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Abstract

To find out the effects of alcohols on the low-frequency local motions that control slow changes
in structural dynamics of native-like compact-states of proteins, the effects of alcohols on
structural fluctuation of M80-containing Q-loop have been evaluated by measuring the rate
coefficients for slow thermally-driven CO-dissociation reaction of a natively-folded
carbonmonoxycytochrome ¢ (NCO) under varying concentrations of alcohols (methanol,
ethanol, 1-propanol, 2-propanol, 3°-butanol, and 2,2,2-trifluoroethanol (TFE)) at pH 7.0. As
alcohols concentration is increased within the subdenaturing limit of denaturant, the rate
coefficients for CO-dissociation reaction decrease, indicating that subdenaturing concentrations
of alcohols decrease the spatial displacement of thermal motion of Q-loop. The spatial
displacement of thermal motion of the Q-loop is decreased most for TFE and 1-propanol and
least for methanol. This finding indicates that the thermal motion of the protein in the
subdenaturing limit of alcohols is controlled by the hydrophobicity of alcohol as well as by some
specific effects of alcohols. Thermal denaturation studies of ferrocytochrome ¢ (Ferrocyt c) and
myoglobin (Mb) at pH 7.0 and lysozyme (Lyz) at pH 2.3 in the presence of various
concentrations of these alcohols suggest that alcohols decrease the thermal stabilities of native
and partially denatured proteins. The stabilization free energy (AAG) of Ferrocyt ¢ and Lyz in
alcohols solution was calculated from the slope of the Wyman-Tanford (WT) plot and water
activity. The m-values obtained from the slope of AAG vs [alcohols] plots were found to be more
negative for longer and linear chain alcohols, consistent with destabilization of proteins by
alcohols through the disturbance of hydrophobic interactions and hydrogen-bonding.

Compatible osmolyte such as glycine betaine (GB) and low concentrations of chaotropic
denaturants such as guanidine hydrochloride (GdnHCI) and urea decrease the motional freedom
of native Ferrocyt ¢ at pH 7.0. This deduction is made from the kinetic and thermodynamic
parameters measured for CO-dissociation reaction of NCO under varying concentrations of GB,
GdnHCI and urea at pH 7.0. Measurement of the rate coefficients for CO-replacement reaction of
carbonmonoxymyoglobin (MbCO) by hexacyanoferrate ions under varying concentrations of GB
at pH 7.0 suggests that GB also restrict the internal dynamics of native Mb. The rate coefficients
and activation thermodynamic parameters (activation enthalpy and activation entropy) measured

for CO-dissociation reaction of NCO under varying concentrations of GdnHCI and urea in the



absence and presence of 1.0 M GB at pH 7.0 indicate that (i) within the subdenaturing limit of
denaturants, GB and GdnHCI or urea show a cumulative effect on the constrained dynamics of
NCO, and (ii) en route from subdenaturing to denaturing conditions large-scale subglobal
unfolding motions come to dominate the dynamics and the inclusion of GB opposes the
structural fluctuations that cause unfolding of the protein. Thermal and chemical denaturation
studies of ferricytochrome c (Ferricyt c), Ferrocyt ¢ and Mb at pH 7.0 in the presence of different
concentrations GB and TMAO at pH 7.0 and at pH 3.8-4.5 suggest that GB and TMAO increase
the thermodynamic stability of these proteins at neutral pH, while decrease it at mildly acidic pH.
Thermodynamic analysis of thermal and urea-induced unfolding transitions of Ferricyt ¢ and Mb
measured at different GdnHCI concentrations in the absence and presence of GB or TMAO at
pH 7.0 and pH 3.8-4.5 suggests that GB and TMAO counter the deleterious effect of denaturant
in native proteins at neutral pH while they show the additive effect on the destabilizing action of
denaturant at mildly acidic pH 3.8-4.5.

To determine the effect of chaotropic and kosmotropic salts on the low frequency local
motions that control slow changes in structural dynamics of native proteins, the rate coefficients
and activation thermodynamic parameters (activation enthalpy and activation entropy) for slow
thermally driven CO association reaction of native Ferrocyt ¢ have been measured under varying
concentrations of salts (NaCl, NaBr, Nal, Na,SO,4, NaNOs, and NaClO,) at pH 7.0. At low to
intermediate salt concentrations, the ions dissociated from both chaotropic and kosmotropic salts
decrease the rates of CO association while they increase the activation enthalpy and activation
entropy for it. This finding suggests that the low concentrations of chaotropic and kosmotropic
ions restrict the internal dynamics of native Ferrocyt ¢ (i) by electrostatic screening of the protein
charges, and (ii) by lowering the conformational entropy of proteins through binding
interactions. At relatively higher salt concentrations, the chaotropic ions modulate the internal
dynamics of native proteins according to Hofmeister series (CIO4 > I'> NO3z > Br’). Thermal and
chemical denaturation studies of native Cyt ¢ and Mb at pH 7.0 and acid-denatured Lyz at pH 2.3
in the presence of various concentrations of these salts suggest that kosmotropic salts increase
the thermodynamic stability of the native proteins at pH 7.0 while the chaotropic salts decrease it
at pH 7.0 but increase it at pH 2.3. Furthermore, the effect of these salts on the thermodynamic
stability of these proteins at pH 7.0 follow the Hofmeister series (SO > CI" > Br >NO3 > | >

ClOy4"). The stabilization free energy (AAG) for Ferrocyt ¢ in salts solution was calculated from



the slope of the WT plot and water activity. The m-values were also estimated from the slope of
AAG versus [salts] plots. The m-value was found to be most negative for NaClO, and least for
Na,SO,, consistent with stabilization of proteins according to the Hofmeister series (S04* > Br-
>NO; > 1" >CIOy).

This thesis also evaluates the effects of chaotropic denaturants (GdnHCI and sodium
dodecyl sulfate (SDS)) on the stability and dynamics of native and base-denatured proteins.
Comprehensive spectroscopic (CD, fluorescence, NMR) studies suggest that the low
concentrations of GdnHCI (0.2 M) and SDS (<£0.4 mM) transform the base-denatured
carbonmonoxycytochrome ¢ (Cyt-CO) and Ferricyt ¢ to molten globule (MG) states,
respectively. Single Trp59 fluorescence experiments show that the interactions of GdnH™ ions
dissociated from GdnHCI (<0.2 M) or Na' ions dissociated from SDS (<0.2 mM) cause the
molecular compaction in the base-denatured proteins. The near-UV CD spectra for base
denatured protein in the presence of GdnHCI (<0.2 M) and SDS (<0.4 mM) suggest that the
GdnHCI (<0.2 M) and SDS (<0.4 mM) induced MG-states of base-denatured protein have
disordered tertiary structures. The far-UV CD spectra for base denatured protein in the presence
of SDS (<0.4 mM) reveal the formation of substantial content of secondary structures in the
SDS-induced MG-state of base-denatured protein. Kinetic experiments involving the
measurement of the CO association reaction with alkaline Ferrocyt ¢ at pH 12.6 and native
Ferrocyt ¢ at pH 7.0 in the presence of different concentrations of GdnHCI or SDS indicate that
the low concentrations of GdnHCI (<0.2 M) or SDS (<0.2 mM) restrict the internal dynamics of
the native and base denatured proteins. Thermodynamic analysis of the thermal denaturation
curves of base-denatured Ferricyt ¢ at pH 12.8 (+0.2) and native Ferricyt ¢ at pH 7.0 measured in
the presence different concentrations of GdnHCI (near-UV CD at 282 nm) and SDS (far-UV CD
at 222 nm) indicate that the low concentrations of GdnHCI and SDS increase the thermal
stability of base-denatured protein while decrease the thermal stability of native protein.

This thesis work also analyzes the effects pH on the thermodynamic stability and folding
dynamics of proteins over the pH range from 3.0 to 13.0. Thermodynamic analysis of the thermal
and chemical denaturants (GdnHCI and urea)-induced unfolding transitions of Ferricyt c,
Ferrocyt ¢ and Lyz measured at several different pH values, ranging from pH 3.0 to pH 13.0
reveals that the Ferricyt ¢ and Ferrocyt ¢ have maximum thermodynamic stability between the

pH 8.0-9.5 while the Lyz has maximum thermodynamic stability at pH 4.0. Theoretically



predicted electrostatic unfolding energies of Ferricyt ¢ and Lyz over the pH range from pH 0.0 to
pH 14.0 also reveal that Ferricyt ¢ and Lyz are maximally stable at pH 8.0-9.0 and pH 4.0,
respectively. Unfolded Ferrocyt c in refolding buffer at pH 7.0 and pH 12.7 refolds rapidly to
native-state. Between pH 7.0 and pH 12.7, the activation free energy barrier for folding of
Ferrocyt ¢ varies by less than 1.0 kcal mol™ while the folding free energy for Ferrocyt ¢ which is
measured by two-state analysis of GdnHCI-induced unfolding transitions of Ferrocyt c varies
more than 9.0 kcal mol™. This finding indicates that the large disparity in thermodynamic,
stability of protein between pH 7.0 and pH 12.7 is not strongly reflected in the refolding rates.
The classic Wyman-Tanford linkage relation was used to calculate the B""-value for folding of
Ferrocyt ¢, which is less than 0.1 between pH 7.0 and pH 12.7, indicating that the electrostatic
interactions are weakly formed in the transition state and exhibit a very small effect on the
folding Kkinetics.

Keywords: Constrained dynamics, m-value, water activity, Wyman-Tanford plot, counteraction,
cumulative effect, chaotropic salts, kosmotropic salts, molten globule, entropic stabilization,

folding kinetics, pH-effect, electrostatic interactions.



Chapter 1

Introduction

Proteins are the biological molecules that carry out vital functions in every cell. To perform their
functions, proteins must fold into their 3-dimensional native structure. In vivo, protein folding into
its functional state is assisted by cellular helper factors such as proline isomerase, protein-protein
disulfide isomerase, and molecular “chaperones”. Failure of proteins to fold into native structure
generally produces inactive or misfolded proteins. The structure of a protein and its ability to carry
out the correct function are tightly coupled and thus a small defect in protein structure can cause a
number of protein folding related diseases. Protein misfolding and its pathogenic consequences are a
major concern in medical science. Protein misfolding is believed to be the major cause of protein
related disorders such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
Creutzfeldt—Jakob disease, cystic fibrosis, Gaucher’s disease and many other degenerative and
neurodegenerative disorders. Additionally, protein misfolding is also responsible for various p53-
mediated cancers and diseases (1).

Both experimental and theoretical research in protein folding is proceeding at an explosive
rate worldwide (2-32). The process of protein folding while critical and fundamental to virtually all
biological processes, still remains primarily an unsolved puzzle. The importance of protein folding
problem, perhaps the most multi-disciplinary of all problems in modern science, has been recognized
unequivocally. There are several practical applications of protein folding studies including, (i)
designing proteins with novel biological functions, (ii) rational engineering of existing proteins, (iii)
understanding the molecular basis of many biological malfunctions, (iv) understanding structure-
function relationships in proteins, (v) prediction of protein structure from sequence, and (Vi)
recovery of recombinant proteins from expression medium.

For many decades several physical, chemical, and biological methods have been
employed to study thermodynamic, Kinetic, and structural aspects of the protein folding reactions in
vitro. Though these studies have provided some insight, but the basic questions — how does proteins
fold into their biologically active states, and how these active states are stabilized remains enigmatic.
The characterization of protein properties involves examination of its stability and the forces which

lead to its stability and correct folding. It is well recognized that the electrostatic interactions (33-



37), hydrophobic interactions (38-39) and hydrogen bonding (40-41) are responsible for the stability
and correct folding of native proteins, however, the relative contributions of each of these factors
vary from protein to protein as well as with the neighboring environment such as solvent to which
the protein is exposed (37-39).

Sugars (i.e., glycerol, sucrose, glucose, etc.) and a number of methylamine solutes, such as
trimethylamine-N-oxide (TMAOQ) and glycine betaine (GB) are known as kosmotropic cosolvents
that typically stabilize the proteins, but the mechanism by which these kosmotropic cosolvents
stabilize proteins is not clearly understood (42-46). A specific class of kosmotropic cosolvents (i.e.,
TMAO, GB, glycerol, trehalose, and other sugars) has been known as protecting osmolytes that
typically increase the stability of native proteins and provide protection against denaturing stresses.
Increasing evidences indicate that protecting osmolytes such as TMAO and GB counter the
deleterious effects of denaturants (guanidine hydrochloride (GdnHCI) and urea) in native proteins at
neutral pH (47-56), however, the effects of protecting osmolytes on the stability of proteins in the
presence of denaturants at mildly acidic pH conditions have remained uncovered. According to few
earlier reports, the osmolytes mediated protein stability is due to the preferential ordering of solvent
molecules (a solvent-oriented process) which facilitates the protein folding (42-46), but the exact
mechanism of stabilization remains elusive. Whether the osmolytes modulate the protein stability by
direct interactions with protein groups or by involving the indirect interactions by changing the
solvent properties, is a matter of current debate (46, 57). Further, the functional dependence of
structural and energetic properties of proteins with the osmolyte composition is not clear either.

Chemical denaturants such as GdnHCI, urea, sodium dodecyl sulfate (SDS), and
monohydric alcohols (methanol, ethanol, 1-propanol, 2-propanol, 3°-butanol and trifluoroethanol
(TFE)) are known as chaotropic cosolvents that typically unfold the proteins at higher
concentrations. Few previous studies show that these chaotropic cosolvents denature the proteins by
direct binding to the particular groups on the protein, for example, to hydrophobic residues in the
case of alcohols (58) or to peptide groups in the case of urea and GdnHCI (59-61). GdnHCI and urea
generally unfold the protein through disruption of the both secondary and tertiary structure of
proteins. However, the monohydric alcohols disrupt the tertiary structure of proteins, (62-63), but
enhance secondary structural elements such as helical structure (64-66). Despite the routine use of
these denaturants in protein folding studies, the exact mechanism of action of these denaturants on

proteins is not clearly understood. It is not clear whether the effects of denaturants (urea, GdnHCI,



and alcohols) on proteins are due to direct protein-denaturant interactions (64, 67-74) or due to an
indirect action, involving changes in the solvent (i.e. water) properties by the addition of denaturant
(75-77). Increasing evidences indicate that the subdenaturing concentrations of denaturants such as
GdnHCI, urea and monohydric alcohols can stabilize the native proteins (62, 67-68, 72-88). These
observations underscore the complexity of the mechanism by which GdnHCI, urea, and alcohols
achieve their protein-unfolding action.

Buffer conditions such as pH and salts can modulate the structure, stability and biological
functions of proteins (28, 89-92). Generally, the pH modulates the protein stability by altering the
charges on the ionizable groups of proteins (93). Few earlier reports reveal that the salt ions also
modulate the stability of the native and partially denatured states of proteins (34-35, 94-110).
Understanding the effects of salts on the protein stability is important for understanding the
thermodynamic properties of biological systems. Increasing evidences indicate that at lower salt
concentrations, the salt ions modulate the stability of proteins by varying the electrostatic (Debye-
Hickel) screening of Coulombic interactions (41, 97-98) while at higher salt concentrations, the
Hofmeister effect influences the stability of proteins by increasing the surface tension of solvent that
eventually modulates the hydrophobic interactions (29, 99-100, 111-112). The Hofmeister series
characterizes some properties of ions as cosolvents in protein solutions. This series divides the ions
in two groups: the kosmotropic and chaotropic ions (113). The Hofmeister series has regular effects
on the stability and structures of proteins. Anions show more pronounced effect than cations, and
typically follow the order: F-~ HPO,* > SO4% > CH3COO > CI" > NO3 > Br > ClO; >1 > ClO4
> SCN™and the cations usually follow this order: NH," > K*> Na® > Li* > Mg?* > Ca®* (113). In the
anions series, the ions left to the CI™ are termed as kosmotropes, which generally helps in ordering
the water structures and thus stabilize the protein structures (salting out effect) while the ions right to
the CI" are termed as chaotropes, which break the water structures and thus destabilize the protein
structures (salting-in effects) (114-117). Although, the effects of Hofmeister series ions on the
thermodynamic stability of proteins are extensively studied (29, 102, 118-119) but are rarely studied
on the internal dynamics of proteins (102, 119). A useful summary by which the Hofmeister ions
modulate the protein stability is given by Jencks (120).

The pH dependence of thermodynamic stability reflects the contribution of electrostatic
interactions, which are of great importance for protein structure and function (121-122). From the

last few decades, there is a fundamental interest in developing theoretical models for the correct



assessment of electrostatic interactions involving conformational changes (123-126) and their
contribution to protein stability (123, 127-131). Although the pH dependence of thermodynamic
stability of proteins has been extensively investigated (128, 132-140), the pH dependence of folding
kinetics of proteins has received meager attention (137-140). Few previous reports reveal that the
comparison of pH-dependent protein stability profiles and folding rates can provide information
related to the development of electrostatic interactions in the transition state of folding (137-141).

Proteins denature at extreme pH because of charge repulsions. The salt-induced
conformational changes of acid and base-denatured proteins were extensively studied (97-100, 103-
110). 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 (104-110). MG state is
important for the functioning of proteins in living cells, and involves in various processes at cellular
level, for example, the interactions of the proteins with chaperones and membranes. Increasing
evidences indicate that low concentrations of GdnHCI and SDS can transform the pH-denatured
proteins to MG-states (78-80, 106-107, 142). Several previous reports indicate that the monohydric
alcohols also induce partially folded states in several proteins (143-147). 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 (148-151). Earlier
work by Miyawaki et al indicate that the reciprocal form of Wyman-Tanford (WT) equation can
also be applied to investigate the role of water activity on the stability of proteins (25, 152-154).

