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Abstract

About 10 to 40% of cytoplasm volume is generally occupied by macromolecules viz. proteins,
carbohydrates, nucleic acids etc. The highly crowded conditions found in cytoplasm can affect
the thermodynamic and Kkinetic properties of proteins. Chapter 3 investigated the role of
macromolecular crowding on stability, folding, and internal dynamics of native cytochrome c
(Cyt ¢) and myoglobin (Mb). Carbonmonoxycytochrome ¢ (Cyt-CO) refolds to a native-like
compact state (NCO-state), where the non-native Fe2+-CO interaction persists. Slow thermal-
dissociation of CO transforms the NCO-state to native-state (N-state), where the native Fe2+-
M80 bond recovers. To determine the role of macromolecular crowding on the internal dynamics
of NCO and carbonmonoxymyoglobin (MbCO), the kinetic and thermodynamic parameters for
CO—dissociation from NCO (NCO—N+CO) and CO-replacement from MbCO by
hexacyanoferrate ion were measured at varying concentrations of crowding agents (dextran 70,
dextran 40, ficoll 70) and viscogens (glycerol, sucrose, and glucose). As [crowding agent] is
increased, the rate coefficients of CO—dissociation for NCO (Kgiss) and CO-replacement for
MbCO (kof) decrease exponentially. The values of log kqiss and log ks are found to be decreased
more for dextran 70 than that of the ficoll 70, suggesting that the shape of crowding agent plays
an important role in controlling the internal dynamics of NCO and MbCO. log Kgiss and 1og Ko
are also found to be decreased more for dextran 70 than that of dextran 40. Dextran 70 has the
larger size than that of the dextran 40, so the greater decrease of log kgiss and log K for dextran
70 suggests that the size of crowding agent also plays a significant role in controlling the internal
dynamics of NCO and MbCO. A general approach for investigating the importance of protein
dynamics in a chemical reaction is to determine the role of solvent viscosity on reaction rate. log
Kgiss 1S found to be decreased with increasing solvent composition (glycerol, sucrose, and
glucose) and viscosity, indicating that the solvent viscosity controls the internal dynamics of
NCO. At a given particular concentration, dextran 70 has always higher viscosity than dextran 40
so the greater decrease of log kgiss for dextran 70 than that of the dextran 40 suggests that the
viscosity of crowding agent also plays a vital role in controlling the internal dynamics of NCO
and MbCO. The thermal or denaturant unfolding transitions measured for Ferrocyt ¢ by different
optical probes (CD, fluorescence and absorbance) and common optical probes with multiple
wavelengths are within error nearly super imposable and cooperative. The observation of

indistinct thermal or denaturant unfolding transition curves for Ferrocyt ¢ do not reveal the




accumulation of any equilibrium structural intermediate to a detectable level, which suggests that
the thermal and denaturant-induced unfolding of Ferrocyt ¢ occur in two-state manner. Two-state
thermodynamic analysis of chemical (GdnHCI or urea) and thermal unfolding transitions of
native Ferrocyt ¢ (N-state) and Mb carried out in the absence and presence of 200 mg/ml dextran
40, dextran 70 and ficoll 70 reveals that the smaller size crowder (dextran 40) has a greater
impact on the thermodynamic stability of native Ferrocyt c.

The free amino acids and their derivatives are the naturally occurring osmolytes. The free
amino acids in cytoplasm can influence the functional properties of protein. Chapter 5
investigated the role of amino acids on stability, folding, and internal dynamics of native
cytochrome ¢ (Cyt c¢) and myoglobin (Mb). To determine the role of amino acids on the internal
dynamics of native-like compact state (NCO) and carbonmonoxymyoglobin (MbCO), the kinetic
and thermodynamic parameters for CO-dissociation from NCO (NCO—N+CO) and CO-
replacement from MbCO by hexacyanoferrate ion were measured at varying concentrations of L-
amino acids (alanine, arginine, glycine, proline, serine, and threonine) at pH 7.0. As [amino
acids] is increased, the CO—dissociation reaction of NCO and CO-replacement reaction of
MbCO are decelerated, indicating that the amino acids presence in the reaction medium reduce
the structural fluctuations responsible for CO dissociation from NCO and CO replacement from
MbCO. The amino acid—mediated reduction in structural fluctuations of NCO and MbCO
typically follow the order: arginine> serine> proline> glycine> alanine >threonine. Two-state
thermodynamic analysis of chemical (GdnHCI or urea) and thermal unfolding transitions of
native Ferrocyt ¢ (N-state) and Mb carried out in the presence of various concentrations of amino
acids (alanine, arginine, glycine, proline, serine, and threonine) reveals that alanine, glycine,
proline, serine, and threonine presence in reaction medium increase the thermodynamic stability
of Ferrocyt ¢ and Mb but in the presence of arginine decreases the thermodynamic stability of
these proteins. The amino acid-mediated increase in thermodynamic stability for Ferrocyt ¢ and
Mb typically follow the order: serine> glycine> alanine >threonine>proline. The decrease in
thermodynamic stability of Ferrocyt ¢ and Mb in the presence of arginine is presumably because
of the presence of guanidium group (Gdn®) in the arginine.

While the effects of denaturants (urea and GdnHCI) on the internal dynamics of native
Cyt ¢ and Mb have been extensively investigated, but the effect of crowding agents and amino

acids on the internal dynamics of natively folded carbonmonoxycytochrome ¢ (NCO) in the




presence of varying concentration denaturants, across the folding-unfolding transition are not
explored so far. Chapter 4 and Chapter 6 investigated the effect of crowding agents and amino
acids, respectively, on the denaturant-dependent internal dynamics of NCO and thermodynamic
stability of native Cyt ¢ and Mb at pH 7.0.

Analysis of kinetic and thermodynamic parameters measured for CO-dissociation
reaction of NCO at different concentrations of GdnHCI or urea in the absence and presence of
fixed concentrations of crowding agents (dextran 40, dextran 70 and ficoll 70) and L-amino acids
(alanine, arginine, glycine, proline, serine, and threonine) at pH 7.0 provides three important
information: (i) in subdenaturing region, crowding agents or L-amino acids presence in reaction
medium exhibits an additive effect on the denaturant-mediated reduction in structural
fluctuations responsible for CO dissociation, which typically follow the order for amino acids as
. (arginine> serine> proline> glycine> alanine >threonine) and crowding agents as: (dextran 70>
dextran 40> Ficoll 70), (ii) in denaturing region, the crowding agents or amino acids presence in
reaction medium counteract the structural fluctuations responsible for unfolding the protein, and
(iii) the structural fluctuation that unfolds the protein are found to be more opposed by the larger
sized and anisotropic geometry shaped crowding agents (dextran 70> dextran 40> Ficoll 70) and
larger sized and lesser hydrophobic amino acids (arginine> serine> proline> glycine> alanine
>threonine). Two-state thermodynamic analysis of thermal and urea unfolding curves of Cyt ¢
and Mb measured at different concentrations of GdnHCI in the absence and presence of fixed
concentrations of crowding agents (dextran 40, dextran 70 and ficoll 70) and L-amino acids
(alanine, arginine, glycine, proline, serine, and threonine) at pH 7.0 provides three important
information: (i) crowding agents presence in reaction medium counteracts the deleterious effect
of denaturants on stability of proteins and they typically follow the order (dextran 40> dextran
70> ficoll 70), (ii) alanine, glycine, proline, serine and threonine counteract the deleterious effect
of denaturants on stability of proteins and they typically follow the order: serine>
glycine>alanine>threonine>proline, and (iii) at lower concentrations of GdnHCI, L-arginine
show an additive effect on the deleterious effect of denaturant on stability of proteins while at
higher concentrations of GdnHClI, it counteract the deleterious effect of denaturants.

The folding of protein, an important process for protein to fulfill normal functions, takes
place in crowded physiological environments. Chapter 7 characterized the structural, kinetic and

thermodynamic properties of the macromolecular crowding-induced molten globule states of the




alkali pH-denatured proteins. Near-UV CD, far-UV CD, tryptophan fluorescence and 1-anilino-
8-napthalene sulfonate (ANS) binding experiments of base-denatured Cyt ¢, apoMb and Lyz
carried out in the absence and presence of different concentrations of crowding agents (dextran
70 and ficoll 70) indicate that the crowders-induced fully populated conformations are molecular
compact states containing native-like secondary structural contents but disordered tertiary
interactions. Thermodynamic analysis of the far UV-CD (222 nm) monitored thermal
denaturation curves of base-denatured Cyt ¢, apoMb and Lyz measured in the absence and
presence of 300 mg ml™ of crowding agents (dextran 70 and ficoll 70) suggests that the crowding
agent presence in the reaction medium increase the thermal stability of the base-denatured
proteins. Kinetic and thermodynamic experiments involving the measurement of the CO-
association to the base—denatured Ferrocyt ¢ (pH 12.9 (£0.1)) in the absence and presence of
different concentrations of crowding agents (dextran 70 and ficoll 70) indicate that the presence
crowding agents in the reaction medium constrains the internal dynamics of base—denatured
Ferrocyt c.

While the effects of salt and alcohol on the structural and thermodynamic properties of
native and acid pH-denatured proteins are extensively studied, the effects of these additives on
structural, kinetics and thermodynamic properties of base-denatured proteins are not explored so
far. Chapter 8 characterized the structural, kinetic and thermodynamic properties of the cations
(NaCl, KCI and CsCl) and TFE (2,2,2—trifluoroethanol)-induced molten globule states of the
alkali pH-denatured proteins. Near-UV CD, far-UV CD, tryptophan fluorescence and 1-anilino-
8-napthalene sulfonate (ANS) binding experiments of base-denatured Cyt ¢, apoMb and Lyz
carried out in the absence and presence of different concentrations of NaCl, KCI, CsCl and TFE
revealed that the cations (chloride salt of Na*, K™ and Cs") and TFE-induced fully populated
conformations are molecular compact states containing native-like secondary structural contents
but disordered tertiary interactions. Thermodynamic analysis of the far UV-CD (222 nm)
monitored thermal denaturation curves of base-denatured Cyt ¢, apoMb and Lyz measured in the
absence and presence of 1.0 M NaCl, KCI and CsCI suggests that the cations (chloride salt of
Na®, K* and Cs") presence in the reaction medium increase the thermal stability of the base-
denatured proteins. Kinetic and thermodynamic experiments involving the measurement of the
CO-association to the base—denatured Ferrocyt ¢ (pH 12.9 (£0.1)) in the absence and presence of
different concentrations of TFE and salt (NaCl, KCI and CsCl) indicate that the TFE and cations




(Na*, K* and Cs") presence in the reaction medium constrain the internal dynamics of
base—denatured Ferrocyt C.

Transferrins (Tfs; serum transferrin (sTf), ovotransferrin (0Tf), and lactoferrin (Lf))
play the major roles in the iron metabolism of vertebrates, and some invertebrates. The iron
coordination is distorted octahedral with four ligands provided by amino acid residues (two
residue of tyrosine, one aspartic acid, and one histidine) and the remaining coordinates is shared
by a synergistic anion. Carbonate is the main synergistic anion in-vivo but when carbonate is
absent, other small organic molecules such as oxalate, malonate, glycine etc can function as
synergistic anion. Chapter 9 investigated the effects of substitution of oxalate anion for carbonate
anion on the stability and iron release dynamics of oTf and sTf. Analysis of the pH-, urea- and
thermal-denaturations profiles of iron release (based on absorbance (465 nm)) for oxalate anion
bound diferric-sTf/oTf (Fe,sTf/Fe,0Tf) reveals that the carbonate bound Fe,Tfs binds Fe®" less
tightly than the oxalate bound Fe,Tfs. Thermodynamic analysis of the near- UV CD (282nm) or
far-UV CD (222 nm) monitored thermal and urea-induced unfolding curves for these two
different synergistic anions bound Fe,sTf and Fe,oTf reveals that the carbonate bound Fe,sTfs
has relatively lesser structural stability than oxalate bound Fe,sTfs. Differential scanning
calorimetric study of these two synergistic anions bound Fe,sTf reveals that the carbonate bound
Fe,sTfs has relatively less thermal stability than oxalate bound Fe,sTfs. Kinetic and
thermodynamic parameters involving measurement of the reductive iron release (Fe®" release)
and urea-denaturation induced iron release (Fe** release) reactions for carbonate and oxalate
bound monoferric N-lobe of sTf and oTf (FexsTf and FenoTf) at pH 7.4 and 5.6 reveal that the
substitution of carbonate by oxalate retards the iron release from FenTfs with a increase in

enthalpic barrier.

Keywords: Structural fluctuations, constrained dynamics, macromolecular crowding agents,
viscosity, non-specific attractive interactions, excluded volume effect, entropy-enthalpy plots,
amino acids, molten globules, synergistic anions, Fe,Tfs, FeyTfs, enthalpic stabilization,
differential scanning calorimetry, reductive iron release, urea-induced iron release.




Chapter 1

Introduction

Proteins are the major functional biomacromolecules of life. Proteins execute a wide variety of
biological functions, depending upon their chemical and physical structures. Protein folding is the
physical process by which a protein adopts its functional conformation. Although a notable
evolution has been made in the area of protein folding [1-28] but the basic question how proteins
fold in vivo and in vitro remains mysterious. The manner how a newly synthesized polypeptide
chain adopts the native folded structure mainly depends on two factors, (i) the intrinsic properties
of the linear amino acid sequence, and (ii) the contributing influences from the surrounding
environment [29]. Traditionally 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 [30]. These intermediates are populated during the course of folding pathway; they
can correspond both to “on-pathway” or “off-pathway” intermediate depending on, if they can
achieve the native structure or remain trapped in energy minimum [31]. The conformers or
intermediates having substantial secondary structure, distorted tertiary structure and increased
solvent-exposed hydrophobic surface area relative to the native state are termed as “molten
globule” (MG-state) state [32-35]. MG-state involves in cell signaling, protein folding and other
biological processes [36]. MG-state also plays crucial roles in human diseases related to protein
aggregation or via some other mechanism [37].

Cellular environments are very much crowded because of the presence of large amounts
of soluble and insoluble biomolecules (i.e., carbohydrates, proteins, nucleic acids, ribosomes, free
amino acids, etc) [38-41]. The usual spacing between macromolecules in such crowded
environment can be much smaller than the size of the macromolecules themselves [42].
Furthermore, the volume occupied by solutes is unavailable to other molecules because two
molecules cannot be in the same place at the same time. As a result, any reactions that depend on
available volume can be affected by macromolecular crowding effects [43-44]. The
thermodynamic consequences of the unavailable volume are called excluded volume effects [44-

45]. The basic properties of crowding agents for protein biophysical studies are: (i) must be water
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soluble, (ii) can not affect the pH and ionic strength of reaction medium, (iii) must be inert (i.e.,
not interact with the proteins) [46-47]. Dextran and ficoll are the sugar-based polymers, existing
in solution, as random array of rods shape or anisotropic geometry and sphere shape, respectively
[48-49]. These synthetic crowding agents typically stabilize the proteins, but the mechanism by
which these crowding agents stabilize the proteins is still a matter of debate. The earlier studies
showed that high concentrations of crowding agents affect the conformational stability and
structural properties of proteins [42, 49-58]. Beyond the excluded volume effect, the size, shape,
concentration and viscosity of crowding agents also found to alter the biophysical property of
proteins [50, 59]. The macromolecular crowding effect also found to influence the various
biological functions, such as protein folding, binding of small molecules, enzymatic activity,
protein-protein interactions, pathological protein aggregation, and extent of amyloid formation
[42, 60-63]. The effects of crowding agents on the structural and thermodynamic properties of
native and pH-denatured proteins are extensively studied [49,64-70], but the effects of crowding
agents and their monomers on the dynamic properties of native-like compact proteins are not
explored so far. In particular, the role of crowding agents and their monomers on the internal
dynamics of native-like compact proteins remain unexplored. It is also the matter of discussion
whether crowding agents stabilize the proteins enthalpically or entropically. This thesis work
investigated the role of macromolecular crowding effect on the structural, Kinetic and
thermodynamic properties of native and pH-denatured Cytochrome c (cyt c) and myoglobin (Mb).
By the processes of protein degradation, the free amino acids are accumulated in cytoplasm.
Under very harsh or stress conditions (heat stress, salt stress, water stress or cold stress, etc.),
almost all plants and micro-organisms accumulate various low molecular-mass organic
compounds normally amino acids and their derivatives, commonly termed as protecting
osmolytes [71]. Earlier studies revealed that these types of osmolytes typically stabilize the
proteins against heat stress [71-72]. Some other previous studies revealed that the amino acids
enhance the protein stability, prevents aggregation in solution and in the dried state without
affecting the biological function of protein [73-90]. This thesis work investigated the effect of
various L-amino acids (alanine, arginine, glycine, proline, serine and threonine) on structural,

kinetic and thermodynamic properties of Cyt ¢ and Mb.




pH and salt ions can modulate the structure, stability and biological functions of proteins
[91-95]. Few previous studies suggested that the salt ions modulate the stability of the native and
partially denatured states of proteins [95-114]. To understand the thermodynamic properties of
biological systems, it is essential to know the effects of salts ions on protein stability. Increasing
evidences indicate that at lower salt concentrations, the salt ions modulate the stability of proteins
by varying the electrostatic (Debye-Huckel) screening of Coulombic interactions [90-91,104]
while at higher salt concentrations, the Hofmeister effect influences the stability of proteins
through increasing the surface tension of solvent that eventually modulates the hydrophobic
interactions [102-103,115-117].

At extreme acidic or basic pH conditions, proteins can denature because of charges
repulsions. The ions-induced conformational changes of acid and base-denatured proteins were
extensively studied [100-101, 106-107]. Anions and cations were found to transform the acid- and
base-denatured states respectively to molten globule (MG) states, presumably by a charge
screening mechanism [108-113]. MG state is important for the functioning of proteins in living
cells, and involves in various processes at cellular level (i.e., the interactions of the proteins with
chaperones and membranes). Increasing evidences indicate that low concentrations of guanidine
hydrochloride (GdnHCI) can transform the pH-denatured proteins to MG-states [109-110,118-
121]. Monohydric alcohols (methanol, ethanol, 2-propanol, 3°-butanol and 2,2,2 trifluoroethanol
(TFE)) are chaotropic co-solvents that typically disrupt the tertiary structure of proteins, [122-
123], but enhance secondary structural elements such as helical structure [124-126]. Several
previous reports indicated that the monohydric alcohols also induce partially folded states in
several proteins [127-131]. The alcohol-induced partially folded states are biologically significant
since they are similar to partially denatured states formed near the membrane surfaces where the
pH and dielectric constant are low [132-135]. To investigate the role of cations and alcohol on
structural, kinetic and thermodynamic properties of base-denatured proteins, this thesis work
evaluated the effect of salt of common anion (NaCl, KCI and CsCl) and fluorinated alcohol (TFE)
on the structural, kinetic and thermodynamic properties of base-denatured horse heart
Ferricytochrome ¢ (Ferricyt c), horse heart apomyoglobin (apoMb) and hen egg white lysozyme
(Lyz) at pH 12.9 (£0.1).




Cytcisa (MW ~12.4 kD, 104 amino acids) hemeprotein and a mobile electron carrier of
the respiratory chain that, in response to specific signals, can separate from the inner
mitochondrial membrane and activate apoptosis in cytoplasm [136]. The biological activity of Cyt
c as a mitochondrial electron transport shuttle critically depends on maintaining the native
HIS/MET heme coordination, and binding of alternative ligands is strongly disfavored under
physiological conditions [137]. Cyt c is exists in inter-convertible oxidized (Ferricyt ¢) and
reduced (Ferrocyt c) forms. Due to its smaller size and heme iron, Cyt c is a paradigmatic in
experimental protein folding studies [26-28]. Myoglobin (Mb), an extremely compact heme
protein (MW ~17.8 kD, 153 amino acids), found primarily in cardiac and red skeletal muscles,
functions in the storage of oxygen and facilitates the transport of oxygen to the mitochondria for
oxidative phosphorylation [138]. Mb physiologically exhibits in three pertinent forms viz;
deoxymyoglobin, oxymyoglobin, and metmyoglobin (Ferrimyoglobin). These three forms of Mb
are very similar except at the sixth coordination position [139-140]. Lyz is a glycoside hydrolases
enzyme which also known as N-acetylmuramide glycanhydrolase. Lyz (MW ~14.3 kD, 129
amino acids) hydrolyzes the glycosidic bond of peptidoglycans (found in the cell walls of
bacteria, especially Gram-positive bacteria) that connects N-acetylmuramic acid with the fourth
carbon atom of N-acetylglucosamine. Lyz has been extensively studied to assess the role of
specific residues in determining the mode of substrate binding, the mechanism of catalysis and the
folding behavior of the proteins [141-142].

Fig.1. A ribbon model for (a) horse heart cytochrome ¢ (PDB: 1HRC [143]), (b) horse myoglobin (PDB: 3YMB
[144]) and (c) hen egg white lysozyme (PDB: 2LYZ [145]).
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Further, for functional studies (i.e., iron binding and releasing studies), this thesis work also used
some metalloproteins, including serum transferrin (sTf) and egg white ovotransferrin (oTf). sTf is
the protein in blood plasma that transports iron from the gut and liver to target cells to meet their
metabolic needs. oTf act as bacteriostatic agent because it is able to bind iron so tightly that it is
unavailable for bacterial growth. Ferritin and sTf manage essential stores of iron in our body.
Inside cells, extra iron is locked safely in the protein shell of ferritin [146-147]. sTf (MW~81 kD,
760 amino acids) and oTf (MW~76 kD, 700 amino acids) are folded into two globular lobes, the
N-lobe and the C-lobe, interconnected with a short peptide chain [148-152]. The iron binding sites
are similar in both lobes and each lobe binds one Fe** tightly [148-150]. The iron coordination is
distorted octahedral with four ligands provided by amino acid residues (two tyrosines, one
aspartic acid, and one histidine) and the remaining coordinates are shared by a synergistic anion
[148-150]. A defining feature of Tfs is that they do not bind Fe** at the specific binding site in the

absence of synergistic anion [153-156].
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Fig.2. (a) A ribbon model for hen egg white ovotransferrin (PDB: 10VT [157]) and (b) shows the synergistic anion
carbonate or its substitute binding to transferrin.

The naturally occurring synergistic anion is carbonate but small organic molecules with
adjacent electrophilic groups (oxalate, malonate, glycine, etc) can function as synergistic anion
[154-156]. Some earlier reports revealed that the high plasma oxalate levels and iron deficiency
anemia in children with autism spectrum disorders might be mediated via oxalate bound sTf [158-
159]. The effect of non-synergistic anions (e.g., SO4*, CI-, NO*", CIO*, etc.) on stability and iron

release kinetics of monoferric (FenTfs or FecTfs) and diferric Tfs (Fe,Tfs) are extensively studied
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[160-181], but the effects of synergistic anions on the stability and iron release kinetics of FenTfs
or FecTfs and Fe,Tfs are less explored [154-155]. Some earlier studies revealed that the
substitution of carbonate by oxalate influences the stability and kinetics of iron release from
FensTf and Fe,sTf [154-155, 182-185]. However, the effects of substitution of oxalate for

carbonate on the structural and thermal stability of Fe,sTf/ Fe,oTf (Tfs) as well as on the

thermodynamics parameters (activation enthalpy (AH?*), activation entropy (AS*), etc.)
associated for iron release from FensTf/ FenoTf (FenTfs) are not explored so far. To understand
better the manner in which substitution of oxalate for carbonate influences the structural stability
of Tfs fold and stability of iron binding to Tfs, these properties for carbonate and oxalate bound
Fe,sTfs are studied by calorimetric and spectroscopic methods. To gain insight into the
synergistic anion-binding linkage to protein and active site stability to the dynamics of iron
release, the kinetics and thermodynamic parameters for iron release from the carbonate and
oxalate bound FenTfs have been studied at pH 7.4 and 5.6. My general approach is to apply a
variety of spectroscopic, Kinetic, thermodynamic and structural strategies to characterize the
manner in which the protein environment influences the chemical and physical properties of the

iron center.
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Chapter 2

Materials and Methods

2.1 Materials

Horse heart cytochrome ¢ (Cyt c) (type VI), horse heart myoglobin (Mb), bovine apo-transferrin
(T0178), egg white apo-transferrin (C0755), crowding agents (dextran 40, dextran 70 and ficoll
70), viscogens (glycerol, sucrose, and glucose) various salts (NaClO4, NaCl, KCI and CsCl),
2,2,2-triflouroethanol (TFE), sodium oxalate, sodium carbonate, bathophenanthroline sulfonate
(BPS), nitrilotriacetic acid (NTA), ferric chloride (FeCl3.6H,0), salts of buffer (sodium
phosphate,  Tris-base, 4-(2-Hydroxyethyl)-1-piperazineethanesulfonate = (HEPES), 2-(N-
mopholino) ethanesulfonate (MES) and 3-[Cyclohexylamino]-1-propanesulfonic acid (CAPS)),
sodium dithionite and 1-anilino-8-napthalene sulfonate (ANS) were purchased from Sigma. Hen
egg white lysozyme (Lyz) was purchased from calbiochem. L-amino acids (alanine, arginine,
glycine, proline, serine and threonine) were purchased from Himedia. Chemical denaturants
(guanidine hydrochloride (GdnHCI) and urea) were purchased from USB (USA). All other
chemicals were of analytical grade. The desired pH of the samples solutions were adjusted by
using the concentrated HCI and NaOH solutions. The concentrations of GdnHCI and urea stock
solutions were determined by refractive index measurements by using an Abbe’s and Thermo
scientific Refractometer [1]. The kinetics and thermodynamic data were analyzed by using Sigma

Plot (v. 9) and origin software (MicroCal Inc.).

2.2 Methods

2.2.1. Measurement of CO dissociation kinetics of natively folded CO-liganded Ferrocyt ¢
under various concentrations of crowding agents, viscogens, amino acids and denaturants
Unfolded Ferricytochrome ¢ (Ferricyt ¢) was prepared in 6.5 M GdnHCI. Unfolded
Ferricyt ¢ was deaerated by passing dry N, gas and reduced by ~3.0 mM of sodium dithionite
solution. The stock solution of sodium dithionite was prepared in a sleeved rubber stoppers glass
tube by dissolving 120 mg of solid sodium dithionite in 1.0 mL of deaerated phosphate buffer, pH
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7.0 under dry N, atmosphere. Unfolded Ferrocytochrome c (Ferrocyt ¢) (U) thus obtained was
liganded with CO by passing the dry CO gas through the protein solution under dry N
atmosphere. To determine the effect of crowding agents, amino acids, viscogens and denaturants
on the internal dynamics of Ferrocyt c, the CO-liganded unfolded Ferrocyt ¢ (UCO) was diluted
101-fold into a degassed and dithionite-reduced CO-free refolding buffer containing a desired
concentration of crowding agent (dextran 40, dextran 70 and ficoll 70), amino acid (alanine,
arginine, glycine, proline, serine and threonine), viscogens (glucose, glycerol and sucrose) and
denaturant (GdnHCI or urea) at pH 7.0. This method allows complete refolding of UCO to
generate a natively folded CO-liganded Ferrocyt c, called NCO. The fast UCO — NCO process,
measurable by stopped-flow, precedes the slow NCO — N+CO dissociation. Kinetics of CO-
dissociation was monitored by 550-nm heme absorbance at pH 7, 25°C in a Shimadzu UV-visible
spectrophotometer (UV-2450). Fast kinetics were measured by a Shimadzu 2450
spectrophotometer coupled with Applied Photophysics RX 2000 rapid Kinetics system stopped
flow mixing accessory. Final concentrations of protein and sodium dithionite were 6 uM and 3
mM respectively. The kinetic data were analyzed by nonlinear least-squares fit to a single-

exponential rate expression.

2.2.2. Measurement of CO-dissociation kinetics of NCO at different concentrations of
denaturants in the absence and presence of fixed concentrations of crowding agents and amino
acids

Unfolded Ferrocyt ¢ was prepared as mentioned in section 2.2.1.To determine the effect of
crowding agents and amino acids on the denaturant-dependent internal dynamics of Ferrocyt c,
the CO-liganded unfolded Ferrocyt ¢ (UCO) was diluted 101-fold into a degassed and dithionite-
reduced CO-free refolding buffer containing different concentrations of denaturants (urea and
GdnHCI) at fixed concentrations of crowding agent (dextran 40, dextran 70 and ficoll 70), amino
acid (alanine, arginine, glycine, proline, serine and threonine)) at pH 7. This method transforms
UCO-state to NCO-state within millisecond time, measurable by stopped-flow. The slow NCO —
N+CO dissociation kinetics was monitored by 550-nm heme absorbance at pH 7, 25°C. Fast
kinetics were measured by a Shimadzu 2450 spectrophotometer coupled with Applied

Photophysics RX 2000 rapid kinetics system stopped flow mixing accessory.
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2.2.3. Measurement of kinetics of CO association with Ferrocyt ¢ under various concentrations
of crowding agents, salt and alcohol

CO-association kinetics with Ferrocyt ¢ (Ferrocyt ¢ + CO — Ferrocyt ¢-CO) was carried
out under anaerobic conditions by using previously described methods [2-3]. Ferricyt ¢ was
dissolved in 50 mM phosphate buffer at pH 7.0 and reduced with sodium dithionite under dry N,
atmosphere. About ~30 ul of the reduced protein solution was added to 2 ml of deaerated CO
saturated (~1.0 mM) desired pH buffer containing sodium dithionite and varying concentrations
of desired additives (crowding agents (dextran 70 and ficoll 70), salts (NaCl, KCI and CsCl),
2,2,2-triflouroethanol (TFE) at pH 7.0 and pH 12.9 (x0.1). The CO-association kinetics for
Ferrocyt ¢ was recorded on Shimadzu (UV- 2450) spectrophotometer by monitoring the decrease
in absorbance at 550 nm, 25°C. The final concentrations of protein and sodium dithionite in CO
association kinetic experiments were ~10-12 uM and ~3.0 mM, respectively.

2.2.4. Measurement of CO-replacement kinetics of carbonmonoxymyoglobin (MbCQO) under
various concentrations of crowding agents and amino acids

The CO replacement reaction of MbCO complex by using hexacyanoferrate ion (MbCO
+ CN™ — MbCN + CO) was carried out in different concentrations of crowding agents (dextran
40, dextran 70 and ficoll 70) and amino acids (alanine, arginine, glycine, proline, serine and
threonine). Briefly, Mb (~1 mM) was initially dissolved in phosphate buffer at pH 7.0. It was then
deaerated and reduced by the addition of sodium dithionite (final concentration ~0.5 mM). The
reduced Mb was then liganded with CO under dry nitrogen atmosphere by passing a slow stream
of dry CO gas. About 25 pL of this CO-liganded protein was added into 2.0 mL solution of
potassium hexacyanoferrate containing a desired concentration of the crowding agents (dextran
40, dextran 70 and ficoll 70) and amino acids (alanine, arginine, glycine, proline, serine and
threonine) at pH 7.0. The change in the absorbance of the reaction medium was monitored at 421
nm on Shimadzu (UV-2450) spectrophotometer at 22°C. The kinetic data were analyzed by

nonlinear least-squares fit to a single-exponential rate expression.

2.2.5. Measurement of urea-denaturation induced iron (Fe*") release and reduction-induced

iron (Fe?") release from carbonate and oxalate bound FeyTfs
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The urea-induced Fe®* release from carbonate and oxalate bound monoferric N-lobe of
transferrins (FenTfs) (FenoTf (ovotransferrin) and FensTf (serum transferrin)) was measured at
pH 7.4 and 5.6, 25°C by monitoring the decrease in absorbance at 465 nm [4]. Briefly, the
synergistic anion (carbonate, oxalate) bound FenTfs (50 uL, 11 uM, pH 7.4) was mixed rapidly to
buffer (0.05 M HEPES, 0.8 mL, pH 7.4) which contained ~10 M urea and equilibrated at 25°C.
At pH 5.6, the urea-induced Fe** release reaction was comparatively faster, so the kinetics of
denaturant-induced Fe®* release at pH 5.6 was measured by a conventional spectrophotometer
configured with rapid kinetics stopped-flow mixing accessory. FenTfs (pH 7.4) was taken in one
stopped flow syringe and buffer (0.05 M MES, pH 5.5) that contained 5.0 M urea was taken in
other syringe. Throughout the experiment, the temperature was maintained at 25 °C. pH was
measured after each experiment to ensure that it remained constant. For urea-induced Fe** release
experiments (pH 7.4 and pH 5.6), the final protein concentration was ~ 6 uM.

The kinetics of Fe?" release from carbonate and oxalate bound FenTfs by sodium dithionite
was measured at pH 7.4 and 5.6, 25 °C by monitoring the increase in absorbance at 538 nm for
Fe?*-BPS complex formation [5-7]. Briefly, FexTfs (50 uL, 11 pM, pH 7.4) was mixed rapidly to
a deaerated buffer (0.1 M HEPES, 0.8 mL, pH 7.4) which already has ~10 mM sodium dithionite
and 0.25 mM BPS (25 °C). At pH 5.6, Fe?* release reaction was comparatively faster, so the
kinetics of Fe?* release at this pH was measured by a conventional spectrophotometer configured
with a rapid stopped-flow mixing accessory. FenTfs (pH 7.4) was taken in one stopped flow
syringe and buffer (0.1 M MES, pH 5.5) that contained sodium dithionite and BPS was taken in
other syringe. Throughout the experiment, the temperature was kept constant at 25 °C. The final
concentrations of protein, sodium dithionite, and BPS were ~15 uM, 10 mM and 0.25 mM,
respectively. Both at pH 7.4 and 5.6, the kinetics data for Fe** and Fe?* release were analyzed by
nonlinear least-squares fit to a single-exponential rate expression and the rates (Kops) were
extracted more conveniently by recording the absorbance change at 465nm (Fe®* release) and

538nm (Fe®* release) as a function of time.

2.2.6. Measurement of activation parameters for kinetics of CO-dissociation from NCO, CO-
association with Ferrocyt ¢, CO-replacement from MbCO and iron-release from FeyTfs

The activation enthalpy (AH) and activation entropy (AS) were calculated by temperature
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dependent rate profile of CO-dissociation from NCO; CO-association with Ferrocyt c; CO-
displacement from MbCO by hexacyanoferrate ion and iron release from carbonate and oxalate
bound FenTfs at corresponding pH with desired buffer and additives. This is better understood
from the Eyring equation [8].

In(kd h/kB T) = (AS i/R) - (AHdiss/ass/off/obsI/RT) (1)

iss/ass/off/obs diss/ass/off/obs

where ‘kg’ is the Boltzmann constant, ‘h’ is the Planck constant, ‘R’ is the gas constant,
AHgissiassioffiobs @Nd  ASgiss/assioffiobs are changes in activation enthalpy and activation entropy.
Previously, other method [9] were also used for calculating the activation entropy and activation
enthalpy, by following relation

(AH, /RT)=In(v/Kg,) +(ASye./R) 2)

diss diss

where v is the vibrational frequency, AHgiss and ASgiss are changes in activation enthalpy and
activation entropy, respectively, between the relevant reactants and transition state. The enthalpy

and entropy can be determined by using the Arrhenius equation:

k

diss

= Aexp(-E,/RT) 3)

where A is the frequency factor (s ) and E, is the activation energy (kcal mol™ ). Comparison of

equations (2) and (3) gives

Ea=H

diss

In(A/v) = (AS,.../R) 4)

diss
2.2.7. Measurement of thermal denaturation of Ferricyt c, Ferrocyt ¢, Mb and Lyz under
various concentrations of crowding agents, amino acids, salts and denaturants

To determine the effect of crowding agents (dextran 40, dextran 70 and ficoll 70), L-amino acids
(alanine, arginine, glycine, proline, serine and threonine), salts (NaCl, KCI and CsCl), denaturants
(GdnHCI and urea), on thermal denaturation of Ferrocyt c, Ferricyt ¢, Mb and Lyz, the
absorbance (550 nm (Ferrocyt ¢); 409 nm (Mb), far-UV CD (222 nm (Ferrocyt c, Ferricyt ¢, Mb,

Lyz) and near-UV CD (282 nm (Ferricyt ¢, Mb)) monitored thermal denaturation curves of these
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proteins were collected under varying concentrations of these additives at desired pH values on
Shimadzu (UV-2450) spectrophotometer and JASCO-810 or 815 or Avive-430 CD-
spectrophotometer. The final protein concentrations for the absorbance, far-UV CD and near-UV
CD monitored thermal unfolding experiments were ~5.0 uM, ~10-15 uM and ~60-80 uM,
respectively. For thermal unfolding measurements of Ferrocyt c the dithionite concentration was
~0.5-3 mM. For both CD and absorbance measurements, the Peltier-controlled heating rate was
1.0 or 2.0 °C/min. By assuming a two-state denaturation process, the thermal denaturation data
were analyzed by using van’t Hoff equation (eq. (5)) [10] or Gibbs Helmholtz equation (eg. (6))
[11],

RT \T T,
y(T)= (5)
1+exp Hnfl 1
RT (T T,
AHm[TT_1)_Acp[Tm_T+T.n(;j]
(Ye +mT)+(y, +m,T)exp m T m
y(T) = (6)
AHm[T_ ]_AC LT T .nm]

1+exp RT

where y(T) is the observed variable parameter (€550 nm, €409 nm» CD222 nm, CD2s2 nm), Yr and yu, and
mge and my, represent intercepts and slopes of the folded and unfolded baselines, respectively; T,
absolute temperature; AC,, heat capacity change; R, gas constant, and AHy, represent the van’t
Hoff enthalpy at thermal denaturation midpoint (T,).
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2.2.8. Measurement of thermal denaturation of Ferricyt ¢, Ferrocyt ¢, Mb and Lyz under
various concentrations of denaturants in the absence and presence of fixed concentrations of
crowding agents and amino acids

To determine the effect of crowding agents and L-amino acids on the denaturant-
dependent thermal denaturation of Ferricyt ¢, Ferrocyt ¢, Mb and Lyz, the absorbance (550 hm
(Ferrocyt ¢); 409 nm (Mb), far-UV CD (222 nm (Ferrocyt c, Ferricyt ¢, Mb, Lyz)) and near-UV
CD (282 nm (Ferricyt ¢, Mb)) monitored thermal denaturation curves of these proteins were
collected under varying concentrations of denaturants (urea and GdnHCI) at fixed concentrations
of crowding agents (dextran 40, dextran 70 and ficoll 70) and amino acids (alanine, arginine,
glycine, proline, serine and threonine) at pH 7.0 and pH 12.9 (x0.1). The final protein
concentrations for the absorbance, far-UV CD and near-UV CD monitored thermal unfolding
experiments were ~5 uM, ~10-15 uM and ~60-80 uM, respectively. For both CD and absorbance
measurements, the Peltier-controlled heating rate was 1.0 or 2.0 °C/min. The thermal denaturation

curves were analyzed by using van’t Hoff equation (eq. (5)) [10] or Gibbs Helmholtz equation

(eq. (6)) [11].

2.2.9. Measurement of denaturant-induced-unfolding of Ferricyt ¢, Ferrocyt ¢, Mb and Lyz
under various concentrations of crowding agents and amino acids

To determine the effect of crowding agents and amino acids on the GdnHCI-induced
unfolding of proteins, the samples of Ferricyt ¢ (~12.0 uM) and Mb (~6.0 M) were prepared in
the 0-7.5 M range of GdnHCI in the absence and presence of fixed concentration of crowding
agents (dextran 40, dextran 70 and ficoll 70) or L-amino acids (alanine, arginine, glycine, proline,
serine and threonine) in 50 mM phosphate buffer at pH 7.0, 25°C. For Ferrocyt ¢ samples
preparation, Ferricyt ¢ samples were deaerated by passing dry N, gas and reduced by adding the
concentrated dithionite solution to a final concentration of 2.0 mM. The samples were sealed
under nitrogen and equilibrated for ~20 minutes at 25 °C. To determine the effect of crowding
agents and amino acids on urea-induced unfolding of proteins, the samples of Ferricyt ¢ (~6.0
M) and Mb (~5.0 uM) were prepared in the 0-10.5 M range of urea in the absence and presence
of fixed concentration of crowding agents (dextran 40, dextran 70 and ficoll 70) or L-amino acids

(alanine, arginine, glycine, proline, serine and threonine) at pH 7.0, 25°C. To determine the effect
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of crowding agents and amino acids on the GdnHCI-dependent unfolding of proteins, the samples
of Ferricyt ¢ (~6.0 uM) and Mb (~5.0 uM) were prepared in the 0-10.5 M range of urea at
different concentrations of GdnHCI in the absence and presence of fixed concentrations of fixed
concentration of crowding agents (dextran 40, dextran 70 and ficoll 70) or L-amino acids (alanine,
arginine, glycine, proline, serine and threonine) at pH 7.0, 25°C.

In agueous solution, urea forms cyanate, which can carbamylate lysyl epsilon-amino
groups and change the electrostatic properties of a protein [12-14]. The presence of cyanate in
solution could lead to modification of these proteins prior to or during data collection. Therefore,
the experiments that employ urea as denaturing agent were used within 12 hours of their
preparation to prevent the cyanate formation. The concentrations of the urea and GdnHCI
solutions before and after the experiments were determined by refractive index measurements on
an Abbe or Thermo Scientific refractometer [1].

Fluorescence emission (ex: 280 nm; em: 340 nm) and far-UV (250-200nm), near-UV
(300-250 nm) CD spectra of Ferricyt ¢ and Mb were recorded on Perkin Elmer LS-55
fluorescence spectrophotometer and JASCO-810 or 815 spectropolarimeter, respectively.
Fluorescence spectra (ex: 280 nm, ex: 340) of Ferrocyt ¢ samples were collected on Cary Eclipse
Agilent spectrofluorometer at 25°C. The pH of the protein samples are those measured after the

experiments. The data were fitted to a standard two-state equilibrium unfolding equation (7) [15]

—AG, +m,[D]
(Cy +M[D])+(C, + M, [D]exp [F\’Tg}
Yors = [—AGD +m [D]} 0
lvexp| ————2—
RT

where Yqps IS the observed signal, Cy and Cy, and My and My represent intercepts and slopes of
native and unfolded baselines, respectively, [D] is the concentration of denaturant in M, R is the
gas constant, AGp, the free energy associated with the transition, and mg, the surface area of the
protein exposed by the solvent. C, the transition midpoint of denaturant concentration, was
calculated as Cr, = AGp/my.

2.2.10. Measurement of denaturant-induced-unfolding of diferric transferrins (Fe,Tfs)
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To determine the effect of synergistic anion on denaturant-induced-unfolding of diferric
transferrins (Fe,Tfs), the far-UV CD (222 nm) and near-UV CD (282 nm) monitored urea-
induced unfolding curves of carbonate and oxalate bound diferric ovotransferrin (Fe,0Tf) and
bovine serum transferrin (Fe,sTf) were collected at pH 7.0, 25°C. The data were fitted to a
standard two-state equilibrium unfolding equation (7) [15]. The protein samples were prepared in
0-10.5 M urea with 4 uM (far-UV CD), 8 uM (near-UV CD) of carbonate and oxalate bound
Fe,Tfs in 50 mM HEPES buffer at pH 7.0, 25°C. The samples were sealed and equilibrated for ~6
hours at 25°C. The data were fitted to a standard two-state equilibrium unfolding equation (7)
[15].

