reaction, because 
the very stable intrinsic native Fe2+-M80 bond is broken, creating a 5-coordinate heme capable of 
binding to CO. This slowness of the reaction has allowed accurate determination of CO-
association rate constant, kass by spectrophotometric method (decrease in absorbance at the heme 
* -band (550 nm). Fig. 4.6a represents the CO-association kinetic trace of Ferrocyt c in the 
absence of additive at 25 C (pH 12.9). This kinetic trace fitted well in a single-exponential 
function with time constant τ ass= 0.7 min.  

Fig. 4.6b shows the variation of kass with [glycerol] and [trehalose] for alkaline Ferrocyt c 
at pH 12.9. Fig. 4.6b also shows the variation of kass with [NaCl] for alkaline Ferrocyt c at pH 
12.9. At pH 12.9, as [glycerol] is raised starting from 0.0 to 5.6 M glycerol, the kass for Ferrocyt c 
decrease monoexponentially and plateau at ~4.0 M glycerol (Fig. 4.6b). At pH 12.9, the kass for 
Ferrocyt c also decreases monoexponentially with [trehalose] or [NaCl] and plateau at ~1.0 M 
[trehalose] or ~ 1.0 M [NaCl] (Fig. 4.6b). CO-association to Ferrocyt c is essentially a Fe2+-
M80→Fe2+-CO displacement reaction, where the collisions between structural elements or 
different groups of atoms afforded by internal dynamics of the protein provide the energy 
necessary for CO-association. Because the local mobility of heme ring is suppressed by intrinsic 
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size and rigidity of ring system [49], and the neighboring residues of M80 have significantly 
higher thermal factors [50], so the collective motions of the M80-contaning Ω-loop should 
control the CO-association reaction [51]. The facts that kass decrease in the presence of stabilizing 
additive imply that the structural fluctuations of the M80 containing Ω-loop of Ferrocyt c are 
decreased [18]. The decrease in structural fluctuations of the Ω-loop in the presence of glycerol, 
trehalose and NaCl clearly demonstrates that the internal dynamics of alkaline Ferrocyt c is 
substantially constrained by glycerol, trehalose and NaCl. 
 

 
Fig. 4.6 Panel (a) represents the single phase CO-association kinetic trace of alkaline Ferrocyt c (τ = 0.7 
min, pH 12.9, 25 C). (b) Dependence of the rate of the CO-association of alkaline Ferrocyt c on different 
concentrations of  glycerol (■), trehalose (●) and NaCl (○) at pH 12.9, 25 C. The lines through the data 
in panel (b) have been drawn by inspection only.  Panel (c) shows the Eyring plots for the CO-association 
reaction of alkaline Ferrocyt c in the absence (▲) and presence of 1.5 M glycerol (■),1.5 M trehalose (●) 
and 1.5 M NaCl (○) at pH 12.9. Panel (c) also shows the Eyring plot for the CO-association reaction of 
native Ferrocyt c in the absence of additive (Δ) at pH 7. The solid lines in panel (c) were fitted according 
to Eyring equation (equation (5)) [52]. The resulting values of ∆Hass‡, ∆Sass‡ and −T∆Sass‡ are provided in 
Table 1.  

 
     To test whether the glycerol, trehalose and NaCl influence the structural-fluctuation of 

Table 1 The effect of trehalose and NaCl on activation parameters for CO-association reaction of 
Ferrocyt c.* 

 Additive ∆Gass‡a 
(kcal mol-1) ∆Hass‡ 

(kcal mol-1 ) 
∆Sass‡ 

(cal mol-1 K-1) 
−T∆Sass‡a 

(kcal mol-1 K-1) 
pH 12.9 Control 19.8 (0.1) 16.9(1.2) -9.6(3.9) 2.9(1.2) 
 1.5 M glycerol  20.3(0.2) 22.3(1.3) 6.6(3.5)  -2.0(1.0) 
 1.5 M trehalose 21.5(0.1) 24.3(0.4) 9.4(1.5) -2.8(0.4) 
 1.5 M NaCl 20.7(0.1) 23.4(1.2) 8.9(3.9) -2.7(1.2) 
pH 7 Control 21.7(0.3) 24.9(0.3) 10.7(0.9) -3.2(0.3) a Activation free energy (∆Gass‡) and entropy changes (−T∆Sass‡) are given at 25 ºC. 
*The uncertainties (standard error) in Hass‡ , −T∆Sass‡a and Sass‡ are indicated in parenthesis.  
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M80 containing -loop entropically or enthalpically, the Eyring plots for CO-association 
reaction of alkaline Ferrocyt c obtained in the absence and presence of 1.5 M sugar (glycerol or 
trehalose)  or NaCl at pH 12.9 (Fig. 4.6c) were analyzed using equation (5) [52],   

 
 
The estimated activation enthalpies ( ‡

assΔH ) and activation entropies ( ‡
assΔS ) are 

summarized in Table 1. By using the Gibbs free energy function, the corresponding activation 
free energies ( ‡

assΔG ) and ‡
assTΔS values were also estimated at 25 C (Table 1). The data in 

Table 1 clearly suggests that the inclusion of glycerol, trehalose or NaCl in reaction medium 
increases the enthalpic barrier ( ‡

assΔH ) for CO-association reaction. This effect attributes to 
restricted internal dynamics of GB, TB and B-states as compared to the UB-state. The ‡

assΔH values 
obtained for CO-association to alkaline Ferrocyt c in the presence of 1.5 M glycerol, 1.5 M 
trehalose and 1.5 M NaCl approaches towards the value measured for the native protein at pH 7. 
However, these values of ‡

assΔH are less than the value measured for the CO-association to 
native Ferrocyt c at pH 7, which indicates that the internal dynamics of GB, TB and B-states are 
less constrained as compared to the native Ferrocyt c. The data in Table 1 also give following 
important information, (i) the increase of ‡

assΔH  due to sugar (glycerol and trehalose) and salt 
(NaCl) is accompanied by a decrease in the entropy change ‡

assΔT S and (ii) the enthalpic effect 
is more dominant than the entropic effect in the presence of sugar (glycerol and trehalose) and 
salt (NaCl).   
As described earlier [53-54], the enthalpy-entropy plot could be used to determine enthalpic and 
entropic contributions toward the stability, folding and dynamics of proteins. The enthalpy-
entropy plot has four sectors (Fig. 4.7). Sectors 1 and 2 correspond to stabilizing cosolutes while 
sectors 3 and 4 correspond to destabilizing cosolutes. Furthermore, sectors 1 and 3 represent the 
enthalpically dominated effect while sector 2 and 4 represent entropically dominated effect [53]. 
Fig. 4.7 presents the TΔΔS vs ΔΔH plots for 1.5 M glycerol and 1.5 M trehalose. Clearly, the 
data points for sugar lie in sector 1 (Fig. 4.7), which is in general agreement with the models that 
describe enthalpically dominated stabilization [53-55]. 

 

‡ ‡
ass B ass assln( / ) (Δ (Δ (5)  k h k T = S /R)- H /RT)
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Fig. 4.7. The TΔΔS and ΔΔH plot at pH 12.9. Data points correspond to in the absence (●) and presence 
of 1.5 M glycerol (■) and 1.5 M trehalose (□). 
 
4.2.6 Heat and cold denaturation of the GB and TB-states of Ferricyt c 

To determine the contribution of hydrophobic interactions in the thermal stability of the 
GB and TB-states, the thermal unfolding (CD 222 nm) transitions of protein were collected in the 
wide range of glycerol and trehalose concentrations. A previous study has shown that the base-
denatured Ferricyt c in the presence of 1.0 M NaCl attains native-like peptide CD signals at −4 
°C while they get unfolded at ~70 °C [19]. At very low salt concentration (0.01 M NaCl), the 
thermal melt of base-denatured protein exhibits two temperature transitions, the first correspond 
to cold denatutation and the second correspond to heat denaturation (Figs. 4.8a and 4.8b).  

Figs. 4.8a and 4.8b show the thermal melts of base-denatured protein containing different 
concentrations of glycerol and trehalose, respectively. Since the low temperature CD signal 
varies with the stabilizing additive (glycerol and trehalose) concentration but the high 
temperature CD signal remained constant on varying the concentration of the stabilizing 
additive, hence, the thermal melts were normalized as described earlier [19]. Thermal 
denaturation of the UB-state shows substantially reversibility [19], therefore, the normalized 
thermal unfolding transitions (Figs. 4.8a and 4.8b) were analyzed for thermal denaturation 
midpoint (Tm), enthalpy of denaturation (∆Hm), and heat capacity change (Cp)  by using a non-
linear least squares method according to the Gibbs Helmholtz equation (equation (3), chapter 2). 
The resulting Tm, ∆Hm and ∆Cp under various glycerol and trehalose concentrations are provided 
in Table 2. As glycerol and trehalose concentration is increased, both Tm and ∆Hm values 
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increase but the value of Cp decreases (Table 2). At low glycerol and trehalose concentrations, 
the GB and TB-states undergoes cold denaturation (Figs. 4.8a and 4.8b). With increasing glycerol 
and trehalose concentrations, the low temperature unfolding transition becomes less obvious 
(Figs. 4.8a and 4.8b). Figs. 4.8c and 4.8d present the temperature dependent stability curves 
containing various glycerol and trehalose concentrations, respectively. These stability curves 
were calculated according to equation (4) (Chapter 2).   

 
Table 2 Effect of glycerol and trehalose on the thermodynamic parameters (transition 
temperature, enthalpy and heat capacity) for unfolding of base-denatured Ferricyt c calculated 
from 222 nm CD data (pH 12.9). 
 Gibbs-Helmholtz equation  van’t Hoff equation# 
Additive 

(M) 
Tm ∆Hm ∆Cp Tc  Tm ∆Hm 

0.01 NaCl 288.3 20.1 1.11 256  290.6 25.9 
Glycerol         
0.1 295.1 20.2 0.90 253  297.7 26.1 
0.5 298.8 24.5 0.92 249  302.2 30.3 
2.0 305.4 40.1 0.98 231  306.4 38.2 
4.5 311.1 40.3 0.88 228  312.1 44.1 
5.5 317.2 43.1 0.85 226  321.5 48.2 
Trehalose        
0.1 292.8 24.5 1.04 249  295.9 31.7 
0.25 304.7 38.7 1.01 235  305.0 37.6 
0.5 309.1 47.2 0.99 224  309.7 46.6 
1.0 319.3 54.2 0.95 219  319.5 55.0 
1.5 333.1 63.4 0.90 211  333.6 65.5 
* Hm, Cp, and Tm/Tc are reported as kcal mol-1, kcal mol-1 K-1, and K, respectively. The 
uncertainties of Hm, Tm, Tc and Cp values reported here are 2 kcal mol-1, 0.5 K, 0.5 K and 0.2 kcal mol-1 K-1, respectively.  # The normalized thermal unfolding transitions were analyzed using equation (2) (chapter 2). 

  
Table 2 lists the midpoint temperature, Tc for the low temperature denaturation at 

different concentrations of glycerol and NaCl, obtained from the stability curves. It is observed 
that even very small concentration of glycerol and trehalose has a profound effect on the 
temperature dependent stability curve. In all cases, addition of glycerol and trehalose makes the 
stability curves wider, raises the maxima, and shifts them to lower temperatures (Figs. 4.8c and 
4.8d). As glycerol and trehalose concentration are increased, the Tm increases and the Tc 
decreases (Figs. 4.8c and 4.8d and Table 2).  
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 Fig. 4.8 (a) Temperature dependence of normalized peptide CD (222 nm) of base-denatured Ferricyt c in 
the presence of 0.01 M NaCl (○), 0.1 (▲), 0.5 (□), 2.0 (▼), 4.5 (◊), and 5.5 M glycerol (■) at pH 12.9. 
(b) Temperature dependence of normalized peptide CD (222 nm) of base-denatured Ferricyt c in the 
presence of 0.01 M NaCl (●), 0.1 (▲), 0.25 (□), 0.5 (▼), 1.0 (◊), and 1.5 M trehalose (■) at pH 12.9. The 
solid lines in panels (a) and (b) are fits according to equation (3) (chapter 2). The thermodynamic 
parameters derived from fits to CD data are listed in Table 2. (c) Temperature dependent stability curves 
of the base-denatured Ferricyt c in the presence of glycerol concentrations at pH 12.9, calculated by the 
use of equation (4) (chapter 2). Panel (d) show the temperature dependent stability curves of the base-
denatured Ferricyt c in the presence of trehalose concentrations at pH 12.9, calculated by the use of 
equation (4) (chapter 2). (e) Determination of Cp for thermal unfolding of the GB-state by linear analysis 
of Hm as a function of Tm. The Hm values were obtained from fits of thermal data by the use of 
equation (3) (chapter 2). Slope of the straight line (Cp) is ~0.96 (0.1).  (f) Determination of Cp for 
thermal unfolding of the TB-state by linear analysis of Hm as a function of Tm. The Hm values were 
obtained from fits of thermal data by the use of equation (3) (chapter 2). Slope of the straight line (Cp) is 
~1.00 (0.1).  
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In general, the extreme pH or denaturants-induced partially denatured proteins show cold 

denaturation [19,56-57] but the molecular basis for  this is not completely understood.An earlier 
report by Kuroda et al (1992) showed that the acid-denatured A-state of Ferricyt c in acid 
medium exhibit cold denaturation [14]. The current study shows that GB and TB-states exhibit 
cold denaturation in highly basic medium. According to an earlier report, cold denaturation of 
proteins is thought to arise from decrease in hydrophobic interactions at lower temperatures [58]. 
However, few earlier reports suggest that both hydrophobic and hydrophilic interactions play an 
important role in the cold denaturation process [59-60].  
 
4.2.7 Cp for the unfolding of the GB and TB-states  

Figs. 4.8e and 4.8f show the Hm vs Tm plot for the GB and TB-states of Ferricyt c, 
respectively. The linear least-squares fitting of the Hm vs Tm plots provided the Cp value 
0.96(0.1) (Fig. 4.8e) and 1.00(0.1) (Fig. 4.8f) for the GB and TB-states of Ferricyt c, 
respectively.  Within error, the Cp values for the GB and TB-states are comparable to that of the 
already reported Cp value of B-state (Cp = 0.91(±0.17) but lower than the N-state (Cp = 
1.260.21 kcal mol-1 K-1) [19,47]. Remarkably, the Cp values for the GB and TB-states are 
significantly higher than the already reported Cp value of A-state of Ferricyt c (Cp = 0.38 
(0.03) [47]. The higher Cp values for the unfolding of GB and TB-states, suggest significant 
contribution of hydrophobic interactions toward the stability of the GB and TB-states of Ferricyt 
c. Therefore, the weakening of the hydrophobic effect by low temperature is the likely reason for 
cold denaturation. The comparison of Cp value for the N, GB, TB, B, UB, and A states thus 
suggests that the degree of the hydrophobic interactions in GB , TB and B-states are higher than 
that of A-and U-states but are less than that of N-state (i.e., N > TB ~ GB ~ B > A > U). The 
higher value of Cp for the UBGB and UBTB transition (Table 2) further confirms that the 
hydrophobic interactions contribute significantly to the GB and TB states thermal stability.  
 
4.2.8 Mechanism of MG formation by sugars 
Several equilibrium and kinetic techniques have been used to determine the structure and 
stabilizing mechanism of A-and B-states of proteins [9-11, 12-21,23,59,44]. These studies 
showed that the salt drives the UA and UB-states of protein to MG state through the reduction of 
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the electrostatic repulsion between the charged groups of the protein. Few previous studies also 
showed that a balance between the electrostatic interactions of charged residues and the opposing 
forces such as hydrophobic interactions and hydrogen bonding determine the stability of MG-
state [22,23,24]. At low salt concentrations, salt does not show much effect on the hydrogen 
bonding and hydrophobic interactions. These findings suggests that the electrostatic effects 
govern the formation of the MG-state [22,23,24].  
              Few previous studies showed that sugars can transform the UA-state to MG-state [27-
30]. The current study showed that the sugar such as glycerol and trehalose also transforms the 
UB-states of Ferricyt c and Cyt-CO to MG-states. Both steric repulsions and protein-sugar 
binding interactions modulate the sugar-induced stabilization of proteins, where the steric 
repulsions are always stabilizing [28-29] while the binding interactions may be stabilizing or 
destabilizing, depending on the type and nature of the protein and sugar [28-29]. The 
contribution from steric repulsion is generally categorized as “excluded-volume effect” [28-29]. 
Among sugars, glycerol has an affinity for the protein [62], other sugars have minimal for 
proteins and therefore, water–protein interactions are possibly most important for them [29]. 
Saunderes et al reported that the stabilizing effect of glycerol and trehalose on acid-unfolded 
protein results from excluded-volume effect, with sugar-protein interactions reducing this 
stabilization effect [29]. Although, the molecular size of the larger polyol molecules determined 
the excluded volume effect [63], however, the electrostatic orientation of smaller polyol 
molecule such as glycerol also contributes towards the increase in the excluded volume effect 
[64]. In fact, for larger polyol molecules, the excluded volume will be predominantly determined 
by the molecular size of the polyol [64]. For GB-state, the electrostatic orientation of glycerol at 
the protein surface should be considered, because for smaller polyols the increase in the excluded 
volume due to the electrostatic orientation of polyol molecules cannot be ignored [64]. 
Therefore, to explain the polyol-induced molecular compaction and increased conformational 
stability of protein requires assessment of the preferential hydration taking into consideration of 
the molecular size of the polyol, the electrostatic orientation of polyol molecules at the protein 
surface, and the volume increments of the local domain upon protein expansion. In the present 
study, the TΔΔS vs ΔΔH plots for CO-association reaction of alkaline Ferrocyt c in the absence 
and presence of 1.5 M glycerol and 1.5 M trehalose reveal that in controlling the CO-association 
to alkaline Ferrocyt c in the presence of sugars, the enthalpic effect is more dominated than the 
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entropic effect (Fig. 4.7). These results contrast mechanisms that rely on direct steric repulsion 
between protein and sugar, and this enthalpic dominated mechanism cannot be explained by 
purely excluded volume effect [53]. Current results suggest that both excluded volume effect 
(hard-core repulsions) and nonspecific chemical (soft) interactions must be considered to 
understand the effects of sugar on the protein stability. The hydrophobic interactions also 
contribute to the GB and TB-states because thermal unfolding of GB and TB-states occurred 
through a positive heat capacity change.   
 
4.3 Conclusion 

In extreme basic medium, the glycerol and trehalose molecules stabilize the UB-state of 
Cyt c to GB and TB-states. Current results suggest that both excluded volume effect and 
nonspecific chemical interactions contribute toward the glycerol and trehalose-induced 
stabilization and refolding of base-denatured Cyt c to GB and TB-states. The GB and TB-states 
meet with the basic molecular and structural organizational definition of the MGs (i.e., molecular 
compact state containing native-like secondary structures and disordered tertiary structures). 
Thermal unfolding transitions of GB and TB-states are highly cooperative and are characterized 
by a large heat capacity change. This finding reveals that the hydrophobic effect also appears to 
contribute significantly toward the energetic stabilization of the GB and TB-states. The energetic 
stability of the GB and TB-states are reduced with decreasing temperature, and it undergoes cold 
denaturation. Analysis of the CO-association rate to the base-denatured Ferrocyt c in the 
presence of variable concentrations of glycerol and trehalose indicate substantially restricted 
overall motion and stiffness of the polypeptide chain in the GB and TB-states.  
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Chapter 5 
Effect of Sugars on the Thermodynamic Stability of pH-Denatured Hen 
Lysozyme Both in the Absence and Presence of Denaturants 
  
5.1 Introduction   

The effect of protecting osmolytes (glycerol, sugars, amino acids and methyl amines) 
and denaturants (Urea and GdnHCl) on protein stability are widely studied [1-50]. Urea and 
GdnHCl are widely used as denaturants [19-22]. They typically unfold the proteins through 
directly binding to them [23-26]. Timasheff and co-workers demonstrated that protecting 
osmolyte sugars stabilize the protein as a result of preferential hydration of the denatured state as 
compared to native state [27-28]. Thus, the folded state of the protein is stabilized relative to the 
unfolded state because it exposes less surface area from which the cosolvent must be excluded. 
Whereas, denaturants binds to, and stabilizes, the unfolded conformation, thereby favoring 
unfolding of proteins. Thermodynamically the protein stability is expressed as a free energy 
change (ΔGD) between the native and unfolded states. Sugar favors the folded conformation 
through increasing the free energy of the unfolded conformation, whereas denaturant favors the 
unfolded conformation through lowering the free energy of the unfolded conformation. 
Generally, the protein denaturant interact favorably with the unfolded conformation, resulting in 
preferential accumulation of protein denaturant proximate to the protein surface and sugars 
interact unfavorably with the unfolded conformation, resulting in preferential depletion of 
protein stabilizer proximate to the protein surface. It is clear that sugars and denaturant act 
oppositely against protein stability by increasing and decreasing the ΔGD between the native and 
unfolded states, respectively. 

It is established that ΔGD decreases linearly as a function of denaturant (urea and 
GdnHCl) [47-50] and increases as a function of sugars [27-28,30-33,35-37,39-40,42]. However, 
the ΔGD as a function of denaturant in the presence of sugars has not been studied so far. To 
better understand the forces responsible for the sugar-induced increase in protein stability, this 
chapter evaluated the effect of sugars (glycerol, ribose, glucose, maltose, sucrose and trehalose) 
on the structural and thermodynamic properties of hen egg white lysozyme (Lyz) at pH 2.3 and 
pH 13. Fluorescence, near-UV CD, far-UV CD and 1-anilino-8-napthalene sulfonate (ANS)  
binding experiments suggest that the glycerol and trehalose transform the base denatured Lyz 
(pH 13) to MG-state. The effect of sugars (glycerol, ribose, glucose, maltose, sucrose and 
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trehalose) on the thermodynamic stability of Lyz at pH 2.3 was evaluated both in the absence 
and presence of denaturants (GdnHCl and urea). Thermodynamic analysis of thermal and 
denaturant-induced unfolding transitions of Lyz at pH 2.3 measured at different concentrations 
of sugars (glycerol, ribose, glucose, maltose, sucrose, and trehalose) reveals that these sugars 
increase the thermal and conformational stability of Lyz. Among the sugars used, the thermal 
and conformational stability of Lyz is increased more for trehalose and least for glycerol 
(trehalose > sucrose > maltose > glucose > ribose > glycerol). Thermodynamic analysis of 
thermal and denaturant-induced unfolding transitions of Lyz at pH 13 measured at different 
concentrations of sugars (glycerol and trehalose) reveals that the thermal and conformational 
stability of Lyz is increased more for trehalose than glycerol (trehalose > glycerol). 
Thermodynamic analysis of thermal and urea-induced unfolding transitions of Lyz at pH 2.3 
measured at different concentration of GdnHCl or urea in the absence and presence of fixed 
concentration of sugars (glycerol, ribose, glucose, maltose, sucrose and trehalose) reveals that 
these sugars counteract the destabilizing effect of the denaturants. The counteraction effect of 
sugars on the destabilizing effect of the denaturants is more pronounced for trehalose and least 
for glycerol (trehalose > sucrose > maltose > glucose > ribose > glycerol). 
 
5.2 Results and discussion 
5.2.1 Base-denatured Lyz in the presence of sugars shows the generic properties of the MG-
state  

The fluorescence intensity of the Lyz decreases with a red shift in emission maxima on 
increasing the pH from neutral to alkaline [51-52] which suggests unfolding of protein [52]. Fig. 
5.1a shows that fluorescence intensity of the Lyz decreases with a red shift in emission maxima 
from 350 to 360 nm on increasing the pH from 7 to 13 suggests protein unfolds under alkaline 
conditions. Base-denatured Lyz becomes molecular compact in the presence of high 
concentrations of trehalose and glycerol (Fig. 5.1a).  

The far-UV CD spectrum (200-250 nm) of native Lyz exhibits two negative bands at 208 
and 222 nm reflects the secondary structure of the protein [53-55]. Fig. 5.2a clearly shows that in 
the presence of 7 M GdnHCl, the negative ellipticity is completely disrupted, which suggests that 
the denaturant disrupt the secondary structure of native Lyz. However, the negative ellipticity of 
Lyz at 208 nm and 222 nm is not significantly affected at pH 2.3.  
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Fig. 5.1 (a) Fluorescence emission (ex: 280 nm) spectra of native Lyz at pH 7 (solid line), base denatured 
Lyz at pH 13 in the absence (dotted line) and presence of 5.0 M glycerol (short dash line) and 1.5 M 
trehalose (dash dot dot line). (b) The glycerol (○) and trehalose (●) dependent fluorescence monitored 
(ex: 280 nm, em: 360 nm) normalized folding transition of base-denatured Lyz at pH 13 (25 °C). The 
solid line through the data in panel (b) has been drawn by inspection only. The final proteins 
concentrations for fluorescence measurements in panels (a) and (b) were 10 µM.     
 
  The negative ellipticity of Lyz at 208 nm and 222 nm is significantly lost at pH 13 (Fig. 5.2a), 
indicating loss of secondary structure of Lyz at pH 13. Interestingly, the inclusion of sugars 
(trehalose and glycerol) in the base-denatured Lyz (pH 13) produces significant gain of the 
negative ellipticity of Lyz at 208 nm and 222 nm (Fig. 5.2a). This finding indicates that the 
sugars strengthen the secondary structures of base-denatured Lyz.   

The near-UV CD spectrum (250-300 nm) of native Lyz exhibits sharp positive peak 
intensities between 290 and 280 nm [53-55], associated with the packing of tryptophan residues 
and with shorter wavelength contributions arising from tyrosine residues. Fig. 5.2b clearly shows 
that in the presence of 7.0 M GdnHCl, the positive peak intensities between 290 and 280 nm are 
completely disrupted, which reflects denaturant-induced loss of tertiary structure of native Lyz. 
The positive peak intensities between 290 and 280 are also significantly lost at pH 13 with the 
emergence of new positive peak ~252 nm (Fig. 5.2b), indicating significant loss of tertiary 
structure of Lyz at pH 13. However, the positive peak intensities between 290 and 280 nm are 
not greatly affected at pH 2.3. The inclusion of sugar (1.5 M trehalose or 5.0 M glycerol) in the 
base-denatured Lyz does not changes the peak intensities between 290 and 280 nm (Fig. 5.2b), 
which suggests that the presence of trehalose or glycerol does not lead to any change in the 
tertiary structure of base-denatured Lyz. The far-UV CD (Fig. 5.2a) and near-UV CD (Fig. 5.2b) 
results suggest that in the presence of high concentration of sugar, the base-denatured Lyz 
contains native-like secondary structure but disordered tertiary structure, a characteristic feature 
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of MG-state [56-58].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.2 Panels (a) and (b) show the far-UV CD and near-UV CD spectra for native (solid line) Lyz at pH 
7, GdnHCl-denatured (7 M GdnHCl) Lyz at pH 7 (dash dot line), Lyz at pH 2.3 (long dash line) and base-
denatured Lyz at pH 13 in the absence (dotted line) and presence of 5.0 M glycerol (short dash line) and 
1.5 M trehalose (medium dash line), respectively. The final concentrations of Lyz used for the far-UV CD 
and near-UV CD measurements were 10 µM and 50 µM, respectively. (c) ANS fluorescence spectra of 
native Lyz at pH 7 (solid line), GdnHCl-denatured (7 M GdnHCl) Lyz at pH 7 (dash dot line) and base-
denatured Lyz at pH 13 in the absence (dotted line) and presence of 5.0 M glycerol (short dash line) and 
1.5 M trehalose (medium dash line). For ANS fluorescence measurements final concentrations of Lyz was 
10 M. (d) The glycerol (○) and trehalose (●)-induced folding transition (CD 222 nm) of base-denatured 
Lyz (10 M) at pH 13. The solid line through the data in panel (d) has been drawn by inspection only. (e) 
Shows unfolding free energy changes in the transition region calculated from the equilibrium curve (panel 
(d)) for glycerol. The linear least-squares best fit of the data to equation (2) provided, Go = 1.25 Kcal 
mol-1 and m = 1.07 kcal mol-1 M-1. (f) Shows unfolding free energy changes in the transition region 
calculated from the equilibrium curve (panel (d)) for trehalose. The linear least-squares best fit of the data 
to equation (2) provided, Go = 1.45 Kcal mol-1 and m = 4.67 kcal mol-1 M-1. 
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The binding of ANS to the hydrophobic regions of MG-state of proteins generally 
increases the ANS fluorescence intensity [56,59–61]. Fig. 5.2c presents the ANS fluorescence 
spectra of the native and GdnHCl-denatured Lyz at pH 7, and base-denatured Lyz at pH 13 in the 
absence and presence of sugar (1.5 M trehalose and 5.0 M glycerol). Fig. 5.2c clearly suggests 
that the ANS fluorescence intensity of the base-denatured Lyz is significantly increased in the 
presence of sugar (1.5 M trehalose and 5.0 M glycerol) then its absence, which indicates that in 
the presence of sugar there are sizeable amounts of exposed hydrophobic regions in the base-
denatured Lyz. Intrinsic fluorescence, near-UV CD, far-UV CD and ANS binding experiments 
suggest that the glycerol and trehalose-induced MG-states of base-denatured Lyz are molecular 
compact states containing native-like secondary structural contents but disordered tertiary 
interactions.  