In vitro a folded protein can be driven to unfold by using the high concentrations of
chemical denaturants that disrupt protein structures. An unfolded polypeptide can also be driven to
fold by removing or diluting out the denaturant. This approach is invariably used from many decades
to poise the folding-unfolding equilibrium in exploring stability, folding kinetics, and mechanism of
protein folding. By using horse heart cytochrome ¢ (Cyt ¢) (Figure 1a), horse heart myoglobin (Mb)
(Figure 1b), and hen egg lysozyme (Lyz) (Figure 1c), this thesis work examines the effect of pH,
chaotropic cosolvents (NaBr, NaNOs, NaClO4, Nal, GdnHCI, urea, SDS, methanol, ethanol, 2-
propanol, 1-propanol, 3°-butanol and 2,2,2-triflouroethanol (TFE)) and kosmotropic cosolvents
(Na;S0O4, TMAO, and GB) on the stability, folding and dynamics of proteins. These three proteins
are as much paradigamatic for protein folding as the hydrogen atom in physics and chemistry. A

brief introduction of these three proteins is given below:



Cyt ¢ (molecular mass 12.4 kDa with 104 amino acids residues) acts as an electron carrier
(component of the electron transport chain in mitochondria) and is involved in initiation of
apoptosis. It can catalyze various reactions (e.g. hydroxylation and aromatic oxidation) and also
shows peroxidase activity by oxidation of several electron donors. The isoelectric point of Cyt ¢
is ~10.0 therefore it is positively charged in an aqueous solution. Being a single domain fast
folder protein, Cyt c is model in experimental protein folding and dynamic studies (155-159).
Mb is a single-chain protein, (molecular mass 16.7 kDa with 153 amino acids residues),
containing a heme group in the center. Mb has strong affinity for oxygen therefore; it serves as a
reserve supply of oxygen and facilitates the movement of oxygen within muscles under the
oxygen deficiency conditions such as during anaerobic exercise. Its secondary structure is
unusual in that it contains a very high proportion (~75%) of a-helical secondary structure and the
isoelectric point is ~7.3. Lyz is a small globular protein (molecular mass 14.3 kDa with 129
amino acids residues) folded in helical and B-sheet domains, containing 18 cationic amino acid
residues and 12 anionic residues. In birds, Lyz is present in abundant amounts in eggwhite (hen
eggwhite) where it functions as a nutrient and as antibiotic for the early embryogenesis. In
vertebrates, Lyz acts as an anti-bacterial agent that helps in the digestion and weakening of the
rigid bacterial cell walls, thereby making the bacteria prone to osmotic lysis. The isoelectric

point of Lyz is ~11.0 so this protein is positively charged in an aqueous solution.

Fig. 1 A ribbon model for (a) horse heart cytochrome ¢ (PDB: 1HRC (160)), (b) horse myoglobin (PDB: 1YMB
(161)), and (c) hen egg white lysozyme (PDB: 2LYZ (162)).
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Chapter 2

Materials and Methods

2.1 Materials

Hen egg white lysozyme (Lyz) was purchased from calbiochem. Horse heart cytochrome ¢ (Cyt
c) (type VI), horse heart myoglobin (Mb), alcohols (methanol, ethanol, 1-propanol, 2-propanol,
3°-butanol and 2,2,2-triflouroethanol (TFE)), various salts (NaCl, NaNO3, NaClO4, NaBr, Nal,
and Na,S0,,), sodium dodecyl sulfate (SDS), salts of buffer (sodium acetate, sodium phosphate,
Tris-base, and CAPS (3-[Cyclohexylamino]-1-propanesulfonic acid)), osmolytes (glycine
betaine (GB), trimethylamine-N-oxide (TMAO), and sucrose) and reductant (sodium dithionite)
were purchased from Sigma. Chemical denaturants (guanidine hydrochloride (GdnHCI) and
urea) were purchased from USB (USA). All other chemicals were of analytical grade. All
experiments were done in either 50 mM sodium phosphate buffer or 25 mM Tris-HCI buffer at
pH 7.0, 25 mM sodium acetate buffer at pH 2.3-4.5, and 2.0 mM CAPS buffer at alkaline pH
12.6-13.0. The required pH of protein samples 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 Refractometer (1). The Kkinetics and

thermodynamic data were analyzed using the program Sigma Plot (v. 9).

2.2 Methods

2.2.1 Preparation of NCO and measurement of CO dissociation kinetics

Ferricytochrome ¢ (Ferricyt ¢), initially dissolved in 6.5 M GdnHCI, was deaerated by passing
dry N, gas and reduced by adding sodium dithionite to a final concentration of ~3.0 mM. The
stock solution of sodium dithionite was prepared in a tightly capped glass tube by dissolving 120
mg of solid sodium dithionite in 1 mL of deaerated phosphate buffer, pH 7.0 under nitrogen.
Unfolded Ferrocyt ¢ (U) thus obtained was liganded with CO by passing the dry CO gas through
the protein solution under N, atmosphere. The CO-liganded unfolded Ferrocytochrome c
(Ferrocyt ¢) was then diluted 101-fold into a degassed and dithionite-reduced CO-free refolding
buffer containing a desired concentration of alcohol (methanol, ethanol, 1-propanol, 2-propanol,
3°-butanol, and TFE), or osmolyte (GB) or SDS. This method allows complete refolding of UCO
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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). Under denaturing conditions, where the CO dissociation
reaction is relatively faster, kinetics were measured by a Shimadzu 2450 spectrophotometer
coupled with Applied Photophysics RX 2000 rapid Kinetics system stopped-flow mixing

accessory.

2.2.2 Kinetic measurements for CO association with Ferrocyt ¢

Kinetic measurements for CO association with Ferrocyt ¢ (Ferrocyt c+CO — Ferrocyt c-CO)
were carried out by using the methods as described earlier (2-3). Briefly, Ferricyt ¢ was first
dissolved in 50 mM phosphate buffer, pH 7.0 and was reduced by adding sodium dithionite
under a constant stream of nitrogen. About 25 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 (SDS, GdnHCI, NaCl, NaNOs, NaClO,4, NaBr, Nal
and Na,SQ,). The kinetics of CO association with 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
~8.0-10.0 uM and ~3.0 mM, respectively. The CO association kinetics were also monitored by
measuring the decay of the peak height at about —3.26 ppm (M80 CeH3 resonance) following
the addition of a small volume of the protein solution to a CO-saturated agqueous solution
containing the desired amount of additives (GdnDCI, NaCl) at pH 7.0, 25 °C on a 400 MHz

Bruker Avance (I11) spectrometer.

2.2.3 Measurement of CO-replacement kinetics of carbonmonoxymyoglobin (MbCO)

The CO replacement reaction of MbCO complex by using hexacyanoferrate ion (MbCO+CN —
MbCN+CO) were carried out in different concentrations of GB. Briefly, Mb (~1 mM) initially
dissolved in the native buffer (pH 7.0) was deaerated and reduced by the addition of sodium
dithionite. The reduced protein was then liganded with CO by passing a slow stream of dry CO
gas under nitrogen atmosphere. A small volume of this CO bound protein was added into a

solution of potassium hexacyanoferrate containing a desired concentration of the GB, pH 7.0.
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The decrease in the absorbance of the sample solution was monitored at 421 nm on Shimadzu
(UV-2450) spectrophotometer at 22°C.

2.2.4 Measurement of the far-UV and near-UV CD spectra of Ferricyt c and Lyz

Far-UV (200-250 nm, 1.0 mm cell, and 10 uM protein) and near-UV (260-300 nm, 5.0 mm cell,
and 50 pM protein) CD spectra of Ferricyt ¢ (pH 7.0) and Lyz (pH 2.3) were collected in the O-
60% (v/v) range of methanol, 1-propanol, and 2-propanol on a JASCO J810 spectropolarimeter
at 25 °C. The near-UV CD spectra for native Ferricyt ¢ (~65-70 uM, pH 7) and base-denatured
Ferricyt ¢ (~65-70 uM, pH 12.8) in the presence of 0.0, 0.2 mM and 0.4 mM SDS; and 0.5 M
NaCl were collected at 25°C. The near-UV CD spectra of Ferricyt ¢ (~80-100 uM) in the
presence of different concentrations of GdnHCI in the 0-4.0 M range were collected at pH 12.6,
25 °C. The near-UV CD spectra of native Ferricyt ¢ (pH 7) in the presence of 0.2 M GdnHCI and
base-denatured Ferricyt ¢ (pH 12.6) in the presence of ~0.2M NaCl were also collected. The far-
UV CD spectra of native and denatured (denatured by temperature (90°C)/~5.0 M GdnHCI/~8.0
M urea) states of Ferricyt ¢ (~15 uM) were collected at pH 7.0 and pH 3.8 both in the absence
and presence of ~1.0 M GB.

2.2.5 Thermal unfolding measurements of Ferricyt ¢, Ferrocyt ¢, Mb and Lyz

To determine the effect of alcohols (methanol, ethanol, 1-propanol, 2-propanol, 3°-butanol, and
TFE), lyotropic salts (NaCl, NaNOs, NaClO4, NaBr, Nal and Na,SO,), osmolytes (GB and
TMAO), denaturants (GdnHCI, urea and SDS) and pH on the thermal unfolding of proteins
(Ferrocyt c, Ferricyt ¢, Mb, and Lyz), the absorbance (550 nm and 415 nm (Ferrocyt c); 409 nm
(Mb); and 280 nm (Lys)), far-UV CD (222 nm (Ferrocyt c, Ferricyt ¢, Lyz) and near-UV CD
(282 nm (Ferricyt ¢)) monitored thermal denaturation curves of Ferricyt c, Ferrocyt ¢, Mb and
Lyz were collected under varying concentrations of these additives at desired pH values on
Shimadzu (UV-2450) spectrophotometer and Jasco 810 CD- spectrophotometer. The final
protein concentrations for the absorbance, far-UV CD and near-UV CD monitored thermal
unfolding experiments were ~8uM, ~12-15 uM and ~50-60 uM, respectively. For thermal
unfolding measurements of Ferrocyt ¢ the dithionite concentration was ~1-3 mM. For both CD

and absorbance measurements, the Peltier-controlled heating rate was 1.0 or 2.0 °C/min. By
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assuming a two-state denaturation process, the thermal denaturation data were analyzed by using
van’t Hoff equation (eq (1)) (4) or Gibbs Helmholtz equation (egs (2) and (3)) (5-8),

(y.+m.T)+(y,+m,T )exp {AH” (1 1]}

R AT T

(T 1)) ®
1+exp -
R \T T,
(eemT (T o] 57|
_ RT
y (T)= e )
1+exp[ RTT}
AG.=AH_ (1-TLJ+ACD((r-Tm)-T In(T/T,,)) 3)

where y (T) is the observed variable parameter (&sso nm, €415nm, €409 nm, €280 nmy CD222 nm, CD282 nm),
yr and yy, and mg and my, represent intercepts and slopes of the folded and unfolded baselines,
respectively, T represent absolute temperature, AC, represent heat capacity change, R is a gas

constant, and AHy, represent the van’t Hoff enthalpy at thermal denaturation midpoint (Tr).

2.2.6 pH titration of Ferricyt ¢ and Ferrocyt c in the absence and presence of CO

For pH unfolding studies, an approximate 10 uM solution of Ferricyt c, prepared in an aqueous
medium containing 10 mM each of Tris, disodium hydrogen phosphate, and 2 mM CAPS, was
titrated to different pH values in the 2.0-13.2 range by the use of concentrated NaOH and HCI
solutions. The titration did not upset the uniformity of the protein concentration. To prepare
Ferrocyt c, the Ferricyt ¢c samples were deaerated by using nitrogen gas, and reduced by adding a
small volume of freshly prepared dithionite to obtain a final concentration of ~3.0 mM. To
prepare CO bound protein, the dithionite-reduced samples were saturated with CO by passing a
slow stream of the dry CO gas through the solutions for a minute. These protein samples were
then incubated for ~30 minutes in tightly capped glass tubes. Fluorescence emission spectra (ex:
280 nm) were recorded on Perkin Elmer LS-55 fluorescence spectrophotometer (for Ferricyt c)
and Cary Eclipse Agilent spectrofluorometer (for Ferrocyt c in the absence and presence of CO).
Optical absorption spectra were recorded on a Shimadzu (UV-2450) spectrophotometer. The pH
titration curves were analyzed by using the following transformed Henderson-Hasselbalch

equation (eq (4)),
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y= 1+ 1On(pH'Cm) (4)

where, ¢, and ¢; are normalized fluorescence signals for the unfolded and the refolded states,

respectively, n is the number of OH™ ions titrated, and c, is the pH-midpoint for the transition.

2.2.7 Equilibrium unfolding measurements of proteins

For alcohols-induced equilibrium unfolding measurements of Cyt ¢, Mb and Lyz, the samples of
Ferricyt ¢ (~10uM), Mb (~5uM) and Lyz (~5uM) were prepared in the 0-70 % (v/v) range of
alcohols (methanol, ethanol, 1-propanol, 2-propanol, 3°-butanol, and TFE) at pH 7.0 (Cyt ¢ and
Mb) and at pH 2.3 (Lyz). For GB and salts (NaCl, NaNOs;, NaClO,4, NaBr, Nal, and Na,SOa)
dependent denaturant-induced equilibrium unfolding of Cyt ¢, Mb and Lyz, samples of Ferricyt ¢
(~5 uM), Mb (=5 uM) and Lyz (~5uM) were prepared at different concentrations of GdnHCI or
urea at pH 7.0 and at pH 2.3-3.8, both in the absence and presence of different concentrations of
GB or salts.

For equilibrium unfolding measurements of Ferrocyt ¢ and Carbonmonoxycytochrome ¢
(Cyt-CO) at alkaline pH, the protein concentration was ~10 uM. Stock solutions of the buffer (2
mM CAPS, pH 12.6) and the unfolded protein (4.0-5.0 M GdnHCI, 2.0 mM CAPS, pH 12.6)
were mixed appropriately to obtain protein samples containing different concentrations of
denaturants. To prepare Ferrocyt c, solutions were exhaustively deaerated under nitrogen before
the addition of a small volume of concentrated aqueous solution of sodium dithionite to obtain a
final reductant concentration of 1-3 mM. The samples were sealed under nitrogen and
equilibrated for ~30 minutes at 25(+1) °C. For equilibrium unfolding measurement of Cyt-CO,
the dithionite-reduced samples were saturated with CO by passing a slow stream of the dry CO
gas through the solutions for a minute.

SDS titration (0-0.6 mM range of SDS) of base denatured Ferricyt ¢ (5-6 uM for
fluorescence and 13-15 uM for CD) were carried out in CAPS buffer at pH 12.8, 25 °C. For the
SDS-induced equilibrium unfolding of Ferrocyt c, the protein samples were deaerated by passing
the dry N, gas and then reduced as described above.

For pH dependent denaturant-induced equilibrium unfolding measurements of Ferricyt c,

samples of Ferricyt ¢ (~5 uM) were prepared in the 0-10.0 M range of urea at different pH values
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in the range of 3.0-12.7. In aqueous solution, urea forms cyanate, which can carbamylate lysyl
epsilon-amino groups and change the electrostatic properties of a protein (9-11). 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 2 hours of
their preparation to prevent the cyanate formation. For pH dependent equilibrium unfolding
measurements of Ferrocyt c, the samples of Ferricyt ¢ (~5 uM) were prepared in the 0-7.5 M
range of GAnHCI at different pH values in the range of 7.0-12.7 and were reduced by adding the
freshly prepared sodium dithionite (~3 mM) solution under constant dry nitrogen gas purging.
For pH dependent equilibrium unfolding measurements of Lyz, the samples of Lyz (~5 uM)
were prepared in the 0-7.5 M range of GdnHCI at different pH values in the range of 2.0-13.0.
Protein samples thus prepared were incubated for about half an hour at room temperature.
Fluorescence emission (ex: 280 nm) and the far-UV CD spectra of Ferricyt ¢, Mb and Lyz were
recorded on Perkin Elmer LS-55 fluorescence spectrophotometer and JASCO J820
spectropolarimeter, respectively. Fluorescence spectra (ex: 280 nm) of Ferrocyt ¢ and Cyt-CO
samples were collected on Cary Eclipse Agilent spectrofluorometers at 25 °C. The GdnHCI-
induced equilibrium unfolding measurements of Ferrocyt ¢ at different pH values were also
monitored by UV-visible spectrophotometer (UV-2450, Shimadzu). The pH of the protein
samples are those measured after the experiments. The data were fitted to a standard two-state
equilibrium unfolding eq (5) (12).

(G: + m[D]) + (¢, + m[D]) exp(—2C2+ MLl

Sobs = RT (5)
1+ exp(—AGD + mg[D])

RT

where Sqps IS the observed signal, ¢t and c,, and ms and m, 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. Cy, the transition midpoint of denaturant concentration, was

calculated as Cy, = AGp/my.

2.2.8 NMR spectroscopy
Protein samples in D,0O solutions containing the desired additives (NaCl, GdnDCI) were adjusted

to the desired pH by adding NaOD/DCI. Protein solutions contained in NMR tubes were then
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sealed with sleeved rubber stoppers and equilibrated at 25 °C for ~10 minutes. Spectra were
taken at 25 °C on a 400 MHz Bruker Avance (111) spectrometer. Spectra were analyzed by using

Topspin 2.1 software.

2.2.9 Laser photolysis and microsecond measurements

About 15 uM cyt ¢ solutions, prepared in aqueous NaOH containing GdnHCI in the 0-4 M range,
pH 12.7(£0.1), were deaerated and reduced by the addition of 2 mM sodium dithionite, and
incubated for ~15 minutes at 25 °C under saturating concentration of CO gas in 1 cm square
quartz cuvette. CO photolysis was achieved by irradiation with 50(+10) mJ pulses of the second
harmonic output (532 nm) of a Spectra Physics Q-switched Nd/YAG laser (10 Hz). Spectral
changes following each photolysis pulse were recorded with a pulsed Xe lamp. The
monochromator was set to 421.5 nm. The basic configuration of the instrument is based on the
Applied Photophysics laser flash photolysis spectrometer. The sample temperature was

maintained by using external water circulating water bath.