2.2.11. Measurement of pH- titrations of Ferricyt ¢, apoMb and Lyz

For pH unfolding studies of Ferricyt ¢, apoMb and Lyz, the samples were prepared in 10
mM of Tris, 10 mM of disodium hydrogen phosphate and 2 mM CAPS buffers. The pH of protein
samples were adjusted from 7.0-13.2 range by using the concentrated NaOH and HCI solutions.
The titration did not upset the uniformity of the protein concentration. These protein samples were
then incubated for ~40 minutes. Far-UV CD spectra (250-200 nm) were recorded on JASCO-810
or 815 spectropolarimeter. The pH titration curves were analyzed by using the following

transformed Henderson-Hasselbalch equation (equation (8)) [11]

Cu +Cf [1On(pH Cm):l
= ©®

1+10°

where, C, and C; are far-UV CD (222 nm) signals for the unfolded and the folded states,
respectively, n is the number of OH™ ions titrated, and Cy, is the pH-midpoint for the transition.

2.2.12. Measurement of fraction of iron released from Fe,Tfs as a function of pH, temperature
and urea

Fraction of iron released as a function of pH was measured for carbonate and oxalate bound
Fe,Tfs (~10 uM) at 25 °C. Aliquots of iron-saturated protein were incubated in a mixed buffer (50
mM HEPES + 50 mM MES), adjusted to pH between 3 and 8. Prior to the data collections, the
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protein samples were incubated for ~5 hrs at 25 °C. The decrease in iron-phenolate charge transfer
bands at 465 nm have been used the reliable indicators for iron release [16-19]. Visible absorbance
(390-710 nm) for protein samples were recorded on Shimadzu 2450-UV-spectrophotometer. The
percentage of iron retained by protein was estimated on the basis of absorbance maximum at 465
nm. The final pH of protein samples were those measured after experiments. And the pH unfolding
curves were analyzed by nonlinear-least-squares fits of the data to the modified version of the

Henderson-Hasselbalch equation (equation (9)) [20],

Cor*—pH
CFe?’Jr—Tfs + Capo—Tfs [10( i ):|

Y, = 9
obs 1+1O(Cm*_ pH) ( )

where Cee* 155 and Capo-1ts are the normalized spectroscopic signals for iron-bound and iron free
states, respectively, and Cy, is the pH-midpoint where Fe,Tfs released 50% of bound irons.

At higher urea concentrations, Fe,Tfs can trigger iron release due to chemical
denaturation of protein [4]. Fraction of iron released as a function of urea was measured for
carbonate and oxalate bound Fe,Tfs (~10 uM) at 25 °C. Aliquots of iron-saturated protein were
incubated in a buffer (0.1 M HEPES with 0.1 M NaCl (pH 7.4) or 0.1M MES with 0.1 M NaCl
(pH 5.7)) containing varying concentrations of urea between 0 to 10.5 M. Prior to the data
collection, the protein samples were incubated for ~10 hrs at 25 °C. The fraction of iron released
from the protein was estimated on the basis of absorbance maximum at 465 nm and the data were
analyzed by using two-state equation (equation 7). Urea concentration was measured by Thermo-
scientific refractometer. The final concentrations of urea were those measured after experiments.

At higher temperatures, Fe,Tfs can trigger iron release due to thermal denaturation of
protein [20]. Fraction of iron released as a function of temperature was measured for carbonate
and oxalate bound Fe,Tfs (~5 uM) at pH 7.4 (0.3 M HEPES with 0.1 M NaCl). The thermally-
induced iron release (based on absorbance at 465 nm) profiles for Fe,Tfs were collected on a
2450-UV-spectophotometer (Shimadzu). The temperature of protein solution was increased at a
rate of 1°C/min (S-1700 thermoelectric single cell holder with Tm analysis software, Shimadzu).

The fraction of iron released from the protein was estimated on the basis of absorbance at 465 nm
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and the thermal denaturation midpoint (Tr,) of iron release for carbonate and oxalate bound Fe,sTf

were obtained by differentiation of the fraction of iron released versus temperature.

2.2.13. Measurement of the far-UV CD, near-UV CD and fluorescence emission spectra of
Ferricyt ¢, Ferrocyt ¢, apoMb, Lyz and Fe,Tfs
Far-UV (200-250 nm, 1.0 mm cell) CD spectra of Ferricyt ¢ (12 uM), Ferrocyt ¢ (15 uM), Mb (12
uM), apoMb (12 uM), Lyz (12 uM) and Fe,Tfs (4 uM) were collected at native pH (pH 7), and at
alkaline pH (pH 12.9+0.1) (except Fe,Tfs) in the absence and presence of different additives
(crowding agents/salts/alcohol/urea) on JASCO 810 or 815 spectropolarimeter at 25 °C. The near-
UV CD (250-300 nm, 5.0 mm cell) spectra for Ferricyt ¢ (~70 uM, pH 7), Ferrocyt ¢ (~80 uM),
Mb (~60 uM), apoMb (~60 uM), Lyz (~60 uM) and Fe,Tfs (8 uM) were collected at native pH
(pH 7), and at alkaline pH (pH 12.9£0.2) (except Fe,Tfs) in the absence and presence of different
additives (amino acids/salts/alcohol/urea) on a JASCO 810 or 815 spectropolarimeter at 25 °C.
The far- UV CD and near-UV CD spectra of native and denatured Ferrocyt ¢, Ferricyt ¢, Mb and
Fe,Tfs were collected at pH 7.0. Neutral pH (pH 7) experiments were performed in 50 mM
sodium phosphate buffer (Fe,Tfs were in 50 mM HEPES buffer) while alkaline pH (pH 12.9+0.1)
experiments were performed in 2 mM CAPS buffer.

The far-UV CD (210-250 nm) spectra of Ferricyt ¢ (12 uM), apoMb (12 uM) and Lyz (10
uM) in the presence of different concentrations of crowding agents (dextran 70 and ficoll 70),
salts (NaCl, KCI and CsCl) and TFE were collected at pH 12.9 (£0.1) on JASCO 810 or 815
spectropolarimeter in 2 mM CAPS buffer at 25 °C. All CD spectra of Ferricyt ¢, apoMb and Lyz
were corrected by subtracting the CD spectra of the corresponding blank solutions of that
concentrations of crowding agents (dextran 70 and ficoll 70) at pH 12.9 (£0.1) on JASCO 810 or
815 spectropolarimeter in 2 mM CAPS buffer at 25 °C.

Fluorescence emission spectra (ex: 280 nm; em: 340 nm; 10 mm path length cuvette; 5

MM protein) (310-420 nm) for different states of Ferricyt ¢, Mb and Lyz were recorded on Perkin
Elmer LS-55 fluorescence spectrophotometer or Horiba Fluoromax 4 spectrofluorometer in the
absence and presence of different additives viz; crowding agents (dextran 70 and ficoll 70) and
salts (NaCl, KCI and CsCl) at pH 12.9 (x0.1) at 25 °C. The fluorescence emission spectra were
also collected for native of Ferricyt ¢, Mb and Lyz at 25 °C. All neutral pH (pH 7) fluorescence
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emission spectra were collected in 50 mM sodium phosphate buffer. All alkaline pH (pH 12.9

(£0.1)) fluorescence emission spectra were collected in 2 mM CAPS buffer.

2.2.14. Measurement of extrinsic fluorescence emission spectra of 8-anilinona phthalene-1-
sulphonic acid (ANS)-bound Ferricyt ¢, Mb and Lyz

ANS emission spectra (ex: 380 nm, em: 400-600 nm) were collected in the absence and
presence of different additives viz; crowding agents (dextran 40, dextran 70 and ficoll 70), salts
(NaCl, KCI and CsCl) at pH 12.9 (£0.1) and neutral pH (pH 7) at 25 °C on Perkin Elmer LS-55
fluorescence spectrophotometer or Horiba Fluoromax 4 spectrofluorometer. For ANS

fluorescence measurements, ratio of ANS (0.5mM) and protein (5uM) were 100:1.

2.2.15. Preparation of carbonate and oxalate bound Fe,Tfs

Carbonate and oxalate bound Fe,Tfs (Fe,sTf and Fe,oTf) were prepared by well established
method used earlier [21-22]. Acidic deionized water (pH 3, HCI only) and preweighed amounts of
solid reagents (HEPES, apo-Tfs, ferric chloride, NTA, sodium oxalate and sodium carbonate salt)
were placed in a desiccator containing KOH or soda lime. Desiccator was opened under dry N;
gas atmosphere. Buffer solution (20 mM carbonate/oxalate and 100 mM HEPES) was prepared
with CO, free water. For preparation of carbonate and oxalate bound Fe,Tfs, ~80 mg
apotransferrins (bovine serum apo-transferrin and apo-ovotransferrin) (apo-Tfs) (1 umol) was
dissolved in 3 mL of CO; free buffer (100 mM HEPES, pH 7.4, 20 mM of NaHCOj3; sodium
salt/sodium oxalate) under dry N, gas atmosphere and sealed with parafilm. Fe-NTA solution was
prepared under dry N, gas atmosphere by mixing 12.2 mg of FeCl3;.6H,0 and 17.2 mg of NTA in
2 ml of 6.0 M HCI and adjust the pH ~ 4.0 with concentrated NaOH and make up the final
volume ~10 ml with CO, free water. Finally, 2.0 mL of freshly prepared Fe-NTA solution was
added into the protein solution under dry N, gas atmosphere. After ~24 hrs incubation at ~37 °C,
the protein solution was purified with 10 kDa molecular mass cut-off (Millipore, Bedford, MA,
USA) with CO, free 50 mM HEPES buffer. The concentrations of carbonate and oxalate bound
Fe,Tfs were calculated spectrophotometrically (Fe;Tfs; eags nm = 5x10° and 3.07x10° M~ cm™
for carbonate and oxalate bound Fe,Tfs) [20]. Iron saturations for carbonate and oxalate bound
Fe,sTf were confirmed by urea—polyacrylamide gel electrophoresis. The percentage of iron

saturations in the carbonate and oxalate bound Fe>Tfs were > 98%.
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2.2.16. Preparation of carbonate and oxalate FeyTfs

Carbonate and oxalate bound FenTfs were prepared by well established method used
earlier [23]. The carbonate or oxalate bound diferric-Tfs (Fe,Tfs) (250 uM) was incubated at
37°C for ~3 hrs in CO, free 100 mM HEPES buffer which also contained ~100 mM EDTA and
2.7 M NaClO,. After this, the protein solution was exchanged four times with original CO, free
buffer (100 mM HEPES, pH 7.4) by using a Centricon filter of 10 kDa molecular mass cut-off
(Millipore, Bedford, MA, USA). Iron saturations for carbonate and oxalate bound FenTfs were
confirmed by urea—polyacrylamide gel electrophoresis. The concentration of carbonate and
oxalate bound FeyTfs were calculated spectrophotometrically (g465nm = 2150 M~ cm™) [24].

2.2.17. Differential scanning calorimetric studies of carbonate and oxalate bound Fe,sTf

Differential scanning calorimetric studies of carbonate and oxalate bound Fe,STf were
performed on a MicroCal VP-DSC (MicroCal, GE Healthcare). All experiments were carried out
at a scan rate of 81°C h™, scanning from 25 to 110°C [24]. Background excess thermal power
scans were obtained with buffer containing 0.5 M HEPES in both the sample and reference cells
and subtracted from the scans for each sample solution containing 0.02 mM carbonate or oxalate
bound Fe,sTf. All samples were degassed for ~15 minute with gentle stirring under vacuum prior
to loading into the calorimeter. Data analysis was performed using Origin software supplied by
MicroCal [25].

2.2.18. Differential scanning calorimetric studies of Ferrocyt ¢

Differential scanning calorimetric studies of Ferrocyt ¢ were performed on a MicroCal
VP-DSC (MicroCal, GE Healthcare). Ferricyt ¢ was reduced with a mixture of sodium dithionite
(~ 4 mM) and NADH (~ 0.8 mM). Ferricyt ¢ was deaerated by passing dry N, gas and reduced
with a mixture of sodium dithionite (~ 4 mM) and nicotinamide adenine dinucleotide (NADH) (~
0.8 mM). The protein concentration was 115 pM. The measurements were performed in 50 mM
phosphate buffer (pH 7.0) and the scan rate of 65°C h™*, scanning from 25 to 110°C [26]. Data
analysis was performed using Origin software supplied by MicroCal [25].
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2.2.19. Denaturants concentration corrections (in the presence of dextran 40, dextran 70 and
ficoll 70)

It is assuming that the synthetic crowder does not interact with any solute molecules
resulting it should be increases the concentration of any small solute by decreasing its available
volume through steric repulsion [24, 27]. It was reported that there were no specific interaction
between GdnHCI or urea and ficoll or dextran and partial specific volume value of
macromolecular crowding was same in buffer and in denaturants [28]. According to previous
report by Christiansen et al, the partial specific volume for ficoll 70 is ~0.65+£0.02 ml/g, which is
also same for dextrans and does not depend on the amount of crowding agent dissolved [28]. For

denaturants concentration correction, we used following equation [28-29].

[ Denaturants],,, =(1/f,,)[ Denatrants] (10)

where f,, is the volume fraction available to the solvent [29]. For example, for 200 mg ml™ of
macromolecular solution, the value of f,, is ~ 0.87 (i.e, 1-0.65ml/gx0.2g/mL). All denaturants
concentrations used in kinetic and stability experiments were corrected in this way on the basis of
the amount of crowding agent present.
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Chapter 3

Role of Macromolecular Crowding on the Stability, Folding and
Internal Dynamics of Native Cytochrome ¢ and Myoglobin

3.1 Introduction

The cellular environments are very much crowded with different kinds of biomolecules with
varying sizes, shapes and compositions. These crowding agents are proteins, nucleic acids,
ribosomes, carbohydrates and other cytoplasmic granules. The total concentration of these
crowding agents ranges from 80-400 mg ml™ [1-4]. Such a cellular condition has been termed as
macromolecular crowding [5]. Usually most of the in vitro experiments for the protein folding-
unfolding have been performed in the dilute buffer solutions which actually do not mimic the in
vivo milieu. While the understanding of protein folding has been increased dramatically but little
of this work directly focuses on the environment of proteins as they fold in cytoplasmic milieu
[6]. In fact, misfolding of protein linked to many diseases reveals the importance of investigating
the crowded environmental effects [7-10].

Both experimental and theoretical studies suggest that the protein folding dynamics are
significantly influenced by crowded conditions similar to those which are likely to exist in vivo
[11-15]. Folding results in compaction of the polypeptide chain, so the presence of crowders near
a protein could alter its folding energy landscape through the excluded volume effect [15]. While
the effects of crowding agents on the structural and thermodynamic properties of native and pH-
denatured proteins are extensively studied [16-24], the effect of crowding agents on internal
dynamics of heme proteins remains unexplored. This chapter investigates the effect of
macromolecular crowding (size, shape, concentration and viscosity of crowding agent) on folding
and internal dynamics of natively folded carbonmonoxycytochrome c¢ (NCO-state) and
myoglobin-CO complex (MbCO). Cyt c is a heme protein that exists in inter-convertible oxidized
(Ferricyt c¢) and reduced (Ferrocyt ¢) forms. Cyt c is released into the cytosol and triggers
programmed cell death through apoptosis [25]. Cyt ¢ is one of the essential elements of the
electron-transport chain. It accepts electrons from Complex Il and diffuses to Complex IV
(cytochrome oxidase), where it donates the electrons to O,, converting O, to H,O. Cyt c is a
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single domain fast folder protein, widely used as a model protein for folding and dynamics studies
[26-32]. Mb, an extremely compact heme protein (MW ~17.8 kD, 153 amino acids), found
primarily in cardiac and red skeletal muscles, functions in the storage of oxygen and facilitates the
transport of oxygen to the mitochondria for oxidative phosphorylation [33]. Mb physiologically
exhibits in three pertinent forms viz; deoxymyoglobin, oxymyoglobin, and metmyoglobin
(Ferrimyoglobin). These three forms of Mb are very similar except at the sixth coordination
position [34-35].

The synthetic crowding agents are inert, space occupying, noncharged polymers of
defined sizes and shapes without any interaction with other biomolecules [36-37]. Ficoll is a
sucrose-based polymer acquiring sphere shape in solution. Dextran is a glucose-based polymer
existing random array of rods shape or anisotropic geometry in solution [24]. Both Ficoll and
dextran are available in various sizes.

The effect of macromolecular crowding on internal dynamics of Cyt ¢ and Mb was studied
by measuring the kinetic and thermodynamic parameters for CO dissociation from NCO-state and
CO replacement of MbCO by hexacyanoferrate ion under variable concentrations of synthetic
crowding agents (dextran 40, dextran 70 and ficoll 70) at pH 7.0. The NCO state used here
resembles the molten globule (MG)-like state which has native-like secondary structure but
disordered or dynamic tertiary structure [36]. The CO dissociation process (NCO — N+CO) is
essentially a Fe”*-CO+M80 — Fe?*-M80+CO displacement reaction [38]. The M80-contaning Q-
loop of Cyt c that includes residues 70 to 85 (Fig.1la, Chapter 1) [39] has been identified as a
partially unfolded subglobal part of the protein [38-39] which provide the reaction site for this
process. The collective motion of the Q-loop is expected to be the main determinant of the CO
dissociation process. This is presumably because the nearby residues of M80 have higher thermal
factors [40-42], and the local mobility of the heme ring is suppressed by the intrinsic size and the
rigidity of the ring system [43]. Protein stability characterizations are very much important for a
number of applications such as protein-based pharmaceutical formulation to protein misfolding
diseases. This chapter also investigates the effect of crowding agents (dextran 70, dextran 40 and
ficoll 70) on thermal unfolding of native Cyt ¢c and Mb.

3.2 Results and discussion
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3.2.1 Thermal dissociation of CO from natively folded carbonmonoxycytochrome ¢ (NCO) and
CO replacement from carbonmonoxymyoglobin (MbCQO) by hexacyanoferrate ion

Electronic absorption spectrum of Ferrocyt ¢ in visible region provides three main
characteristic peaks at ~416 (Soret band), 550 (a-band), and 520 (B-band) nm [38]. These values
correspond to native HIS18/MET8O0 axial coordination of the heme [38]. CO binding to Ferrocyt ¢
broadens the a-band and B-band with a significant decrease in the extinction coefficient of a-band
at 25 °C, pH 7.0 [38, 43-48]. The intensity of the a-band increases by the process of CO-
dissociation from NCO, which is typically a displacement reaction Fe**~CO—Fe**—M80 [38, 44-
45] (Fig. 1a, b). Fig. 1b represents the kinetics of the NCO — N+CO dissociation in the absence
of any additive. The increase in absorbance at the heme n—n* a-band (550 nm) in a single

exponential is due to slow dissociation of CO (1=26.4 min; Fig. 1b).
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Fig.1. Steady-state visible absorption spectra of NCO (dashed line) and N (solid line) states (a). The spectra were
recorded in 50mM phosphate buffer at 25°C, pH 7. (b) The slow single-phase dissociation of CO from NCO, NCO —
N+CO (t =26 min., 25°C). The NCO — N+CO reaction was probed at 550 nm. (¢) The single—phase replacement of
CO from the myoglobin—-CO (MbCO) complex by hexacyanoferrate (111) (t=0.45 min., 22°C). The MbCO + CN—
MbCN + CO reaction was probed at 421 nm.

The CO replacement reaction of MbCO by hexacyanoferrate ions was performed as described
earlier [49]. The representative CO-replacement kinetic profile of MbCO is shown in Fig. 1c at
pH 7, 22 °C (ko = 0.037 s) in the absence of additives.

3.2.2 Crowding agents dependence of log Kgiss, 10g Kot @and activation parameters (activation

enthalpy (4Haissioft *), activation entropy (4Sgqissiofs ) and activation free energy (4Guissiofs *))
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Fig. 2a and Fig. 2b show the variation of log Kkgiss and log kes With varying concentrations

of crowding agents (dextran 40, dextran 70 and ficoll 70) for NCO and MbCO, respectively. As

[Crowding agents] (dextran 40, dextran 70 and ficoll 70) is increased from 0 to 300 mg ml™, the

values of log kgiss (for NCO) and log kot (for MbCO) decrease monoexponentially, suggesting that

crowding agents restrict the internal dynamics of Cyt ¢ and Mb at pH 7.0. Table 1 summarized the

values of kgiss and Kofr estimated at various concentrations of dextran 40, dextran 70 and ficoll 70,
pH 7,25 °C (for NCO) 22 °C (for MbCO).

Table 1 The effect of crowding agent on kgiss 0f NCO and kg of MbCO at pH 7.

Crowding agent ~ Conc.(mg ml™) Kgiss (seC™) Std. error (Kaiss)  Kofr (SeC™) Std. error (Kos)
Control 0.0 7.8 x10™ 1.8x107 3.7 x107 1.3 x10*
Dextran 40 100 6.2 x10™ 1.6x10® 2.5 %107 2.5x10°

200 5.9 x10* 6.7x10°® 2.2 x10% 6.2 x10°
300 5.7 x10* 1.4x10°® 2.1x10% 5.0 x10°
Dextran 70 100 5.8 x10* 3.3x10°® 2.4 x10% 1.4 x10™
200 5.3x10* 6.1x10°® 1.9 x10 1.3 x10™
300 5.2 x10* 8.0x10°® 1.7 x10 7.8x10°
Ficoll 70 100 6.3 x10™ 1.0x10°® 2.7 x10% 2.3x10°
200 6.0 x10™ 6.9x10° 2.3x10° 5.5 x107
300 5.9 x10* 1.2x10°® 2.2 X107 4.6 x10°

Since, under solution conditions, the dextran is regarded as a rod-shaped crowding agent while

ficoll is considered as a spherical crowding agent [24]. At particular concentration of crowding

agent, the kgiss/kofr Values for dextran 70 and ficoll 70 are not greatly seen different in Table 1 but

this slight difference is clearly in seen in Figs. 2a and 2b, which suggests that the shape of

crowding agent may controls the the CO dissociation process of NCO and MbCO.
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Fig.2. Panels (a) and (b) show the
crowding effects of crowding agents
(dextran 40 (o), dextran 70 (e) and
ficoll 70 (o)) on the rate of the CO-
dissociation reaction from NCO and
CO-replacement reaction, from MbCO,
respectively, at pH 7.0. The line through
data has been drawn to guide the eye
only. Panels (c) and (d) present the
Eyring plots for the CO-dissociation
reaction and CO-replacement reaction,
respectively, pH 7.0, with no additives
(A), and in the presence of 200 mg ml™
crowding agents(dextran 40 (o), dextran
70 (@) and ficoll 70 (&)).The solid lines
in panel (c) and (d) are fitted according
to Eyring equation [32, 50].




The kyiss is also found to decrease more for dextran 70 than that for dextran 40. Dextran 70 has
larger size than that of dextran 40 [24], so the greater decrease of kgiss for dextran 70 suggests that
the size of crowding agent also plays a vital role in controlling the CO dissociation process. At a
given particular concentration, dextran 70 is more viscous than dextran 40 [51,52]. The greater
decrease of Kkgiss for dextran 70 then dextran 40 suggests that the viscosity of crowding agent also
plays an important role in controlling the CO dissociation from NCO.

To further investigate the effect of crowding agents on the internal dynamics of these
proteins, the crowding agents dependence of the activation enthalpy (4Hgissiofr *), activation
entropy (AS giss/off 1) and activation free energy (4Ggissioff T‘) for the CO-dissociation and CO-
replacement reactions of NCO and MbCO, respectively were determined at pH 7.0. The logic is
that if the internal dynamics of these proteins are restricted at some concentration of crowding
agents, then the activation enthalpies for these reactions will be relatively higher.

Fig. 2c and Fig. 2d show the Eyring plots for the CO-dissociation and CO-replacement
reactions of NCO and MbCO, respectively, in the absence and presence of 200 mg ml™ of dextran
40, dextran 70 and ficoll 70 at pH 7.0. To estimate the crowding effect on the activation
enthalpies and activation entropies for the CO dissociation and CO replacement reactions of NCO
and MbCO, the Eyring plots in Fig 2c and Fig. 2d were analyzed by using the Eyring equation
(Equation (2) chapter 2) [32, 50],

In(kdiss/off h/kB T ) = (ASdiss/off i/R) - (AH diss/offi/RT) (1)

The estimated values of AHdiss/oﬁi and ASdiss/oﬁi are summarized in Table 2. By using the AHdiss/oﬁi
and ASgissofrt values and Gibbs free energy equation (AGdiss/oﬁi = AHgiss/off* _TASdiss/offi), the
corresponding AGuissiort and —TASgissiofr, Values were also estimated at 25°C for NCO and 22°C
for MbCO (Table 2). The data in Table 2 provide some important information, (i) the increase in
AHdiss/offi due to crowding agent is accompanied by a decrease in the entropy change _TASdiSS/Oﬁi,
(i) the enthalpic effect is more dominated than the entropic effect, (iii) the extent of increase in
AHgissioft” and decrease in —TASgiss/off, are higher for the larger sized crowder (dextran 70) than

that for smaller sized crowder (dextran 40), (iv) relative to the spherical shaped crowding agent
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(ficoll 70), the extent of increase in AHgissioft and decrease in —TASgiss/off, are higher for the rod

shaped crowding agent (dextran 70).

Table 2 The effect of crowding agent on activation parameters for CO-dissociation of NCO and CO-replacement of
MbCO at pH 7.*

Crowding Concentration AGgis AHgis” ASgiss” ~TASgis &
agent (mg ml™) (kcal mol™) (kcal mol™) (cal mol™* K™ (kcal mol™ K%
Control 0.0 21.8 (0.06) 237 (0.3) 6.4 (0.8) ~1.9(0.2)
Dextran 40 200 21.9 (0.04) 25.9 (0.4) 13.3(1.2) 4.0 (0.4)
Dextran 70 200 22.0(0.02) 27.5(0.4) 18.4 (1.4) 55 (0.4)
Ficoll 70 200 21.9 (0.02) 25.3(0.3) 115 (L.1) ~3.4(0.3)
Crowding Concentration AG ™ AHg AS o5 —TAS o>+
agent (mg ml™) (kcal mol™) (kcal mol™) (cal mol™* K™ (kcal mol™ K%
Control 0.0 19.4 (0.06) 19.1 (0.6) ~1.04 (17) 03(0.2)
Dextran 40 200 19.6 (0.04) 21.1(0.4) 5.0 (1.5) ~1.5(0.4)
Dextran 70 200 19.7 (0.09) 22.4(0.9) 9.0 (2.8) —2.7(0.8)
Ficoll 70 200 19.5 (0.03) 19.9 (0.3) 1.5 (1.1) ~0.4(0.2)

Activation free energy (AGgissiorrr) and entropy changes (—TASgissiofr) are at 25°C *and 22°C”.
*The uncertainties (std. error) in AGgissot' AHgissioftts ASaissiort and — TASgissiofe - are indicated in parenthesis.

The increase in AHgissiof* by crowding agents suggests that the some crowding agents form
attractive interactions with NCO-state and thus block the CO dissociation from NCO-state. Some
previous reports revealed that the crowding agent forms the attractive interaction with Cyt ¢ and
ubiquitin [53-54]. Furthermore, the entropy-enthalpy plots could be also used to describe the
entropic and enthalpic contributions of crowders on

LN B ) B B B .

B 2 - stability and folding of proteins [55]. In entropy-enthalpy
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plots, sector 1 and sector 2 correspond to stabilizing

I

cosolutes while sector 3 and sector 4 correspond to

Py —{  destabilizing cosolutes.

TAAS(kcalmol™1)
¢+

3-re —

s - Fig.3. The TAAS and AAH plot for different crowders. Data points

7 7480 W S N T N — correspond to in the absence (A) and presence of 200 mg ml™ of

-4 -3 -2 -1 0 1 dextran 40(for NCO (¢), for MbCO (#)) dextran 70(for NCO (o), for
AAH (kcalmol™) MbCO (e)) and ficoll 70(for NCO (o), for MbCO (m)) at pH 7.0.

Furthermore, sector 1 and sector 3 represent the enthalpically dominated effect while
sector 2 and sector 4 represent entropically dominated effect [55]. Fig. 3 presents the TAAS vs
AAH plots for NCO and MbCO in the presence of dextran 40, dextran 70 and ficoll 70 at pH 7.0.
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Clearly, the data points for crowders lie in sector 1 (Fig. 3), which is in general agreement with

the models that describe enthalpically dominated stabilization [55-56].

3.2.3 Effect of monomers of crowding agent (sucrose and glucose) and other viscogen (glycerol)
on Kaiss

The stability and dynamics of a protein in solution are intimately coupled to the dynamics
of the solvent. A general approach for investigating the importance of protein dynamics in a
chemical reaction is to determine the role of solvent viscosity on reaction rate. At a given
particular concentration, dextran 70 has always higher viscosity than dextran 40 [52], so the
greater decrease of log Kgiss/Kofr fOr dextran 70 than that of the dextran 40 (Table 2 and Fig. 2a, 2b)
is likely due to its higher viscosity. To investigate how solvent viscosity affect the structural-
fluctuations of the M80 containing Q-loop of Cyt c, the rate of thermally-driven CO dissociation
from NCO-state was measured at different compositions of monomers of crowding agents
(sucrose and glucose are the monomers of ficoll and dextran, respectively) and other viscogens (like
glycerol) at 25 °C. The CO dissociation rate of NCO is found to decrease with increasing
composition of the monomers of crowding agents (sucrose and glucose are the monomers of ficoll

and dextran, respectively) and other viscogen (like glycerol) (Fig. 4a).

3L T T T T T T T -4.5

kdiss (S-l)

4
10 -10.5

3.2 3.3 3.4 35
(w/w)% Viscogens (1/T)x1000, (K™

Fig.4. The [Viscogens] dependence of rate coefficients, kqss for CO-dissociation of NCO (glycerol (o), sucrose (A),
and glucose (0)) at 25°C, pH ~7. The error bars represent the standard deviations from the ks Values. (b) Arrhenius
plots in the absence (V) and presence (V, 90 % (w/w)) of glycerol (chapter 2 equation (3)). The activation energies
(E,) derived from the linear least-squares fitting of the data are ~24.5 (+ 0.5) and ~24.9 (+ 0.3) kcal mol™ for 0.0 and
90 % of glycerol, respectively.

The solvent composition modulation of k. (Fig. 4a) reveals the way the collective motion

of the loop or of a part of it responds to solvent content in the reaction medium. Since atomic

fluctuations or high-frequency local motions involve only small spatial displacements, the thermal
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motion viewed here must be of collective character in which groups of atoms in a part or in the
entire Q-loop move in a correlated manner or as a unit. The observation that it responds to
increments of solvent composition implies that it is a local motion, and hence is a low-frequency
(t, millisecond or longer) large-amplitude mode (several A) [57].

Fig. 5a shows the plot of kgiss as a function of solvent viscosity of three different viscogens
(glycerol, sucrose, and glucose). The Kgiss values below viscosity 1.01 cP (Fig. 5a, b) were
eventually measured at different temperatures (i.e., 30, 35, and 40°C) in the absence of viscogen
and finally corrected to 25°C by Arrhenius equation (Equation (3), chapter 2) using activation
energy of ~24.5 kcal/mol (Fig. 4b). Each of the three different viscogens used here had a similar
slowing effect on the CO dissociation Kkinetics, causing the equal decrease in Kgiss With increasing
solvent viscosity (Fig. 5 a, b). The rate-viscosity data in Fig. 5a illustrates that spatial
displacement of thermal fluctuations of a subglobal structural unit is reduced at low viscosity (< 8
cP), but saturates at high viscosity. The finding that the rate of thermally-driven CO dissociation
from the NCO state decreases up to ~8 cP imply that the motional response of the M80 containing
Q-loop at lower viscosities (< 8 cP) is different from what is seen at higher viscosities ( > 8 cP)
(Fig. 5a).
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Fig.5. Non-Kramer’s scaling observed for CO dissociation (NCO — N + CO) rate constant of NCO as a function of
viscogen (glycerol (o), sucrose (A), and glucose (0)) viscosity in 15 mM phosphate buffer, 0.3 M GdnHCI, pH 7,
25°C. The kgiss Values below viscosity 1.01 cP (Fig. 5a, b) were eventually measured at different temperatures (i.e.,
30, 35, and 40°C) in the absence of viscogen and by Arrhenius equation using activation energy of ~24.5 kcal/mol
these were corrected to 25°C (Fig. 4b). The kgiss Values below viscosity 1.01 cP were the temperature corrected values
at 25°C. The viscosities of water below 1.01 cP (i.e., s = 0.65, 0.80, and 0.89 cP are the viscosity of water at
temperature ~40, 30, and 25 °C, respectively) were taken from the literature [58]. Fit of the data according to
equation (3) in Fig. 5a yields, n ~0. 75(+0.02), A ~6.5x10" s™ and AG = 26.5 kcal mol™. The fit to the
experimentally observed rates using equation (5) is shown in Fig. 5b with a value of o = 1.35 (£0.88) cP.
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3.2.4. Phenomenological description of viscosity dependence of the NCO — N + CO conversion
rate
Kramer’s theory for unimolecular reactions asserts that the rate k for a barrier-crossing

process subject to strong damping friction will vary as [59-60]:

A -AG
A el @

where A’is a constant (that depends on m, wa, @s etc, here, wa and wg denote the frequencies of
motion in the starting well and on top of the barrier, respectively, and m is the effective molecular
mass of the particle that is crossing the barrier) and AG is the barrier height. If the friction in the
NCO — N + CO conversion arises from 7 (the dynamic viscosity of the solvent) then the CO-
dissociation rate should scale as kgiss o v o 75 Fig. 5a shows the plot of kgiss as a function of
solvent viscosity, 7s. The value of kgiss Varies inversely with viscosity when the solvent viscosity is
low (< 8 cP), but saturates at higher viscosity, indicating a deviation from the kocys™ relation. In
general, for protein reactions, the functional dependence of the reaction rate constant, k for the
rate limiting step on solvent viscosity, 75 has the form [61-62],

A -AG
k = (?j exp (ﬁj ©)

S

Several groups have tested solvent viscosity effects on protein reactions [61-67], and in most of
the cases the observed rate constant has been found to be inversely proportional to the fractional
power of the viscosity, k o 775" (0< n <1). A number of efforts have been devoted to explain the
fractional viscosity dependence in protein reactions, but so far there is no general agreement about
the origin of the fractional n value [65]. In the consequence of protein dynamics, reactions with n
close to 1 are tightly coupled to surface motion while reactions with n close to zero are well
shielded by rigid protein structure [68]. It has been suggested that fractional exponent, n is the
degree with which solvent viscosity is coupled with (frequency dependent friction) [68-70] or
penetrates into (position dependent friction) [61-72] the protein interior. Any of these variants
results in the modification of the Stokes law. Yedgar et al [65] revealed that the fractional index
of a power n is a function of cosolvent’s molecular weight. If one varies the solvent viscosity

through large cosolvents molecules with high molecular weight that do not penetrate into protein

38




then one can obtain, n — 0, i.e., the reaction rate constant does not depend on solvent viscosity.
With the decrease of cosolvent’s molecular weight, the value of n increases [65].

To describe the deviation at high viscosities for protein reactions, Beece et al [73] added a
viscosity-independent term, Ato equation (4),

A -AG
kdiss = (A-l_ _n] exp (Ej (4)

S

Fits of the rate-viscosity data according to equation (3) finally yields, n ~0.75 (£0.02) and A
~6.5x10™ s. Equation (4) predicts the decoupling of structural motion from the solvent at high
viscosity [73]. In an early work, to explain why the molecular oxygen rebinding rates in
myoglobin decreases at low viscosity but saturates at high viscosity, Doster (1983) derived a
dynamic friction model assuming that the fluctuation spectrum at the reaction site involves two
components: solvent independent diffusion of local structural defects in the protein matrix and
global fluctuations coupled to the solvent [68]. In general, global fluctuations involve a large part
of the protein and are therefore coupled to the solvent. Here in our case, the global fluctuations of
a subglobal structural unit (the M80 containing Q-loop) of the protein coupled to the solvent at
low solvent viscosity and thus the rate coefficient for CO-dissociation from the NCO decreased
significantly (Fig.5).

The diffusion of local structural defects with a diffusion coefficient results in the exchange
of thermal energy between internal degrees of freedom in a protein, and is independent of the
solvent viscosity [68]. When the protein is suspended in a solid surrounding like poly vinyl
alcohol, frozen solvents or dry films etc. the diffusion of local structural defects can explain the
reason of finite reaction rates at infinite external viscosities [73-74]. For protein reactions, the
propagation of the defects (i.e., a hole, or a volume, or a chain fluctuation) to the reaction site
speeds up the necessary motions of the relevant structural element. The physical nature of defects
may differ from one system to another, and we suggest the operative defect for the NCO—N+CO
dissociation step in Cyt c is the void created by the departing CO ligand by thermal fluctuations.
Because of the availability of an increased volume in the proximity due to loss of CO, the
movement of the void to the site of the M80 side-chain can allow a rapid reconfiguration of the
latter. Since at high viscosity, the structural motions of reactive mode are faster than the global

fluctuation [68, 75] therefore the rate coefficient for CO-dissociation varies only slightly (Fig.
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5a). The defect diffusion dominates at high solvent viscosity, therefore, to facilitate structural
element motions, the distance migrated by a defect should depend on the diffusion coefficient.
The actual value of diffusion coefficient in a protein interior is independent of the solvent
viscosity and depends only on the internal friction. The misorganized side-chain of M80 can add
on to the internal frictional effect for the slow folding of NCO (NCO—N+CO) by producing
additional drag forces. Thus, at high solvent viscosity, the thermally-induced slow CO-
dissociation process or slow folding of a compact native-like intermediate will depend on the size,
the configurational nature, and the collapsed state of the protein.

3.2.5 Internal friction and its role in protein folding and dynamics

For simple chemical reactions, solvent friction generally need to be taken into account,
however in proteins, where the amino acid residues are only partially exposed to solvent, other
dissipative, “internal friction” mechanisms are possible and result in a slowdown of the
conformational dynamics. Internal friction, which reflects the “roughness” of the energy
landscape, plays a crucial role for proteins through modulating the dynamics of their folding and
other conformational changes. However, the experimental quantification of internal friction and
its role to protein folding and dynamics has remained elusive.

The microscopic barrier hopping due to long-range inter-residue interactions [76] and
backbone rotations [72, 77] generally results into internal friction in polymers and proteins.
Further, the geometric frustrations of varying degrees in the late folding structures can also
contribute to the internal friction. Portman et al. [78] presented both theory and simulations
regarding the effect of internal friction in barrier crossing by a folding protein. They observed that
the higher frequency modes of the protein mainly depend on large-amplitude local
reconfigurations of the backbone, and are controlled by internal friction from dihedral
isomerizations, whereas lower frequency modes involve large scale motions that are more
influenced by solvent friction. They also found that for a partially-ordered molecule or a compact
state, barrier crossing on a multidimensional free energy surface may depend sensitively on the
higher frequency modes. In this case, even a small contribution of internal friction may have large

number of consequences for the dynamics.
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Eaton and coworkers [79-80] proposed an empirical equation to describe the viscosity
dependence of the conformational relaxation rate of myoglobin, by taking into consideration both

the solvent friction (7 ) and internal friction (o),

A -AG
kdiss :[7’]5+U]exp( RT ] (5)

Ansari et al. [79] studied nanosecond conformational dynamics in folded myoglobin and

suggested a positive value of ¢ (o ~ 4.1( 1.3) cP) for native myoglobin. Pabit et al. [81] studied
laser induced microsecond folding kinetics of NCO-state (i.e., NCO — N + CO) and suggested a
positive value for ¢ (c ~ 2.1(x 0.3) cP). For the NCO — N + CO folding, the data clearly
extrapolate toward an x-intercept (—o) that is significantly different from zero, i.e., c ~ 2.1(= 0.3)
cP [81]. Jacob et al. [82] studied millisecond folding kinetics of CspB and also suggested a
positive value for 6. However, for several proteins that even fold through compact transition
states, the protein folding data from equation (3) has showed no clear evidence for o > 0. Plaxco
et al. [83] studied millisecond folding kinetics of protein L and calculated a small negative value
for o (6 = —0.1(% 0.2) cP) from equation (3), a result that suggests no internal friction in folding
[83]. Cellmer et al. [84] studied folding/unfolding kinetics of an ultra-fast folding villin headpiece
subdomain and also observed a negative value for o (i.e., o <0). In this very special case, the ¢ <
0 is attributed to the increase of the effective viscosity, which is probably associated with a shift
of the transition state along the reaction coordinate toward the native state [71]. Pradeep et al. [85]
studied millisecond unfolding kinetics of barstar [85], and suggested a negative value for c (i.e., o
< 0). One of the possible reasons for o < 0 is that the local viscosity at the protein—solvent
interface is lower than the bulk solvent viscosity [70]. In the millisecond unfolding kinetic
experiments of barstar, the change in the folding barrier by viscogen is compensated by addition
of denaturant; therefore, the variation of folding rates is solely defined by the viscosity. Based on
this, it was also concluded that the violation of Kramer’s theory with ¢ > 0 is mainly because of
internal friction [83, 85]. This nature of internal friction is most likely related to the fact that only
small parts of a polypeptide chain are participating in the rate-limiting step of folding.

For the present work, activation free energy barrier for the NCO — N + CO conversion is
not greatly affected by viscogen; therefore, this study does not require any chemical denaturant to

obtain isostability conditions in the presence of viscogen. For the NCO — N + CO case
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considered here, for example, the misorganized side-chain of M80 can add on to the internal
frictional effect producing additional drag forces. If the rate-limiting step in a folding reaction
involves internal rearrangement, then the reaction rate is expected to be strongly influenced by the
internal friction as compared to the solvent friction [86]. Provided that both internal and solvent

frictions are frequency-dependent, an empirical formula was proposed by Wallace et al [87]:

A' -AG
k. = 6
[(mw)"}x"( = ©

The data in Fig.5 indicate that for viscosities between 0.65 and 8.0 cP, the CO dissociation rate,

kaiss iS inversely proportional to an effective viscosity, (¢ + #s)". Fits of the data according to
equation (6) finally yields AG = 25.9 (+0.5) kcal mol™ and o =1.35 (+0.88) cP. Thus, in low
viscosity regime, the speed of CO dissociation from a native-like folded intermediate, NCO is

controlled by internal friction.