Fig. 5.2d presents the glycerol and trehalose titration (CD 222 nm) of base-denatured Lyz 
at pH 13. The Gibbs free energy change, G, for the two-state transition, can be calculated by 
the equation (1), 
 
where, Yobs is the observed value of the CD signal, YU and YMG are the CD signal intensities for 
the base-denatured Lyz and MG-states, respectively. By assuming a linear dependence of G on 
sugar concentration [62], the least-squares fit of the data to equation (2),  
 
provides, Go = ~1.25 Kcal mol-1 and m (slope reflecting the cooperativity of the transition) = 
~1.07 kcal mol-1 M-1 for glycerol (Fig. 5.2e) and  Go = ~1.45 Kcal mol-1 and m  = ~4.67 kcal 
mol-1 M-1 for trehalose (Fig. 5.2f). Clearly the Go values for glycerol and trehalose are almost 
identical, suggesting that Go is independent of the nature of the protecting osmolyte and thus it 
is a property of the protein alone. The high m value for trehalose (~4.67 kcal mol-1 M-1) than 
glycerol (~1.07 kcal mol-1 M-1) suggests high effectiveness of trehalose towards refolding of 
base-denatured Lyz to MG-state as compared to glycerol.  
 
5.2.2 Sugars increase the thermal stability of Lyz 

To find out the effect of sugars on the thermal stability of Lyz, the absorbance (292 nm) 
and far-UV CD (222 nm) monitored thermal denaturation curves were collected in the absence 
and presence of different concentrations of sugar (trehalose, sucrose, maltose, glucose, ribose, 

0 [sugar] (2)G G m     

ln ln ( ) ( ) (1)obs U MG obsG RT K= RT Y  - Y  / Y  - Y      
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glycerol) at pH 2.3 and pH 13, respectively. Fig. 5.3a shows the representative absorbance (292 
nm) monitored thermal denaturation curves as the change in extinction coefficient in the absence 
and presence of different concentration of trehalose at pH 2.3. Figs. 5.3b and 3c show the 
absorbance (292 nm) and far-UV CD (222 nm) monitored normalized thermal denaturation 
curves in the absence and presence of different concentration of trehalose at pH 2.3 and pH 13, 
respectively. Figs. 5.3b and 5.3c show that thermal denaturation curves shift to higher 
temperature with the increment in trehalose concentration. To determine the sugar dependency of 
denaturation enthalpy change (Hm) and thermal denaturation midpoint (Tm), the normalized 
thermal denaturation data were analyzed by using equation (2) (chapter 2). The resulting Tm and 
ΔHm of Lyz at pH 2.3 and pH 13 as a function of sugars are summarized in Tables 5.1 and 5.2 
(appendix), respectively. Figs. 5.4a and 5.4b show the variation in Tm as a function of sugar at pH 
2.3 and pH 13, respectively which suggests that Tm increases linearly with increasing 
concentration of sugar. Fig. 5.4a shows that among the sugar used (trehalose, sucrose, maltose, 
glucose, ribose, glycerol), the thermal stability of Lyz at pH 2.3 is increased more for trehalose 
and least for glycerol (trehalose > sucrose > maltose > glucose > ribose > glycerol). Fig. 5.4b 
shows that the Tm of Lyz at pH 13 is increased more for trehalose than glycerol. This result is 
consistent with the earlier reports that found that the sugars increase the thermal stability of 
proteins [27-42].  

 

Fig. 5.3 Panel (a) shows thermally-induced unfolding of Lyz monitored at 292 nm as the change in 
extinction coefficient in the absence () and presence of 0.5 (), 1.0 (■), and 1.5 M (□) solution of 
trehalose at pH 2.3. Panel (b) shows the normalized thermal-induced unfolding of Lyz monitored at 292 
nm in the absence () and presence of 0.5 (), 1.0 (■), and 1.5 (□) M solution of trehalose at pH 2.3. (c) 
Temperature dependence of normalized peptide CD (222 nm) of Lyz in the absence (●) and presence of 
0.5 M trehalose () and 1.0 M trehalose (■) at pH 13. The solid curves in panels (a) to (c) represent 
nonlinear least-squares fit to equation (2) (chapter 2). 
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Fig. 5.4 (a) Tm of Lyz at pH 2.3 as a function of sugar (glycerol (●), ribose (◊), glucose (□), maltose (■), 
sucrose () and trehalose (○)). (b) Tm of Lyz at pH 13 as a function of sugar (glycerol (●) and trehalose 
(○)). In panels (a) and (b) the solid curves represent linear least-squares fitting. 
 

Among the glycerol, ribose, glucose, maltose, sucrose and trehalose, the stabilization 
effect is stronger for trehalose and weaker for glycerol (trehalose > sucrose > maltose > glucose 
> ribose > glycerol), which suggests that the size of sugar plays an important role in the sugar-
induced stabilization of protein. Among the disaccharides, trehalose, sucrose and maltose, the 
stabilizing effect of trehalose dominates over the maltose. This variable effect of these 
disaccharides suggests that the physico-chemical properties of sugar also play an important in the 
sugar-induced protein stabilization. Previously, the size dependent stabilizing effect of sugar was 
explained on the basis of increased steric repulsion between the protein and sugar using sphere 
particle theory [44]. A previous report also revealed that the addition of sugar of larger molecular 
size results in increased total packing fraction of the solution, leading to the more stability of the 
native state relative to that of the unfolded state [63]. Present study shows that the observed 
effect of sugar on thermal stability of Lyz is a combination of a repulsive excluded volume effect 
between protein and sugar and attractive chemical interaction. The preferential interactions of 
cosolvent molecules with the native and denatured state of protein govern their stabilization 
effect [64]. Sugar plays a crucial role in the stabilization of proteins because they induce 
preferential hydration for protein and therefore excluded from the immediate vicinity of the 
protein.  
  
5.2.3 Sugar counteracts the destabilizing effect of the denaturants against thermal 
denaturation 

To find out the effect of sugar on the destabilizing effect of the denaturants against 
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thermal denaturation of Lyz, the absorbance (292 nm) monitored denaturant (GdnHCl and urea) 
dependent thermal denaturation curves were collected in the absence and presence of 0.75 M 
sugar (glycerol, ribose, glucose, maltose, sucrose and trehalose) at pH 2.3 Figs. 5.5a and 5.5b 
show the representative absorbance monitored GdnHCl (Fig. 5.5a) and urea (Fig. 5.5b)-
dependent thermal denaturation curves as the change in extinction coefficient of Lyz at pH 2.3 in 
the absence and presence of 0.75 M trehalose, respectively. Figs. 5.5c and 5.5d show the 
representative absorbance (292 nm) monitored GdnHCl and urea-dependent normalized thermal 
denaturation curves of Lyz at pH 2.3 in the absence and presence of 0.75 M trehalose, 
respectively. The thermal denaturation curve shifts to lower temperatures in the presence of 
denaturant (Figs. 5.5c and 5.5d). Figs. 5.5c and 5.5d also show that in the presence of 0.75 M 
trehalose, the denaturant-mediated shift in the thermal denaturation curve is less pronounced. To 
find out the effect of sugar on the denaturant dependent thermodynamic parameters (Tm and 
ΔHm), the thermal denaturation curves collected as a function of denaturant (GdnHCl and urea) 
were analyzed by equation (2) (chapter 2). The resulting parameters Tm, and ΔHm, are given in 
Tables 5.3 and 5.4 (appendix).  

Figs. 5.5e and 5.5f show that Tm decreases linearly with increasing concentration of 
GdnHCl and urea, respectively. Interestingly, in the presence of 0.75 M sugar, the Tm versus 
denaturant concentration plot shifts upward (Figs. 5.5e and 5.5f). These results thus suggest that 
the sugar shift the denaturant-dependent thermal denaturation curve toward the higher 
temperature, which signifies the counteracting ability of sugar against deleterious effect of 
denaturant on the temperature-induced protein denaturation. This counteracting ability of sugar is 
found to be more for trehalose and least for glycerol (trehalose > sucrose > maltose > glucose > 
ribose > glycerol) (Figs. 5.5e and 5.5f). Timasheff et al have reported that protecting osmolyte 
counteracts the denaturing effect of denaturant mainly by altering the balance between 
preferential binding of denaturant and preferential exclusion of protecting osmolytes, resulting in 
the increased hydration of the protein [65-66]. Similarly, in case of Lyz, it is expected that the 
addition of sugar alters the balance between the preferential binding of denaturant (GdnHCl and 
urea) and preferential exclusion of sugar, results in the increased hydration of the protein and 
helps in the counteraction of the destabilizing action of the denaturant.  
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Fig. 5.5 Panel (a) shows thermally-induced unfolding of Lyz monitored at 292 nm as the change in 
extinction coefficient in the absence () and in the presence of 1.5 M GdnHCl () and 1.5 M GdnHCl 
with 0.75 M trehalose (□) at pH 2.3. Panel (b) show thermally-induced unfolding of Lyz monitored at 292 
nm as the change in extinction coefficient in the absence () and in the presence of 1.5 M urea () and 1.5 
M urea with 0.75 M trehalose (□) at pH 2.3. Panel (c) shows the normalized thermal-induced unfolding of 
Lyz monitored at 292 nm in the absence () and in the presence of 1.5 M GdnHCl () and 1.5 M GdnHCl 
with 0.75 M trehalose (□) at pH 2.3. Panel (d) shows the normalized thermal-induced unfolding of Lyz 
monitored at 292 nm in the absence () and in the presence of 1.5 M urea () and 1.5 M urea with 0.75 M 
trehalose (□) at pH 2.3. The solid curves in panels (a) to (d) represent nonlinear least-squares fit to 
equation (2) (chapter 2). (e) Tm of Lyz at pH 2.3 as a function of GdnHCl both in the absence () and 
presence of 0.75 M sugar (glycerol (●), ribose (◊), glucose (□), maltose (■), sucrose () and trehalose 
(○)). (f) Tm of Lyz at pH 2.3 as a function of urea both in the absence () and presence of 0.75 M sugar 
(glycerol (●), glucose (□), maltose (■) and trehalose (○)). In panels (e) and (f), the solid curves represent 
linear least-squares fitting.   
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5.2.4 Sugars increases the conformational stability of Lyz 
To find out the effect of sugars on conformational stability of Lyz, the fluorescence 

monitored denaturant (urea and GdnHCl)-induced unfolding curves were collected in the 
absence and presence of different sugar (glycerol, ribose, glucose, maltose, sucrose and 
trehalose) at pH 2.3 and pH 13. Fig. 5.6a shows the representative fluorescence monitored urea-
induced normalized unfolding curves of Lyz in the absence and presence of 1.5 M sugar 
(glycerol, ribose, glucose, maltose, sucrose and trehalose) at pH 2.3. Fig. 5.6b shows the 
representative fluorescence-monitored GdnHCl-induced normalized unfolding curves of Lyz in 
the absence and presence of 1.5 M trehalose and 5.0 M glycerol at pH 13. Figs. 5.6a and 5.6b 
show that the denaturant-induced unfolding curve shifts to higher concentrations of denaturant in 
the presence of sugar. The unfolding transitions were analyzed using equation (1) (chapter 2) 
assuming a two state transition between the folded and unfolded conformations. The resulting 
free energy of denaturation (ΔGD), surface area exposed by solvent (mg), and midpoint 
denaturant concentration (Cm) for unfolding of Lyz at pH 2.3 and pH 13 in the presence of 
different concentration of sugar are provided in Tables 5.5 and 5.6 (appendix). Figs. 5.6c and 
5.6d show the Cm as a function of sugars at pH 13 and pH 2.3, respectively.  

Fig. 5.6c shows that among the sugars used, the Cm for Lyz at pH 2.3 is increased more 
for trehalose and least for glycerol (trehalose > sucrose > maltose > glucose > ribose > glycerol). 
Fig. 5.6d shows that the Cm for Lyz at pH 13 is increased more for trehalose than glycerol. The 
increase in ΔGD in the presence of sugar at pH 13 and pH 2.3 indicates that sugar increase the 
conformational stability of the Lyz (Tables 5.5 and 5.6) (appendix). The ΔGD for Lyz at pH 2.3 is 
increased more for trehalose and least for glycerol (trehalose > sucrose > maltose > glucose > 
ribose > glycerol) (Table 5.5) (appendix). At pH 13, the ΔGD for Lyz is increased more for 
trehalose than glycerol (Table 5.6) (appendix).  
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Fig. 5.6 Panel (a) represents fluorescence monitored (ex: 280 nm, em: 360 nm) urea-induced normalized 
unfolding transitions of Lyz in the absence () and presence of 1.5 M sugar (glycerol (●), ribose (◊), 
glucose (□), maltose (■), sucrose (♦) and trehalose (○)) at pH 2.3. Panel (b) represents fluorescence 
monitored (ex: 280 nm, em: 360 nm) GdnHCl-induced normalized unfolding transitions of Lyz in the 
absence () (Inset) and presence of sugar (5.0 M glycerol (●) and 1.5 M trehalose (○)) at pH 13. The 
solid lines in panels (a) and (b) represent the iterated least-squares fit of the data to a two-state unfolding 
transition (equation (1), chapter 2). Panel (c) shows Cm (urea) as a function of sugar (glycerol (●), ribose 
(◊), glucose (□), maltose (■), sucrose (♦) and trehalose (○)) at pH 2.3. Panel (d) shows Cm (GdnHCl) as a 
function of sugar (glycerol (●) and trehalose (○)) at pH 13. In panels (c) to (d) the solid curves represent 
linear least-squares fitting.   
 
5.2.5 Sugars counteract the destabilizing effect of the denaturants against chemical 
denaturation of Lyz 

To find out the effect of sugars on the destabilizing effect of the denaturants against 
chemical denaturation of Lyz, the fluorescence-monitored GdnHCl dependent urea-denaturation 
curves were collected in the absence and presence 0.75 M sugars (glycerol, ribose, glucose, 
maltose, sucrose and trehalose) at pH 2.3. Fig. 5.7a shows that the urea-induced unfolding curve 
shifts to lower concentration in the presence of 1.5 M GdnHCl. However, when 0.75 M trehalose 
is included in the presence of 1.5 M GdnHCl, the urea-induced unfolding curve shifts to higher 
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urea concentration, which indicates sugars counteract the destabilizing effect GdnHCl. To find 
out the effect of sugars on GdnHCl dependent ΔGD and Cm of Lyz, the urea-denaturation curves 
collected in the absence and presence of 0.75 M sugars were analyzed by using equation (1) 
(chapter 2). The resulting ΔGD and Cm are provided in Table 5.7 (appendix).  

Figs. 5.7b and 5.7c clearly show that Cm and ΔGD decrease linearly with increasing 
GdnHCl concentration and in the presence of 0.75 M sugars the ΔGD and Cm versus [denaturant] 
plot shifts upward. These results suggest the counteracting ability of sugars against the 
deleterious effect of denaturant on the denaturant-induced protein unfolding. The denaturant 
dependent Cm and ΔGD of Lyz are increased more for trehalose and least for glycerol suggests 
the counteraction effect of sugars against the destabilizing action of the denaturants is more 
pronounced for trehalose and least for glycerol (trehalose > sucrose > maltose > glucose > ribose 
> glycerol). These results indicates that in the sugar-denaturant solution, sugar alters the balance 
between the preferential binding of denaturant (GdnHCl and urea) and preferential exclusion of 
sugar, resulting in the increased hydration of the protein and counteracts the destabilizing action 
of the denaturant. 

 
Fig. 5.7 Panel (a) shows the fluorescence monitored (ex: 280 nm, em: 360 nm) urea-induced normalized 
unfolding transitions of Lyz in the absence () and in the presence of 1.5 M GdnHCl () and 1.5 M 
GdnHCl with 0.75 M trehalose (□). The solid lines in panel (a) represent the iterated least-squares fit of 
the data to a two-state unfolding transition (equation (1), chapter 2). (b) Shows urea midpoint 
concentration (Cm) as a function of GdnHCl in the absence () and presence of 0.75 M sugar (glycerol 
(●), ribose (◊), glucose (□), maltose (■), sucrose (♦) and trehalose (○)). (c) Shows free energy of 
denaturation (GD) as a function of GdnHCl in the absence () and presence of 0.75 M sugar (glycerol 
(●), ribose (◊), glucose (□), maltose (■), sucrose (♦) and trehalose (○)). In panels (b) to (c) the solid 
curves represent linear least-squares fitting.  
 
5.2.6 Analysis of thermal denaturation of Lyz at pH 2.3 in different denaturant and sugar with 
varied water activity 
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 D,S W W Y Δ Δ                                           (1) dlnK /dlna  = i – X /X j             

The reciprocal form of Wyman-Tanford (WT) equation (equation (1)) can be applied to 
determine the change in the hydration number per protein molecule (Δi) upon unfolding of Lyz 
in different denaturant and sugars solutions [67-69], 

 
where KD,S (=[D]/[N]), aW is water activity, (Xw/XY)Δj is the cosolute-binding terms, Xw and XY 
are the mole fractions of water and cosolute, respectively, and Δj is the change in bound-cosolute 
molecules per protein molecule. Fig. 5.8a presents the lnKD,S vs lnaW plots for unfolding of Lyz 
at pH 2.3 in different concentrations of denaturants and sugar. For each denaturant and sugar, the 
slope of reciprocal WT plot (Δi- (Xw/XY)Δj) was derived from linear least square fitting of data 
in Fig. 5.8a to equation (1) for Lyz at pH 2.3. The slope was dependent upon the type of 
denaturant and sugar (Table 1). The positive and negative slopes were obtained for sugar 
(glycerol, ribose, glucose, maltose, sucrose and trehalose) and denaturant (urea and GdnHCl), 
respectively. Sucrose and trehalose are nonreducing sugars thus no chemical interaction with the 
protein would be expected. For sucrose, the term (XW/XY)j in equation (1) is negligible [67,70-
71], which provides the value of i = 130.3 mol/mol-protein for Lyz at pH 2.3. Using this i 
value, the binding term, (XW/XY)j for each denaturant and sugar was calculated from the slope 
in Fig. 5.8a. When the concentration of the cosolute is fixed, the term j can be easily 
determined from the solute binding term, (XW/XY)j (Table 2). As compared to urea, the j value 
is found more for GdnHCl. Reducing sugars (maltose, glucose and ribose) and glycerol showed 
small j suggesting that these sugars weakly bind to proteins upon unfolding. The negative value 
of j for trehalose suggests that it binds preferentially to a folded protein than an unfolded one 
[27,42]. 

 

Table 1 Slope of the reciprocal Wyman-Tanford plot for Lyz at pH 2.3 (equation (1)). 
Cosolute Urea GdnHCl glycerol Ribose 

 -87.4 -133.0 29.0 47.1 
Cosolute Glucose Maltose sucrose Trehalose 

 103.9 120.7 130.3 160.5 

Table 2 Number of change in bound-cosolute molecules upon protein unfolding, j, at cosulute concentration of 
1 mol/kg-solvent for Lyz at pH 2.3. 

Cosolute Urea GdnHCl glycerol Ribose 
 3.9 4.7 1.8 1.5 

Cosolute Glucose maltose sucrose Trehalose 
 0.5 0.2 00 -0.5  
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Green and Pace [72-73] proposed a linear extrapolation model (LEM) for G: 
 
 
where ΔΔG is the free energies difference for protein unfolding in denaturant solution and water, 
mY is the concentration of cosolute (mol/kg-solvent), and m is an empirical parameter. The m-
value is negative for chaotropic cosolvents (i.e. denaturants) while it is positive for kosmotropic 
cosolvents (i.e., sugars). To determine the exact effect of [cosolute] on ΔΔG, equation (2) can be 
applied for analyzing the value of i for protein unfolding in sugar and denaturant solutions 
[68,71,74], 
 
By relating the ΔΔG to [Δi-(Xw/XY)Δj] and lnaW, one can obtain the possible role of water 
activity in protein stability [71,74],  
 

 
 

Fig. 5.8 (a) Reciprocal form of WT plot: Effect of water activity on unfolding ratio of Lyz in denaturant 
(urea (ο), GdnHCl (●)) and sugar (glycerol (■), ribose (□), glucose (♦), maltose (◊), sucrose (▲), 
trehalose (∆)) solution at pH 2.3, 333.0 K. (b) ∆∆G is plotted as a function of denaturant and sugar 
concentration (my) (denaturant (urea (ο), GdnHCl (●)) and sugar (glycerol (■), ribose (□), glucose (♦), 
maltose (◊), sucrose (▲), trehalose (∆)) at pH 2.3. The solid curves represent linear least-squares fitting. 
 

 

Table 3 m-value of denaturants and sucrose for Lyz unfolding (equation (4)). 
cosolute urea Gdnhcl glycerol ribose 

 -0.9 -2.2 0.4 0.6 
cosolute glucose maltose Sucrose trehalose 

 1.3 1.9 1.7 1.9 
The m-value is reported as kcal mol-1m-1. The uncertainties of m- value reported here is  0.2 kcal 
 mol-1m-1. 
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Since lnaW is zero or negative (aW1), so the term Δi should always stabilize the protein 
(equation (3)). In contrast, the term, (XW/XY)j, always destabilize the proteins unless Δj is 
negative [27,42]. Equation (2) also provides a theoretical basis for the LEM model. From 
equation (4), the ΔΔG was obtained as a function of [cosolute]. Fig. 5.8b shows the plots of ΔΔG 
against [cosolutes] (mY (mol/kg-solvent)) for Lyz at pH 2.3. ΔΔG was found to depend linearly 
on [cosolutes]. This indicates the applicability of LEM model. For each denaturant and sugar, the 
slope (m-value) was calculated from the ΔΔG vs mY plots (Fig. 5.8b). The m-values for 
denaturant and sugar were summarized in Table 3. Table 3 clearly indicates that the m-value 
depends on the type of denaturant and sugar used. 
 
5.3 Conclusion   

Fluorescence, near-UV CD, far-UV CD and ANS binding experiments suggest that the 
glycerol and trehalose transform the base denatured Lyz at pH 13 to MG-state. The sugar-
induced MG-state of base-denatured Lyz (pH 13) exhibits the generic properties of MG-state. 
Thermodynamic analysis of thermal and denaturant-induced unfolding transitions of Lyz at pH 
2.3 and pH 13 measured at different concentrations of sugars (glycerol, ribose, glucose, maltose, 
sucrose and trehalose) reveals that these sugars increase the thermal and conformational stability 
of Lyz. Among the sugars used, the thermal and conformational stability of Lyz is increased 
more for trehalose and least for glycerol (trehalose > sucrose > maltose > glucose > ribose > 
glycerol). Thermodynamic analysis of thermal and urea-induced unfolding transitions of Lyz at 
pH 2.3 measured at different concentration of GdnHCl or urea in the absence and presence of 
fixed concentration of sugar (glycerol, ribose, glucose, maltose, sucrose and trehalose) reveals 
that these sugars counteract the destabilizing effect of the denaturants. The counteraction effect 
of sugar on the destabilizing action of the denaturants is more pronounced for trehalose and least 
for glycerol (trehalose > sucrose > maltose > glucose > ribose > glycerol). The stabilizing effect 
of sugar is mainly due to preferential exclusion of sugar from the protein surface. Interestingly, 
in the sugar-denaturant solution, denaturant-induced unfolding of Lyz is found to be offset by 
sugar in a manner that is roughly the combined effects of both the denaturant and sugar. These 
results suggest preferential accumulation of denaturant proximate to the protein surface and 
sugar interacts unfavorably with the unfolded conformation, resulting in preferential depletion of 
protein stabilizer proximate to the protein surface. The m-values were found to be most negative 
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for denaturants and positive for sugar consistent with their destabilization and stabilizing effect 
on protein, respectively.  
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Chapter 6 
Electrostatic Effects Control the Stability and Iron Release Kinetics of 
Ovotransferrin 
  
6.1 Introduction  
        In the absence of chelators, iron release from the monoferric- and diferric-Tfs can be 
stimulated by a number of factors that can operate individually or together. In vitro, these 
includes, the acid lability of the two sites, which results in iron release at low pH [1-2], the 
reduction of Fe3+ to the much more weakly bound Fe2+ [3-5], the thermal denaturation of 
holoprotein, which results in iron release above melting temperature [6], and the chemical 
denaturation of holoprotein, which results in iron release above denaturation midpoint [7]. To 
assess the role of molecular interactions in stabilizing the oTf-Fe3+ complex and secondary and 
tertiary structures of Fe2oTf, we have carried out the pH- and urea-denaturations equilibrium 
experiments for Fe2oTf in the absence of chelators as a function of various salts (NaCl, NaNO3, 
NaBr, and Na2SO4) or sucrose concentrations at 25 C.  Interestingly, the low concentrations of 
salts (0.1(±0.02) M Na2SO4 or ≤0.35(±0.15) M NaCl/NaNO3/NaBr) destabilize the oTf-Fe3+ 
complex and also decrease the structural stability of Fe2oTf. The present work also reveals that 
the destabilization of Fe2oTf appears to result from, (i) destabilization of oTf-Fe3+ complex, and 
(ii) ionic screening of electrostatic interactions because low concentrations of these salts were 
also found to destabilize the secondary and tertiary structures of apo-ovotransferrin (apo-oTf).  
         To understand underlying mechanism by which noncovalent molecular interactions control 
the dynamics of iron release from Tfs, we have also studied the kinetics of Fe2+ and Fe3+ release 
from the FeNoTf at pH 7.4 and 5.6 in the absence of chelators as a function of various salts 
(NaCl, NaNO3, and Na2SO4) or sucrose concentrations. At pH 7.4, with increasing the salt 
concentration from 0.0 to 1.0 M NaCl/NaNO3 or 0.5 M Na2SO4, the rate constants for the 
reductive iron release (i.e., Fe2+ release) and the urea denaturation-induced iron release (i.e., Fe3+ 
release) from the FeNoTf increase initially when the salt concentration is low (0.12(±0.05) M 
NaCl or Na2SO4), but decrease at high concentration of salt. At pH 5.6, as salt concentration is 
increased, the rate constants for the Fe2+ and Fe3+ release from the FeNoTf increase mono-
exponentially and plateau at ~0.4(±0.1) M NaNO3/NaCl or ~0.2(±0.05)  M Na2SO4, suggesting 
that the conformational change induced by anion binding and electrostatic destabilization of 
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FeNTf complex by salt regulates the kinetics of iron release from FeNoTf at endosomal pH 
conditions.  
 
6.2 Results 
6.2.1 pH dependence of the absorbance and fluorescence emission spectra of Fe2oTf 

At pH 7.4, the electronic absorption spectrum of Fe2oTf shows a maximum at 465 nm 
(Fig. 6.1a), which indicates that iron is fully associated with protein. When pH is lowered from 
7.4 to 3.5, the absorbance maximum at 465 nm is completely lost (Fig. 6.1a). This suggests that 
iron is fully released from the both sites of Fe2oTf. Upon lowering the pH from 7.4 to 3.5, the 
quenching of Trp fluorescence by bound Fe3+ also diminishes (Fig. 6.1b), confirming that the 
both sites of Fe2oTf completely released the bound iron. 

Fig. 6.1. pH dependence of iron release from Fe2oTf in the presence of salts and sucrose. (a) Absorbance 
and (b) fluorescence emission spectra of Fe2oTf ((solid line) 0.05 M HEPES, pH 7.4; (dotted line) 0.05 M 
MES, pH 3.5). (c) pH equilibrium profiles of Fe2oTf monitored by fluorescence (ex: 280 nm). All 
experiments were performed at 25 C: () no salt; (■) 0.15 M NaBr; () 0.15 M NaCl; (▼) 0.15 M 
NaNO3; () 0. 5 M NaCl; (□) 0.5 M NaNO3; (∆) 0.25M Na2SO4; (○) 0.5 M and (◊) 1.0 M sucrose. The 
solid lines in panel (c) are fits according to equation 5 (chapter 2). (d) The dependence of the pH-
midpoint at which half of the iron is released from Fe2oTf on [Salts] (() NaBr, (○)NaCl, (■) NaNO3, (□) 
Na2SO4) and [Sucrose] ((◊) sucrose). The solid lines in panel (d) represent non-linear least squares fits of 
the data to a single-exponential function. 
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6.2.2 Salt dependence of the pH-midpoint for iron release, Cm of Fe2oTf 
To determine the effect of salts or sucrose on the oTf-Fe3+ complex stability, the pH-

titrations for Fe2oTf were obtained by monitoring fluorescence emission at 340 nm and 
absorbance at 465 nm in the presence of various concentrations of salts (NaCl, NaNO3, NaBr, 
Na2SO4) and sucrose at 25 C. For brevity, we present the fluorescence-monitored pH titrations 
of Fe2oTf in the absence of additive and in the presence of ~0.15 and 0.5 M NaCl, 0.15 and 0.5 
M NaNO3, 0.15 M NaBr, 0.25 M Na2SO4, and 0.5 and 1.0 M sucrose (Fig. 6.1c). As salt 
concentration is increased, the transition midpoint shift towards higher pH (Figs. 6.1c and 6.1d), 
which reveals that the salt reduces the oTf-Fe3+ complex stability. On contrary, as sucrose 
concentration is increased, the transition midpoint shift towards to lower pH (Fig. 6.1c), 
indicating that sucrose increases the oTf-Fe3+ complex stability.  