2.2.10 Measurement of pH-dependent refolding-unfolding kinetics of Ferrocyt ¢

Unfolded Ferricyt ¢ (~0.5 mM) was obtained by mixing the native Ferricyt ¢ in a ~6.3 M
GdnHCI solution. To prepare the unfolded Ferrocyt c, the unfolded Ferricyt ¢ was deareated by
passing dry N, gas and reduced by adding the freshly prepared sodium dithionite solution. To
record the refolding kinetics, unfolded Ferrocyt ¢ was mixed rapidly in the refolding buffer in the
stopped flow in a desired ratio. To record the unfolding Kinetics, native Ferrocyt ¢ was mixed
rapidly in the deaerated dithionite reduced unfolding buffer in a stopped flow in a desired ratio.
The spectrometer was configured for fluorescence detection (ex: 280 nm; em: 340 nm). A two-
syringe mixing (1:7; protein: buffer) at a total flow rate of 8 ml/sec was employed. Typically, 10-

15 shots were averaged.

2.2.11 Measurement of water activity
The water activity, a,, of a protein solution with a cosolute Y can be expressed as a function of
the mole fraction of Y (Xy) as (13-14):

a, :(1_ XY)exp(aXY+ﬂX$+7/XY3) (6)
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The experimental parameters, o, B and y were taken from the literature for methanol, ethanol, 1-
propanol, 2-propanol, 3°-butanol, TFE, GdnHCI, and sucrose (15-16). The molal concentration
range of different lyotropic salts (NaCl, NaNO3, NaClO,, NaBr, Nal and Na,SO4) examined was
0 to 2.5 m. The experimental values of osmotic coefficients (¢) of salts is defined as

¢ =-55.51/m In ay (7)
where a,, is the water activity. The values of ¢ as a function of salt concentration were reported

in literature (17). Thus, using the eq (7), water activities of the salt solutions were calculated.

2.2.12 pKa prediction

The PROPKA 3.1 program (18) (http://www.propka.chem.uiowa.edu) was used to predict the
pKa values for all the acidic and basic amino acid residues of 1HRC and 2LYZ used in this study.
PROPKA 3.1 utilizes a very fast empirical method to predict pK, values and is successful in
predicting unusual pK, values. The program uses three factors to determine pK, perturbations:
desolvation, hydrogen bonding, and charge-charge interactions.
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Chapter 3

Effects of Alcohols on the Stability and Dynamics of
Proteins

3.1 Introduction
The presence of hydrophobic and hydrophilic groups in alcohols is of crucial importance in the
perspective of understanding the mechanism of protein folding. Despite various studies, it is not
clear whether the effects of alcohols on proteins are due to direct binding of alcohol molecules to
different groups in protein (1-3) or due to an indirect action, involving changes in solvent (i.e.
water) properties by the addition of alcohols (4). Alcohols are thought to be protein destabilizers,
however, the mechanism by which alcohols affect protein stability is not fully understood (5-7).
It is believed that alcohols destabilize the proteins by weakening hydrophobic interactions
between nonpolar residues and/or by disturbing the water structure around the protein molecule
(4, 8-9). Monohydric alcohols disrupt the tertiary structure of proteins, (8, 10), but enhance
secondary structural elements such as helical structure (1, 5, 11). Although several experimental
techniques have been used for quite some time to study fast protein motions that control
conformational transitions associated with protein function (12-13), very little has been done to
record the relatively slow changes in structural dynamics of proteins across the folding-unfolding
transition (14). 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. In order to
unravel the exact effect of alcohols on the low-frequency local motions that control the slow
changes in structural dynamics of native-like compact state of proteins, we have studied the
effects of various alcohols on the structural fluctuations of the M80-containing Q-loop of Cyt ¢
by measuring the rate of thermally-driven CO dissociation from a natively folded
carbonmonoxycytochrome ¢ (NCO) under conditions of varying concentrations of various
alcohols (methanol, ethanol, 1-propanol, 2-propanol, 3°-butanol, and 2,2,2-trifluoroethanol
(TFE)). The M80-contaning Q-loop of Cyt c that includes residues 70 to 85 (Fig.1a, Chapter 1)
(15) has been identified as a partially unfolded subglobal part of the protein (16-17).

The NCO state used here resembles the molten globule (MG)-like state which has native-

like secondary structure but disordered or dynamic tertiary structure (18). The CO dissociation
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process (NCO — N+CO) is essentially a Fe?*-CO+M80 — Fe’*-M80+CO displacement reaction
(5). For this reaction, the M80-resident segment of the polypeptide, which is linked to the heme
iron through the Fe**-M80 bond in N state, but is free in the NCO state, provides a reacting site.
As the neighboring residues of M80 have higher thermal factors (19), and the local mobility of
the heme ring is suppressed by the intrinsic size and the rigidity of the ring system (20), the
collective motion of the Q-loop is expected to be the key determinant of the CO dissociation
processes. As alcohols concentration is increased, CO-dissociation from NCO is decelerated in
the subdenaturing region and then accelerated as the protein is taken from subdenaturing to
denaturing milieu. The alcohol modulation of CO dissociation rates reveal the way the collective
motion of the Q-loop responds to alcohol content in the reaction medium. Since atomic
fluctuations or high-frequency local motions involve only small spatial displacements, the
thermal 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 alcohol implies that it is a local or subgobal unfolding motion, and hence is a low-
frequency (t, millisecond or longer) large-amplitude mode (several A) (21). Thus, the CO-
dissociation reaction data show a progressive decrease in spatial displacement of thermal
fluctuation of a subglobal unit as the protein is taken from native to subdenaturing milieu. As
compared to methanol, the spatial displacement of thermal fluctuation is reduced to a greater
extent by TFE and 1-propanol. Both activation energy and conformational entropy loss for CO-
dissociation reaction increase in the presence of subdenaturing concentrations of alcohols, which
indicate the reduced motional freedom of the protein in the presence of subdenaturing
concentrations of alcohols relative to that in the absence of alcohols. This finding confirms that
the internal motions of the protein are decreased in the subdenaturing limit. When the
concentration of the alcohol is increased above subdenaturing limits, the large-scale subglobal
unfolding motions come to dominate the dynamics.

Protein stability characterization has an extreme importance for a number of applications
ranging from protein-based pharmaceutical formulation to protein misfolding diseases. In order
to determine the exact effects of subdenaturing concentrations of alcohols on the thermal
stability of native proteins, we have also examined the effects of various alcohols (methanol,

ethanol, 1-propanol, 2-propanol, 3°-butanol, and TFE) on the thermal denaturation of Ferrocyt c,
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Mb and Lyz. Analysis of the thermal unfolding transitions of Ferrocyt ¢, Mb, and Lyz indicates
that upon increasing the chain size or concentration of alcohols, the values of T for these
proteins are decreased. Water plays an important role in the stabilization of the folded protein
and in the control of their dynamics (22). For example, it is very crucial for many biological
functions, such as protein architecture and enzymatic activity (22). Water activity also plays a
major role in protein stability (23-25). In accordance with the earlier work by Miyawaki et al
(23-26), the reciprocal form of Wyman—Tanford (WT) equation have been applied to investigate
the role of water activity on the stability of Ferrocyt c at neutral pH (7.0) and of Lyz at mildly
acidic pH (2.3). From this, the stabilization energy of the proteins (Ferrocyt ¢ and Lyz) in
alcohols solution was calculated and the m-values of protein stability were obtained. The longer
and linear chain alcohols showed more negative m-values, suggesting that protein destabilization

by alcohols is mainly due to the disturbance of hydrophobic interactions and hydrogen-bonding.

3.2 Results

3.2.1. Effect of alcohols on the AGp, myg and Cy, of proteins

Fig. 1a, Fig. 1b, and Fig. 1c present the fluorescence monitored normalized various monohydric
alcohols induced equilibrium unfolding curves of Ferrocyt ¢, Mb, and Lyz, respectively at 25 °C.
The alcohol-induced equilibrium unfolding transitions of Ferrocyt ¢ (Fig. 1a), Mb (Fig. 1b) and
Lyz (Fig. 1c) were analyzed assuming a two state transition between the folded (N) and unfolded
(V) conformations of proteins by using two-state equation (chapter2, eq (5)) (27). The resulting
free energy of denaturation (AGp), surface area exposed by solvent (mg), and midpoint alcohol
concentration (Cp,) for unfolding of Ferrocyt ¢, Mb and Lyz by various alcohols monitored by

Trp fluorescence (ex: 280 nm) are provided in Table 1.
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Fig. 1 Equilibrium stability curves: (a) The alcohols-induced equilibrium unfolding of Ferrocyt ¢ (e, methanol; o,
ethanol; o, TFE; A, 1-propanol; ¥, 2-propanol; and V, 3°-butanol) at 25 (+1)°C, pH 7.0. (b) The alcohols-induced
equilibrium unfolding of Mb (e, methanol; o, ethanol; A, 1-propanol; and V, 3°-butanol) at 25 (+1)°C, pH 7.0. (c)
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The alcohols-induced equilibrium unfolding of Lyz (e, methanol; o, ethanol; A, 1-propanol; ¥, 2-propanol; and V,
3°-butanol) at 25 (£1)°C, pH ~2.3. The solid curves in panels (a), (b), and (c) represent nonlinear least-squares fits to

two-state equation (chapter 2, eq (5)) (27).

Table 1. AGp, mg, and Cy, values for alcohols-induced unfolding of Ferrocyt ¢ and Mb at pH 7.0 and of Lyz at pH
2.3, monitored by Trp fluorescence (ex: 280 nm).

Ferrocyt ¢ Mb Lyz
Alcohols AGp Mg Cn AGp Mg Cn AGp My Cm
(M) (kcal (kcal (V/v) (kcal (kcal (vIv) (kcal (kcal (viv)
mol’) mol*M™) % mol™)  mol* % mol™)  mol* %
M M
Methanol 115 0.21 55.7 10.6 0.20 53.0 7.6 0.17 45.6
Ethanol 10.7 0.22 47.7 11.2 0.31 36.1 6.2 0.17 37.0
TFE 9.5 0.25 38.7 - - - - - -
2-propanol 9.0 0.27 32.9 - - - 4.5 0.19 24.1
3°-butanol 9.0 0.30 29.9 6.4 0.22 29.1 4.9 0.19 25.6
1-propanol 10.0 0.40 24.4 5.5 0.26 21.2 3.6 0.18 20.2

*The uncertainties of my and AGp, values reported here are +0.2 kcal mol™ M™ and +1.0 kcal mol™, respectively. The
uncertainty of C,, values reported here is 0.3 (v/v) %.

3.2.2 Thermal dissociation of CO from natively folded carbonmonoxycytochrome ¢ (NCO) and
alcohols dependence of Kgiss

The a-band (550 nm) in the electronic absorption spectrum of Ferrocyt ¢ at 25 °C, pH 7.0 is the
main characteristics of native Fe®*-M80 bond of Ferrocyt ¢ (28-29). The CO-dissociation from
the NCO raises the intensity of the a-band (Fe**-CO+M80 — Fe?*-M80+CO) (Fig. 2a,b). Fig. 2b
typifies the kinetics of the NCO — N+CO dissociation in the presence of ~0.06M GdnHCI. The
increase in absorbance at the heme n—n a-band (550 nm) in a single exponential is due to slow

dissociation of CO (z=18.5 min; Fig. 2b).
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Fig. 2 (a) Steady-state visible absorption spectra of NCO (dashed line) and N (solid line) states. The spectra were
recorded in 10mM Tris-HCI buffer, pH 7, containing ~0.06M GdnHCI and 5% (v/v) methanol at 25°C. (b) The slow
single-phase CO dissociation reaction, NCO — N+CO (z=18.5 min, ~0.06M GdnHClI, 25 °C) monitored by 550 nm
heme absorbance.
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Fig. 3a shows the rate coefficient for dissociation of CO from NCO in the 0-60 (v/v) % range of
various alcohols (methanol, ethanol, 1-propanol, 2-propanol, 3°-butanol, and TFE)
concentration. Given the midpoint of alcohols-induced unfolding transitions of Ferrocyt ¢ (Cp,
~55.7, 47.7, 38.7, 32.9, 29.9, and 24.4 (v/v) % for methanol, ethanol, TFE, 2-propanol, 3°-
butanol, and 1-propanol, respectively) (Fig. la, Table 1), at 25 °C these data provide an
opportunity to analyze the thermodynamic properties of the protein in subdenaturing and
denaturing limits. Fig. 3a shows that as final concentration of alcohols in the reaction medium is
changed from strongly-native like conditions to denaturing conditions, the values of Kgiss initially
decrease in the subdenaturing regions and then increase, displaying a broad minimum around 5-
15 (v/v) % of alcohols.
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Fig. 3 (a) Alcohols dependence of kgiss obtained for Ferrocyt ¢ (e, methanol; o, ethanol; o, TFE; A, 1-propanol; V¥,
2-propanol; and V, 3°-butanol) at 25(+1)°C, pH 7.0. The lines through the data in panel (a) have been drawn by
inspection only. (b) Arrhenius plots for the CO dissociation reaction of Ferrocyt ¢, 10 mM Tris-HCI, pH 7.0, with

0.0 (0), 10 (e) and 60 (m) (v/v) % of methanol.

The decrease in kgss Values in the subdenaturing limit suggests that alcohols tend to block
dissociation of CO from NCO. This finding provides a primary evidence for the reduced
motional freedom of the protein or part of it in the subdenaturing limit of alcohols. In the
subdenaturing limit of alcohols, the decrease in the Kkgiss value is more pronounced for TFE and 1-
propanol and least for methanol, which suggests that the CO-dissociation from the NCO is
controlled by the hydrophobicity of alcohols as well as by specific interactions of alcohols with
the protein groups. The increase in Kgiss Values above 15 (v/v) % of alcohols concentration can be
interpreted to arise from protein destabilization and structural unfolding that would facilitate CO
dissociation process. The increase in Kgiss Values in the denaturing limit are more pronounced for

longer and linear chain alcohols (i.e., 1-propanol) (Fig. 3a), which suggest that at relatively
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higher alcohol concentrations, the hydrophobic interactions play a vital role in controlling the
dissociation of CO from the NCO state.

3.2.3 Dependence of activation enthalpy and entropy of CO-dissociation on the concentration
of alcohols

The observation that the logarithm of kgiss decreases initially with increment in concentration of
alcohols around 5-15 (v/v) % and then increases gradually at higher concentration of the alcohols
(Fig. 3a) warrants a thermodynamic analysis of the CO dissociation reaction. If the decrease in
the magnitude of the rate coefficient of CO-dissociation from the NCO is the result of internal
motional constraints of protein by the alcohols, the decrease in entropy in the presence of
alcohols must be compensated by an increase in activation enthalpy of the CO dissociation

reaction. As discussed in previous works (30-31), this follows from,

Hdiss =In L +E (1)
RT K R

diss

where v is the vibrational frequency, Hgiss and Sgiss are changes in activation enthalpy and
activation entropy, respectively, between the relevant reactants and transition state. From eq (1)
and Arrhenius equation (Kgiss =Aexp(-E4/RT)) one can obtain:

E =H

diss

A Sus
In(:j— R @)

Fig. 3b shows the Arrhenius plots for the CO dissociation reaction of NCO in the presence of
0.0, 10 and 60 (v/v) % of methanol. The data in Table 2 clearly shows that in the presence of 10
(v/v) % of alcohols, the activation energy increases (Table 2).

Fig. 4a shows the methanol distribution of Hgiss for the CO dissociation reaction. The
peak value of Hgiss appears at ~10 (v/v) % of methanol. The quantity ASgiss (i.€., conformational
entropy loss for NCO in the presence of methanol relative to the entropy of the protein in the

absence of methanol) was calculated according to eq (3) (30-31),

=k, 2 3)

ef

AS

diss
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Here, Aer and A are the front factor in the absence and the presence of x concentration of
alcohol. ASgiss (in Boltzmann units (kg)) obtained from eq (3) are plotted in Fig. 4b as a function
of methanol concentration. Clearly, the ASgss increases upto ~10% (v/v) of methanol and
thereafter it decreases. The increase in ASgiss at subdenaturing concentrations of methanol is due
likely to internal motional constraints of the protein caused by methanol. The decrease in ASgiss
at higher concentrations of methanol is most likely due to structural unfolding of the protein by
alcohol (Table 2).
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Fig. 4 Methanol distribution of (a) activation enthalpy (Hgiss), and (b) conformational entropy loss by NCO relative
to the entropy of the protein in the absence of methanol (AS, eq (3)) for CO dissociation reactions (NCO — N+CO).
The peaks of both distributions appear at the same methanol concentration where the minimum of the log Kgiss
methanol space (Fig. 3a) occurs.

Table 2. Activation energies (E,) or Activation enthalpies (Hgiss), Frequency factor (A), and Conformational
entropy loss (ASgiss) for CO-dissociation from NCO in 25 mM Tris-HCI, pH 7.0.*

additive alcohols Ea (FHgiss) log A ASgiss
(VIV)% (kcal mol™) (sh (Ks)
GdnHCI 0.06 24.3 14.6 0.0
Methanol 10 24.9 15.1 1.2
60 20.3 12.3 -5.3
Ethanol 10 25.8 15.6 2.3
1-propanol 10 25.3 15.3 1.6
2-propanol 10 25.2 15.2 1.4
3°-butanol 10 25.1 15.2 1.4
TFE 10 25.9 15.7 2.5

*Errors in values of E, and log A are <0.5 kcal mol™ and 0.6 s, respectively, and the corresponding errors in ASgis
are ~0.5 kg. The errors values were determined from two or more independent measurements.