3.2.6 Effect of crowding agents on the thermodynamic stability of proteins

To evaluate the macromolecular crowding effect on thermodynamic stability of native
Ferrocyt ¢ and Mb, the tryptophan fluorescence (excitation: 280 nm, emission: 360 nm)
monitored GdnHCI-induced equilibrium unfolding transitions of proteins were measured in the
absence and presence of crowding agents (dextran 40, dextran 70 and ficoll 70). Figs. 6a and 6b
present the GdnHCI-induced denaturation curves of Ferrocyt ¢ and Mb at pH 7 and 25 °C in the
absence and presence of 200 mg ml™ of dextran 40, dextran 70 and ficoll 70. The denaturant-
induced equilibrium unfolding transitions were analyzed by using standard two-state equation
(Equation (7), chapter 2) [88]. The unfolding free energy (i.e., the difference of free energies of
unfolded and native states (AGp)), denaturants midpoints (Cy,) and surface area exposed by the
solvent (mg) of Ferrocyt ¢ and Mb are listed in Table 3. Data in Table 3 and Fig. 6b clearly
suggest that crowding agents increase the thermodynamic stability of Ferrocyt c. However, in
case of Mb, dextran 40 and dextran 70 do not greatly change the thermodynamic stability of
protein but ficoll 70 decrease the thermodynamic stability of Mb at pH 7 (Table 3 and Fig. 6b).
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Fig.6. Panels (a) and (b) shows the GdnHCI-induced equilibrium unfolding curves of Ferrocyt ¢ and Mb in the
presence of 0 (A) and 200mg ml™ of crowding agents (dextran 40 (o), dextran70 (), and ficoll 70 (o)), respectively
at 25°C, pH~ 7. The solid lines are fit to the data using two-state equilibrium equation (chapter 2 equation (7)) [88]
and the results are listed in table 3.

Table 3 The effect of crowding agent on AGp, mg, and C,, value of Ferrocyt ¢ and Mb at pH 7 as monitored by Trp
Fluorescence (excitation at 280 and emission at 360 hm).*

Ferrocyt ¢ Mb
Crowding Cn AGp Mg Cn AGp Mg
agent (M) (kcal mol™) (kcal mol *M™) (M) (kcal mol™) (kcal mol *M ™)
Control 5.0 16.2 3.2 1.3 6.6 5.0
Dextran 40 7.2 23.0 3.2 1.3 6.5 5.2
Dextran 70 7.0 22.3 3.2 1.3 6.1 48
Ficoll 70 6.7 20.1 3.0 1.2 5.9 4.9

* The uncertainties associated with AGp, mg, and C,, are +0.4 kcal mol™%, £0.1 kcal mol™* M, and £ 0.2 M,
respectively

3.2.7 Effect of crowding agents on thermal stability of native Ferrocyt ¢ and Mb

To determine the effect of crowding agents on thermal stability of native proteins, thermal
denaturations of native Ferrocyt ¢ and Mb were studied in presence of different concentrations of
crowding agents (dextran 40, dextran 70 and ficoll 70) at pH 7. Figs.7a and 7b present the steady-
state visible absorption spectra of Ferrocyt ¢ and Mb at 25°C (solid line), and 110°C (dotted line),
respectively. Figs. 7c and 7d present the representative heme absorption (Ferrocyt ¢ at 550 nm
and Mb 409 nm) monitored thermal denaturation curves as the change in excitation coefficient in
the absence and presence of 100 mg ml™ crowding agents (dextran 40, dextran 70 and ficoll 70)
for native Ferrocyt ¢ and Mb, respectively at pH 7.0. Figs.7e and 7f present the extent of protein
denaturation as fraction of unfolded Ferrocyt ¢ (550 nm) and Mb (409 nm), respectively. These
thermal denaturation curves were analyzed for thermal denaturation midpoint (Ty,), and van’t Hoff
enthalpy (AHp,) by using a nonlinear least squares method according to the Van’t Hoff equation

[89] (chapter 2, equation (5)). The resulting values of Tm and are provided in Table 4. It is clear
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from Fig.7 and Table 4 that the crowding agents (dextran 40, dextran 70, and ficoll 70) presence
in reaction medium increase the values of T, for Ferrocyt ¢ while these crowding agents

decreases the values of T, of the native Mb.

Table 4. Values of T, and AH,, for thermal unfolding of Ferrocyt c and Mb monitored by absorbance at 550nm
and 409 nm, respectively at pH 7.5 (+0.3).%

Ferrocyt ¢ Mb
Crowding agents Tm AHp, Tm AHn,
(K) (kcal mol™) (K) (kcal mol™)
Control 372.7 122.0 355.9 119.7
Dextran 40 (100mg ml™) 375.4 133.4 355.1 109.8
Dextran 70 (100mg ml™) 374.6 129.6 353.0 105.0
Ficoll 70 (100mg ml™) 3735 120.9 351.0 96.0

? The uncertainties of T,, and AH,, values reported here are +0.5 K and + 5.0 kcal mol?, respectively.
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Fig.7. Panel (a) and (b) shows the steady-state visible absorption spectra of Ferrocyt ¢ and Mb at 25°C (solid line),
and 110°C (dotted line), respectively. Panel (c) and (d) thermally induced unfolding of Ferrocyt ¢ monitored at 550
nm and Mb monitored at 409 nm as the change in excitation coefficient in the presence of 0 mg/ml crowding agent
(@), 100mg dextran 40 (O), 100mg dextran 70 (4) and 100mg ficoll 70 (V), respectively. 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) (Ferrocyt ¢) and 409 nm panel (f) (Mb); The solid lines in panel (c), (d), (e) and (f)
represents nonlinear least-squares fits to Van’t Hoff equation (chapter 2, equation (5)) [89].

For native Ferrocyt c, the T, value is more for dextran 40 and least for ficoll 70 (dextran 40 >
dextran 70 > ficoll 70). However, in case of Mb, the T, value is decreased more for ficoll 70 and

least for dextran 40 (ficoll 70 < dextran 70 < dextran 40) at pH 7.0.
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3.2.8 Reversibility and two states folding of native Ferrocyt ¢

In order to determine the effect of crowding agents on thermodynamic parameter of
native Ferrocyt c, both in the absence and presence of crowding, the denaturant and thermal
unfolding curves of Ferrocyt ¢ were analyzed by the two state equation [88-89] (chapter 2,
equations (5) and (7)). For the validity of two-state analysis, it is necessary to test the reversibility
and two state behavior of Ferrocyt c. To verify whether the thermal or denaturant-induced
unfolding of Ferrocyt c, occur in two state manner, the denaturant-induced unfolding transitions
for Ferrocyt ¢ were measured by monitoring the changes in far-UV CD at 222 nm (Fig. 8a) and
210 nm (Fig. 8b), and tryptophan fluorescence emission at 374 nm (Fig. 8c). In addition, the
denaturant unfolding transitions for Ferrocyt ¢ were also recorded by monitoring the changes in
heme absorption at 550 nm (Fig. 8d) and 527 nm (Fig. 8e). These denaturants induced unfolding

curves of Ferrocyt ¢ were analyzed by two-state equation [88-89] (chapter 2, equations (7)) and
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Ferrocyt ¢ monitored by far-UvV CD
at 222 (a) and 210 nm (b), Trp emission fluorescence at 374 nm (c) and heme absorption at 550 nm (d) and 527 nm
(e). The solid lines represent the non-linear least-squares fit of the data to a two-state unfolding transition (Equation
(7), chapter 2) [88]. The fit yields GdnHCI unfolding free energy, AGp and surface area exposed by solvent, mq for
Ferrocyt ¢, which are provided in Table 5. Panel (f) present the plots of fraction of Ferrocyt ¢ unfolded as a function
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of GdnHCI probed by far-UV CD at 222 (A) and 210 nm ( A), Trp emission fluorescence at 374 nm (V) and heme
absorption at 550 (o) and nm 527 nm (e).The solid line represent the non-linear least-squares fit of the data to a two-
state unfolding transition (Equation (7), chapter 2), which finally yields, AGp~ 16.5 kcal mol™ and my~ 3.1 keal mol™
M™. All transitions were measured at 25°C, 0.1 M phosphate, pH 7.0.

Table 5. Values of AGp, mg, and C,, for Ferrocyt ¢, as monitored by different spectroscopic probes at pH 7.0.*

Wavelength AGp Mg Cn
(nm) (kcal mol™) (kecal mol™ M%) (M)
550 16.1 3.0 54
427 16.9 3.2 5.3
222 16.1 3.1 5.2
212 16.2 3.0 54
375 16.7 3.1 54
550 16.1 3.0 54

® The uncertainties associated with AGp, my and C,, are + 0.5 (kcal mol™), +0.2 (kcal mol™* M™) and +0.2 (M),

respectively.

To test whether temperature-induced changes in heme absorption signals are reversible,

the solutions of Ferrocyt ¢ were heated up gradually from 313 K to 378 K (Ferrocyt c¢) (Fig. 9 a,
and b) and cooled down gradually to 313 K from or 378 K (Ferrocyt c) (Fig. 9a, & Fig.9b). The
forward-scan and reverse-scan of panel (a) and (b) in Fig. 9 are not perfectly superimposable and

same, indicating that the thermal denaturation of Ferrocyt ¢ (based on absorbance at 550 and 520

nm) at pH 7.0 are not showing the high reversibility. Varhac et al. also showed that the thermal

denaturation of Ferrocyt ¢ at pH 7.0 does not exhibit the high reversibility [48]. It is likely that the

partial interactions of Cyt ¢ molecules occur at neutral pH and that may play an important role for

not showing the high reversibility in thermal denaturations of Ferrocyt ¢ at pH 7.0.
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Fig.9. Panels (a), and (b) show the reversibility of thermal transitions of Ferrocyt ¢ monitored by heme absorbance at
550 nm and 522 nm, respectively, heating from 313 K to 378 K (A or V) and cooling from 378 Kto 313 K (A orV).
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The observed irreversibility in thermal denaturation of Cyt ¢ may depend on pH and
which can affect the thermodynamic parameters associated with the pH dependent thermal
denaturation of Ferrocyt c. A few earlier spectroscopic and calorimetric studies have revealed that
at low ionic strength, the thermal denaturation of Ferricyt ¢ at low pH (2.2-3.6) and high pH
(12.8-13.0) is reversible and two-state [90-92]. At low pH (2.2-3.6), a high number of positive
charges may prevent the intermolecular interactions of Cyt ¢ molecules [93] and that may play a
key role for the reversible two-state behavior in the thermal denaturation of Ferricyt c at low pH
(2.2-3.6) [93]. To verify whether the thermal unfolding of Ferrocyt ¢ occur in two state manner,
the thermal unfolding transitions for Ferrocyt ¢ were recorded by monitoring the changes in far-
UV CD at 222 nm (Fig. 10d) and 210 nm (Fig. 10e) and near-UV CD at 282 nm (Fig. 10f) and
290 nm (Fig. 10g). In addition, the thermal unfolding transitions for Ferrocyt c were also
measured by monitoring the changes in heme absorption at 550 nm (Fig. 10a), 522 nm (Fig. 10b)
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and 416 nm (c), far-UV CD at 222 (d) and 210 nm (e) and near-UV CD at 282 (f) and 290 nm (g). The solid lines
represent the non-linear least-squares fit of the data to a Van’t Hoff equation (Equation (5), chapter 2). The fit yields
thermal denaturation midpoint, Ty, and enthalpy change, AH,, for Ferrocyt c, which are provided in Table 6. Panel (h)
presents the plots of fraction of Ferrocyt ¢ denatured as a function of temperature probed by heme absorption at 550
nm (0), 522 nm (e) and 416 nm (A), far-UV CD at 220 nm ( A) 210 nm (V) and near-UV CD at 282 nm ('¥) and 290
nm (0). The solid line represent the non-linear least-squares fit of the data to a Van’t Hoff equation (Equation (5),
chapter 2) [89] which finally yields, T, 2373.0 K, and AH,, 125 kcal mol™. All transitions were measured in 0.1 M
phosphate at pH 7.5.

Table 6. Values of T, and AH,, for thermal unfolding of Ferrocyt ¢ as monitored by different spectroscopic probes
atpH 7.5 (+0.5).”

Ferrocyt c
Wavelength (nm) T (K) AHp, (kcal mol™)
282 372.4 138.0
210 373.7 132.0
222 372.7 129.5
416 372.8 134.0
522 372.4 140.1
550 373.4 130.0
290 373.0 129.0

® The uncertainties of T,, and AH,, values reported here are +0.5 K and + 5.0 kcal mol™, respectively.

The finding of indistinct thermal unfolding transition curves for Ferrocyt ¢ (Fig. 10h) fails the
basic test for accumulation of equilibrium structural intermediate to a detectable level. A few
earlier spectroscopic and calorimetric studies have revealed that at low ionic strength, the ratio
between van't Hoff and calorimetric enthalpy for thermal denaturation of Ferricyt ¢ under
conditions of low pH (pH 2.2-3.6), neutral pH (pH ~ 7.0) and high pH (pH 12.5-13.0) is close to
one [90-92, 94], indicating that the thermal denaturation of Ferricyt ¢ under these conditions of
pH is two state [95-98]. An earlier spectroscopic and calorimetric study has shown that at pH 7.0,
the ratio between Van’t Hoff and calorimetric enthalpy for thermal denaturation of Ferrocyt C is
close to one [48], indicating that the thermal denaturation of Ferrocyt ¢ at neutral pH is also two

state. The current spectroscopic and calorimetric study has

also revealed that at pH 7.0, the ratio between Van’t Hoff

o
=

and calorimetric enthalpy for thermal denaturation of
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Ferricyt ¢ and Ferrocyt c is close to one (Fig. 11 and Table

7), indicating that the thermal denaturation of Ferricyt ¢ and
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Fig.11. DSC scans for Ferrocyt ¢ (o) and Ferricyt ¢ (A) in 50 mM
sodium phosphate, pH 7.0. The dashed lines resulted from fitting the
20 40 60 80 100 120 (ata to the non two-state model (Table 7). In DSC experiments, protein

Temperature (°C) 48




concentration was ~115 pM, and the scan rate was 60°C h™. The DSC scans were carried out on MicroCal VP-
Capillary DSC instrument.

According to few previous studies [48, 99-104], the use of the Van’t Hoff formalism which is
implied in (Eq. (5) from chapter 2) is valid for the analysis of the temperature-dependent
spectroscopic changes exhibited by proteins even in the cases where the thermal denaturation is
only partially reversible. The thermal unfolding curves for Ferricyt ¢ and Ferrocyt ¢ measured at
different pH were analyzed for thermal denaturation midpoint (T,) and enthalpy change, (AHm)
by two-state model N==U using Van’t Hoff equation [89] (chapter 2, equation (5)).

Table 7. Thermodynamic parameters from differential scanning calorimetry for Ferricyt ¢ and Ferrocyt ¢ unfolding;
pH 7.0.°

Tm (°C) AHea(kJ mol™) AHyy (kJ mol™) AH, /AHcq
Ferricyt ¢ 82.640.06 324.7+3.3 336.4+4.6 1.03
Ferrocyt ¢ 100.5+0.07 534.0+10.8 581.245.8 1.08

¢ The standard errors in T, 4Hy and AH,, are shown in parenthesis.

The thermal or denaturant unfolding transitions measured for Ferrocyt ¢ by different optical
probes (CD, fluorescence and absorbance) and common optical probes with multiple wavelengths
are within error nearly super imposable and cooperative. The observation of indistinct thermal or
denaturant unfolding transition curves for Ferrocyt ¢ do not reveal the accumulation of any
equilibrium structural intermediate to a detectable level, which suggests that the thermal and

denaturant-induced unfolding of Ferrocyt ¢ occur in two-state manner.

3.2.9 Effect of crowding agents on the secondary (far-UV CD) structure of Ferrocyt ¢ and Mb
To test the effect of crowding agents on the secondary structures of native Ferrocyt ¢ and
Mb, the far-UV CD spectra of native Ferrocyt ¢ and Mb were collected in the absence and
presence of dextran 70 at pH 7.0, 25 °C. Fig. 12a and Fig. 12b present the far-UV CD spectra of
Ferrocyt ¢ and Mb, respectively, collected in the absence and presence of 200 mg ml™ of dextran
70 at pH 7.0, 25 °C. Fig. 12a and Fig. 12b clearly show that crowding agent presence in reaction
medium not greatly affect the secondary structures of native Ferrocyt c and Mb at pH 7, 25 °C.
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Fig.12. Panel (a) and (b) shows the equilibrium far-UV CD spectra of Ferrocyt ¢ and Mb, respectively in sodium
phosphate buffer native protein (solid line) and with 200 mg ml™ dextran 70 (long dash line) at pH 7.0 25°C.

3.3 Conclusion

Upto 40% of cytoplasm volume is generally occupied by macromolecules viz. proteins,
carbohydrates, nucleic acids etc. The highly crowded conditions found in cytoplasm can affect the
thermodynamic and kinetic properties of proteins. The kinetic and thermodynamic parameters for
CO—dissociation from NCO (NCO—N+CO) and CO-replacement from MbCO by
hexacyanoferrate ion were measured at varying concentrations of crowding agents (dextran 70,
dextran 40, and ficoll 70) and viscogens (glycerol, sucrose, and glucose). It was found that as
[Crowding agent] is increased, the rate coefficients of CO—dissociation for NCO (Kgiss) and CO-
replacement for MbCO (ko) decrease exponentially. The values of log Kgiss and log ks are found
to be slighltly decreased more for dextran 70 than that for ficoll 70, suggesting that the shape of
crowding agent may play an important role in controlling the internal dynamics of NCO and
MbCO. log kgiss and log ko are also found to be decreased more for dextran 70 than that of
dextran 40. Dextran 70 has the larger size than that of the dextran 40, so the greater decrease of
log kyiss and log ko for dextran 70 suggests that the size of crowding agent also plays a significant
role in controlling the internal dynamics of NCO and MbCO. A general approach for
investigating the importance of protein dynamics in a chemical reaction is to determine the role of
solvent viscosity on reaction rate. log kgiss is found to be decreased with increasing solvent
composition (glycerol, sucrose, and glucose) and viscosity, indicating that the solvent viscosity
controls the internal dynamics of NCO. At a given particular concentration, dextran 70 has always

higher viscosity than dextran 40 and ficoll 70, so the greater decrease of log kgiss for dextran 70
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than that of the dextran 40 suggests that the viscosity of crowding agent also plays a vital role in
controlling the internal dynamics of NCO and MbCO.

The thermal or denaturant unfolding transitions measured for Ferrocyt ¢ by different
optical probes (CD, fluorescence and absorbance) and common optical probes with multiple
wavelengths are within error nearly superimposable and cooperative. The observation of
indistinct thermal or denaturant unfolding transition curves for Ferrocyt ¢ do not reveal the
accumulation of any equilibrium structural intermediate to a detectable level, which suggests that
the thermal and denaturant-induced unfolding of Ferrocyt ¢ occur in two-state manner. Two-state
thermodynamic analysis of chemical (GdnHCI or urea) and thermal unfolding transitions of
native Ferrocyt ¢ (N-state) and Mb carried out in the absence and presence of 200 mg ml™ dextran
40, dextran 70 and ficoll 70 reveals that (i) crowding agents increase the thermodynamic stability
of Ferrocyt ¢ but in case of Mb, dextran 40 and dextran 70 do not greatly change the
thermodynamic stability of protein but ficoll 70 decrease the thermodynamic stability of Mb at
pH 7, and (ii) crowding agents also increase the thermal stability of Ferrocyt ¢ while they
decrease the thermal stability of native Mb. For native Ferrocyt c, the thermal stability is more
increased for dextran 40 and least for ficoll 70 (dextran 40 >dextran 70 >ficoll 70). However, in
case of Mb, the thermal stability is more decreased for ficoll 70 and least for dextran 40 (ficoll 70
< dextran 70< dextran 40). These results thus reveal that the macromolecular crowding effect

influences the stability, folding and dynamics of native Ferrocyt ¢ and Mb.
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Chapter 4

Factor Defining the Effect of Macromolecular Crowding on
Thermodynamic Stability and Internal Dynamics of Heme Proteins

4.1. Introduction

Biophysical and structural properties of proteins are mostly characterized in dilute aqueous
condition. However, protein are synthesized on endoplasmic reticulum and its biological
processes including protein folding, enzyme activity, structural allostery etc. were performed
under highly crowded intracellular environment [1-2]. The interior of cells contains several kinds
of macromolecules like lipids, sugars, nucleic acids, proteins, along with large organized
cytoskeleton fibers [3]. Thus the significant fraction of the intracellular space is not available to
other macromolecular species. It has been estimated that the concentration of macromolecules in
the cytoplasm ranges from 80 to 400 mg ml™[4-5]. About 10 to 40% of cellular volume is
occupied by different macromolecules [6-7]. How much of the intracellular volume is available to
other macromolecules depends on the concentration, size and shape of all the molecules present in
each compartment. The crowded environment results in excluded volume effects, risk of
nonspecific intermolecular interactions, and increased viscosity of the solvent. Earlier reports
revealed that the crowding effects arise by two different phenomenon, hardcore repulsions and
soft (i.e., chemical) interactions [8]. Due to hard core repulsion, crowder reduces the space
available to the protein and induces the compactness of protein being studied. The hardcore
repulsive effect involves only the arrangement of molecules, not their interaction with proteins
and enhancing protein stability by decreasing the entropy of unfolding [9-12]. The soft or
chemical interactions may be attractive or repulsive. In case of attractive interaction, the
nonspecific binding with protein backbone and the cosolutes leads to a preferential exclusion of
the osmolytes or crowders from the protein surface and a preferential hydration of protein [13].
As the solvent accessible surface area of the unfolded state is increased, the folding equilibrium is
shifted towards the native state [12, 14-15]. Experimental studies have demonstrated that the
crowding agents can affect protein structure and function [16-36]. Some previous results show

that the acid-denatured cytochrome ¢ (Cyt ¢) adopts a near-native molten globule state under the
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high concentration of smaller crowder dextran 40 [16]. Crowders are also influence the functional
properties of proteins or enzymes [37-47]. Crowder enhance the activity of phosphoglycerate
kinase (PGK) more than ten folds [17], regulate the phosphorylation of ERK kinase in cells [18],
alters the diffusional behavior of intracellular proteins [19-20] and molecular properties of motor
proteins, kinesins [21]. Some previous studies suggested that crowding plays a key role in human
diseases that are related to protein aggregation and fibril formation [22-25] which is linked with
numerous neurodegenerative disorders [26-29]. Earlier reports showed that the crowding agents
also increase the stability and structural content of folded [3, 30-32] and unfolded proteins [33-
36].

While the effects of crowding agents on the stability of proteins have been studied
extensively [3, 31, 48-50], the effects of crowding agents on the denaturant-dependent
thermodynamic stability of proteins are less explored [48]. This chapter investigates the effect of
macromolecular crowding (size, shape, concentration) on the denaturant dependent
thermodynamic stability of native cytochrome ¢ (Cyt ¢) and myoglobin (Mb) by analyzing the
thermal unfolding transitions of Cyt ¢ and Mb collected at fixed concentrations of crowding
agents (dextran 40, dextran 70, ficoll 70) under variable concentrations of denaturants (urea and
GdnHCI) at pH 7.0. By probing the changes in thermal fluctuations at the atomic and large-scale
collective level, one can determine the possible roles of structural dynamics in folding [51]. The
effects of crowding agents on the fast protein dynamics have been studied extensively [50, 53-
55], but the effects of crowding agents on the slow changes in the internal dynamics of proteins
are less explored [56]. In particular, the effects of crowding agents on the denaturant-dependent
low frequency local motions that control the relatively slow changes in structural dynamics of
proteins are not explored so far. This chapter investigates the effect of macromolecular crowding
(size, shape, concentration, viscosity) on the denaturant-dependent structural-fluctuations of Cyt ¢
by measuring the rate of thermally driven CO dissociation from natively-folded
carbonmonoxycytochrome ¢ (NCO-state) at fixed concentrations of crowding agents (dextran 40,

dextran 70 and ficoll 70) under variable concentrations of denaturants (urea and GdnHCI).

4.2 Results and discussion
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4.2.1 Effect of crowding agents on the denaturants dependent internal dynamics of NCO

Thermal dissociation of CO from NCO leads a significantly increase in the absorbance of
a-band (550 nm) [57-58]. The representative CO-dissociation kinetic profile of NCO recorded in
the presence of 0.05 M GdnHCI at 22°C, pH 7 is shown in Fig. 1la. To examine the effect of
crowding agents on the denaturant dependent internal dynamics of NCO, the rate coefficient of
CO-dissociation (kgiss) form NCO was measured at fixed concentrations of crowding agents
(dextran 40, dextran 70 and ficoll 70) under variable concentrations of denaturants (urea and
GdnHCI) at pH 7.0. Fig. 1b presents the denaturant-dependence of log kgiss measured in the
absence and presence of ~50, 100, 200 mg ml™ dextran 70 at pH 7.0, 22 °C. Fig. 1c shows the
denaturant-dependence of log kgiss measured in the absence and presence of ~50, 100, 200 mg ml™
ficoll 70 at pH 7.0, 22 °C. In the absence of crowding agents, when the concentration of
denaturant in the reaction medium is raised from 0.0 to 4.0 M GdnHCI or 9.0 M urea, log Kgiss
initially decreases and then increases, displaying inflections centered at ~2.3 M GdnHCI or ~5.5
M urea (Fig. 1b and Fig. 1c). This finding indicates that the subdenaturing concentrations of
denaturants constrain the internal dynamics of NCO.

Since both crowding agent and subdenaturing concentrations of denaturant (<2.3 M
GdnHCI or <5.5 M urea) individually decrease the rate of CO dissociation reaction (Fig. 2a
(chapter 3), Fig. 1b and Fig. 1c), the coexistence of the two in the reaction medium is expected to
produce a cumulative effect on the rate of CO dissociation. As [crowding agent] is increased from
0 to 200 mg ml™, the rate-denaturant profile is shifted vertically down to lower kgiss (Fig. 1b and
Fig. 1c). A slight horizontal shift toward higher concentration of denaturant is also apparent (Fig.
1b and Fig. 1c). The crowding mediated vertical and slight horizontal shifts in the rate-denaturant
profile thus reveal that the crowding agent and subdenaturing concentrations of denaturants
produce a cumulative effect on the restricted internal dynamics of NCO.

In the denaturing region, the increase in logarithm of kgiss (Fig. 1b and Fig. 1c) can be
interpreted to arise from protein destabilization and structural unfolding action of denaturant that
would facilitate the CO dissociation from NCO. In the denaturing region, the log kgiss increases to
a lesser extent in the presence of crowding agent than in the absence (Fig. 1b and Fig.1c), which
indicates that the inclusion of crowding agent opposes the structural fluctuation that cause
unfolding of the protein.
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Fig. 1d presents the denaturant-dependence of log kgiss measured in the presence of ~ 100
mg ml™ dextran 40, dextran 70 and ficoll 70 at pH 7.0, 22 °C. Under solution conditions, ficoll is
considered as spherical-shaped crowder [48, 59] while dextran 40 and dextran 70 are regarded as
rod-shaped crowder [48, 59]. Within the subdenaturing region, the extent of decrease in 10g Kyiss
typically follows the order, dextran 70> dextran 40> ficoll 70 (Fig. 1d), which suggests that in the
presence of crowding agents, the size and shape of crowding agents affect the denaturant-
mediated constrained dynamics of NCO. Previous simulation studies have also shown that the
shape of crowding agents affect the stability and dynamics of proteins [3, 48, 60]. At a given
particular concentration, dextran is more viscous than ficoll [61] and the larger sized dextran has
always higher viscosity then the smaller sized dextran [62], therefore, the greater decrease of log
Kgiss for dextran 70 than that of the dextran 40 suggests that the viscosity of crowding agents also

affects the denaturant-mediated constrained dynamics of NCO.
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Fig.1. Effect of crowding agents on the denaturants-dependent internal dynamics of NCO. Panel (a) shows the slow
single-phase dissociation of CO from NCO, NCO — N+CO (t =32 min., 22°C). The NCO — N+CO reaction was
probed at 550 nm in the presence of 0.05M GdnHCI. Panel (b) presents the denaturant-dependence of log kg in the
absence (GdnHCI (e), urea (o)) and presence of 50 mg ml™ (urea(C])), 100 mg ml™ (GdnHCI (&), urea (A)) and 200
mg ml™ (GdnHCI (m)) of dextran 70 at pH 7.0, 22 °C. Panel (c) presents the denaturant-dependence of log ks in the
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absence (GdnHCl (), urea (o)) and presence of 50 mg ml™ (urea (1)), 200 mg mI™* (GdnHCI (¥), urea (V)), and 200
mg ml™ (GdnHCI (4)) of ficoll 70 at pH 7.0, 22 °C. Panel (d) presents the denaturant-dependence of log ks in the
presence of 100 mg ml™ of dextran 40 (urea (¢), GdnHCI (0)), dextran 70 (GdnHCI (m), urea (A)), and ficoll 70
(GdnHCI ('V), urea (V))at pH 7.0, 22°C. The solid lines are just guide the eye. All the experiments are carried out in
50 mM phosphate buffer. ~

A recent report revealed that the larger sized dextran forms caging or confinement
environment, which indicates that caging or confinement effect may also play a vital role in
controlling the dynamics of protein [63]. Within the denaturing region, the extent of increase in
log Kgiss typically follows the order, dextran 70< dextran 40< ficoll 70 (Fig. 1d), which suggests
that in the presence of crowding agents, the size and shape of crowding agents also affect the
denaturant-mediated structural fluctuation that cause unfolding of the protein.

4.2.2 Effect of crowding agents on the denaturant-dependent activation thermodynamic

parameter of CO-dissociation reaction of NCO

To further examine the effects of crowding agents on the denaturant-dependent internal dynamics
of NCO, the temperature dependent CO dissociation kinetics profiles of NCO were measured at
various concentrations of denaturants (urea and GdnHCI) in the absence and presence of
crowding agents (dextran 40, dextran 70 and ficoll 70) at pH 7.0. Fig. 2a presents the Eyring plots
for CO-dissociation reaction of NCO in the absence of additive and at 2.3 and 4.0 M GdnHCl in
the absence and presence of 100 mg ml™ dextran 40, dextran 70 and ficoll 70. The Eyring plots
for CO-dissociation reaction of NCO in the absence of additive and at 5.5 and 8.5 M urea in the
absence and presence of ~100 mg ml™ dextran 40, dextran 70 and ficoll 70 are shown Fig. 2b.
Thermodynamic parameters viz; activation enthalpy (AHgiss) and activation entropy (ASgiss) for CO
dissociation reaction of NCO in the absence of additive and at 2.3 and 4.0 M GdnHCI or 5.5 and
8.5 M urea in the absence and presence of ~100 mg ml™ dextran 40, dextran 70 and ficoll 70 at
pH 7.0 were calculated by Eyring equation (Equation (1), chapter 2) [64]. The calculated values
of AHgiss* and ASgiss* are listed in Table 1. The corresponding free energy of activation (AGgiss'),
entropy change (—TASgiss*), Were also calculated from Gibb free energy equation (AGgiss' =AH giss*

—TASgiss?) at 25 °C and are summarized in Table 1.
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Fig.2. Effect of crowding agents on denaturant-dependent activation thermodynamic parameters of CO dissociation
reaction of NCO at pH 7.0. Panel (a) shows Eyring plots for the CO dissociation reaction of NCO in the absence of
additive (0) and at 2.3 M GdnHCI (A), 4 M GdnHCI (e), 2.3 M GdnHCl with 100 mg ml*crowding agent (dextran 70
(o), dextran 40 (A) and ficoll 70 (#)) and 4 M GdnHCI with 100 mg ml ™ crowding agent (dextran 70 (m), dextran 40
(V) and ficoll 70 (0)). Panel (b) shows Eyring plots for the CO dissociation reaction of NCO in the absence of
additive (o) and at 5.5 M urea (A), 8.5 M urea (®)), 5.5 M urea with 100 mg ml™ crowding agents (dextran 70 (m),
dextran 40 (V) and ficoll 70 (#)) and 8.5 M urea with 100 mg ml” ‘crowding agents (dextran 70 (o), dextran 40 (V)
and ficoll 70 (©)). The solid lines are fitted according to Eyring equation (Equation (1), chapter 2).

Table 1. Effect of macromolecular crowding on denaturant-dependent AHgiss", AGiss', ASaiss- and —TASgis+ fOr
CO dissociation reaction of NCO at pH 7.0*.

Without crowding agents dextran 40 (100 mg ml™)
[GdnHCI] (M) AGdissai AHdissi Asdissi _TASdissai AGdissali AHdissi ASdissi _TASdissai
control 22.0 24.4 8.3 -2.5 22.1 25.4 11.0 -3.3
2.3 22.3 27.3 16.8 -5.0 22.4 29.4 23.7 -7.0
4.0 21.6 21.8 0.7 -0.2 21.8 23.2 4.6 -14
[Urea] (M)
55 22.3 27.1 16.3 -4.8 22.4 29.1 22.4 -6.7
8.5 21.7 23.3 5.0 -1.6 21.9 23.5 55 -1.6
dextran 70 (100 mg ml™) ficoll 70 (100 mg ml™)
[GdnHCI] (M) AGdissaI AHdissi Asdissi _TASdissai AGdissaI AHdissI Asdissi _TASdissai
control 22.2 26.3 13.6 -4.0 22.0 24.8 10.5 -2.8
2.3 22.5 29.9 24.8 -7.4 224 29.0 22.2 —6.6
4.0 21.9 23.9 6.7 -2.0 21.6 22.5 2.9 -0.9
[Urea] (M)
55M 22.5 294 23.2 -6.9 22.3 27.8 18.6 -55
85M 21.9 23.6 5.6 -1.7 21.8 234 5.3 -1.6

*AGisst, AH¥giss, ASgissw and —TASgiss are reported as kcal mol™, kcal mol?, cal mol™ K* and kcal mol™® K™,
respectively. The uncertainties associated with AGiiss', AH%giss, ASgiss and —TASgiss* are 0.5 kcal mol ™, +0.5 kcal
mol™, 2.5 cal mol™ and +0.4 kcal mol™ K™, respectively.

2 Activation free energy (AGgiss') and entropy changes (—TASys" ) are given at 25 °C.

The data in Table 1 provides several important information, (i) subdenaturing concentrations of

denaturants increase the AHgissw and which is found to be increased more in the presence of
crowding agents then in its absence, (ii) within subdenaturing region, the crowding-mediated
increase in AHgjss* typically follows the order, dextran 70> dextran 40> ficoll 70 (Fig. 2a and Fig.
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2b), which reveals that the size, shape and viscosity of crowding agents affect the denaturant-
mediated constrained dynamics of NCO, (iii) high concentrations of denaturants decrease the
AHgiss' and which is found to be less decreased in the presence of crowding agents then in its
absence, which suggests that the crowding agent produces the counteraction effect on the
denaturant-mediated structural fluctuation that unfolds the protein, (iv) the crowding-mediated
counteraction effect on the denaturant-mediated structural fluctuation that cause unfolding of the
protein typically follows the order, dextran 70> dextran 40> ficoll 70 (Fig. 2a and Fig. 2b), which
suggests that the size, shape and viscosity of crowding agents affect the denaturant-mediated
structural fluctuation that cause unfolding of the protein, and (v) the crowding-mediated increase

in AHgiss* is accompanied by a decrease in the entropy change, —TASgiss*

4.2.3 Effect of crowding agents on the denaturant-dependent thermal unfolding of Ferrocyt ¢
and Mb

Fig. 3a presents the effect of temperature on a-band (550 nm) of Ferrocyt ¢ at pH 7.0.
When temperature is increased from 25 to 110 °C, the intensity of a-band is decreased
significantly (Fig. 3a). This allows us to evaluate the effect of crowding agents on the denaturant-
dependent thermal unfolding of Ferrocyt ¢ at pH 7.0. Fig. 3b shows the representative absorbance
(550 nm)-monitored thermal denaturation curves of Ferrocyt ¢ measured at 0.5 and 2.3 M
GdnHCI in the absence and presence of 100 mg ml™ dextran 40 and dextran 70 at pH 7.0. Fig. 3c
presents the far-UV CD spectrum of Ferrocyt ¢ at 25°C, which exhibits a negative cotton effect at
222 nm that reflects the secondary structure of the native protein. When temperature is increased
from 25 to 110°C, the negative cotton effect is eliminated significantly, which reveals that the
secondary structure of the protein is disrupted significantly. Fig. 3d represents the far-UV CD-
(222 nm) monitored normalized thermal unfolding curves of Ferrocyt ¢ measured at 3.0 and 8.0
M urea in the absence and presence of 200 mg ml™* dextran 40, dextran 70 and ficoll 70 at pH 7.0.
Data in Fig. 3b and Fig. 3d clearly indicate that the denaturant-dependent thermal transition curve
gets shifted to higher temperatures in the presence of crowding agents. Fig. 4a presents the effect
of temperature on the soret-band (409 nm) of Mb at pH 7.0 When temperature is increased from
25 to 90°C, the intensity of soret-band is decreased significantly, which indicates thermal

denaturation of Mb at 95 C. Fig. 4b shows the representative absorbance-monitored thermal
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denaturation curves of Mb measured in the absence additives and at 0.5 M GdnHCI in the absence

and presence of 200 mg ml™ of crowding agent (dextran 40, dextran 70 and ficoll 70) at pH 7.0.
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Fig.3. Effect of crowding agents on the denaturant-dependent thermal unfolding of Ferrocyt ¢ at pH 7.0. Panel (a)
shows the visible absorption spectra of Ferrocyt ¢ collected at 25°C (solid line) and 110°C (dotted line), pH 7.0. Panel
(b) represents the thermal denaturation curves of Ferrocyt ¢ monitored at 550 nm as the change in excitation
coefficient at 0.5 M GdnHCI (o), 2.3 M GdnHCI (A), 0.5 M GdnHCI with 100 mg ml™ dextran 40 (A), 0.5 M
GdnHCI with 100 mg ml™ dextran 70 (e), 2.3 M GdnHCI with 100 mg ml™ dextran 40 (o), 0.5 M GdnHCI with 100
mg ml™ dextran 70 (V), 2.3 M GdnHCI with 100 mg ml™ ficoll 70 (%), 2.3 M GdnHCI with 200 mg ml™of dextran
70 (V). Panel (¢) represents far-UV CD spectra of Ferrocyt c collected at 25°C (solid line) and 110°C (dotted line) at
pH 7.0. (d) Normalized thermally-induced unfolding curves of Ferrocyt ¢ monitored at CD-222 nm at 3 M urea (o),
8M urea (m), 8M urea with 200 mg ml™? dextran 70 (A), 3 M urea with 200 mg ml™? dextran 70 (e), 8M urea with 200
mg ml™ dextran 40 (¥), 3 M urea with 200 mg ml™ dextran 40 (A), 8M urea with 200 mg ml™ ficoll 70 (¢), 3 M
urea with 200 mg ml™ ficoll 70 (V). The solid curves in panels (b) and (d) represent nonlinear least-squares fits to
two-state van't Hoff equation (Equation (5), chapter 2)[65].

Fig. 4c shows the far-UV CD spectrum of Mb at 25°C, pH 7.0, which exhibits a negative
Cotton effect at 222 nm that is the signature of secondary structure of the native protein. As the
temperature is increased from 25 to 90°C, the negative Cotton effect is eliminated, which reveals
that the secondary structure of protein is disrupted significantly at 90°C. Fig. 4d presents the far-
UV CD-(222 nm) monitored normalized thermal denaturation curves of Mb measured in the

absence of additives and at 1.0 and 4.5 M urea in the absence and presence of 100 mg ml™ dextran
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40, dextran 70 and ficoll 70 at pH 7.0. Fig. 4b and Fig. 4d suggest that the denaturant dependent
thermal transition curve gets shifted to lower temperatures in the presence of crowding agents.
The absorbance and CD-monitored thermal unfolding curves of Ferrocyt ¢ and Mb were
analyzed for thermal denaturation midpoint (Tr,) and enthalpy change (AHy,) by two-state model
N==U using van’t Hoff equation (Equation (5), chapter 2) [64]. The T, and AH,, values for
Ferrocyt c at various [GAnHCI] (Table 2) and [urea] (Table 3) both in the absence and presence of

crowding agent are provided in Table 2 and Table 3.

Table 2. Effect of crowding agents on [GdnHCI]-dependent T,, and AH,, of Ferrocyt ¢ at pH 7 as monitored by
visible absorbance at 550 nm*.

without crowding agents 100 mg ml™ ficoll 70 100 mg ml™" dextran 40

[GAnHCII(M) T AHo T AHm T AHn
control 373.9 119.5 374.4 122 - -
0.25 372.2 115.0 371.7 118 371.3 127.0
05 367.3 109.7 369.8 116 370.2 122.4
1.0 362.6 102.0 365.0 110 365.5 115.0
15 356.6 98.0 360.1 105 361.9 109.0
2.3 349.0 85.0 353.7 95 354.7 100.0
2.8 346.7 78.0 349.2 88 350.3 96.0
100 mg ml™ dextran 70 200 mg ml™ dextran 70 300 mg ml™ dextran 70
[GAnHCI](M) T AH,, T AH,, T AHn
0.25 374.2 126.0 - - - -
0.5 368.2 120.0 371.1 125.0 373.0 127.0
1.0 367.3 115.0 368.9 118.7 367.1 120.0
15 358.6 105.0 364.4 113.0 364.1 115.0
2.3 353.4 97.0 357.4 104.0 359.9 109.0
2.8 349.6 90.0 353.6 99.0 356.0 105.0

*AH,, and T,, are reported as kcal mol™* and K, respectively. The uncertainties associated with AH,,, and T, are +1.0
kcal mol* and +0.5 K, respectively. GdnHCI concentrations are uncorrected for crowding agents (for each crowding
agent concentration, the correct concentrations of GdnHCI were calculated by using equation 10 of chapter 2.

Table 3. Effect of crowding agents on [urea]-dependent T,, and AH,, of Ferrocyt ¢ (CD at 222 nm) at pH 7.0 in the
absence and presence of 200 mg ml™ of crowding agents*.

without crowding agents dextran 40 dextran 70

[Urea] (M) T AH, Tm AH,, Tm AHy,

control 370.5 120.0 377.5 127 372.3 123

3.0 363.6 109.6 372.0 120 367.8 115

4.5 358.4 98.8 369.3 113 364.3 110

6.5 351.4 90.0 361.0 105 358.6 103

8.0 344.9 83.0 357.8 102 355.0 99.1

ficoll 70

[Urea] (M) Tm AHy,
control 372.1 121
3.0 367.4 113
4.5 362.0 105
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6.5 356.9 98
8.0 351.3 90

*AH,, and T, are reported as kcal mol * and K, respectively. The uncertainties of T, and AH,, values reported here
are £0.5 K and + 2.0kcal mol™, respectively. Urea concentrations are uncorrected for crowding agents counter ion
experiments and correct urea concentrations were calculated by using equation 10 of chapter 2.
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Fig.4. Effect of crowding agents on the denaturant-dependent thermal unfolding of Mb at pH 7.0. Panel (a) shows the
visible absorption spectra of Mb collected at 25°C (solid line) and 90 °C (dotted line), pH 7.0. Panel (b) represents the
thermal denaturation curves of Mb monitored at 409 nm as change in excitation coefficient in absence of additives
(®) and in the presence of 0.5 M GdnHCI (A), 0.5 M GdnHCI with 200 mg ml™ of crowding agent (dextran 40 (A),
dextran 70 (V) and ficoll 70 (o)). Panel (c) represents far-UV CD spectra of Mb collected at 25°C (solid line) and 90
°C (dotted line), pH 7.0. (d) Normalized thermally induced unfolding curves of Mb monitored at CD-222 nm in the
presence of 1 M urea (o), 4.5 M urea (A) and 1 M urea with 100 mg ml™ dextran 70 (V), 4.5 M urea with 100 mg ml°
Y dextran 70 (), 1 M urea with 100 mg ml™ dextran 40 (A), 4.5 M urea with 100 mg ml™* dextran 40 (o), 1M urea
with 100 mg ml™ ficoll 70 (), 4.5 M urea with 100 mg ml™ ficoll 70 (¢), at pH 7.0. The solid curves in panels (b) and
(d) represent nonlinear least-squares fits to two-state van't Hoff equation(Equation (5), chapter 2) [65].