To determine the role of molecular interactions responsible for oTf-Fe3+ complex 
stability, the pH profiles of Fe2oTf measured at various concentrations of salts (NaCl, NaNO3, 
NaBr, Na2SO4) and sucrose were fitted to equation 5 (chapter 2) [6]. As salt concentration is 
increased, the Cm for iron release increases mono-exponentially and plateau at ~0.4(±0.05) M 
NaCl/NaBr/NaNO3 or ~0.15(±0.03) M Na2SO4 (Fig. 6.1d). On contrary, as sucrose concentration 
is increased from 0.0 to 1.0 M, the value of Cm decreases ~0.4 unit (Fig. 6.1d). Fig. 6.1d also 
shows that the increase in Cm for Fe2oTf is more pronounced for Na2SO4 and least for NaBr. The 
salt-induced increase in Cm for Fe2oTf typically follows the order, Na2SO4 > NaNO3 > NaCl > 
NaBr. These finding indicates that Na2SO4 has a greater effect than does NaBr/NaNO3/NaCl in 
destabilizing the oTf-Fe3+ complex.  
 
6.2.3 Urea dependence of the absorbance and fluorescence emission spectra of Fe2oTf 

At pH 7.4, when the urea concentration is increased from 0.0 to 10.0 M, the maximum at 
465 nm in the absorption spectrum of Fe2oTf is almost eliminated (Fig. 6.2a), indicating that 
both sites of Fe2oTf completely released their bound metal ions. At 10.0 M urea, the quenching 
of Trp fluorescence by bound Fe3+ is also diminished (Fig. 6.2b), indicating that the iron is fully 
dissociated from the both sites of Fe2oTf complex. 
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Fig. 6.2. Urea dependence of absorbance and fluorescence emission spectra of Fe2oTf. Panels (a), (b), 
show the absorbance and fluorescence emission spectra of Fe2oTf, respectively, at pH 7.4, 25 C in the 
absence (solid line) and presence of 10.0 M urea (dotted line). 
 
6.2.4 Effects of salt on the secondary and tertiary structures of Fe2oTf and apo-oTf 

 The far-UV CD spectra (200-250 nm) of native Fe2oTf (pH 7.4) in the absence and 
presence of ~0.3 M NaCl show the negative extrema at 208 nm and shoulder around 215-225 nm 
(Fig. 6.3a), which reflects the secondary structure of the protein. Fig. 6.3a also presents the far-
UV CD spectra of Fe2oTf (pH 7.4) measured at ~10 M urea without salt and at ~7.5 M urea in 
the absence and presence of ~0.3 M NaCl. Irrespective of exclusion of salt, at ~10.0 M urea, the 
negative extrema at 208 nm and shoulder around 215-225 nm are substantially disrupted (Fig. 
6.3a), indicating that the secondary structure of protein is significantly lost. However, in the 
absence of salt, at ~7.5 M urea, the negative extrema at 208 nm and shoulder around 215-225 nm 
are only partially disrupted (Fig. 6.3a). Interestingly, in the presence of ~0.3 M NaCl, these 
partially disrupted peptide bands are substantially disrupted (Fig. 6.3a), indicating that the low 
concentration of salt significantly destabilizes the secondary structure of the partially denatured 
state of protein. 

The near-UV CD spectra (250-300 nm) of native Fe2oTf (Fig. 6.3b) and apo-oTf (Fig. 
6.3c) in the absence and presence of ~0.3 M NaCl show the three aromatic residue bands at 255–
270 nm (phenylalanine), 282 nm (tyrosine) and 291 nm (tryptophan), which reflects the tertiary 
structures of Fe2oTf and apo-oTf. The near-UV CD spectroscopy can be used to probe the 
structural changes induced by metal binding to Tfs [8]. Upon iron binding, the shapes and 
intensities of the aromatic bands of apo-oTf alter significantly (Figs. 6.3b and 6.3c), indicating 
that the metal binding to apo-oTf produces significant changes in the tertiary structure of protein. 
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Fig. 6.3b also presents the near-UV CD spectra of Fe2oTf (pH 7.4) measured at 10 M urea 
without salt and at ~7.5 M urea in the absence and presence of ~0.3 M NaCl. The near-UV CD 
spectra of apo-oTf measured at ~10 M urea without salt and at ~3.5 M urea in the absence and 
presence of ~0.3 M NaCl are shown in Fig. 6.3c. Irrespective of exclusion of salt, at ~10.0 M 
urea, the aromatic bands at 282 and 291 nm are substantially disrupted for both apo-oTf and 
Fe2oTf (Figs. 6.3b and 6.3c), indicating that the tertiary structures of the proteins are 
significantly lost. However, in the absence of salt, at ~7.5 M urea for Fe2oTf and at ~3.5 M urea 
for apo-oTf,  the aromatic bands at 282 and 291 nm are only partially disrupted (Figs. 6.3b and 
6.3c). Interestingly, in the presence of ~0.3 M NaCl, these partially disrupted aromatic bands are 
substantially lost (Figs. 6.3b and 6.3c), indicating that the low concentration of salt significantly 
destabilizes the tertiary structures of the partially denatured state of protein. 

 

Fig. 6.3. Panel (a) and panel (b) present the far-UV and near-UV CD spectra of Fe2oTf, respectively 
measured at ~0.05 M HEPES (solid line) and 0.05 M HEPES with 0.3 M NaCl (dotted line); 0.05 M 
HEPES with 10.0 M urea (short dash line); 0.05 M HEPES with 7.5 M urea (dash dot line); and 0.05 M 
HEPES with 7.5 M urea and 0.3 M NaCl (dash double dot line). Panel (c) present the near-UV CD spectra 
of apo-oTf measured at ~0.05 M HEPES (solid line) and 0.05 M HEPES with 0.3 M NaCl (dotted line); 
0.05 M HEPES with 10.0 M urea (short dash line); 0.05 M HEPES with 3.5 M urea (dash dot line); and 
0.05 M HEPES with 3.5 M urea and 0.3 M NaCl (dash double dot line). 

 
6.2.5 Effect of pH on the urea-denaturation-induced iron release and unfolding of Fe2oTf 

Figs. 6.4a and 6.4b show the urea-induced denaturation curves for iron release (based on 
fluorescence emission at 340) and unfolding of Fe2oTf (based on CD at 222 nm), respectively, at 
pH 7.4, 5.8, 5.6, and 5.4. The normalized urea-induced denturation curves for the iron release 
and unfolding collected at pH 7.4, 5.8, 5.6, and 5.4 (Figs. 6.4a and 6.4b) were fitted to equation 1 
(chapter 2) [9]. The resulting mg and GD for iron release and unfolding are provided in Table 1. 
Although, the physical importance of the factor mg is not clearly understood, but an earlier study 
has suggested that it reflects the difference between the accessibility of surface areas of native 
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and denatured states of the polypeptide chain for a given denaturant [10]. With decreasing the pH 
from 7.4 to 5.4, the mg values for iron release and unfolding of Fe2oTf become larger (Table 1), 
suggesting that the more surface area is exposed to solvent upon iron release and unfolding at 
low pH. At each pH, the ∆GD value determined by far-UV CD is larger than the ∆GD value 
measured by fluorescence (Table 1). This is presumably because the Fe2oTf responds to 
increased urea concentration by means of a coupled process in which the urea-induced iron 
release precedes the unfolding reaction (Fe2oTf → 2Fe3+ + apo-oTf→ unfolding). The far-UV 
CD monitored urea-denaturation of Fe2oTf reflects this coupled process (iron release and 
unfolding) while the fluorescence or absorbance (465 nm) monitored urea-denaturation of 
Fe2oTf reflects the iron release process of Fe2oTf. The urea mid-points for iron release and 
unfolding (Cm =∆GD/mg) were calculated as a function of pH. The plots of Cm for iron release 
and unfolding of Fe2oTf as function of pH are shown in Figs. 6.4c and 6.4d, respectively. Upon 
lowering the pH from 7.4 to 5.4, there is a large decrease in the Cm values for both iron release 
and unfolding is occurred (Figs. 6.4c and 6.4d). The finding indicates that the electrostatic 
interactions play vital roles in the destabilizations of the oTf-Fe3+complex and secondary 
structure of the protein.  

 
Table 1. pH dependence of Cm, ∆GD, and mg for urea-induced iron release and unfolding of 
Fe2oTf derived as monitored by fluorescence at 340 nm and ellipticity at 222 nm.* 

 
pH 

                Iron release                           Unfolding 
 Cm ∆GD mg  Cm ∆GD mg 7.4  6.0 3.0 0.50  7.7 5.6 0.73 

5.8  5.1 2.3 0.45  6.0 4.1 0.68 
5.6  3.7 2.0 0.54  5.2 3.8 0.73 
5.4  2.4 1.9 0.80  4.6 3.7 0.80 

*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1. The uncertainty of Cm, 
∆GD, and mg values reported here is 0.1 M,  0.2 kcal mol-1, and 0.02 kcal mol-1 M-1.  
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Fig. 6.4 (a) The pH dependence of the urea-induced release of iron from Fe2oTf as evaluated from the 
change in fluorescence emission at 340 nm ((●), pH 5.4; (), pH 5.6; (), pH 5.8; and (○), pH 7.4).  (b) 
The pH dependence of the urea-induced unfolding of Fe2oTf as evaluated from the change in far-UV CD 
at 222 nm ((●), pH 5.4; (), pH 5.6; (), pH 5.8; and (○), pH 7.4). The solid lines in panel (a) and (b), 
represent a non-linear least squares fit of the data to equation 1 (chapter 2). The urea-induced iron release 
and unfolding mid-point, Cm (=∆GD/mg) was calculated as a function of pH. Panels (c) and (d) show pH-
dependence of urea-induced iron release and unfolding midpoints, respectively.  
6.2.6 Effects of salt and sucrose on urea denaturation-induced iron release from Fe2oTf and 
unfolding of Fe2oTf and apo-oTf 

 Fig. 6.5a shows urea-denaturation curves for iron release (based on fluorescence 
emission at 340) of Fe2oTf at various salts (NaCl and Na2SO4) and sucrose concentration at pH 
7.4. The far-UV (222 nm) CD monitored urea-induced unfolding curves of Fe2oTf and apo-oTf 
measured at various salts (NaCl and Na2SO4) and sucrose concentrations at pH 7.4 are shown in 
Figs. 6.5b and 6.5c, respectively. Fig. 6.6 shows the near-UV (282 nm) CD monitored urea-
induced unfolding curves of Fe2oTf (Fig. 6.6a) and apo-oTf (Fig. 6.6b) measured at various salts 
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(NaCl and Na2SO4) and sucrose concentrations at pH 7.4. To determine the molecular 
interactions that control the stability of the oTf-Fe3+ complex and secondary and tertiary 
structures of protein, the urea-denaturation curves collected at various salts and sucrose 
concentrations for iron release from Fe2oTf and unfolding of Fe2oTf and apo-oTf were analyzed 
by using equation 1 (chapter 2) [9]. The resulting values of ∆GD and mg for iron release and 
unfolding are provided in Table 2 and Table 3, respectively.  

 
Table 2. Salt and sucrose dependence of Cm, ∆GD, and mg derived for urea-induced iron release 
from Fe2oTf at pH ~7.4 as monitored by flourescence.* 

 ∆GD mg Cm 
Control 3.0 0.50 6.0 

[NaCl] (M)    
0.1 2.7 0.47 5.7 

0.25 3.5 0.75 4.7 
0.5 2.7 0.51 5.3 
1.0 3.2 0.45 7.1 

[Na2SO4] (M)    
0.025 3.0 0.51 5.9 

0.1 3.1 0.60 5.2 
0.15 3.1 0.54 5.7 
0.25 3.2 0.50 6.4 
0.5 3.5 0.46 7.6 

[Sucrose] (M)    
0.15 3.2 0.47 6.8 
0.25 3.3 0.49 6.7 
0.5 3.8 0.50 7.6 

*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1. The uncertainty of Cm, ∆GD, 
and mg values reported here is 0.1 M, 0.2 kcal mol-1, and 0.02 kcal mol-1 M-1. 

 
At each salt concentration, the ∆GD value for unfolding is larger for Fe2oTf than the apo-

oTf (Table 3), which suggests that the conformational stability of apo-oTf increase upon 
complex formation with iron. At each salt concentration, the ∆GD value for unfolding of Fe2oTf 
(based on ellipticity values at 222 and 282 nm) is also larger than the ∆GD value measured for 
iron release (based on fluorescence emission at 340 nm). Fig. 6.7 suggests that free energy 
difference between native and unfolded state for iron release from Fe2oTf and unfolding of 
Fe2oTf and apo-oTf in the absence and presence of 0.1 M NaCl typically follows the order: iron 
release < apo-oTf unfolding < holo-oTf unfolding. This finding further confirms that the Fe2oTf 
responds to increased urea concentration by means of a coupled process in which the urea-
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induced iron release reaction occurs prior to the unfolding reaction. The urea mid-points for iron 
release and unfolding (Cm =∆GD/mg) were calculated as a function of salts (NaCl and Na2SO4) 
and sucrose concentration (Table 2 and Table 3). The plots of Cm for iron release of Fe2oTf as 
function of salts or sucrose concentration is shown in Fig. 6.5d. Figs. 6.5e and 6.5f show the 
plots of Cm for unfolding of secondary structures of Fe2oTf and apo-Tf, respectively, as function 
of salts or sucrose concentration.  
 
Table 3. Salt and sucrose dependence of Cm, ∆GD, and mg for unfolding of Fe2oTf and apo-oTf at pH 
~7.4 derived as monitored by CD at 222 and 282 nm.* 

        222 nm  282 nm 
 Fe2oTf                        Apo-oTf  Fe2oTf                      Apo-oTf 
 ∆GD mg Cm  ∆GD mg Cm  ∆GD mg Cm  ∆GD mg Cm 

Control 5.6 0.73 7.7  4.0 1.1 3.6  5.7 0.82 7.0  4.2 1.1 3.8 
NaCl 
(M)                
0.1 4.9 0.80 6.1  3.8 1.1 3.4  5.0 0.80 6.3  3.9 1.1 3.5 

0.25 4.6 0.85 5.4  3.8 1.2 3.2  4.6 0.85 5.4  3.5 1.2 2.9 
0.5 4.6 0.88 5.2  4.2 1.1 3.8  5.1 0.85 6.0     
1.0 6.1 0.75 8.1  4.5 1.1 4.1  6.2 0.85 7.3  4.8 1.0 4.8 

Na2SO4 (M)                
0.05 5.1 0.75 6.8  3.9 1.2 3.3         
0.1 4.3 0.90 4.8  3.6 1.2 3.0  5.0 0.90 5.6  3.4 1.2 2.8 

0.25 4.8 0.85 5.6  4.2 1.0 4.2         
0.35 5.9 0.75 7.9      6.4 0.85 7.5  4.3 0.9 4.8 
0.5 6.2 0.80 7.8  4.2 0.95 4.4         

Sucrose 
(M)                
0.15 5.8 0.74 7.8  4.1 1.0 4.1         
0.5 5.9 0.73 8.1  4.3 1.0 4.3      4.4 0.9 4.9 

*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1.The uncertainty of Cm, ∆GD, and 
mg values reported here are 0.1 M, 0.2 kcal mol-1, and 0.02 kcal mol-1 M-1. 
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Fig. 6.5. Panel (a) shows the fluorescence-monitored (ex: 280, em: 340) urea dependence of iron release 
from Fe2oTf at pH 7.4, in the absence (○), and presence of ~0.1 (∆), 0.5 (■), and 1.0 M NaCl (□); ~0.1 
(), and 0.25 M Na2SO4 (◊); and ~0.5 M sucrose (●). Panels (b) and (c) show the far- UV CD monitored 
(222 nm) unfolding of Fe2oTf and apo-oTf, respectively at pH 7.4 in the absence (○), and presence of 
~0.1 (∆), 0.5 (■), and 1.0 M NaCl (□); ~0.1 (), 0.25 (◊), and 0.35 M Na2SO4 (▼); and ~0.5 M sucrose 
(●). The solid lines in panels (a), (b), and (c) represent a non-linear least squares fit of the data to equation 
1 (chapter 2). The urea-induced iron release and unfolding midpoint, Cm (=∆GD/mg) was calculated as a 
function of pH, salts (NaCl, and Na2SO4) and sucrose concentrations. Panels (d), (e) and (f) show salts 
(NaCl (□), and Na2SO4 ()) and sucrose (●) dependence of Cm of Fe2oTf and apo-oTf, respectively at pH 
7.4. 
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Fig. 6.6. Panel (a) shows the near-UV CD monitored (282 nm) unfolding curves of Fe2oTf measured at 
pH 7.4 in the absence (○), and presence of ~0.1 (∆), 0.25 (♦), 0.5 (■), and 1.0 M NaCl (□); ~0.1 (▲), and 
0.35 M Na2SO4 (▼). The near-UV CD monitored (282 nm) unfolding curves of apo-oTf measured at pH 
7.4 in the absence (○), and presence of ~0.1 (∆), 0.25 (♦), 0.5 (■), and 1.0 M NaCl (□); ~0.1 (▲), 0.35 M 
Na2SO4 (▼) and ~0.5 M sucrose (●) are shown in panel (b). The solid lines in panel (a) and panel (b) 
represent a non-linear least squares fit of the data to equation 1 (chapter 2). The urea-induced unfolding 
midpoint, Cm (=∆GD/mg) was calculated as a function of salts (NaCl, and Na2SO4) and sucrose 
concentrations. Panel (c) shows the salts (NaCl (□), and Na2SO4 ()) dependence of Cm of Fe2oTf at pH 
7.4. The salts (NaCl (□), and Na2SO4 ()) and sucrose (●) dependence of Cm of apo-oTf at pH 7.4 is 
shown in panel (d). 
 

The plots of Cm for unfolding of tertiary structures of Fe2oTf and apo-Tf as function of 
salts or sucrose concentration are shown in Figs. 6.6c and 6.6d, respectively. As salt 
concentration is increased from 0.0 to 1.0 M NaCl or 0.5 M Na2SO4, the Cm values for iron 
release from Fe2oTf and unfolding of Fe2oTf and apo-oTf initially decrease at low salt 
concentration (0.1(±0.02) M Na2SO4 or 0.35 (±0.15) M NaCl) but increase at relatively higher 
salt concentration (Figs. 6.5d, 6.5e, 6.5f, 6.6c and  6.6d). At higher salt concentrations, Na2SO4 
has a greater effect than does NaCl in increasing the Cm for both iron release and unfolding 
(Figs. 6.5d, 6.5e, 6.5f, 6.6c and 6.6d), which indicates that at higher salt concentrations, salt ions 
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increase the stabilities of the oTf-Fe3+ complex and secondary and tertiary structures of the 
protein according to Hofmeister series [11-15]. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
 

 
 
 

Fig. 6.7 Diagram illustrating the effect of low concentration of salt on the relative free energies of native 
and unfolded states measured for the unfolding and iron release from Fe2oTf. The thermodynamic 
parameters derived from equilibrium unfolding experiments (Tables 2 and 3). The free energy of the 
native state of protein is arbitrarily set to zero. The energy levels of transition states may not appear 
scaled exactly.   
 
6.2.7 Effects of salts and sucrose on the pH-linked kinetics of urea-denaturation induced iron 
release from the FeNoTf complex.  

To gain insight into the linkage of protein and active site stability to the dynamics of Fe3+ 
release, the kinetics of urea-denaturation-induced Fe3+ release from the FeNoTf has been studied 
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as a function of salts (NaCl and Na2SO4) and sucrose concentration at pH 7.4 (Figs. 6.8a and 
6.8c) and 5.6 (Figs. 6.8b and 6.8d). Figs. 6.8a and 6.8b show the representative urea-denaturation 
induced iron release kinetic traces of FeNoTf measured at pH 7.4 and 5.6, respectively, in the 
absence of salt at 37 C. Both kinetic traces were fitted well in a mono-exponential decay 
function with rate constant, kobs, of ~3.810─3 and 5.810─1 sec-1 at pH 7.4 and 5.6, respectively. 
Clearly by decreasing the pH from 7.4 to 5.6, the kobs is increased ~150-fold (Table 6.1) 
(appendix). At pH ~7.4, with raising the concentration of NaCl from 0.0 to 0.25 M, the value of 
kobs is increased ~1.5 fold (Fig. 6.8c and Table 6.1) (appendix). On the other hand, with 
increasing the concentration of sucrose from 0.0 to 0.5 M, the value of kobs is decreased ~1.3 fold 
(Fig. 6.8c and Table 6.1) (appendix). Figs. 6.8c and 6.8d show the kobs vs [salts] or [sucrose] plots 
for the Fe3+ release from the FeNoTf complex at pH 7.4 and 5.6, respectively. At pH 7.4, as salt 
concentration is increased from 0.0 to 1.0 M NaCl or 0.5 M Na2SO4, the kobs value initially 
increases at low salt concentration (0.12(±0.03) M NaCl or Na2SO4) but decreases at relatively 
higher salt concentration (Fig. 6.8c and Table 6.1) (appendix). This result is consistent with an 
earlier report that showed that the rate constant for iron release from an isolated N-lobe of human 
serum transferrin by EDTA in the absence of urea increases at low salt concentration (≤ 0.3M 
KCl) but decreases at higher salt concentration [16]. Fig. 6.8c also indicates that at higher salt 
concentrations, the extent of decrease in the kobs value is found to be more for Na2SO4 than that 
of NaCl. This result suggests that at higher salt concentrations (pH 7.4), the salts ions behave 
according to Hofmeister series [11-15]. At pH 5.6, as salt concentration is increased, the kobs 
increases mono-exponentially and plateau at ~0.4(±0.1) M NaCl or ~0.2(±0.05) M Na2SO4 (Fig. 
6.8d and Table 6.1) (appendix). 

This result is consistent with an earlier report that showed that the rate constants for iron 
release from the N-lobe of human serum transferrin at pH 5.6 increase mono-exponentially with 
salt concentrations [17]. Fig. 6.8d also indicates that at pH 5.6, the extent of increase in kobs is 
found to be higher for Na2SO4 than that of NaCl. This suggests that Na2SO4 as compared to NaCl 
is more effective in accelerating iron release from the FeNoTf. 
            We have recently shown that at low to intermediate concentrations of salt (≤0.35 M), an 
extended Debye-Hückel model can be used to explain the effect of ionic strength (I) on the rate 
of iron release reaction of Tfs [6]. The inset of Fig. 6.8d shows the log kobs vs I1/2/(1+I1/2) plot for 
the FeNoTf at pH 5.6. Clearly, the log kobs increase linearly with I1/2/(1+I1/2), which indicates that 
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at low to intermediate concentration of salt, the Debye-Hückel screening of diffusive counterions 
accelerates Fe3+ release from the FeNoTf at pH 5.6.  

  

 
Fig. 6.8. Kinetics of urea-induced iron release from FeNoTf at ~37 C as monitored by the change in 
absorbance at 465 nm. Panels (a) and (b) present single-phase iron release kinetic traces of FeNoTf in the 
absence of salt at pH 7.4 and 5.6, respectively. The solid lines in panels (a), and (b) show least-squares 
fits of the data to a single exponential function. The resulting rate constants for iron release, kobs, are 
plotted as a function of salt (□, NaCl and , Na2SO4) and sucrose (●) concentration in panels (c) and (d), 
respectively. The solid lines in panel (c) through data have been drawn to guide the eye only. The solid 
lines in panel (d) represent non-linear least squares fits of the data to a single-exponential function. The 
dependences of log kobs on I1/2 /(1+I1/2) at pH 5.6 is also shown in the inset of panel (d) (□, NaCl and ▲, 
Na2SO4); the solid line in the inset of panel (d) represent linear least squares fits to the data.   
6.2.8 Salt dependence of the apparent activation enthalpy (H‡) of Fe3+ release reaction of 
FeNoTf 

The effects of salts on the kinetics of Fe3+ release are further evaluated by studying the 
effect of temperature on the urea-denaturation induced iron release rate constant, kobs of FeNoTf 
both in the absence and presence of salts (NaCl and Na2SO4). Figs. 6.9a and 6.9b show the 
Arrhenius plots (ln kobs vs 1000/T) for the Fe3+ release at pH 7.4 and 5.6, respectively, in the 
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absence of additive and in the presence of ~0.25 M NaCl and 0.1 M Na2SO4. To determine the 
salt dependence on the apparent activation energy or activation enthalpy, H‡ (EaH‡) for the 
Fe3+ release, the Arrhenius plots in Figs. 6.9a and 6.9b were fitted linearly to Arrhenius equation 
[6,18].  

The resulting H‡ for iron release are provided in Table 4. At both pH 7.4 and 5.6, as salt 
concentration is increased from 0.0 to 0.25 M NaCl or 0.1 M Na2SO4, the values of H‡ for iron 
release decrease significantly (Table 4). This indicates that at low to intermediate concentrations 
of salt, the salt-induced acceleration of Fe3+ release is accompanied by substantial decrease in 
H‡.  

 
Table 4. Salt dependence of the activation enthalpy H‡ (Ea=H‡) of Fe3+ release reaction of 
FeNoTf.*  
 

  pH  ~7.4  pH ~5.6  
H‡ H‡  

Control 18.0 12.0  
0.25 M NaCl  14.5  9.3  

0.1 M Na2SO4  15.5  8.3  
*The uncertainty of H‡  values reported here is 0.5  kcal mol-1 
 
 

 
Fig. 6.9. Arrhenius plots derived from the temperature dependence of rate constant of urea-induced iron 
release from FeNoTf at pH 7.4 and 5.6 are shown in panels (a) and (b), respectively ((○), no addition; (□), 
0.25 M NaCl; and (▲) 0.1 M Na2SO4).   
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6.2.9 Effects of salts on the pH-linked kinetics of reductive release of iron from the FeNoTf 
complex by sodium dithionite using BPS 

To understand how electrostatic interactions influence the dynamics of reductive release 
of iron (i.e., Fe2+ release) from the FeNoTf complex, the kinetics of reductive release of iron from 
the FeNoTf complex by sodium dithionite in the presence of BPS has been studied as a function 
of salts (NaNO3 and Na2SO4) and sucrose concentration at pH 7.4 and 5.6. Figs. 6.10a and 6.10b 
show the representative reductive iron release kinetic traces of FeNoTf measured at pH 7.4 and 
5.6, respectively, in the absence of salt at 25 C. Upon reductive iron release from Tf-Fe3+ 
complex, the formation of Fe2+-BPS complex exhibits a visible band at 538 nm so with the 
release of iron the aborbance of iron-BPS complex at 538 nm increases. The kinetics results of 
reductive iron release are well fitted to a mono-exponential rise function with rate constants, kobs, 
of ~1.110-2 and 9.010─2 sec-1 at pH 7.4 and 5.6, respectively. Clearly, when the pH is 
decreased from 7.4 to 5.6, the kobs value increases ~8.2-fold (Table 6.2) (appendix). At pH 7.4, 
with increasing the concentration of salt from 0.0 to 0.1 M NaNO3 or Na2SO4, the value of kobs is 
increased ~1.3 fold (Figs. 6.10c and Table 6.2) (appendix).  
            Figs. 6.10c and 6.10d show the kobs vs [salts] plots for the Fe2+ release from the FeNoTf 
complex at pH 7.4, and 5.6, respectively. At pH 7.4, when the salt concentration is increased 
from 0.0 to 1.0 M NaNO3 or 0.5 M Na2SO4, the value of kobs initially increases at low salt 
concentration (0.1(±0.03) M NaNO3 or Na2SO4) but decreases at relatively higher salt 
concentration (Fig. 6.10c and Table 6.2) (appendix). The extent of decrease in the kobs value at 
higher salts concentrations is found to be more for Na2SO4 than that of NaNO3. This finding 
suggests that at higher salt concentrations (pH 7.4), the salts ions behave according to Hofmeister 
series [11-15]. 
         At pH 5.6, when [salt] is increased from 0.0 to 0.6 M NaNO3 or Na2SO4, the kobs increases 
mono-exponentially and it level off at ~0.4(±0.1) M NaNO3 or ~0.2(±0.05)  M Na2SO4 (Fig. 
6.10d and Table 6.2) (appendix). Fig. 6.10d also shows that at low to intermediate concentrations 
of salt (≤ 0.2 M NaNO3or Na2SO4), Na2SO4 as compared to NaNO3 is more effective in 
accelerating Fe2+ release from the FeNoTf. The inset of Fig. 6.10d represents the log kobs vs 
I1/2/(1+I1/2) plot for the FeNoTf at pH 5.6. The logarithm of kobs increases linearly with 
I1/2/(1+I1/2), indicating that at low to intermediate concentrations of salts, the Debye-Hückel 
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screening of diffusive counterions also promotes the reductive iron release from the FeNoTf at 
pH 5.6. 
 