3.2.4 Alcohols dependence of far-UV CD and near-UV CD
In the far-UV region (200-240 nm), the CD spectrum of native protein is characterized by two

negative Cotton effects at 210 nm and 222 nm, typical of proteins with a-helix structure. Fig. 5a
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and Fig. 6a show the far-UV CD spectra of Ferricyt ¢ and Lyz, respectively, in the absence and
presence of 20 or 30 % (v/v) aqueous solutions of methanol, 1-propanol, and 2-propanol. Fig. 5a
and Fig. 6a show the increase of the far-UV CD signal towards the more negative value in the
presence of alcohols, which is the usual feature for all folded proteins because alcohols are
known to enhance helical secondary structures (32-38). However, the efficiencies for the
enhancement of helical secondary structure vary significantly depending on the concentration
and type of alcohol used. Fig. 5a and Fig. 6a show that the far-UV CD spectra of native Ferricyt
c and Lyz are not greatly affected in 20 or 30 % (v/v) aqueous solutions of methanol, but they
showed a significant increase in the far-UV CD signal in the presence of 20 or 30 % (v/v) of 1-

propanol or 2-propanol.
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Fig. 5 (a) The far-UV CD spectra of Ferricyt ¢ in the absence (——) and in the presence of 20 (v/v) % aqueous
solutions of methanol (- — -), 1-propanol (— - - —), and 2-propanol (----) at pH 7.0, 25 °C. (b) The alcohols
(methanol (e), 1-propanol (A), and 2-propanol (o)) dependence of the far-UV CD at 222 nm, pH 7.0, 25 °C. (c) The
near-UV CD spectra of Ferricyt ¢ in the absence (——) and in the presence of 20 (v/v) % aqueous solutions of
methanol (xxxxx), 1-propanol (+++++), and 2-propanol (**#%x) at pH 7.0, 25 °C. (d) The methanol dependence of
the near-UV CD at 280 nm (upper panel) and far-UV CD at 222 nm (lower panel), pH 7.0, 25 °C.
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Fig. 5b and Fig. 6b compare the alcohols dependence of the far-UV CD ellipticity of Ferricyt ¢
and Lyz, respectively at 222 nm. The effectiveness of the three alcohols (methanol, 1-propanol,
and 2-propanol) is investigated in inducing changes in helical secondary structures of Ferricyt c
(Fig. 5b) and Lyz (Fig. 6b) as a function of increasing the hydrocarbon chain size and branching.
This is shown in Fig. 5b and Fig. 6b that comparatively higher amount of methanol (40.6 (v/v) %
for Ferricyt ¢ and 54.2 (v/v) % for Lyz) is required to induce one half of the maximum change in
ellipticity in far-UV CD region compared to the 2-propanol (14.7 (v/v) % for Ferricyt c and 36.4
(v/v) % for Lyz) and 1-propanol (3.8 (v/v) % for Ferricyt ¢ and 21.6 (v/v) % for Lyz)).
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Fig. 6 (a) The far-UV CD spectra of Lyz in the absence (——) and in the presence of 30 (v/v) % aqueous solutions
of methanol (- — -), 1-propanol (— - - —), and 2-propanol (----) at pH 2.3, 25 °C. (b) The alcohols (methanol (e),
1-propanol (A), and 2-propanol (o)) dependence of the far-UV CD at 222 nm, pH 2.3, 25 °C. (c) The near-UV CD
spectra of Lyz in the absence ( ) and in the presence of 30 (v/v) % aqueous solutions of methanol (sxxxxx), 1-
propanol (+++++), and 2-propanol (##**x) at pH 2.3, 25 °C. (d) The alcohols (methanol (e), 1-propanol (A), and 2-
propanol (o)) dependence of the near-UV CD at 285 nm, pH 2.3, 25 °C.

In the near-UV region (250-300 nm), the CD spectrum of native Ferricyt ¢ is characterized by
two negative bands between 280 nm and 290 nm, while that of Lyz is characterized by a positive
band at 285 nm. Fig. 5¢c and Fig. 6¢c show the near-UV CD spectra of Ferricyt ¢ and Lyz,
respectively, in the absence and in the presence of 20 or 30 % (v/v) aqueous solutions of

methanol, 1-propanol, and 2-propanol. Fig. 5¢ and Fig. 6¢ reveal that intensity of the two
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negative bands between 280 nm and 290 nm of Ferricyt ¢ and of a positive band at 285 nm of
Lyz decrease in the aqueous solution of alcohols. This is because alcohols are known to disrupt
tertiary structures of folded proteins (39). The near-UV CD spectra in ~20 % (v/v) of methanol
for Ferricyt ¢ and ~30 % (v/v) of methanol for Lyz showed that the two negative bands between
280 nm and 290 nm (Fig. 5¢) and positive band at 285 nm (Fig. 6¢) are not completely missing.
However, these bands are almost lost in the presence of ~20% (v/v) of 1-propanol for Ferricyt ¢
(Fig. 5c) and ~30 % (v/v) of 1-propanol for Lyz (Fig. 6¢).

Fig. 5d compares the methanol dependence of the near-UV CD of Ferricyt ¢ at 280 nm
(upper panel) and far-UV CD of Ferricyt ¢ at 222 nm (lower panel). This comparison shows that,
while the CD signals at 280 nm changes mainly from 5 to 35% methanol (upper), the primary
changes of the CD signals at 222 nm occur at methanol concentrations >35% (lower), i.e., when
the change of CD signals at 280 nm are almost over. Fig. 6d compares alcohols dependence of
the near-UV CD at 285 nm for Lyz. The effectiveness of the three alcohols (methanol, 1-
propanol, and 2-propanol) is investigated in disrupting the tertiary structures of Lyz (Fig. 6d) as a
function of increasing the hydrocarbon chain size and branching. This is shown in Fig. 6d that
almost ~52.1 (v/v) % of methanol is required to induce one half of the maximum change in
ellipticity in near-UV CD region, while the corresponding figures are only ~29.1 (v/v) % for 2-
propanol and ~22.4 (v/v) % for 1-propanol.

3.2.5 Alcohol-dependent thermal stability of proteins in aqueous solutions

To determine the effect of alcohols on the thermal stability of proteins, we have collected the
absorbance-monitored thermal unfolding curves of Ferrocyt ¢ (550 nm), Mb (409 nm) and Lyz
(280 nm) in the presence of varying concentrations of monohydric alcohols. Fig. 7a and Fig. 7b
show the representative thermal denaturation curves for native Ferrocyt ¢ and Mb, respectively,
taken at various methanol concentrations, at pH 7.0 and Fig. 7c shows the representative thermal
denaturantion curves of Lyz taken at various 1-propanol concentrations at pH 2.3. To simplify
the comparison of various thermal transitions, the fraction of unfolded protein (Fig. 7d,e,f) were

calculated from the eq (4),

y(T)-(mT+y,)
(m,T+y,)-(mT+y,)

FractionUnfolded =

(4)
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By assuming a two-state denaturation process, the thermal denaturation data were analyzed by
van’t Hoff equation (chapter 2, eq (1)) (40). The resulting midpoint transition temperatures, T,
and the enthalpy of denaturation, AHm,, for thermal unfolding of Ferrocyt ¢, Mb and Lyz under

various alcohols concentrations are provided in Table 3, Table 4 and Table 5, respectively.
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Fig. 7 (a) Thermally induced unfolding of Ferrocyt ¢ monitored at 550 nm as the change in excitation coefficient in
the presence of 0.0 (o), 5.0 (e), 10.0 (A), 15.0 (A), 20.0 (V), 30.0 (¥), and 40 (0) (v/v) % methanol, pH 7.0. (b)
Thermally induced unfolding of Mb at 409 nm as the change in extinction coefficient in the presence of 0.0 (o), 2.5
(*), 5.0 (A), 7.5 (A), and 10.0 (v/v) % methanol, pH 7.0. (c) Thermally induced unfolding of Lyz monitored at 280
nm as the change in excitation coefficient in the presence of 0.0 (), 2.5 (0), 5.0 (A), 7.5 (A), 10.0 ('¥), and 15.0 (V)
(v/v) % 1-propanol, pH 2.3. To simplify the comparison of various thermal transitions, the extent of protein
denaturation is presented as a fraction of unfolded protein (550 nm, panel (d); 409 nm panel (€); and 280 nm panel
(f) calculated from the eq (4). The solid curves represent nonlinear least-squares fits of the data to van’t Hoff
equation (40) (chapter 2, eq (1)).

3.2.6 Alcohols dependence of the T, and AH,
Fig. 8a, Fig. 8b and Fig. 8c show the effects of the type of alcohols and their concentrations on

Tm for Ferrocyt ¢, Mb and Lyz, respectively. In agreement with earlier work (4, 6, 26) we found

31



that the T, of proteins is linearly decreased upon increasing concentrations of alcohols (Fig.
8a,b,c).
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Fig. 8 (a) Effect of alcohols concentration (e, methanol; o, ethanol; o, TFE; A, 1-propanol; ¥, 2-propanol; and V,
3°-butanol) on T, of Ferrocyt ¢ at pH 7.0. (b) Effect of alcohols concentration (e, methanol; o, ethanol; A, 1-
propanol; ¥, 2-propanol; and V, 3°-butanol) on T,, of Mb at pH 7.0. (c) Effect of alcohols concentration (e,
methanol; o, ethanol; o, TFE; A, 1-propanol; ¥, 2-propanol; and V, 3°-butanol) on T, of Lyz, at pH 2.3. The
solid curves in panels (a), (b) and (c) represents linear least-squares fitting. (d) Alcohol (o, methanol; e, ethanol; O,
TFE; A, 1-propanol; A, 2-propanol; and m, 3°-butanol) dependence of enthalpy change, AH,, for Ferrocyt ¢ at pH
7.0 (550 nm). The solid lines through the data have been drawn by inspection only.

Fig. 8d shows the effects of the type of alcohols and their concentrations on AH, for Ferrocyt ¢
at pH 7.0. Clearly, the AH, varies with nature and amount of alcohol present (Fig. 8d). When
concentration of alcohol is increased, AHp, initially increases until a maximum value is reached
at a mole fraction, xy of about 0.047, 0.033, 0.013, 0.012, 0.009, and 0.006 for methanol,
ethanol, 2-propanol, 1-propanol, 3° -butanol, and TFE, respectively, and thereafter decreases
continuously. The maximum in the values of AH,, occurs at a lower alcohol concentration in the
order methanol, ethanol, 2-propanol, 1-propanol, TFE =3°-butanol, that is, increasing
hydrophobic character of the alcohol added. Velicelebi et al (1979) (6) had also studied the
thermal denaturation of Lyz at pH 2.0 in agueous mixture of methanol, ethanol, and 1-propanol

by DSC and observed the similar plot of AHcy for methanol, ethanol, and 1-propanol. Parodi et al
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(1973) (7) have reported similar plot of AHy, for methanol, ethanol, and 1-propanol for thermal
denaturation of Lyz at pH 3.

Table 3. Alcohol (methanol, TFE, ethanol, 1-propanol, 2-Propanol, and 3°-Butanol) dependence of thermodynamic
parameters for thermal denaturation of Ferrocyt ¢ as monitored by absorbance at 550 nm and 415 nm.*

Additive Methanol Methanol TFE TFE
[Alcohols] (550 nm) (415 nm) (550 nm) (415 nm)
(VIV)%
AHp T AGp AHp T AHp T AGp AHp, Tm
0 75 371.2 45 70 370.2 75 371.2 4.5 75 371.2
5 107 367.5 10.7 95 366.9 90 366.9 7.6 91 368.4
10 130 364.2 15.0 115 363.6 81 362.8 6.2 108 363.7
15 114 361.1 12.1 105 359.6 74 358.6 5.2 79 359.8
20 105 359.1 10.5 95 355.9 58 354.0 2.9 68 359.0
30 80 350.5 - 95 348.6 46 346.2 1.7 30 351.4
40 - 344.1 - 85 341.3 - 338.0 - - -
Additive Ethanol Ethanol 1-propanol 1-propanol
[Alcohols] (550 nm) (415 nm) (550 nm) (415 nm)
(VIV)%
0 75 3712 45 70 370.2 75 371.2 4.5 70 370.2
5 105 367.2 104 130 368.8 105 366.9 10.5 130 366.7
10 131 364.1 15.2 146 364.2 90 359.7 8.0 119 359.1
15 114 358.7 12.0 119 360.1 80 355.1 6.4 84 355.6
20 102 3546 9.9 115 355.9 69 343.6 4.9 69 347.7
30 80 3479 6.3 108 350.6 - 3344 - - -
40 - 341.6 - - 339.0 - 325.5 - - -
Additive 3°-Butanol 3°-Butanol 2-propanol 2-propanol
[Alcohols] (550 nm) (415 nm) (550 nm) (415 nm)
(VIV)%
0 75 371.2 45 70 370.2 75 371.2 4.5 70 370.2
5 96 367.2 8.7 140 367.0 115 366.9 10.5 121 369.9
10 80 362.2 6.1 91 362.0 110 359.7 8.0 113 365.3
15 70 362.9 4.6 50 362.7 101 355.1 6.4 99 360.6
20 60 357.9 3.5 38 359.5 91 343.6 4.9 57 355.7
30 35 350.2 1.0 49 338.8 70 3344 - - 345.6
40 - 344.0 - 36 340.5 - 325.5 - - 338.5

*AH,, and AGp, (25 °C) are reported as kcal mol™. The uncertainties of AH,, and AGp (25 °C) values reported here are
+5.0 and +1.0 kcal mol™, respectively. T,, is reported in K. The uncertainty of T,, values reported here is +0.5 °C.

Table 4. Alcohol (methanol, Ethanol, 1-propanol, 2-Propanol, 3°-Butanol) dependence of the thermodynamic parameters
for thermal denaturation of Mb as monitored by absorbance at 409 nm at pH 7.0*.

Additive Methanol Ethanol 1-propanol 2-propanol 3°-butanol
[Alcohol]  AH, T AH, T AHp, T AHp, T AH;, Tm
(VIV)%
0 109.8 354.0 109.8 354.0 109.8  354.0 109.8 354.0 109.8  354.0
2.5 108.4 353.6 954 352.4 73.4 3517 171.8 351.9 98.2 350.6
5 1015 353.1 105.1 350.8 99.6 348.3 108.7 350.8 83.4 3455
7.5 90.0 350.0 83.3 345.1 80.2 3343 77.2 3399 55.3 334.9
10 75.8 3485 72.1 3395 70.4 3227 719 3316 37.6 313.2
15 - - 70.3 332.9 - - 73.2 3199 - -

*AH,, is reported here as kcal mol™t. The uncertainties of AH,, values reported here are +5.0 kcal mol™. T, is reported in K.
The uncertainty of T,, values reported here is 0.5 °C.
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Table 5. Alcohol (methanol, TFE, Ethanol, 1-propanol, 2-Propanol, 3°-Butanol) dependence of the thermodynamic
parameters for thermal denaturation of Lyz as monitored by absorbance at 280 nm, pH 2.3*.

Additive Methanol Ethanol 1-propanol

[Alcohol] AHn, Tm AHp, Tm AHq, T

(VIV)%
0 66.6 327.6 66.6 327.6 66.6 327.6
2.5 90.8 325.5 79.5 327.0 78.4 324.4
5 725 324.4 825 325.9 80.9 321.6
7.5 81.8 324.8 79.7 324.7 107.6 318.4
10 82.2 324.1 86.0 3235 100.3 315.8
15 92.8 321.8 96.8 320.0 87.2 308.8
20 99.8 320.3 173.6 318.2 - -

2-propanol TFE 3°-butanol

0 66.6 327.6 66.6 327.6 66.6 327.6
25 87.1 325.0 82.8 325.8 86.7 326.3
5 119.7 323.3 91.6 323.2 109.5 3234
7.5 123.6 320.2 925 320.5 101.1 321.0
10 97.2 317.5 99.5 319.5 109.0 316.2
15 156.8 312.8 98.4 309.5 136.9 313.8
20 - - - - 71.9 303.7

*AH,, is reported here as kcal mol™. The uncertainties of AH,, values reported here are +5.0 kcal mol™. Ty, is reported
in K. The uncertainty of T, values reported here is £0.5 °C.

3.2.7 Analysis of thermal unfolding behavior of proteins in various alcohol solutions with
varied water activity
Tanford (41) theoretically analyzed the effect of hydration and the binding of cosolute on protein
unfolding in a solution (eq (5)),
N+AiW+AjY - U (5)

where W is water and Y is a cosolute that binds to protein upon unfolding, N and U are native and
unfolded states, respectively, Al is the change in the hydration number per protein molecule, Aj is
the change in the bound-cosolute molecules per protein molecule. The reciprocal form of the WT
equation can be used to obtain the Ai value of protein (24, 42),

dinK,, /dina, =[Ai — (X, /X, )] (6)
where Ky s (=[U]/[N]), and Xw and Xy are molar fraction of water and cosolute, respectively. aw
is water activity and it must be known as a function of cosolutes concentrations to utilize eq (6).
The water activity, a,, of a protein solution with a cosolute Y can be expressed as a function of
the mole fraction of Y (Xy) as (23, 43):

a, = (@=X,)exp(aX, + fX; +7X]) )
The experimental parameters, o, p and y were taken from the literature for methanol, ethanol, 1-
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propanol, 2-propanol, 3°-butanol, TFE, GdnHCI, sucrose, and glycerol (23, 26) and are

summarized in Table 6 to describe aw.