The T, and AH, values for Mb at various [GdnHCI] (Table 4) and [urea] (Table 5) both in the
absence and presence of crowding agent are provided in Table 4 and Table 5. Fig. 5a and 5b
present the variations in Tp, and AH, for Ferrocyt ¢ (at 550 nm), respectively as a function of
[GAnHCI] in the absence and presence of 100 and 200 mg ml™ of dextran 70, 100 mg ml™* of
ficoll 70, and 100 mg ml™ of dextran 40 at pH 7.0. Fig. 5¢c and Fig. 5d show the variations in Tp,
and AHp, for Ferrocyt ¢ (CD at 222nm), respectively as a function of [Urea] in the absence and
presence of 200 mg ml™ of dextran 70, ficoll 70 and dextran 40 at pH 7.0. Fig. 6a and Fig. 6b

show the variations in Tr, and AHy, for Mb (absorbance at 409 nm), respectively as the function of
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[GdnHCI] in the absence and presence of 200 mg ml™ of dextran 70, ficoll 70 and dextran 40 at
pH 7.0. Fig. 6¢c and Fig. 6d show the variations in T, and AHp, for Mb (CD (at 222nm)),

respectively as a function of [Urea] in the absence and presence of 100

ficoll 70 and dextran 40 at pH 7.0.
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Fig.5. Effect of crowding agents on the denaturant-dependent T, and AH,, of Ferrocyt c at pH 7.0. Panels (a) and (b)
shows the variations in T, and AH, respectively for Ferrocyt c (absorbance 550 nm) as the function of [GdnHCI] in
the absence (0) and presence of 100 mg ml™ (dextran 40 (A), dextran70 (e), ficoll70 (o)) and 200 mg ml™ of dextran
70 (A) at pH 7.0. Panels (c) and (d) shows the variations in T, and AH,,, respectively for Ferrocyt ¢ (CD 222 nm) as
the function of [urea], in the absence (©), and presence of 200 mg ml ™ crowding agent (dextran 40 (A), dextran70 (e)
and ficoll 70 (V)) at pH 7.0. The parameters are summarized in Table 2 (Absorbance 550 nm) and Table 3 (CD 222
nm). The solid lines in panels (a) to (d) represent linear least-squares fit of the data.

Table 4. Effect of crowding agents on [GdnHCI]-dependent T, and AH,,, of Mb at pH 7 as monitored by visible

absorbance at 409 nm*.

without crowding agents

200 mg ml™ ficoll 70

200 mg ml™ dextran 40

[GdnHCI](M) T AHp, T AH;, T AHp,
0.0 355.4 121.8 349.7 108.5 353.1 113.0
0.1 352.8 117.6 346.5 98.5 347.6 106.7
0.25 348.9 108.2 343.5 92.5 345.3 96.9
0.5 343.2 95.7 340.2 82.6 343.0 87.9
0.75 339.0 82.1 334.6 69.0 335.1 75.0
1.0 333.4 72.0 330.0 63.0 333.1 67.0

200 mg ml™ dextran 70

[GAnHCII(M) T AH,,
0.0 352.2 111.0
0.1 347.3 100.0
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0.25 344.7 94.7

0.5 341.8 85.4
0.75 334.8 71.8
1.0 332.6 65.9

*AH,, and T, are reported as kcal mol * and K, respectively. The uncertainties associated with AHy, Trand AGr are
+1.0 kecal mol™* and +0.5 K, respectively. GdnHCI concentrations are uncorrected for crowding agents (for each
crowding agent concentration, the correct concentration of GdnHCI were calculated by using equation 10 of chapter
2.

Table 5. Effect of crowding agents on [Urea]-dependent T,, and AH,, of Mb (CD at 222 nm) at pH 7.0, in the
absence of presence of 100 mg ml™ crowding agents*.

without crowding agents dextran 40 dextran 70
[Urea](M) Tm AH,, Tm AH,, Tm AH,
0.0 356.0 118.3 354.8 114.1 354.0 110.6
1.0 353.0 110.3 351.8 104.9 350.0 101.1
2.0 347.3 97.7 345.6 92.9 344.0 89.6
3.0 342.0 86.1 340.9 80.6 340.0 77.9
4.5 336.6 72.9 335.0 67.4 333.4 62.5
ficoll 70
[Urea](M) Tm AHp,
0.0 351.9 107.0
1.0 348.2 98.0
2.0 343.1 87.7
3.0 338.6 74.7
4.5 332.3 60.6

*AH,, and T, are reported as kcal mol tand K, respectively. The uncertainties of T, and AH,, reported here are
+0.5 °K and + 2.0kcal mol™, respectively. Urea concentrations are uncorrected for crowding agents counter ion
experiments and correct urea concentrations, were calculated by using equation 10 of chapter 2.

0.0 0.3 0.6 0.9 1.2 0 1 2 3 4
[GdnHCI] (M) [Urea] (M)

Fig.6. Effect of crowding agents on the denaturant-dependent T, and AH,, of Mb at pH 7.0. Panels (a) and (b) show
the variations in T,, and AH, respectively for Mb (absorbance 409 nm) as the function of [GdnHCI] in the absence
(o), and presence of 200 mg ml™ crowding agent (dextran 40 (A), dextran70 (), ficoll70 (o)) at pH 7.0. Panels (c)
and (d) show the variation in Ty, and AH,,, respectively for Mb (CD 222 nm) as the function of [urea] in the absence
(o), and presence of 100 mg ml™ crowding agent (dextran 40 (A), dextran70 (e), ficoll70 (V)) at pH 7.0. The

67




parameters are summarized in Table 4 (absorbance 409 nm) and Table 5 (CD 222 nm). The solid lines in panels (a)
to (d) represent linear least-squares fit of the data.

The Trand AHp, values for Ferrocyt ¢ decrease linearly with [Denaturant], however in the
presence of crowding agent, the T, and AH, values decrease to a lesser extent (Figs.5a, 5b, 5c,
5d, Table 2 and Table 3) then in its absence, indicating that the crowding agents counteract the
destabilizing action of the denaturant on the thermal stability of Ferrocyt ¢ at pH 7.0. The
counteraction effect of crowding agent on the destabilizing action of the denaturant on the thermal
stability of Ferrocyt c typically follows the order, dextran 40 > dextran 70 > ficoll 70 (Figs.5a, 5b,
5¢, 5d, Table 2 and Table 3), which reveals that the size and shape of crowding are the key factors
that modulate the effect of macromolecular crowding on thermal stability of Ferrocyt c.

The effect of crowding on protein stability can be protein specific and generally depends
on the crowder-to protein size ratio and geometry of crowders [48]. The Ty, and AHp, values for
Mb decrease linearly with [denaturant], however in the presence of crowding agent. The T, and
AHp, values decrease to a larger extent (Figs.6a, 6b, 6¢, 6d, Table 4, Table 5). This finding
indicates that the crowding agent shows an additive effect with the destabilizing action of the
denaturant on the thermal stability of Mb at pH 7.0. The additive effect of crowding agent on the
destabilizing action of the denaturant on the thermal stability of Mb typically follows the order,
ficoll 70 > dextran 70 > dextran 40 (Figs.6a, 6b, 6¢, 6d, Table 4, Table 5), which reveals that the
size and shape of crowding are the key factors that influences the effect of macromolecular
crowding on thermal stability of Mb. The probable explanation for decrease in stability of Mb in
the presence of crowding agent is the change in accessible surface area (ASA) of Mb while
unfolding [66].

4.2.4 Effects of crowding agents on the denaturant-dependent thermodynamic stability of
Ferricyt c and Mb

Fig.7a shows the representative normalized urea-induced unfolding curves of Ferricyt ¢
measured in the absence of additives and at 1.0 M GdnHCI in the absence and presence of ~100
mg ml™* of crowding agents (dextran 40, dextran 70 and ficoll 70) at pH 7.0, 25 °C. Fig. 7b shows
the representative the normalized urea-induced unfolding curves of Mb measured in the absence
of additives and at 0.5 M GdnHCl in the absence and presence of 100 mg ml™ of crowding agents

(dextran 40, dextran 70 and ficoll 70) at pH 7.0, 25 °C. Fig. 7a and 7b show that the inclusion of
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GdnHCI shifts the urea induced unfolding curves of Ferricyt ¢ and Mb to lower urea
concentrations. However, in the presence of 100 mg ml™ of crowding agents (dextran 40, dextran
70 and ficoll 70), the GdnHCI-triggered shift in the urea-induced unfolding curve is less
pronounced for Ferricyt ¢ (Fig. 7a) but more pronounced for Mb (Fig. 7b). The urea-induced
unfolding curves of Ferricyt ¢ and Mb were analyzed by assuming a two state transition between
the folded (N) and unfolded (U) conformations by using the procedure of Santoro and Bolen
(Equation (7), chapter 2) [67]. The urea-unfolding midpoint, Cy, (=AGp/my), for different GdnHCI
concentrations was also calculated in the absence and presence of 100 mg ml™ dextran 40, dextran
70 and ficoll 70 at pH 7.0, 25°C. The resulting values of AGp, mg and C, are given in Table 6 and
Table 7 for Ferricyt ¢ and Mb, respectively. AGp and Cp, decrease linearly with GdnHCI
concentration (Fig. 7c, 7d, 7e and 7f). However, in the presence of crowding agent (dextran 40,
dextran 70 and ficoll 70), the decrease in AGp and Cp, with [GdnHCI] is less pronounced for
Ferricyt ¢ (Fig. 7c and 7e) and more pronounced for Mb (Figs. 7d and 7f). These results suggest
that the presence of crowding agent in reaction medium counteracts the denaturing action of
GdnHCI in case of Ferricyt ¢ while it shows an additive effect on the denaturing action of
GdnHCI in case of Mb. The counteracting ability of crowding agent towards the denaturing action
of GdnHCI for Ferricyt c typically follows the order, dextran 40 > dextran 70 > ficoll 70 (Fig. 7c
and 7e), which suggests that the size and shape of crowding agents are the key factors that
modulate the counteracting ability of crowding agent towards the denaturing action of GdnHCI on
thermodynamic stability of Ferricyt c. The additive effect of crowding agent with the denaturing
action of GdnHCI for Mb typically follows the order, ficoll 70 > dextran 70 > dextran 40 (Figs. 7d
and 7f), which reveals that size and shape of crowding are the key factors that influences the
additive effect of crowding agent towards the denaturing action of GdnHCI on thermodynamic
stability of Mb.

Table 6. Dependence of the AGp, mg and C,, of Ferricyt ¢ on [GAnHCI] in the absence and presence of 100 mg ml™?
crowding agents at pH 7.0 as monitored by Trp fluorescence (ex: 280; em: 365nm)*.

without crowding agents 100 mg ml™ dextran 40
[GdnHCI] Cn AGp mq Cnm AGp my
(M) (M) (kcal mol™) (kcalmol™™M™) (M) (kcal mol™) (kcalmol™ M™)
0.0 7.6 8.6 11 8.6 11.8 14
0.25 6.3 7.9 1.2 7.4 9.5 1.3
0.5 5.6 6.9 1.2 6.5 8.0 1.2
1.0 4.3 5.7 13 5.3 6.9 1.3
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2.0 2.0 3.1 15 2.8 4.7 1.7

100 mg mI™ dextran 70 100 mg ml™ ficoll 70
[GdnHCI] Cn AGp m, Cn AGp my
(M) (M) (kcal mol™)  (kcalmol™ M™) (M) (kcal mol™™)  kcalmol™ M™)
0.0 8.4 111 1.3 8.3 10.3 1.2
0.25 7.2 9.1 1.3 7.2 8.6 1.2
0.5 6.4 7.4 1.2 6.3 7.3 1.2
1.0 5.2 6.5 1.2 5.1 6.0 1.2
2.0 2.7 45 1.6 2.6 4.0 1.6

*The uncertainties associated with AGp, mg, and C,, are 0.5 (kcal mol™), £0.2 (kcal mol™ M™) and +0.2 (M),
respectively.
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Fig.7. Effects of crowding agents on the denaturant-dependent thermodynamic stability of Ferricyt ¢ and Mb at pH
7.0. Panel (a) show the fluorescence-monitored normalized urea-induced unfolding curves of Ferricyt ¢ measured in
the absence (#), presence of 1 M GdnHCI (<) and 1 M GdnHCI with 100 mg ml™ of dextran 70 ((J), dextran 40
(@), ficoll 70 (A) at pH 7.0 and 25°C. Panel (b) shows the fluorescence-monitored normalized urea-induced
unfolding curves of Mb in the absence () and presence of 0.5 M GdnHCI (<>) and 0.5 M GdnHCI with 100 mg ml™
of dextran 70 (OJ), dextran 40 (@), ficoll 70 (A) at pH 7.0 and 25°C. The solid curves represent nonlinear least-
squares fits according to the standard two-state equation (Equation (7), chapter 2) [67]. Panel (c) and (d) show the
GdnHCI-dependence variation of the change in unfolding free energy, AGp, for Ferricyt c and Mb, respectively in the
absence of crowder (#) and in the presence of 100 mg ml™ of dextran 40 (@), dextran 70 (CJ) and ficoll 70 (A) at pH
7.0 and 25 °C. Panel (e) and (f) show the GdnHCI-dependence variation of the urea unfolding midpoint, C,,, of
Ferricyt c and Mb, respectively in the absence of crowder () and in the presence of 100mg ml™ of dextran 40(®),
dextran 70 (L) and ficoll 70 (A) at pH 7.0 and 25 °C. The thermodynamic parameters are listed in Table 6 (Ferricyt
¢) and Table 7 (Mb). The solid lines in panel (c), (d), (e) and (f) represent linear least-squares fit of the data.

70




Table 7. Dependence of the AGp, mg and Cy, of Mb on [GdnHCI] in the absence and presence of 100 mg ml™t
crowding agents at pH 7.0 as monitored by fluorescence (ex: 280; em: 365nm)*.

without crowding agents 100 mg mI™ dextran 40
[GdnHCI] Cn AGp Mg Cnm AGp myg
(M) (M) (kcal mol™) (kcalmol™M™) (M) (kcal mol™) (kcalmol™ M)
0.0 5.6 7.3 1.3 5.3 7.0 1.3
0.25 4.5 5.7 1.3 3.8 5.1 1.3
0.5 3.5 4.0 1.2 3.2 4.0 1.2
0.75 3.1 2.6 1.1 2.3 2.4 1.1
100 mg mlI™ dextran 70 100 mg ml™ ficoll 70
[GdnHCI] Cn AGp my Cnm AGp my
(M) (M) (kcal mol™) (kcalmol™ M) (M) (kcal mol™)  (kcalmol™ M)
0.0 4.8 6.7 14 4.7 6.5 14
0.25 3.7 4.8 1.3 35 35 1.0
0.5 3.1 3.0 1.0 2.9 2.5 0.9
0.75 1.9 2.2 1.1 1.8 1.7 1.0

*The uncertainties associated with AGp, mg, and C, are 0.8 (kcal mol™), 0.1 (kcal mol™ M™) and +0.3 (M),
respectively.

Briefly, the thermodynamic stability of protein depends on the type of protein, geometry of
crowders or size and shape of crowders, as the key factors defining the net effect of excluded

volume on protein biophysics [48].

4.2.5 Effect of crowding agents on the denaturant dependent-secondary structure of Ferricyt ¢
and Mb

In the far-UV region (200-250 nm), the CD spectrum of native protein is characterized by
negative Cotton effects at ~210 nm and 222 nm, typical of proteins with a-helix structure. Fig. 8a
presents the far-UV CD spectra of Ferricyt ¢ collected in the absence and presence of 200mg ml™
of dextran 40, dextran 70 and ficoll 70 with 2 and 10 M of urea at pH 7.0, 25 °C. Fig. 8b presents
the far-UV CD spectra of Mb collected in the absence and presence of 200mg ml™ of dextran 40,
dextran 70 and ficoll 70 with 2 and 10 M of urea at pH 7.0, 25 °C. Figs. 8a and 8b demonstrate
that the crowding agents presence not greatly alter the secondary structures of native and
denatured states of Ferricyt c and Mb at pH 7, 25 °C.
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Fig.8. Effect of crowding agents on the denaturant dependent-secondary structure of Ferricyt ¢ and Mb at pH 7.0.
Panel (a) shows the far-UV CD spectra of Ferricyt ¢ collected in the absence of crowding agents (solid black line)
and in presence of ~ 2M urea (dotted black line), 10 M urea (black short line) and with 200mg ml™ of dextran 40 (2M
urea (blue solid line), 10 M urea (blue short line)), dextran 70 (2M urea (green solid line), 10 M urea (green short
line)) and ficoll 70 (2M urea (gray solid line), 10 M urea (gray short line)) at pH 7, 25 °C. Panel (b) shows the far-UV
CD spectra of Mb collected in the absence of additives (solid black line) and in presence of ~ 2M urea (dotted black
line), 10 M urea (black short line) and with 200mg ml™ of dextran 40 (2M urea (blue solid line), 10 M urea (blue
short line)), dextran 70 (2M urea (green solid line), 10 M urea (green short line)) and ficoll 70 (2M urea (gray solid
line), 10 M urea (gray short line)) at pH 7, 25 °C.

4.3 Conclusion

Analysis of kinetic and thermodynamic parameters measured for CO dissociation reaction
of NCO under various concentrations of GdnHCI and urea at fixed concentrations of crowding
agents (dextran 40, dextran 70 and ficoll 70) at pH 7.0 reveals that (i) subdenaturing
concentrations of denaturants constrain the internal dynamics of NCO while higher concentrations
of denaturants increase the level of structural fluctuations that cause unfolding of the protein (ii)
within subdenaturing region, crowding agent produce a cumulative effect on the denaturant
mediated restricted internal dynamics of NCO (iii) size, shape and viscosity of crowding agents
are the key factors that modulate the denaturant-mediated restricted internal dynamics of NCO
(iv) in the denaturing region, the inclusion of crowding agent opposes the structural fluctuation
that cause unfolding of the protein, (v) the size, shape and viscosity of crowding agents are the
key factors that modulate the denaturant-mediated structural fluctuation that cause unfolding of
the protein (vi) subdenaturing concentrations of denaturants increase the AHgiss* and which is
found to be increased more in the presence of crowding agents then in its absence, (vi) high
concentrations of denaturants decrease the AHgiss* and which is found to be less decreased in the
presence of crowding agents then in its absence, which suggests that the crowding agent produces

the counteraction effect on the denaturant-mediated structural fluctuation that unfolds the protein,
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and (vii) the crowding-mediated increase in AHgjss* IS accompanied by a decrease in the entropy
change, —TASgjss*.

Thermodynamic analysis of thermal and urea-induced unfolding curves of Ferrocyt ¢ and
Mb measured at varying concentrations of GdnHCI in the absence and presence of fixed
concentrations of crowding agents (dextran 40, dextran70 and ficoll 70) reveals that: (i) the
presence of crowding agent in reaction medium counteracts the denaturing action of GdnHCI in
case of Ferricyt ¢ while it shows an additive effect on the denaturing action of GdnHCI in case of
Mb (ii) the counteracting ability of crowding agent towards the denaturing action of GdnHCI for
Ferricyt c typically follows the order, dextran 40 > dextran 70 > ficoll 70, which reveals that the
size and shape of crowding agents are the main factors that modulate the counteracting ability of
crowding agent towards the denaturing action of GdnHCI on thermodynamic stability of Ferricyt
¢, and (iii) The additive effect of crowding agent with the denaturing action of GdnHCI for Mb
typically follows the order, ficoll 70 > dextran 70 > dextran 40 (Figs. 7d and 7f), which reveals
that size and shape of crowding are the main factors that influences the additive effect of

crowding agent towards the denaturing action of GAnHCI on thermodynamic stability of Mb.
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Chapter 5

Role of Amino Acids on the Stability, Folding, and Internal Dynamics of
Cytochrome c and Myoglobin

5.1 Introduction

In living organisms, proteins are surrounded by a variety of micro- and macro-biomolecules,
including free amino acids, carbohydrates, lipids, cytoskeletons, and ribosomes [1].These
exceeding macromolecules (e.g., 300-400 mg/ml in Escherichia coli) [2] can influence the
various biochemical and biophysical properties of protein molecules [3-6]. In general, the living
organisms carry out their biological function in favorable physiological conditions. However, the
significant deviations in any environmental condition will immediately prompt to adaptive
response mechanisms [7]. Due to the adaptive response mechanisms, the living organism, like
plants and micro-organisms accumulate various types of low molecular-mass organic compounds.
Protective osmolytes generally accumulate under very harsh or stress conditions, like heat stress,
salt stress, water stress or cold stress [8]. The naturally occurring osmolytes are polyhydric
alcohols, free amino acids and their derivatives, and combinations of urea and methylamines [8-
9]. Previous in vitro studies on the structure and function of different enzymes and proteins
suggest that these osmolytes stabilize protein against harsh or stress conditions [8, 10-20].
Protecting osmolytes are compatible to the macromolecular structure and function (particularly
proteins) in the cells. These osmolytes generally do not interfere with enzyme activities or
functional structures of the proteins [8]. Compatible osmolytes also enhance the stability of
macromolecules, mainly proteins [21-24]. Amino acids and other compatible osmolytes protect
and stabilize the proteins during freezing and freeze-drying and in the dried state [25-37]. Thus
amino acids can be used as a stabilizer and protector of proteins, during stringent conditions
without affecting their function.

Polyols and certain amino acids are generally used to enhance protein stability for
biochemical and biophysical analysis [10, 21-24, 38-42]. In pharmaceutical industries, the
proteins are the major therapeutic agents and are also the major targets of drugs. The excipients

(solvent additives) generally play a vital role in purification, processing and storage of the
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therapeutic proteins. Therapeutic proteins require more stringent environment to ensure long term
storage stability [43-44]. Amino acids, like arginine, glycine, proline, alanine, and lysine are
generally used as excipients in pharmaceutical industries. Sugars (glycerol, sucrose, and xylitol),
salts, buffers (phosphates, and citrates), surfactants (polysorbate 20), etc., are also used as
excipients [45]. The use of excipients or solvents on proteins were depends on its concentration,
effects, and functioning mechanism [45-46]. Under different stringent environmental conditions,
the amino acids as excipients preferably enhance the stability of proteins [8]. Amino acids prevent
the biomacromolecules (i.e., proteins and enzymes) from salt stress, water stress, cold stress and
heat stress [8, 47-48]. There are several reports available on the effect of amino acids on protein
stability and as osmolytes [10, 21, 24, 49-53]. Most of these reports discussed the effects of amino
acids in terms of the biotechnological applications, such as protein purification, refolding of
expressed proteins, and prevention of aggregate formation of newly expressed protein [54-67].

While the effects of amino acid on thermodynamic stability of proteins have been studied
[10, 49], the effects of amino acids on the internal dynamics of proteins are not explored so far.
This chapter investigates the effects of amino acids on the thermodynamic stability and internal
dynamics of heme proteins (cytochrome ¢ (Cyt c¢) and myoglobin (Mb)) at pH 7.0. The effects of
amino acids on thermodynamic stability of heme proteins were investigated by analyzing the
thermal and chemical denaturation curves of Ferrocyt ¢ and Mb measured under various
concentrations of L-amino acids (alanine, arginine, glycine, proline, serine and threonine) at pH
7.0. The effects of amino acids on the internal dynamics of heme proteins were investigated by
analyzing the kinetic and thermodynamic parameters measured for CO dissociation reaction of
natively folded carbonmonoxycytochrome ¢ (NCO) and CO replacement reaction of
carbonmonoxymyoglobin (MbCO) by hexacyanoferrate ion under various concentrations of L-
amino acids (alanine, arginine, glycine, proline, serine and threonine) at pH 7.0.

5.2 Results and discussion

52.1 Effect of amino acids on the internal dynamics of natively folded

carbonmonoxycytochrome ¢ (NCO) and carbonmonoxymyoglobin (MbCO)
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Fig. la shows the CO-dissociation kinetic trace of natively folded carbonmonoxy
cytochrome ¢ (NCO) at 25°C, pH 7.0. The intensity of the a-band (550 nm) raises with time as
the CO-dissociates from NCO (Fe**-CO + M80—Fe**-M80 + CO) occurs (Fig. 1a). The increase
in absorbance at the heme n—n* a-band (550 nm) in a single exponential is due to slow
dissociation of CO (t=22.0 min; Fig. 1la). The CO replacement reaction of MbCO by
hexacyanoferrate ions was performed as described earlier [68]. Fig. 1b shows the CO-replacement
kinetic trace of carbonmonoxymyoglobin (MbCO) by hexacyanoferrate ion at 22°C, pH 7.0. The
soret band at 421 nm disappears with time and the intensity of soret band decreases in single

exponential manner (7= 0.40 min; Fig. 1b).
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Fig.1. Kinetic profiles for thermal dissociation of CO dissociation from NCO and CO replacement of MbCO by
hexacyanoferrate ion at pH 7. Panel (a) shows the slow single-phase dissociation of CO from NCO, NCO — N+CO
(t = 22 min., 25°C). The NCO—N+CO reaction was probed at 550 nm. (b) The single—phase CO-replacement from
MbCO by hexacyanoferrate ion (t=0.40 min., 22°C). MbCO + CN"— MbCN + CO reaction was probed at 421 nm.

Fig. 2a and Fig. 2b show the effects of L-amino acids (alanine, arginine, glycine, proline,
serine and threonine) on rates of thermal dissociation of CO from NCO (kgss) and CO
replacement of MbCO (ko) by hexacyanoferrate ions, respectively at pH 7.0. As the [Amino
acids] is increased, the values of log kgiss and log kos decrease exponentially (Fig. 2a and Fig. 2b)
(Table 1), which suggest that the amino acids retard the CO dissociation and replacement
processes of NCO and MbCO, respectively at pH 7.0. This finding thus reveals that amino acid
presence in reaction medium restricts the internal dynamics of NCO and MbCO at pH 7.0. The
amino acids-mediated decrease in logkgiss and logkoes typically follows the order: arginine>

proline> serine> glycine> alanine >threonine, which reveals that the amino acids-mediated
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restricted dynamics of NCO and MbCO are more pronounced for arginine and least for threonine.
It is also observed that with increase in size (stokes radii: arginine (5.32 A) > serine (3.12 A) >
glycine (2.56 A) > alanine (2.28 A) [69] and hydrophobicity effect (Kyte-Doolittle scale of amino
acids hydrophobicity index: arginine (-4.5) > serine (-0.8) > glycine (-0.4) > alanine (1.8) [70] of
amino acids at neutral pH, the extent of amino acids-mediated constrain in the internal dynamics
of NCO and MbCO increase (Fig. 2a and Fig. 2b). How could the increase in size and
hydrophobic effect of amino acids increase the extent of amino acid-mediated constrained
dynamics of NCO and MbCO? The fact that, the presence of three charged groups on arginine
reveals a noticeable tendency to come together with head to tail hydrogen bonding [71]. At
relatively high concentrations of arginine, these clusters associate with other monomeric arginine
molecules to form large clusters [71]. Some previous reports revealed that the hydrogen bonds
between arginine and water molecules are far weaker than the intra-hydrogen bonds formed

between arginine molecules [71].
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Fig.2. Effects of [amino acids] on the log kgiss and log ko 0f NCO and MbCO, respectively at pH 7.0. Panels (a) and
(b) show the [Amino acids] (alanine (v), arginine (®), glycine (¢), proline (®), serine (o) and threonine (V))
dependence of log kgiss and log keg of NCO (25°C) and MbCO (22°C), respectively at pH 7.0. The line through data
has been drawn to guide the eye only. The [amino acids] dependent kgss and Ko are listed in Table 1 at pH 7.0.

This process makes the self-association of arginine molecule enthalpically favorable [71]. The
self association tendencies to form larger clusters and larger size of arginine than water in
aqueous solution are likely to affect the dynamics of other macromolecules presents in the
reaction medium. Some earlier reports revealed that the arginine cluster exclude out the other

macromolecule present in the reaction medium and thus behaves as a “neutral crowder”, an
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additive that is larger than water molecules [66, 72]. This results in an increase of steric hindrance
in the reaction medium and by excluding itself from the inter protein gap in reaction medium i.e.
“gap effect” of arginine [66, 72]. It can be speculated that the increase of steric hindrance as well
as the “gap effect” of arginine are primarily responsible for the more increased of amino acid-

mediated restricted dynamics of NCO and MbCO than other amino acids.

Table 1 The effect of amino acids on kgiss 0f NCO and ko of MbCO at pH 7.

Crowding agent Conc.(M) Kaiss (sec'l) Std. error (Kgiss) Kot (sec'l) Std. error (Kof)
Control 0.0 7.79 x10™ 1.2x10° 3.70 x10° 4.6 x10™
Alanine 0.1 7.57 x10™ 9.8x10”7 3.62 x10° 9.1 x10°

0.25 7.19 x10™ 1.5x107 3.46 x10° 4.7 x10°
0.50 7.07 x10* 4.8x107 3.28 x102 7.0 x10°
0.75 6.84 x10™ 6.6x10° 3.10 x102 6.6 x10°
Arginine 0.1 7.23 x10™ 3.4x107 2.68 x10” 8.7 x10°
0.25 6.40 x10™ 4.0x107 2.28 X102 2.5x10*
0.50 5.63 x10™ 7.7x107 2.11 x107 4.0 x10™
0.75 5.39 x10* 9.1x10” 2.03 x1072 5.6 x10°
Glycine 0.1 7.53 x10* 6.2x10” 3.41x1072 1.8 x10™
0.25 7.16 x10™ 1.3x10° 3.12 x10 9.9 x10°
0.50 6.71 x10™ 7.6x107 2.83x1072 5.8 x10°
0.75 6.60 x10 6.0x107 2.72 X107 5.4 x10°
1.0 6.46 x10™ 4.7x107 2.62 x107 1.6 x10*
Proline 0.1 7.40 x10 1.1x10° 3.14 x10° 1.7 x10*
0.25 6.53 x10™ 1.3x10°® 2.76 X102 4.3 x10°
0.50 5.99 x10™ 2.6x10® 2.53 x1072 2.2 x10°
0.75 5.61 x10™ 6.1x107 2.42 X107 3.3x10°
1.0 5.53 x10* 5.3x107 2.35 x107 6.4 x10°
Serine 0.1 7.49 x10* 5.9x107 3.25 x107? 1.8 x10°
0.25 6.89 x10™ 6.3x107 2.94 x107 8.1 x10°
0.50 6.30 x10 5.9x107 2.68 X107 9.2 x10°
0.75 5.78 x10™ 5.9x107 2.53 x107 5.9 x10°
1.0 5.64 x10™ 4.8x107 2.51 x1072 2.6 x10™
Threonine 0.1 7.69 x10* 5.4x107 3.62 x10° 2.9 x10*
0.25 7.36 x10™ 7.0x107 3.46 X102 2.4 x10™
0.50 7.18 x10™ 7.1x107 3.27 x10? 1.7 x10™

5.2.2 Effect of amino acids on the activation thermodynamic parameters of CO-dissociation
reaction of NCO and CO-replacement reaction of MbCO

Fig.3a presents the Eyring plots for CO-dissociation reaction of NCO in the absence and
presence of 0.5 M amino acid (alanine, arginine, glycine, proline, serine and threonine) at pH 7.0.
Fig. 3b presents the Eyring plots for CO-replacement reaction of MbCO in the absence and
presence of 0.5 M amino acids (alanine, arginine, glycine, proline, serine and threonine) at pH
7.0. The activation enthalpy (AHdisg/offi) and activation entropy (ASdiss/offi) associated with CO
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dissociation reaction of NCO and CO-replacement reaction of MbCO were calculated by using
Eyring equation (Equation (1), chapter 2) [73]. AHaissiof* and ASgissiof~ calculated in the absence
and presence of 0.5 M amino acids (alanine, arginine, glycine, proline, serine and threonine) are
summarized in Table 2 and Table 3. Corresponding Gibb free energy (Guissioft= AHgissioff —
TASgissiof*) and entropy change (-TASaissioft) Were also calculated and are also summarized in
Table 2 and Table 3.
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Fig.3. Effect of amino acids on the activation thermodynamic parameters of CO-dissociation reaction of NCO and
CO-replacement reaction of MbCO at pH 7.0. Panel (a) shows the Eyring plots for the CO dissociation reaction of
NCO in the absence (A) and presence of 0.5 M amino acids (alanine ('V), arginine (#), glycine (), proline (®), serine
(0) and threonine (V)) at pH 7.0. Panel (b) shows the Eyring plots for the CO-replacement reaction of MbCO in the
absence (A) and presence of 0.5 M amino acids (alanine ('V), arginine (#), glycine (0), proline (@), serine (o) and
threonine (V)) at pH 7.0. Respective thermodynamic parameters are listed in Table 2 (NCO) and Table 3 (MbCO).

Table 2. The effects of L-amino acids on the activation thermodynamic parameters for CO-dissociation reaction of
NCO at pH 7.0.*

L-Amino [Amino acids] AGiss™ AHgiss* ASgiss* —TASgiss ™
acids (M) (kcal mol™) (kcal mol™) (cal mol™ K™ (kcal mol™* K™)

Control 0.0 21.8(0.05) 23.8(0.7) 6.9(0.2) —2.1(02)
Alanine 05 22.1(0.08) 25.5(0.4) 12.4(1.0) ~3.40.2)
Arginine 05 22.5(0.06) 27.9(0.5) 19.7(1.6) -5.5(0.8)
Glycine 0.5 22.1(0.04) 25.8(0.6) 13.1(1.2) ~3.6(0.5)
Proline 05 22.3(0.09) 26.7(0.7) 16.0(1.2) ~4.5(0.6)
Serine 0.5 22.2(0.04) 26.4(0.3) 15.0(1.1) ~4.2(0.3)
Threonine 0.5 22.1(0.05) 25.3(0.3) 11.5(1.0) —3.2(0.4)

% Activation free energy (AGgis-) and entropy changes (—TASgis+) are at 25°C.
*The uncertainties (std. error) in AGgiss’, AHgiss", ASiss - and — TASgiss * are indicated in parenthesis.

Table 3. The effects of L-amino acids on the activation thermodynamic parameters of CO-displacement reaction of
MbCO by hexacyanoferrate ions at pH 7.0*

L-amino [amino acids] AGi AHgi ASyi —TASys ™
acids (M) (kcal mol™) (kcal mol™) (cal mol™ K™ (kcal mol™* K™)
Control 0.0 19.4 (0.04) 19.1 (0.6) -1.0 (0.1) 0.3(0.1)
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Alanine 0.5 19.4 (0.07) 19.6 (0.4) 05(0.2) -0.2 (0.4)

Arginine 05 19.6 (0.02) 22.7 (0.5) 105 (1.1) -3.1(0.5)
Glycine 05 19.5 (0.09) 19.7 (0.3) 0.7 (1.0) -0.2(0.3)
Proline 05 19.5 (0.08) 20.1 (0.5) 1.8 (1.1) ~0.5 (0.5)
Serine 05 19.5 (0.06) 19.7 (0.3) 1.0 (1.0) -0.3(0.3)
Threonine 05 19.4 (0.06) 19.5 (0.3) 0.3(0.3) -0.1(0.3)

% Activation free energy (AGes*) and entropy changes (—TAS ) are at 25°C.
*The uncertainties (std. error) in AGg*, AHqst, AS o5 and — TAS o * are indicated in parenthesis.

Data from Table 2 and Table 3 provide some important information (i) the presence of amino
acids in the reaction medium increase the AHgissiorr* for CO-dissociation reaction of NCO and CO-
replacement reaction of MbCO at pH 7.0 and which is more increased for arginine and least for
threonine (arginine> proline > serine > glycine> alanine >threonine), confirming that the amino
acid-mediated restricted dynamics of NCO and MbCO are more for arginine and least for
threonine, and (ii) the amino acids-mediated increase in AHgiss/off” iS accompanied by a decrease in
enthalpy change (—TASgissiofr) at pH 7.0.

5.2.3 Effect of amino acids on the thermodynamic stability of Ferrocyt ¢ and Mb

Fig. 4a and 4b present the GdnHCI-induced equilibrium unfolding transitions of Ferrocyt ¢
and Mb, respectively in the absence and presence of 0.5 M of amino acids (alanine, arginine,
glycine, proline, serine and threonine) at pH 7.0, 25°C. Data in Fig. 4a and 4b clearly indicate that
the GdnHCI-induced unfolded curves of Ferrocyt ¢ and Mb shifts toward the higher
concentrations of GdnHCI in the presence of 0.5 M of alanine, glycine, proline, serine and
threonine and shifts toward the lower concentration of GdnHCI in the presence of 0.5 M. arginine.
These unfolding curves were analyzed by two state transitions between the folded (N) and
unfolded (U) conformations of proteins [74]. The resulting free energy of denaturation (AGp),
surface area exposed by solvent (mg), and denaturant midpoint concentration (Cy,) for unfolding
of Ferrocyt ¢c and Mb in the presence of different amino acids (alanine, arginine, glycine, proline,
serine and threonine), monitored by Trp fluorescence (ex: 280 nm) are listed in Table 4. Data in
Table 4 clearly suggests that among the alanine, glycine, proline, serine and threonine, the Cr,and
AGp for Ferrocyt ¢ and Mb at pH 7.0 are increased more for serine and least for proline (Cy, for
Ferrocyt c: serine > glycine > alanine > threonine ~ proline, Cy, for Mb: serine > glycine ~ alanine
> threonine > proline, AGp for Ferrocyt ¢ and Mb: serine > glycine ~ alanine > threonine >

proline), which suggests that amino acid-mediated increase in thermodynamic stability of
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Ferrocyt ¢c and Mb is more pronounced for serine and least for proline (serine > glycine ~ alanine

> threonine > proline).
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Fig.4. Effect of amino acids on the thermodynamic stability of Ferrocyt ¢ and Mb at pH 7.0. Panels (a) and (b) show
the GdnHCI-induced equilibrium unfolding curves of Ferrocyt ¢ and Mb respectively, in the absence (0) and in the
presence of 0.5 M amino acid (alanine ('V), arginine (m), glycine (0), proline (0), serine (#) and threonine (V)) at
25°C, pH ~7.0. The solid curves represent nonlinear least-squares fits to two-state equation (Equation (7), chapter 2)
[74].

Table 4. Gp, mg, and C,, values for GdnHCl-induced unfolding curves of Ferrocyt ¢ and Mb in the presence of L-
amino acids at pH 7.0, monitored by Trp fluorescence (ex: 280 nm)*.

Ferrocyt ¢ Mb

L-amino acids AGp Mg Cn AGp Mg Cn

(kcal mol™Y)  (kcal mol™™M™) (M) (kcal mol™)  (kcal mol*M™) (M)
Control 16.2 3.2 5.0 6.4 4.9 1.3
0.5 M Alanine 18.6 3.6 5.2 8.2 5.3 1.6
0.5 M Arginine 10.9 2.2 4.9 53 51 1.0
0.5 M Glycine 19.3 3.7 53 8.3 5.0 1.6
0.5 M Proline 17.2 3.4 5.1 7.6 5.4 14
0.5 M Serine 20.0 3.7 5.4 8.9 5.3 1.7
0.5 M Threonine 17.4 3.4 5.1 8.1 5.5 1.5

*The uncertainties of my and AGp values reported here are + 0.3kcal mol*M™ and +0.5kcal mol™, respectively. The
uncertainty of C,, values reported here is 0.3 M.

However, arginine decreases the Cp, and AGp for Ferrocyt ¢ and Mb at pH 7.0, which suggests
that arginine decreases the thermodynamic stability of Ferrocyt ¢ and Mb. Due to the preferential
excluding and preferential hydration effects [24], alanine, glycine, proline, serine and threonine
increase the thermodynamic stability of proteins. Due to presence of guanidium (Gdn®) group,
arginine interacts with aromatic amino acids by cation-z interaction [65], which in results

decreases the thermodynamic stability of proteins at pH 7, 25°C.

5.2.4 Effects of amino acids on the thermal stability of Ferrocyt c and Mb
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To verify the effect of amino acids on the thermal stability of Ferrocyt ¢ and Mb, the
absorbance (Ferrocyt ¢ (550 nm) and Mb (409 nm)) and near UV CD (Ferrocyt ¢ and Mb (282
nm)) monitored thermal unfolding curves of Ferrocyt ¢ and Mb were collected in the absence and
presence of varying concentrations of amino acids (alanine, arginine, glycine, proline, serine and
threonine) at pH 7.0. The a-band (550 nm) is main characteristics of Fe?*-M80 bond of Ferrocyt ¢
(Fig. 5a) at 25°C, pH 7.0 The soret band (409 nm) is the main characteristics of heme electronic
absorption spectrum of Ferricyt ¢ and Mb (Fig. 5b) at 25°C, pH 7.0. As temperature is increased
from 25 and 110°C, intensity of a-bands (550 nm) is decreased significantly (Fig. 5a), indicating
significant disruption of Fe**-M80 bond and thermal denaturation of Ferrocyt ¢ at 110°C. As
temperature is increased from 25 and 90°C, the intensity of soret-band (409 nm) of Mb is also
decreased significantly (Fig. 5b), indicating thermal denaturation of Mb at 90°C.

Figs. 5¢ and 5d present representative thermal unfolding curves as change in excitation
coefficient of Ferrocyt ¢ (at 550nm) and Mb (at 409 nm), respectively in the absence and presence
of 0.5 M amino acid (alanine, arginine, glycine, proline, serine and threonine) at pH 7.0. Fig. 5¢
and Fig. 5d clearly indicate that the presence of alanine, glycine, proline, serine and threonine
shift the thermal unfolding curves of Ferrocyt ¢ and Mb to higher temperatures, while the
presence of arginine shift the thermal unfolding curves Ferrocyt ¢ and Mb to lower temperatures.
The absorbance monitored thermal unfolding curves of Ferrocyt ¢ and Mb measured under
various concentrations of amino acids (alanine, arginine, glycine, proline, serine and threonine) at
pH 7.0 were analyzed by van’t Hoff equation (Equation (5), chapter 2) [75]. The resulting thermal
denaturation midpoint (Ty,) and enthalpy change (AHy,) are summarized in Table 5. Figs. 6a and
6b present the [Amino acids] dependence thermal denaturation midpoint temperature (Tn,) of
Ferrocyt ¢ (550 nm) and Mb (409 nm) at neutral pH, respectively. Fig. 7a shows the near-UV CD
spectra of Ferrocyt ¢ collected at 25°C and 106°C, pH 7.0. Fig. 7b shows the near-UV CD spectra
of Mb collected at 25°C and 95°C, pH 7.0.

Table 5. L-amino acids dependence of the Ty, and AH,, for thermal unfolding of Ferrocyt ¢ (absorbance 550 nm) and
Mb (absorbance 409nm) at pH 7.0*.