 

Fig. 6.10. Kinetics of reductive release of iron from the FeNoTf complex by sodium dithionite using BPS 
as monitored by the change in absorbance at 538 nm. Panels (a) and (b) present single-phase reductive 
iron release kinetic traces of FeNoTf in the absence of salt at pH 7.4 and 5.6, respectively. The solid lines 
in panels (a), and (b) show least-squares fits of the data to a single exponential function. The resulting rate 
constants for reductive iron release, kobs, are plotted as a function of salt (□, NaNO3 and ▲, Na2SO4) concentration in panels (c) and (d), respectively. The solid lines in panel (c) through data have been 
drawn to guide the eye only. The solid lines in panel (d) represent non-linear least squares fits of the data 
to a single-exponential function. The dependences of log kobs on I1/2/(1+I1/2) at pH 5.6 is also shown in the 
inset of panel (d) (□, NaNO3 and ■, Na2SO4); the solid line in the inset of panel (d) represents linear least 
squares fits to the data.  
 
6.3 Discussion 
6.3.1 How could low concentrations of salts destabilize the Fe2oTf and apo-oTf? 
Salt ions could affect the stability of natively folded proteins in a complex way. The Hofmeister 
series is often used to define the effectiveness of salt ions in stabilizing proteins at high salt 
concentrations (>0.5 M) [19]. However, at low salt concentration (<0.3 M), a given salt ions can 
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exhibit either stabilizing or destabilizing effect which varies with different proteins. For example, 
SO42- has been shown to stabilize native RibonucleaseA [20], but destabilize human serum 
transferrin [6]. There is growing experimental evidence that the specific interactions between 
anions and the protein surface affect protein stability [6,21-22]. The current study presents direct 
experimental evidence that at low salt concentrations (0.1(±0.02) M Na2SO4 or 0.35(±0.15) M 
NaCl), both NaCl and Na2SO4 decrease the stabilities of the oTf-Fe3+ complex and secondary and 
tertiary structures of Fe2oTf and apo-oTf (Figs. 6.5d, 6.5e, 6.5f, 6.6c and 6d). Since Na2SO4 is a 
kosmotropic salt which generally found to have a stabilizing effect on proteins [20,22-23], 
therefore, the decrease in the stabilities of the Fe2oTf complex and secondary and tertiary 
structures of Fe2oTf and apo-oTf by Na2SO4 is highly unusual. Few other examples are also 
available which showed that at low to intermediate concentrations of Na2SO4 (<0.15 M), the 
ionic screening of electrostatic interactions can destabilize human serum transferrin [6], human 
plasma lipoproteins [24-25], human prion protein [26], and an archaebacterial carboxypeptidase 
[18]. At higher salt concentrations (0.1(±0.02) M Na2SO4 or 0.35(±0.15) M NaCl), the 
destabilizing effect was progressively reversed and salts acted as according to their ranking in the 
Hofmeister series (Figs. 6.5d, 6.5e, 6.5f, 6.6c and 6.6d). 
          At low salt concentrations (0.1(±0.02) M Na2SO4 or 0.25(±0.05) M NaCl), the decrease 
in the structural stability of apo-oTf (Figs. 6.5f and 6.6d and Table 3) by salts suggests that the 
destabilization of Fe2oTf complex by salt is attributed to the salt-induced destabilization of the 
oTf-Fe3+ complex and weaken of Coulombic interactions at the protein surface. The current 
study provides several experimental supports that the salt-induced destabilization of Fe2oTf 
complex and apo-oTf are due to the ionic screening of electrostatic interactions. First, at the salt 
concentrations range (0.01-0.35 M) that destabilize the Fe2oTf complex and apo-oTf (Figs. 6.5d, 
6.5e, 6.5f, 6.6c and 6.6d), the effects of salt on macromolecular stability are governed by ionic 
screening. The single exponential character of salt effect on oTf-Fe3+ complex stability (Fig. 
6.1d) is typical of the electrostatic screening by diffusive counterions (e.g., co-solute screening) 
[6,24,27]. Finally, the opposite effects of salts (destabilizing) and sucrose (stabilizing) on the 
stability of the oTf-Fe3+ complex and secondary and tertiary structures of the protein confirm that 
the hydrophobic effect is not the factor for the salt-induced destabilization of Fe2Tf complex and 
apoTf (Figs. 6.5d, 6.5e, 6.5f, 6.6d and Tables 2 and 3).  
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6.3.2 pH and anion-binding induced conformational changes play vital roles in promoting 
iron release from Fe2oTf complex 
During the last few decades, several investigators have spurred great interest in understanding 
the role of the pH- and anion binding-induced conformational changes that prompt iron release 
from the monoferric- and diferric-Tfs [3,6,16-17,28-44]. Dewan et al suggested that the charge 
repulsion and a conformational change resulting from the protonation of the dilysine pair 
(Lys209-Lys301 located on the opposite domains of N-lobe) appears to be the main driving force 
to trigger cleft opening of N-lobe at low pH [30]. A recent hydrogen/deuterium exchange study 
of N-terminal lobe of human serum transferrin in combination with mass spectrometry suggested 
that at slightly acidic pH conditions, holoprotein exists in the open conformation [32]. Few 
earlier site-directed mutagenesis studies of human serum transferrin with iron bound only to the 
N-lobe indicate that charge repulsion and a conformational change resulting from the protonation 
of the so-called dilysine pair (Lys206-Lys296) are the main driving forces for anion-induced iron 
release acceleration as pH is decreased [17,34,44]. 
        Kretchmar et al reported that anions requirement is a prerequisite for iron release from the 
monoferric-Tf [43]. The anion requirement is also necessary for iron release from Fe3+-Tf-
receptor complex [45], signifying the implications of some anion for the cellular iron release. 
Few earlier kinetic and spectroscopic studies revealed that the conformational changes induced 
by binding of anions to the protein are involved in salt-induced release of iron from the 
monoferric- and differic-Tfs [3,6,34,46]. Recent anion dependent fluorescence studies of diferric 
human serum transferrin at low pH also provided direct evidence that the anion binding to the 
protein induces a structural or conformational change around one or more Trp residues near the 
iron binding site [6]. In an earlier study, Baldwin et al have argued that both conformational 
changes and electrostatic interactions induced by binding of ions prompts iron release from the 
monoferric-Tfs [3]. The current study showed that in the presence of salt, there is a considerable 
change in the slope of the Arrhenius plot (Figs. 6.9a and 6.9b), insofar this is due to anion-
induced conformational change in the protein. Furthermore, the single exponential saturation 
effect of salt on the iron release rate constant at pH 5.6 (Figs. 6.8d and 6.10d) confirms that 
anion-binding induced conformational change promotes Fe2+ and Fe3+ release from the FeNoTf.  
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6.3.3 Electrostatic screening effect of electrolytes controls the kinetics of iron release from 
FeNoTf 

While the kinetics of iron release from the monoferric- and diferric-Tfs have been studied 
as a function of salts concentration [1,3,6,16-17,34,42-45,47-55], few have been studied in 
sufficient details to provide the mechanism by which the salt ions influence the kinetics of iron 
release [6,18]. Especially, the roles played by electrostatic interactions in controlling the kinetics 
of Fe2+ and Fe3+ release are not clearly known. The current study provides several experimental 
evidences which show that salt ions prompt Fe2+ and Fe3+ release from FeNoTf complex through 
the ionic screening effects (Figs. 6.8c, 6.8d, 6.10c and 6.10d). If salt-induced Fe2+ and Fe3+ 

release from FeNoTf are due to the interference with hydrophobic interactions, then kosmotropic 
salt (i.e. increase the macromolecular stability by strengthening  the hydrophobic interactions 
[12-13,15]) such as Na2SO4 should slow down the Fe2+ and Fe3+ release from FeNoTf via 
strengthening the intramolecular hydrophobic interactions. But, within the pH range of 7.4-5.6, 
the current results reveal that at lower salt concentrations (0.12(±0.05) M NaCl/NaNO3 or 
Na2SO4 (pH 7.4); 0.4(±0.1) M NaNO3/NaCl or 0.2(±0.05) M Na2SO4 (pH 5.6)), all the salts 
tested (NaCl, NaNO3, and Na2SO4) here promote Fe2+ and Fe3+ release from FeNoTf. The current 
results also reveal that at higher salt concentrations (≥0.12(±0.05) M NaCl/NaNO3 or Na2SO4), 
the salts retard the Fe2+ and Fe3+ release from FeNoTf at pH 7.4 (Figs. 6.8c and 6.10c), while they 
accelerate the Fe2+ and Fe3+ release at pH 5.6 (Figs. 6.8d and 6.10d). At low to intermediate 
concentrations of salt (0.01-0.35 M), the effects of salts on protein stability are generally 
attributed to ionic screening effect [6,27,56]. On the other hand, the specific ion binding effect of 
salt generally apparent at milllimolar concentrations [57] while hydrophobic effect of salt occurs 
at molar concentrations (>0.5 M) [6,24,27,56,58]. In dilute to moderately concentrated ionic 
solution, an extended Debye-Hückel model can easily interpret the effect of ionic strength on the 
rate of iron release reaction of Tfs [12]. At pH 5.6, the values of log kobs for the Fe2+ and Fe3+ 
release increase linearly with I1/2/(1+I1/2) (Insets of Figs. 6.8d and 6.10d). This finding clearly 
indicates that the Debye-Hückel screening of diffusive counterions accelerate the Fe2+ and Fe3+ 
release from the FeNoTf at endosomal pH conditions. Finally, the opposite effect of salts and 
sucrose (i.e., salt prompts iron release while sucrose inhibits it) confirms that the acceleration of 
the iron release by salt is not due to the hydrophobic effect.  
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6.3.4 Both anion binding to KISAB sites and electrostatic screening effect of electrolytes 
control the kinetics of iron release from FeNoTf 
To emphasize the allosteric effect on iron release, Egan et al [43,48,50,53] proposed naming the 
sites to which nonsynergistic anions bind as “kinetically significant anion binding” or KISAB 
sites. It is widely accepted that the anion binding to KISAB site influences the rate of iron release 
from Tfs [59, and references therein]. However, the KISAB site has not been well characterized 
[109]. Few earlier studies have been shown that there are multiple KISAB sites exist for each 
lobe of Tf [17,32,34,38,42,44,59]. A recent report shows that Arg-143 serves as an authentic 
KISAB site in the N-lobe of human transferrin [42]. While both electrostatic effect (Debye-
Hückel screening of diffusive counterions) and anion binding to the KISAB sites influence the 
rates of iron release from the FeNoTf, the extent of these two effects on rates of iron release will 
depend on the pH of reaction medium and the concentration of anions. The N-lobe is the first 
lobe to release iron [60], so it is to be noted that the concentration of anion has the greatest effect 
on iron release from the N-lobe [42]. At low salt concentrations and at pH ~7.4, Debye-Hückel 
screening of diffusive counterions facilitate the iron release from FeNoTf but under these 
conditions of pH and salt, anion binding to KISAB site may has little effect on iron release 
because at neutral pH there are only weak interactions exist between the anions and KISAB sites 
[17]. At mildly acidic pH (~5.6), the anion binding strength to KISAB sites increases [17], which 
in results accelerate the iron release from N-lobe of Tfs [17]. The previous section has presented 
several lines of evidence which suggests that at pH 5.6, Debye-Hückel screening of diffusive 
counterions facilitates iron release from FeNoTf. So, at pH ~5.6, it is likely that both anions 
binding to the KISAB site and ionic screening of electrostatic interactions together facilitate iron 
release from FeNoTf.  
 
6.4 Conclusions 

To assess the effects of salts and sucrose on the stability of the oTf-Fe3+ complex and 
secondary and tertiary structures of protein, Fe2oTf has been studied as a function of pH and urea 
in the presence salts (NaCl, Na2SO4, NaBr, and NaNO3) and sucrose. Interestingly, the low 
concentrations of these salts were found to reduce the stability of the oTf-Fe3+ complex and 
secondary and tertiary structures of protein. At relatively higher salt concentrations (0.1(±0.02) 
M Na2SO4 or 0.35(±0.15) M NaCl), these salts were found to increase the structural stability of 
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protein. The current study revealed that the destabilization of Fe2oTf by salts results from both 
destabilization of oTf-Fe3+ complex and ionic screening of electrostatic interactions. At pH 7.4, 
the low concentrations of Na2SO4 and NaCl/NaNO3 were found to promote Fe2+ and Fe3+ release 
from FeNoTf. At relatively higher salt concentrations (≥0.15(±0.04) M), these salt were found to 
inhibit iron release and salt ions behave according to Hofmeister series. At pH 5.6, these salts 
were also found to accelerate the Fe2+ and Fe3+ release from FeNoTf. However, at pH 5.6, the 
salt-induced Fe2+ and Fe3+ release accelerating effects are particularly pronounced at low salt 
concentrations but are saturated at ~0.2(±0.05) M Na2SO4 or ~0.4(±0.1) M NaNO3/NaCl, which 
suggests that the Coulombic interactions play crucial role in the accelerating of Fe2+ and Fe3+ 

release from FeNoTf at endosomal pH conditions. The current results suggest that there is a 
general effect from Debeye-Huckel screening that operates in addition to the anion binding to 
KISAB or any unrecognized sites in regulating the kinetics of iron release from FeNoTf at pH 
~5.6.  
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Chapter 7  
Role of Macromolecular Crowding on Stability and Iron Release Kinetics of 
Serum Transferrin   
7.1 Introduction  

To understand how sTf executes its biological function in a highly crowded cellular 
environment, this chapter evaluated the effects of crowding agents (dextran 70, dextran 40 and 
ficoll 70) on the sTf-Fe3+ complex and structural stability of Fe2sTf. To determine the effect of 
crowding agents on the sTf-Fe3+ complex stability, the pH- and urea (at pH 7.4 and pH 5.7) 
denaturations-induced iron release profiles of Fe2sTf were obtained in the absence and presence 
of different concentrations of crowding agent (ficoll 70, dextran 40, and dextran 70). To evaluate 
the effect of crowding agents on the structural stability of Fe2sTf, the urea-induced unfolding 
profiles of Fe2sTf were obtained at pH 7.4 and pH 5.5 in the absence and presence of different 
concentrations of crowding agent (ficoll 70, dextran 40, and dextran 70). Previous studies 
revealed that anions (SO42–, Cl–, NO3–, ClO4–, etc.) play an important role in the stability and iron 
release dynamics of the Tfs-Fe3+ complex [1-37]. However, the effect of crowding agents on the 
salt dependence of iron release and structural stability of sTf-Fe3+ complex are not explored so 
far. This chapter also evaluated the effects of crowding agent (dextran 40) on the salt (NaCl) 
dependence of the sTf-Fe3+ complex and structural stability of Fe2sTf. The effect of crowding 
agents (dextran 70, dextran 40, and ficoll 70) on the reductive iron release (Fe2+ release) and urea 
denaturation induced iron release (Fe3+ release) from the N-lobe of sTf (FeNsTf) was evaluated at 
pH 7.4 and pH 5.5. The effects of crowding agent (dextran 40) on the salt dependence reductive 
iron release (Fe2+ release) and urea denaturation induced iron release (Fe3+ release) from the N-
lobe of sTf (FeNsTf) was also evaluated at pH 7.4 and pH 5.5. 
  
7.2 Results 
7.2.1 Effects of crowding agents and salt on the pH- and urea dependence of the absorbance 
spectra of Fe2sTf  

At pH 7.4, the absorption spectrum of Fe2sTf shows a maximum at ~465 nm (Figs. 7.1a 
and 7.1b), indicating iron is fully associated with the protein. At pH 7.4, in the presence of 200 
mg ml-1 dextran 40 or 1.0 M NaCl, the absorbance maximum at 465 nm is not changed greatly 
(Fig. 7.1a). When pH is lowered from 7.4 to 4.0, the absorbance at 465 nm is completely 
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diminished, which suggests that a decrease in pH from physiological to mildly acidic induces the 
release of iron from Fe2sTf (Fig. 7.1a). When urea concentration is increased from 0.0 to 10.0 M 
at pH 7.4 (Fig. 7.1b) or 8.5 M at pH 5.7 (Fig. 7.1c), the absorbance at 465 nm is completely 
diminished (Figs. 7.1b and 7.1c), indicating that the iron is fully released from the Fe2sTf. At pH 
5.0 (Fig. 7.1a) or at pH 7.4 with 5 M urea (Fig. 7.1b) or at pH 5.7 with 3.5 M urea (Fig. 7.1c), the 
absorbance at 465 nm is diminished by around half (Figs. 7.1a, 7.1b and 7.1c). Interestingly, 
when 200 mg ml-1 dextran 40 is included, the absorbance maximum at 465 nm does not decrease 
significantly at pH 5.0 (Fig. 7.1a) or at pH 7.4 with 5 M urea (Fig. 7.1b) or at pH 5.7 with 3.5 M 
urea (Fig. 7.1c), indicating that the crowding agent counteracts on the pH- and urea-denaturation 
induced decrease in the sTf-Fe3+ complex stability. However, the inclusion of 0.3 M NaCl both 
in the absence and presence of 200 mg ml-1 dextran 40 at pH 5.0 (Fig. 7.1a), at pH 7.4 with 5 M 
urea (Fig. 7.1b) or at pH 5.7 with 3.5 M urea (Fig. 7.1c) decrease the absorbance maximum at 
465, indicating that salt exhibits additive effect on the pH- and urea-denaturation induced 
decreased in the sTf-Fe3+ complex stability. Based on these observations, the pH and urea-
denaturation equilibrium titrations of Fe2sTf were performed under (i) different concentrations of 
crowding agents, and (ii) different concentrations of salt both in the absence and presence of 200 
mg ml-1 dextran 40.  

 Fig. 7.1. Effect of crowding agent and salt on pH- and urea dependence of the absorbance spectra of 
Fe2sTf at 25 C. (a) Absorbance spectra of Fe2sTf: (1) pH 7.4, no additive; (2) pH 5.0, 200 mg ml-1 
dextran 40; (3) pH 5.0, 200 mg ml-1 dextran 40 with 0.3 M NaCl; (4) pH 5.0, no additive; (5) pH 5.0, 0.3 
M NaCl; (6) pH 4.0, no additive. Red and blue short dash line spectra correspond to Fe2sTf (pH 7.4) in 
the presence of 1.0 M NaCl and 200 mg ml-1 dextran 40, respectively. Panel (b) shows the absorbance 
spectra of Fe2sTf at pH 7.4. Curve labels 1 to 6 correspond to 0.0 M urea; 200 mg ml-1 dextran 40 with 5.0 
M urea; 5.0 M urea with 0.3 M NaCl and 200 mg ml-1 dextran 40; 5.0 M urea; 5.0 M urea with 0.3 M 
NaCl; and 10.0 M urea, respectively. Panel (c) shows the absorbance spectra of Fe2sTf at pH 5.7. Curve 
labels 1 to 6 correspond to 0.0 M urea; 200 mg ml-1 dextran 40 with 3.5 M urea; 3.5 M urea with 0.3 M 
NaCl and 200 mg ml-1 dextran 40; 3.5 M urea; 3.5 M urea with 0.3 M NaCl; and 8.5 M urea, respectively.   
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7.2.2 Effects of crowding agents on the pH- and urea-denaturation induced iron release from 
Fe2sTf  

To determine the effects of crowding agents on the pH- and urea-denaturation induced 
iron release from Fe2sTf, the pH- and urea-denaturation (at pH 7.4 and pH 5.7) induced iron 
release equilibrium profiles for Fe2sTf were obtained by monitoring the absorbance at 465 nm in 
the absence and presence of different concentrations of crowding agent (ficoll 70, dextran 40, 
and dextran 70). Fig. 7.2a presents the representative absorbance monitored pH-induced iron 
release profiles of Fe2sTf in the absence and presence of 200 mg ml-1 crowding agent (ficoll 70, 
dextran 40 and dextran 70) at 25 C. Figs. 7.2b and 7.2c present the representative absorbance 
monitored urea-denaturation induced iron release profiles of Fe2sTf in the absence and presence 
of 200 mg ml-1 crowding agent (dextran 40, dextran 70 and ficoll 70) at pH 7.4 and pH 5.7, 
respectively. Clearly, in the presence of crowding agent (ficoll 70, dextran 40, and dextran 70), 
the pH-induced iron release profile shifts toward the lower pH (Fig. 7.2a) while the urea-
denaturation induced iron release profile shifts toward the higher concentration of urea (Figs. 
7.2b and 7.2c). Furthermore, the crowding agent-induced shifts in the pH profile (toward the 
lower pH) and urea profile (toward the higher urea concentrations) are more pronounced for 
dextran 70 and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70). The pH and urea 
equilibrium titrations were fitted according to equations (5) and (1) (chapter 2), respectively. The 
estimated pH-midpoint for iron release (Cm*) is plotted as a function of [crowding agent] in Fig 
7.2d. Fig. 7.2d shows that the Cm* for iron release decreases in the presence of crowding agents, 
and typically follows the order, dextran 70 > dextran 40 > ficoll 70, which suggest that dextran 
70 is most and ficoll 70 is least effective in decreasing the rate of iron release. The estimated 
urea denaturation free energy (∆GD), surface area exposed by solvent (mg), and urea-denaturation 
midpoint for iron release (Cm = ∆GD/mg) are summarized in (Table 7.1) (appendix). Figs. 7.2e 
and 7.2f present Cm vs [Crowding agent] plots at pH 7.4 and pH 5.7, respectively. The inset of 
Figs. 7.2e and 7.2f present ∆GD vs [Crowding agent] plots at pH 7.4 and pH 5.7, respectively. 
The Cm (Figs. 7.2e and 7.2f) and ∆GD (Inset of Figs. 7.2e and 7.2f) for iron release increase in 
the presence of crowding agents and which are more increased for dextran 70 and least for ficoll 
70 (dextran 70 > dextran 40 > ficoll 70). These finding indicate that the crowding agent 
counteracts the pH- and urea-denaturation induced decrease in sTf-Fe3+ complex stability and 
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this effect is more pronounced for dextran 70 and least for ficoll 70 (dextran 70 > dextran 40 > 
ficoll 70). 

 
Fig. 7.2 Effect of crowding agents on the pH- and urea-denaturation induced iron release from Fe2sTf. 
Panel (a) shows the pH-induced iron release profiles (monitored by absorbance at 465 nm) of Fe2sTf in 
the absence () and presence of 200 mg ml-1 crowding agent (dextran 40 (○), dextran 70 (■) or ficoll 70 
(□)). These pH-equilibrium titrations were fitted according to equation (5) (chapter 2). Panels (b) and (c) 
show the urea-denaturation induced iron release profiles (monitored by absorbance at 465 nm) of Fe2sTf 
in the absence () and presence of 200 mg ml-1 crowding agent (dextran 40 (○), dextran 70 (■) or ficoll 
70 (□)) at pH 7.4 and pH 5.7, respectively. The solid lines in panels (b) and (c) represent a non-linear least 
squares fit of the data to equation (1) (chapter 2). Panel (d) shows the dependence of pH-midpoint (Cm*) 
for iron release from Fe2sTf on [Crowding agent] (() dextran 40, (○) dextran 70 and (♦) ficoll 70). 
Panels (e) and (f) show the dependence of urea-midpoint Cm (=∆GD/mg) for iron release from Fe2sTf on 
[Crowding agent] (() dextran 40, (○) dextran 70 and (♦) ficoll 70) at pH 7.4 and pH 5.7, respectively. 
Insets of panels (e) and (f) show the dependence of ∆GD on [Crowding agent] (() dextran 40, (○) dextran 
70 and (♦) ficoll 70) at pH 7.4 and pH 5.7, respectively.  
 
 
7.2.3 Effects of crowding agent on the salt-dependence of pH- and urea-denaturations induced 
iron release from Fe2sTf 

To determine the effects of crowding agent on the salt dependence of pH- and urea-
denaturation induced iron release from Fe2sTf, the pH and urea (at pH 7.4 and pH 5.7) 
denaturations-induced iron release profiles of Fe2sTf were obtained by monitoring the 
absorbance at 465 nm as a function of [NaCl] both in the absence and presence of 200 mg ml-1 
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dextran 40. Fig. 7.3a presents the representative absorbance monitored pH-induced iron release 
profiles of Fe2sTf measured in the absence and presence of 0.15 M NaCl, 200 mg ml-1 dextran 
40, 0.15 M NaCl with 200 mg ml-1 dextran 40. Figs. 7.3b and 7.3c present the representative urea 
denaturation-induced iron release profiles of Fe2sTf in the absence and presence of 0.3 M NaCl, 
200 mg ml-1 dextran 40, and 0.3 M NaCl with 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.7, 
respectively. Data in Figs. 7.3a, 7.3b and 7.3c clearly show that the salt presence in reaction 
medium shifts the pH- and urea-denaturations induced iron release profiles of Fe2sTf toward the 
higher pH (Fig. 7.3a) and lower urea concentrations (Figs. 7.3b and 7.3c). However, in the 
presence of 200 mg ml-1 dextran 40, the salt-induced shifts in the pH- and urea-denaturations-
induced iron release profiles toward the higher pH (Fig. 7.3a) and lower urea concentrations 
(Figs. 7.3b and 7.3c) are less pronounced than in its absence.  

  Fig. 7.3 Effect of crowding agent on the salt dependence of pH- and urea-denaturation induced iron 
release from Fe2sTf. Panel (a) shows the pH-induced iron release profiles (monitored by absorbance at 
465 nm) of Fe2sTf in the absence () and presence of 200 mg ml-1 dextran 40 (○), 0.15 M NaCl (♦), 0.15 
M NaCl with 200 mg ml-1 dextran (◊). These pH-equilibrium titrations were fitted according to equation 
(5) (chapter 2). Panels (b) and (c) present the urea-denaturation induced iron release profiles (monitored 
by absorbance at 465 nm) of Fe2sTf in the absence () and presence of 0.3 M NaCl (♦), 200 mg ml-1 
dextran 40 (○), and 0.3 M NaCl with 200 mg ml-1 dextran 40 (◊) at pH 7.4 and pH 5.7, respectively. The 
solid lines in panels (b) and (c) represent a non-linear least squares fit of the data to equation (1) (chapter 
2). (d) The dependence of the pH-midpoint (Cm*) for the iron release from Fe2sTf on [NaCl] (in the 
absence () and presence of 200 mg ml-1 dextran 40 (○)). Panels (e) and (f) show the dependence of urea-
midpoint Cm (=∆GD/mg) for the iron release from Fe2sTf on [NaCl] (in the absence () and presence of 
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200 mg ml-1 dextran 40 (○)) at pH 7.4 and pH 5.7, respectively. Insets of panels (e) and (f) show the 
dependence of ∆GD on [NaCl] (in the absence () and presence of 200 mg ml-1 dextran 40 (○)) at pH 7.4 
and pH 5.7, respectively.  This finding indicates that the crowding agent counteracts the salt-induced decrease in the sTf-
Fe3+ complex stability. The pH and urea titrations were fitted according to equations (5) and (1) 
(chapter 2), respectively. The estimated pH-midpoint for iron release (Cm*) in the absence and 
presence of 200 mg ml-1 dextran 40 is plotted as a function of [NaCl] in Fig 7.3d.  