Table 6. Parameters in eq (7) to describe water activity of alcohol solutions.*

Solute o B y
Methanol - -0.9888
Ethanol - -2.029
1-propanol - 0.0281
2-propanol - -2.075
3°-butanol - -3.548
TFE - 0.2234
Sucrose - -7.405 -
GdnHCI -0.6462 6.560 -20.97

* From reference (23, 26)

Fig. 9a and Fig. 9b show the typical reciprocal WT plot for unfolding of Ferrocyt ¢ at pH 7.0 and
Lyz at pH 2.3, respectively, in which the logarithm of Ky s of the protein is plotted against the
logarithm of ay of solutions at a fixed temperature. The slope (Ai-(Xw/Xy)Aj) determined for
each alcohol from linear regression fits to eq (6). It was observed that the slope depends on the
kind of alcohols (Fig. 9a,b and Table 7). For both Ferrocyt ¢ and Lyz, the sugars such as sucrose
showed a positive slope while the denaturants such as monohydric alcohols and GdnHCI showed
the negative slopes (Table 7). Among sugars, it has been reported that slopes of the reciprocal
WT plot of reducing and non-reducing sugars are much different (24-25). At high temperatures,
the reducing sugars interact with the proteins groups, however, the non reducing sugars do not
exhibit such type of protein-sugar interactions (25). Being a nonreducing sugar, sucrose does not
exhibit interactions with the protein groups and hence is preferentially excluded from the protein
surface (44-45). Therefore, the term (Xw/Xy)Aj in eq (6) is negligible for sucrose (24-26).
Consequently, the value of Ai is determined from the slope of the WT plot (eq (6)) (24, 26, 44).
The Ai,s thus determined, are 68.3 and 40.2 mol/ mol-protein for Ferrocyt ¢ and Lyz,
respectively. When the Ai, in eq (6) is obtained, the term, (Xw/Xvy)Aj for alcohols can easily be
determined from the slope in Fig. 9a and Fig. 9b (Table 7) and Ai. By fixing the cosolute
concentration, the value of Aj can easily be calculated from (Xw/Xy)Aj. Table 8 summarizes the
calculated values of A;j’s at cosolute concentration of 1 mol/kg-solvent. Among various alcohols
used, the Aj is highest for longer chain alcohols such as 1-propanol (3.82 and 4.96 for Ferrocyt ¢

and Lyz, respectively), but this value is found to be minimum for the methanol (2.17 and 1.20 for
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Ferrocyt ¢ and Lyz, respectively) suggesting that hydrophobic interaction play an important role

in thermal unfolding of the proteins (Table 8).

AAG (kcal mol™)

5
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] j—
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In a, m, (mol/kg-solvent)

Fig. 9 (a) and (b) Reciprocal form of WT plot: Effect of water activity on unfolding ratio of Ferrocyt ¢ (pH 7.0) and
Lyz (pH 2.3), respectively, in agueous solution of alcohols (e, methanol; o, ethanol; o, TFE; A, 1-propanol; V¥, 2-
propanol; and V, 3°-butanol), GdnHCI (0), and sucrose (m). (¢) and (d) AAG is plotted as a function of cosolute
concentration (my) (e, methanol; o, ethanol; o, TFE; A, 1-propanol; ¥, 2-propanol; V, 3°-butanol; ¢, GdnHCI; and
m, sucrose) by eq (12) for thermal unfolding of Ferrocyt ¢ (pH 7.0) and lyz (pH 2.3), respectively. The solid curves
represent linear least-squares fitting of the data.

Table 7. Slope of the reciprocal WT plot for Ferrocyt ¢ and Lyz (eq (6))*.

Methanol Ethanol 1-propanol 2-propanol
Ferrocyt ¢ -53.1 -75.2 -145.0 -100.5
Lyz -26.3 -44.01 -235.5 -104.8
3°-putanol TFE Sucrose GdnHCI
Ferrocyt ¢ -119.3 -108.6 68.3 -170.7
Lyz -108.9 -141.7 40.2 -

*The uncertainties in the value of slope reported here is £0.2.

Table 8. Number of change in bound-cosolute molecules upon protein unfolding, Aj, at cosolute concentration of 1
mol/kg-solvent for Ferrocyt ¢ and Lyz.

Methanol Ethanol 1-propanol 2-propanol
Ferrocyt ¢ 2.17 2.57 3.82 3.02
Lyz 1.20 1.52 4.96 2.61
3°-butanol TFE Sucrose GdnHCI
Ferrocyt ¢ 3.36 3.17 0.00 4.28
Lyz 2.68 3.27 0.00 -
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3.2.8 Thermodynamic analysis for protein conformational stability in the presence of alcohols
Tanford (46) has given a transfer model (eq (8)) to analyze the conformational stability of
protein in solution,

AAG=AG; -AG, = Y o,ndg, (8)
where AAG is the difference of free energies for protein unfolding in a solution (AGy,s) and in
water (AGyp). Green and Pace (47) and Pace (48) proposed a linear extrapolation model (LEM)
for AAG:

AAG=m[m, ] ©)

where my is the concentration of cosolute (mol/kg-solvent) and m is an empirical parameter.

The value of m is positive for protein stabilizers and negative for protein destabilizers. Neither
Tanford transfer model (46) nor Green and Pace (47-48) linear extrapolation model theoretically
provides the direct effect of cosolute concentration on AAG. To evaluate the exact effect of
cosolute concentration on AAG, we have applied eq (10) as Miyawaki et al used earlier for

analyzing the value of Ai in sugar and alcohol solutions (25-26).

AlnK, -AlnK = [Ai —(X,,/X, ) Aj]Ina,, (10)

Further, the role of water activity in protein stability can be obtained from the following
expression (eq (11)) (25-26).

AAG = -RT ( AlnK,, -AlnK., )= -RT[Ai — (X, /X, ) Aj ] Ina,, (11)

As Inay is zero or negative (aw <l), thercfore the hydration term Ai typically functions to
stabilize proteins (eq (10)). While the term, (Xw/Xvy)A]j always destabilizes proteins unless Aj is
negative (49-50). From egs (1) and (11), one can directly relate the effect of cosolute

concentration on AAG of Ferrocyt ¢ and Lyz (eq (12))
AAG = -RT[Ai—(X,/X )N][n(1- X, ) +aX, + BX] +7X; ] (12)

AAG was calculated from eq (12) as a function of cosolute concentration. AAG was found to
depend linearly on my (Fig. 9c,d) indicating the applicability of LEM model. The slope (m-
value) determined for each alcohol from linear regression fits to eq (9) (Fig. 9¢,d). The m-value

was found to depend on the kind of alcohol (Table 9).
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Table 9. m-value of alcohols and sucrose for Ferrocyt ¢ and Lyz unfolding (eq (9)).

Methanol Ethanol 1-propanol 2-propanol
Ferrocyt ¢ -0.71 -0.72 -1.2 -0.9
Lyz -0.29 -0.33 -1.74 -0.72
3°-putanol TFE Sucrose GdnHCI
Ferrocyt ¢ -1.07 -1.4 +0.9 -2.5
Lyz -0.79 -1.51 +0.52 -

*The m-value is reported as kcal mol™ m™. The uncertainties of m-value reported here is +0.2 kcal mol™ m™.

3.3 Discussion

The results obtained from various kinetic and thermodynamic studies of Ferrocyt c in the
presence of various alcohols indicate that the internal motions of Ferrocyt c are reduced in the
subdenaturing limit of alcohols. The probable explanations for the constrained dynamics of
Ferrocyt ¢ at low concentrations of alcohols are discussed. The possible role of water activity on
protein (Ferrocyt ¢, Mb and Lyz) stability in aqueous alcohols solutions and the mechanisms by
which alcohols modulate the protein stability are also discussed in details.

3.3.1 How could protein-alcohols interactions constrain the internal dynamics of native
proteins?
Several previous reports suggest that the alcohol-protein interactions are predominantly
hydrophobic in nature (7, 32-33, 50) which affects both local and nonlocal structures (35, 51). A
particularly interesting situation arises when the alcohol-protein interactions eventually
constrain the internal dynamics of native proteins in the subdenaturing limit of alcohols. A
comprehensive study of the effect of TFE on Lyz suggested that low concentrations of TFE
increases the internal protein interactions by interacting with oxygen atom of —C=0 group and
hydrophobic groups on the protein surface (2). It is evident that the low concentrations of TFE
(~10 (v/v) %) increase the NMR-NOE contacts of native Lyz and thus compacts and tightens the
structural contacts of native protein (2). The other alcohols (methanol, ethanol, 1-propanol, 2-
propanol, and 3°-butanol) may also compact and tighten the structural contacts at low
concentrations (52), but the evidence supporting “increcased NMR-NOE contacts of native
protein at low concentrations of these alcohols” are lacking.

Our global observation reported here support current hypothesis regarding TFE action on
protein structure (1-3) that at low concentrations, the polyfunctional interactions between the

protein group and TFE increases the internal protein interactions and thus restrict the dynamics
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of protein. The decrease in the rate coefficient of CO dissociation reaction in the presence of
subdenaturing concentrations of alcohols could be due to the increase in the internal protein
interactions resulting from some form of alcohol-protein interactions. Such an increase in
intramolecular interactions within protein molecules by subdenaturing concentrations of alcohols
can constrain the internal dynamics of protein or part of it. In subdenaturing limit of alcohols, the
magnitude of decrease in the rate coefficient of the CO dissociation reaction is found higher for
TFE and 1-propanol and is least for methanol. This finding provides two important information,
(1) the internal motional freedom of Ferrocyt c is decreased more by TFE and 1-propanol and
least by methanol, and (ii) in the subdenaturing limit, the CO-dissociation from the NCO is
controlled by the hydrophobicity of alcohol as well as by some specific effects of alcohols as
discussed above.

If the internal motions of protein are constrained by increase in the internal protein
interactions due to some form of alcohol-protein interaction, the restricted thermal fluctuations
then decrease the rate of CO dissociation by increasing the activation energy barrier. The
physical origin of atomic fluctuations and local entropy are similar, therefore, the interactions of
fewer alcohol molecules with the hydrophobic groups on the surface of proteins or on a part of it
will result in the conformational entropy reduction. The data in Table 2 clearly shows that in the
presence of subdenaturing concentrations of alcohols (~10 (v/v) %), both the activation energy
and conformational entropy loss increases. This finding suggests that the internal motional
freedom of the protein is reduced in the presence of subdenaturing concentrations of alcohols.
The substantial reduction in the amplitudes of thermal motions in the presence of subdenaturing
amounts of alcohols conceivably reduces the magnitude of subglobal unfolding motions, and
thus stiffens the protein. Thus, the resultant conformation is dynamically constrained and is

lower in entropy.

3.3.2 How could alcohol-water interactions stabilize the native proteins?

It has been reported that the low concentrations of typical monohydric alcohols (i.e., methanol,
ethanol, and 1-propanol) stabilize the native proteins at low temperatures but they destabilize the
protein at higher temperatures (6, 8, 53), but the exact reasons about these observations are still

not clearly understood. The possible molecular mechanism that brings about a prominent
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relationship between temperature and the effect of alcohols on protein stability can be easily
speculated. At high temperatures, the nonpolar groups are buried under the tightly folded
structures but at sufficiently low temperature, these tightly folded structures unfold and expose
the buried nonpolar groups to water (54). Furthermore, the high temperature transition is not
significantly dependent on hydration of apolar protein side chains (55). Recently, a
comprehensive study of the effect of alcohols on cold denaturation of yeast frataxin suggested
that alcohols may compete with apolar groups of the proteins for water solvation, effectively
making the hydration process of the aploar side chains more difficult (54).

The competition of alcohols with the apolar groups of the protein core for hydration is in
good agreement with general view of water-alcohol interactions (56) intertwined with the
introduction of the hydrophobic force as one of the main factor contributing to protein stability
(57). A number of studies on the dissolution of small nonpolar molecules in water had revealed
that the hydration of these molecules leads to a significant decrease in entropy of the system,
primarily due to increase in the orderness of water molecules (56-58). At the molecular level,
such a decrease in entropy was attributed to formation of iceberg-like structures of water
molecules next to the nonpolar molecule (58). Along the same line, we can explain that entropy
of the system increases much less than expected for an ideal solution of alcohol and water. In this
scenario, monohydric alcohols mediated stabilization of proteins, akin to low-temperature
stabilization; originate by formation of highly ordered water structure which will provide
solvation for nonpolar side chains with little or no reduction of water-water hydrogen bonds but

at a considerable cost of entropy that can stiffen the protein.

3.3.3 Effect of alcohols on protein structures

The existence of highly helical conformations and disrupted tertiary structures induced by
alcohols has been reported for many proteins (10, 39, 59-61). It is interesting to determine the
mechanism by which alcohols enhance the secondary structural elements such as helical
structure on one hand, and disturb the tertiary structure on the other (5, 62-63). For Ferrocyt ¢
and Lyz, the order of effectiveness towards the increase of helical structures and the disruption of
tertiary structure typically follows as: 1-propanol > 2-propanol > methanol (Fig. 5 (Ferricyt c)

and Fig. 6 (Lyz)). This order of effectiveness towards the enhancement of helical structures and
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the disruption of tertiary structure for Ferricyt ¢ and Lyz appear the same as reported in the
literature for other proteins (TFE > propanol > ethanol > methanol) (10, 61, 64).

3.3.4 The role of water activity on protein stability

Equation (12) shows that the water activity plays a vital role in protein stability. AAG varies
linearly with alcohols, sucrose, and GdnHCI concentrations and the m-values for these cosolutes
for protein unfolding were obtained from the slopes of these linear plots (Table 9). The effect of
cosolute on protein stability is indicated by the m-value. In general, for kosmotropic cosolute the
m-value is positive while for the chaotropic cosolute the m-value is negative (26). With
increasing the hydrophobicity of alcohol, the m-value becomes more negative, which indicates
that the disruption in hydrogen-bonding and hydrophobic interactions play a crucial role in
destabilization of protein by alcohols. The destabilizing power of GdnHCI, which is a typical
protein denaturant, is stronger than the alcohols used. The m-value for TFE is not so high in spite
of its strong a-helix forming power, (65-67) indicating that TFE is a weaker protein destabilizer

at higher concentration and stronger stabilizer in subdenaturing concentrations.

3.4 Conclusion

On going from the native to strongly unfolding conditions the thermal motion of the Ferrocyt ¢
first decreases and then increases as the protein is taken from subdenaturing to denaturing or
unfolding milieu. In the subdenaturing limit of alcohols, the extent of decrease in amplitudes of
thermal motions of the protein is found to be higher for TFE and 1-propanol and is least for
methanol, indicating that the internal dynamics of Ferrocyt c is constrained to a greater extent by
TFE and 1-propanol and least by methanol. This finding further suggests that the thermal motion
of the protein in the subdenturing limit of alcohols is controlled by the hydrophobicity of alcohol
as well as by some specific effects of alcohols. The first phase of motional constraint is due
likely to intramolecular protein cross-linking effect of the alcohols, while the second phase
reflects promotion of selective unfolding of the protein or a structural unit of it (i.e., M80
containing-Q-loop). The increase in intramolecular interactions within protein molecule by
subdenaturing concentrations of alcohols results in conformational entropy reduction, and thus
stiffens the protein. As compared to methanol, the extent of conformational entropy reduction is

more for TFE and 1-propanol. Analysis of thermal unfolding curves of Ferrocyt ¢, Mb, and Lyz
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show that the value of T, decreases with increase in alcohols concentration, indicating that

alcohol decrease the thermal stability of proteins. The Tny-values for Ferrocyt ¢, Mb, and Lyz

were found to decrease more for longer and linear chain alcohols, indicating that the

destabilization of proteins by alcohols is due to the disturbance of hydrophobic interactions. The

reciprocal form of WT equation was used to determine the effect of water activity on Ferrocyt c

and Lyz stability. From this, AAG of protein in alcohol solution was determined. The m-values

were determined from the slope of AAG vs [alcohols] plot. The m-values were found more

negative for longer and linear chain alcohols, consistent with destabilization of proteins by

alcohols through the disturbance of hydrophobic interactions and hydrogen-bonding.

3.5 References

1.

© © N o 0

11.
12.

13.

14.

Hong, D.P., Hoshino, M., Kuboi, R., and Goto, Y. (1999) J. Am. Chem. Soc. 121, 8427—
8433.

Povey, J.P., Smales, C.M., Hassard, S.J., and Howard, M.J. (2007) J. Struct. Biol. 157, 329—
338.

Roccatano, D., Colombo, G., Fioroni, M., and Mark, A.E. (2002) Proc. Natl. Acad. Sci.
U.S.A. 99, 12179-12184.

Onori, G., Passeri, S., and Cipiciani, A. (1989) J. Phys. Chem. 93, 4306-4310.

Hirato, N., Mizuno, K., and Goto, Y. (1998) J. Mol. Biol. 275, 365-378.

Velicelebi, G., and Sturtevant, J.M. (1979) Biochemistry 18, 1180-1186.

Parodi, R.M., Bianchi, E., and Ciferri, A. (1973) J. Biol. Chem. 248, 4047-4051.

Brandts, J.F., and Hunt, L. (1967) J. Am. Chem. Soc. 89, 4826-4838.

Franks, F., and Eagland, D. (1975) CRC crit. Rev. Biochem. 3, 165-219.

Herskovits, T.T., Gadegbeku, B., and Jaillet, H. (1970) J. Biol. Chem. 245, 2588-2598.
Conio, G., Patrone, E., and Brighetti, S. (1970) J. Biol. Chem. 245, 3335-3340.
Frauenfelder, H., Parak, F., and Young, R.D. (1988) Ann. Rev. Biophys. Biophys. Chem. 17,
451-479.

Schlichting, 1., Berendzen, J., Phillips, G.N., and Sweet, R.M. (1994) Crystal Nature 371,
808-812.

Bai, Y., Sosnick, T.R., Mayne, L., and Englander, S.W. (1995) Science 269, 192-197.

42



15.
16.

17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

38.

39.

40.

Leszczynski, J.F., and Rose, G.D. (1986) Science 234, 849-855.

Hoang, L., Maity, H., Krishna, M.M.G., Lin, Y., and Englander, S.W. (2003) J. Mol. Biol.
331, 37-43.

Xu, Y., Mayne, L.C. and Englander, S.W. (1998) Nature Struct. Biol. 5, 774-778.

Yadaiah, M., Kumar, R., and Bhuyan, A.K. (2007) Biochemistry 46, 2545-2551.