Ferrocyt ¢ Mb
L-amino acids [amino acids] Tm AH, Tm AH,
(M) (K) (kcal mol™) (K) (kcal mol™)
Control 0.0 373.9 122.4 356.7 124.4
Alanine 0.25 374.8 147.5 358.4 125.9
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0.5 375.5 1495 358.8 122.6

0.75 376.4 112.9 359.3 125.6
Arginine 0.25 372.7 136.2 353.6 111.7
0.5 371.3 124.6 351.2 107.7
0.75 370.4 127.0 348.8 103.5
Glycine 0.25 375.1 1344 358.2 113.6
0.5 376.1 139.2 358.9 117.6
0.75 376.9 146.3 359.7 121.4
1.0 377.8 141.7 360.1 123.0
Proline 0.25 373.7 147.8 357.1 123.4
0.5 373.7 133.8 356.8 124.2
0.75 373.0 143.9 356.7 119.0
1.0 373.1 146.5 356.3 119.3
Serine 0.25 375.8 128.9 358.3 116.5
0.5 376.7 139.9 359.4 114.8
0.75 377.5 128.7 360.0 111.6
1.0 378.1 136.2 360.3 107.9
Threonine 0.25 374.5 135.0 358.3 119.2
0.5 375.2 142.0 358.8 130.7

*The uncertainties for T,,, and AH, values reported here are 0.5 °C and £5.0 kcal mol ™, respectively.
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Fig.5. Effects of amino acids on the thermal stability of Ferrocyt ¢ and Mb at pH 7.0. Panel (a) shows the visible
absorption spectra of Ferrocyt ¢ collected at 25°C (solid line) and 110°C (dotted line) in the absence of additive at pH
7.0. Panel (b) shows the visible absorption spectra of Mb collected at 25°C (solid line) and 90°C (dotted line) in the
absence of additive at pH 7.0. Panel (c) presents the thermally-induced unfolding curves of Ferrocyt ¢ monitored at
550 nm as the change in excitation coefficient at pH 7.0. Panel (d) presents the thermally induced unfolding curves of
Mb monitored at 409 nm as the change in excitation coefficient at pH 7.0. In panels (c) and (d) symbol correspond to:
in the absence (@) and presence of 0.5 M amino acid (alanine (e), arginine (o), glycine (V), proline (A), serine (o)
and threonine (0)). The solid curves in panels (c) and (d) represent the nonlinear least-squares fits of the data to van’t
Hoff equation (Equation (5), chapter 2) [75].
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Fig.6. Effects of amino acids on the thermal stability of Ferrocyt ¢ and Mb at pH 7.0. Panels (a) and (b) show the
variation in T, as a [Amino acids] for Ferrocyt ¢ (550 nm) and Mb (409), respectively at pH 7.0 (alanine (e), arginine
(0), glycine (V), proline (A), serine (o) and threonine (¢) The solid lines in panels (a) and (b) are linear least-squares

fits to the data.

At higher temperatures, the ellipticity was eliminated and goes towards zeroth ellipticity (Fig. 7a

and Fig. 7b), indicating that the tertiary structure was significantly disrupted. Fig.7c and 7d

represent the near-UV CD-(282 nm) monitored normalized thermal denaturation curves of

Ferrocyt ¢ and Mb collected in the absence and presence of 0.5 M amino acids (alanine, arginine,

glycine, proline, serine and threonine) at pH 7.0, respectively.
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Fig.7. Effects of amino acids on the thermal stability of Ferrocyt ¢ and Mb at pH 7.0. Panel (a) shows the near-UV
CD spectra of Ferrocyt ¢ (~85 uM) collected at 25°C (solid line) and 106 °C (dotted line). Panel (b) shows the near-
UV CD spectra of Mb (~65 pM) collected at 25°C (solid line) and 95 °C (dotted line). Panels (c) and (d) present the
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normalized near-UV CD (282 nm) monitored thermal unfolding curves of Ferrocyt ¢ and Mb, respectively collected
in the absence (#) and presence of 0.5 M amino acids (alanine (e), arginine (o), glycine (V), proline (A), serine (o)
and threonine (0)). The solid curves in panels (c) and (d) represent the nonlinear least-squares fit of the data to van’t
Hoff equation (Equation (5), chapter 2) [75]. Panels (e) and (f) present the variation in T,, with [Amino Acids] for
Ferrocyt ¢ and Mb, respectively (alanine (e), arginine (o), glycine (V), proline (A), serine (o) and threonine (¢)) at pH
7.0. The solid lines in (e) and (f) are the linear least-squares fits to the data.

Fig. 7c and Fig. 7d clearly indicate that the presence of alanine, glycine, proline, serine and
threonine shift the thermal unfolding curves of Ferrocyt ¢ and Mb to higher temperatures, while
the presence of arginine shift the thermal unfolding curves of Ferrocyt ¢ and Mb to lower
temperatures. The near-UV CD-monitored (282 nm) thermal unfolding curves were analyzed for
thermal denaturation midpoint (T,,) and enthalpy change (AHy,) by two-state model N==U using
van’t Hoff equation (Equation (5), chapter 2) [75]. The resulting Ty, and AH,, were summarized in
Table 6. Fig.7e and Fig.7f present the variation of T,, with [Amino acids] of Ferrocyt ¢ and Mb,
respectively at pH 7.0.

Figs. 6a, 6b, 7e and 7f reveal that the (i) with increasing the concentration of serine,
glycine, alanine and threonine, the Ty, for Ferrocyt ¢ and Mb are increased linearly, (ii) the amino
acid-mediated increase in Ty, for Ferrocyt ¢ and Mb are more pronounced for serine and least for
threonine (serine > glycine > alanine > threonine) (iii) with increasing the [proline], the Ty, of
Ferrocyt ¢ and Mb are not greatly changed (iii) as the [arginine] increase, the T, of Ferrocyt ¢ and
Mb are decreased linearly. These results thus suggest that (i) amino acid-mediated increase in
thermal stability of Ferrocyt ¢ and Mb are more pronounced for serine and least for threonine
(serine > glycine > alanine > threonine > proline), (ii) proline presence in the reaction medium not
greatly alters the thermal stability of Ferrocyt ¢ and Mb, and (iii) arginine presence in the reaction

medium decrease the thermal stability of Ferrocyt ¢ and Mb.

Table 6. L-amino acids dependence of the T,,, and AH,, for thermal unfolding of Ferrocyt ¢ and Mb monitored by
near-UV CD (282nm) at pH 7.0*.

Ferrocyt ¢ Mb
L-amino acids [amino acids] Tm AHq, Tm AHp,
(M) (K) (kcal mol™) (K) (kcal mol™)
control 0.0 3725 122.3 356.9 120.1
Alanine 0.25 372.7 100.2 358.3 934
0.5 3735 110.7 359.1 111.6
0.75 3745 103.0 360.2 96.5
Arginine 0.25 371.3 109.8 353.6 54.4
0.5 370.4 93.3 351.1 90.3
0.75 3704 100.4 347.6 94.4
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Glycine 0.25 372.9 68.4 358.9 76.1

0.5 373.9 73.4 359.7 103.7
0.75 374.7 80.2 360.7 138.5
1.0 375.3 73.8 361.7 134.5
Proline 0.25 372.3 117.2 357.3 122.5
0.5 371.9 95.3 357.7 135.6
0.75 3725 95.6 358.0 136.6
1.0 372.6 107.5 358.1 100.0
Serine 0.25 373.4 120.7 359.3 112.6
0.5 374.4 106.2 360.5 1344
0.75 375.0 85.3 361.8 137.6
1.0 375.9 105.6 362.6 1311
Threonine 0.25 372.6 107.3 357.9 133.5
0.5 373.6 109.7 358.9 123.8

*The uncertainties for T, and AH,, values reported here are +0.5 °C and +6.0 kcal mol™, respectively.

The cosolute which raises the surface tension of water generally stabilizes the protein
structure and induces the preferential hydration of macromolecules [21]. In view of these amino
acids, alanine, glycine and serine increase the surface tension of water [24, 76], so by preferential
interaction of these amino acids with proteins [76] or by preferential hydration of proteins [24]
increase the thermal stability of Ferrocyt ¢ and Mb. Some previous report revealed that the
guanidino group present in arginine molecule directly interacts with the aromatic and charged side
chains surface residues of proteins. [77-79]. In general, the destabilizers were characterized by
their preferential binding to the proteins [78-79] and arginine binds to proteins though cation-z
interaction. These types of interaction of arginine to proteins are responsible for the

destabilization of native protein [65].

5.2.5 Effect of amino acids on the tertiary structure of Ferricyt c and Mb

Due to high absorbance of L-alanine, L-arginine, L-glycine, L-proline, L-serine and L-
threonine in the far-UV CD region, it is not possible to investigate the effect of these amino acids
on the secondary structure of Ferricyt ¢ and Mb. Traditionally, the near-UV CD spectrum (250-
350 nm) is very sensitive to certain aspects of tertiary structure of protein. Signals from 250-270
nm, 270-290 nm and 280-300 nm are attributable due to phenylalanine residues, tyrosine and the
tryptophan, respectively. Throughout the near-UVCD spectrum, the broad weak signals are due to
the disulfide bonds present in native state of proteins [80]. The near-UV CD spectrum is very
sensitive to small changes in tertiary structure due to interactions of protein-ligands and/or

changes in solvent conditions.
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Fig.8. Effects of amino acids on the tertiary structures of Ferrocyt ¢ and Mb at pH 7.0. Panels (a) and (b) show the
near-UV CD spectra of Ferricyt ¢ and Mb collected in the absence (solid black line) and in the presence of ~0.5 M

alanine (black dash-dot line(——)), arginine (gray dotted line(---***)), glycine (gray solid line (——)), proline (long
dash line (— —)), serine (black dotted line (:*--*)) and threonine (dash double dotted line(— -- —)), respectively at
25 °C. The final concentrations of Mb and Ferricyt c are 60 and 65uM, respectively.

Figs. 8a and 8b show the near-UV CD spectra of Ferricyt ¢ and Mb collected in the
absence and presence of 0.5 M of alanine, arginine, glycine, proline, serine and threonine at pH
7.0. Figs.8a and 8b clearly show that the presence of alanine, glycine, proline, serine and
threonine in reaction medium not greatly alter the tertiary structure signals of Ferricyt ¢ and Mb
but the presence of arginine in reaction medium show significant changes in tertiary structure
signals of Ferricyt ¢ and Mb, which is probably due it forms cation-z interaction with aromatic

amino acids residue present in protein.

5.3 Conclusion

L-amino acids (alanine, arginine, glycine, proline, serine, and threonine) significantly alter
the internal dynamics of native-like compact state (NCO) and native MbCO at pH 7.0. The kinetic
and thermodynamic parameters for CO-dissociation from NCO (NCO—N+CO) and CO-
replacement from MbCO by hexacyanoferrate ion were measured at varying concentrations of L-
amino acids (alanine, arginine, glycine, proline, serine, and threonine) at pH 7.0. As [amino acids]
is increased, the CO—dissociation reaction of NCO and CO-replacement reaction of MbCO are
decelerated, indicating that the amino acids presence in the reaction medium reduce the structural
fluctuations responsible for CO dissociation from NCO and CO replacement from MbCO. The

amino acid—mediated reduction in structural fluctuations of NCO and MbCO typically follow the
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order: arginine> serine> proline> glycine> alanine >threonine. Two-state thermodynamic analysis
of GdnHCI and thermal unfolding transitions of native Ferrocyt ¢ (N-state) and Mb carried out in
the presence of various concentrations of amino acids (alanine, arginine, glycine, proline, serine,
and threonine) reveals that alanine, glycine, proline, serine, and threonine presence in reaction
medium increase the thermodynamic stability of Ferrocyt ¢ and Mb but arginine presence in
reaction medium decreases the thermodynamic stability of these proteins. The amino acid-
mediated increase in thermodynamic stability for Ferrocyt ¢ and Mb typically follow the order:
serine> glycine> alanine >threonine>proline. The decrease in thermodynamic stability of Ferrocyt
¢ and Mb in the presence of arginine is presumably because of the presence of guanidium group

(Gdn™) in the arginine.
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Chapter 6

Factor Defining the Effect of Amino Acids on the Thermodynamic
Stability and Internal Dynamics of Cytochrome ¢ and Myoglobin

6.1 Introduction

Naturally occurring osmolytes are polyols, amino acids, and combinations of methylamines with
urea [1-3]. Under protein stabilization environments, several physicochemical approaches have
provided extensive evidences for the interaction of osmolytes with proteins [4-14]. However,
because of diverse structures of the native proteins, a clear-cut molecular explanation of the
interaction of free amino acids with functional groups of proteins is not reported. Amino acids
and other compatible osmolytes can interact with the proteins both directly [15-18] and indirectly
[12, 18-20]. Some earlier studies have reported that the unfavorable interaction between the
hydrated surfaces of proteins and osmolytes stabilizes the native conformation of proteins [21-
28]. The stability and dynamics are strongly interrelated to the functional form of protein [29-31].
In general, the stability and dynamics of proteins in solution are strongly depending on the
dynamics of the solvents [32-36].

Although several techniques have been used to the study of fast protein dynamics that
control the conformational transitions, which are directly associated with the functional form of
proteins [37-38], very little studies are available that show relatively slow changes in structural
dynamics of proteins across the folding-unfolding transition [39]. Clues to the role of structural
dynamics in folding can be obtained by probing the changes in thermal fluctuations at both atomic
and large-scale collective level. Although, the effects of denaturants (urea and GdnHCI) on the
internal dynamics of native Cyt ¢ and Mb have been extensively investigated, [40-45], but the
effect of amino acids on the internal dynamics of natively folded carbonmonoxycytochrome c
(NCO) in the presence of varying concentration denaturants, across the folding-unfolding
transition are not explored so far.

Analysis of Kkinetic and thermodynamic parameters measured for CO-dissociation
reaction of NCO at varying concentrations of GdnHCI or urea in the absence and presence of

fixed concentrations of L-amino acids (alanine, arginine, glycine, proline, serine, and threonine)
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at pH 7.0 reveals that amino acids modulate the denaturant-dependent internal dynamics of NCO.
It is observed that (i) in subdenaturing region, L-amino acids (arginine, serine, praline, glycine,
alanine, threonine) presence in reaction medium show an additive effect on the denaturant-
mediated reduction in structural fluctuations responsible for CO dissociation [40,46], which
typically follow the order: arginine> serine> proline> glycine> alanine >threonine, (ii) in
denaturing region, these amino acids also counteract the structural fluctuations responsible for
unfolding the protein, and (iii) the structural fluctuation that unfolds the protein are found to be
more opposed by the larger sized and lesser hydrophobic amino acids (arginine> serine> proline>
glycine> alanine >threonine). Thermodynamic analysis of thermal and urea unfolding curves of
Cyt ¢ and Mb measured at varying concentrations of GdnHCI in the absence and presence of
fixed concentration of L-amino acids (alanine, arginine, glycine, proline, serine, and threonine) at
pH 7.0 reveals that (i) alanine, glycine, proline, serine and threonine counteract the deleterious
effect of denaturants on stability of proteins and they typically follow the order: serine>
glycine>alanine>threonine>proline, and (ii) at lower concentrations of GdnHCI, L-arginine show
an additive effect on the deleterious effect of denaturant on stability of proteins while at higher
concentrations of GdnHCI it counteract the deleterious effect of denaturants.

6.2 Results and Discussion

6.2.1 Effect of amino acids on the denaturant-dependent internal dynamics of NCO

The electronic absorption spectrum of native Ferrocyt ¢ shows a-band at 550 nm, which
reflects the Fe**-M80 bond in Ferrocyt ¢ [47-48]. If CO is liganded to the native Ferrocyt c
(NCO), the a-band at 550 nm disappears, while if CO is dissociated from NCO, the o-band (Fe?'-
CO+M80—Fe?*-M80+CO) at 550 nm appears (Fig. 1a). Fig. 1b represents the kinetics of CO
dissociation from NCO (NCO — N-+CO) in the presence of 0.05M GdnHCI at pH 7.0, 25°C. The
increase in absorbance intensity at the 550 nm (heme n—n* a-band) in a single exponential is due
to slow dissociation of CO (t=27 min).

To examine the effect of amino acids on the denaturant dependent internal dynamics of
NCO, the rate coefficient of CO-dissociation (Kgiss) form NCO was measured at fixed
concentrations of amino acids (alanine, arginine, glycine, proline, serine and threonine) under

96




variable concentrations of denaturants (urea and GdnHCI) at pH 7.0, 25 °C. Figs. 2a and 2b
presents the [Urea] and [GdnHCI]-dependent logarithm of rate coefficient (log kgiss) of CO
dissociation from NCO, respectively in the absence and presence of 0.5 M of L-amino acids

(alanine, arginine, glycine, proline, serine and threonine) at pH 7.0, 25°C.
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Fig.1. Panel (a) shows the steady-state visible absorption spectra of NCO (dashed line) and N (solid line) states. The
spectra were recorded in 50 mM sodium phosphate buffer at pH 7, containing 0.05 M GdnHCI at 25°C. Panel (b)
represents the single phase CO dissociation kinetic trace of NCO collected in the presence of 0.05M GdnHCI at pH
7.0, 25°C (t =27 min).

In the absence of amino acids, as [denaturant] is raised starting from 0.0 to 3.5 M GdnHClI
or 8.5 M urea, log Kgiss initially decreases and then increases, displaying minima at 5.5 M urea
(Fig. 2a) or 2.3 M GdnHCI (Fig. 2b). This finding indicates that the subdenaturing concentrations
of denaturants constrain the internal dynamics of NCO. Some previous reports also showed that
the subdenaturing concentrations of GdnHCI and urea can stabilize proteins by committing
GdnH" and CI™ ions to screen charge-charge interactions in the native state of the protein [40, 42-
43, 49-50]. Since both amino acids and subdenaturing concentrations of denaturant (<2.3 M
GdnHCI or <5.5 M urea) individually decrease the rate of CO dissociation reaction (Fig. 2a
(chapter 5), Fig. 2a and Fig. 2b), the coexistence of the two in the reaction medium is expected to
produce a cumulative effect on the rate of CO dissociation. As [amino acids] is increased from 0
to 0.5 M, the rate-denaturant profile is shifted vertically down to lower kgiss (Fig. 2a and Fig. 2b).
A slight horizontal shift toward higher concentration of denaturant is also apparent (Fig. 2a and
Fig. 2b). The amino acids mediated vertical and slight horizontal shifts in the rate-denaturant
profile thus reveal that the amino acids and subdenaturing concentrations of denaturants produce a

cumulative effect on the restricted internal dynamics of NCO.
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Figs. 2a and 2b show that the denaturant-dependent decrease in logkgiss under
subdenaturing concentration of denaturant is more pronounced in the presence of arginine and
least in the presence of threonine and its typically follows the order as: arginine > serine > proline
> glycine > alanine > threonine at pH 7, 25°C. This finding suggests that the denaturant dependent
decrease in logkgiss under subdenaturing concentration of denaturant typically follows the size
effect (stokes radii: arginine (5.32 A) > serine (3.12 A) > glycine (2.56 A) > alanine (2.28 A) [51]
and hydrophobicity effect (Kyte-Doolittle scale of amino acids hydrophobicity index: arginine (-
4.5) > serine (-0.8) > glycine (-0.4) > alanine (1.8) of amino acids at neutral pH [52].

In the denaturing region, the increase in logarithm of kgiss (Figs. 2a and 2b) can be
interpreted to arise from protein destabilization and structural unfolding action of denaturant that
would facilitate the CO dissociation from NCO. In the denaturing region, the log kgiss increases to
a lesser extent in the presence of amino acids than in the absence (Figs. 2a and 2b), which
indicates that the inclusion of amino acids opposes the structural fluctuation that cause unfolding
of the protein. Furthermore, the increase in log Kgiss IS more pronounced in the presence of
arginine and least in the presence of proline and it typically follows the order as: arginine>
>threonine> glycine~ serine ~ proline, at pH 7, 25°C.

Iog kdiss (5-1)
|Og kdiss (5.1)

0 3 6 9
[Urea] (M) [GdnHCI] (M)

Fig.2. Panels (a) and (b) show [Urea] and [GdnHCI] dependence of logkgss, respectively at 25(x1)°C, pH 7.0 in the
absence (0) and presence of 0.5 M amino acids (alanine (o), arginine ('V), glycine (o), proline (v), serine (A) and
threonine (0)). The lines through the data in panels (a) and (b) have been drawn by inspection only.

6.2.2 Effect of amino acids on the denaturant-dependent activation thermodynamic parameter

of CO-dissociation reaction of NCO
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The cumulative and counteracting effect of amino acid on the denaturant-dependent

logkgiss Warrant a thermodynamic analysis of the CO dissociation reaction of NCO at pH 7.0. Fig.

3 shows the Eyring plots for CO-dissociation reaction from NCO in absence of additive and in the
presence of 2.3 and 3.5 M GdnHCI without and with 0.5 M alanine (Fig.3a), 0.5 arginine
(Fig.3b), 0.5 M glycine (Fig. 3c), 0.5 M proline (Fig. 3d), 0.5 M serine (Fig.3e) and 0.5M
threonine (Fig. 3f) at pH 7.0. Fig. 4 shows the Eyring plots for CO-dissociation reaction from

NCO in the presence of 5.5 and 8.5 M urea without and with 0.5 M alanine (Fig.4a), 0.5 arginine
( Fig.4b), 0.5 M glycine (Fig. 4c), 0.5 M proline (Fig. 4d), 0.5 M serine (Fig.4e) and 0.5M
threonine (Fig. 4f) at pH 7.0. As discussed in the previous chapter, the activation enthalpy

(AHgiss’) and activation entropy (ASgiss') associated with CO dissociation reaction of NCO was

calculated by Eyring equation (Equation (1), chapter 2) [53].
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Fig.3. Panel (a) shows the Eyring plots for the CO-dissociation reaction, in the absence of additives (o) and in the
presence of 2.3 M GdnHCI (0); 3.5 M GdnHCI (A); 0.5 M alanine with 2.3M GdnHCI (#) and 0.5 M alanine with 3.5
M GdnHCI (A) at pH 7.0. Panel (b) shows the Eyring plots for the CO-dissociation reaction in the absence of
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additives (o) and in the presence of 2.3 M GdnHCI (©); 3.5 M GdnHCI (A); 0.5 M arginine with 2.3M GdnHCI (¢)
and 0.5 M arginine with 3.5 M GdnHCI (A) at pH 7.0. Panel (c) shows the Eyring plots for the CO-dissociation
reaction in the absence of additives (o) and in the presence of 2.3 M GdnHCI (0); 3.5 M GdnHCI (A); 0.5 M glycine
with 2.3 M GdnHCI (#) and 0.5 M glycine with 3.5 M GdnHCI (A) at pH 7.0. Panel (d) shows the Eyring plots for
the CO-dissociation reaction in the absence of additives (o) and in the presence of 2.3 M GdnHCl (0); 3.5 M GdnHCl
(A); 0.5 M proline with 2.3M GdnHCI () and 0.5 M proline with 3.5 M GdnHCI (A) at pH 7.0. Panel (e) shows the
Eyring plots for the CO-dissociation reaction in the absence of additives (o) and in the presence of 2.3 M GdnHCl
(©); 3.5 M GdnHCI (A); 0.5 M serine with 2.3 M GdnHCI (#) and 0.5 M serine with 3.5 M GdnHCI (A) at pH 7.0.
Panel (f) shows the Eyring plots for the CO-dissociation reaction in the absence of additives (o) and in the presence
of 2.3 M GdnHCI (¢); 3.5 M GdnHCI (A); 0.5 M threonine with 2.3M GdnHCI (¢) and 0.5 M threonine with 3.5 M
GdnHCI (A) at pH 7.0. The solid lines in panel (a) to (f) are fitted according to Eyring equation [53].

The values of AHgiss* and ASgiss* for the CO dissociation reaction of NCO at different
concentrations of denaturants (GdnHCI and urea) were calculated in the absence and presence of
0.5 M amino acids (alanine, arginine, glycine, proline, serine and threonine). The resulting AHgiss*

and ASgiss+ are summarized in Table 1.

In Ky h/kgT)
In (Kyieh/KgT)

| | |

In (Kyech/kgT)
In (Ko h/KgT)

I Proline

In (Kyieh/KgT)
In Ky h/KgT)

—Threonine
| I | I | I | I | I |

0.00320 0.00328 0.00336 0.00344 0.00320 0.00328 0.00336 0.00344
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[1/T] (K™ [U/T] (K™
Fig.4. Panel (a) shows the Eyring plots for the CO-dissociation reaction in the presence of 5.5 M urea (¢); 8.5 M urea
(A); 0.5 M alanine with 5.5 M urea (¢) and 0.5 M alanine with 8.5 M urea (V) at pH 7.0. Panel (b) shows the Eyring
plots for the CO-dissociation reaction in the presence of 5.5 M urea (0); 8.5 M urea (A); 0.5 M arginine with 5.5 M
urea (4) and 0.5 M arginine with 8.5 M urea (V) at pH 7.0. Panel (c) shows the Eyring plots for the CO-dissociation
reaction in the presence of 5.5 M urea (0); 8.5 M urea (A); 0.5 M glycine with 5.5 M urea (¢) and 0.5 M glycine with
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8.5 M urea (V) at pH 7.0. Panel (d) shows the Eyring plots for the CO-dissociation reaction in the presence of 5.5 M
urea (0); 8.5 M urea (A); 0.5 M proline with 5.5M urea (¢) and 0.5 M proline with 8.5 M urea (V) at pH 7.0. Panel
(e) shows the Eyring plots for the CO-dissociation reaction in the presence of 5.5 M urea (¢); 8.5 M urea (A); 0.5 M
serine with 5.5M urea (#) and 0.5 M serine with 8.5 M urea (V) at pH 7.0. Panel (f) shows the Eyring plots for the
CO-dissociation reaction in the presence of 5.5 M urea (¢); 8.5 M urea (A); 0.5 M threonine with 5.5M urea (¢) and
0.5 M threonine with 8.5 M urea (V) at pH 7.0. The solid lines in panel (a) to (f) are fitted according to Eyring

equation [53].

Table 1. Effect of amino acids on the denaturants (GdnHCI and urea) dependence activation parameters for CO-
dissociation from NCO in the presence at pH 7.0*.

Without amino acids 0.5 M Alanine
[Gdn HCI](M) AGdissaI AHdiss;t ASdissi _TASdiss & AGdissai AHdissi Asdiss;t _TASdiss o
0.0 21.8 23.8 6.9 -2.1 22.1 25.5 124 -34
2.3 22.2 28.6 21.7 -6.5 22.3 28.9 22.1 -6.6
3.5 21.6 23.6 6.7 -2.0 21.9 25.3 11.3 -3.4
[urea](M)
55 22.3 28.2 19.9 -5.9 22.3 28.6 21.1 —6.3
8.5 21.7 22.7 3.2 -0.9 21.9 25.9 131 -3.9
0.5 M Arginine 0.5 M Glycine
[GdnHCI](M) AGdissali AHdiss;t Asdiss:t 7TASdiss o AGdissa;t AHdiss;t Asdiss:t 7TASdiss ai
0.0 22,5 27.9 19.7 -55 221 25.8 131 -3.6
2.3 22.4 29.7 24.4 -7.3 22.3 29.0 22.2 —6.6
3.5 21.8 24.2 8.0 —2.4 21.9 25.5 11.8 -3.5
[urea](M)
55 22.3 28.9 22.3 —6.7 22.3 28.7 21.4 —6.4
8.5 21.8 23.4 5.4 -1.6 22.0 26.5 15.1 -4.5
0.5 M Proline 0.5 M Serine
[Gdn HCI](M) AGdissaI AHdissi ASdissi —TASyiss = AG'dissai AHdissI Asdissi —TASgiss o
0.0 22.3 26.7 16.0 -4.5 22.2 26.4 15.0 —4.2
2.3 22.4 29.2 23.1 -6.9 22.3 29.2 22.8 —6.8
3.5 22.0 25.9 13.0 -3.9 22.0 25.7 12.4 -3.7
[urea](M)
5.5 22.3 29.3 24.0 =7.2 22.3 29.2 23.8 -7.1
8.5 22.1 28.9 22.0 —6.5 22.2 28.9 22.0 —6.6
0.5 M Threonine
[GdnHCI](M) AGdiSSa:c AHdissiE Asdisst 7TASdiss =
0.0 22.1 25.3 115 -3.2
2.3 22.3 28.7 21.6 —6.4
3.5 21.9 25.3 114 -34
[urea](M)
5.5 22.3 28.4 20.6 —6.1
8.5 21.9 24.9 10.1 -3.0

*AGuiss', AH%giss, ASqisst and —TASgiss are reported as keal

mol™, kcal mol™?, cal mol™ K™ and kcal mol™ K™, respectively.

The uncertainties associated with AGgiss, AH*giss, ASiss* and —TASyiss" are + 0.1 kcal mol™, +0.5 kcal mol™, + 3 cal mol K™
and 0.4 kcal mol™ K™, respectively.
®Activation free energy (AGgiss+ ) and entropy changes (—TASgis' ) are given at 25 °C.

The corresponding free energy of activation (AGgiss') and entropy change (—TASgisst) wWere also

calculated from Gibb free energy equation (AGdissiZ AHdissi — TASdissi) at 25 °C. The resulting
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AGgisss and —TASgiss* are also summarized in Table 1. Data in Table 1 provide some important
information (i) subdenaturing concentrations of denaturant (2.3 M GdnHCI or 5.5 M urea)
increase the AHgiss* for CO dissociation reaction and which is more increased in the presence of
amino acids then in its absence and this increase in AHgiss* typically follows the order: arginine >
serine> proline> glycine> alanine >threonine, (ii) the denaturing concentrations of denaturant (3.5
M GdnHCl or 8.5 M urea) decrease the AHgiss+ for CO dissociation reaction and which is less
decreased in the presence of amino acids then in its absence and this decrease in AHgiss* typically
follows the order: proline ~ serine > glycine > alanine > threonine > arginine, (iii) both in the
absence and presence of amino acids, the denaturant-mediated increase in AHgis+ within
subdenaturing region is accompanied by a decrease in the entropy change, —TASgiss*, and (iv)
both in the absence and presence of amino acids, the denaturant-mediated decrease in AHgiss*

within denaturing region is accompanied by a increase in the entropy change, —TASgiss.

6.2.3 Effect of amino acids on the denaturant-dependent thermal unfolding of Ferrocyt ¢ and
Mb

Figs. 5a presents the representative thermal denaturation curves of Ferrocyt ¢ as change in
excitation coefficient at 550 nm in the absence and presence 1.0 M GdnHCI with 0.5 M amino
acid (alanine, arginine, glycine, proline, serine, threonine) at pH 7.0. Figs. 5b and 5c present the
normalized thermal denaturation curves of Ferrocyt ¢ and Mb, respectively collected in the
absence and presence of GdnHCI (1M GdnHCI for Ferrocyt ¢ (Fig. 5b) or 0.8 M GdnHCI for Mb
(Fig. 5¢)) with 0.5 M amino acid (alanine, arginine, glycine, proline, serine, and threonine) at pH
7.0. The absorbance-monitored thermal unfolding curves were analyzed for thermal denaturation
midpoint (Tr) and enthalpy change, (AHp,) using van’t Hoff equation as two-state model N=—=U
(chapter 2 equation (5)) [54]. The resulting Ty, and AHy, values for Ferrocyt ¢ and Mb at pH 7.0
under various [GdnHCI] both in the absence and presence of 0.5 M of alanine, arginine, glycine,

proline, serine and threonine are provided in Table 2 (Ferrocyt c) and Table 3 (Mb).
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Fig.5. Panel (a) shows thermal denaturation curves of Ferrocyt ¢ monitored at 550 nm as the change in excitation
coefficient in the absence () and presence of 1 M GdnHCI (3¥%) and 1 M GdnHCI with 0.5 M amino acid (alanine

(e), arginine (o), glycine (V), proline (A), serine (/') and threonine (0)) at pH 7.0. Panel (b) shows the normalized
thermal denaturation curves of Ferrocyt ¢ (monitored at 550 nm) in the absence (#) and presence of 1 M GdnHCI

(%) and 1 M GdnHCI with 0.5 M amino acid (alanine (e), arginine (o), glycine (V), proline (A), serine (') and
threonine (¢)) at pH 7.0. Panel (¢) shows absorbance monitored (409 nm) normalized thermal denaturation curves of
Mb in the absence () and presence of 0.8M GdnHCI (¥¢) and 0.8M GdnHCI with 0.5 M amino acid (alanine (e),
arginine (o), glycine (V), proline (A), serine (1) and threonine (0)), pH 7.0. The solid curves represent nonlinear

least-squares fits of the data to van’t Hoff equation [54] (chapter 2, equation (5)).

Figs. 6a and 6b present Ty, vs [GdnHCI] and AHp, vs [GdnHCI] plots, respectively for
Ferrocyt c in the absence and presence of 0.5 M amino acids (alanine, arginine, glycine, proline,
serine and threonine) at pH 7.0. Figs. 7a and 7b show the T, vs [GdnHCI] and AHp, vs [GdnHCI]
plots, respectively for Mb in the absence and presence of 0.5 M of amino acids (alanine, arginine,
glycine, proline, serine and threonine) at pH 7.0.

For calculating the thermal denaturation free energy (AGrt), one of the most reliable
methods for obtaining an accurate value of heat capacity (ACp) is to measure the T, dependence
of AHy, of the transition at different denaturant concentrations [55].

AH, =ACT, +b )

where b is the y-intercept. Figs. 6¢ and 7c show the AHm vs Tm plots for Ferrocyt ¢ and Mb,
respectively, in the absence and presence of amino acids (alanine, arginine, glycine, proline,
serine and threonine). The AC, values for Ferrocyt ¢ and Mb in the absence and presence of
amino acids (alanine, arginine, glycine, proline, serine and threonine) were calculated (Table 2
and Table 3) by linear least-squares fit of the data to equation 2 [56]. By using the values of Tp,
AHpm and AC,, the AGt values for Ferrocyt ¢ and Mb at 25°C were determined from equation (3)

as a function of [GdnHCI] both in the absence and presence of amino acids (alanine, arginine,

glycine, proline, serine and threonine).

AGT=AH{T1—1)+ AC,((Ta=T) +TIn(T /T.)) 3)

m
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Figs. 6d and 7d present the variation of AGt as a function of [GdnHCI] for Ferrocyt ¢ and Mb,
respectively at pH 7.0, 25°C in the absence and presence of amino acids (alanine, arginine,
glycine, proline, serine and threonine). The Ty, AHy, and AGy values were found to be decreased
linearly with [GdnHCI] for Ferrocyt ¢ (Figs.6a, 6b and 6d) and Mb (Mb, Figs.7a, 7b and 7d).
However, the decrease in Tp, AHn, and AGt with [GdnHCI] are less pronounced in the presence of
amino acids (alanine, glycine, proline, serine and threonine) then in its absence (Figs.6a, 6b, 6d,
Figs.7a, 7b, 7d, Table 1 and Table 2), indicating that these amino acids counteract the
destabilization effect of denaturant on thermal stability of Ferrocyt ¢ and Mb at pH 7.0.

Tm (K)
AHp, (kcal mol'1)

125 14
.'6 ‘73
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Tm (K) [GdnHCI] (M)

Fig.6. Panels (a) and (b) show the variation in T, and AH,, with [GdnHCI] in the absence (®) and presence 0.5 M
alanine (A), arginine (¢), glycine (V), proline (o), serine (0) and threonine (A) at pH 7.0 in 50 mM sodium
phosphate buffer. Panel (c) presents the variation of AH,, as a function of T, for Ferrocyt ¢ (absorbance 550 nm) at
pH 7.0 obtained at different GAnHCI concentrations in the absence (®) and presence 0.5 M alanine (A), arginine
(0), glycine (V), proline (o), serine (0) and threonine (A) at pH 7.0. Panel (d) presents the variation in AGy with
[GdnHCI] at 25 °C in the absence (®) and presence 0.5 M alanine (A), arginine (), glycine (V), proline (o), serine
(D) and threonine (A) at pH 7.0. Solid lines are linear least-squares fits to the data.
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Fig.7. Panels (a) and (b) present the GdnHCI-dependent variation in T, and AH,, for Mb (absorbance 409 nm) at pH
7.0 in the absence (@) and presence 0.5 M alanine (A), arginine (0), glycine (V), proline (©), serine (0) and threonine
(A) at pH 7.0. Panel (c) presents the variation of AHp, as a function of T, for Mb (absorbance 409 nm) at pH 7.0
obtained at different GdnHCI concentrations in the absence (®) and presence 0.5 M alanine (A), arginine (0), glycine
(V), proline (o), serine (0) and threonine (A) at pH 7.0. Panel (d) presents the GdnHCI-dependent variation in AG+
for Mb (absorbance 409 nm) at pH 7.0 in the absence (@) and presence 0.5 M alanine (A), arginine (), glycine (V),
proline (o), serine (0) and threonine (A) at pH 7.0. Solid lines are linear least-squares fits to the data.

Table 2. [GdnHCI] dependence of the Tp,, AHn, AGt and AC,, for thermal unfolding of Ferrocyt ¢ (absorbance 550
nm) both in the absence and presence of 0.5 M L-amino acids at pH 7.0*.

Control L-alanine
Additive  Conc.(M) Tm AHq, AGy AC, Tm AH, AGq AC,
GdnHCI 0.0 373.8 117.8 124 1.39 375.6 121.0 125 144
0.25 372.6 115.0 11.8 373.1 116.4 11.7
0.5 367.7 109.0 10.8 370.0 112.9 11.1
1.0 362.8 102.0 9.6 365.8 105.7 9.9
15 357.1 94.0 8.3 361.5 99.2 8.9
2.3 349.2 83.0 6.6 354.6 88.7 7.3
2.8 345.1 78.0 6.2 349.8 84.6 6.7
L-arginine L-glycine
GdnHCI 0.0 371.3 115.2 11.9 1.40 376.3 121.2 13.1 1.38
0.25 369.7 112.9 115 373.3 116.9 12.3
0.5 367.6 108.3 10.6 370.3 113.9 11.8
1.0 363.7 103.2 9.8 366.0 106.9 10.6
15 359.5 99.2 9.1 361.9 101.4 9.6
2.3 353.3 89.3 7.6 354.7 90.4 7.8

105




2.8 348.9 83.3 6.7 350.2 86.2 7.2

L-proline L-serine
GdnHCI 0.0 3735 119.1 12.4 1.43 376.6 124.0 13.3 1.43
0.25 373.0 116.0 11.8 373.3 119.0 12.4
0.5 368.8 112.0 11.1 371.0 116.2 119
1.0 363.3 104.0 9.8 366.3 107.8 104
1.5 359.4 98.0 8.8 362.4 102.5 9.5
2.3 353.3 90.1 7.6 356.0 94.2 8.2
2.8 3475 83.0 6.5 351.9 89.1 7.4
L-threonine
GdnHCI 0.0 375.5 120.0 12.5 1.43
0.25 372.7 116.0 11.8
0.5 369.6 112.0 11.1
1.0 365.5 105.0 9.9
15 361.3 98.7 8.9
2.3 354.6 88.0 7.2
2.8 350.0 84.0 6.7

*AHpm, T, AGr (25 °C) and AC, are reported as kcal mol™, K, kcal mol™and kcal mol* K * respectively. The standard
errors for Tr,, AHpy, AGrand AC, values reported here are +0.5 °C, +2.0 kcal mol™, + 0.5 kcal mol™, and + 0.1 keal
mol* K™ respectively.

Furthermore, the extents of decrease in Tr,, AHy, and AGt values with [GdnHCI] are lesser
for serine and typically follow the order: serine> glycine> alanine >threonine>proline (Figs.6a,
6b, 6d, Figs.7a, 7b, 7d, Table 1 and Table 2). As compared to other amino acids used in this
study, arginine has different effect on Ty, AH, and AGrt at lower concentrations of GdnHCI, first
it decrease the thermal stability of proteins (1.0 M for Ferrocyt ¢ and 0.5 M for Mb of GdnHCI)
while at higher concentrations of GdnHCI (above 1M or 0.5M GdnHCI) it protects the deleterious
effect of denaturants (Figs.6a, 6b, 6d, Figs.7a, 7b, 7d, Tables 1-2).

Amino acids, including alanine, glycine, proline, serine and threonine are naturally
occurring osmolytes and they affect the stability of protein molecules by (i) preferential exclusion
of osmolytes from the folded protein domain, and (ii) preferential interaction of osmolytes with
the unfolded protein [57]. Due to the preferential exclusion or preferential hydration of the
protein, surface tension of water increases and this tends to oppose denaturation forces which
results in an increase in surface area of the protein. Traditionally, the preferential interaction of
osmolytes with unfolded protein tends to favors denaturation, which depends on the
hydrophobicity of osmolytes and with increasing hydrophobicity of osmolytes, denaturation of
protein increases because denaturation means the exposure of buried hydrophobic side chains in
the protein. Thus the observed effects of amino acids on denaturant-dependent thermodynamic

stability of Ferrocyt ¢ and Mb depends on hydrophobicity of amino acids, which means that the

106




least hydrophobic amino acids counteract more efficiently on deleterious effect of denaturants on
thermodynamic stability of proteins. However, arginine shows different effect on the denaturant-
dependent thermodynamic stability of Ferrocyt ¢ and Mb at pH 7.0. As [GdnHCI] is increased
from 0 M to 2.8 M for Ferrocyt c (Figs. 6a, 6b, 6d) or 1.1 M for Mb (Figs. 7a, 7b, 7d) in the
presence of 0.5 M arginine, the T, AHy, and AGt values are approaching toward the control (in
the absence of arginine) and these finally crosses at 1.0 M GdnHCI for Ferrocyt ¢ (Figs. 6a, 6b,
6d) and 0.5 M GdnHCI for Mb (Figs. 7a, 7b, 7d). These finding suggest that 0.5 M arginine and
GdnHCI get associated to each other by head-to-tail hydrogen bonding [58] which as a result
affects the slope of the plot of T, AH, and AGy versus denaturant concentration. The
guanidinium group (Gdn™) and carboxyl groups of arginine play a crucial role in the interactions
between arginine and other molecules. The interactions of Gdn® and carboxyl groups alter the self
association of arginine molecules under aqueous medium by head-to-tail hydrogen bonding [59].
Some previous reports revealed that the association of arginine with GdnHCI molecules form the
cluster with denaturants and thus behaves as a neutral crowder [58-61]. These reports further
suggested that the arginine clusters act as a neutral crowder and exert the solvent exclusion effect,
results in the stabilization of the protein molecules at neutral pH [58-61]. Therefore, it is expected
that > 1.0 M GdnHClI for Ferrocyt ¢ and >0.5 M GdnHCI for Mb, the arginine clusters, which act
as a neutral crowder and exert the solvent exclusion effect counteract the deleterious effect of
denaturants on thermodynamic stability of proteins (Figs. 6a, 6b, 6d and Figs. 7a, 7b, 7d).
According to Schneider and Trout the [arginine]<0.5 M is neither strongly bound nor excluded
from protein surface, but above 0.5 M arginine becomes increasingly excluded and exhibits the

crowding effect [59].

Table 3. GdnHCI dependence of the T, AHy,, AGr and AC,, for thermal unfolding of Mb (absorbance 409 nm) in the
absence and presence of 0.5 M L-amino acids at pH 7.0*.