As [NaCl] is increased, the Cm* for iron release increase (Fig. 7.3d), which suggests that 
the salt presence in reaction medium decreased the sTf-Fe3+ complex stability. However, in the 
presence of crowding agent, the Cm* for iron release also increases with [NaCl] (Fig. 7.3d). This 
finding suggests that the presence of crowding agent does not alter the salt effect on sTf-Fe3+ 
complex stability (i.e., salt-induced destabilization of sTf-Fe3+ complex stability). The estimated 
urea denaturation free energy (∆GD), surface area exposed by solvent (mg), and urea-denaturation 
midpoint for iron release (Cm=∆GD/mg) are summarized in (Table 7.2) (appendix). Figs. 7.3e and 
7.3f present Cm vs [NaCl] plots in the absence and presence of 200 mg ml-1 dextran 40 at pH 7.4 
and pH 5.7, respectively. The inset of Figs. 7.3e and 7.3f present the ∆GD vs [NaCl] plots in the 
absence and presence of 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.7, respectively. As [NaCl] is 
increased, the ∆GD for iron release decreases (Inset of Figs. 7.3e and 7.3f), indicating that the salt 
presence decreases the stability sTf-Fe3+ complex. However, in the presence of crowding agent, 
the ∆GD for iron release also decreases with [NaCl] (Inset of Figs. 7.3e and 7.3f). This finding 
suggests that the crowding agent presence in reaction medium does not alter the salt effect on the 
stability of sTf-Fe3+ complex (i.e., salt-induced decrease in the stability of sTf-Fe3+ complex) 
 
7.2.4 Effects of crowding agents and salt on the far-UV CD spectra of Fe2sTf  

The far-UV CD spectrum of native Fe2sTf shows negative extrema at ~208 nm and 
shoulder around 215-225 nm, which reflects the secondary structure of the Fe2sTf. Figs. 7.4a, 
7.4b and 7.4c show the far-UV CD spectra of Fe2sTf collected at pH 7.4 in the absence and 
presence of different concentrations of ficoll 70, dextran 40 and dextran 70, respectively. Figs. 
7.4d, 7.4e and 7.4f show the far-UV CD spectra of Fe2sTf collected at pH 5.5 in the absence and 
presence different concentrations of ficoll 70, dextran 40 and dextran 70, respectively. Figs. 7.4a 
and 7.4d also show the far-UV CD spectra of Fe2sTf collected in the presence of 1.0 M NaCl at 
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pH 7.4 and pH 5.5, respectively. Fig. 7.4 suggests that in the presence of crowding agent or 
NaCl, the far-UV CD spectrum of native Fe2sTf is not changed greatly.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.4. Crowding agents and salt dependence of the far-UV CD spectra of Fe2sTf. Panels (a), (b) and (c) 
present the far-UV CD spectra of Fe2sTf measured at pH 7.4 in the presence of different concentrations of 
ficoll 70, dextran 40 and dextran 70, respectively. Panel (d), (e) and (f) present the far-UV CD spectra of 
Fe2sTf measured at pH 5.5 in the presence of different concentrations of ficoll 70, dextran 40 and dextran 
70, respectively. Panel (a) and panel (d) also shows the far-UV CD spectra of Fe2sTf in the presence of 
1.0 M NaCl at pH 7.4 and pH 5.5, respectively. The black, red, green, blue and pink lines are correspond 
to 50 mg ml-1, 100 mg ml-1, 200 mg ml-1, and 300 mg ml-1 concentration of crowding agent, respectively. 
Cyan line corresponds to 1.0 M NaCl.  
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7.2.5 Effects of crowding agent and salt on the urea dependence of the far-UV CD spectra of 
Fe2sTf  

Fig. 5a presents the far-UV CD spectra of Fe2sTf measured in the absence and presence 
of 10.8 M urea at pH 7.4, 25 C. Fig. 7.5b presents the far-UV CD spectra of Fe2sTf measured in 
the absence and presence of 8.5 M urea at pH 5.5, 25 C. Clearly, the negative extrema at 
208 nm and shoulder around 215-225 nm at 10.8 M urea, pH 7.4 and 8.5 M urea, pH 5.5 are 
substantially disrupted (Figs. 7.5a and 7.5b), indicating that the secondary structure of protein is 
significantly lost. Figs. 7.5a and 7.5b also present the far-UV CD spectra of Fe2sTf measured at 
25 C in the presence of 8.0 M urea at pH 7.4 (Fig. 7.5a) and 4.5 M urea at pH 5.5 (Fig. 7.5b), 
200 mg ml-1dextran 40 with 8.0 M urea at pH 7.4 (Fig. 7.5a) and 4.5 M urea at pH 5.5 (Fig. 
7.5b), 1.0 M NaCl with 8.0 M urea at pH 7.4 (Fig. 7.5a) and 4.5 M urea at pH 5.5 (Fig. 7.5b),  
and 200 mg ml-1dextran and 1.0 M NaCl with 8.0 M urea at pH 7.4 (Fig. 7.5a) and 4.5 M urea at 
pH 5.5 (Fig. 7.5b). In the presence of 8.0 M urea at pH 7.4 and 4.5 M urea at pH 5.5, the 
negative extrema at 208 nm and shoulder around 215-225 nm are partially disrupted (Figs. 7.5a 
and 7.5b). When 200 mg ml-1 dextran 40 is included in the presence of 8.0 M urea at pH 7.4 and 
4.5 M urea at pH 5.5, the negative extrema at 208 nm and shoulder around 215-225 nm are not 
greatly changed (Figs. 7.5a and 7.5b), indicating that the crowding agent counteracts on the urea-
induced destabilization of secondary structure of Fe2sTf. When 1.0 M NaCl is included in the 
presence of 8.0 M urea at pH 7.4 and 4.5 M urea at pH 5.5, the negative extrema at 208 nm and 
shoulder around 215-225 nm are significantly disrupted (Figs. 7.5a and 7.5b), indicating that the 
salt exhibits the additive effect on the urea-induced destabilization of secondary structure of 
Fe2sTf. However, inclusion of 200 mg ml-1dextran 40 in the presence of 8.0 M urea with 1.0 M 
NaCl at pH 7.4 and 4.5 M urea with 1.0 M NaCl at pH 5.5, the negative extrema at 208 nm and 
shoulder around 215-225 nm are not greatly changed (Figs. 7.5a and 7.5b), indicating that the 
crowding agent counteracts on the salt- induced destabilization of secondary structure of Fe2sTf.   
 
7.2.6 Effects of crowding agents on the urea-induced unfolding of Fe2sTf  

To determine the effects of crowding agents on the structural stability of Fe2sTf, the urea-
denaturation induced unfolding curves (based on ellipticity at 222 nm) were collected in the 
absence and presence of 100, 200 and 300 mg ml-1 crowding agents (dextran 40, dextran 70 and 
ficoll 70) at pH 7.4 and pH 5.5, 25 C. Figs. 7.6a and 7.6b present the representative urea-
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denaturation induced unfolding curves of Fe2sTf measured in the absence and presence of 200 
mg ml-1 crowding agent (dextran 40, dextran 70 and ficoll 70) at pH 7.4 and pH 5.5, respectively. 
 
 
 
 
 
 
 
 
 Fig. 7.5. Effects of crowding agents and salt on the urea dependence far-UV CD spectra of Fe2sTf at 25 C. (a) presents the far-UV spectra of Fe2sTf measured in the absence (solid line) and presence of 10.8 M 
urea (dash dot dot line) at pH 7.4. Panel (a) also presents the far-UV spectra of Fe2sTf measured at pH 7.4 
in the presence of 8.0 M urea (short dash line); 8.0 M urea with 1.0 M NaCl (dash dot line); 8.0 M urea 
with 200 mg ml-1dextran 40 (dotted line); 8.0 M urea with 200 mg ml-1dextran 40 and 1.0 M NaCl 
(medium medium dash line) at pH 7.4. Panel (b) presents the far-UV spectra of Fe2sTf measured in the 
absence (solid line) and presence of 8.5 M urea (dash dot dot line) at pH 5.5. Panel (b) also presents the 
far-UV spectra of Fe2sTf measured at pH 5.5 in the presence of 4.5 M urea (short dash line); 4.5 M urea 
with 200 mg ml-1dextran 40 (dotted line); 4.5 M urea with 200 mg ml-1dextran 40 and 1.0 M NaCl 
(medium medium dash line); 4.5 M urea with 1.0 M NaCl (dash dot line).   

Figs. 7.6a and 7.6b clearly show that in the presence of crowding agents (dextran 40, 
dextran 70 and ficoll 70), the urea-denaturation induced unfolding curve shifts toward the higher 
concentrations of urea. Furthermore, the crowding-induced shift in the urea-denaturation induced 
unfolding curve at pH 7.4 and 5.5 is more pronounced for dextran 70 and least for ficoll 70 
(dextran 70 > dextran 40 > ficoll 70). The urea-denaturation induced unfolding curves were 
analyzed using equation (1) (chapter 2). The resulting urea unfolding free energy (∆GD), surface 
area exposed by solvent (mg), and urea unfolding midpoint (Cm=∆GD/mg) are summarized in 
(Table 7.3) (appendix). Figs. 7.6c and 7.6d show the variation of Cm as a function of [Crowding 
agents] at pH 7.4 and pH 5.5, respectively. Insets of Figs. 7.6c and 7.6d show the ∆GD vs 
[Crowding agents] plots at pH 7.4 and pH 5.5, respectively. As [Crowding agent] is increased, 
the Cm and ∆GD for unfolding of Fe2sTf increase, and which are more increased for dextran 70 
and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70) (Figs. 7.6c and 7.6d).  This finding 
indicates that the crowding agents increase the thermodynamic stability of Fe2sTf and this effect 
is more pronounced for dextran 70 and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70). 



150  

Urea (M) 
0 2 4 6 8 10

Fra
cti

on
 Un

fol
de

d

0.0

0.5

1.0

Crowding agent (mg ml-1)
0 100 200 300

C m

7.9

8.6

9.3

10.0

Crowding agent (mg ml-1) 0 100 200 300

G
D 

7.8
8.6
9.4

10.2

Urea (M) 
0 2 4 6 8 10

Fra
cti

on
 Un

fol
de

d

0.0

0.5

1.0

Crowding agent (mg ml-1)
0 100 200 300

C m

4.0
5.1
6.2
7.3
8.4

(a) (b)

(c) (d)

Crowding agent (mg ml-1) 0 100 200 300

G
D 

4.4
5.1
5.8
6.5

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.6 Effect of crowding agents on the urea-induced unfolding of Fe2sTf. Panels (a) and (b) show the 
far-UV CD (222 nm) monitored unfolding curves of Fe2sTf at pH 7.4 and pH 5.5, respectively, in the 
absence (●) and presence of 200 mg ml-1 crowding agent (dextran 40 (○),dextran 70 (■) and ficoll 70 (□). 
The solid lines in panels (a) and (b) represent a non-linear least squares fit of the data to equation (1) 
(chapter 2). Panels (c) and (d) show the dependence of urea-midpoint Cm (=∆GD/mg) for the unfolding of 
Fe2sTf on [Crowding agent] (() dextran 40, (○) dextran 70 and (♦) ficoll 70) at pH 7.4 and pH 5.7, 
respectively. Insets of panels (c) and (d) show the dependence of ∆GD on [Crowding agent] (() dextran 
40, (○) dextran 70 and (♦) ficoll 70) at pH 7.4 and pH 5.5, respectively.  
 
7.2.7 Effects of crowding agent on the salt dependence of the urea-induced unfolding of 
Fe2sTf  

To determine the effects of crowding agents on the salt dependence of the urea-induced 
unfolding of Fe2sTf, the urea-denaturation induced unfolding curves (based on ellipticity at 222 
nm) of Fe2sTf were collected at various concentration of NaCl both in the absence and presence 
of 200 mg ml-1 dextran 40. Figs. 7.7a and 7.7b present the representative urea-denaturation 
induced unfolding curves of Fe2sTf measured in the absence and presence 0.3 M NaCl, 200 mg 
ml-1 dextran 40, 0.3 M NaCl with 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.5, respectively. 
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Data in Figs. 7.7a and 7.7b clearly show that the salt presence in reaction medium shifts the urea-
denaturation induced unfolding curves of Fe2sTf towards the lower urea concentrations. 
However, in the presence of 200 mg ml-1 dextran 40, the salt-induced shift in the urea-
denaturation induced unfolding curves towards the lower urea concentrations is less pronounced 
than in its absence.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.7. Effect of crowding agents on the salt dependence of the urea-induced unfolding of Fe2sTf. 
Panels (a) and (b) show the far-UV CD (222 nm) monitored unfolding curves of Fe2sTf at pH 7.4 and pH 
5.5, respectively, in the absence (●) and presence of 0.3 M NaCl (♦), 200 mg ml-1 dextran 40 (○), and 0.3 
M NaCl with 200 mg ml-1 dextran 40 (◊). The solid lines in panels (a) and (b) represent a non-linear least 
squares fit of the data to equation (1) (chapter 2). Panels (c) and (d) show the dependence of urea-
midpoint Cm (=∆GD/mg) for the unfolding of Fe2sTf on [NaCl] (in the absence (●) and presence of 200 mg 
ml-1 dextran 40 (○)) at pH 7.4 and pH 5.7, respectively. Insets of panels (c) and (d) show the dependence 
of ∆GD on [NaCl] (in the absence (●) and presence of 200 mg ml-1 dextran 40 (○)) at pH 7.4 and pH 5.5, 
respectively. 
 The urea-denaturation induced unfolding curves were analyzed using equation (1) 
(chapter 2). The resulting urea unfolding free energy (∆GD), surface area exposed by solvent 
(mg), and urea unfolding midpoint (Cm=∆GD/mg) are summarized in Table 7.4 (appendix). Figs. 
7.7c and 7.7d show the variation of Cm as a function of [NaCl] in the absence and presence of 
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200 mg ml-1 dextran 40 at pH 7.4 and pH 5.5, respectively. Insets of Figs. 7.7c and 7.7d show the 
∆GD vs [NaCl] plots in the absence and presence of 200 mg ml-1 dextran 40 at pH 7.4 and pH 
5.5, respectively. As [NaCl] is increased, the ∆GD for unfolding decreases (Inset of Figs. 7.7c 
and 7.7d), indicating that the salt presence decreases the thermodynamic stability of Fe2sTf. 
However, in the presence of crowding agent, the ∆GD for unfolding also decreases with [NaCl] 
(Inset of Figs. 7.7c and 7.7d). This finding suggests that the crowding agent presence in reaction 
medium does not alter the salt effect on the thermodynamic stability of Fe2sTf (i.e., salt-induced 
decrease in the thermodynamic stability of Fe2sTf).  
 
7.2.8 Effects of crowding agents on the reduction and urea-denaturation induced iron release 
from FeNsTf 

To understand the effects of crowding agents on the reduction and urea-denaturation 
induced iron release from FeNsTf, the kinetics of reduction (Fe2+) and urea-denaturation (Fe3+) 
iron release from the FeNsTf have been studied as a function of crowding agent (dextran 40, 
dextran 70 and ficoll 70) concentration at pH 7.4 and 5.5. Figs. 7.8a and 7.8b present the 
representative reduction induced Fe2+ release kinetic traces of FeNsTf measured in the absence 
and presence of 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.5 (25 C), respectively. Figs. 7.9a 
and 7.9b show the representative urea denaturation-induced iron release kinetic traces of FeNTf 
measured in the absence and presence of 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.5 (37 C), 
respectively. Fe2+ and Fe3+ release kinetic data in the absence and presence of crowding agent at 
pH 7.4 and 5.5 are best described by a single exponential rate expression. The observed rate 
constant, kobs for Fe2+ and Fe3+ release at different concentrations of crowding agents are 
summarized in Tables 7.5 and 7.6 (appendix), respectively. The variation of kobs for Fe2+ release 
with [Crowding agent] at pH 7.4 and 5.5 is shown in Figs. 7.8c and 7.8d, respectively. Figs. 7.9c 
and 7.9d show the variation of kobs for Fe3+ release with [Crowding agent] at pH 7.4 and 5.5, 
respectively. As [Crowding agent] is increased, the rate constants for Fe2+ and Fe3+ release 
decrease at pH 7.4 (Figs. 7.8c and 7.9c) and pH 5.5 (Figs. 7.8d and 7.9d), and typically follws 
the order, dextran 70 > dextran 40 > ficoll 70 (Figs. 7.8c, 7.9c, 7.8d and 7.9d), which suggest that 
dextran 70 is most and ficoll 70 is least effective in decrasing the rate of iron release. This 
finding indicates that the crowding agent presence in the reaction medium retards the Fe2+ and 
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Fe3+ release at physiological and endosomal pH and this effect is more pronounced for dextran 
70 and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70). 

To test whether the presence of crowding agent affects the thermodynamic activation 
parameter for reductive iron release, the activation enthalpy ( ‡ΔH ), activation entropy ( ‡ΔS ) 
and activation free energy ( ‡Δ G ) for Fe2+ release from FeNsTf were determined in the absence 
and presence of 200 mg ml-1 crowding agent (dextran 40, dextran 70 and ficoll 70) at pH 7.0 and 
pH 5.5. Figs. 7.10a and 7.10b present the Eyring plots for Fe2+ release reaction of FeNsTf 
obtained from temperature-dependent data in the absence and presence of 200 mg ml-1 crowding 
agent (dextran 40, dextran 70 and ficoll 70) at pH 7.4 and pH 5.5, respectively. The Eyring plots 
in Figs. 7.10a and 7.10b were analyzed by using the equation (1):  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 7.8. Effects of crowding agents on the reduction induced iron (Fe2+) release from FeNsTf. Panel (a) 
and (b) present the single-phase reductive iron release kinetic traces of FeNsTf in the absence (trace 1) and 
in the presence of 200 mg ml-1 dextran 40 (trace 2) at pH 7.4 and pH 5.5 (25 C), respectively. The solid 
line in panels (a) and (b) show least-squares fits of the data to a single exponential function. Panels (c) 

‡ ‡
obs Bln( / ) (Δ (Δ (1)  k h k T = S /R)- H /RT)
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and (d) show the resulting rate constants for reductive iron release, kobs, as a function of crowding agent 
(dextran 40 (●), dextran 70 (○) and ficoll 70 (♦)) at pH 7.4 and pH 5.5 (25 C), respectively. 
 The estimated values of ΔH‡ and ΔS‡ are summarized in Table 1. By using the ΔH‡ and 
ΔS‡ values, the corresponding (ΔG‡) is also calculated at 25 C using Gibbs free energy equation 
(ΔG‡= ΔH‡−TΔS‡) (Table 1). The data in Table 1 clearly show that (i) the presence of crowding 
agent in the reaction medium increases the enthalpic barrier (ΔH‡) for Fe2+ release reaction at pH 
7.4 and 5.5, and which is more increased for dextran 70 and least for ficoll 70 (dextran 70 > 
dextran 40 > ficoll 70) and (ii) the increase in ΔH‡ in the presence of crowding agent is 
accompanied by the decrease in the entropy change, −TΔS‡.  

 
Fig. 7.9. Effects of crowding agents on the urea-induced iron (Fe3+) release from FeNsTf. Panels (a) and 
(b) present the single-phase urea denaturation induced iron release kinetic traces of FeNsTf in the absence 
(trace 1) and in the presence of 200 mg ml-1 dextran 40 (trace 2) at pH 7.4 and pH 5.5 (37 C), 
respectively. The solid line in panels (a) and (b) show least-squares fits of the data to a single exponential 
function. Panels (c) and (d) show the resulting rate constants for urea denaturation induced iron release, 
kobs, as a function of crowding agent (dextran 40 (●), dextran 70 (○) and ficoll 70 (♦)) at pH 7.4 and pH 
5.5 (37 C), respectively.  
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 Fig. 7.10. Effects of crowding agents on the thermodynamic activation parameter for reductive iron 
release at pH 7.4 and 5.5. The Panels (a) and (b) show Erying plots for the reduction-induced iron release 
from FeNsTf at pH 7.4 and pH 5.5, respectively (no addition (▲), 200 mg ml-1 crowding agent (dextran 
40 (●), dextran 70 (○) and ficoll 70 (♦)). 
  

As described earlier [38-39], the enthalpy-entropy plot could be used to determine 
enthalpic and entropic contributions toward the stability, folding and dynamics of proteins. The 
enthalpy-entropy plot has four sectors (Figs. 7.11a and 7.11b). Sectors 1 and 2 correspond to 
stabilizing cosolutes while sectors 3 and 4 correspond to destabilizing cosolutes. Furthermore, 

Table 1.  Effects of crowding agents on the activation parameters for Fe2+ release reaction of 
FeNsTf.* 

 ∆G‡a 
(kcal mol-1) 

∆H‡ 
(kcal mol-1) 

∆S‡ 
(cal mol-1 K-1) 

−T∆S‡a 
(kcal mol-1) 

pH 7.4      
Control 20.9(0.1) 8.9(0.3) -40.2(1.2) 12.0(0.3) 
200 mg ml-1 dextran 40 21.4(0.1) 11.5(0.5) -33.2(1.8) 9.9(0.5) 
200 mg ml-1 dextran 70 21.2(0.1) 12.2(0.2) -31.2(0.7) 9.0(0.2) 
200 mg ml-1 ficoll 70 21.3(0.1) 11.0(0.4) -34.7(1.3) 10.3(0.4) 
pH 5.5     
Control 19.0(0.1) 3.2(0.2) -52.9(0.6) 15.8(0.2) 
200 mg ml-1 dextran 40 19.6(0.1) 5.5(0.2) -47.2(0.7) 14.1(0.2) 
200 mg ml-1 dextran 70 19.7(0.1) 6.6(0.3) -43.8(0.9) 13.1(0.3) 
200 mg ml-1 ficoll 70 19.3(0.1) 4.8(0.2) -48.7(0.7) 14.5(0.2) a Activation free energy (∆G‡) and entropy changes (−T∆S‡) are given at 25 ºC. 
*The uncertainties (standard error) in H‡, −T∆S‡ and S‡ are indicated in parenthesis.    
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sectors 1 and 3 represent the enthalpically dominated effect while sectors 2 and 4 represent 
entropically dominated effect [38]. Figs. 7.11a and 7.11b present the TΔΔS vs ΔΔH plots for 200 
mg ml−1 of dextran 40, dextran 70 and ficoll 70. Clearly, the data points for crowding agent lie in 
sector 1 (Figs. 7.11a and 11b), which is in general agreement with the models that describe 
enthalpically dominated stabilization [38-40].  
 

Fig. 7.11. Panels (a) and (b) show the TΔΔS and ΔΔH plot at pH 7.4 and pH 5.5, respectively. Data points 
correspond to in the absence (■) and presence of 200 mg ml−1 of crowding agent (dextran 40 (●), dextran 
70 (○) and ficoll 70 (♦)).  
 
7.2.9 Effects of crowding agent on the salt-dependence of reduction and urea-denaturation 
induced iron release from FeNsTf 
 To determine the effects of crowding agent on the salt-dependence of reduction and urea 
denaturation-induced iron release from FeNsTf, the kinetics of reduction (Fe2+) and urea-
denaturation (Fe3+) iron release from the FeNsTf have been measured at different [NaCl] in the 
absence and presence of 200 mg ml-1 dextran 40 at pH 7.4 and 5.5. Figs. 7.12a and 7.12b present 
the representative kinetic traces of Fe2+ release from FeNsTf in the absence and presence of 0.5 
M NaCl, 200 mg ml-1 dextran 40, 0.5 M NaCl with 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.5 
(25 C), respectively. Figs. 7.13a and 7.13b present the representative urea denaturation-induced 
Fe3+ release kinetic traces of FeNsTf measured in the absence and presence of 0.6 M NaCl, 200 
mg ml-1 dextran 40, 0.6 M NaCl with 200 mg ml-1 dextran 40 at pH 7.4 and pH 5.5 (37 C), 
respectively. Fe2+ and Fe3+ release kinetic data measured at different [NaCl] in the absence and 
presence of 200 mg ml-1 dextran 40 at pH 7.4 and 5.5 are best described by a single exponential 
rate expression. The observed rate constants, for Fe2+ and Fe3+ release measured at different 
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[NaCl] in the absence and presence of 200 mg ml-1 dextran 40 at pH 7.4 and 5.5, are summarized 
in Tables 7.7 and 7.8 (appendix).  

As [NaCl] is increased, the rate constants for Fe2+ and Fe3+ release increase 
monoexponentially at pH 7.4 (Figs. 7.12c and 7.13c) and pH 5.5 (Figs. 7.12d and 7.13d), which 
suggests that anion-binding-induced conformational change promote the reduction induced Fe2+ 
release from FeNsTf. However, the rate constants for Fe2+ and Fe3+ also increase with [NaCl] in 
the presence of crowding agent at pH 7.4 (Figs. 7.12c and 7.13c) and pH 5.5 (Figs. 7.12d and 
7.13d). This finding suggests that the presence of crowding agent does not alter the salt effect on 
reductive iron release from FeNsTf.    

  
Fig. 7.12. Effects of crowding agent on salt-dependence of the reduction induced iron (Fe2+) release from 
FeNsTf. Panels (a) and (b) present the single-phase reductive iron release kinetic traces of FeNsTf in the 
absence (trace 1) and in the presence of different additives (0.5 M NaCl (trace 2), 200 mg ml-1 dextran 40 
(trace 3) and 200 mg ml-1 dextran 40 with 0.5 M NaCl (trace 4)) at pH 7.4 and pH 5.5 (25 C) , 
respectively. The solid line in panels (a) and (b) show least-squares fits of the data to a single exponential 
function. Panels (c) and (d) show rate constants for reductive iron release, kobs, as a function of NaCl in 
the absence (●) and presence of 200 mg ml-1 dextran 40 (○) at pH 7.4 and pH 5.5 (25 C), respectively.  
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 Fig. 7.13. Effects of crowding agent on salt-dependence of the urea-induced iron (Fe3+) release from 
FeNsTf. Panels (a) and (b) present the single-phase urea denaturation induced iron release kinetic traces of 
FeNsTf in the absence (trace 1) and in the presence of different additives (0.6 M NaCl (trace 2), 200 mg 
ml-1 dextran 40 (trace 3) and 200 mg ml-1 dextran 40 with 0.6 M NaCl (trace 4)) at pH 7.4 and pH 5.5 (37 C), respectively. The solid line in panels (a) and (b) show least-squares fits of the data to a single 
exponential function. Panels (c) and (d) show rate constants for urea denaturation induced iron release, 
kobs, as a function of NaCl in the absence (●) and presence of 200 mg ml-1 dextran 40 (○) at 7.4 and pH 
5.5 (37 C), respectively.   

To test whether the presence of crowding agent affects the salt-dependence of 
thermodynamic activation parameter for reductive iron release, the activation enthalpy ( ‡ΔH ), 
activation entropy ( ‡ΔS ) and activation free energy ( ‡Δ G ) for Fe2+ release from FeNsTf were 
determined in the absence and presence of 0.15 M NaCl, 200 mg ml-1 dextran 40, and 0.5 M 
NaCl with 200 mg ml-1 dextran 40 at pH 7.0 and pH 5.5. Figs. 7.14a and 7.14b present the 
Eyring plots for Fe2+ release reaction of FeNsTf obtained from temperature-dependent data in the 
absence and presence of 0.15 M NaCl, 200 mg ml-1 dextran 40, and 0.5 M NaCl with 200 mg ml-
1 dextran 40 at pH 7.0 and pH 5.5. The Eyring plots in Figs. 7.14a and 7.14b were analyzed by 
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using the equation (1). The estimated values of ΔH‡ and ΔS‡ are summarized in Table 2. By 
using the ΔH‡ and ΔS‡ values, the corresponding (ΔG‡) is also calculated at 25 C using Gibbs 
free energy equation (ΔG‡= ΔH‡−TΔS‡) (Table 2). 
 

 
 

Fig. 7.14. Effects of crowding agent on the salt dependence of thermodynamic activation parameter for 
reductive iron release at pH 7.4 and 5.5. Panels (a) and (b) show Erying plots for the reduction-induced 
iron release from FeNsTf at pH 7.4 and pH 5.5, respectively (no addition (▲), 200 mg ml-1 dextran 40 (●), 
0.15 M NaCl (∆) and 0.5 M NaCl with 200 mg ml-1 dextran 40 (□)).     
 

Table 2. Effect of crowding agent on the salt dependence of the activation thermodynamic 
parameters for Fe2+ release reaction of FeNsTf.* 

 ∆G‡a 
(kcal mol-1) 

∆H‡ 
(kcal mol-1) 

∆S‡ 
(cal mol-1 K-1) 

−T∆S‡a 
(kcal mol-1) 

pH 7.4      
Control 20.9(0.1) 8.9(0.3) -40.2(1.2) 12.0(0.3) 
200 mg ml-1 dextran 
40 21.4(0.1) 11.5(0.5) -33.2(1.8) 9.9(0.5) 
0.5 M NaCl with 200 
mg ml-1 dextran 40 21.1(0.1) 10.1 (0.2) -37.1(0.6) 11.0(0.2) 
0.15 M NaCl 20.7(0.1) 6.6 (0.3) -47.3(1.0) 14.1(0.3) 
pH 5.5     
Control 19.0(0.1) 3.2(0.2) -52.9(0.6) 15.8(0.2) 
200 mg ml-1 dextran 
40 19.6(0.1) 5.5(0.2) -47.2(0.7) 14.1(0.2) 
0.15 M NaCl 18.7(0.1) 1.9(0.1) -56.6(0.2) 16.8(0.1) 
0.5 M NaCl with 200 
mg ml-1 dextran 40 19.3(0.1)  5.1(0.2) -47.7(0.7) 14.2(0.2) 
a Activation free energy (∆G‡) and entropy changes (−T∆S‡) are given at 25 ºC. 
*The uncertainties (standard error) in H‡, −T∆S‡ and S‡ are indicated in parenthesis.    
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The data in Table 2 clearly show that (i) the presence of salt in the reaction medium 
decreases the enthalpic barrier (ΔH‡) for Fe2+ reaction at pH 7.4 and 5.5, and which is less 
decreased in the presence of crowding agent than in its absence, which indicates that crowding 
agent counteracts on the salt-induced decrease in the enthalpic barrier for reductive iron release 
at both physiological and endosmal pH, and (ii) both in the absence and presence of crowding 
agent, the salt mediated decrease in ΔH‡ is accompanied by the increase in the entropy change, 
−TΔS‡. 
 