Berghuis, A.M., and Brayer, G.D. (1992) J. Mol. Biol. 223, 959-976.

Morgan, J.D., and McCammon, J.A. (1983) Biopolymers 22, 1579-1593.

Petsko, G.A., and Ringe, D. (1984) Ann. Rev. Biophys. Bioeng. 13, 331-371.
Bellissent-Funel, M. (1999) Hydration Processes in Biology, 10S Press, Amsterdam.
Miyawaki, O., Saito, A., Matsuo, T., and Nakamura, K. (1997) Biosci. Biotechnol. Biochem.
61, 466—-469.

Miyawaki, O. (2007) Biochim. Biophys. Acta: Prot. Proteom. 1774, 928-935.

Miyawaki, O. (2009) Biophys. Chem. 144, 46-52.

Miyawaki, O., and Tatsuno, M. (2011) J. Biosci. Bioeng. 111, 198-203.

Santoro, M.M., and Bolen, D.W. (1988) Biochemistry 27, 8063-8068.

Margoliash, E., and Frohwirt, N. (1959) Biochem. J. 71, 570-572.

Varhac, R., Antalik, M., and Bano, M. (2004) J. Biol. Inorg. Chem. 9, 12-22.

Kumar, R., Prabhu, N.P., Yadaiah, M., and Bhuyan, A.K. (2004) Biophys. J. 87, 2656-2662.
Filiaci, M., and Nienhaus, G. U. (1997) Eur. Biophys. J. 26, 209-214.

Tanford, C. (1968) Adv. Protein. Chem. 23, 121-282.

Timasheff, S.N. (1970) Acc. Chem. Res. 3, 62-68.

Wilkinson, K.D., and Mayer, A.N. (1986) Arch. Biochem. Biophys. 250, 390-399.
Alexandrescu, A.T., Ng, Y-L., and Dobson, C.M. (1994) J. Mol. Biol. 235, 587-599.

Ptitsyn, O.B., Bychkova, V.E., and Uversky, V.N. (1995) Philos. Trans. R. Soc. London B
Biol. Sci. 348, 35-41.

Shiraki, K., Nishikawa, K., and Goto, Y. (1995) J. Mol. Biol. 245, 180-192.

Kaminsky, L.S., Yong, F.C., and King, T.E. (1972) J. Biol. Chem. 247, 1354-1359.
Bychkova, V.E., Dujsekina, A.E., Klenin, S.1., Tiktopulo, E.I., Uversky, V.N., and Ptitsyn,
0.B. (1996) Biochemistry 35, 6058-6063.

Santoro, M.M., and Bolen, D.W. (1992) Biochemistry 31, 4901-4907.

43



41.
42,
43,
44,
45,

46.
47.
48.
49.
50.
ol.
52.
53.

54.

55.
56.
57.
58.
59.
60.

61.
62.

63.

64.

Tanford, C. (1969) J. Mol. Biol. 39, 539-544.

Jenkins, W.T. (1998) Protein Sci. 7, 376-382.

Kozak, J.J., Knight, W.S., and Kauzmann, W. (1968) J. Chem. Phys. 48, 675-690.

Lee, J.C., and Timasheff, S.N. (1981) J. Biol. Chem. 256, 7193-7201.

Kendric, B.S., Chang, B.S., Arakawa, T., Peterson, B., Randorf, T.W., Manning, M.C., and
Carpenter, J.F. (1997) Proc. Natl. Acad. USA 94, 11917-11922.

Tanford, C. (1970) Adv. Protein. Chem. 24, 1-95.

Greene, R.F., and Pace, N. (1974) J. Biol. Chem. 249, 5388-5393.

Pace, C.N. (1986) Meth. Enzymol. 131, 266-280.

Kaushik, J.K., and Bhat, R. (2003) J. Biol. Chem. 278, 26458—26465.

Gerlsma, S.Y. (1968) J. Biol. Chem. 243, 957-961.

Fan, P., Bracken, C., and Baum, J. (1993) Biochemistry 32, 1573—1582.

Sashi, P., Yasin, U.M., and Bhuyan, A.K. (2012) Biochemistry 51, 3273-3283.

Brandts, J.F. (1969) Structure and Stability of Biological Macromolecules (Timasheff, S. N.,
Fasman, G. D., Ed.), pp 213-290, Dekker, New York.

Martin, S.R., Esposito, V., Rios, P.D.L., Pastore, A., and Temussi, P.A. (2008) J. Am. Chem.
Soc. 130, 9963-9970.

Privalov, P.L. (1990) Crit. Rev. Biochem. Mol. Biol. 25, 281-305.

Frank, H.S., and Evans, M.W. (1945) J. Chem. Phys. 13, 507-532.

Kauzmann, W. (1959) Adv. Protein Chem. 14, 1-63.

Frank, H.S., and Wen, W-.Y. (1957) Disc. Faraday. Soc. 24, 133-140.

Kamatari, Y.O., Konno, T., Kataoka, M., and Akasaka, K. (1998) Protein Sci. 7, 681-688.
Kamatari, Y.O., Ohji, S., Konno, T., Seki, Y., Soda, K., Kataoka, M., and Akasaka, K.
(1999) Protein Sci. 8, 873-882.

Bianchi, E., Rampone, R., Tealdi, A., and Ciferri, A. (1970) J. Biol. Chem. 245, 3341-3345.
Walgers, R., Lee, T.C., and Cammers-Goodwin, A. (1998) J. Am. Chem. Soc. 120, 5073-
5079.

Anderson, N.H., Cort, J.R., Liu, Z., Sjoberg, S.J., and Tong, H. (1996) J. Am. Chem. Soc.
118, 10309-10310.

Perham, M., Liao, J., and Stafshede, P.W. (2006) Biochemistry 45, 7740-7749.

44



65. Kentsis, A., and Sosnick, T.R. (1998) Biochemistry 37, 14613-14622.
66. Brooks, C.L., and Nilsson, L. (1993) J. Am. Chem. Soc. 115, 11034-11035.
67. Luo, P., and Baldwin, R.L. (1997) Biochemistry 36, 8413-8421.

45



Chapter 4

Effect of Compatible Osmolytes on the Stability and
Dynamics of Proteins

4.1 Introduction

Proteins are complex systems that show extensive structural variability in their native state (1).
The native conformation of proteins under external stress such as dehydration, temperature
variations, variable pH, freezing, high salinity, and internal stress such as high concentrations of
denaturants can be stabilized by the accumulation of low-molecular-weight organic molecules,
termed as osmolytes or osmoprotectants (2-7). Under protein stabilization conditions, many
physicochemical approaches have provided significant evidences for the interaction of osmolytes
with proteins (8-18). However, due to the multifarious structures of the native proteins, an exact
molecular explanation of the interaction of osmolytes with functional groups of proteins is not
reported. The osmolytes can interact with the proteins both directly (19-22) as well as indirectly
(16,22-24). Few previous studies suggest that the unfavorable interactions between the hydration
surfaces of proteins and osmolytes stabilizes native conformation of proteins (5,7,25-30).

The interrelationships between protein function, stability, and dynamics can play important
roles in protein engineering and biological processes. The stability of a protein is the outcome of
equilibrium between the interactions of the functional groups of proteins with each other and
with the solvent environment. Generally, the stability and dynamics of proteins in solution are
strongly coupled to the dynamics of solvent (31-35). Addition of osmolytes into the protein
solution can alter the stability and internal dynamics of proteins (7,12,20-23,25-27,30,36-39).
Compatible osmolytes such as TMAO and GB have been shown to do the following: (i) increase
the thermodynamic stability of proteins (2,3,5,8,17,29-30,40-42), (ii) counteract the destabilizing
effects of denaturants (2,3,5,8,17,29-30,40-42), salts (18,40), and hydrostatic pressure (19-
20,40), and (iii) refold the partially denatured proteins (9-12,40,43). Few earlier reports have also
shown that the compatible osmolytes such as TMAO and sucrose can restrict the internal
dynamics of proteins (36-38). This chapter investigates the effect of a compatible osmolyte such
as GB and TMAO on the thermodynamic stability and internal dynamics of Cyt ¢ and Mb.

GB and TMAO are the best excluder from the protein surface and are the most potent
osmoprotectants (3,5,7,27-28,30,44-45). It has been found that GB and TMAO not always

46



stabilize the proteins but their effects on protein stability depend on the pH of solution,
concentration of the osmolyte, and the types of protein (40-42). Few earlier studies have shown
that the effects of GB and TMAO on the stability of Lyz, a-lactalaloumin, and RNase-A are pH
dependent (40,42). This chapter shows that GB and TMAO increase the thermodynamic stability
of Cyt ¢ and Mb at neutral pH while decrease the thermodynamic stability of these proteins at
mildly acidic pH. In addition, this chapter also demonstrates that GB and TMAO counter the
deleterious effect of denaturants (GdnHCI and urea) at neutral pH while they show cumulative
effect on the deleterious effect of denaturants at mildly acidic pH. While the counteraction
effects of osmolytes on the deleterious effect of denaturants (GdnHCI and urea) are studied
extensively (2,5,7,12-16,23,29) the additive effects of osmolytes on the denaturing effects of
denaturants on proteins are not studied so far.

Though, fast protein motions that control conformational transitions responsible for
biological functions have been extensively studied (46-47), however, only few studies are
available which show the relatively slow changes in structural dynamics of proteins across the
folding-unfolding transition (48). By probing the changes in thermal fluctuations at both atomic
and large-scale collective level, the possible roles of structural dynamics in folding can be
obtained. Although, the effects of denaturants (urea and GdnHCI) on the internal dynamics of
native Cyt ¢c and Mb have been investigated, (49-54), the effect of osmolytes such as GB on the
on the internal dynamics of natively folded carbonmonoxycytochrome c¢ (NCO) and
carbonmonoxymyoglobin (MbCO) are not studied so far. Furthermore, the effect of GB on the
structural fluctuation of the Q-loop of NCO across the folding-unfolding transition of the protein
also remains elusive. In this chapter, the effects of GB on the internal dynamics of NCO and
MbCO have been studied by measuring the rates of CO dissociation from NCO and CO
replacement from MbCO by hexacyanoferrate ion under conditions of varying concentrations of
GB at pH 7.0. In addition, in this chapter the effects of GB on the structural fluctuation of the Q-
loop of NCO across the folding-unfolding transition have been studied by measuring the rates of
thermally-driven CO dissociation from NCO under varying concentrations of denaturant
(GdnHCI or urea) both in the absence and presence of 1.0 M GB at pH 7.0. The current results
show that GB constrains the internal dynamics of NCO and MbCO at neutral pH. The major
endeavor of this work is to demonstrate that within the subdenaturing limit of denaturants, GB
and GdnHCI or urea show a cumulative effect on the restricted dynamics of NCO while in the

subdenaturing to denaturing milieu, the large-scale unfolding fluctuations dominate the dynamics
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and the inclusion of GB opposes the structural fluctuations that cause the unfolding of the

protein.

4.2 Results

4.2.1 Thermal dissociation of CO from NCO and CO replacement from MbCO by
hexacyanoferrate ion

CO dissociation from the natively folded CO-liganded Ferrocyt ¢ (NCO) raises the intensity of
the a-band (Fe**-CO+M80 — Fe?*-M80+CO) (chapter 3, Fig. 2a). The CO dissociation reaction
(NCO—N+CO) described here is thermally-driven and hence is slow. Fig. la shows a
representative CO dissociation kinetic profile of NCO in the presence of ~0.06 M GdnHCI (t
=23 min) at 25 °C.
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Fig. 1 (a) The slow single-phase dissociation of CO from NCO, NCO — N+CO (t =23 min., 0.06 M GdnHClI,
25°C). The NCO — N+CO reaction was probed at 550 nm, the A, of the N-state spectrum. (b) The slow single-
phase replacement of CO from MbCO, MbCO+CN — MbCN+CO (t=0.6 min., 0.0 M GB, 22°C). The MbCO+CN
— MbCN+CO reaction was probed at 421 nm.

The CO replacement reaction of MbCO by hexacyanoferrate ions, which is obtained by

Ks[Fe(CN)s] can be described as:

ko k.
MbCO + CN- k“ Mb + CO + CN" kﬁc” MbCN + CO
on _CN

where the displacing ligand CN™ has a higher affinity for Mb because k.cn « Kog. After the
addition of MbCO into Ks[Fe(CN)s] solution, the pseudo-first order condition can be used to

estimate the Kofr. The observed rate constant Kapp, is then given by (55),

k — koff k+CN + k-CNkon + koff k-CN (1)
P kon + k+CN + k-CN
Since CN™ binds much faster and dissociates much slower than CO, so kicn » Kon, @and K.y « Kot

Further, k.cn « kscn. The eq (1) then simplifies to kapp ~ Korr. Fig. 1b presents the single phase CO
replacement kinetic profile of MbCO in the absence of GB at 22 °C (ko = 0.028 ™).
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4.2.2 GB dependence of the 10g Kgiss, AH jioor aND AS o

Fig. 2a and Fig. 2b show the variation of the log Kgiss and log ket for NCO and MbCO,
respectively, as a function of GB concentration. As GB concentration is increased from 0.0 to 2.0
M, the values of log Kgiss (for NCO) and log kosr (for MbCO) decrease monoexponentially,
indicating that GB restricts the internal dynamics of native Ferrocyt ¢ and Mb at pH 7.0. To
further investigate the effect of GB on the internal dynamics of these proteins, the GB

dependence of the activation enthalpy (AH ‘) and activation entropy (AS,... ) 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 GB, then the activation energy barriers or 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 ~1.0 M GB at pH 7.0. To estimate the GB effect on the activation enthalpies and
activation entropies for the CO dissociation and CO replacement reactions of NCO and MbCO,
respectively, the Eyring plots in Fig 2c and Fig. 2d were analyzed by using the Eyring equation

(eq (2)) (54,56),

— I i
In(kdiss/off h/ kBT) _(ASdiss/off / R) - (AH diss/off / RT) (2)
T T T 1 T T T 1 T T T T T T T
-3.10 Cyte 34— cyte T
o F e _|
I\U_’, ém 35 - 1
g <, -36 -
~ XE L i
3 El 7]
-38 |-(©) —
| , | , | , |
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31— Mb —
a = B 7
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5 = L i
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Fig. 2 Panels (a) and (b) show the effects of GB on the rate of the CO dissociation reaction, NCO — N+CO and CO
replacement reaction, MbCO+CN™ — MbCN+CO, respectively, at pH 7.0. The line through data has been drawn to
guide the eye only and do not represent a functional dependence of rate constant on the GB concentration. Panels (c)
and (d) present the Eyring plots for the CO dissociation reaction and CO-replacement reaction, respectively, 50 mM

phosphate buffer, pH 7.0, with no additives (o), and in the presence of 1.0 M GB (e). The solid lines in panels (c)
and (d) are the linear least square fit to the data.
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As expected, relative to in the absence of GB, the values of AH,.' and AH ,*increase in the

diss

presence of 1.0 M GB (Fig.2c,d and Tables la-1b), which indicates that the GB decreases the

motional freedom of the native proteins at neutral pH.

Table 1a. Activation enthalpy (AH,s") and activation entropy (AS.') for CO dissociation reaction of NCO in the
absence and presence of 1.0 M GB at pH 7.0*

Additive Additive concentration, (M) AHgiss® ASgisst
Control 0.0 23.9(x0.2) 6.8(x0.5)
GB 1.0 24.7(+0.1) 9.2(+0.5)

*AH* s and AS*yss are reported as kcal mol™ and cal mol™ K™ respectively. The uncertainty (standard error) is
indicated in parenthesis.

Table 1b. Activation enthalpy (AHa.'), activation entropy (AS.s') for CO replacement reaction of MbCO in the
absence and presence of 1.0 M GB at pH 7.0*

Additive Additive concentration, (M) AHgiss” ASgiss”
Control 0.0 19.1 (+0.002) -1.0 (x0.01)
GB 1.0 20.6 (+0.003) 3.4 (x0.01)

*AH g, and AS*giss, are reported as kcal mol™, and cal mol™ K™, respectively. The uncertainty (standard error) is
indicated in parenthesis.

4.2.3 Effect of GB on the AGp and denaturants-dependent log Kgiss 0f NCO

Fig. 3a shows the fluorescence-monitored normalized GdnHCI and urea denauration curves of
Ferrocyt ¢ in the absence and presence of 1.0 M GB at pH 7.0, 25 °C. Both in the absence and
presence of 1.0 M GB, Ferrocyt ¢ is completely unfolded in the presence of 6.0 M GdnHCI (Fig.
3a), while within the limit of the aqueous solubilities of urea, Ferrocyt ¢ exhibits incomplete
unfolding (Fig. 3a) (54-56). Fig. 3a also shows that the GdnHCI-induced unfolding curve of
Ferrocyt ¢ shift towards the higher concentration of GdnHCI in the presence of 1.0 M GB. Two-
state analysis (chapter 2, eq (5)) of the GdnHCI-induced unfolding curves of Ferrocyt ¢ (57) in
the absence and presence of 1.0 M GB yields denaturation free energy, AGp = 17.1 kcal mol™
and surface area exposed by solvent, my =3.3 kcal mol*M™? in the absence of GB while AGp
=18.4 kcal mol™ and mg =3.2 kcal mol™ M™ are obtained in the presence of 1.0 M GB. This
finding suggests that GB increases the thermodynamic stability of the protein.

To test the effect of GB on the structural fluctuation of the M80 containing Q-loop of the
native and denatured-state of Ferrocyt c, the rate coefficients of CO dissociation from NCO were
measured as a function of GdnHCI or urea concentrations both in the absence and presence of
1.0 M GB. Fig. 3b shows the effect of GB on the denaturant (urea or GdnHCI) dependence of log

Kgiss. When the concentration of denaturant in the reaction medium is raised starting from 0.0 to
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4.5 M GdnHCI or 9.5 M urea, the value of log kgiss initially decreases and then increases,
displaying inflections centered at ~2.5 M GdnHCI or ~5.5 M urea in the absence of GB. The
decrease in log Kgiss in the subdenaturing limit of denaturants has been taken as an evidence for
internal motional constraints of the protein in the subdenaturing limit of denaturant (51), which
tends to block the CO dissociation from the NCO.