Control L-alanine
Additive  Conc.(M) T AH,, AGt AC, Tm AH,, AGq AC,
GdnHCI 0.0 355.9 122.0 8.4 2.31 358.8 126.6 8.8 2.31
0.1 351.7 115.5 7.7 356.2 120.9 8.1
0.3 3485 107.3 6.7 351.8 112.3 7.1
0.5 342.9 94.4 5.3 3475 101.6 5.9
0.8 337.0 80.1 3.9 341.6 89.7 4.7
1.1 330.8 65.1 2.2 338.6 78.4 3.5
L-arginine L-glycine
GdnHCI 0.0 351.2 113.7 75 2.28 358.9 127.6 9.0 2.3
0.1 349.6 107.3 6.7 356.8 122.5 8.4
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0.3 345.7 99.1 5.8 352.5 114.3 7.5

0.5 343.7 93.9 5.2 348.2 104.3 6.3
0.8 3395 84.3 4.3 342.6 91.1 4.9
1.1 334.0 73.8 3.4 339.0 81.2 3.9
L-proline L-serine
GdnHCI 0.0 356.8 124.2 8.3 2.37 359.4 128.6 9.3 2.29
0.1 3535 119.1 7.8 357.6 123.3 8.5
0.3 349.2 109.1 6.6 3535 116.1 7.8
0.5 3441 96.5 5.3 349.3 105.7 6.5
0.8 338.1 82.1 3.9 343.7 934 5.2
1.1 334.7 724 3.0 339.3 81.7 4.0
L-threonine
GdnHCI 0.0 358.7 125.7 8.5 2.35
0.1 355.8 120.0 7.9
0.3 351.1 110.4 6.8
0.5 346.4 100.7 5.7
0.8 341.6 87.3 4.3
11 338.1 76.8 3.3

*AHpm, T, AGT (25 °C) and AC, are reported as kcal mol ™, K, kcal mol™and kcal mol * K * respectively. The std.
errs. for Ty, AHy, AGrand AC, values reported here are +0.5 °C, +3.0 kcal mol™, + 0.4 kcal mol™, and + 0.1 kcal
mol* K™ respectively.

6.2.4 Effect of amino acids on the denaturant-dependent thermodynamic stability of Ferricyt ¢
and Mb

Fig. 8a shows the representative normalized urea-induced unfolding curves of Ferricyt ¢
collected in the absence and presence of 1.0 M GdnHCl and 1.0 M GdnHCI with 0.25 M of amino
acids (alanine, arginine, glycine, proline, serine and threonine) at pH 7.0, 25°C. Fig. 8b shows the
representative normalized urea-induced unfolding curves for Mb collected in the absence and
presence of 0.5 M GdnHCI and 0.5 M GdnHCI with 0.25 M of amino acids (alanine, arginine,
glycine, proline, serine and threonine) at pH 7.0, 25 °C. Figs. 8a and 8b show that the inclusion of
GdnHCI shifts the urea-induced unfolding curves of Ferricyt ¢ and Mb to lower urea
concentrations. However, in the presence of 0.25 M of alanine, glycine, proline, serine and
threonine, the GdnHCI-triggered shift in the urea-induced unfolding curves of Ferricyt ¢ and Mb
are less pronounced (Fig. 7b and Fig. 8a) but are more pronounced in the presence of 0.25M of
arginine (Fig. 7b and Fig. 8a) at pH 7.0, 25°C. This finding indicates that the alanine, glycine,
proline, serine and threonine counteract the deleterious effect of GdnHCI on thermodynamic
stability of Ferricyt c and Mb but arginine exhibits an additive effect on the deleterious effect of

GdnHCI on thermodynamic stability of these proteins at pH 7.0.
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The urea-induced unfolding transitions curves of Ferricyt ¢ and Mb collected at different
concentrations of GdnHCI in the absence and presence of 0.25M of alanine, arginine, glycine,
proline, serine and threonine at pH 7.0, 25 °C were analyzed by assuming a two state transition
between the folded (N) and unfolded (U) conformations by using the procedure of Santoro and
Bolen (Equation (7), chapter 2) [62]. The calculated values of AGp and mq for Ferricyt ¢ and Mb
are summarized in Table 4 and Table 5, respectively. The corresponding values of urea unfolding
midpoints, Cr, (=AGp/mg) were also calculated for Ferricyt ¢ and Mb and are also summarized in
Table 4 and Table 5.
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Fig.8. Panel (a) shows the fluorescence-monitored normalized equilibrium urea-induced unfolding curves of Ferricyt
¢ in the absence (¢#) and presence of 1 M GdnHCI (e) and 1 M GdnHCI with 0.25 M amino acid (alanine (A), arginine
(0), glycine (), proline (o), serine (0) and threonine (A)) at pH 7.0 and 25°C. Panel (b) presents the fluorescence-
monitored normalized equilibrium urea-induced unfolding curves of Mb in the absence (¢) and presence of 0.5M
GdnHCI (e) and 0.5 M GdnHCI with 0.25M amino acid (alanine (A), arginine (), glycine (¥), proline (o), serine (0)
and threonine (A)) at pH 7.0 and 25°C. The solid curves represent nonlinear least-squares fits according to the
standard two-state equation [62] (Equation (7), chapter 2). Panels (c) and (d) show the GdnHCI-dependence variation
of the change in unfolding free energy, AGp, for Ferricyt ¢ and Mb, respectively in the absence (®) and in the
presence of 0.25M alanine (A), arginine (), glycine ('¥), proline (o), serine (0) and threonine (A) at pH 7.0 and 25
°C. Panels (e) and (f) shows the GdnHCI-dependence variation of the urea unfolding midpoint, Cy,, for Ferricyt ¢ and
Mb, respectively in the absence (®) and in the presence of 0.25M alanine (A), arginine (0), glycine ('V), proline (0),
serine (O) and threonine (A) at pH 7.0 and 25 °C. The thermodynamic parameters are listed in Table 4 (Ferricyt c)
and Table 5 (Mb). The solid lines in panels (c), (d), (e) and (f) represent linear least-squares fit of the data.
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Table 4. Dependence of the AGp, my and Cy,, of Ferricyt ¢ on GdnHCI concentration in the absence and presence of 0.25
M amino acids at pH 7.0 as monitored by Trp fluorescence (ex: 280; em: 365 nm)*.

Control L-alanine
Additive Conc. AGp mq Cn Conc. AGp Mg Cn
(M) (kcal mol™™)  (kcal mol™M™) (M) (M) (kcal molY) (kcal mol™M™) (M)
GdnHCI 0.0 8.6 11 7.6 0.0 9.3 1.2 7.7
0.25 7.9 1.2 6.3 0.25 8.3 1.3 6.6
0.5 6.9 1.2 5.6 0.5 7.6 1.3 59
1.0 5.7 1.3 4.3 1.0 6.1 1.3 4.7
2.0 3.7 1.7 2.2 2.0 4.2 1.7 2.4
L-arginine L-glycine
GdnHCI 0.0 7.8 11 7.3 0.0 9.3 1.2 7.7
0.25 6.8 1.2 59 0.25 8.4 1.3 6.6
0.5 6.1 1.2 5.2 0.5 7.8 1.3 5.9
1.0 4.8 1.2 4.1 1.0 6.2 1.3 4.8
2.0 2.0 1.0 2.1 2.0 4.2 1.7 2.5
L-proline L-serine
GdnHCI 0.0 9.0 1.2 7.6 0.0 9.5 1.2 7.8
0.25 8.1 1.2 6.5 0.25 8.7 1.3 6.8
0.5 7.3 1.2 5.9 0.5 7.8 1.3 6.2
1.0 6.0 1.4 4.4 1.0 6.2 1.3 4.9
2.0 4.0 1.7 2.3 2.0 4.2 1.5 2.7
L-threonine
GdnHCI 0.0 9.1 1.2 7.6
0.25 8.3 1.3 6.5
0.5 7.4 1.3 5.8
1.0 6.1 1.3 4.6
2.0 4.0 1.6 2.4

*The std. errs. for AGp, m,, and Cy,are +0.5 (kcal mol™), +0.2 (kcal mol™ M), and +0.2 (M), respectively.

Figs.8c and 8d show the [GdnHCI]-dependence of AGp for Ferricyt ¢ and Mb,
respectively calculated in the absence and in the presence of 0.25 M alanine, arginine, glycine,
proline, serine and threonine at pH 7.0 and 25 °C. Figs.8e and 8f show the [GdnHCI]-dependence
Cn, for Ferricyt ¢ and Mb, respectively, calculated in the absence and in the presence of 0.25 M

alanine, arginine, glycine, proline, serine and threonine at pH 7.0 and 25 °C.

Table 5. Dependence of the AGp, my and C,, of Mb on GdnHCI concentration in the absence and presence of 0.25 M
amino acids at pH 7.0 as monitored by Trp fluorescence (ex: 280; em: 365 nm)*.

Control L-alanine
Additive  Conc. AGp mg Cn Conc. AGp Mg Cm
(M) (kcal mol) (kcal mol'M™) (M) (M) (kcal mol™™)  (kcal mol*M™) (M)
GdnHCI 0.0 7.3 1.3 5.6 0.0 7.9 13 5.9
0.25 5.7 1.3 4.4 0.25 6.4 1.3 4.8
0.5 4.0 1.2 35 0.5 4.9 1.3 3.6
0.75 2.6 1.1 2.2 0.75 34 1.3 2.6
1.0 1.7 1.4 1.2 1.0 2.1 1.3 1.7
L-arginine L-glycine
GdnHCI 0.0 6.5 1.3 5.0 0.0 8.0 1.3 6.1
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0.25 5.1 1.2 4.1 0.25 6.7 14 4.9

0.5 35 1.2 3.0 0.5 5.1 13 4.0
0.75 2.2 11 2.0 0.75 3.7 13 3.0
1.0 1.3 1.4 0.9 1.0 2.4 1.2 2.0
L-proline L-serine
GdnHCI 0.0 75 1.3 5.6 0.0 8.4 1.3 6.2
0.25 6.0 1.3 45 0.25 6.9 1.3 5.1
0.5 4.5 1.3 35 0.5 55 1.4 4.0
0.75 3.0 1.2 2.3 0.75 3.8 1.3 3.0
1.0 1.8 1.2 1.5 1.0 2.4 1.1 2.2
L-threonine
GdnHCI 0.0 7.8 1.4 5.7
0.25 6.3 1.4 4.6
0.5 4.6 1.3 35
0.75 3.2 1.3 2.5
1.0 1.9 1.2 1.6

*The std. errs. for AGp, Mg, and Cy,are +0.5 (kcal mol™), £0.2 (kcal mol™ M™), and +0.2 (M), respectively.

The AGp and Cy, decrease linearly with [GdnHCI] (Figs. 8c, 8d, 8e and 8f). However, as
compared to in the absence of amino acids, the decrease in AGp and C,, with [GdnHCI] are less
pronounced in the presence of 0.25 M of alanine, glycine, proline, serine and threonine, while
these are more pronounced in the presence of 0.25 M arginine (Figs. 8c, 8d, 8e and 8f). These
results thus suggest that alanine, glycine, proline, serine and threonine counteract the denaturing
action of GdnHCI for Ferricyt ¢ and Mb. The counteracting effect of amino acids is more for
serine and less for proline at pH 7.0 (serine> glycine> alanine >threonine>proline) (Figs. 8c, 8d,
8e, 8f and Tables-4-5). As compared to in the absence of amino acids, the AGp and Cy, values
were found to be slightly decreased the presence of 0.25 M arginine (Figs. 8c, 8d, 8e, 8f and
Tables-4-5), which is due to presence of guanidinium group (Gdn®) in arginine. Arginine forms
some specific type of interactions via aromatic and negatively charged surface amino acid
residues of protein, termed as cation-n interaction through guanidium group [59, 63-66]. Earlier
reports revealed that arginine interacts both with the protein backbone and also with the side
chains of protein [67]. This properties of arginine helps in the destabilizing action on proteins.
Since destabilizing cosolutes are described by their preferential binding to the proteins [68-69].
Therefore at lower concentration, arginine decreases the thermodynamic stability of proteins. The
arginine shows the two different types of behaviors in agueous medium from the view-point of

dual behaviour of arginine, functioning both like an osmolyte and as a protein denaturant [70].
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6.2.5 Effect of amino acids on the denaturant dependent tertiary structure of Ferricyt c and Mb
atpH 7.0

Near-UV CD spectra or aromatic CD spectra, in the region 320-250 nm are generally
used to probe the asymmetry of aromatic amino acids and regions of disulphide bonds. Native
Ferricyt ¢ in aqueous solution displays two distinct minima at 282 and 289 nm in the near-UV CD
spectrum, which reflect the tertiary structural packing of Trp59 [71]. Signals from 250-270 nm
are attributable to phenylalanine residues, signals from 270-290 nm are due to tyrosine, and the
regions from 280-300 nm are attributable to tryptophan. Broad weak signals throughout the near-
UV CD spectrum are due to the disulfide bonds present in native structure of proteins [71]. Fig.9a
and Fig. 9b show the near-UV CD spectra of native Ferricyt ¢ and Mb, respectively, in the
absence and presence of 3.0 and 9.0 M urea with 0.5 M alanine, arginine, glycine, proline, serine
and threonine at pH 7.0, 25°C. The urea denatured protein (9.0 M urea) has not shown any
aromatic band in the presence of 0.5 M of these amino acids at pH 7.0, which indicates that the
amino acid (alanine, arginine, glycine, proline, serine and threonine) presences in reaction
medium does not induce any structural component of denaturant-induced unfolded Ferricyt ¢ and
Mb. Due to high absorbance of L-alanine, arginine, glycine, proline, serine and threonine in the
far-UV CD region, it is not possible to test the effect of these amino acids on the secondary

structure of Ferricyt ¢ and Mb.
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Fig.9. Panel (a) shows the near-UV CD spectra of Ferricyt ¢ in the absence (3%¢x) and in the presence of 3.0 M urea
(solid black line), 9.0 M urea (solid blue line), 0.5 M alanine with 3.0 M urea (black dash-dot line) and 9.0 M urea
(blue dash dot line); 0.5 M arginine with 3 M urea (gray dotted line) and 9 M urea (blue dotted line); 0.5 M glycine
with 3 M urea (gray solid line) and 9 M urea (blue short dash line); 0.5 M proline with 3.0 M urea (long dash line)
and 9.0 M urea (blue long dash line); 0.5 M serine with 3.0 M urea (black dotted line) and 9.0 M urea(++++) and 0.5
M threonine with 3.0 M urea (black dash double dotted line) and 9.0 M urea (blue dash double dotted line) at 25 °C.
Panel (b) shows the near-UV CD spectra of Mb in the absence (»xxx) and in the presence of 1.5 M urea (solid black
line), 9.0 M urea (solid blue line), 0.5 M alanine with 1.5 M urea (black dash-dot line) and 9.0 M urea (blue dash dot
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line); 0.5 M arginine with 1.5 M urea (gray dotted line) and 9 M urea (blue dotted line); 0.5 M glycine with 1.5 M
urea (gray solid line) and 9.0 M urea (blue short dash line); 0.5 M proline with 1.5 M urea (long dash line) and 9.0 M
urea (blue long dash line); 0.5 M serine with 1.5 M urea (black dotted line) and 9.0 M urea (++++) and 0.5 M
threonine with 1.5 M urea (black dash double dotted line) and 9.0 M urea (blue dash double dotted line) at 25 °C.
Protein are used 55uM (Mb) and 60 uM (Ferricyt ¢) concentration, respectively.

6.3 Conclusion

Kinetic and thermodynamic parameters measured for CO-dissociation reaction of
natively folded carbonmonoxycytochrome ¢ (NCO) at varying concentrations of GdnHCI or urea
in the absence and presence of 0.5 M amino acids (alanine, arginine, glycine, proline, serine, and
threonine) revealed that (i) the rates of CO-dissociation for NCO (kgiss) initially decrease in
subdenaturing region and then increase as denaturant concentration is increased from
subdenaturing to denaturing milieu, which indicates that the low concentrations of denaturants
restrict the internal dynamics of NCO, (ii) within the subdenaturing region, the inclusion of amino
acids shifted the rate-denaturant profile vertically down to a lower log Kgiss, Which suggests that
the amino acids show an additive effect with the denaturant-mediated constrained dynamics of
NCO, (iii) from subdenaturing to denaturing region, the log Kgiss increases due to structural
unfolding of protein (iv) within subdenaturing region, log kgiss increase to a lesser extent in the
presence of amino acids than in its absence, indicating that amino acids counteract the structural
fluctuation that cause unfolding of protein, and (v) the structural fluctuation that unfolds the
protein are found to be more opposed by the larger sized and lesser hydrophobic amino acids
(arginine> serine> proline> glycine> alanine >threonine). Thermodynamic analysis of thermal
and urea unfolding curves of Cyt ¢ and Mb measured at varying concentrations of GdnHCI in the
absence and presence of fixed concentration of amino acids (alanine, arginine, glycine, proline,
serine, and threonine) reveals that (i) alanine, glycine, proline, serine and threonine counteract the
deleterious effect of denaturants and they typically follow the this order: serine> glycine> alanine
>threonine>proline, and (ii) at lower concentrations of GdnHCI, arginine shows an additive effect
on the deleterious effect of denaturant while at higher concentrations of GdnHCI it counteracts the
deleterious effect of GdnHCI.
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Chapter 7

Structural, Kinetic and Thermodynamic Characterizations of the
Macromolecular Crowding-Induced Molten Globule States of the Alkali
pH-Denatured Proteins

7.1 Introduction

The fundamental route in protein folding is the compaction of linear chain of amino acid residues
into its biologically active three-dimensional structure. It is believed that one or more distinct,
populated intermediates are involved during the course of the protein folding process [1]. Such
intermediates have compact structures with native like secondary structure content, but disordered
or fluctuating tertiary structure [2-8]. These intermediate structures are termed as molten globule
(MG)-state. The term “molten globule” has been given by Ohgushi & Wada [4]. The MG-state is
typically populates at the late stages of folding [6-7,9-14] but it has also been detected at the early
stages of folding of several proteins [15-17]. It is assumed that the MG state, as well as other non-
native states of proteins, can be involved for protein insertion and translocation processes through
organelles membranes [18-21]. Some previous studies revealed that the intrinsically disordered
native like proteins that resemble MG-state [22-26] involved in cell signaling and worked as a
regulator, by interactions with DNA and other proteins [27-31]. A previous report revealed that
the pH-dependent MG transition is required for the activity of steroidogenic acute regulatory
protein that stimulates steroid synthesis [32].

Due to their short-lived, the MG-states are difficult to study at neutral pH. At the
extremes of pH, the MG-state is typically stabilized and populated in the presence of salt [9, 33-
35]. Few earlier reports suggest that the sugars, polyols, and low concentrations of guanidine
hydrochloride (GdnHCI) stabilize and refold the acid-denatured state of proteins to MG states
[36-39]. Few recent studies suggest that high concentration of crowding agents also increases the
stability and structural contents of folded and partially folded proteins [41-48]. Some previous
studies revealed that high concentrations of crowding agents also transform the acid-denatured

proteins to MG-states [49-50]. The excluded volume effects are predicted to favor the adoption of
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compact conformation as opposed to expanded macromolecular conformations, which are the
results of decrease in the total excluded volume. The crowding-induced collapse is important
because it can cause aggregations [40, 50-55], which are linked with numerous neurodegenerative
disorders [56].

Although, crowding agents usually favor refolding [49, 57-59], but in some cases they
appear to be ineffective [60-61]. According to excluded volume theory, a non-specific force
between the crowding agents and macromolecules (proteins) that promotes the reduction of total
excluded volume which results an adoption of compact conformation, as opposed to expanded
macromolecular conformations [62-68]. While the crowding-induced MG-state of acid-denatured
protein is studied earlier [49], the crowding-induced MG-state of base-denatured protein is not
explored so far. This is the first study that shows the high concentration of crowding agents
(dextran 70 and ficoll 70) transform the base-denatured cytochrome c (Cyt c), apomyoglobin
(apoMb) and lysozyme (Lyz) to MG-states i.e. Cg-states (crowding agents induced MG-states) at
pH 12.9 (x0.1). The Cg-states meet the generic properties of MG-state, i.e., molecular compact
state with native-like secondary structure but lacks tertiary structure. The base-denatured Cyt c
and apoMb (pH 12.9 (£0.1)) also show cold denaturation in the absence of crowding agent. With
increase in crowding agent’s concentrations, the thermal denaturation temperature increase and
the cold denaturation temperature decrease. Alkali-denatured Lyz doesn’t show cold denaturation
but increase the thermal denaturation temperature in the presence of high concentration of
crowding agents. Analysis of kinetic and thermodynamic parameters measured for CO-
association reactions of alkaline Ferrocytochrome ¢ (Ferrocyt c) at pH 12.9 (£0.1) in the absence
and presence of different concentrations of crowding agent (dextran 70 and ficoll 70) reveal that
the crowding agent presence in reaction medium restrict the internal dynamics of base-denatured

protein.

7.2 Results and Discussion

7.2.1 pH-induced denaturation of Ferricyt ¢, apoMb and Lyz
Figs. 1a, 1b and 1c show the normalized fluorescence-monitored pH-unfolding curves of

Cyt ¢, apoMb and Lyz, respectively at 25°C. Fig. 1a, 1b and 1c also present the far-UV CD (222
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nm) monitored pH-unfolding curves of Cyt ¢, apoMb and Lyz, respectively at 25°C. Data in Fig. 1
provide two important informations (i) the far-UV CD-monitored pH unfolding curves of Cyt ¢
and Lyz shift to higher pH than fluorescence monitored unfolding, and (ii) the fluorescence and
Far-UV CD-monitored unfolding curves of apoMb are superimposable to each other.
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Fig.1. Panels (a), (b) and (c) present the normalized fluorescence monitored (®) pH-unfolding curves of Cyt ¢, apoMb
and Lyz, respectively at 25°C. Panels (a), (b) and (c) also present the far-UV CD (222 nm) monitored (o) alkaline

pH-induced unfolding curves for Cyt ¢, apoMb and Lyz, respectively at 25°C. Solid lines in panel (a) to (c) are fit
according to Handerson-Hasalbalch equation (Chapter 2) [9], at 25 °C.

The pH titration curves of Cyt ¢, apoMb and Lyz were analyzed by using the modified
Handerson-Hasalbalch equation (chapter 2 equation (8)) [9] which provide the pH-midpoint, (Cy)
and the number of OH™ titrated (n) (Table 1).

Tablel. Fluorescence (exitation.280; emission 365) and far-UV CD (222nm) monitored pH-induced denaturation
midpoint, (c.,) for Ferricyt c and apoMb and Lyz
fluorescence monitored

far-UV CD (222nm) monitored

pH-midpoint Number of OH™ pH-midpoint Number of OH™
(Cm) titrated (n) (Cm) titrated (n)
Ferricyt ¢ 12.3 3.0 12.4 3.2
apoMb 11.2 3.0 11.2 2.0
Lyz 9.1 1.0 12.1 3.6

The single tryptophan W59 of Cyt c is typically buried in the hydrophobic core and almost
no fluorescence is observed (fluorescence-silent) at native state [69]. However, upon denaturation
of protein, a dramatic increase in fluorescence intensity occurs [69-70]. Thus the fluorescence
intensity can be used as reliable indicator for molecular expansion and compaction of Cyt c.
ApoMb has two tryptophans and after unfolding of protein, the fluorescence intensity gets

quenched because of exposure of tryptophan residues to the polar solvent [71-73]. Similarly,
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unfolding of Lyz (contain 6 aromatic amino acids) to alkaline pH caused rapid decrease in
fluorescence intensity with red shift presumably because of exposure of tryptophan residues to the
polar solvent and ionization of certain tyrosine groups [74-75]. It is clear from fluorescence-
monitored pH titration curves that the Ferricyt ¢ (Fig. 1a), apoMb (Fig. 1b) and Lyz (Fig. 1c) get
unfolded at extreme alkaline conditions (pH 12.9 (£0.1)). The non-coincidence of the pH
transitions of Ferricyt ¢ and Lyz monitored by far-UV CD and fluorescence are due to the
presence of an equilibrium intermediate in the native to denatured state transition [9,71-72,75].
An earlier report by Nakamura et al have also shown the presence of an equilibrium intermediate

in the native to denatured state transition of Ferricyt ¢ at pH ~4.1 [33].

7.2.2 Effect of crowding agents on the fluorescence emission spectrum of base-denatured
Ferricyt ¢, apoMb and Lyz

Figs. 2a, 2b and 2c show the effects of crowding agents (dextran 70 and ficoll 70) on the
fluorescence emission spectrum of base-denatured Ferricyt ¢, apoMb and Lyz at pH 12.9 (£0.1)
(Ug-state). For comparison, Figs. 2a, 2b and 2c also present fluorescence emission spectrum of
native proteins at pH 7.0. Fig. 2 clearly shows that the emission observed for the Ug-states of
Ferricyt ¢ (Fig. 2a, spectrum 2), apoMb (Fig. 2b, spectrum 2) and Lyz (Fig. 2c, spectrum 2)
decrease in the presence of ~300 mg ml™ of dextran 70 (Fig. 2a, b, ¢ spectrum 4) and ficoll 70
(Fig. 2a, b, ¢ spectrum 3) which suggests that the base-denatured proteins get compact in the
presence of crowding agents.
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Fig.2. Panels (a), (b) and (c) presents the different state fluorescence emission spectra for Cyt ¢, apoMb and Lyz,
respectively at 25°C indicating the molecular compaction of base denatured protein in the presence of different
crowding agents; 1, pH 7.0, native state; 2, pH 12.9(+ 0.1) unfolded state; 3, pH 12.9 (+0.1) with 300 mg ml™ ficoll
70; 4, pH 12.9 (+0.1) with 300 mg mI™ dextran 70; 5, pH 12.9 (+0.1) with 2.0 M salt (2.0 M NaCl in panel (a) and (
b) and in panel (c) with 2.0 M KCI), respectively.
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It was reported that NaCl also compacts the base-denatured proteins to MG-states [9, 35]. Fig. 2
shows that the base-denatured Ferricyt ¢, apoMb and Lyz become compact in the presence of 2.0
M NaCl/ 2.0 M KCI (Fig.2a, b, ¢ spectrum 5) at 25 °C.

7.2.3 Effect of crowding agents on the secondary structure of base-denatured Ferricyt c,
apoMb and Lyz

Figs. 3a, 3b and 3c show the far-UV CD spectrum of Ferricyt ¢, apoMb, and Lyz,
respectively, in the absence and presence of 5.0 M GdnHCI at pH 7.0, 25 °C. The far-UVv CD
spectrum of native Ferricyt ¢, apoMb and Lyz at pH 7.0 exhibit two negative bands at 208 nm and
222 nm (Fig. 3a, 3b, 3c), which reflect the well defined as a-helical secondary structure [76].
Figs. 3a, 3b, 3c also show the far-UV CD spectrum of base-denatured Ferricyt ¢, apoMb, and Lyz,

respectively in the absence and presence 400 mg ml™ of crowding agents at pH 12.9 (+0.1).
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Fig.3. Effect of crowding agents on the secondary structure of base-denatured Ferricyt ¢, apoMb and Lyz at 25 °C.
Panel (a), (b) and (c) presents far-UV CD spectra for different states of Ferricyt ¢, apoMb and Lyz at 25°C: pH 7.0,
native state (eeoe); pH 12.9 (#0.1), Ug-state (xxxx); pH 12.9 (x0.1), 400mg ml™ dextran 70 (¢64¢); pH 12.9(0.1),
400 mg ml™ ficoll 70 (2==a); pH 12.9 (£0.1), 1.5 M salt (4A-A-4A) (NaCl in panel (a) and (b) and KCI in panel (c));
and pH 7, 5 M GdnHCI (AAAA), respectively.

The peptide bands in the far-UV CD spectrum of Ferricyt ¢, apoMb, and Lyz at pH 7.0
are significantly disrupted in the presence of 5.0 M GdnHCI at pH 7.0, (Figs. 3a, 3b, 3c). The
peptide bands in the far-UV CD spectrum of Ferricyt ¢, apoMb, and Lyz are also significantly
disrupted in the absence of denaturant at pH 12.9 (+0.1) at 25 °C. These finding indicate that the
secondary structures of Ferricyt ¢, apoMb, and Lyz are significantly lost in the absence of
denaturant at pH 12.9 (+0.1) and in the presence of 5.0 M GdnHCI at pH 7. When ~ 400 mg ml™
crowding agent (dextran 70 and ficoll 70) is included in the base-denatured Ferricyt ¢, apoMb,
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and Lyz at pH 12.9 (x0.1), the base-denatured proteins acquired the native-like peptide bands
(Figs. 3a, 3b, 3c), which reveal that the high concentrations of crowding agent induce the native
like secondary structures in the base denatured proteins. Dextran and ficoll are inert and non-
reactive to protein but occupying the large space in the reaction medium along with protein of
interest. So, inert dextran and ficoll decreases the volume available to other macromolecules such
as proteins, thus favoring the more compact state over the more expanded base-unfolded state.
Therefore the dextran and ficoll-induced molecular compaction in the base-denatured Ferricyt c,
apoMb and Lyz is attributed to the excluded volume effect.

7.2.4 Crowding agents-induced refolding in the base-denatured Ferricyt ¢, apoMb and Lyz
Figs. 4a, 4c and 4e show the change in the far-UV CD ellipticity at 222 nm for the base-
denatured Ferricyt ¢, apoMb and Lyz, respectively as a function of [Crowding agents] at pH 12.9
(x0.1), 25 °C. Figs. 4a, 4c and 4e clearly revel that the crowding agents transform the base-
denatured Ferricyt ¢, apoMb and Lyz (Ug-state) to Cg-states at 25°C. The Gibbs free energy

change, AG, for the two-state transition, Ug — Cg can be calculated by the equation (1):
AG =-RT INK==RT In[ (Yy,, - Yy, ) / (Ye, - Yapo) | @)

where Yps is the observed value of the CD signal, Yyg and Ycg are the corresponding values for
the Ug and Cg-states, respectively. Figs. 4b, 4d and 4f show the AG vs. [Crowding agents] plots
for refolding of Ferricyt c, apoMb and Lyz, respectively.

On the assumption of a linear dependence of AG on [Crowding agents] [77], the least-
squares fit of the data to equation (2), provides the values of AG®° and m (slop reflecting the

cooperatively of the transition) (Table 2.)

AG = AG° —m[Crowding agents] (2)

Table 2 Thermodynamic parameters, free energy (AG®) and m (slop) for the refolding (CD 222 nm) of base-
denatured proteins (Ferricyt ¢, apoMb and Lyz) in the presence of crowding agents at pH 12.9 (+0.1), 25°C.

Crowding agents AG° (kcal mol™) m (kcal mol™* M™)
Ferricyt c

dextran 70 1.81(0.) 0.0094

ficoll 70 1.73(0.1) 0.0086
apoMb

dextran 70 0.98 (0.1) 0.013
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ficoll 70 0.90 (0.1) 0.0074
Lyz

dextran 70 1.61(0.1) 0.012

ficoll 70 1.59(0.1) 0.011
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Fig.4. Panels (a), (c) and (e) present the change of mean residue ellipticity of Cyt c, apoMb and Lyz, respectively
estimated at 222 nm as a function of dextran 70 (e) and ficoll 70(0) concentration at pH 12.9 (+0.1). The continuous

lines are just guide to the eye. Panel (b), (d) and (f) presents the plots of AG, as the function of dextran 70 (e) and
ficoll 70 (o) concentration for refolding of base denatured Cyt ¢, apoMb and Lyz , respectively at pH 12.9 (£0.1).
The continuous line represents AG values and was obtained from the best fit to the experimental data according to
equation (2).

For a given protein, the AG® values for dextran 70 and ficoll 70 are within error identical
(Table 2), suggesting that AG® is independent of the nature of the crowding agent and thus it is a
property of the protein alone. Although, the physical importance of the factor m is not fully
understood, but some earlier reports revealed that it reflects the difference between the
accessibility of surface areas of native and denatured states of the polypeptide chain for a given
denaturant [77-80]. The high m value for dextran 70 (Table 2) than ficoll 70 (Table 2) suggests
high effectiveness of dextran 70 towards refolding of base-denatured proteins to MG-states as
compared to Ficoll 70.
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7.2.5 Effect of crowding agents on the tertiary structures of base-denatured Ferricyt ¢, apoMb
and Lyz

Near-UV CD (aromatic CD spectrum) in the region 250-320 nm is generally used to
probe the tertiary structures of the proteins [82-83]. The Near-UV CD ellipticity of proteins is
mainly because of aromatic amino acids residues viz; tryptophan, tyrosine and phenylalanine with
peaks at 291, 277 and 256 nm, respectively [82-83]. Conventionally, the MGs are generally
identified by a dramatic loss of near-UV CD signal [84-85]. Figs. 5a, 5b and 5c present the
relevant aromatic CD spectra of different states of Ferricyt ¢, Lyz and apoMb, respectively.

[0]x107*(deg cm? dmol™)
[01x1073(deg cm? dmol™)
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Fig.5. Panels (a), (b) and (c) present the near-UV CD spectra for different states of Ferricyt ¢, apoMb and Lyz at
25°C: pH 7.0, native state (esee); pH 12.9(+0.1), Ug-state (o0¢x); pH 12.9(+0.1), 400 mg ml™ dextran 70 ($6¢4)
and pH 12.9(0.1), 400 mg ml™ ficoll 70 (==as), respectively.

Conventionally, the MGs are generally identified by a dramatic loss of near-UV CD signal
[84-85]. Figs. 5a, 5b and 5c¢ present the relevant aromatic CD spectra of different states of Ferricyt
Cc, Lyz and apoMb, respectively. The aromatic CD band responsible for tertiary structure is
significantly lost at pH 12.9 (£0.1) (Figs. 5a, 5b and 5c). When ~ 400 mg ml™ crowding agent
(dextran 70 and ficoll 70) is included in the base-denatured Ferricyt ¢ and Lyz at pH 12.9 (+0.1)
the base-denatured Ferricyt ¢ and Lyz not acquired the aromatic band (Figs. 5a, 5b, 5¢). The base-
denatured apoMb at pH 12.9 (x0.1) also not acquired the aromatic band with inclusion of 400 mg
ml™ ficoll 70. These finding indicate that the inclusion of high concentrations of crowding agents

does not induces the tertiary structures in the base denatured Ferricyt ¢, apoMb and Lyz.

7.2.6 ANS binding to different states of Ferricyt ¢, apoMb and Lyz
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Traditionally, ANS, an extrinsic fluorescent probe which binds to exposed hydrophobic
clusters of folding intermediates is widely used to detect the MG-states of proteins [84, 86-90].
The binding of ANS to different states of protein generally increases the ANS fluorescence
intensity of MG-state more than the native and unfolded states [84, 86-90]. ANS has much
stronger affinity to MG-state as compared with the native or the fully unfolded states. The
stronger affinity to MGs is because of the absence of rigid packing of hydrophobic clusters in
MGs and hence, due to a greater accessibility of the protein hydrophobic core for a solvent. Figs.
6a, 6b and 6¢c show the ANS fluorescence spectra of native Ferricyt ¢, apoMb and Lyz,
respectively at 25 °C, pH 7.0. Figs. 6a, 6b and 6¢ also show the ANS fluorescence spectra of
base-denatured Ferricyt ¢, apoMb and Lyz, respectively in the absence and presence of ~400 mg
ml™ crowding agent (dextran 70 and ficoll 70) at 25 °C. Clearly, the ANS fluorescence intensity
of base-denatured Ferricyt ¢, apoMb and Lyz is increased more in the presence of ~400 mg ml™
crowding agent (spectra 3 and 4 of Figs. 6a, 6b and 6c) than in its absence (spectrum 2 of Figs.
6a, 6b and.6¢). This finding provide an evidence that the high concentration of crowding agents
transform base-denatured Ferricyt ¢, apoMb and Lyz to MG-states at pH 12.9 (x0.1), 25 °C.
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Fig.6. Panels (a), (b) and (c) present the different states fluorescence emission spectra of ANS-protein complex for
Cyt ¢, apoMb and Lyz as: native protein pH 7 (spectrum 1; solid black line), pH-12.9 (£0.1) unfolded state (spectrum
2, black short dash line), pH 12.9 (+0.1) with 400 mg ml™ ficoll 70 (spectrum 3; black dotted line), pH 12.9 (+0.1)
with 400 mg ml™ dextran 70 (spectrum 4; gray short-dash line), respectively at 25°C.

Because of the rigid and tightly packed conformations interior of native protein molecule with a
low accessibility of protein hydrophobic clusters to a solvent leads to decrease ANS affinity for

the native protein (spectrum 1 of Figs. 6a, 6b and.6c¢). The solvent accessible hydrophobic core
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are completely absent in the denatured or unfolded proteins (spectrum 2 of Figs. 6a, 6b and 6c)

[90]. Therefore it shows least binding affinity to unfolded proteins.

7.2.7 Effects of crowding-agents on thermal denaturations of base-denatured proteins

To evaluate the role of hydrophobic interactions and to determine the effects of crowding
agents on thermal denaturations of base-denatured Ferricyt ¢, apoMb and Lyz, the far-UV CD
monitored (222 nm) thermal denaturation curves of Ferricyt ¢, apoMb and Lyz were collected at
pH 12.9 (+0.1), respectively in the absence and presence of ~ 300 mg ml™ of dextran 70 and ficoll
70. Figs. 7a, 7b and 7c present the far-UV CD monitored normalized thermal denaturation curves
of Ferricyt ¢, apoMb and Lyz at pH 12.9 (£0.1), respectively in the absence and presence of ~ 300
mg ml™ of dextran 70 and ficoll 70. Earlier studies show that the pH-denatured Ferricyt ¢ and
apoMb can undergoes cold denaturation process in the presence of low concentrations of salt [9,
91-92]. Data in Figs. 7a and 7b show that of the base-denatured Ferricyt ¢ and apoMb also show
cold denaturation in the presence of 0.01 M NaCl at pH 12.9 (x0.1). Since the low temperature
ellipticity values are dependent on crowding agent concentration while the high-temperature ones
are not (Figs. 7a and 7b), so, the thermal denaturation data for base-denatured Ferricyt ¢, apoMb

and Lyz were normalized using equation (3)

_ eobs B (ran + 0]) (3)
(M,T+6,)-(MT +6,)

where, Gyps IS the observed ellipticity, T is the temperature, m; and é, are the slope and intercept,
respectively, of the pre transition baseline for the 300 mg ml™* dextran 70 curve, and m, and & are
the slope and intercept of the post-transition baseline in the presence of a given concentration of
dextran 70 and ficoll 70. The normalized thermal unfolding curves in Figs. 7a, 7b and 7c were
analyzed by the Gibbs-Helmholtz equation (chapter 2 equation (6)) [9]. Table 3 listed the Tp,
AHmn and AC, values for base-denatured Ferricyt ¢, apoMb and Lyz obtained in the absence and
presence of 300 mg ml™ of dextran70 and ficoll 70. The T, value for the thermal unfolding of
base denatured Ferricyt ¢, apoMb and Lyz increase with increasing concentration of dextran 70
and ficoll 70 (Table 3), and which is more increased for dextran 70 than ficoll 70. This finding

indicates that the macromolecular crowding effect alters the thermal stability of base-denatured
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proteins. Some earlier reports revealed that the crowding agents increase the thermal stability of
acid-denatured protein [49, 93].
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Fig.7. Panels (a) (b) and (c) present the normalized far-UV CD (222nm) monitored thermal melting curves of alkali-
denatured Ferricyt ¢, apoMb and Lyz at pH 12.9 in the presence of 0.001 M NaCl (A), 300 mg ml™ dextran 70, (s)
and 300 mg ml™ ficoll 70 (o), respectively. The continuous lines are fits according to Gibbs-Helmholtz equation
(chapter 2 equation (6)). Table 3 listed the thermodynamic parameters extracted from the 222 nm data set.

Table 3 Effect of crowding agents on thermodynamic parameters (midpoint temperature (Ty,), enthalpy (AH,), and

heat capacity (AC,)) for thermal unfolding (CD 222 nm) of base-denatured Ferricyt ¢, apoMb and Lyz at pH 12.9
(£0.1).

Crowding agents Concentration (crowder) Tm AHp, AC,
(mg ml™) (K) (kcal mol™) (kcal mol™ K™

Ferricyt ¢

Control 0.0 292.1 30.0 1.2

dextran 70 300 3118 31.9 1.1

ficoll 70 300 308.1 26.4 1.0
apoMb

Control 0.0 333.0 8.2 04

dextran 70 300 338.1 21.0 0.7

ficoll 70 300 335.0 19.3 0.6

Lyz

Control 0.0 323.9 70.5 1.2

dextran 70 300 3314 80.0 1.4

ficoll 70 300 329.2 721 1.3

* The uncertainty in the values of T,,, AH,, and AC, are +1.0 K, +5.0 kcal mol™*and +0.5 kcal mol™K™, respectively.

The base-denatured Ferricyt ¢ and apoMb in the absences of crowding agent undergoes cold
denaturation (Figs. 7a and 7b). With increasing crowding agent concentration, the low
temperature unfolding transition becomes less obvious (Figs. 7a and 7b). However, the base-
denatured Lyz at pH 12.9 (£0.1) in the absence of crowding agent does not show cold
denaturation process (Fig. 7c). Cold denaturation phenomenon is typically based on the
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thermodynamic principles of protein stability [94-96] and generally arises due to decrease of
hydrophobic interactions in proteins as temperature is lowered [97]. However, few previous
reports reveal that both hydrophobic and hydrophilic interactions are accountable for cold
denaturation [98-99].