7.3 Discussion  

This is the first assessment of the effect of crowding agents (dextran 40, dextran 70 and 
ficoll) on the stability and iron release kinetics of sTf at physiological and endosomal pH. 
Analysis of the pH and urea-denaturation profiles for iron release of Fe2sTf, collected in the 
absence and presence of different concentrations of dextran 40, dextran 70 and ficoll 70 revealed 
that (i) crowding agents increase the stability of Tf-Fe3+ complex under physiological and 
endosomal pH conditions (Figs. 7.2d, 7.2e and 7.2f) (ii) the stability of Tf-Fe3+ complex is found 
to be increased more for dextran 70 and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70) 
(Figs. 7.2d, 7.2e and 7.2f). Fig. 7.15 shows the effects of crowding agents (dextran 40, dextran 
70 and ficoll 70) on the relative free energies of native and unfolded states measured for the iron 
release from Fe2sTf  (pH 7.4).  Under solution conditions, the dextran is regarded as a rod-
shaped crowding agent while the ficoll is considered as a spherical crowding agent [41]. The 
more increased of the Tf-Fe3+ complex stability for dextran 70 than ficoll 70 (Figs. 7.2d, 7.2e and 
7.2f) suggesting that the shape of crowding agent play an important on the stability of iron 
centers of Fe2sTf. Dextran 70 has the larger size than that of the dextran 40 [41], so the greater 
increase of Tf-Fe3+ complex stability for dextran 70 (Figs. 7.2d, 7.2e and 7.2f) suggests that the 
size of crowding agent also plays a vital role in the stability of iron centers of Fe2sTf. 

The secondary structural content in natively folded Fe2sTf is not greatly changed in the 
presence of crowding agents (dextran 40, dextran 70 and ficoll) (Fig. 7.4). This result is 
consistent with the earlier findings with Cyt c, Lyz and Cellular retinoic acid-binding protein I in 
which the secondary structural content was not greatly changed on addition of crowding agent 
[41-44]. However, crowding agents induces the secondary structure in the natively folded apo 
and holo-flavodoxin, VlsE, RNase-A and a-LA. [41-47]. Analysis of the urea-denaturation 
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induced unfolding curves of Fe2sTf at pH 7.4 and 5.5, collected in the absence and presence of 
different concentrations of dextran 40, dextran 70 and ficoll 70 revealed that (i) crowding agents 
increase the structural stability of Fe2sTf under physiological and endosomal pH conditions 
(Figs. 7.6c and 7.6d), (ii) the structural stability of Fe2sTf is found to be increased more for 
dextran 70 and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70) (Figs. 7.6c and 7.6d). Fig. 
7.15 shows the effects of crowding agents (dextran 40, dextran 70 and ficoll 70) on the relative 
free energies of native and unfolded states measured for the unfolding of Fe2sTf (pH 7.4). These 
finding reveals that the size, shape and concentration of crowding agent control the structural 
stability of Fe2Tf under physiological and endosomal pH conditions.   

 
 

 
 

 
 

 
 

Fig. 7.15 Diagram illustrating the effects of crowding agent and salt on the relative free energies of native 
and unfolded states measured for the unfolding (a) and iron release (b) from Fe2sTf. The thermodynamic 
parameters derived from equilibrium unfolding experiments (Tables 7.1 to 7.4) (appendix). The free 
energy of the native state of protein is arbitrarily set to zero. The energy levels of transition states may not 
appear scaled exactly.   
 

Previous reports revealed that presence of crowding agents increase the thermal and 
structural stability of proteins [41-47]. The GdnHCl-induced equilibrium unfolding of native 
apoazurin revealed that the stabilizing effect of ficoll 70 is less than any of the dextrans (dextran 
20, dextran 40 and dextran 70) and among the dextrans no size dependent effect was observed 
[44]. However, GdnHCl-induced equilibrium unfolding transitions of native Ferrocyt c at pH 7 
showed that the smaller sized crowder (dextran 40) has a greater impact on the thermodynamic 
stability of Ferrocyt c (dextran 40 > dextran 70 > ficoll 70) [48]. The thermal stability of 
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flavodoxin is increased more in the presence of dextran 70 than ficoll 70 [46]. These results 
suggest that crowding agents of different sizes (dextran 70, dextran 40), shapes (dextran 70 (rod 
shaped), ficoll 70 (spherical shaped)) have different stabilizing effects on the different proteins.   

Previous reports revealed that the crowding agent presence in reaction medium enhances 
the enzymes activity [49-52], whereas the rates of other are decreased [53-55] or unaltered [56]. 
Crowding agent can either decrease or increase the reaction rate depending on the concentration 
of it used [57]. These results suggest the more complicated trends of the effect of 
macromolecular crowding on the enzyme kinetics. In the present study, the kinetic and 
thermodynamic analysis of the reduction and urea-denaturation induced iron release at pH 7.4 
and 5.5 in the absence and presence of different concentration of dextran 40, dextran 70 and 
ficoll 70 revealed that (i) crowding agent presence in the reaction medium retards the Fe2+ and 
Fe3+ release at physiological and endosomal pH (Fig. 7.8c, 7.8d, 7.9c and 7.9d) (ii) the crowding 
agent mediated retardation in Fe2+ and Fe3+ release is more pronounced for dextran 70 and least 
for ficoll 70 (dextran 70 > dextran 40 > ficoll 70) (Fig. 7.8c, 7.8d, 7.9c and 7.9d), which 
indicates that size, shape and viscosity of crowding agents control the iron release process of 
FeNsTf because dextran 70 has higher size and viscosity than dextran 40 [58] and different shape 
than ficoll 70 [41], (iii) the presence of crowding agent in the reaction medium increases the 
enthalpic barrier (ΔH‡) for Fe2+ release reaction at pH 7.4 and pH 5.5, and which is more 
increased for dextran 70 and least for ficoll 70 (dextran 70 > dextran 40 > ficoll 70) (Table 1), 
and (iv) the increase in ΔH‡ in the presence of crowding agent is accompanied by the decrease in 
the entropy change, −TΔS‡ (Table 1). The increase in ΔH‡ by crowding agents suggests that 
some crowding agents form attractive interactions with FeNsTf and thus block the Fe2+ release 
from FeNsTf under physiological and endosomal pH conditions. Some earlier reports revealed 
that the crowding agent forms the attractive interaction with Cyt c and ubiquitin [59-60]. The 
attractive interactions between crowding agent and proteins can also decrease the entropy of 
crowding agent in the reaction medium. 

Current study provides fundamentally improved system to explain the anion effect on the 
stability and iron release kinetics of sTf, because the synthetic crowding agents mimic the in vivo 
macromolecular crowding. Analysis of the pH-induced iron release profiles and urea-
denaturation-induced unfolding and iron release profiles of Fe2sTf, collected at different [NaCl] 
both in the absence and presence of 200 mg ml-1 dextran 40 revealed that (i) the salt presence in 
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reaction medium decrease the sTf-Fe3+ complex (Fig. 7.3d, 7.3e and 7.3f) and structural stability 
of Fe2sTf (Fig. 7.7c and 7.7d) while the crowding agent presence increase the sTf-Fe3+ complex 
(Fig. 7.3d, 7.3e and 7.3f) and structural stability of Fe2sTf (Fig. 7.7c and 7.7d) (ii) salt also 
decrease the sTf-Fe3+ complex (Fig. 7.3d, 7.3e and 7.3f) and structural stability of Fe2sTf (Fig. 
7.7c and 7.7d) in the presence of crowding agent, which indicates that the crowding agent 
presence in reaction medium does not alter the salt effect on the destabilization of sTf-Fe3+ 
complex and structural stability of Fe2sTf. Fig. 7.15 shows that the relative free energies of 
native and unfolded states measured for the iron release and unfolding of Fe2sTf (pH 7.4). 

 Kinetics and thermodynamic analysis of reduction and urea-denaturation induced iron 
release from the FeNsTf at different [NaCl] in the absence and presence of 200 mg ml-1 dextran 
40 at pH 7.4 and 5.5 revealed that (i) both in the absence and presence crowding agent, the 
anion-binding-induced conformational change promotes the iron release from FeNsTf at 
physiological and endosomal pH (Fig. 7.12c, 7.12d, 7.13c and 7.13d) and (ii) the presence of salt 
in the reaction medium decreases the enthalpic barrier (ΔH‡) for iron release at pH 7.4 and 5.5 
(Table 2), and which is less decreased in the presence of crowding agent than in its absence 
(Table 2) which indicates that crowding agent counteracts on the salt-induced decrease in the 
enthalpic barrier for iron release at both physiological and endosmal pH, (ii) both in the absence 
and presence of crowding agent, the salt mediated decrease in ΔH‡ is accompanied by the 
increase in the entropy change, −TΔS‡ (Table 2). 

In the present study, the TΔΔS vs ΔΔH plots for reductive iron release from FeNsTf in the 
absence and presence of 200 mg ml−1 of dextran 40, dextran 70 and ficoll 70 at pH 7.4 and 5.5 
reveals that in controlling the iron release from FeNsTf in the presence of crowding agent under 
physiological and endosomal pH conditions, the enthalpic effect is more dominated than the 
entropic effect (Figs. 7.11a and 7.11b). Previously it was established that crowders induced 
protein stabilization through purely steric excluded volume effect is entropic [61-64]. However, 
recent studies showed that the observed effect of crowders on protein stability and folding have a 
significant enthalpic contributions [48,62,64-65], moreover enthalpic effect even dominates the 
entropic contributions [48,66-73]. To account for enthalpic as well as entropic effects of 
crowders, some recent reports suggest that it is necessary to augment the steric excluded volume 
effects with other nonspecific interactions [48,62,64-65]. Current results also suggest that both 
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hard-core repulsions and nonspecific chemical (soft) interactions must be considered to 
understand the effects of crowding agent on the reduction induced Fe2+ release from FeNsTf.  
 
7.4 Conclusions 

As the [crowding agent] is increased, the pH-midpoint for iron release of Fe2sTf shifts 
toward the lower pH values while the urea-denaturation midpoints for iron release and unfolding 
of Fe2sTf at pH 7.4 and 5.7 shift towards the higher urea concentrations, which suggest that the 
crowding agent presence in the reaction medium increase the sTf-Fe3+ complex and structural 
stability of Fe2sTf. Furthermore, the crowding agent mediated increase in Tf-Fe3+ complex and 
structural stability of Fe2sTf typically follows the order: dextran 70 > dextran 40 > ficoll 70, 
which suggests that size, shape and viscosity of crowding agents control the Tf-Fe3+ complex 
and structural stability of Fe2sTf. However, as the [NaCl] is increased both in the absence and 
presence of crowding agent, the pH-midpoint for iron release from Fe2sTf shifts toward the 
higher pH values while the urea-denaturation midpoints for iron release and unfolding of Fe2sTf 
at pH 7.4 and 5.7 shift toward the lower urea concentrations, which suggest that the salt presence 
both in the absence and presence of crowding agent decrease the Tf-Fe3+ complex and structural 
stability of Fe2sTf. At pH 7.4 and pH 5.5, as [crowding agent] is increased, the rate constants for 
reductive and urea-denaturation induced iron release from FeNsTf decrease, which suggest that 
the crowding agent presence in the reaction medium retards the iron release from FeNsTf. 
Furthermore, the crowding agent-mediated retardation in iron release typically follows the order: 
dextran 70 > dextran 40 > ficoll 70, which suggest that the size, shape and viscosity of crowding 
agents control the iron release from FeNsTf. The anion mediated acceleration of reduction and 
urea denaturation induced iron release from FeNsTf is also observed both in the absence and 
presence of crowding agent. The biological significance of the present study is evidenced by the 
salt induced modulation of iron release from sTf in the presence of crowding agent. On the basis 
of the current findings the effect of macromolecular crowding can be taken into account in future 
studies to describe the mechanism of iron release from sTf.   
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Chapter 8 
Transferrins: The Mechanism of Iron Release from Diferric Ovotransferrin at 
Mildly Acidic pH in the Presence of Nonsynergistic Anions  
 
8.1 Introduction 

Nonsynergistic anions (ATP, citrate and chloride) that occur in the cytosol in millimolar 
concentrations [1] and other nonsynergistic anions (SO42─, NO3─, ClO4─ etc.) play a vital role in 
the uptake and release of iron from sTf [2]. The release of iron from the N-lobes of sTf and oTf 
are more facile as compared with their C-lobes, either in the independent half or full-length 
molecule [3-5]. However, the detailed molecular origins of these differences are not clearly 
understood. The differences in the mechanism of iron release from N- and C-lobes appear to 
arise from differences in the “second-shell” residues [6-8]. These residues do not bind directly to 
iron but form an intricate hydrogen bonding network with the iron coordinating ligands. Dewan 
et al have suggested that charge repulsion and a conformational change resulting from 
protonation of the dilysine pair (second shell lysine residues, Lys209-Lys301 located on opposite 
domains of the N-lobe) appears to be the main driving force to trigger cleft opening of the N-
lobe of oTf at low pH [9]. A similar dilysine pair (Lys206-Lys296) also exists in the N-lobe of 
sTf, but are absent in the C-lobes of oTf and sTf and in both the lobes of Lf [7,9-12]. The 
dilysine pair is mainly responsible for release of iron from the N-lobes of oTf and sTf at 
relatively higher pH [10,13]. Due to lack of dilysine pair the C-lobes of oTf and sTf release iron 
at relatively lower pH [11,14]. Similarly, both the lobes of Lf retain iron at much lower pH as 
compared to that of sTf and oTf [15-17]. Nonsynergistic anions interact with the Tfs through 
specific anion binding sites [9,14,18-24]. Egan et al proposed naming the sites to which 
nonsynergistic anions bind as “kinetically significant anion binding” or KISAB sites [19,21-23]. 
The binding of nonsynergistic anion to protein influences the rate of iron release from both the 
lobes of oTf and sTf [9,14,18-24]. However, the extent of these two effects, i.e., dilysine pair and 
nonsynergistic anion binding on iron release from oTf depends on the pH of the reaction medium 
and the concentration of anions [25 and references their in]. The N-lobe is the first lobe to release 
iron [26], so it is to be noted that the concentration of nonsynergistic anion has the greatest effect 
on iron release from the N-lobe [20]. The mechanism by which nonsynergistic anions control the 
iron release from both the lobes of oTf is not clearly understood. The kinetic inequivalence 
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between the N and C-lobes in addition to prerequisite of nonsynergistic anion and inter-lobe 
interaction makes the process much more complex in diferric Tfs.  

In vitro the mechanism of iron release from Tfs has been explored using small molecular 
weight iron removing chelators [4-5,14, 18-19,24-25,27-29], combined with pH-jump techniques 
[3,26,30-33] in the absence or presence of Tf receptor [23,26,31,34-35]. Previous reports 
revealed that protonation and nonsynergistic anion binding control the iron release from Fe2sTf 
and Fe2Lf [26, 31-33,36-37] and differences have been observed in the rates and number of 
proton transfer reactions [32-33,37]. To explore the mechanism of iron release from Fe2oTf at 
mildly acidic pH conditions (3.9-4.3) which is the characteristic of the endosome, the effect of 
nonsynergistic anions (Cl─ and SO42─, using their Na+ salts) on the iron release kinetics of 
Fe2oTf have been studied in the absence of receptor without using chelator. The kinetic data 
were analyzed by means of the techniques and methods of chemical relaxation. Analysis of 
kinetic data suggests that the protonation and nonsynergistic anion binding to protein control the 
iron release kinetics from both the lobes of Fe2oTf.  
 
8.2 Results  
8.2.1 Kinetics of iron release from Fe2oTf at mildly acidic pH in the presence of 
nonsynergistic anion  

Nonsynergistic anions induce the iron release from Fe2oTf under acidic pH conditions 
and the effect of SO42─ is greater than the Cl─ in the acceleration of iron release from Fe2oTf 
[38]. To further explore the effect of nonsynergistic anions (Cl─ and SO42─) on the pH-dependent 
iron release kinetic profiles of Fe2oTf, the iron release kinetics were recorded in the absence and 
presence of different concentrations of Cl─ and SO42─ over the pH range of 3.9-4.3.   

When a solution of Fe2oTf is submitted to a fast pH jump from neutral to acidic 
conditions in the presence of Cl─ and SO42─, the release of iron from Fe2oTf exhibits biphasic 
kinetics (monitored at 465 nm) (Fig. 8.1a). Fig. 8.1a shows that after a burst phase that occurs 
within the mixing time of the spectrophotometer (~1 s), the absorbance decreases up to ~104 s 
when Fe2oTf of pH 7.4 was submitted to pH 4.2 in acetate buffer (8 mM) containing 0.04 M 
Cl─. The experimental relaxation times that fall in mixing time (~ 1 s) cannot be analyzed 
precisely. Earlier reports revealed that the proton-assisted release of the synergistic carbonate 
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anion in acidic media is a prerequisite for iron release and it occurs in ≤ 5 ms of burst phase 
[3,32-33], 
 
 
where, Fe2oTf is the  iron loaded protein with carbonate bound and FeNCoTf* is same protein 
without carbonate bound. Both forms of the Fe2oTf are in an unknown state of protonation. 
Because the fast step (R1) cannot be determined accurately, so arbitrarily n protons written in 
equation R1 [3,37].   
  

Fig. 8.1 Kinetics of iron release from Fe2oTf (~8 M) monitored at 465 nm on decreasing the pH from 
7.4 to 4.2 in the presence of acetate buffer (8 mM) containing 0.04 M chloride (25 C). (a) Fe2oTf 
exhibits biphasic kinetics following a burst phase that occurs within the mixing time of the 
spectrophotometer (~1 s). (b) A representative kinetic trace of the rapid phase (up to 150 s) of iron 
release. The kinetics is best described by two relaxation processes with time constants of 7.3 and 49 s. 
The absorbance of Fe2oTf pH 7.4 without pH-jump is also shown in Panel (a) and (b). (c) A 
representative trace of the slow phase (150-104 s) of iron release under identical conditions. The kinetics 
of this phase is best described by two relaxation processes with time constants of 0.28 hrs and 1.3 hrs. 
             

The kinetic process (in the range of 5 ms to 200 ms) which occurs immediately after the 
proton assisted release of the synergistic carbonate anion in acidic media is the involvement of 
single proton transfer for FeNCoTf* [3]. This very fast phenomenon occurs within the limits of 
the mixing time of the protein solution (pH 7.4) with acidic buffer (pH 3.9-4.3) containing a 
desired salt concentration.  
           Nevertheless, for processes occurring up to 150 s after mixing, the kinetics data are best 
described by a two-exponential fit with the time constants 1N 7.3 s and 2N 49 s. The chemical 
processes accountable for these kinetic phases are linked to release of iron from the N-site of 
FeNCoTf* because under acidic conditions, iron release from FeNCoTf* occurs first from the N-
site and after that from the C-site [3]. After 150 s, absorbance at 465 nm continues to decrease 

2 2 NC 2 3Fe oTf nH  Fe oTf* or Fe oTf* H CO                                       R1 
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in a way consistent with another two-exponential decay process with time constants 3C 1010 s 
and 4C 4700 s (Fig. 8.1c) and these processes are linked to iron release from the C-site.  
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
 
Fig. 8.2. Panels (a) and (b) show the reciprocal time constants, 1N-1 and 2N-1 for rapid phase of iron 
release are plotted as a function of Cl─ () or SO42─ (○) concentration. The solid line in panel (a) is linear 
least squares fits to the data and solid line in panel (b) is non-linear least squares fits to the data. Panels (c) 
and (d) show the reciprocal time constants, 3C-1 and 4C-1 for slow phase of iron release are plotted as a 
function of Cl─ () or SO42─ (○) concentration. The solid line in panel (c) is linear least squares fits to the 
data and solid line in panel (d) is non-linear least squares fits to the data.  
 

The inverse of the time constants, 1N─1 and 3C─1 increased almost linearly with increase 
in Cl─ or SO42─ concentration (Figs. 8.2a and 8.2c) while the 2N─1and 4C─1 exhibited a simple 
mono-exponential variation with increase in Cl─ or SO42─ concentration (Figs. 8.2b and 8.2d). 
Ultimately, these results suggests that SO42─ has a greater effect in accelerating the rate of iron 
release from FeNCoTf* than does Cl─ (Figs. 8.2a, 8.2b, 8.2c and 8.2d). Over the pH range of 3.9-
4.3, 1N─1 and 3C─1 increase linearly with the increment of Cl─ and SO42─ concentration whereas 
2N─1 and 4C─1 increase mono-exponentially with the increment of Cl─ and SO42─ concentration. 
These interpretation needed a chemical relaxation analysis of the kinetic processes that are 
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responsible for the acid-induced iron release from Fe2oTf (pH 3.9-4.3) as a function of Cl─ or 
SO42─ concentration.  
 
8.2.2 Chemical relaxation analysis of proton-linked iron release from Fe2oTf as a function of 
Cl─ and SO42─concentration (pH 3.9-4.3) 

By using the methods and techniques of chemical relaxation, the mechanism of iron 
release from Fe2oTf was investigated with the help of experimentally measured iron release 
relaxation times of Fe2oTf at the mildly acidic pH (pH 3.9-4.3) in the presence of different 
concentrations of Cl─ or SO42─. 
        When a solution of Fe2oTf is submitted to a fast pH jump from neutral to acidic conditions 
in the presence of Cl─ or SO42─, five kinetic processes can be observed up to 104 s (Fig. 8.1). The 
experimental relaxation times that fall in mixing time of 1 s cannot be analyzed accurately. 
However, the proton-assisted release of the synergistic carbonate anion (Fig. 8.1a and equation 
(R1)) in acidic media is a prerequisite for iron release and this phenomenon typically occurs in 
the range of ~3 to 5 ms [3,32]. Immediately, after the proton assisted release of the synergistic 
carbonate anion in acidic media is the involvement of single proton transfer for Fe2oTf (in the 
range of 5 ms to 200 ms) [3]. 
 

The protonated carbonate-free protein, FeNCoTf*H, subsequently begins to release iron in 
two kinetically detectable steps: a fast step and a slow step (Fig. 8.1a). The fast step can be 
treated as a relaxation process [39-40]. By assuming that in this step the protein undergoes 
interaction with the nonsynergistic anions of the solution and binds a proton at the rate of 
diffusion [39-40], two mechanisms are possible. The first mechanism involves nonsynergistic 
anions binding to FeNCoTf*H followed by protonation (equation (R3) and (R4)), where S 
represents anion).  

 
 
The second mechanism involves protonation of FeNCoTf*H followed by nonsynergistic anion 
binding (equation (R5) and (R6)). 
 
 

1

1NC NCFe oTf* H  Fe oTf*H                                                   R2k
k 

 

1N
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'
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NC NC 2Fe oTf*H H  Fe oTf*H                                                               R5 
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Here, K1H = [FeNCoTf*H][H+]/[FeNCoTf*H2], and K1S = [FeNCoTf*H2][S]n/[FeNCoTf*SnH2]. 
When equation (R6) is considered rate limiting, then the reciprocal relaxation time associated 
with equation (R6) can be expressed as equation (7). 
 
The relaxation times determined in this study provide evidence that nonsynergistic anion binding 
is rate limiting (Fig. legend 8.3a), thus FeNCoTf*H is protonated prior to anion binding as 
described by the second mechanism (equations (R5) and (R6)). Only rate-limiting equation (7) 
with n = 2 for Cl─ and n = 1 for SO42─ (as shown in Fig. 8.3a) permits the interpretation of the 
experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.3. Panel (a) presents plot of 1N-1 against [H+][Cl─]2 at 25C for 3.9 ≤ pH ≤ 4.3, with 0.0 M ≤ [Cl─] 
≤ 0.6 M. The linear least-squares fitting of the data in panel (a) (solid line) yields, intercept ~0.074 
(±0.003) s-1 and slope ~3.2 (±0.01)  103 M-3s-1. Inset of panel (a) presents plot of 1N-1 against 
[H+][SO42─] at 25 C for 3.9 ≤ pH ≤ 4.3, with 0.0 M ≤ [SO42─] ≤ 0.13 M. The linear least-squares fitting of 
the data in inset of panel (a) (solid line) yields, intercept ~0.058 (±0.01) s-1 and slope ~1.4 (±0.07)  105 
M-2s-1. Panel (b) presents plots of 2N-1 against [H+]2 at fixed concentration of Cl─ at 25C, 3.9 ≤ pH ≤ 4.3. 
The slopes of the regression lines (equation (11)) at fixed concentration of Cl─ (panel b) are plotted as a 
function of [Cl─]2 in panel (d). The linear least-squares fitting of the data in panel (d) (solid line) yields, 
intercept ~8.1 (±0.1)  105 M-2s-1 and slope ~2.1 (±0.1)  107 M-4s-1. Panel (c) present plots of 2N-1 
against [H+] 2 at fixed [SO42─] at 25C, 3.9 ≤ pH ≤ 4.3. The slopes of the regression lines (equation (11)) 
at fixed concentration of [SO42─] (panel (c)) are plotted as a function of [SO42─] in inset of panel (d). The 
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linear least-squares fitting of the data in inset of panel (d) (solid line) yields, intercept ~4.75 (±1)  105 M-
2s-1 and slope ~8.4 (±0.06)  107 M-3s-1. Specifically, in these analyses only those values of 1N-1 and 2N-1 
are used where at a given pH and anion concentration the N-site of FeNCoTf*H is fully released its metal 
ion.  
          In the next step iron is released from the FeNCoTf*SnH2 intermediate (Step 3). To 
understand the release of iron from FeNCoTf*SnH2 intermediate, it is will be useful to discuss all 
the mechanisms by which FeNCoTf*SnH2 can protonate, interact with nonsynergistic anions and 
release iron. Based on the experimental observations the following processes are possible: 
 
 
 
 
 
where, K2Fe = [FeCoTf*SnH2][Fe+3]/[FeNCoTf*SnH2], K2H = [FeCoTf*SnH2][H+]2/[ FeCoTf*SnH4], 
and K2S = [FeCoTf*H4][S]n/[ FeCoTf*SnH4]. To conclude which of these steps is rate limiting, the 
data was analyzed with the assumption that one of these rate step could contribute to rate 
limitation and conclude that only by assuming that equation (R9) is rate-limiting could the data 
be fitted successfully (Fig. 8.3). If equation (R9) is rate-limiting, then the equation that illustrates 
the reciprocal relaxation time for step can be expressed as equation (11), 
 
and under current experimental conditions (3.9 ≤  pH ≤ 4.3):   
 
At fixed concentration of S (when S is Cl─ or SO42─), the reciprocal relaxation times associated 
with equation (11) observed in current experiments are linearly dependent on [H+]2 (Figs. 8.3b 
and 8.3c). The slopes determined for each [S] from linear regression to equation (11) provide 
k2N(obs) (Figs. 8.3b and 8.3c), and k2N and K2S are determined from the slopes and intercepts of 
regression line (equation (12)) (Fig. 8.3d and inset of Fig. 8.3d). These cotcome suggest that iron 
release from FeCoTf*SnH2 is controlled by a slow gain of two protons as illustrated by equation 
(R8) to (R10). 

After release of the iron from N-lobe, an intermediate FeCoTf*H4 forms in which iron is 
linked to the C-lobe but without synergistic carbonate anion. Iron release from C-lobe also 
requires a sequence of processes that finally results in apo-ovotransferrin. Iron release from 
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FeCoTf*H4 take place in two kinetically detectable steps (Figs. 8.1a and 8.1c). The faster step 
can be treated as a relaxation process [39-40]. If the data was analyzed with the assumption that 
in this step protein molecule may undergoes an interaction with the nonsynergistic anions and 
then binds a proton at the rate of diffusion [39-40], two mechanisms can be possible. The first 
mechanism involves nonsynergistic anions binding to FeCoTf*H4 followed by protonation 
(equation (R13) and (R14), where S represents a nonsynergistic anion).  

 
 

The second mechanism involves protonation of FeCoTf*H4 followed by nonsynergistic anion 
binding (equation (R15) and (R16)) 
 
 
 

Here, K1H = [FeCoTf*H4][H+]/[FeCoTf*H5], and K1S = [FeCoTf*H5][S]n/[FeCoTf*SnH5]. 
When equation (R16) is considered rate limiting, then the reciprocal relaxation time equation 
associated with equation (R16) can be expressed as equation (17). 