Fraction unfolded

|Og kdiss (s_l)

T I R
00 25 50 75 100 0.00315 0.00325 0.00335 0.00345
[Denaturant] (M) [1/T] (K™)

Fig. 3 (a) Denaturant (GdnHCI and urea)-induced fluorescence monitored equilibrium unfolding curves of Ferrocyt
¢ measured in the absence (GdnHCI (o), urea (o)) and presence of 1.0 M GB (GdnHCI (m), urea (®)) at pH 7.0, 25
°C. The continuous curves are the fit of the data to two-state equation (chapter2, eq (5)) (59). The values of AGp and
m, obtained are ~17.1 kcal mol™, 3.3 kcal mol™ M™ and ~18.4 kcal mol™, ~3.2 kcal mol™ M™ for GdnHClI in the
absence and presence of 1.0 M GB, respectively. (b) GdnHCI and urea-dependence of log Kkgiss in the absence
(GdnHCI (o), urea (o)) and presence of 1.0 M GB (GdnHCI (m), urea (e)) at pH 7.0, 25 °C. (c) Eyring plots for the
CO dissociation reaction, 50 mM phosphate buffer, pH 7.0, with no additive (e); 2.5 M GdnHCI in the absence ()
and presence (4) of 1.0 M GB; 4.0 M GdnHCI in the absence (A ) and in the presence (A) of 1.0 M GB (d) Eyring
plots for the CO dissociation reaction, 50 mM phosphate buffer, pH 7.0, with no additive (), 5.5 M urea in the
absence (0) and presence (¢) of 1.0 M GB; 7.5 M urea in the absence (V) and presence (¥) of 1.0 M GB; 9.0 M
urea in the absence (A) and presence (A) of 1.0 M GB. Activation enthalpies, activation entropies, and
conformational entropy loss relative to native-state entropy are listed in Table 2.
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Since both GB and subdenaturing concentrations of GdnHCI (<2.5 M GdnHCI) or urea (<
5.5 M urea) individually decreases the rates of CO dissociation (Fig. 2a and Fig. 3b), the
coexistence of the two in the reaction medium is expected to produce a cumulative effect on the
rates of CO dissociation. The denaturants dependence of the log kiiss in the absence and presence
of 1.0 M GB is shown in Fig. 3b. Fig. 3b clearly shows that the rate-denaturant profile is shifted
vertically down to lower log kgiss in the presence of 1.0 M GB (Fig. 3b). A horizontal shift toward
higher concentration of denaturant is also apparent in the presence of 1.0 M GB (Fig 3b). Both
vertical and horizontal shifts indicate that within the subdenaturing limit of denaturant, GB
shows a cumulative effect with denaturant on the decrease of structural fluctuations of the Q-
loop of the protein. In the subdenaturing to denaturing region, the increase in log Kgiss (Fig. 3b)
can be interpreted to arise from protein destabilization and structural unfolding action of
denaturant (51) that would facilitate the CO dissociation from the NCO. The log Kgiss increases to
a lesser extent in the presence of 1.0 M GB than in the absence (Fig. 3b), which indicates that the
inclusion of GB opposes the structural fluctuations that cause the structural unfolding of the
protein. To investigate the effect of GB on the structural fluctuations of the native and denatured

states of Ferrocyt ¢ further, the values of AH__*and AS,_ *for the CO dissociation reaction at

diss diss

different denaturant (GdnHCI or urea) concentrations both in the absence and presence of 1.0 M
GB were estimated. Fig. 3c shows the Eyring plots for the CO dissociation reaction in the
presence of 0.05 M GdnHCI in the absence of GB, and 2.5 and 4.0 M GdnHCI both in the
absence and presence of 1.0 M GB. The Eyring plots for the CO dissociation reaction in the
presence of 0.05 M GdnHCI in the absence of GB, and 5.5, 7.5 and 9.0 M urea both in the
absence and presence of 1.0 M GB are shown in Fig. 3d. The Eyring plots in Fig. 3c and Fig. 3d

were analyzed by using the Eyring equation (eq (2)) (54,56). The estimated values of AH,_*

diss

and AS,_*are summarized in Table 2. The conformational entropy loss, AAS,_* for NCO in the

diss diss

presence of additive relative to the entropy of the protein in the absence of additive was

calculated and summarized in Table 2. The data in Table 2 clearly show that in the subdenturing

limit of denaturants, the values of AH__*and AAS,_*increase, while in the denaturing limits, the

diss diss

values of these thermodynamic parameters decrease. Remarkably, within the subdenaturing limit

of denaturant, the values of AH__*and AAS,_*increase to a greater extent in the presence of GB

diss diss
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than in the absence of GB. However, within the denaturing limits of denaturants, the value of

AH_ *and AAS,_*decrease to a lesser extent in the presence of GB than in the absence of GB.

diss diss

Table 2. Activation enthalpy (AHas'), activation entropy (AS.+) and conformational entropy loss (AASas+) for
for CO dissociation reaction of NCO at pH 7.0*

Additive Additive concentration, (M) AHgiss" ASgiss* AASgiss*
Control 0.0 23.9(#0.2) 6.8(x0.5) 0.0

GB 1.0 24.7(:0.1) 9.2(+0.5) 2 4(+0.1)
GdnHCl 25 27.9(:0.2) 19.2(+0.6) 12.4(0.1)
GdnHCI+1 M GB 2.5 28.9(+0.4) 21.9(1.0) 15.1(0.5)
GdnHCl 4.0 23.1(+0.3) 7.0(+0.8) 0.2(+0.3)
GdnAclHL M 4.0 24.0(+0.3) 7.6(x0.8) 0.8(0.3)
Urea 55 27.8(:0.2) 19.1(0.5) 12.3(0.1)
Urea+1 M GB 55 20.0(+0.3) 22.5(+1.0) 15.7(0.5)
Urea 75 23.7(+0.3) 6.6(+0.8) 10.2(+0.3)
Urea+1 M GB 75 20.3(+0.2) 23.0(0.5) 16.2(0.1)
Urea 9.0 23.4(x0.1) 6.5(+0.4) 0.2(0.1)
Urea+1 M GB 9.0 27.7(+0.4) 18.6(+1.2) 11.8(0.7)

*AH* iss, AS*aiss, and AAS* s are reported as kcal mol™, cal mol™ K™, and cal mol™ K™, respectively. The
uncertainty (standard error) is indicated in parenthesis.

4.2.4 Effect of GB on the secondary structures of native- and denatured states of Ferricyt ¢ at
neutral pH 7.0 and mildly acidic pH 3.8

Far-UV CD spectrum of Ferricyt ¢ at 25 °C exhibits a negative Cotton effect at 222 nm that
reflects the secondary structure of the native protein at pH 7.0 (Fig. 4a) or pH 3.8 (Fig. 4b). On
raising the temperature from 25 to 90 °C or denaturant concentration from 0.0 to 5.0 M GdnHCl,
the negative Cotton effect is eliminated at pH 7.0 (Fig. 4a) or pH 3.8 (Fig. 4b), indicating that the
secondary structure of the protein is significantly disrupted. The effect of GB on the far-UV CD
spectra of native and denatured (by ~5.0 M GdnHCI or ~8.5 M urea) states of Ferricyt ¢ at pH
7.0 and pH 3.8, are shown in Fig. 4c and Fig. 4d, respectively. Fig. 4c and Fig. 4d clearly shows
that at both pH 7.0 and pH 3.8, the far-UV CD signals of native state of Ferricyt ¢ do not change
significantly in the presence of 1.0 M GB, indicating that the GB does not greatly affect the
secondary structure of native protein (Fig. 4c and Fig. 4d). However, in the presence of 1.0 M
GB, the denatured-protein gains some far-UV CD signals at pH 7.0, indicating that the GB

induces the secondary structures of denatured protein at pH 7.0 (Fig. 4c).
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Fig. 4 The effect of GB on the native and denatured states of Ferricyt ¢. Panels (a) and (b) present far-UV CD
spectra of native (solid line, 25°C) and temperature (dashed line, 90°C) and GdnHCI (dotted line, 5.0 M GdnHCI)-
denatured states of Ferricyt ¢ collected at pH 7.0 (panel (a)) and pH 3.8 (panel (b)). The far-UV CD spectra of native
Ferricyt ¢ in the absence (——) and presence of 1.0 M GB (+++) are shown in panels (c) and (d) at pH 7.0 and 3.8,
respectively. Panels (c) and (d) also show the far-UV CD spectra of denaturant-induced denatured state of Ferricyt ¢
(8.0 M urea and 5.0 M GdnHCI) both in the absence (urea (3x%x) and GdnHCI (------)) and presence of 1.0 M GB
(urea (AAAA) and GdnHCI (ee<)) at pH 7.0 and 3.8, respectively.

4.2.5 Effect of GB and TMAO on the Tr,, AHm and AGy of Cyt ¢ and Mb in aqueous solution
Fig. 5a and Fig. 5b show the heme absorption (550 nm) and far-UV CD (222 nm) monitored
thermal denaturation curves of Ferrocyt ¢ (pH 7), respectively, in the absence and presence of 1.0
M GB. The representative absorbance (409 nm) monitored thermal unfolding curves of Mb in
the absence and in the presence of 1.0 M GB and 1.0 M TMAO at pH 7.0 and pH 4.5 are shown
in Fig. 5¢ and Fig. 5d, respectively. The representative far-UV CD (222 nm) monitored thermal
unfolding curves of Ferricyt ¢ both in the absence and presence of 1.0 M GB at pH 7.0 and pH
3.8 are shown in Fig. 5e and Fig. 5f, respectively. It is clear from Fig. 5 that in the presence of
1.0 M GB or 1.0 M TMAO, the thermal unfolding curves get shifted to higher temperatures at
pH 7.0 (Fig. 5a,b,c,e) while they get shifted to lower temperatures at pH 3.8 or pH 4.5 (Fig. 5
d,f). The thermal unfolding curves were analyzed for thermal denaturation midpoint (Tp),

enthalpy of denaturation (AHy), and heat capacity change (AC,) by using a non-linear least
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squares method according to the Gibbs Helmholtz equation (chapter 2, egs (2) and (3)). For
Ferrocyt c, Ferricyt ¢, and Mb the resulting T, AHy and AC, in the absence and presence of GB
or TMAO are provided in Table 3, Table 4, and Table 5, respectively. The T, values increase in
the presence of GB or TMAO at pH 7.0 while they decrease at pH 3.8-4.5 (Tables 3-5). By using
AHm, Tm, and AC, values and eq (3) (chapter 2), the AGy values at 25 °C were determined as a
function of GB and TMAO concentration and are given in Tables 3-5.The AGt value increases
linearly with GB and TMAO concentration at pH 7.0 (Insets of Fig. 5c,e) while it decreases at
pH 3.8-4.5 (Insets of Fig. 5d,f). This finding indicates that GB and TMAO increase the
thermodynamic stability of the proteins at neutral pH while decrease it at mildly acidic pH.
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Fig. 5 (a) Thermally induced unfolding of Ferrocyt ¢ monitored at 550 nm in the Soret region as the change in
excitation coefficient in the absence (o) and presence of 1.0 M GB (s), pH 7.0. (b) Thermally induced unfolding of
Ferrocyt ¢ monitored at CD-222 nm in the absence (o) and presence of 1.0 M GB (e), pH 7.0. (c) Thermally
induced unfolding of Mb monitored at absorbance-409 nm as the change in excitation coefficient in the absence (o)
and presence of 1.0 M GB (e) and 1.0 M TMAO (A), pH 7.0. (d) Thermally induced unfolding of Mb monitored at
409 nm as the change in excitation coefficient in the absence (o) and presence of 1.0 M GB (e) and 1.0 M TMAO
(A), pH 4.5. Panels (e) and (f) present far-UV CD monitored thermal unfolding curves of Ferricyt ¢ measured at pH
7.0 and pH 3.8, respectively, in the absence (0) and presence of ~1.0 M GB (®).The solid curves in panels (a), (b),
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(c), (d), (e) and (f) represent non-linear least-squares fit to the Gibbs Helmholtz equation (chapter 2, egs (2) and
(3)). Insets of panels (c) and (d) show the variation of change in thermal unfolding free energy, AGtof Mb with GB
(®) and TMAO (A) concentration at pH 7.0 and pH 4.5, respectively. Insets of panels (e) and (f) show the variation
of change in thermal unfolding free energy, AGt of Ferricyt ¢ with GB (®) concentration at pH 7.0 and pH 3.8,
respectively. The solid lines in insets of panels (c), (d), (e) and (f) represent linear least-squares fit of the AG+t vs
[osmolyte] data.

Table 3. GB dependence of the Ty, AHm, AC, and AGy for thermal unfolding of Ferrocyt ¢ (absorbance 550 nm) at pH
7.0 *

GB (M) T (K) AHp, (Kcal mol™) AC, (Kcal mol* K™) AGr (Kcal mol™)
0.0 372.8 115.0 1.5 12.6
1.0 373.4 121.8 1.5 13.3

*The uncertainties of Tn,, AHy, AGrand ACp values reported here are +0.5 °C, +2.0 kcal mol™, +0.5 kcal mol™ and
+0.2 kcal mol™ K™, respectively.

Table 4. GB dependence of the Ty, AHp, AC, and AGy for thermal unfolding of Ferricyt ¢ (CD 222 nm) at pH 7.0
and 3.8.*

pH 7.0 pH3.8
GB Tm AHp, AC, AGt Tm AHp, AC, AGr
(M) (K) (Kcal (Kcal (Kcal (K) (Kcal (Kcal mol™ (Kcal
mol™)  mol*K') mol?) mol™) K™ mol™)
0.0 362.9 83.5 1.3 6.9 342.8 65.7 1.1 5.2
0.5 363.4 85.0 12 7.8 336.6 60.1 1.1 4.4
1.0 364.5 86.0 1.3 7.3 330.9 54.7 1.1 3.6
15 365.5 87.0 12 8.1 325.5 45.2 1.0 2.6

*The uncertainties of T, AHm, AGrand ACs values reported here are +0.5 °C, +2.0 kcal mol™?, 0.5 kcal mol™ and +0.2
kcal mol™ K, respectively.

Table 5. GB and TMAO dependence of the Tr,, AH,, AGt and AC, for thermal unfolding (absorbance 409 nm) of
Mb, at pH 7.0 and 4.5*

pH 7.0 pH 4.5
Additive Conc. Tm AHp AC, AGT Conc T AHp, AC, AGt
™) (K) (Kcal (Kcal (Kcal M)  (K) (Kcal (Kcal (Kcal
mol®)  mol*K? mol?) mol)  mol*K') mol?)
GB 0.0 354.0 101.9 2.3 5.4 GB 0.0 3373 439 1.2 2.3
025 354.0 1015 2.3 5.3 0.1 3349 391 1.2 1.8
0.5 353.1 99.7 2.3 5.1 02 3311 351 1.2 15
1.0 353.7 1009 2.3 5.2 0.3 3293 336 1.2 1.4
04 3268 301 1.2 1.1
05 3228 283 1.2 1.0
TMAO 0.0 354.0 1019 2.3 54 TMAO 0.0 337.3 439 1.2 2.3
0.1 3548 1036 2.3 5.5 0.1 3328 386 1.2 1.8
0.25 355.2 104.0 2.2 6.0 0.25 3256 309 1.1 1.3
05 3554 105.3 2.1 6.7 05 3208 269 1.0 1.1
1.0 356.0 107.0 2.1 6.9 1.0 3153 252 0.9 0.9
15 3582 111.0 2.1 7.4 15 3127 239 0.9 0.8

*The uncertainties of T,,, AHp,, AGt and ACp values reported here are +0.5 °C, +2.0 kcal mol™, +0.5 kcal mol™ and +0.2
kcal mol™ K, respectively.
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4.2.6 Effect of GB and TMAO on the denaturant-dependent T, AH, and AGt of Cyt ¢ and
Mb

Fig. 6a shows the representative heme absorption (550 nm) monitored normalized denaturant
(GdnHCI and urea) dependent thermal unfolding curves of Ferrocyt ¢ both in the absence and
presence of 1.0 M GB at pH 7.0. The representative absorbance (409 nm) monitored GdnHCI
dependent normalized thermal unfolding curves of Mb both in the absence and presence of 0.25
M GB and 1.5 M TMAO at pH 7.0 and 0.5 M TMAO at pH 4.5 are shown in Fig. 6b and Fig. 6c,
respectively. The representative far-UV CD (222 nm) monitored GdnHCI dependent normalized
thermal unfolding curves of Ferricyt ¢ both in the absence and presence of 1.0 M GB at pH 7.0
and 3.8 are shown in Fig. 6d and Fig. 6e, respectively. At pH 7.0 and pH 3.8-4.5, the thermal
unfolding curves shift to lower temperatures in the presence of denaturant (Fig. 6a-e). However,
in the presence of GB or TMAQO, the denaturant-induced shift in the thermal unfolding curve is
less pronounced at pH 7.0 (Fig. 6a,b,d) while it is more pronounced at pH 3.8 or pH 4.5 (Fig.
6c,e).
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Fig. 6 (a) Thermally induced unfolding of Ferrocyt ¢ monitored at 550 nm in the Soret region as the change in
excitation coefficient at pH 7.0, in the absence (0); in the presence of 3.0 urea (A); in presence of 3.0 M urea with
1.0 M GB (e); in the presence of 1.5 M GdnHCI (0); and in the presence of 1.5 M GdnHCI with 1.0 M GB (A). (b)
Thermally induced unfolding of Mb monitored at 409 nm in the Soret region as the change in extinction coefficient
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at pH 7.0, in the absence (0); in the presence of 0.5 M GdnHCI (s); in the presence of 0.5 M GdnHCI with 1.5 M
TMAO (A), and in the presence of 0.5 GdnHCI with 0.25 M GB (o). (¢) Thermally induced unfolding of Mb
monitored at 409 nm in the Soret region as the change in extinction coefficient at pH 4.5, in the absence (0); in the
presence of 0.05 M GdnHCI (e); in the presence of 0.05 M GdnHCI with 0.5 M TMAO (A), and in the presence of
0.05 GdnHCI with 0.25 M GB (o). Panels (d) and (e) represent the far-UV CD (222 nm) monitored thermal
unfolding curves of Ferricyt ¢ at pH 7.0 and 3.8, respectively, no additive (o); in the presence of 1.5 M GdnHCI
(A); in the presence 1.5 M GdnHCI with 1.0 M GB (e). The solid curves in panels (a), (b), (c), (d) and (e) represent
non-linear least-squares fit of the data to Gibbs Helmholtz equation (chapter 2, eqgs (2) and (3)). Panel (f) show the
variation of thermal unfolding midpoint, T, of Ferrocyt c as a function of GdnHCI concentration, in the absence (o)
and presence of 1.0 M GB (e) at pH 7.0. Inset of panel (f) shows the variation of AH,, of Ferrocyt ¢ at pH 7.0 as a
function of GdnHCI concentration in the absence (o) and presence of 1.0 M GB (e).