7.2.8 Effects of dextran 70 and ficoll 70 on the internal dynamics of base-denatured Cyt ¢

Some previous studies on the internal mobility of different states of protein reveal that the
MG-state exhibits increased side chains fluctuations relative to that of in the native-state [3, 5].
Although, overall motional freedom of MG-state is restricted relative to the dynamic of the
denatured state. Few earlier reports have shown that the salt-induced MG-state of base-denatured
protein was stiff and dynamically constrained at pH ~13 [35, 100]. To examine how dynamic the
interior of the crowding induced MG-state of base-denatured proteins, the experiments were
conducted for the kinetics of association of CO with Ferrocyt ¢ at pH 12.9 (£ 0.1) in the absence
and presence of different concentrations of crowding agents (dextran 70 and ficoll 70) at 25 °C.
Since destabilized Ferrocyt ¢ binds CO when the CO was used in saturating concentration (~1.0
mM) [35, 101-102]. The intramolecular thermal collisions provide the energy for barrier crossing
in the CO-association reaction, Ferrocyt ¢ + CO — Ferrocyt ¢c-CO, the rate coefficient for the CO
association reaction (kass) is expected to decrease if the amplitudes of thermal fluctuations are
reduced as a result of constraints on the collective modes of intramolecular motion [35,101-102].
The association kinetics were monitored by the absorbance at 550 nm, following the addition of a
small volume of CO-saturated aqueous alkaline solution (pH 12.9 (+0.1)) containing different
concentration of dextran 70 and ficoll 70 at 25°C. The a-band (550 nm) of Ferrocyt ¢ was lost
after the formation of Ferrocyt-CO (Fe?*-M80 + CO — Fe?*-CO + M80), complex (Fig.8a) [103].
Fig. 8b shows the representative kinetic trace of CO-association to alkaline Ferrocyt ¢ at pH 12.9
(x0.1) in the absence of crowding agents, monitoring by the decrease in absorbance at 550 nm,
25°C. The kinetics of CO-association was well described by a single exponential rate expression
with a time constant, zs of ~ 2 min. at pH 12.9 (x0.1), 25 °C. Fig. 8c shows the logarithm of Kass
for alkaline Ferrocyt c as a function of different concentration of dextran70 and ficoll 70 at pH
12.9 (20.1), 25 °C. These data provide an opportunity to analyze the dynamical behavior of the

crowding induced MG-state of base-denatured protein. As [Crowding agent] is increased from 0.0

128




to 300 mg ml™, the log kis decreases monoexponentially, and which is more decreased for
dextran 70 than ficoll 70 (Fig. 8c).
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Fig.8. Panel (a) shows the steady- state visible absorption spectra of Ferrocyt ¢ (solid line) and Ferrocyt c-CO (dash
line) at 25°C, pH 12.9 (x0.1) in 2mM CAPS-buffer. (b) The slow single-phase CO-association kinetic trace of
alkaline Ferrocyt ¢ (t =2.0 min in the absence of crowding agent at pH 12.9(+0.1), 25°C). Panel (c) shows
dependence of the rate of CO association of alkaline Ferrocyt ¢ (pH 12.9) with dextran 70 (e), ficoll 70 (o) at 25 °C.
The lines through the data have been drawn by inspection only. (d) Eyring plot for the CO association reaction of
alkaline Ferrocyt ¢ at pH 12.9(£0.1); in the absence (A) and in the presence of 200 mg ml™ dextran 70 (e), 200 mg
ml™ ficoll 70 (o) and at pH 7 in the absence of crowding agents (0). Eyring plots were analyzed by linear least-
squares analysis (Fig.8d) (equation (1) chapter 2) [104] and the thermodynamic parameters are listed in Table 4.

This finding suggests that (i) the motional freedoms and internal motions of alkali-
denatured protein were reduced in the presence of crowding agents that tend to retard the CO-
association to protein and constrains the internal dynamics of alkali-denatured protein, and (ii) the
crowding-mediated restricted dynamic of CO association reaction of alkaline Ferrocyt ¢ is more
pronounced for dextran 70 than that of ficoll 70.

To further investigate the effect of crowding agents on the internal dynamics of base-
denatured protein, the crowding agents dependence of the activation thermodynamic parameters
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viz; activation free energy (AG*.s), activation enthalpy (AH%.s), activation entropy (AS*ss) and
entropy change (—TAS*,s) for the CO-association reaction of alkaline Ferrocyt ¢ was determined.
If the internal dynamics of base-denatured protein is constrained, then AH*s for CO association
reaction will be increased. Fig. 8d shows the Eyring plots for the CO association reaction of
alkaline Ferrocyt ¢ in the absence and presence of ~200 mg ml™ of dextran70 and ficoll 70. Fig.
8d also shows the Eyring plots for the CO association to native Ferrocyt c in the absence of
crowding agents at pH 7.0. Eyring plots were analyzed by linear least-squares analysis (Equation
(1), chapter 2) [104] of the temperature dependent kass. Table 4 summarizes the values of AG¥,
AH¥5s, AS* s and —TAS* s for alkaline Ferrocyt ¢ in the absence and presence of ~200 mg ml™ of
dextran 70 and ficoll 70. Clearly, the value of AH¥, for base-denatured protein is found to be
higher in the presence of crowding agent than in its absence (Table 4). The value of AH* for
base-denatured protein in the presence of crowding agents (dextran 70 and ficoll 70) is found to
be lower than the native protein at pH 7.0 (Table 4). These results clearly indicate that the internal
dynamics of base-denatured protein in the presence of crowding agent is more constrained
relative to that in the absence of crowding agents but is relatively less constrained than the native
state (Table 4).

Table 4 The effect of crowding agents on activation thermodynamic parameters for CO-association reaction of
Ferrocyt c at pH 12.9 (£0.1).*

Additives Concentration AGs™ AHass" ASss+ —TAS, ™
(mg mlI™) (kcal mol™) (kcal mol™) (cal mol™* K™ (kcal mol™ K™)
Control 0.0 20.6 (0.05) 18.2 (0.2) —8.1(0.6) 2.4(0.2)
Dextran 70 200 21.6 (0.05) 22.6 (0.6) 3.4 (1.8) -1.0 (0.5)
Ficoll 70 200 21.4 (0.08) 18.9 (0.9) -8.5 (3.0) 2.5(0.9)
Control (pH 7) 0.0 22.0 (0.1) 26.0 (0.1) 12.4 (0.8) -3.7(0.2)

2 Activation free energy (AG.s+) and entropy changes (—TAS,s") are given at 25°C.
*The uncertainties (standard error) in AG,e+, AHass', —“TAS, and AS,* are indicated in parenthesis.

The data in Table 4 also suggests that the increase of AH__* due to crowding agents (dextran 70

and ficoll 70) is accompanied by a decrease in the entropy change —TAS,.*. The entropy-enthalpy

plots could be used to describe the entropic and enthalpic contributions of crowders on stability
and folding of proteins [105]. In entropy-enthalpy plots, sectors 1 and 2 correspond to stabilizing
cosolutes while sectors 3 and 4 correspond to destabilizing cosolutes. Furthermore, sector 1 and

sector 3 represent the enthalpically dominated effect while sector 2 and sector 4 represent
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entropically dominated effect [105]. Fig. 9 presents the
TAAS vs AAH plots for alkaline Ferrocyt c¢ in the
L 4 - presence of dextran 70 and ficoll 70 at pH 12.9 (+0.1).
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|

Clearly, the data points for crowders lie in sector 1 (Fig.

TAAS(kcalmol™!)
o
|

= - 9), which is in general agreement with the models that
-4 - — describes enthalpically dominated stabilization [105-
| 1 | 1 | 1 106].
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Fig.9. The TAAS and AAH plot for different crowders. Data points
correspond to in the absence (A) and presence of 200 mg ml™ of dextran 70 () and ficoll 70(0) for Ferrocyt ¢ at pH
12.9 (£0.1).

7.3 Conclusion

The high concentrations of crowding agents (dextran 70 and ficoll 70) transform the
base-denatured Ferricyt ¢, apoMb and Lyz at pH 12.9 (x0.1) to MG-states. The formation of MG-
states of base-denatured Ferricyt ¢, apoMb and Lyz in the presence of crowding agents is found to
be dependent on the concentration and shape of crowding agents. The crowding agent-induced
MG-states of base-denatured denatured Ferricyt ¢, apoMb and Lyz resemble the generic
properties of MG-states (i.e., molecular compact state with native-like secondary structure and
disordered or lost tertiary structure). ANS binding experiments also confirmed that the crowding
agents presence in reaction medium transforms the base-denatured denatured Ferricyt ¢, apoMb
and Lyz to MG-states. Analysis of the thermal denaturation curves of base-denatured Ferricyt c,
apoMb and Lyz in the absence and presence of crowding agents (dextran 70 and ficoll 70)
revealed that (i) the base-denatured Ferricyt ¢ and apoMb exhibit cold denaturation, (ii) crowding
agent presence in the reaction medium increases the thermal stability of base-denatured proteins
and which is found to be increased more for dextran 70 than that of ficoll 70. Analysis of kinetic
and thermodynamic parameters measured for CO association reaction of alkaline Ferrocyt ¢ at pH
12.9 (x0.1) in the absence and presence of different concentrations of crowding agents (dextran
70 and ficoll 70) revealed substantially restricted overall motion and stiffness of the polypeptide

chain in crowding agent induced MG-state of base-denatured Ferricyt c.
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Chapter 8

Structural, Kinetic and Thermodynamic Characterizations of the
Alcohol and Cation-induced Molten Globule States of the Base-
Denatured Proteins

8.1 Introduction

Protein folding is a physical process in which a newly synthesized polypeptides chain folds to a
three dimensional native conformation. In determining the stability of native proteins, the roles of
electrostatic [1-5], hydrophobic [6-7] and hydrogen bonding [8-9] interactions are well
recognized. After synthesis of protein in cytoplasm they undergoes through a specific set of
folding pathway in order to fold into biologically active form [10]. The intermediate state of
protein folding has become an essential part for protein folding studies [11-12]. Such
intermediates are generally termed as “molten globule” (MG-state) [13-15]. MG-state is
considered to be an intermediate in the folding pathway of proteins [13-15]. The main
characteristic features of MG-state are (i) abundant secondary structure, (ii) largely flexible side
chains and a compact dimension, (iii) the absence of the specific tertiary structure produced by the
tight packing of side chains, and (iv) presence of loosely packed hydrophobic core that increases
the hydrophobic surface area that accessible to the solvent [14-17]. The MG conformations are
usually assumed to be important for initiating the folding process, so its characterization is crucial
to understand the protein folding process. Structural characterization of protein under different
solvents conditions would provide information: (i) about the structure of protein molecule, and
(i) the roles of different stabilizing and destabilizing forces [18]. Increasing evidence indicates
that the MGs are also involved in several biological processes such as cell signaling, steroid
synthesis and many more [19-24]. Mild denaturing conditions, alcohols and salt are generally
used for the MGs characterizations [25-29]. Alcohol is the best studied cosolvents which alters
the protein structure, because it weakening the nonlocal hydrophobic interactions and at the same
time promoting the local polar interactions and hydrogen bonds in proteins [30-31]. Alcohols

induce extensively higher helical structure in a partially or completely unfolded protein as
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compared to folded protein [32]. 2,2,2-trifluoroethanol (TFE) is the simplest alcohol and its
derivatives are generally used as anesthetics. Because of the presence of three fluorine atoms in
TFE, it has extraordinary ability to interact and affect the structures of proteins. It is toxic to
blood, male reproductive system, brain, upper respiratory tract and eyes [33]. The effects of TFE
on proteins were reported previously on stabilization of helical, B-turn and B-hairpin structures,
and disruption of the native tertiary structure and quaternary structures of intact proteins leading
to aggregates [34-37]

Salt influences the protein stability directly by preferential binding to the native or
unfolded state or indirectly by changing the properties of solvent [38-41]. The indirect effects of
salt are similar for different proteins and are usually acts as additive. Conventionally, the effects
of salt on protein stability are normally attributed to several factors, including, (i) electrostatic
(Debye-Hiickel) screening of Coulombic interactions, which operates at low to intermediate salt
concentration [42-43], (ii) specific ion binding [44-45] or increased surface tension of water [46-
50] that alter hydrophobic interactions (the Hofmeister effect) at very high salt concentration. The
grading of monoatomic cations correlates with surface charge density, but for complex
polyatomic cations, the underlying mechanism of the Hofmeister ordering is not fully recognized
[38, 42-43]. While the correlations between anionic effects on protein structure and enzyme
activity and anion position in the Hofmeister series are extensively explored [38-39,43,48,51-54],
correlations between the effects of cations on protein properties and the Hofmeister series are less
explored [38, 55-59]. This is presumably because the anions are more proficient than cations in
disturbing the properties of polypeptide chains. Some previous reports revealed that the anion—
water interaction is stronger than the cation—water interaction due to the asymmetry of the dipoles
in water [38, 40, 60], therefore, the anions have a greater effect on water ordering than cations. In
fact, the interactions between ions and proteins generally depend on the electrostatics of the
protein surface, so the cation—protein interactions will be more pronounced if the net charge of the
protein is negative [38]. A drastic reduction of the electrostatic free energy can disrupt the
electrostatic balance of protein charges. Such conditions also discourage the hydrogen-bonded
local interactions because the solution pH fairly approaches the pKa values of peptide amide
hydrogen [61].
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The present chapter analyzed the effect of cations and TFE on the highly negatively
charged base-denatured (Ug-states) cytochrome ¢ (Cyt c), apomyoglobin (apoMb) and hen egg
white lysozyme (Lyz) at pH 12.9 (£0.1). Cyt c is a single-domain, helical globular protein
containing 104 amino acids and one covalently attached heme group [62]. ApoMb is a natural
intermediate in biosynthesis of Mb, and has some structural features in common with the heme-
containing native Mb [63]. Lyz is a glycoside hydrolases enzyme which also known as N-
acetylmuramide glycanhydrolase. Lyz hydrolyzes the glycosidic bond of peptidoglycans (found in
the cell walls of bacteria, especially Gram-positive bacteria) that connects N-acetylmuramic acid
with the fourth carbon atom of N-acetylglucosamine [64-65].

The MG-state is typically stabilized and populated at extremes of pH in the presence of
salt [66-71]. Pioneering work by Goto and coworkers has shown that the net charge of salt anion
is the main determinant for anion-induced stabilization of MG-state of acid-denatured proteins
[72]. The MG state is the third thermodynamic state of proteins [73]. The temperature function
studies of the protein provides important information regarding the thermodynamic stability of
proteins because the pH destabilized states in the presence of salt are amenable to cold
denaturation in the experimentally available low temperatures [69, 74]. Thus, the study of the MG
state continues to be a thrust area in the biophysical research of proteins.

While the effects of salt and TFE on the structural and thermodynamic properties of native
and acid pH-denatured proteins are extensively studied [66-69, 70-72, 75-80], the effects of these
additives on structural, kinetics and thermodynamic properties of base-denatured proteins are not
explored so far. Keeping this in view, this chapter evaluated the effect of cations of chloride salt
(i.e., CsCl, NaCl and KCI) and alcohol (TFE) on the structural, kinetics and thermodynamic
properties of base-denatured Ferricyt ¢, apoMb and Lyz at 12.9 (+0.1). The results from CD, Trp-
fluorescence and 1-anilino-8-napthalene sulfonate (ANS) binding experiments suggest that
cations of chloride salt (i.e., CsCl, NaCl and KCI) and TFE transform the base-denatured Ferricyt
¢, apoMb and Lyz (pH 12.9 (+0.1)) to generic MG-states. The choice of extreme alkaline
environment, for these experiments was driven by available information about the thermodynamic
and structural properties, and the folding—unfolding behavior of the Ferricyt ¢ and Lyz, at this pH
[81-86]. Kinetic and thermodynamic experiments involving the measurement of the CO-

association to the base—denatured Ferrocyt ¢ (pH 12.9 (+0.1)) in the absence and presence of
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different concentrations of TFE and salt (NaCl, KCI and CsCl) indicate that the cations of
chloride salt (CsCl, NaCl and KCI) and TFE presence in the reaction medium constrain the
internal dynamics of base—denatured Ferrocyt c. Thermodynamic analysis of the far UV—CD (222
nm)-monitored thermal denaturation curves of base-denatured Ferricyt ¢, apoMb and Lyz (pH
12.9 (#0.1)) measured in the absence and presence of cations of chloride salt (CsCl, NaCl and
KCI) suggests that the cations (Na*, K" and Cs") presence in the reaction medium increases the

thermal stability of base-denatured protein.

8.2 Results and Discussion

8.2.1 Effect of cations on the base-denatured Ferricyt c, apoMb and Lyz

To find out the effect of different cations on the base-denatured proteins, the far-Uv CD
(222 nm) monitored pH-induced unfolding curves of Ferricyt ¢, apoMb and Lyz were measured in
the absence and presence of different cations of chloride salt (NaCl, KCI and CsCl) at 25 °C. Figs.
1a, 1b and 1c show the far-UV CD (222 nm) monitored pH-induced unfolding curves of Ferricyt c,
apoMb and Lyz collected in the absence and presence of 1.0 M NaCl, KCI and CsCl, respectively.
The MRE observed for the native protein at 222 nm decreases at extreme basic pH (Figs. 1a, 1b
and 1c), which suggests pH-induced unfolding of these proteins. The pH-titration curve of Ferricyt
¢ (Fig. 1a), apoMb (Fig. 1b) and Lyz (Fig. 1c) shifts to higher pH in the presence of 1.0 M NacCl,
KCI and CsClI, which suggests that the cations presence in reaction medium increase the stability
of Ferricyt ¢, apoMb and Lyz against alkaline pH. The pH-titration curves for Ferricyt c, apoMb
and Lyz were analyzed by using the modified Handerson-Hasalbalch equation (chapter 2 equation
(8)) [81], which provide the pH midpoint (Cy,) (Table 1).

SFT T T T T T T 1T 7 1 L L L DL L S I e B B e e
9

(©

é ]x10-3(deg cm2 dmol-1)

é 1x10%(deg cm? dmol™)
(2]

é ]x10*(deg cm? dmol™)

Fig.1. Panel (a) presents far-UV CD (222nm) monitored alkaline pH-induced unfolding of Ferricyt ¢ (26 puM) in the
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absence (o) and presence of 1.0 M NaCl (¢); KCI (¥) and CsCl (A) at 25 °C. Panel (b) presents the far-UV CD (222
nm) monitored alkaline pH-induced unfolding of apoMb (8 uM) in the absence (e) and presence of 1 M chloride salt
of 1.0 M NaCl (¢); KCI (V) and CsCl (A) at 25 °C. Panel (c) shows the far-UV CD (222 nm) monitored alkaline pH-
induced unfolding of Lyz (13 pM) in the absence (e) and presence of 1 M 1.0 M NaCl (¢); KCI (V) and CsCl (A) at
25°C. Solid lines in panel (a), (b) and (c) are fits according to equation (8) from chapter 2 [81], at 25 °C.

The increase in Cp, in the presence of salt (NaCl, KCI and CsCl) indicates that presence of cations
in reaction medium opposes the pH-induced denaturation of proteins. lon-stabilized denatured

states were generally categorized as MG states [15, 20].

Tablel. pH-midpoint, (c,,) of Ferricyt ¢, apoMb and Lyz in the absence and presence of 1.0 M (NaCl, KCI and CsCl)
at 25 °C.

Ferricyt ¢ apoMb
Far-UV CD (222 nm) Far-UV CD (222 nm)
Cation pH-midpoint (Cm) pH-midpoint (Cm)
Control 12.37 11.02
Na* 12.54 12.43
K* 12.56 12.29
Cs' 12.53 11.86
Lyz (Far-UV CD (222 nm))
Control 12.10
Na* 12.22
K* 12.40
Cs' 12.18

8.2.2 Cations-induced molecular compaction of base-denatured Ferricyt ¢, apoMb and Lyz

Fig. 2a, 2b, and 2c present the florescence emission spectra of different states of Ferricyt c,
apoMb and Lyz, respectively at 25°C. Native state of Ferricyt ¢ (N-state) at pH 7.0 is
fluorescence-silent while the base-denatured state of Ferricyt ¢ (Ug-state) at pH 12.9 (£0.1) is
fluorescent (Fig. 2a). Previous reports also revealed that fluorescence intensity of Ferricyt c
increases at alkaline pH environment [34-37]. Unfolding of Ferricyt c¢ results in an increase in the
heme-Trp distance due to molecular expansion [52-53] and its molecular compaction occurs in
presence of 2.0 M NaCl, KCI and CsClI (Fig. 2a).

Native apoMb at pH 7 shows good fluorescence emission (Spectrum 1 of Fig. 2b) while
the base-denatured apoMb also shows fluorescence emission with a red shift in emission maxima
(spectrum 2 of Fig 2b) but after the addition of 2.0 M KCI (spectrum 3 of Fig 2b) or 2.0 M CsClI
(spectrum 4 of Fig 2b) in base-denatured apoMb, the intensity of emission spectra decrease with a
blue shift in emission maxima (Fig 2b), suggesting that the cations cause molecular compaction of

Ug-state to B-state of apoMb [87].
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Fig.2. Panel (a) presents the fluorescence emission spectra of different states of Ferricyt ¢ (6.0 uM) at 25°C
(spectrum 1: pH 7.0, native state (solid-line); spectrum 2: pH 12.9 (+0.1), unfolded state (thin cross line); spectrum 3,
pH 12.9 (x0.1) with 2 M NaCl (gray solid line); spectrum 4, pH 12.9 (£0.1) with 2 M KCI (dash-dot line) and
spectrum 5, pH 12.9 (x0.1) with 2 M CsCl (double-dot-dash line). Panel (b) presents the fluorescence emission
spectra of different states of apoMb (6.0 uM) at 25°C (spectrum 1: pH 7.0, native state (solid-line); spectrum 2: pH
12.9 (20.1), unfolded state (thin cross line); spectrum 3, pH 12.9 (£0.1) with 2 M KCI (dash-dot line) and spectrum 4,
pH 12.9 (£0.1) with 2 M CsCl (double-dot-dash line). Panel (c) presents the fluorescence emission spectra of
different states of Lyz (6.0 uM) at 25°C (spectrum 1: pH 7.0, native state (solid-line); spectrum 2: pH 12.9 (£0.1),
unfolded state (thin cross line); spectrum 3, pH 12.9 (x0.1) with 2 M NaCl (gray solid line); spectrum 4, pH 12.9
(£0.1) with 2 M KCI (dash-dot line) and spectrum 5, pH 12.9 (£0.1) with 2 M CsCl (double-dot-dash line).

Unfolding of Lyz at alkaline pH result in a rapid decrease in fluorescence intensity with a
red shift in emission maxima presumably because of exposure of Trp residues to the polar solvent
and ionization of certain tyrosine groups [88-89]. Fig. 2c presents florescence emission spectra of
different states of Lyz. The native Lyz at pH 7.0 shows good fluorescence emission (spectrum 1
of Fig. 2c). However, the fluorescence emission intensity of base-denatured Lyz at pH 12.9 (£0.1)
decreases with a red shift in emission maxima (spectrum 2 of Fig. 2c). The addition of 2.0 M of
salt (NaCl, KCI and CsCl) in the base-denatured Lyz further decrease the intensity of fluorescence
emission because of cation induced molecular compaction of Ug-state to B-state (spectra 3,4,5 of
Fig, 2c).

8.2.3 Cations and TFE induce the native-like secondary structures in the base-denatured
Ferricyt ¢, apoMb and Lyz

Traditionally, the MG-states have native-like secondary structural contents [14-15]. Figs.
3a, 3b and 3c present the far-UV CD spectra for Ferricyt c apoMb and Lyz, respectively at pH 7.0
and at pH 12.9 (£0.1) in the absence and presence of 2.0 M of salt (NaCl, KCl and CsCl) at 25 °C.
Figs. 3a, 3b and 3c show that as pH is increased from 7.0 to 12.9 (x0.1), the negative cotton effect
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for Ferricyt ¢ apoMb and Lyz at 222 nm is significantly lost, which suggests that these proteins
significantly lost their secondary structural components at pH ~12.9 (x0.1). When 2.0 M salt
(NaCl, KCI and CsCl) is included in the base pH-denatured Ferricyt ¢ and apoMb (pH 12.9
(x0.1), the base-denatured Ferricyt ¢ and apoMb acquired the native-like negative cotton effect at
222 nm (Figs. 3a and 3b), which indicates that the cations induce the native-like secondary
structure in the base denatured Ferricyt ¢ and apoMb at pH ~12.9 (x0.1). However, the base-
denatured Lyz (pH ~12.9 (%0.1)) only acquired the native-like secondary structures in the
presence of 2.0 M of KCI (Fig. 3c).

Figs. 3d, 3e and 3f present the far-UV CD spectra for Ferricyt ¢ apoMb and Lyz,
respectively at pH 7.0 and at pH 12.9 (£0.1) in the absence and presence of 45% (v/v) TFE at 25
°C. Clearly, the base-denatured Ferricyt ¢ apoMb and Lyz also acquired the native-like secondary
structure in the presence of ~ 45% (v/v) TFE at pH ~12.9 (x0.1) (Figs. 3d, 3e and 3f).
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Fig.3. Panel (a) presents the far-UV CD spectra for different states of Ferricyt ¢ (16 uM), (pH 7.0, native state (e<<);
pH 12.9 (£0.1) unfolded state (xxxxx) ; pH 12.9 (+0.1) with 2.0 M NaCl (gray solid line); pH 12.9 (£0.1) with2 M
KCI (dash-dot line) and pH 12.9 (+0.1) with 2 M CsCl (double-dot-dash line) at 25°C. Panels (b) present the far-UV
CD spectra for different states of apoMb (15 puM), (pH 7.0, native state (e<<); pH 12.9 + (0.1) unfolded state
(xxxxx) ; pH 12.9 (£0.1) with 2 M NaCl (gray solid line); pH 12.9 (£0.1) with 2 M KCI (dash-dot line) and pH 12.9
(+0.1) with 2 M CsCl (double-dot-dash line) at 25°C. Panel (c) presents the far-UV CD spectra for different states of
Lyz (12 uM), (pH 7.0, native state (es<); pH 12.9 + (0.1) unfolded state (xxxxx) ; pH 12.9 (+0.1) with 2 M NaCl
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(gray solid line) ; pH 12.9 (+0.1) with 2 M KCI (dash-dot line) and pH 12.9 (+0.1) with 2 M CsCl (double-dot-dash
line) at 25°C. Panels (d), (e) and (f) present the far-UV CD spectra for Ferricyt ¢ (16 uM), apoMb (15uM) and Lyz
(12 pM), respectively (pH 7.0, native state (eee); pH 12.9 (£0.1) unfolded state (xxx); pH 12.9 (£0.1) with 45%
(VIV) TFE (V9)).

Figs. 4a, 4b and 4c present the far-UV CD (222 nm) monitored cations (Cs*, Na" and
K™) induced Ug— B transitions for the Ferricyt ¢, apoMb and Lyz, respectively. Clearly, the base-
denatured Ug-states of Ferricyt ¢ and apoMb acquire secondary structure with the increment of
cations (Cs*, Na" and K") concentrations (Figs. 4a, 4b and 4c). However, in case of base-
denatured Lyz (pH ~12.9 (x0.1)), the base-denatured Lyz only acquired the significant amount of
secondary structure with the increment of K* concentrations (Fig. 4c). Figs. 4d, 4e and 4f show
the normalized far-UV CD monitored cations (Cs*, Na* and K) induced refolding transition of
Ug-state to B-state for the Ferricyt ¢, apoMb and Lyz, respectively at pH 12.9 (£0.1), 25° C. The
Gibbs free energy change, AG, for the salt-induced two-state transitions, Ug—B of Ferricyt c
apoMb and Lyz was calculated by the equation (1):

AG =—RT INK=—RT In[(Yy, - Ye) / (Y5 - Yo ] @

where, Yps is the observed value of the CD signal, Yyg and Yg are the CD signal intensities for the
Ug and B-states, respectively. By assuming a linear dependence of AG on [Cation] [57], the least-

squares fit of the data to equation (2),
AG = AG’ + m[Cation] (2)

provides, AG®° and m for different cations-induced Ug—B transition (Figs. 4g, 4h and 4i),

respectively (Table 2).

Table 2 Thermodynamic parameters, free energy change (AG®) and slop (m) for the refolding (CD 222 nm) of
base-denatured Ferricyt ¢, apoMb and Lyz in the presence of cations (Cs*, Na" and K*) at pH 12.9 (+0.1), 25 °C.

Salt AG° (kcal mol™) m(kcal mol™ M™)
Ferricyt c

NaCl 1.22 (0.05) 1.98 (0.05)

KCl 1.22 (0.05) 2.03 (0.05)

CsCl 1.21 (0.07) 1.66 (0.07)
apoMb

NaCl 0.69 (0.03) 2.26 (0.04)

KCl 0.62 (0.05) 1.90 (0.05)

CsCl 0.34 (0.06) 1.45 (0.1)

Lyz

NaCl - -

KCl 1.52 (0.01) 1.26 (0.1)

CsCl 152 (0.2) 1.42 (0.2)
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The AG® values of Cs*, Na" and K" for each base-denatured Ferricyt ¢ and apoMb are
within error identical (Table 2), suggesting that AG® is independent of the physical properties of
cations. Although, the physical importance of the factor m is not fully understood, but some
earlier reports revealed 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].
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Fig.4. Panels (a), (b) and (c) show the variation of the far-UV CD at 222 nm values of base denatured Ferricyt ¢ (14
UM), apoMb (14 pM) and Lyz (7 uM), respectively as a function of chloride salt of Cs* (), Na'(0) and K* (A) at pH
12.9 (+0.1). Panels (d), (e) and (f) show normalized cation-induced (chloride salt of Cs* (e), Na* (o) and K* (A))
refolding transition (CD 222 nm) of base denatured Ferricyt c, apoMb and Lyz, respectively at pH 12.9 (£0.1). The
solid lines in panel (a) to (f) are just guide the eye. Panels (g) and (h) present the plots of AG, as the function of
chloride salt of Cs* (e), Na" (o) and K'(A) concentration for refolding of base denatured Ferricyt ¢ and apoMb,
respectively at pH 12.9 (+0.1). Panel (i) presents the plots of AG, as the function of chloride salt of Cs* (e) and
K*(A) concentration for refolding of base denatured Lyz at pH 12.9 (+0.1). The linear least-squares best fit of the
data to equation (2) [57] provided, AG® and m values (Table 2)
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Figs. 5a, 5b and 5c present the far-UV CD (222 nm) monitored TFE induced Ug— Hg
transitions for Ferricyt ¢, apoMb and Lyz, respectively at 25 °C. Figs. 5d, 5e and 5f present the
normalized far-UV CD monitored TFE induced refolding transition of Ug-state to Hg-state for
Ferricyt ¢, apoMb and Lyz, respectively at pH 12.9 (x0.1), 25° C. Clearly, the base-denatured
Ug-states of Ferricyt ¢, apoMb and Lyz acquired the secondary structure with the increment of
[TFE] (Figs. 5d, 5e and 5f). The Gibbs free energy change, AG, for TFE-induced two-state
transitions, Ug—Hg of Ferricyt ¢ apoMb and Lyz was calculated by the eq (1). By assuming a

linear dependence of AG on [TFE] [57], the least-squares fit of the data to eq (3),
AG = AG° + m[TFE] (3)

provides, AG® and m for TFE-induced Ug—Hp transition of Ferricyt ¢ (Insets of Fig. 5d), apoMb
(Insets of Fig. 5e) and Lyz (Insets of Fig. 5f), respectively (Table 3).
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Fig.5. Panels (a), (b) and (c) shows the normalized TFE-induced () refolding transition (CD 222 nm) of base
denatured Ferricyt ¢ (16 pM), apoMb(16 pM) and Lyz (16 pM), respectively, at pH 12.9 (£0.1). Panels (d), (e) and
(f) show normalized TFE-induced (o) refolding transition (CD 222 nm) of base denatured Ferricyt ¢, apoMb and Lyz,
respectively at pH 12.9 (£0.1). The solid line through the data in panels (a) to (f) has been drawn by inspection only.
Inset of the panel (d), (e) and (f) shows unfolding free energy changes in the transition region calculated from the
equilibrium curve. The solid lines are the linear least-squares best fit of the data to equation (3).
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Table 3 Thermodynamic parameters, free energy change (AG®) and slop (m) for the refolding (CD 222 nm) of
base-denatured Ferricyt ¢, apoMb and Lyz in the presence of TFE at pH 12.9 (£0.1), 25 °C.

AG° (kcal mol™) m (kcal mol™* M™)
Ferricyt c 1.2 0.6
apoMb 1.0 0.8
Lyz 1.0 0.3

8.2.4 B-and Hg-states of Ferricyt ¢, apoMb and Lyz do not acquire tertiary structure

Fig. 6a, 6b and 6¢c present the near-UV CD spectra for Ferricyt ¢, apoMb and Lyz,
respectively for native state at pH 7.0 (N-state), base-denatured state at pH 12.9 (£0.1) (Ug-state)
and base-denatured state at pH 12.9 (x0.1) in the presence of 2.0 M of cations of chloride salt
(CsClI, NaCl and KCI) (B-state) at 25 °C. Fig. 6a, 6b and 6c¢ also present the near-UV CD spectra
for Ferricyt ¢, apoMb and Lyz, respectively for base-denatured state at pH 12.9 (£0.1) in the
presence of 45% (v/v) TFE at 25 °C. Figs. 6a, 6b and 6¢ clearly suggest that the tertiary structures
of base-denatured Ferricyt ¢, apoMb and Lyz are significantly disrupted at pH 12.9 (x0.1). The
inclusion of 2.0 M salt (NaCl, KCI and CsCl) or % (v/v) TFE does not induce the tertiary
structures in the base denatured Ferricyt ¢ (Fig. 6a), apoMb (Fig. 6b) and Lyz (Fig. 6c). This
finding provides evidence that the cations (Cs*, Na* and K*) and alcohol (TFE) transform the
base-denatured Ferricyt ¢, apoMb and Lyz to MG-states.
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Fig.6. Panels (a), (b) and (c) present the near-UV CD spectra for different states of Ferricyt ¢ (70 uM), apoMb (60
pUM) and Lyz (60 pM), respectively (pH 7.0, native state (solid-line); pH 12.9 (x 0.1) unfolded state (xxxxx); pH
12.9 (x0.1) with 2.0 M NaCl (gray solid line); pH 12.9 (x 0.1) with 2.0 M KCI (dash-dot line): pH 12.9 (= 0.1) with
2.0 M CsClI (double-dot-dash line) and pH 12.9 (+0.1) with 45% (v/v) TFE (AAAA), at 25°C.

8.2.5 ANS binding to native, base-denatured and cations and alcohol-induced MG states of
Ferricyt ¢, apoMb and Lyz
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Fluorescence au

Traditionally, 1-anilino-8-naphthalene sulfonate (ANS), which binds to exposed
hydrophobic clusters of folding intermediates are used as a fluorescence probe for determining the
non-polar character of proteins and membranes [94-95]. Upon binding to the apolar surfaces or in
a less polar environment, its fluorescence intensity is enhanced and the emission maximum is
shifted to lower wavelengths. As compared to the native or the fully unfolded states, the ANS has
much stronger affinity to the MG-state of proteins [94]. This is presumably because of (i) the
deficiency of rigid packing of hydrophobic clusters in MGs, and (ii) due to a greater accessibility
of the protein hydrophobic core for a solvent. The rigid and tightly packed conformations interior
of native protein molecule with a low accessibility of protein hydrophobic clusters to a solvent
results in decrease of ANS affinity for the native protein [94]. The solvent accessible hydrophobic
core are completely absent in the denatured or unfolded proteins [94]. Therefore it shows least
binding affinity to unfolded proteins.

Figs. 7a, 7b and 7c present the ANS fluorescence emission spectra for Ferricyt ¢, apoMb
and Lyz, respectively for native state at pH 7.0 (N-state), base-denatured state at pH 12.9 (Ug-
state) and base-denatured state at pH 12.9 in the presence of 2.0 M of cations of chloride salt (Cs”,
Na’ and K*) (B-state) at 25 °C. Fig. 8a, 8b and 8c present the ANS fluorescence emission spectra
for Ferricyt ¢, apoMb and Lyz, respectively for native state at pH 7.0 (N-states), base-denatured
state at pH 12.9 (Ug-states) and base-denatured state at pH 12.9 in the presence of 45% (v/v) TFE

at 25 °C.
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Fig.7. Panels (a), (b) and (c) present the ANS fluorescence emission spectra of different state for Ferricyt ¢ (8 uM),
apoMb (8 uM) and Lyz (8 uM), respectively (native state pH 7 (solid black line), pH 12.9 (+ 0.1) unfolded state (long
dash line); pH 12.9 (£ 0.1) with 2.0 M KCI (dotted black line); pH 12.9 ( + 0.1) with 2.0 M NaCl (solid gray line) and
pH 12.9 (+ 0.1) with 2.0 M CsCl (double-dot-dash line) at 25 °C.
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Fig.8. Panel (a), (b) and (c) present the ANS fluorescence emission spectra for different states of Ferricyt ¢ (8 uM),
apoMb (8 uM) and Lyz (8 uM), respectively (native protein pH 7 (spectrum 1); pH-12.9 (£0.1) unfolded state
(spectrum 2); pH 12.9 (£ 0.1) with 45% TFE (spectrum 3).

Clearly, the binding of ANS to B-state (Figs. 7a, 7b and 7c) and Hg-state (Figs. 8a, 8b and
8c) have maximum fluorescence intensity than the native and Ug-states (Figs. 7a, 7b, 7c and Figs.
8a, 8b, 8c), which suggests that in the B-state and Hg-state of proteins, the hydrophobic clusters

which were originally buried inside are now solvent exposed.

8.2.6 Effect of cations on thermal denaturation of base-denatured Ferricyt ¢, apoMb and Lyz at
pH 12.9

To test the effect of cations of chloride salt (CsCl, NaCl and KCI) on thermal denaturation
of base-denatured proteins, the far-UV CD (222 nm) monitored thermal denaturation curves of
base-denatured Ferricyt ¢, apoMb and Lyz were recorded in the presence different concentrations
of NaCl, KCI and CsCl at pH 12.9 (x0.1). The thermal denaturation data were normalized

according to equation (4):
_ eobs - (mlT + 91)
(sz + 02) - (mlT + 91)

(4)

where, s IS the observed ellipticity, T is the temperature, m; and & are slope and intercept,
respectively, of the pretransition baseline, and m, and & are slope and intercept of the post-
transition baseline. Fig. 9a, 9b and 9c present the normalized far-UV CD (222 nm) monitored
thermal denaturation curves of base-denatured Ferricyt ¢, apoMb and Lyz, respectively in the
presence of different concentrations of NaCl, KCI and CsCl at pH 12.9 (£0.1). At very low salt
concentration (0.001 M NacCl), the base-denatured Ferricyt ¢ and apoMb exhibit two temperature
transitions, the first correspond to cold denaturation and the second correspond to heat

denaturation (Figs. 9a and 9b). However, at very low salt concentration (0.001 M NacCl), the base-
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denatured Lyz at pH 12.9 (x0.1) does not exhibit cold denaturation (Fig. 9¢). The normalized
thermal denaturation curves were analyzed by the Gibbs-Helmholtz equation (chapter 2 equation
(4)) [70]. The thermal denaturation parameters are listed in Table 4. Clearly, as salt concentration
IS increased, the T, and AH,, values are also increased, which suggests that the cations presence in
the reaction medium increase the thermal stability of base-denatured Ferricyt ¢, apoMb and Lyz at
pH 12.9 (x0.1).
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Fig.9. Panel (a) presents the normalized far-UV CD (222 nm)-monitored thermal melting curves of base-denatured
Ferricyt ¢ (16 uM) at pH 12.9 (£ 0.1) in the presence of 0.001 M NaCl (o), 1.0 M NaCl (o), 1.0 M KCI (A) and 1.0
M CsCl (o). Panel (b) presents the normalized far-UV CD (222 nm) monitored thermal melting curves of alkali-
denatured apoMb (20 Mp) at pH 12.9 (20.1) in the presence of 0.001 M NaCl (e), 1.0 M NaCl (A) 1.0 M KCI (A)
and 1.0 M CsClI (o). Panel (c) presents the normalized far-UV CD (222nm) thermal melting curves of Lyz (25 uM) in
the absence (o) and presence of 2.0 M KCI (A), 2.0 M NaCl (e) and 2.0 M CsCl (o) at pH 12.9 (x0.1). The
continuous lines are fits according to Gibbs-Helmholtz equation (chapter 2 equation (6)). Table 4 listed the
thermodynamic parameters extracted from the 222 nm data set.

Table 4. Thermodynamic parameter for unfolding (CD 222 nm) of the base-denatured Ferricyt ¢, apoMb and
Lyz (pH 12.9(0.1)) in the absence and presence of NaCl, KCI and CsCl at pH 12.9 (+0.1)*.

Ferricyt c

Additives Concentration (M) T (K) AH(kcal mol ™) ACp (kcal mol™)
Control 0.001NaCl 292.1 30.0 1.2
NaCl 1.00 303.4 34.8 1.1
KCI 1.00 305.2 37.0 1.09
CsCl 1.00 302.2 35.3 1.16

apoMb
Control 0.001NaCl 333.4 8.0 0.4
NaCl 1.0 340.7 25.0 0.7
KCI 1.0 338.9 21.0 0.6
CsCl 1.0 336.1 15.0 0.5
Lyz

Control 0.0 323.9 70.5 1.2
NacCl 2.0 329.4 48.62 1.02
KCI 2.0 332.9 110.9 2.17
CsCl 2.0 328.04 46.9 1.4

* The uncertainty in the values of T, AH,, and AC, are +1.0 K, 5.0 kcal mol™ and +0.5 kcal molK™,
respectively.
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8.2.7 Effect of cations and alcohol on the kinetics of CO association to alkaline Ferrocyt ¢

Under the mild destabilizing conditions, Ferrocyt ¢ can be driven to bind CO when CO is
used in saturating concentration (~1mM) [96-98]. Intramolecular thermal collisions provide the
energy for barrier crossing in the CO association reaction (i.e. Ferrocyt ¢ +CO— Ferrocyt c-CO)
of Ferrocyt c. The rate coefficient for CO association reaction, kass is expected to decrease if the
amplitudes of thermal fluctuations are reduced as a result of constraints on the collective modes of
intramolecular motion [99]. Fig. 10a typifies the kinetics of CO-association to alkaline Ferrocyt c
(pH 12.9 (x0.1) (550 nm), following the addition of a small volume of the protein solution to a
CO-saturated aqueous alkaline solution (pH 12.9 (£0.1)) at 25°C. The CO-association kinetics of
alkaline Ferrocyt c is described by a monoexponential decay function (Fig. 10a). Fig 10b shows
the logarithm of k,ss for alkaline Ferrocyt ¢ (pH 12.9 (£0.1)) as a function of salt (CsCl, NaCl and
KCI) concentrations at 25 °C. With the increment in NaCl and KCI concentrations, 109 Kass
decreases mono exponentially and saturates at around 0.5 M salt (Fig 10b). With the increment in
CsCI concentration, the log kass decreases at low concentration and then increases at higher salt
concentration (>0.25 M CsCl) (Fig 10b). At low salt concentrations, the decrease in 10g Kass IS
more observed in the presence of CsCl and least in the presence of NaCl (CsCl > KCI > NaCl),
which suggests that the value of log kass is more decreased for the larger cations and least for the
smaller cation (Cs*> K* > Na®) (cesium (1.67 A), potassium (1.52 A), sodium (1.16 A) (chloride
salt)) [100-101]. At higher salt concentration, the log kass is more observed for the CsCl and least
in the presence of KCI (CsCl > NaCl> KCI). The increase in log ks in the presence of higher
concentrations CsCl (>0.25 M CsCl) can be interpreted to arise from protein destabilization that
would facilitate CO association process. Fig. 10c presents the log kass for alkaline Ferrocyt ¢ (pH
12.9 (= 0.1)) as a function of [TFE] at 25°C. As [TFE] is increased from 0 to 20 % (v/v), the log
Kass initially decreases and shows a minima at 5% (v/v) and then increases, which suggests that the
low concentrations of TFE may form some extra internal H-bonds and which in results constrain
the internal dynamics of protein but at higher concentrations, the destabilizing effect of TFE due
to hydrophobicity increase the structural fluctuations responsible for unfolding the protein.

To further investigate the effects of cations (Cs*, Na* and K") and alcohol (TFE) on

internal dynamics of base-denatured proteins, the activation thermodynamic parameters for CO
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association reaction of alkaline Ferrocyt ¢ were calculated in the presence of different
concentrations of NaCl, KCI, CsCl and TFE at pH 12.9 (£0.1).

v
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Fig.10. Panel (a) represents the slow single-phase CO-association kinetic trace of alkaline Ferrocyt ¢ (== 2 min, pH
12.9 (20.1), 298.15 K) (b) Dependence of log k. for alkaline Ferrocyt ¢ on NaCl (V), KCI (0) and CsCl (e)
concentration at pH 12.9 (£0.1), 298.15 K. Panel (c) presents the dependence of log k,ss for alkaline Ferrocyt ¢ on
TFE (¢) concentration at pH 12.9 (£0.1), 298.15 K. Solid lines in panel (b) and (c) are just guide to the eye.