 
Only the rate equations describing the reciprocal relaxation times derived by assuming that 
equation (R16) (with n = 2 for Cl─ and n = 1 for SO42─) is rate limiting resulted in an acceptable 
fit to these kinetics data (Fig. 8.4a).  
 Now the process of iron release starts from the intermediate species, FeCoTf*SnH5. 
Protonation and nonsynergistic anion binding can control the iron release from FeCoTf*SnH5 in a 
similar fashion as does occur for the corresponding species, FeNCoTf*SnH2. The following 
sequence of processes can occur prior to iron release from FeCoTf*SnH5:      
   
 
 
Fitting of the kinetic data to the equations illustrating the reciprocal relaxation times related to 
equations (R18), (R19), and (R20) when each equation is assumed to be rate-limiting conclude 
that only by assuming that equation (R19) is rate-limiting could the data be fitted successfully 
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(Fig. 8.4). If equation (R19) is considered to be rate-limiting, then the equation describing the 
reciprocal relaxation time related to equation (R19) can be expressed as equation (21),  
 
and under current experimental conditions (3.9 ≤  pH ≤ 4.3):   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig. 8.4. Panel (a) presents plot of 3C-1 against [H+][Cl─]2 at 25C for 3.9 ≤ pH ≤ 4.3, with 0.0 M ≤ [Cl─] 
≤ 0.6 M. The linear least-squares fitting of the data in panel (a) (solid line) yields, intercept ~0.0017 
(±0.0001) s-1 and slope ~1.1 (±0.03)  102 M-3s-1. Inset of panel (a) presents plot of 3C-1 against 
[H+][SO42-] at 25 C for 3.9 ≤ pH ≤ 4.3, with 0.0 M ≤ [SO42─] ≤ 0.13 M. The linear least-squares fitting of 
the data in inset of panel (a) (solid line) yields intercept ~ -0.0003 (±0.01) s-1 and slope ~1.5 (±0.02)  103 
M-2s-1. Panel (b) present plots of 4C-1 against [H+]2 at fixed concentration of Cl─ at 25C, 3.9 ≤ pH ≤ 4.3. 
The slopes of the regression lines (equation (21)) at fixed concentration of Cl─ (panel (b)) are plotted as a 
function of [Cl─]2 in panel (d). The linear least-squares fitting of the data in panel (d) (solid line) yields, 
intercept ~1.9 (±0.2)  105 M-2s-1 and slope ~5.3 (±0.2)  106 M-4s-1. Panel (c) present plots of 4C-1 against 
[H+]2 at fixed concentration of SO42─ at 25C, 3.9 ≤ pH ≤ 4.3. The slopes of the regression lines (equation 
(21)) at fixed concentration of SO42─ (panel (c)) are plotted as a function of [SO42─] in inset of panel (d). 
The linear least-squares fitting of the data in inset of panel (d) (solid line) yields, intercept ~1.6 (±0.3)  
105 M-2s-1 and slope ~9.9 (±0.3)  106 M-3s-1.  
  
 At fixed concentration of S (when S is Cl─ or SO42─), the experimental reciprocal 
relaxation times associated with equation (R20) are linear with respect to [H+]2, as shown for Cl─ 
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 NC NCFe oTf* H  Fe oTf*H                                                              (B) 

and SO42─ (Figs. 8.4b and 8.4c). Values for k2C(obs) (equation (21)) were determined for each 
concentration of S from the slopes of the regression lines for fits of the data to equation (R19) at 
fixed concentration of S (Figs. 8.4b and 8.4c), and k2C, and values for K2S were determined from 
the slopes and intercepts of regression lines for fits to equation (22) (Fig. 8.4d and inset). These 
results suggest that iron release from FeCoTf*SnH5 is controlled by slow binding of two protons 
(equations (R18-R20)).    
8.3 Discussion  

The present study provides the analysis of iron release from Fe2oTf under pH conditions 
similar to that found in endosome (3.9≤pH≤4.3). Iron release from Fe2oTf typically follows the 
sequence of reactions summarized in scheme 1. Previous articles described the mechanisms of 
iron release from Fe2sTf (Scheme 2) and Fe2Lf (Scheme 3) under mildly acidic pH conditions 
[32,37]. While the net result of the iron release process of Fe2oTf is very similar to Fe2sTf. 
However, it is notable that one more step (Step 2) in this sequence of reactions are kinetically 
detectable for iron release from Fe2oTf (Scheme 1) than for iron release from Fe2sTf (Scheme 2). 
Furthermore, two monoanions are required for iron release from Fe2oTf while one monoanion is 
required for Fe2sTf. Under similar conditions, as compared to Fe2Lf (Scheme 3), the iron release 
from Fe2oTf and Fe2sTf occurs in two phases, first iron releases from the N-lobe and then from 
the C-lobe. However, Fe2Lf releases iron simultaneously from both the lobes. 
Scheme 1. The mechanism of iron release from Fe2oTf  
Step 1 involves pH-linked proton assisted release of carbonate from Fe2oTf (most rapid,  5 ms) 
 
Step 2, the N-site gains one proton ( 200 ms)  
 
In Step 3, the N-site gains one proton with kinetic linkage to the binding of two monoanions (S) 
and one dianion 
 
 
In Step 4, iron is released from N C n 2Fe oT f*S H  according to equations (E) to (G)  
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In Step 5, the C-lobe gains one proton with kinetic linkage to the binding of two mono anions (S) 
and one dianion 
 
 
 
In Step 6, iron is released from FecoTf*SnH according to equations (J) to (L) 
 
 
 
 
Scheme 2. The mechanism of iron release from Fe2sTf-  
Step 1 involves pH-linked carbonate release from Fe2sTf (most rapid,  5 ms) 
 
In Step 2, the N-site gains one proton with kinetic linkage to the binding of one anion (S) 
 
 
 
In Step 3, iron is released from FeNCsTf*SH according to equations (D) to (F)  
 
 
 
 
In Step 4, the C-lobe gains one proton with kinetic linkage to the binding of one anion 
 
 
In Step 5, iron is released from CFe sT f*SH according to equations (I) to (K) 
 
 
 
 
Scheme 3. The mechanism of iron release from Fe2Lf-   
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Step 1 involves pH-linked carbonate release from Fe2Lf (most rapid,  5 ms) 
 
In Step 2, Fe2Lf gains two protons with kinetic linkage to the binding of two monoanions (S) and 
one dianion 
 
 
 
In Step 3, iron is released from Fe2Lf*SnH2 according to equations (D) to (F) 
 
 
 
 

The loss of synergistic anion carbonate is prerequisite for iron release from Tfs [3,32-33] 
and this fast step cannot be analyzed unambiguously. In acidic media the gain of first proton 
occurs immediately after the release of the synergistic carbonate anion from Fe2oTf [3]. The 
FeNCoTf*H (N-site) then gains one proton (equation (R5)) in a sequential manner followed by 
binding of two monoanions or one dianion (equation (R6)). Previous reports revealed that 
protonation of dilysine residues, Lys209 and Lys301 may trigger the opening of the N-lobe of 
oTf during the iron release [9]. However, the protonation of other unknown sites cannot be 
excluded. While the intensive studies by site-specific mutation analyses have been carried out, 
but the nonsynergistic anion binding sites in Tfs remained largely unclear [7,18,25,29,41]. 
Positively charged (Lys, Arg and His) residues are obvious choices for possible KISAB sites. A 
previous report revealed that two SO42─ binding sites exist in the iron-binding cleft of the N-lobe 
of oTf, one SO42─ binds to His250 (one of the iron binding site) and the other binds to Arg121 
(one of the carbonate binding site) [13]. It is expected that other nonsynergistic anions can also 
accommodate these and other sites in oTf as well. Nonsynergistic anion binding to these sites 
may play a significant role in the iron release from N-lobe of oTf because these sites include the 
protein groups that make functionally essential interactions closely related to the anion-
dependent iron release in which a domain opening and CO32─ release are the prerequisites. The 
role of nonsynergistic anion binding to dilysine residues is not established for oTf as described 
for sTf in which anion interacts with Lys296 [29].  
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Usually, this kind of electrostatic interaction is diffusion controlled. The reciprocal 
relaxations time 1N-1 dependence on anion concentration (equation (7) and Fig. 8.3a) does not 
essentially appear from the anion binding, and probably also controlled by the conformational 
changes that kinetically control the anion binding. After the iron release from N-lobe (equation 
(R8)), protein first gain two protons followed by anion release (equation (R9- R10)). Usually the 
diffusion-controlled proton transfers reactions are very fast and occurs in the range 
of microseconds [39,42]. Here, the conformational change in oTf may also controls the 
proton access to the protein consistent with the dependence of equations (11) and (21) on [H+]2. 
Similar possibility of slow proton transfer has also been suggested for the sTf and Lf [32-33,37]. 
This result shows that at acidic pH, the iron release from the N-lobe of Fe2oTf involves binding 
of two monoanions or one dianion and four protons for the protonation of possible sites, His250 
and Arg121 [13] and other unknown sites in protein. 

After the iron release from N-lobe (equation R8), an intermediate FeCoTf*H4 is produced 
with iron coordinated to only at C-lobe. FeCoTf*H4 first gains one proton (equation (R15)) 
followed by binding of two mono anions or one dianion (equation R16). The possible site of 
protonation is Lys638 and a previous report also revealed that one SO42─ binds to His592 (an 
iron-binding residue) in the C-lobe of oTf [14]. However, nonsynergistic anions binding to other 
unknown sites cannot be ignored. It is possible that nonsynergistic anion binding to His592 may 
play significant role in the iron release from the C-lobe of oTf  because this site include the 
protein groups that make functionally essential interactions closely related to the anion-
dependent iron release. After binding of anions, the intermediate complex first releases iron 
(equation (R18)) and then gains two protons (equation (R19)) and finally releases anion 
(equation (R20)). The anion binding and slow proton transfer probably controlled by the 
conformational change in protein from close to open occurring upon release. Similar hypothesis 
has been proposed for the iron release from sTf and Lf [32,37].      

During the last few decades, several investigators have spurred great interest in 
understanding the role of the pH- and nonsynergistic anion binding-induced conformational 
changes that prompt iron release from the monoferric- and diferric-Tfs [7,9,18,20,25,29,43-57]. 
The necessity of binding of nonsynergistic anions to Tfs for iron release has been proposed by 
several research groups [56-57]. Wishnia et al. have proposed that during the course of iron 
release ~17 Cl─ bind to oTf [58]. EPR spectrum study suggests that nonsynergistic anion binding 
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induces a conformational change in Fe2sTf [59]. Kretchmar et al. have also revealed that 
conformational changes induced by nonsynergistic anion binding to protein are involved in iron 
release from isolated N- and C-lobes of sTf [56]. The nonsynergistic anion-induced promotion in 
iron release from Fe2oTf typically follows an order, SO42─ > NO3─ > Cl─ > Br─ [38] and for 
Fe2sTf typically follows an order, SO42─ > NO3─ > Cl─ > ClO4─ [60]. These observed trends are 
different from the usually described lyotropic series, a ranking of salt ions according to their 
behavior against protein stability [61-62]. However, other report showed that binding of non-
synergistic anions to sTf follows the lyotropic series, SCN─ > ClO4─ > pyrophosphate (ppi) > 
ATP > Cl─ > BF4─ [59]. However, some other reports also revealed that anions effect on the iron 
release from Tfs does not follows the lyotropic series [22,63-65]. A previous report also 
proposed that the anion binding ability to protein is closely related to iron release from the 
isolated N-lobe of sTf [29]. At pH 4.2, SO42─ has a greater effect than the Cl─ on the iron release 
(Fig. 8.2). This is possible because SO42─ binds more avidly to the protein than does Cl─ [29,66]. 
Interestingly, before the iron release from the N and C-lobes, oTf interacts with two monoanions 
or one dianion (i.e., two times), which indicates at least two specific sites of electrostatic 
interaction on each lobe. However, sTf interacts with one monoanion or one dianion before the 
iron release from N and C-lobes (i.e., two times) (Scheme 2) which indicates at least one specific 
sites of electrostatic interaction on each lobe. Lf interacts with two monoanions or one dianion 
before the simultaneous iron release of iron from both the lobes (i.e., one time) (Scheme 3) 
which indicates at least two specific sites of electrostatic interaction on Lf. 

The amino acid sequence of the N and C-lobes of oTf are ~36% identical. The iron 
coordinated residues are conserved in both the lobes i.e., Asp60, Tyr92, Tyr191 and His250 in 
N-lobe and Asp395, Tyr431, Tyr524 and His592 in C-lobe [67]. Besides these similarities, the N 
and C-lobes differ in affinity for iron under acidic pH conditions because first iron releases from 
the N-lobe and then from the C-lobe. The differences in affinity of iron for N and C-lobes may 
be originated due to following reasons: (i) the presence of pH-sensitive dilysine (Lys209-
Lys301) trigger in the N-lobe, which facilitates the iron release from the N-lobe at relatively 
higher pH than the C-lobe because the protonation of the dilysine residues in an acidic medium 
open the inter-domain cleft of the N-lobe [3], (ii) the interdomain disulfide bridge (Cys478-
Cys671), found only in the C-lobe, may restrict domain opening at higher pH and can retard iron 
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release at relatively higher pH, [68], and (iii) differences in the interdomain hydrogen bonding 
pattern in the N and C-lobes [68]. 
 
8.4 Conclusions 

Iron release from Fe2oTf at mildly acidic pH in the presence of nonsynergistic anions 
occurs in at least six kinetically detectable steps. Step 1 involves the proton-assisted loss of the 
synergistic carbonate anion. In subsequent steps, iron release is controlled by slow proton 
transfers and anion binding. In Step 2, the N-lobe gains one proton. In Step 3, the N-lobe gains 
one proton with kinetic linkage to the binding of two monoanions or one dianion. In step 4, iron 
is released from the N-lobe with kinetic linkage to the uptake of two protons accompanied by the 
loss of anions. In Step 5, the C-lobe gains one proton with kinetic linkage to the binding of two 
mono anions or one dianion. In Step 6, iron release from the C-lobe occurs with the gains of two 
protons accompanied by the loss of anions.   

 
8.5 Derivation of Equations  

The substitution method was employed to derive the equations for reciprocal relaxation 
times, equations (28), (40), (44), and (47-51) [32-33,39-40,42,69]. In the current experimental 
conditions, [H+] and [S] » [oTf], so for each kinetic run, their concentrations are considered as 
constant (∆[S] ≈ ∆[H+] ≈ 0).  
 
Derivation of the reciprocal relaxation time when FeNCoTf*H first binds a proton and then 
anions (equation (28))  

FeNCoTf*H first binds a proton (equation (R5)) and then an anion (equation (R6)): 
 
 
 
So, K1H = [FeNCoTf*H] [H+]/[FeNCoTf*H2], and K1S = [FeNCoTf*H2] [S]n/[FeNCoTf*H2Sn]. If the 
reaction in equation (R6) is rate limiting, the reciprocal relaxation time associated with equation 
(R6) can be written as:  

1N 1N
n

NC 2 n NC 2 n NC 2-d [Fe oTf*H S ]/dt = [Fe oTf*H S ]- [S] [Fe oTf*H ]                              (23)k k    

NC NC 2Fe oTf*H H  Fe oTf*H                                                              R5 
1N

1NNC 2 NC 2 nFe oTf*H nS  Fe oTf*H S                                                          R6k
k 

 
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Conservation of mass permits to write:  
NC 2 n NC 2 NC[[Fe oTf*H S ] + [Fe oTf*H ] + [Fe oTf*H] 0                                                 (24)     

If the reaction in equation (R5) is at steady-state, then  
 
 From equations (24) and (25) 
 
 
From equations (23) and (26) 
 

The pKa of carboxylate group of aspartic acid is around 3.9, if this is involved then the 
value of K1H or Ka would be ~126 M [37]. In the pH range of 3.9 ≤ pH ≤ 4.3, the concentration 
of range of [H+] varies between 125 to 501 M so for these conditions, K1H  [H+], this 
assumption allows to write equation (27) as equation (27a) 

 
Equation (27a) can be written as equation (27b)  
 
 
Integration with the correct limits allows to write (27c) [39-40,42,69], 
 
 
with the reciprocal relaxation time (equation (28)) for the reaction  
 
where in equation (27c), the term NC 2 n[Fe oTf*H S ] is the equilibrium concentration change. 
  
Derivation of the reciprocal relaxation times when the intermediate FeNCoTf*SnH2 releases an 
iron (equations (40), (44), and (47)) 

1N 1N
n +

NC 2 n NC 2 n NC 2 n 1H-d [Fe oTf*H S ]/dt = [Fe oTf*H S ]+ [S] [H ] [Fe oTf*H S ]/([H ]+ ])          (27)
  k k K

1H
+

NC 2 NC[Fe oTf*H ]  [H ] [Fe oTf*H]/                                                                  (25)K  

1H

+
NC 2 nNC 2 +

-[H ] [Fe oTf*H S ][Fe oTf*H ]                                                                (26)([H ] + )
  K

1N 1N
n

NC 2 n NC 2 n 1H-d [Fe oTf*H S ]/ [Fe oTf*H S ] = ( + [S] [H ]/ ])dt                                     (27b)
  k k K

 1
1N 1N 1N 1H     { [H ] [S] / }                                                                       (28)  k k K

NC 2 n NC 2 n 1N[Fe oTf*H S ] = [Fe oTf*H S ] exp(-t/ )                                                            (27c)   

1N 1N
n

NC 2 n NC 2 n NC 2 n 1H-d [Fe oTf*H S ]/dt = [Fe oTf*H S ]+ [S] [H ] [Fe oTf*H S ]/                        (27a)
  k k K
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Step 3 (Scheme 1) illustrates the release of iron from the FeNCoTf*SnH2 intermediate 
complex. Thus every possible mechanism by which FeNCoTf*SnH2 can protonate, bind 
nonsynergistic anions and lose iron should be considered. 
 
 
 
 
 
For the equilibria described by equations (R8-R10), K2Fe= [FeCoTf*SnH2][Fe]/[FeNCTf*SnH2], 
K2H = [FeCoTf*SnH2][H+]2/[FeCoTf*SnH4], and K2S = [FeCoTf*H4][S]n/[FeCoTf*SnH4]. By 
assuming each of the reaction (equation (R8-R10)) is rate limiting then the equations related to 
their individual reciprocal relaxation times could be given by equations (29-31), respectively, 
 
  
 
 
 
 
Conservation of mass allows to write: 
 
 
By assuming the reactions represented by equations (R8-R10) are, one at a time, at steady state, 
then one can write the equations (34-36), respectively: 
 
 
 
 
 
 
From equations (29), (32), and (33) 
 
  2 N 2 N

NC n 2
NC n 2 C n 2 C n 2

                                      -d [Fe oTf*S H ]/dt 
 [Fe oTf*S H ]- [Fe oTf*S H ]([Fe]+[Fe oTf*S H ])                             (37)


  k' k'

NC n 2 C n 2 C n 4 C 4[Fe oTf*S H ] + [Fe oTf*S H ]+ [Fe oTf*S H ] + [Fe oTf*H ]= 0                                  (32)   
3+

NC n 2 C n 4 C 4[Fe oTf*S H ] + [Fe ]+ [Fe oTf*S H ] + [Fe oTf*H ]= 0                                              (33)   

2 N

2 NNC n 2 C n 2Fe oTf*S H  Fe oTf*S H + Fe                                                  R8k'
k'



2 N

2NC n 2 C n 4Fe oTf*S H 2H Fe oTf*S H                                                         R9k
k

 

2 N

2 N

"
C n 4 C 4"Fe oTf*S H  Fe oTf*H  +nS                                                         R10k

k 


2 N 2 N

NC n 2
NC n 2 C n 2 C n 2

                                            -d [Fe oTf*S H ]/dt 
 [Fe oTf*S H ]- ([Fe] [Fe oTf*S H ] +[Fe oTf*S H ] [Fe])                       (29)


   k' k'

2N 2N
2

C C n 4 C n 2-d [Fe oTf*]/dt  [Fe oTf*S H ]- [H ] [Fe oTf*S H ]                                    (30)k k
   

n
C 4 2N C 4 2N C n 4-d [Fe oTf*H ]/dt  " [S] [Fe oTf*H ]- " [Fe oTf*S H ]                                       (31)k k   

3 3
NC n 2 C n 2 2Fe C n 2 2Fe[Fe oTf*S H ]  ([Fe oTf*S H ] [Fe ]/ ) + ([Fe ] [Fe oTf*S H ]/ )              (34)    K K

+ 2
C n 4 C n 2 2H                                                                                                                     [Fe oTf*S H ]  [H ] [Fe oTf*S H ]/ (35)   K

n
C n 4 C 4 2S[Fe oTf*S H ]  [S] [Fe Tf*H ]/                                                                            (36)K  
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From equations (32), (35), and (36) 
 

From equations (37) and (38) 
 
 

 
Equation (39) can be represented in a simplified way as equation (39a) 
 
 
 
Integration with the correct limits allows to write (39) [39-40,42,69],  
 

with the reciprocal relaxation time (equation (40)) for the reaction 
 

 
where in equation (39b), the term NC n 2 [Fe oT f*S H ] is the equilibrium concentration change. 
From equations (32), (33), and (34) 

From equations (32), (36), and (41) 

 
 
From equations (30), (36), and (42) 
 

 
In the pH range of 3.9-4.3, the affinity of oTf for iron decreased [38]. Under these conditions 
K2Fe  [Fe+3] and  C n 2Fe Tf * S Ho and equation (43) can be written as equation (43a) 

2 N
2 N

n
2H C n 2

NC n 2 NC n 2 n 2 n 2
2H 2S

[S] ([Fe]+[Fe oTf*S H ])-d [Fe oTf*S H ]/ [Fe oTf*S H ]  { }dt   (39a)[S] [H ] [S] [H ]


      
k' Kk' K K

2 N 2 N
n 2 n

C 4 2S C 4 2S C 4-d [Fe oTf*H ]/dt  ([S] / ) [Fe oTf*H ] [H ] (1 [S] / ) [Fe oTf*H ]            (43a)k K k K
     

n
2H NC n 2C n 2 n 2 n 2

2H 2S

- [S] [Fe oTf*S H ][Fe oTf*S H ]                                                            (38)( [S] [H ] [S] [H ] )   
   

K
K K

2 N
2 N

NC n 2
2H NC n 2 C n 2

NC n 2 n 2 n 2
2H 2S

                                                -d [Fe oTf*S H ]/dt 
[S] [Fe oTf*S H ])([Fe]+[Fe oTf*S H ]) [Fe oTf*S H ]+                      (39)[S] [H ] [S] [H ]


 


   

k' Kk' K K

n1 1 2N 2H2N 2N n + 2 n 2
2H 2S

' [S]' ' +                                                                        (40)[S] [H ] [S] [H ]
    

c k Kk K  K

3
NC n 2 C n 2 2Fe C n 2 2Fe[Fe oTf*S H ]  [Fe oTf*S H ]{([Fe ]/ ) +([Fe oTf*S H ]/ )}                         (41)   K K

n
2Fe 2S C 4C n 2 3

2Fe C n 2

- (1 [S] / ) [Fe oTf*H ][Fe oTf*S H ]                                                          (42)[Fe ] [Fe oTf*S H ]
K K

K 
    

2 N
2 N

2 n
2Fe 2S C 4n

C 4 2S C 4 3
2Fe C n 2

[H ] (1 [S] / ) [Fe oTf*H ]-d [Fe oTf*H ]/dt  ([S] / ) [Fe oTf*H ]   (43)[Fe ] [Fe oTf*S H ]
K k Kk K K



      

1
NC n 2 NC n 2 2N[Fe oTf*S H ] = [Fe oTf*S H ] exp(-t/ ' )                                                              (39b)      
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Equation (43a) can be represented in a simplified way as equation (43b) 

 
Integration with the correct limits allows to write (43c) [39-40,42,69] 

  
with the reciprocal relaxation time (equation (44)) for the reaction 

 
 

where in the equation (43c), the term C[F e o T f* ] is the equilibrium concentration change, and 
in equation (44), n

2N(obs) 2N 2 N 2S    + [S] /  k k k K  
From equation (32), (35), and (41), 
 

 
From equations (31) and (45) 

 
 
Equation (46) can be simplified as equation (46a) 
 

 
Integration with the correct limits allows to write (46b) [39-40,42,69], 
 
 
with the reciprocal relaxation time (equation (47)) for the reaction 
 

 
where in equation (46b), the term C 4[F e o T f* H ] is equilibrium concentration change. The 
experimental reciprocal relaxation times associated with step 3 (Scheme 1) are independent of 

2 N 2 N
n 2 n

C 4 C 4 2S 2S-d [Fe oTf*H ]/ [Fe oTf*H ]  ( ([S] / ) [H ] (1 [S] / ))dt                        (43b)k K k K
    

1 n 2
2N 2N 2S 2N(obs)  ([S] / ) [H ]                                                                                (44)  k K  + k

2
C 4C n 4 2 1 3

2H 2H 2Fe C n 2

-[H ] [Fe oTf*H ] [Fe oTf*S H ]                                      (45)[H ] ([Fe ] [Fe oTf*S H ])K +K K


  
   

2 N

2n 2N C 4C 4 C 4 2 1 3
2H 2H 2Fe C n 2

( " [H ] [Fe oTf*H ])-d [Fe oTf*H ]/dt  [S] [Fe oTf*H ]     (46)[H ] ([Fe ] [Fe oTf*S H ])
kk'' K +K K


  

     

2 N

2n 2NC 4 C 4 2 1 3
2H 2H 2Fe C n 2

" [H ] )-d [Fe oTf*H ]/ [Fe oTf*H ] { [S]  + }dt (46a)[H ] ([Fe ] [Fe oTf*S H ])
kk'' K +K K


      

+ 21 n 2N2N 2N 2
2H 1 2H 2Fe

" [H ]"  " [S]                                                                (47)[H ] /
     

kk K c K K

C 4 C 4 2N[Fe oTf*H ] = [Fe oTf*H ] exp(-t/ )                                                                              (43c)      

C 4 C 4 2N[Fe oTf*H ] = [Fe oTf*H ] exp(-t/ " )                                                                    (46b)       
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the protein concentration used which discards equation 40. Moreover, equation 42 will not be 
valid unless K2H >> [H+]2. Only equation (44) is followed by current experimental data.  
 
Derivation of the reciprocal relaxation time when FeCoTf*H4 binds one proton and then 
anions 

Equation (48): FeCoTf*H4 first binds a proton and then binds anions, 
 

 
so K1H = [FeCoTf*H4][H+]/[FeCoTf*H5], and K1S = [FeCoTf*H5][S]n/[FeCoTf*SnH5]. The 
reciprocal relaxation time associated with equation (R16) can be written as equation (48) when it 
is assumed to be rate-limiting,   
 

Here, equation (48) is derived using the similar procedure used to derive equation (28) when 
FeNCoTf* first binds a proton (equation (R5)) and then binds anions (equation (R6)). 
 
Derivation of the reciprocal relaxation time when the intermediate FeCoTf*SnH5 releases an 
iron (equations (49-51))  

Step 5 (Scheme 1) illustrates release of iron from the FeCoTf*SnH5 intermediate. By 
considering every possible mechanisms by which the intermediate FeCoTf*SnH5 can protonate, 
bind nonsynergistic anion and release iron, the following equations can be written  
 
 
 
 
The equilibrium constants for above reactions are K2Fe = [oTf*SnH5][Fe]/[FeCoTf*SnH5], K2H = 
[oTf*SnH5][H+]2/[oTf*SnH7], and K2S = [oTf*H7][S]n/[oTf*SnH7]. By assuming each of the 
reaction (equation (R18-R20)) is rate limiting then the equations related to their individual 
reciprocal relaxation times could be given by equations (49-51). 
 

2C

2CC n 5 n 5Fe oTf*S H   oTf*S H + Fe                                                                R18k'
k'


2C

2Cn 5 n 7oTf*S H 2H  oTf*S H                                                                  R19k
k

 

2C

2C

"
n 7 7"oTf*S H  oTf*H + nS                                                                     R20k

k 


 1 n
3C 1C 1C 1H    {  [H ] [S] / }                                                                              (48)  k k K

n1 2 2C 2H2C 2C n + 2 n 2
2H 2S

' [S]' ' +                                                              (49)( [S] [H ] [S] ) [H ] )
    

c k Kk K  K

1C

1CC 5 C n 5Fe oTf*H nS  Fe oTf*S H                                                            R16k
k

 

C 4 C 5Fe oTf*H  H  Fe oTf*H                                                                    R15 
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where, n

2C(obs) 2C 2 C 2S   + [S] /  k k k K  

 
 
Equations (49-51) are derived using the similar procedure used to derive equations (40), (44), 
and (47), respectively, when the intermediate FeNCoTf*SnH2 loses an iron according to equations 
(R8) to (R10). 
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9.0 Appendix 
 
Chapter 5 
 
Table 5.1. Sugar (glycerol, ribose, glucose, maltose, sucrose and trehalose) dependence of 
thermodynamic parameters for thermal denaturation of Lyz at pH 2.3 as monitored by 
absorbance at 292 nm. 

sugar concentration (M) Tm (K) Hm (kcal mol-1) Control 0.0 329.3 77.9 
glycerol 0.5 329.8 83.2 
 0.75 330.4 84.4 
 1.0 330.9 90.1 
 1.5 332.0 90.1 
 2.0 333.0 93.5 
Ribose 0.25 330.1 81.9 
 0.5 330.6 84.8 
 0.75 331.6 85.4 
 1.0 332.0 95.9 
Glucose 0.25 330.8 77.6 
 0.5 331.6 85.1 
 0.75 332.7 89.0 
 1.0 335.4 95.4 
 1.25 336.2 99.3 
 1.5 338.1 101.3 
Maltose 0.25 331.0 83.6 
 0.75 334.9 93.0 
 1.0 336.6 97.1 
 1.25 339.1 99.0 
Sucrose 0.25 331.1 85.0 
 0.5 332.7 90.3 
 0.75 335.0 98.0 
trehalose 0.25 331.3 85.0 
 0.5 332.9 93.0 
 0.75 335.0 95.3 
 1.0 337.8 104.4 
 1.25 340.4 107.5 
The uncertainties of Tm and Hm reported here are ±0.5 °C, and ±5.0 kcal mol-1, respectively.   
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Table 5.2. Sugar (glycerol, and trehalose) dependence of thermodynamic parameters for thermal 
denaturation of Lyz at pH 13 as monitored by CD signal at 222 nm. 

sugar concentration (M) Tm (K) Hm (kcal mol-1) Control 0.0 322.2 77.6 
glycerol 2.5 325.6 100.1 
 5.0 330.2 80.3 
trehalose 0.5 330.6 107.4 
 1.0 337.9 118.5 
The uncertainties of Tm and Hm and reported here are ±0.5 °C, and ±5.0 kcal mol-1, 
respectively.  
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Table 5.3. GdnHCl dependence of the thermodynamic parameters for thermal unfolding of Lyz 
(absorbance at 292 nm) in the absence and presence of 0.75 M sugar (glycerol, ribose, glucose, 
maltose, sucrose and trehalose) at pH 2.3. 

sugar  GdnHCl  (M) Tm (K) Hm (kcal mol-1) 
Control 0.0 329.3 77.9 
 0.15 326.7 74.8 
 0.25 325.7 72.8 
 0.5 323.4 69.4 
 0.75 323.2 67.8 
 1.0 320.1 65.0 
 1.5 316.4 58.6 
 2.0 312.8 52.2 
glycerol 0.0 330.4 84.4 
 0.25 327.2 77.5 
 0.5 326.4 73.5 
 1.0 321.8 68.1 
 1.25 319.9 65.1 
 1.5 317.9 62.8 
 2.0 314.1 57.1 
Ribose 0.0 331.6 85.4 
 0.25 329.0 80.3 
 0.5 326.8 75.8 
 1.0 323.3 71.9 
 1.5 319.6 67.1 
 2.0 316.5 62.4 
Glucose 0.0 332.7 89.0 
 0.1 332.3 80.8 
 0.25 331.1 81.0 
 0.5 328.4 77.4 
 0.75 325.0 70.4 
 1.0 324.7 71.1 
 1.5 321.2 63.3 
 2.0 317.3 61.2 
Maltose 0.0 334.9 93.0 
 0.1 333.4 86.5 
 0.25 331.3 82.5 
 0.5 329.3 79.4 
 1.0 325.8 74.3 
 1.5 321.2 62.0 
 2.0 318.0 62.7 
Sucrose 0.0 335.0 98.0 
 0.25 332.6 86.6 
 0.5 330.0 75.0 
 1.0 326.0 73.7 
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 1.5 322.6 57.9 
 2.0 318.9 53.2 
trehalose 0.0 335.0 95.3 
 0.25 332.4 90.9 
 0.5 330.0 85.6 
 1.0 327.6 73.1 
 1.5 323.3 67.2 
 2.0 320.2 64.6 
The uncertainties of Tm and Hm reported here are ±0.5 °C, and ±5.0 kcal mol-1, respectively. 
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Table 5.4. Urea dependence of the thermodynamic parameters for thermal unfolding of Lyz 
(absorbance at 292 nm) in the absence and presence of 0.75 M sugars (glycerol, glucose, 
maltose, and trehalose) at pH 2.3. 

sugar  urea (M) Tm (K) Hm (kcal mol-1) 
Control 0.0 329.3 77.9 
 0.5 326.2 72.3 
 1.0 323.0 68.7 
 1.5 320.9 64.3 
 2.0 318.2 62.4 
 2.5 316.2 59.4 
 3.0 314.0 55.9 
 4.0 309.0 50.2 
glycerol 0.0 330.4 84.4 
 0.5 328.0 75.9 
 1.0 324.8 70.9 
 2.0 320.4 65.8 
 3.0 316.3 62.9 
 4.0 313.1 58.5 
Glucose 0.0 332.7 89.0 
 0.5 329.8 85.0 
 1.0 327.2 81.5 
 1.5 325.2 77.0 
 2.0 322.8 75.5 
 2.5 321.0 68.3 
 3.0 319.3 62.5 
 4.0 316.4 60.4 
Maltose 0.0 332.7 89.0 
 0.0 334.9 93.0 
 0.5 331.3 89.6 
 1.5 326.7 81.1 
 1.0 328.8 82.8 
 2.0 324.2 76.8 
 2.5 322.4 75.5 
 3.0 320.9 70.6 
 4.0 317.7 63.0 
trehalose 0.0 335.0 95.3 
 1.0 330.3 85.3 
 1.5 327.3 83.0 
 2.0 325.9 78.3 
 3.0 322.7 70.1 
 4.0 320.3 63.1 
The uncertainties of Tm and Hm reported here are ±0.5 °C, and ±5.0 kcal mol-1, respectively. 
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Table 5.5. Dependence of the ΔGD and Cm values for urea denaturation of Lyz on sugar 
(glycerol, ribose, glucose, maltose, sucrose and trehalose) at pH 2.3 as monitored by 
fluorescence (ex: 280 nm, em: 360 nm) at pH 2.3.  

sugar  concentration (M) ΔGD (kcal mol-1) mg (kcal mol-1 M-1) Cm (M) Control 0.0 3.33 1.13 2.94 
Glycerol 0.75 3.66 0.96 3.81 
 1.12 4.01 1.00 4.01 
 1.5 4.24 0.96 4.41 
Ribose 0.75 4.07 0.99 4.11 
 1.12 4.57 0.99 4.61 
 1.5 4.82 0.99 4.86 
Glucose 0.75 4.39 1.00 4.39 
 1.12 4.90 0.99 4.94 
 1.5 5.25 0.96 5.46 
Maltose 0.75 4.63 0.91 5.08 
 1.12 5.40 1.00 5.4 
 1.5 6.22 1.00 6.22 
Sucrose 0.75 5.10 0.95 5.36 
 1.12 5.70 1.01 5.64 
 1.5 6.80 1.03 6.6 
trehalose 0.75 5.23 0.96 5.44 
 1.12 6.00 0.98 6.12 
 1.5 7.80 1.10 7.09 
The uncertainties of mg and GD values reported here are  0.2 kcal mol-1 M-1 and 0.2 kcal mol-
1, respectively. The uncertainty of Cm values reported here is 0.2 M. 
  

  
 

Table 5.6. Dependence of the ΔGD and Cm values for GdnHCl denaturation of Lyz on sugar 
(glycerol and trehalose) at pH 13 as monitored by as monitored by fluorescence (ex: 280 nm, em: 
360 nm) at pH 13. 

sugar concentration (M) ΔGD (kcal mol-1) mg (kcal mol-1 M-1) Cm (M) control 0.0 2.94 1.36 2.16 
trehalose 0.5 3.20 1.18 2.71 

 1.0 3.40 1.15 2.95 
 1.5 3.76 1.03 3.65 

glycerol 1.25 3.20 1.39 2.30 
 2.5 3.34 1.29 2.58 
 5.0 3.66 1.33 2.75 

The uncertainties of mg and GD values reported here are 0.1 kcal mol-1 M-1 and 0.1 kcal mol-
1, respectively. The uncertainty of Cm values reported here is 0.1 M. 
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Table 5.7. Dependence of the ΔGD and Cm values of Lyz on GdnHCl in the absence and 
presence of 0.75 M sugar (glycerol, ribose, glucose, maltose, sucrose and trehalose) at pH 2.3 as 
monitored by fluorescence (ex: 280 nm, em: 360 nm).  

sugar GdnHCl  (M) ΔGD  (kcal mol-1) mg (kcal mol-1 M-1) Cm (M) 
Control 0.0 3.33 1.13 2.94 
 0.5 2.79 1.11 2.51 
 1.0 2.27 1.09 2.08 
 1.5 1.80 0.97 1.85 
glycerol 0.0 3.66 0.96 3.81 
 0.5 3.18 0.91 3.49 
 1.0 2.89 0.90 3.21 
 1.5 2.60 0.86 3.02 
Ribose 0.0 4.07 0.99 4.11 
 0.5 3.27 0.89 3.67 
 1.0 3.15 0.92 3.42 
 1.5 2.84 0.90 3.15 
Glucose 0.0 4.39 1.00 4.39 
 0.5 3.76 0.96 3.91 
 1.0 3.24 0.90 3.60 
 1.5 3.10 0.95 3.26 
Maltose 0.0 4.63 0.91 5.08 
 0.5 4.37 0.96 4.55 
 1.0 3.91 0.93 4.20 
 1.5 3.73 0.99 3.76 
Sucrose 0.0 5.10 0.95 5.36 
 0.5 4.71 1.02 4.60 
 1.0 4.30 0.99 4.34 
 1.5 3.94 0.98 4.02 
trehalose  0.0 5.23 0.96 5.44 
 0.5 5.01 1.03 4.86 
 1.0 4.38 0.99 4.42 
 1.5 4.39 1.02 4.30 
The uncertainties of mg and GD values reported here are 0.2 kcal mol-1 M-1 and 0.2 kcal mol-
1, respectively. The uncertainty of Cm values reported here is 0.2 M. 
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Chapter 6 
 

Table 6.1. Effects of salts and sucrose on the kobs (rate constant) for urea-denaturation induced 
iron release kinetics of the FeNoTf complex at pH ~7.4 and pH ~5.6.* 
                             pH ~7.4                            pH ~5.6 

                                        kobs(sec-1)   kobs(sec-1) 
Control 3.810-3 Control 0.58 

[NaCl] (M)  [NaCl] (M)  
0.05 4.810-3 0.05 0.63 
0.15 6.310-3 0.15 0.77 
0.25 6.210-3 0.25 0.93 
0.4 6.110-3 0.5 1.28 

0.75 5.810-3 0.75 1.31 
1.0 5.610-3 1.0 1.30 
1.5 4.410-3   

[Na2SO4] (M)  [Na2SO4] (M)  
0.025 5.110-3 0.025 0.75 
0.05 5.110-3 0.05 0.88 
0.1 6.210-3 0.1 1.28 

0.15 5.110-3 0.25 1.46 
0.25 5.010-3 0.5 1.44 
0.35 3.410-3 - - 
0.5 2.010-3 - - 

[Sucrose] (M)  [Sucrose] (M)  
0.25 3.410-3 0.25 0.53 
0.35 3.310-3 0.35 0.56 
0.5 3.010-3 0.5 0.59 

*The standard error of kobs is ±5% observed by independent set of experiment. 
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Table 6.2. Effects of salts on the kobs (rate constant) for Fe2+ release kinetics of FeNoTf complex 
at pH ~7.4 and pH ~5.6.* 
                             pH ~7.4                                pH ~5.6 

                                         kobs(sec-1)                                                        kobs(sec-1) 
Control 1.110-2 Control 0.09 

[NaNO3] (M)  [NaNO3] (M)  
0.04 1.210-2 0.1 0.13 
0.1 1.410-2 0.2 0.15 

0.25 1.210-2 0.5 0.16 
0.5 1.110-2 0.6 0.16 

0.75 9.310-3   
0.95 7.510-3   

[Na2SO4] (M)  [Na2SO4] (M)  
0.04 1.1710-2 0.02 0.11 
0.07 1.3110-2 0.045 0.13 
0.1 1.0510-2 0.050 0.14 
0.2 7.810-3 0.12 0.16 
0.4 6.010-3 0.4 0.17 
0.5 4.510-3 0.5 0.17 

*The standard error of kobs is ±5% observed by independent set of experiment. 
 
 
Chapter 7 

 
 

Table 7.1. Crowding agent dependence of Cm, ∆GD, and mg derived for urea-denaturation 
induced iron release from Fe2sTf at pH 7.4 and pH 5.7 as monitored by absorbance at 465 nm.* 

 pH 7.4    pH 5.7 
 ∆GD mg Cm  ∆GD mg Cm 

Control 6.2 1.20 5.2  4.1 1.13 3.6 
dextran 40 100 mg ml-1  6.6 1.10 6.0  4.5 1.08 4.2 
dextran 40 200 mg ml-1 7.8 1.22 6.4  5.6 1.24 4.5 
dextran 70 100 mg ml-1  7.4 1.19 6.2  4.8 1.11 4.3 
dextran 70 200 mg ml-1 8.1 1.18 6.9  5.9 1.14 5.2 
ficoll 70 100 mg ml-1  6.7 1.22 5.5  4.2 1.10 3.8 
ficoll 70 200 mg ml-1 7.2 1.23 5.9  4.6 1.06 4.3 
*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1. The uncertainty of Cm, ∆GD, 
and mg values reported here is 0.1 M, 0.2 kcal mol-1, and 0.05 kcal mol-1 M-1. 
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Table 7.2. Effect of crowding agent on the salt dependence of Cm, ∆GD, and mg derived for urea-
induced iron release from Fe2sTf at pH 7.4 and pH 5.7 as monitored by absorbance at 465 nm.* 

 pH 7.4    pH 5.7 
 ∆GD mg Cm  ∆GD mg Cm 

Control 6.2 1.20 5.2  4.1 1.13 3.6 
dextran 40 200 mg ml-1 7.8 1.22 6.4  5.6 1.24 4.5 
0.3 M NaCl 5.8 1.25 4.6  3.4 1.06 3.2 
0.6 M NaCl 5.1 1.15 4.4  3.3 1.23 2.7 
1.2 M NaCl 4.9 1.11 4.4  3.2 1.23 2.6 
0.3 M NaCl + dextran 40 200 mg ml-1 7.6 1.28 5.9  5.4 1.24 4.4 
0.6 M NaCl + dextran 40 200 mg ml-1 7.3 1.28 5.7  4.9 1.16 4.2 
1.2 M NaCl + dextran 40 200 mg ml-1 6.6 1.20 5.5  4.5 1.09 4.1 
*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1. The uncertainty of Cm, ∆GD, 
and mg values reported here is 0.1 M, 0.2 kcal mol-1, and 0.05 kcal mol-1 M-1. 
 

 
 
 
 
 

Table 7.3. Effect of crowding agent on the Cm, ∆GD, and mg derived for urea-induced unfolding  
of Fe2sTf at pH 7.4 and pH 5.5 as monitored by monitored by CD at 222.* 

 pH 7.4    pH 5.5 
 ∆GD mg Cm  ∆GD mg Cm 

Control 7.8 0.98 8.0  4.6 1.10 4.2 
dextran 40 100 mg ml-1  8.4 1.03 8.2  5.1 1.06 4.8 
dextran 40 200 mg ml-1 9.0 1.06 8.5  5.5 1.05 5.2 
dextran 40 300 mg ml-1 9.7 1.10 8.8  6.0 0.99 6.1 
dextran 70 100 mg ml-1  8.7 1.06 8.2  5.3 1.01 5.2 
dextran 70 200 mg ml-1 9.7 1.10 8.8  5.7 0.98 5.8 
dextran 70 300 mg ml-1 10.3 1.11 9.3  6.3 0.95 6.6 
ficoll 70 100 mg ml-1  8.1 1.00 8.1  5.1 1.11 4.6 
ficoll 70 200 mg ml-1 8.5 1.03 8.3  5.5 1.07 5.1 
ficoll 70 300 mg ml-1 9.1 1.06 8.6  5.7 1.05 5.4 
*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1. The uncertainty of Cm, ∆GD, 
and mg values reported here is 0.1 M, 0.2 kcal mol-1, and 0.05 kcal mol-1 M-1. 
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Table 7.5. Effects of crowding agents on the kobs (rate constant) for Fe2+ release kinetics of 
FeNsTf complex at pH 7.4 and pH 5.5 (25 C ).* 
                             pH 7.4                                pH 5.5 

                                         kobs(sec-1)                                                        kobs(sec-1) 
Control 3.910-3 Control 0.088 

[ficoll 70] (mg ml-1)  [ficoll 70] (mg ml-1)  
50 3.210-3 50 0.083 

100 2.510-3 100 0.074 
150 2.110-3 150 0.067 
200 1.810-3 200 0.055 
250 1.810-3 250 0.047 

  300 0.033 
[dextran 40] (mg ml-1)  [dextran 40] (mg ml-1)   

50 3.210-3 50 0.079 
100 2.410-3 100 0.066 
150 1.810-3 150 0.059 
200 1.610-3 200 0.036 
250 1.610-3 250 0.015 

[dextran 70] (mg ml-1)  [dextran 70] (mg ml-1)  
100 2.310-3 50 0.072 
150 1.910-3 100 0.061 
200 1.510-3 150 0.046 
250 1.210-3 200 0.029 

*The standard error of kobs is ±7% observed by independent set of experiment. 
 

Table 7.4. Effect of crowding agents on salt dependence of Cm, ∆GD, and mg derived for urea-
induced unfolding  of Fe2sTf at pH 7.4 and pH 5.5 as monitored by monitored by CD at 222.* 

 pH 7.4    pH 5.5 
 ∆GD mg Cm  ∆GD mg Cm 

Control 7.8 0.98 8.0  4.6 1.10 4.2 
dextran 40 200 mg ml-1 9.0 1.06 8.5  5.5 1.05 5.2 
0.3 M NaCl 7.2 0.97 7.4  4.5 1.21 3.7 
0.6 M NaCl 6.7 0.98 6.8  3.7 1.20 3.1 
1.2 M NaCl 6.7 0.97 6.9  3.6 1.35 2.7 
0.3 M NaCl + dextran 40 200 mg ml-1 8.6 1.05 8.2  5.3 1.10 4.8 
0.6 M NaCl + dextran 40 200 mg ml-1 8.2 1.03 8.0  5.1 1.14 4.5 
1.2 M NaCl + dextran 40 200 mg ml-1 8.1 1.00 8.1  5.0 1.17 4.3 
*Cm, ∆GD, and mg are reported as M, kcal mol-1, and kcal mol-1 M-1. The uncertainty of Cm, ∆GD, 
and mg values reported here is 0.1 M, 0.2 kcal mol-1, and 0.05 kcal mol-1 M-1. 
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Table 7.6. Effects of crowding agents on the kobs for Fe3+ release kinetics of FeNsTf at pH 7.4 
and pH 5.5, (37 C).* 
                             pH 7.4                                pH 5.5 

                                         kobs(sec-1)                                                        kobs(sec-1) 
Control 3.410-4 Control 2.010-3 

[ficoll 70] (mg ml-1)  [ficoll 70] (mg ml-1)  
50 2.810-4 50 1.710-3 

100 2.310-4 100 1.710-3 
150 1.910-4 150 1.510-3 
200 1.610-4 200 1.410-3 

[dextran 40] (mg ml-1)  [dextran 40] (mg ml-1)  
50 2.510-4 50 1.810-3 

100 2.110-4 100 1.510-3 
150 1.610-4 150 1.310-3 
200 1.510-4 200 9.810-4 

[dextran 70] (mg ml-1)  [dextran 70] (mg ml-1)  
50 2.410-4 50 1.510-3 

100 2.010-4 100 1.010-3 
150 1.510-4 150 9.210-4 
200 1.310-4 200 8.210-4 

*The standard error of kobs is ±7% observed by independent set of experiment. 
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Table 7.7. Effects of crowding agent on the salt dependence of kobs (rate constant) for Fe2+ 
release kinetics of FeNsTf complex at pH 7.4 and pH 5.5 (25 C).* 
                             pH 7.4                                pH 5.5 

                                         kobs(sec-1)                                                        kobs(sec-1) 
Control 3.910-3 Control 0.088 

[dextran 40] (mg ml-1)  [dextran 40] (mg ml-1)   
200 1.610-3 200 0.036 

[NaCl] (M)  [NaCl] (M)  
0.075 4.810-3 0.15 0.127 
0.15 4.910-3 0.25 0.143 
0.25 5.310-3 0.35 0.144 
0.35 5.510-3 0.5 0.148 
0.5 5.510-3 0.75 0.163 

0.75 5.310-3 1.0 0.170 
1.0 5.310-3   

200 mg ml-1 dextran 
40 + [NaCl] (M) 

 200 mg ml-1 dextran 
40 + [NaCl] (M) 

 
0.075 1.810-3 0.075 0.038 
0.15 1.910-3 0.15 0.040 
0.25 2.010-3 0.25 0.042 
0.35 2.210-3 0.35 0.043 
0.5 2.410-3 0.5 0.050 

0.75 2.510-3 0.75 0.054 
1.0 2.610-3 1.0 0.057 

*The standard error of kobs is ±7% observed by independent set of experiment. 
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Table 7.8. Effects of crowding agent on the salt dependence of kobs (rate constant) for Fe3+ 
release kinetics of FeNsTf at pH 7.4 and pH 5.5 (37 C).* 
                             pH 7.4                                pH 5.5 

                                         kobs(sec-1)                                                        kobs(sec-1) 
Control 3.410-4 Control 2.010-3 

[dextran 40] (mg ml-1)  [dextran 40] (mg ml-1)  
200 1.510-4 200 9.810-4 

[NaCl] (M)  [NaCl] (M)  
0.2 4.310-4 0.05 2.210-3 
0.6 4.610-4 0.1 2.410-3 
0.9 5.110-4 0.15 2.510-3 
1.2 5.210-4 0.2 2.710-3 

  0.3 3.410-3 
  0.45 3.510-3 
  0.6 4.410-3 
  0.9 4.510-3 
  1.2 4.610-3 
  1.5 4.710-3 

200 mg ml-1 dextran 40 
+ [NaCl] (M) 

 200 mg ml-1 dextran 40 
+ [NaCl] (M) 

 
0.2 1.810-4 0.05 1.110-3 
0.6 1.910-4 0.15 1.210-3 
0.9 2.010-4 0.3 1.210-3 
1.2 2.110-4 0.6 1.410-3 

  0.9 1.510-3 
  1.2 1.410-3 

*The standard error of kobs is ±7% observed by independent set of experiment. 
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The effect of denaturants on the structural fluctuation of M80-containing Ω-loop of ferrocytochrome c was
determined by measuring the rate coefficient of CO-association with ferrocytochrome c under varying
concentrations of urea and alkylureas (methylurea (MU), N,N'-dimethylurea (DMU), ethylurea (EU),
tetramethylurea (TMU)) at pH 7.0, 25 °C. As denaturant concentration is increased within the subdenaturing
limit, the CO-association reaction is decelerated indicating that subdenaturing concentrations of denaturant
reduce the structural fluctuation of the Ω-loop. Structural fluctuation of the Ω-loop is reduced more for urea
and least for TMU. Intermolecular docking between horse cytochrome c and denaturant molecule (urea, MU,
DMU, EU and TMU) reveals that polyfunctional interactions between the denaturant and different groups of
Ω-loop and other part of protein decrease with an increase of alkyl group on urea molecule, which suggests
that the decrease in the extent of restricted dynamics of Ω-loop with a corresponding increase of alkyl groups
on urea molecule is due to the decrease of denaturant-mediated cross-linking interactions. These denaturant-
mediated interactions are expected to reduce the conformational entropy of protein. Analysis of rate-
temperature data shows a progressive decrease in conformational entropy of protein in the native to
subdenaturing region. Thermodynamic analysis of denaturant (urea, MU, DMU, EU, TMU) effects on the thermal
unfolding of ferrocytochrome c reveals that (i) thermodynamic stability of protein decreases with increasing
concentration of denaturant or hydrophobicity of urea derivatives, (ii) water activity plays an important role
in stabilization of ferrocytochrome c, and (iii) destabilization of ferrocytochrome c by denaturant occurs through
the disturbance of hydrophobic interactions and hydrogen-bonding.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The various solvent additives, such as guanidine hydrochloride
(GdnHCl) [1,2], urea [1–4], and alcohols [5,6] are commonly known to
denature the proteins. However, the mechanisms by which these dena-
turants unfold proteins in aqueous solution are poorly understood.
GdnHCl and urea can denature proteins through directly binding to
peptide groups [1,7–9] or indirectly by altering the solvent environment
[10–12]. Calorimetric studies with cyclic dipeptides in urea reveal that
both mechanisms can contribute significantly in the denaturant-
induced unfolding of proteins [13]. Alcohols are known to stabilize
helical secondary structure [5,14] but destabilize tertiary structure of
folded proteins [15]. Few earlier studies have shown that alkylureas
similarly to alcohols induce a formation ofα-helical secondary structure
in β-lactoglobulin A [16] and α-chymotrypsinogen A [17]. Poklar et al.
investigated the effect of alkylureas on the thermodynamic stability
of β-lactoglobulin A [18,19], α-chymotrypsinogen A [20,21], and
ribonuclease A [22,23]. They reported two important results: (i) the
thermodynamic stability of these proteins decrease with increasing

hydrophobicity of urea derivatives [18–23], and (ii) depending on the
hydrophobicity and concentration of alkylureas, they also destabilize
the tertiary structure and can cause rearrangement and distortion of
secondary structure of proteins [18–23].

The interrelationships between protein function, stability, and
dynamics play significant roles in protein engineering and biological
process. In last few years, XRD-technique [24,25] and NMR spectrosco-
py [25,26] have been vastly used to correlate structure, conformational
changes, function, and stability of proteins. Despite a commendable
progress has beenmade in understanding the physics of protein folding,
the investigations of protein dynamics are still in its infancy [27]. In
particular, internal dynamics that include small amplitude collective
motions [28], large amplitude cooperative breathing modes [29], and
structural fluctuations at the subglobal level [30] are poorly understood.

The stability and dynamics of proteins in solution are strongly
coupled to the dynamics of solvent [27,31–34]. In terms of time
scale, protein undergoes structural fluctuations from ultrafast
(in the femtoseconds to picoseconds range) to relatively slow
(in the range of seconds) [35–39]. Structural fluctuations which
occur on the ultrafast time scale eventually facilitate larger scale protein
rearrangements that are responsible for modulating the biological
functions of proteins [31,40,41]. Although, the fast protein motions
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Abstract The contribution of electrostatic interactions to

the stability of ovotransferrin-Fe3? (oTf-Fe3?) complex

has been assessed by equilibrium experiments that measure

iron retention level of diferric-ovotransferrin (Fe2oTf) as a

function of pH and urea in the presence of salts (NaCl,

Na2SO4, NaBr, NaNO3) and sucrose at 25 �C. As [salt] is

increased, the pH-midpoint for iron release increases mo-

noexponentially and plateau at *0.4(±0.05) M NaCl/

NaBr/NaNO3 or *0.15(±0.03) M Na2SO4. However, at

pH 7.4, the urea-midpoints for iron release (based on

fluorescence emission at 340 nm) and for unfolding of

Fe2oTf and apo-ovotransferrin (based on ellipticity values

at 222 and 282 nm) decrease at low salt concentrations

[B0.1(±0.02) M Na2SO4 or B0.35(±0.15) M NaCl], but

increase at higher salt concentrations. Furthermore, Na2-

SO4 has a greater effect than NaCl in increasing the urea-

midpoints for iron release and unfolding. These results

indicate that at low salt concentrations, the electrostatic

effects destabilize the oTf-Fe3? complex and also decrease

the structural stability of the proteins. In contrast, at higher

concentrations, salt ions behave according to Hofmeister

series. At pH 5.6, as [salt] is increased, the rate constants

for reductive iron release (Fe2? release) and urea dena-

turation-induced iron release (Fe3? release) from the

N-lobe of oTf (FeNoTf) increase monoexponentially and

plateau at *0.4(±0.1) M NaNO3/NaCl or *0.2(±0.05) M

Na2SO4. These results suggest that the anion-binding-

induced conformational change as well as the electrostatic

screening of surface Coulombic interactions plays impor-

tant role in accelerating the iron release from FeNoTf under

endosomal pH conditions.

Keywords Iron release � Electrostatic interactions �
Anion-binding � Conformational change � Structural

stability

Introduction

The stability of proteins is generally governed by nonco-

valent interactions such as hydrophobic [1, 2], electrostatic

[3–7], and hydrogen bonding [8, 9]. However, the relative

contributions of these interactions to protein stability are

not fully resolved. In particular, the role of ionic interac-

tions in protein stability is relatively more complex [10].

Buffer conditions such as pH and salt can have dramatic

effect on the stability and biological functions of proteins.

For example, the low pH triggers a large conformational

change in transferrins (Tfs), which is a critical step for iron

release in endosome [11–25]. In general, pH modulates the

protein stability by altering the charges on ionizable groups

in the proteins through protonation or deprotonation [26].

Salt ions also modulate the stability of proteins [27, 28]. At

low concentrations, salt ions affect the stability of proteins

by altering the electrostatic (Debye-Hückel) screening of

Coulombic interactions [9, 29, 30]. At relatively higher

concentrations, salt ions follow the Hofmeister effect,

which eventually depends on the nature of added ions and

modulates the stability of proteins by increasing the surface
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