Fig. 11a shows the Eyring plots for the CO association reaction of alkaline Ferrocyt c in
the absence and presence of 1.0 M salt (NaCl, KCI, CsCl) at pH 12.9 (+0.1). Fig.11b shows the
Eyring plots for the CO-association reaction of alkaline Ferrocyt ¢ in the absence and presence
of 5% (v/v) TFE at pH 12.9 (x0.1). Eyring plots were analyzed by linear least-squares analysis
(Equation (1), chapter 2) [100, 102] of the temperature dependent ki in the absence and
presence of different cations and TFE. Table 5 summarized the resulted activation enthalpy

(AH.") and activation entropy (ASss*).

In(kass h/kBT)
In(k s h/kgT)

3g U 1 | ] | 38 1 | 1 |
0.0032 0.0033 0.0034 0.0032 0.0033 0.0034

/T (K™ LTy (K™Y
Fig.11. Panels (a) and (b) show the Eyring plots for the CO-association reaction in the absence (o) of additives at pH
12.9 (£ 0.1). Panel (a) shows the Eyring plots for 1.0 M NaCl (V); 1.0 M KCl (0) and 1.0 M CsCl (e) at pH 12.9

(£0.1). Panel (b) shows the Eyring plots for CO-association reaction of alkaline Ferrocyt ¢ (pH 12.9 (x 0.1)) in the
presence of 5% TFE (Q). Panel (a) and (b) also show the Eyring plots for CO-association in the absence of additives
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at pH 7.0 (¢) and pH 12.9 (o). The solid lines are fit to the data according to Eyring equation [102]. All reactions
were carried out is in 2 mM CAPS buffer at pH 12.9 (£ 0.1).The thermodynamic parameters are listed in Table 5.

Table 5 The effect of cations and TFE on activation thermodynamic parameters for CO-association of Ferrocyt ¢
at pH 12.9 (£0.1)*

Additives Concentration AG, AH,o" AS,es" ~TAS,*
(kcal mol™) (kcal mol™) (cal mol™ K™ (kcal mol™ K™

Control 0.0 20.6 (0.05) 18.2 (0.2) —8.2 (0.6) 2.4 (0.2)

NaCl 1M 21.4 (0.07) 23.1(0.7) 5.6 (2.3) ~1.6 (0.6)
KClI 1M 21.5(0.1) 23.3(0.9) 6.1 (3.0) -1.8(0.9)
CsCl 1M 21.3(0.1) 22.7 (1.0) 4.8 (3.2) ~1.4 (1.0)
TFE 5% (V/V) 21.4 (0.06) 24.3 (0.6) 9.7 (0.6) —2.9(0.6)
Control pH 7.0 0.0 22.0 (0.01) 26.0 (0.1) 12.4 (0.8) —3.7(0.2)

% Activation free energy (AG.s+) and entropy changes (—TAS,") are given at 25°C.
*The uncertainties (standard error) in AG.s', AH,st, ~TAS,* and AS,s* are indicated in parenthesis.

If the internal dynamics of alkali-denatured protein is indeed constrained at some
concentration of CsCl, NaCl and KCI or TFE, then the aH,." for CO-association at that salt or TFE
concentration will be relatively higher. The data in Table 5 clearly indicate that the AHass* for CO-
association reaction of alkaline Ferrocyt c is larger in the presence of cations (Cs*, Na" and K*) or
alcohol (TFE) then in its absence. However, the AH,.* for CO-association reaction of alkaline
Ferrocyt ¢ (pH 12.9 (£0.1)) is lower than the native Ferrocyt ¢ (pH 7.0).

8.2.8 Mechanism of Cations and TFE-induced protein stabilization

The extreme basic pH unfolded Ferricyt ¢, apoMb and Lyz carries highly negative charge.
Previous reports revealed that the net charge of salt anion is the main determinant for anion-
induced stabilization of MG-state of acid-denatured proteins [72]. Previous reports also revealed
that the size of anions also plays an important role in the anion-induced stabilization of MG-state
of acid-denatured proteins [103]. A previous report for a protein carrying net negative charge at
pH 7.0 revealed that the effect of cations on protein stability is largest for NH," and decreases as a
function of increased charge density (NH4* > K" ~ Cs* ~ Na" > Li) [38]. Present study presents a
monovalent cations-induced stabilization of MG-state of base-denatured Cyt ¢, apoMb and Lyz.
The effect of cation-induced refolding (secondary structure) and increase in thermal stability of
base denatured Ferricyt ¢ and Lyz is more observed in the presence of K and least in the presence
of Cs* (K" > Na" > Cs") (Fig 4a, Fig 9a for Ferricyt ¢ ; Figs. 4c, 9c for Lyz and Table 3).
However, the effect of cation-induced refolding (secondary structure) and increase in thermal

stability of base denatured apoMb is more observed in the presence of Na* and least in the Cs”
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(Na" > K* > Cs") (Figs. 4b, 9b). These results suggest that the charge density plays an important
role in the cation-induced stabilization of base denatured proteins. CO-association reaction of
alkaline Ferrocyt ¢ showed that the internal dynamics of protein is more constrained in the
presence of Cs” and least in the presence of Na* (Cs* > K* > Na*) (up to ~ 0.35 M) (Fig. 10b).
These results thus suggests that the size of monoatomic cations (Cs* > K" > Na*) plays an
important role in constraining the internal dynamics of protein.

The base-denatured Ferricyt ¢, apoMb and Lyz in the presence of 45% (v/v) of TFE
acquired the native like secondary helical structure (Fig. 3d, 3e and 3f)), but does not acquired
tertiary structure (Fig. 6a, 6b and 6c¢). According to Thomas & Dill (1993), TFE can weaken the
nonlocal interactions of proteins but favoring local interactions [104]. Some previous studies also
suggested that TFE favoring the internal H-bonds and which are large enough to account for the
increase in helicity or helical content of proteins [105-108]. Extensive helix formation in the
presence of TFE is the formation of non-native helical structure which results the disruption of the
specific native tertiary structure of proteins [109]. Therefore, the alkali-denatured proteins
acquired the native-like secondary structure but did not acquired any tertiary structural signals in
the presence of TFE and these are the basic properties of the intermediates state of protein, i.e. the

TFE-induced molten globule state.

8.3. Conclusion

TFE and cations (Na*, K and Cs") transformed the alkali pH-denatured Ferricyt c,
apoMb and Lyz (Ug-states) to MG-states at pH 12.9 (x0.1). Near-UV CD, far-UV CD, tryptophan
fluorescence and ANS binding experiments of base-denatured Ferricyt ¢, apoMb and Lyz carried
out in the absence and presence of different concentrations of TFE and salt (NaCl, KCI and CsCl)
revealed that the TFE and cations (Na*, K" and Cs") induced fully populated conformations are
molecular compact states containing native-like secondary structural contents but disordered
tertiary interactions. Kinetic and thermodynamic experiments involving the measurement of the
CO-association to the alkali Ferrocyt ¢ (pH 12.9 (£0.1)) in the absence and presence of different
concentrations of TFE and salt (NaCl, KCI, and CsCl) indicate that the TFE and cations (Na*, K*
and Cs") presence in the reaction medium constrained the internal dynamics of alkali Ferrocyt c.

Thermodynamic analysis of CD (222 nm)-monitored thermal denaturation curves of base-
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denatured Ferricyt ¢, apoMb and Lyz (pH 12.9 (x0.1) measured in the absence and presence of
different concentrations of salt (NaCl, KCI and CsCl) suggests that the cations (Na*, K* and Cs ")

presence in the reaction medium increase the thermal stability of base-denatured proteins.
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Chapter 9

Effect of Synergistic Anions on the Stability and Iron Release Kinetics of
Transferrins

9.1 Introduction

Transferrins (Tfs) are a family of iron-binding proteins that include serum transferrin (sTf),
ovotransferrin (0Tf), and lactoferrin (Lf)) [1]. Tfs also have ability to bind several nonferrous
metal ions; few of them are of therapeutic and diagnostic interest [2-8]. sTf and oTf can act as an
iron transporter to target cells while Lf inhibits bacterial growth. The affinity of Tfs for Fe** is
extremely high (~10% M) [2, 9-10]. Tfs are folded into two globular lobes, the N-lobe and the C-
lobe, interconnected with a short peptide chain [1, 11-14]. The iron binding sites are similar in
both lobes and each lobe binds one Fe® ion tightly but reversibly [1, 11-12]. The iron
coordination is distorted octahedral with four ligands provided by amino acid residues (two
tyrosines, one aspartic acid, and one histidine) and the remaining coordinates is shared by a
synergistic anion [1, 11-12]. A defining feature of Tfs is that they do not bind Fe®" at the specific
binding site in the absence of synergistic anion [15-18]. The naturally occurring synergistic anion
is carbonate but small organic molecules with adjacent electrophilic groups (oxalate, malonate,
glycolate, maleate, glycine, etc) can function as synergistic anion [16-18].

In the iron free state, the two lobes are in the open conformation [19-23]. Upon complex
formation with iron, each lobe undergoes an open to closed conformational transition [19-23] and
forms a number of interdomain hydrogen bonds [19-25]. These hydrogen bonds differ among the
sTf, oTf and Lf and also between the two lobes of a given protein [25-26]. Since substitution of
carbonate anion by other synergistic anions cause the in-equivalency of the metal binding sites,
[27-30] so it is possible that these interdomain hydrogen bonds can also differ for different
synergistic anion bound protein. The interdomain hydrogen bonds especially when situated at the
lips of the iron binding cleft can control the access of water from bulk solvent to the iron binding
site and constitute a trigger for the cleft opening [26, 31-33]. Breaking of these weak interdomain

hydrogen bonds is necessary for iron release [32-33].
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There is a considerable interest in understanding the interaction of synergistic anions with
the metal and protein [16-19] because synergistic anion plays crucial role in the uptake and
release of iron by Tfs [10, 32-40]. Several previous reports suggest that many non-synergistic
anions (sulfate, chloride, nitrate, perchlorate etc.) also bind to the protein [41-47] and play a
crucial role in chelator-mediated iron release from Tfs [41, 47, 48-62]. In addition, there are many
reports which reveal that both synergistic [10, 32-40] and non-synergistic [51, 55, 63-66] anions
requirement are essential for the iron uptake and release by Tfs. An important step during the iron
donating interaction of sTf with cells is the proton assist freeing of synergistic anion [67]. In an
in-vitro model of Fe** release into cells, decreasing the pH of protein solution in the presence of
an iron chelator causes discharge of Fe*" ion from the protein because of the proton assist freeing
of synergistic anion [68]. It is apparent that if we are to understand iron release from Tfs in cells
and in-vitro, we must understand the interactions of synergistic anions with the metal and protein.
Although sTf, oTf, and Lf have identical ligands to the iron, the ability of iron binding differs
among them and also between the two lobes of a given protein [14, 69-74]. Such differences were
ascribed to the variations in the second shell network made up of amino acid residues which are
hydrogen bonded to the primary ligands [74]. In a few earlier studies, the in-equivalency of the
metal binding sites has been emphasized by substitution of one synergistic anion by another [27-
30]. Particularly, substitution of carbonate by oxalate has been established a reliable probe to
distinguish site-specific binding preferences in sTf, oTf, and Lf [27-30].

Everse et al has shown that substitution of oxalate for carbonate enhances the ability of
iron binding to sTf and also inhibits the iron release from FensTf by cells thereby interfering with
normal iron metabolism [17]. Two earlier reports revealed that the high plasma oxalate levels and
iron deficiency anemia in children with autism spectrum disorders might be mediated via oxalate
bound sTf [75-76]. While the effect of substitution of oxalate for carbonate on the ability of iron
binding to sTf and kinetics of Fe** release from FensTf [16-17] was studied earlier, the effects of

substitution of oxalate for carbonate on the structural and thermal stability of Fe,sTf and Fe,oTf
(Tfs) as well as on the thermodynamics parameters (activation enthalpy (AH*), activation entropy

(AS*), activation free energy (AG*), and change in entropy (-TAS*)) associated for Fe®* release
from FensTf and FenoTf (FenTfs) are not explored so far. To understand better the manner in

which substitution of oxalate for carbonate influences the structural stability of Tfs fold and
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stability of iron binding to Tfs, these properties for carbonate and oxalate bound Fe,Tfs are
studied by calorimetric (DSC) and spectroscopic (absorbance at 465 nm, fluorescence emission at
340 nm, far-UV CD at 222 nm and near-UV CD at 282 nm) methods. These techniques provided
evidences that substitution of oxalate for carbonate increases the structural stability of Tfs fold
and stability of iron binding to Tfs. To gain insight into the synergistic anion-binding linkage to
protein and active site stability to the dynamics of iron release, the kinetics and thermodynamic
parameters for Fe?* (by reduction with sodium dithionite) release from the carbonate and oxalate
bound FenTfs (FensTf and FenoTf) have been studied at pH 7.4 and 5.6. Kinetic and
thermodynamic parameters measured for the Fe®" release for the carbonate and oxalate bound
FenTfs at pH 7.4 and 5.6 reveal that the iron release from the oxalate bound FenTfs occur

relatively slowly with larger enthalpic barrier than the carbonate bound species.

9.2 Results and Discussion

9.2.1 Effect of pH, urea and temperature on the visible absorption and fluorescence emission
spectra of carbonate and oxalate bound Fe,Tfs
Absorption spectrum of carbonate bound Fe,Tfs (Fe,oTf and Fe,sTf) at pH 7.4 shows the
broad visible maximum (the tyrosine phenolate-Fe**charge transfer band) at around 465 nm (Fig.
1a, b, 1c for sTf and Fig. 2a, 2b for oTf), indicating that metal ions are fully coordinated with Tfs
(sTf and oTfT). o5
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Absorbance

(short dash line) bound Fe,sTf at 25 °C. (c) Effect of temperature on the visible absorption spectra of the oxalate
(solid line) and carbonate (short dash line) bound Fe,sTf at pH 7.4. (d) Effect of pH and urea on the fluorescence
emission spectra of the oxalate (solid line) and carbonate (short dash line) bound Fe,sTf at 25 °C.

Substitution of oxalate for carbonate exhibits only a little effect on the visible absorption
band (Fig. 1a, 1b for sTf and Fig. 2a, 2b for oTf). As pH is decreased from 7.4 to 3.5 or urea
concentration is increased from 0 to 10 M (pH 7.4), or temperature is increased from 25 to 100
°C, the visible maximums for carbonate and oxalate bound Fe,Tfs are significantly eliminated
(Fig. 1a, 1b, 1c for Fe,sTf and Fig.2a, b, for Fe,0Tf), indicating that both N-and C-sites released
their bound metal ions. At pH 3.5 or 10 M urea at pH 7.4, the quenching of Trp fluorescence by
bound Fe** is also diminished (Fig. 1d and 2c for Fe,sTf and Fe,oTf, respectively), which

confirms that metal ions are fully released from N-and C-sites of proteins.
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Fig.2. Effect of pH and urea on the visible absorption and fluorescence emission spectra of oxalate and carbonate
bound Fe,oTf. (a) Effect of pH on the visible absorption spectra of the oxalate (solid line) and carbonate (short dash
line) bound Fe,0Tf at 25°C. (b) Effect of urea on the visible absorption spectra of the oxalate (solid line) and
carbonate (short dash line) bound Fe,oTf at 25°C. (c) Effect of pH and urea on the fluorescence emission spectra of
the oxalate (solid line) and carbonate (short dash line) bound Fe,oTf at 25°C.

9.2.2 The oxalate effect on the stability of iron centers of Tfs

Equilibrium experiments that measure retention of iron as a function of pH, urea and
temperature are useful methods to qualitatively determine the stability of iron centers of Fe,Tfs
[17, 66]. To determine the effect of oxalate substitution for carbonate on the stability of iron
centers of Tfs, the percentage of iron remaining (based on absorbance at 465 nm) was measured
as a function of pH and [urea] for carbonate and oxalate bound Fe,Tfs. Fig. 3a and Fig.4a present
the normalized pH-titrations of iron release for carbonate and oxalate bound Fe,Tfs at 25°C. The
pH-titrations were analyzed by using the following transformed Henderson-Hasselbalch equation
[66]
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where Cee* 115 and Capo-1rs are the normalized spectroscopic signals for iron-bound and iron free
states, respectively, and Cy, is the pH-midpoint where Fe,Tfs released 50% of bound irons. The
resulting Cp,~ values of iron release for carbonate and oxalate bound Fe,Tfs are provided in Table
1 (Fe,sTf) and Table 2 (Fe,oTf).

Fig. 3b presents the normalized thermal denaturation curves of iron release for carbonate
and oxalate bound Fe,sTf (Fig.3b) at pH 7.4. After heating the Fe,sTf to 100 °C, the 465 nm was
not restored on cooling the protein to 25 °C (data not shown). The thermally induced iron release
from Fe,sTf is irreversible [5, 66, 77] and kinetically controlled [66]. Thermal denaturation
midpoint (Ty) of iron release for carbonate and oxalate bound Fe,sTf was obtained by
differentiation of the fraction of iron released versus temperature (Table 1). The resulting T, of
iron release for carbonate and oxalate bound Fe,sTf are provided in Table 1. Fig. 3c and Fig.3d
present the normalized urea denaturation profiles of iron release for carbonate and oxalate bound
Fe,sTf at pH 7.4 and pH 5.6, respectively at 25 °C. Fig. 4b and Fig.4c present the normalized urea
denaturation profiles of iron release for carbonate and oxalate bound Fe,oTf at pH 7.4 and 5.6,
respectively at 25 °C. The normalized urea titrations of iron release for the carbonate and oxalate

bound Fe, Tfs were analyzed by using two-state equation (2) [78],

(Cpre + mPrE[D]) + (CPUSt + mpost[ D]) eXp(_AG‘D0 + mg[D])

RT
Aobs = 5 (2)
1+ exp(—AGD + mg[D])

RT
where A IS the absorbance signals at given urea concentration, D, AGp° is the reaction free

energy in the absence of denaturant, mq is the surface area exposed by the solvent [79]. The values
of AGp® and my for the iron release of carbonate and oxalate bound Fe,sTf and Fe,oTf are
summarized in Table 1 and Table 2, respectively. The values of urea midpoint (C,=AGp°/mg) for
iron release of carbonate and oxalate bound Fe,sTf and Fe,oTf are also summarized in Table 1
and Table 2, respectively. The magnitudes of thermal (T,) and urea (C,,) denaturation midpoints
for iron release of oxalate bound Fe,sTf and Fe,oTf are found to be higher than carbonate bound
species (Table 1 and Table 2), indicating that oxalate bound Fe,Tfs binds iron more tightly and
stably than the carbonate bound species. The magnitude of pH-midpoint for iron release (Cn') of
oxalate bound Fe,Tfs was found to be lower than carbonate bound species (Table 1 and Table 2),
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which further confirms that the stability of iron centers of oxalate bound Fe,Tfs was higher than

carbonate bound Fe,Tfs.

Table 1. Synergistic anion dependence of pH-, urea, and temperature midpoints for iron release of sTf-Fe**complex

as monitored by absorbance at 465 nm.

Oxalate Carbonate
pH-induced iron release *
pH-midpoint (Cy) 4.1 4.9
Temperature-induced iron release
Temperature
midpoint (T(K)) 364.2 360.2
atpH7.4
Urea-induced iron release °
[ AGp My Cm  AGp m,
pH 7.4 7.4 9.5 13 6.8 8.4 1.2
pH 5.6 4.3 4.2 1.0 3.5 3.6 1.0

% The uncertainty of C,, values reported here is +0.1.
® The uncertainty of T, +0.05K.

°Cm» AGp , and my are reported as M, kcal mol™, and kcal mol™*M™. The uncertainty of C,,, AGp, and my values

reported here is 0.1 M, + 0.2kcal mol ™, and 0.02 kcal mol™* M.

Table 2 Synergistic anion dependence of pH and urea midpoints for iron release of Fe,0Tf as monitored by

absorbance at 465 nm.

Oxalate Carbonate
pH-induced iron release ?
pH-midpoint (Cy) 4.6 5.2
Urea-induced iron release
Cn AGp my Cn AGp’ my
pH 7.4 7.6 9.0 1.2 7.2 7.8 1.1
pH 5.6 4.2 34 0.8 3.9 3.2 0.8

# The uncertainty of C,, values reported here is +0.2.

®Cm AGp’, and my are reported as M, kcal mol™, and kcal mol™M™. The uncertainty of C,,, AGp’, and m, values

reported here is 0.1 M, + 0.4kcal mol ™, and 0.02 kcal mol™* M.
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Fig.3. pH, temperature and urea dependence of
iron release curves of oxalate and carbonate
bound Fe,sTf. (a) pH-induced absorbance (465
nm)-monitored iron release profiles of oxalate
(o) and carbonate (o) bound Fe,sTf at 25 °C.
(b) Temperature-induced absorbance (465 nm)-
monitored iron release profiles of oxalate (o)
and carbonate (o) bound Fe,sTf at pH 7.4. The
solid lines in panel (a) fits according to
equitation (1) and the solid lines in panel (b)
just to guide the eye. The pH-midpoints and

temperature-midpoints, at which half of the iron is released from the oxalate and carbonate bound Fe,sTf are
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summarized in Table 1. Panels (c) and (d) show the urea dependence of iron release profiles of oxalate (o) and
carbonate (0) bound Fe,sTf at pH 7.4 and 5.6, respectively (25 °C). The solid lines in panels (c) and (d), represents a
non-linear least squares fit of the data to equation (2). The urea-induced iron release mid-points, Cr,, (=AGp°/mg) for
the oxalate and carbonate bound Fe,sTf at pH 7.4 and 5.6 were calculated and summarized in Table 1
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Fig.4. pH and urea dependence of iron release curves of oxalate and carbonate bound Fe,oTf. (a) pH-induced
absorbance (465 nm)-monitored iron release profiles for the oxalate (o) and carbonate (o) bound Fe,0Tf at 25 °C. The
solid line in panel () fits according to equitation (1). The pH-midpoint, at which half of the iron is released from the
oxalate and carbonate bound Fe,oTf is summarized in Table 2. Panels (b) and (c) show the urea dependence of iron
release profiles of oxalate (o) and carbonate (o) bound Fe,0Tf at pH 7.4 and 5.6, respectively (25 °C). The solid lines
in panels (b) and (c), represents a non-linear least squares fit of the data to equation (2). The urea-induced iron release
mid-points, C,, (=AGp°/mg) for the oxalate and carbonate bound Fe,oTf at pH 7.4 and 5.6 were calculated and
summarized in Table 2.

The oxalate bound Fe,Tfs binds iron more tightly and stably than the carbonate bound
species because (i) oxalate binds iron in a symmetric bidentate fashion [17], (ii) the pK, value of
oxalate is lower than carbonate (pK, values of oxalate and carbonate are 4.2 and 6.4, respectively)
[17,80].

9.2.3 Oxalate effect on the structural stability of Fe,Tfs

The far-UV CD spectrum of carbonate bound Fe,Tfs at pH 7.4 exhibits the negative
extrema at ~208 nm and a shoulder ~215-225 nm (Fig.5a (Fe,sTf) and Fig.6a (Fe,0Tf)), which
reflects the secondary structure of carbonate bound proteins. Substitution of oxalate for carbonate
produces only a very little effect on the peptide bands (Fig. 5a and Fig. 6a). The near-UV CD
spectra (250-300 nm) for carbonate and oxalate bound Fe,Tfs at pH 7.4, 25 °C (Fig. 5b (Fe,sTf)
and Fig. 6b (Fe,0Tf)) show the three aromatic residue bands at 255-270 nm (phenylalanine), 282
nm (tyrosine) and 291 nm (tryptophan), which reflect the tertiary structure of Fe,Tfs. As [urea] is
increased from 0 to 10 M, the peptide and aromatic bands of synergistic anions bound Fe,Tfs are
substantially disrupted (Figs.5a, 5b and Figs.6a, 6b), indicating that the secondary and tertiary

structures of proteins are significantly destabilized.
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The near-UV CD spectroscopy can also be used to probe the structural changes induced
by metal binding to Tfs [86]. The effect of synergistic anions on metal binding ability of Tfs can
influence the structural stability of protein. To test this hypothesis, the far-UV (222 nm) and near-
UV (282) CD-monitored urea-induced unfolding transitions of carbonate and oxalate bound
Fe,sTf (Figs. 5¢-d) and Fe,oTf (Figs. 6¢-d) were collected at pH 7.4, 25 °C. The normalized urea-
induced unfolding transitions of carbonate and oxalate bound Fe,sTf and Fe,oTf were analyzed
by the two-state unfolding procedure (Equation (2)) [78]. The resulting unfolding free energy,
AGp®, and surface area exposed by solvent, my, for carbonate and oxalate bound Fe,sTf and
Fe,oTf are summarized in Table 3. The urea mid-point for unfolding of the synergistic anion
bound Fe,sTf and Fe,0Tf was also calculated (Cr, = AGp°/mg) and provided in Table 3. The value
of C, for oxalate bound Fe,sTf and Fe,0Tf were found to be higher than the carbonate bound
species (Figs. 5¢c, d (Fe,sTf), Figs. 6¢, d (Fe,0Tf) and Table 3), indicating that the oxalate bound
Fe,sTf and Fe,oTf have relatively more structural stability than the carbonate bound species.
Notably, the values of urea-denaturation midpoints for iron release of oxalate bound Fe,sTf and
Fe,0Tf were found relatively more than the carbonate bound species (Table 1 and Table 2),
indicating that the effect of synergistic anions on metal binding ability of Tfs also influences the
structural stability of the protein.

Inset of Fig. 5e shows the spectra for the oxalate and carbonate bound Fe,sTf at 25 °C and
100 °C, pH 7.4. Clearly, the secondary structures of oxalate and carbonate bound Fe,sTf are
significantly disrupted at 100°C, pH 7.4 (Inset of Fig. 5e). To test the effect of oxalate substitution
for carbonate on thermal stability of Fe,Tfs, the far-UV (222 nm) CD-monitored thermal
unfolding transitions of carbonate and oxalate bound Fe,sTf (5 uM) were collected in 0.2 M
HEPES buffer at pH 7.4 (Fig. 5e). The thermally induced unfolding of Fe,sTf is irreversible and
kinetically controlled [66]. Thermal denaturation midpoint (Ty,) for unfolding of carbonate and
oxalate bound Fe,sTf was obtained by differentiation of the fraction unfolded versus temperature.
Clearly, the value of T, for unfolding of oxalate bound Fe,sTf is found to be higher than
carbonate bound species (Table 4), indicating that oxalate bound Fe,Tfs is thermally more stable

than the carbonate bound species.
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Fig.5. Urea and temperature-induced unfolding of oxalate and carbonate bound Fe,sTf. Panels (a) and (b) represent
the far-UV and near-UV CD spectra at pH 7.4 (25 °C), respectively for the oxalate (in the absence (sees)} and
presence of 10.0 M urea (eeee)) and carbonate (in the absence (e===) and presence of 10.0 M urea (m==a)) bound
Fe,sTf. Panels (c) and (d) present the far-UV (222 nm) and near-UV (282 nm) CD-monitored normalized urea-
induced unfolding curves, respectively (pH 7.4, 25°C) for oxalate (o) and carbonate (o) bound Fe,sTf. The solid
lines in panels (c) and (d) represent a non-linear least squares fit of the data to equation (2). The urea-induced
unfolding midpoints, Cy, (=AGp°/my) for the oxalate and carbonate bound Fe,sTf were calculated and summarized in
Table 3. Panel (e) presents the thermal unfolding normalized curves of oxalate (o) and carbonate (0) bound Fe,sTf as
evaluated from the change in ellipticity at 222 nm. The inset in panel (e) shows the far-UV CD spectra of oxalate (at
25 °C (eoe0) and 100 °C (sses)) and carbonate (at 25 °C (s=ss) and 100 °C (wm==)) bound Fe,sTf at pH 7.4. The
solid lines are just to guide the eye. The thermal unfolding midpoints (T,,) for oxalate and carbonate bound Fe,sTf are
listed in Table 4. Panel (f) represents the DSC thermogram of oxalate (o) and carbonate (o) bound Fe,sTf at pH 7.4.
The solid lines resulted from fitting the data to the two-state model and the resulting thermodynamic parameters are
summarized in Table 5.
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Table 3. Synergistic anions dependence of Cy,, AGp , and mq for urea-induced unfolding of Fe,Tfs (CD at 222 nm
and 282 nm) at pH 7.4.*

CD 222 nm CD 282 nm
Bovine Serum Transferrin (Fe,sTf)

— - Cm AGD0 mg Cm AGDa mg
Synergistic anions (M) (kcal mol™) (kcal mol™*M™) (M) (kcal mol™)  (kcal mol™™M™)
Oxalate 7.4 9.4 1.27 8.0 8.0 1.0

Carbonate 6.4 8.3 1.29 6.9 6.4 0.9
Ovotransferrin (0Tf)

Oxalate 6.8 6.2 0.9 6.7 6.6 1.0

Carbonate 6.5 5.4 0.8 6.3 5.2 0.8

* The uncertainty of C,, AGp , and m, values reported here are +0.05 M, + 0.2kcal mol™, and 0.02kcal mol™ M™.

Table 4. Synergistic anions dependence of T,, for thermally-unfolding of Fe,sTf (222 nm) at pH 7.4.*

Synergistic anions Oxalate Carbonate

Method calculating T, Tm (K) T (K)

!By differentiation of the fraction of 365.8 363.0
iron released versus temperature

* The uncertainty of T, reported here is + 0.5K.

To further test the effect of oxalate substitution for carbonate on thermal stability of
Fe,Tfs, the differential scanning calorimetric (DSC) thermogram for oxalate and carbonate bound
Fe,sTf were measured in 0.5 M HEPES buffer at pH 7.4. The DSC thermograms for oxalate and
carbonate bound Fe2sTf were analyzed by two-state model, provided by microcal origin software
[77]. Thermodynamic parameters obtained from DSC thermograms of oxalate and carbonate

bound Fe,sTf are summarized in Table 5.

Table 5. Thermodynamic parameters obtained from D.S.C. thermogram of oxalate and carbonate bound Fe,sTf
at pH 7.4.

pH 7.4
Synergistic anions T (°C) AH (kcal mol™)
Oxalate 89.5 £0.06 271.8 4.6
Carbonate 87.3+£0.02 231.2+1.1

Clearly the thermal unfolding midpoint (Ty,) and calorimetric enthalpy (AH) are relatively higher
for oxalate bound Fe,sTf than carbonate bound species, which further confirms that the oxalate

bound Fe,sTf is thermally more stable than the carbonate bound species.
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Fig.6. Urea-induced unfolding of oxalate and carbonate bound Fe,oTf at pH 7.4. Panels (2) and (b) represent the far-
UV and near-UV CD spectra at pH 7.4 (25 °C), respectively for the oxalate (in the absence (eeee) and presence of
10.0 M urea (seee)), and carbonate (in the absence (e===) and presence of 10.0 M urea (mmm=)) bound Fe,oTf.
Panels (c) and (d) show the far-UV (222 nm) and near-UV (282 nm) CD monitored normalized urea-induced
unfolding curves, respectively for the oxalate (o) and carbonate (0) bound Fe,0Tf, at pH 7.4, 25°C. The solid lines in
panels (c) and (d) represent a non-linear least squares fit of the data to equation (2). The urea-induced unfolding
midpoints, C, (=AGp°/my) for the oxalate and carbonate bound Fe,oTf were calculated and summarized in Table 3.

9.2.4 Oxalate effect on the dynamics of iron release from FeyTfs

To determine the effect of substitution of oxalate for carbonate on the active site stability to the
dynamics of iron release from FenTfs, the kinetics and thermodynamic parameters for Fe** (by
urea-denaturation) and Fe®** (by reduction with sodium dithionite in the presence of
bathophenanthroline sulfonate (BPS)) release from the carbonate and oxalate bound FensTf and
FenoTf have been measured at pH 7.4 and 5.6. The urea denaturation-induced Fe** release kinetic
traces for the carbonate and oxalate bound FensTf at pH 7.4 and 5.6 are shown in Figs. 7a and 7D,
respectively. Figs. 7c and 7d present the reductive Fe?* release kinetic traces for the carbonate and
oxalate bound FeynsTf at pH 7.4 and 5.6, respectively at 25°C. The urea denaturation-induced Fe**
release kinetic profiles for the carbonate and oxalate bound FenoTf at pH 7.4 and 5.6 are shown in

Figs. 8a and 8b, respectively. Figs. 8c and 8d present the reductive Fe* release kinetic profiles
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for the carbonate and oxalate bound FensTf at pH 7.4 and 5.6, respectively at 25°C. Both at pH
7.4 and 5.6, the kinetics data for Fe** and Fe®" release from the carbonate and oxalate bound
FensTf and FenoTf were analyzed by nonlinear least-squares fit to a single-exponential rate
expression (Figs. 7a-d and Figs. 8a-d). Table 6 summarizes the observed rate constant (Kops) for
Fe** and Fe*" release from the carbonate and oxalate bound FensTf and FenoTf at 25 °C.
Interestingly, at both pH 7.4 and 5.6, the magnitudes of kos for Fe** and Fe*" release from the
oxalate bound FensTf and FenoTf were found to be relatively lower than the carbonate bound
species (Figs. 7a-d and Figs. 8a-d; and Table 6), indicating that the substitution of oxalate for

carbonate retards the iron release from FenTfs at both physiological and mildly acidic pH

conditions.
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Fig.7. Kinetics of Fe** and Fe?* release from carbonate and oxalate bound Fe\sTf at pH 7.4 and 5.6, 25 °C. Panels (a)
and (b) present the single phase urea denaturation-induced Fe® release kinetic traces of oxalate (trace 1) and
carbonate (trace 2) bound FeysTf at pH 7.4 and 5.6, respectively. Panels (c) and (d) present the single phase sodium
dithionite (using BPS) induced Fe?* release kinetic traces of oxalate (trace 1) and carbonate (trace 2) bound FeysTf at
pH 7.4 and 5.6, respectively. The solid lines in panels (a), (b), (c) and (d) show least-squares fit of the data to a single
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exponential function. The resulting rate constants for iron release, kqs, for the oxalate and carbonate bound FeysTf at
pH 7.4 and 5.6 are summarized in Table 6. Panel (e) show the Eyring plots for urea- induced iron release from the
oxalate (pH 7.4 (o), and pH 5.6 (e)) and carbonate (pH 7.4(0) and pH 5.6 (®)) bound FensTf. Panel (f) show the
Eyring plots for reductive iron release from the oxalate (pH 7.4 (o), and pH 5.6 (®)) and carbonate (pH 7.4(0) and pH
5.6 (w)) bound FensTf. The solid lines in panels (e) and (f) show linear fit of the data to Eyring equation (Equation
(1), chapter 2) [87-88]. The activation parameters are summarizes in Table 7.
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Fig.8. Kinetics of Fe** and Fe?* release from carbonate and oxalate bound FeyoTf at pH 7.4 and 5.6, 25 °C. Panels (a)
and (b) present the single phase urea denaturation-induced Fe** release kinetic traces of oxalate (trace 1) and
carbonate (trace 2) bound FenoTf at pH 7.4 and 5.6, respectively. Panels (c) and (d) present the single phase sodium
dithionite (using BPS) induced Fe®" release kinetic traces of oxalate (trace 1) and carbonate (trace 2) bound FeyoTf
at pH 7.4 and 5.6, respectively. The solid lines in panels (a), (b), (c) and (d) show least-squares fit of the data to a
single exponential function. The resulting rate constants for iron release, kq,s, for the oxalate and carbonate bound
FensTf at pH 7.4 and 5.6 are summarized in Table 6. Panel (e) presents the Eyring plots for urea-induced iron release
for the oxalate (pH 7.4 (o), and pH 5.6 (e)) and carbonate (pH 7.4(0) and pH 5.6 (®)) bound FenoTf. Panel (f)
presents the Eyring plots for reductive iron release for the oxalate (pH 7.4 (o), and pH 5.6 (e)) and carbonate (pH
7.4(0) and pH 5.6 (m)) bound FeyoTf. The solid lines in panels (e) and (f) show linear fit of the data to Eyring
equation (Equation (1), chapter 2) [87-88]. The activation parameters are summarizes in Table 8.

172




Table 6. Synergistic anions dependence of the ko, (rate constant) for urea-denaturation induced and Sodium
dithionite induced Fe** and Fe®" release kinetics of FeyTfs at pH 7.4 and pH 5.6.*

pH ~7.4 pH ~5.6
FensTf Kobs(SeC™) Kobs(5€C ™)
Synergistic Urea-denaturation ~ Sodium dithionite U Urea-denaturation Sodium dithionite
anions induced Fe®* induced Fe** induced Fe** induced Fe**
release release release release
Oxalate 8.4x10° 4.7x10* 9.9x10° 8.7x107
Carbonate 1.2x10* 3.2x10° 0.012 0.054
FenoTf Kops(seC ™) Kobs(5€C ™)
Oxalate 4.7x10™ 2.5x10* 0.020 0.011
Carbonate 3.2x10°® 3.8x10° 0.027 0.059

*The standard error of ko is £5% observed by independent set of experiment.

The substitution of oxalate for carbonate retards the iron release from FeyTfs at pH 7.4
and 5.6 because (i) oxalate has lower pKa than carbonate, (ii) due to bulkiness and planner
geometry, the oxalate has a special ability to bind to the iron in a symmetric bidentate fashion
[17], (iii) the important role of Argl24 in serving as an anchor for the carbonate ion is greatly
diminished by the substitution of oxalate [17]. If the dynamics of Fe*" and Fe®* release for the
oxalate bound FensTf and FenoTT are relatively more restricted than the carbonate bound species,
the enthalpic energy barriers for Fe** and Fe** release reactions of oxalate bound FensTf and
FenoTf should be larger than the carbonate bound species. To test this hypothesis, the activation
thermodynamic parameters for Fe** and Fe”" release reactions of carbonate and oxalate bound
FensTf and FenoTf were determined at pH 7.4 and 5.6. Figs. 7e and 7f present the Eyring plots
for Fe** and Fe®* release reactions, respectively, for carbonate and oxalate bound FensTf at pH
7.4 and 5.6. Fig. 8e and Fig. 8f present the Eyring plots for Fe>* and Fe?* release reactions,
respectively, for carbonate and oxalate bound FenoTf at pH 7.4 and 5.6. Eyring plots for Fe** and
Fe?" release reactions of carbonate and oxalate bound FensTf and FenoTf at pH 7.4 and 5.6 were
analyzed by linear least-squares analysis [87-88]. Table 7 and Table 8 summarizes the values of
activation enthalpy (4H*) and activation entropy (4S*) for Fe** and Fe?* release reactions of
carbonate and oxalate bound FensTf and FenoTf, respectively. By using the AH* and AS*, the
corresponding activation free energy (AG* =AH*~TAS*) and entropy change (—T4S%), for Fe** and
Fe?* release reactions were calculated at 25 °C (Table 7 (FensTf) and Table 8 (FenoTf)).
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Table 7. Synergistic anions dependence of the activation thermodynamic parameters of urea-denaturation
induced Fe®" release and sodium dithionite-induced Fe?* release reactions of FeysTf.*

pH ~7.4 pH ~5.6
Urea-denaturation induced Fe®" release
Synergistic anions AG™ AH? AS* —TAS™ AG™ AH? ASt —TAS®
Oxalate 23.2 22.1 —0.004 1.1 20.3 16.0 -0.014 4.3
Carbonate 22.9 18.6 —0.015 4.3 20.1 13.2 —0.023 6.9
Sodium dithionite-induced Fe* release
Oxalate 22.1 13.3 —0.03 8.8 20.4 7.4 -0.04 13.0
Carbonate 21.0 9.2 —0.04 11.8 19.3 3.9 —0.05 15.3

*The uncertainty of AG*, AH*, AS¥, and —TAS* values reported here are 0.002 kcal mol™, +0.4 kcal mol™, +0.001
kcal mol™K™, and +0.4 kcal mol™ respectively.
? Activation free energy (AG*) and entropy changes (—~TAS*) are given at 25°C.

Table 8. Synergistic anions dependence of the activation parameters of urea-denaturation induced Fe** release
and sodium dithionite-induced Fe?* release FeyoTf.*

pH ~7.4 pH ~5.6
Urea-denaturation induced Fe®" release
Synergistic anions AG™ AH? AS* —TAS™ AG™ AH? ASt —TAS®
Oxalate 21.9 20.4 —-0.005 15 20.1 14.7 —-0.018 5.4
Carbonate 21.1 17.3 -0.013 3.8 19.7 12.7 —-0.024 7.0
Sodium dithionite-induced Fe* release
Oxalate 22.0 13.1 —0.030 8.9 20.3 6.0 —-0.048 14.3
Carbonate 20.8 8.9 —0.040 11.9 19.4 3.2 —0.054 16.1

*The uncertainty of AG*, AH*, AS¥, and —~TAS* values reported here are 0.002 kcal mol™, +0.4 kcal mol™, +0.001
kcal mol™K™, and +0.4 kcal mol™ respectively.
# Activation free energy (AG¥) and entropy changes (—TAS?) are given at 25°C.

The data in Table 7 and Table 8 reveals that the substitution of oxalate for carbonate (i) increase the
enthalpic barriers (4H*) for Fe** and Fe?*" release reactions, (ii) the increase in AH* is accompanied by a

decrease in the entropy change, —TAS*, and (iii) the enthalpic effect is more dominated then the entropic.

9.3. Conclusion

Carbonate is the main synergistic anion in-vivo but in the absence of it, oxalate can
function as synergistic anion. This chapter analyzed the effect of oxalate on the stability and iron
release dynamics of Fe**-Tfs complex. Analysis of the pH and denaturations profiles of iron
release (based on absorbance (465 nm)) for carbonate and oxalate bound Fe,sTf and Fe,oTf
reveals that the oxalate bound Fe,Tfs binds iron more tightly and stably than the carbonate bound
species. Analysis of thermal denaturation curves (based on absorbance at 465 nm) for carbonate
and oxalate bound Fe,sTf further confirmed this result. Thermodynamic analysis of the far-Uv
(222 nm) and near-UV (282nm) CD-monitored urea unfolding curves for carbonate and oxalate

bound Fe,sTf and Fe,0Tf reveals that the oxalate bound Fe,Tfs has relatively higher structural
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stability than the carbonate bound species. Analysis of thermal unfolding curves (CD 222 nm) and
DSC scans for carbonate and oxalate bound Fe,sTf further confirms this result. Kinetic and
thermodynamic parameters measured for Fe?* and Fe* release from carbonate and oxalate bound

FensTf and FenoTf revealed that the substitution of oxalate for carbonate (i) retards the iron
release (ii) increase the enthalpic barrier (AH*) for iron release, (iii) the increase in AH* is

accompanied by a decrease in the entropy change, -TAS*, and (iv) the enthalpic effect is more

dominated then the entropic.
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