To determine the effect of GB and TMAO on the denaturant dependence of AHm, Tm and AC,,
the thermal unfolding curves of Ferrocyt c, Ferricyt ¢ and Mb collected at various GdnHCI or
urea concentrations both in the absence and presence of GB and TMAO were analyzed by using
Gibbs Helmholtz equation (chapter 2, egs (2) and (3)). The resulting Tm, AHm and AC,, values are
provided in Tables 6-8. At pH 7.0 and pH 3.8-4.5, both in the absence and presence of GB and
TMAO, the values of T, and AH,, were found to decrease linearly with GdnHCI concentration
(Fig. 6f and Fig. 7a-d). However, in the presence of GB or TMAO, the decrease in T, and AHp,
with GdnHCI concentration are less pronounced at pH 7.0 (Fig. 6f and Fig. 7a,b) while more
pronounced at pH 3.8 or pH 4.5 (Fig. 7c,d).
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Fig. 7 Panels (a) and (c) show the variation of T,, of Ferricyt ¢ at pH 7.0 and pH 3.8, respectively, as a function of
GdnHCI concentration in the absence (o) and presence of 1.0 M GB (). Panel (b) shows the variation of T, of Mb
at pH 7.0, as a function of GdnHCI concentration in the absence of osmolytes (o), in the presence of 0.25 M GB (e)
and in the presence of 1.5 M TMAO (A). Panel (d) shows the variation of T, of Mb at pH 4.5, as a function of
GdnHCI concentration in the absence of osmolytes (o), in the presence of 0.25 M GB (e) and in the presence of 0.5
M TMAO (A). Insets of panels (a) and (c) show the variation of AH,, of Ferricyt ¢ at pH 7.0 and pH 3.8,
respectively, as a function of GdnHCI concentration in the absence (o) and presence of 1.0 M GB (e). Insets of
panels (b) and (d) show the variation of AH,, of Mb at pH 7.0 and pH 4.5, respectively, as a function of GdnHCI
concentration in the absence of osmolyte (o), in the presence of 0.25 M GB (e) and in the presence of 0.5 M (pH
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4.5) orl.5 M (pH 7.0) TMAO. The solid lines in panels (a), (b), (c) and (d) and in insets of panels (a), (b), (c) and (d)
represent linear least-squares fit of the data.

The dependence of the AH, on Ty, obtained by thermal unfolding of proteins in the presence of
various concentrations of GdnHCI both in the absence and presence of GB and TMAO at pH 7.0
(Fig. 8a,b) and pH 3.8 (Fig. 8c) and pH 4.5 (Fig. 8d) are shown in Fig. 8. From the AHy, vs Try
plots, the AC, values both in the absence and presence of GB and TMAO were determined by
linear least-squares fit of the data to equation, AHw=AC,T+b (58-60).
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Fig. 8 Panels (a) and (c) show the variation of AH,, as a function of T, of Ferricyt ¢ (CD-222 nm) at pH 7.0 and 3.8,
respectively, obtained at different GdnHCI concentrations in the absence (©) and presence of 1.0 M GB (). The
insets of panels (a) and (c) show the variation of AG+ of Ferricyt ¢ as a function of GdnHCI concentrations at pH 7.0
and 3.8, respectively, in the absence (o) and presence (e) of 1.0 M GB. (b) Variation of AH, as a function of T, of
Mb (absorbance 409 nm) at pH 7.0 obtained at different GdnHCI concentrations in the absence of osmolyte (o), in
the presence of 0.25 M GB (e), and in the presence of 1.5 M TMAO (A). (d) Variation of AH,, as a function of T, of
Mb (absorbance 409 nm) at pH 4.5 obtained at different GdnHCI concentrations in the absence of osmolyte (o), in
the presence of 0.25 M GB (s), and in the presence of 0.5 M TMAO (A). The insets of panels (b) and (d) show the
variation of AGt of Mb as a function of GdnHCI concentrations at pH 7.0 and 4.5, respectively, in the absence of
osmolyte (o), in the presence of 0.25 M GB (e) and in the presence of 0.5 M (pH 4.5) or1.5 M (pH 7.0) TMAO (A).

By using the Gibbs Helmholtz equation (chapter 2, eq (3)) and AC, values, the AGt values were
determined at 25 °C as a function of GdnHCI concentration both in the absence and presence of
GB and TMAO (Tables 7-8). The AGt vs [GAnHCI] plots in the absence and presence of GB and
TMAO at pH 7.0 (Insets of Fig. 8a,b) and pH 3.8 and pH4.5 (Insets of Fig. 8c,d) are shown in
the insets of Fig.8a-d. Both in the absence and presence of GB and TMAO, the AGt values
decrease linearly with GdnHCI concentration (Insets of Fig.8a-d). However, in the presence of
GB or TMAO, the AGt decrease to a lesser extent at pH 7.0 (Insets of Fig.7a,b) while it is
decreased to a greater extent at pH 3.8 and pH 4.5 (Insets of Fig.7c,d). These findings indicate
that the GB and TMAO counteract the destabilizing action of the denaturants on the thermal
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stability of the protein at neutral pH while at mildly acidic pH, the osmolytes (GB or TMAO)
and GndHCI show a cumulative effect on the thermal destabilization of protein.

Table 6. Denaturant (GdnHCI, Urea) dependence of the Ty, AHm, AC, and AGy for thermal unfolding of Ferrocyt ¢
(absorbance 550 nm) both in the absence and presence of 1.0 M GB at pH 7.0.*

Additive Concentrations of T AHp, AC, AGt
Denaturant (M) (K) (Kcal mol™)  (Kcal mol*K?)  (Kcal mol™)

GdnHCI 0.0 372.8 115.0 15 12.6

0.5 367.6 105.0 1.4 10.7

1.0 361.8 96.0 1.4 9.1

15 356.7 89.0 1.4 7.8

2.3 348.7 84.0 1.4 7.0

GdnHCI+1 M GB 0.0 373.4 121.8 15 13.2

0.5 368.5 113.1 15 11.5

1.0 364.4 105.3 15 10.2

15 359.6 100.8 1.4 9.4

2.0 356.3 98.0 1.4 9.0

Urea 0.0 372.8 115.0 15 13.0

1.5 366.4 110.0 1.4 12.0

2.5 363.3 105.0 1.4 11.0

35 360.6 100.0 1.4 10.1

45 358.0 97.0 1.4 9.5

Urea+1l M GB 0.0 373.4 121.8 15 13.3

1.0 370.5 118.0 15 12.5

2.0 366.4 114.0 15 11.8

3.0 364.5 110.0 1.4 11.1

4.0 362.4 106.0 1.4 10.4

*The uncertainties of Tn,, AHn, AGrand ACs values reported here are +0.5 °C, +2.0 kcal mol™, +0.5 kcal mol™ and
+0.2 kcal mol™ K™, respectively.

Table 7. GdnHCI dependence of the Ty, AHm, AGr and AC,, for thermal unfolding of Ferricyt ¢ (CD 222 nm) both in
the absence of presence of 1.0 M GB at pH 7.0 and 3.8*

pH 7.0

Additive Conc. Tp AHp, AC, AGr AC, AGr
M) (K) (Kcal mol™®)  (Kcal mol*K™)  (Kcalmol™)  (Kcal mol*K?) (Kcal mol™)

GdnHCI 0.0 362.9 83.5 1.3 6.9 1.3 7.1

0.5 351.3 74.5 1.1 6.6 5.9

1.0 344.2 63.2 11 49 4.4

15 339.2 52.6 1.1 3.5 3.1

GdnHCI+ 0.0 364.5 86.0 1.3 7.3 11 1.7

1MGB 0.5 352.4 77.0 1.1 7.0 6.4

1.0 347.9 67.1 1.1 55 5.0

15 343.6 63.3 1.1 49 4.5

pH 3.8

GdnHCI 0.0 342.8 65.7 1.1 5.2 1.3 4.6

0.1 334.3 48.2 1.1 3.0 2.6

0.2 329.5 45.3 1.0 2.8 2.3

0.3 322.8 39.1 1.0 2.0 1.7

GdnHCI+ 0.0 330.9 54.7 1.1 3.6 14 3.2

1MGB 0.1 327.4 46.1 0.7 3.2 2.3

0.2 326.2 44.0 1.0 2.5 2.1

0.3 320.0 39.1 1.0 1.9 1.6

*The uncertainties of Ty,, AH,, AGrand ACp values reported here are +0.5 °C, +2.0 kcal mol™, +0.5 kcal mol™* and +0.2
kcal mol™ K™, respectively.
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Table 8. GdnHCI dependence of the Ty, AHy, AGt and AC,, for thermal unfolding of Mb (absorbance 409 nm) both
in the absence of presence of 0.25 M GB, and TMAO (1.5 M at pH 7.0 and 0.5 M at pH 4.5) at pH 7.0 and 4.5*

pH 7.0

Additive  Conc. T, AHn, AC, AGr AC, AGry
(M) (K)  (Kcal mol®) (Kcalmol™K?) (Kcal mol®) (Kcal mol*K?)  (Kcal mol™)

GdnHCI 0.0  354.0 101.9 2.3 5.4 1.7 8.2

0.1  350.6 85.9 2.0 4.6 5.8

0.3 3462 81.3 2.0 4.3 5.3

05 3415 70.3 2.0 3.2 4.0

0.8 3354 61.5 2.0 2.5 3.2

1.1 3273 54.0 2.0 2.1 2.5

GdnHCI+ 0.0  354.0 101.5 2.3 5.3 1.6 8.6

0.25 M 0.1 3505 24.1 2.3 4.6 75

GB 0.2 3483 84.9 2.3 35 6.1

05 3421 82.2 2.3 3.8 5.8

1.0 3317 64.4 2.3 2.5 3.7

1.5 3185 42.3 2.3 1.2 1.6

GdnHCI+ 0.0  358.2 111.0 2.1 7.4 1.9 8.2

1.5M 01 3517 93.5 2.3 43 5.9

TMAO 0.3 3485 85.3 2.3 35 4.9

05 3444 79.2 2.3 3.2 43

0.8 3393 71.3 2.3 2.7 3.6

1.1 3334 61.2 2.3 2.0 2.7

pH 4.5

GdnHCI 0.0 3373 43.9 1.2 2.3 0.9 2.9

0.05 3354 41.6 0.7 3.1 2.6

01 3280 35.1 0.7 2.2 1.9

0.15 325.0 32.6 0.5 2.1 1.6

02 3218 29.3 0.5 1.7 1.3

GdnHCI+ 0.0 3315 345 1.2 1.4 1.0 1.7

025M  0.05 3302 33.1 1.1 1.4 1.6

GB 0.075 327.5 31.2 0.8 1.7 1.4

01 3261 29.7 0.7 1.7 1.3

0.15 322.6 25.3 0.6 1.3 1.0

GdnHCI+ 0.0 3208 26.9 0.6 1.4 0.3 1.7

0.5M 0.05 3182 25.9 0.5 1.3 1.5

TMAO 0.1  316.0 25.4 0.5 1.2 1.3

0.15 314.0 25.0 0.4 1.1 1.2

02 3130 24.9 0.4 1.0 1.1

*The uncertainties of T, AHm, AGrand ACs values reported here are +0.5 °C, +2.0 kcal mol™?, 0.5 kcal mol™ and +0.2
kcal mol™ K*, respectively.

4.2.7 Effect of GB on the AGp and Cy, of Ferricyt ¢ in aqueous solution

Fig. 9a and Fig. 9b show the fluorescence-monitored normalized urea-induced unfolding curves
of Ferricyt c at pH 7.0 and pH 3.8, respectively, in the absence and presence of ~0.3, 0.5, and 1.0
M GB at 25 °C. The urea-induced unfolding curves of Ferricyt ¢ shift towards the higher
concentration of urea in the presence of GB at pH 7.0 while they shift towards lower
concentration of urea at pH 3.8. Two-state analysis (57) of the urea-induced unfolding curves of
Ferricyt ¢ in Fig 9a (pH 7.0) and Fig 9b (pH 3.8) provided the AGp and mg values at different
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concentrations of GB (Table 9). The urea unfolding midpoint, C (=AGp/mg) for different
concentration of GB was also calculated (Table 9). As GB concentration is increased from 0.0 to
1.0 M, the AGp and C, values increase at pH 7.0 while they decrease at pH 3.8 (Fig. 9¢,d). The
increase in AGp in the presence of GB at pH 7.0 indicates that the GB increases the
thermodynamic stability of native protein at neutral pH. On the other hand, the decrease in AGp
in the presence of GB at pH 3.8 suggests that GB decreases the thermodynamic stability of

native protein at mildly acidic pH.
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Fig. 9 Panels (a) and (b) show the fluorescence-monitored normalized equilibrium urea-induced unfolding curves of
Ferricyt c at pH 7.0 and pH 3.8, respectively, in the presence of 0.0 (e), 0.3 (o), 0.5 (A), and 1.0 M GB (A) at 25 °C.
The solid curves represent non-linear least-squares fit according to the standard two-state equation (chapter 2, eq
(5)) (57). (c) Variation of change in unfolding free energy, AGp of Ferricyt ¢ with GB concentration at pH 7.0 (e)
and pH 3.8 (o). (d) Variation of the urea unfolding midpoint, C,, of Ferricyt ¢ with GB concentration at pH 7.0 (e)
and pH 3.8 (o).

Table 9. Dependence of the AGp, mg and Cy, of Ferricyt ¢ on GB concentration at pH 7.0 and pH 3.8 as monitored by Trp
fluorescence (ex: 280; em: 365 nm)*.

Conc. pH7.0 Conc. pH 3.8
Additive (M) Cn AGp My (M) Cm AGp Mg
(M) (kcalmol?)  (kcal mol* M™) (M)  (kcal molY) (kcal mol™ M%)

GB 0.0 6.8 8.6 1.25 0.0 3.6 5.9 1.7
0.1 7.6 8.7 1.14 0.1 2.6 5.8 2.2

0.3 7.8 9.1 1.13 0.3 2.9 5.6 2.0

0.5 8.4 9.4 1.13 0.5 3.0 55 1.8

1.0 9.3 10.7 1.14 1.0 3.1 5.2 1.7

*The uncertainties associated with AGp, mg, and Cy, are +0.5 (kcal mol™), +0.2 (kcal mol™ M), and +0.2 (M),
respectively.
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4.2.8 Effect of GB on the denaturant-dependent AGp and Cy,, of Ferricyt ¢

Fig. 10a and Fig. 10b show that at both pH 7.0 and pH 3.8, the inclusion of GdnHCI shifts the
urea-induced unfolding curve to lower urea concentrations. However, in the presence of 0.5 M
GB, the GdnHCI-triggered shift in the urea-induced unfolding curve is less pronounced at pH 7.0
(Fig. 10a) while it is more pronounced at pH 3.8 (Fig. 10b). To determine the effect of GB on the
GdnHCI dependence of AGp and mg, the urea-induced unfolded curves of Ferricyt c collected at
various GdnHCI concentrations both in absence and presence of 0.5 M GB were analyzed by
using two-state equation (chapter 2, eq (5)) (57). The resulting AGp and my values are provided
in Table 10.
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Fig. 10 Panel (a) shows the urea-induced denaturation curves of Ferricyt ¢ at pH 7.0, 25 °C; in the absence of
additive (e), in the presence of 1.0 M GdnHCI (A ), and in the presence of 1.0 M GdnHCI with 0.5 M GB (o). (b)
Urea-induced denaturation curves of Ferricyt ¢ at pH 3.8, 25 °C; in the absence of additive (), in the presence of 0.5
M GdnHCI (A), and in the presence of 0.5 M GdnHCI with 0.5 M GB (o). The solid curves in panels (a) and (b)
represent non-linear least-squares fit of data according to the standard two-state equation (chapter 2, eq (5)) (57).
Panels (c) and (d) show the variation of change in unfolding free energy, AGp of Ferricyt ¢ with GdnHCI
concentration in the absence (o) and presence of 0.5 M GB (e) at pH 7.0 and 3.8, respectively. The insets of panels
(c) and (d) show the variation of the urea unfolding midpoint, C, of Ferricyt ¢ as a function of GdnHCI in the

absence (o) and presence of 0.5 M GB () at pH 7.0 and 3.8, respectively.

The urea unfolding midpoints, Cy, (=AGp/mg) for different concentration of GdnHCI were also
calculated both in the absence and presence of GB (Table 10). At both pH 7.0 and pH 3.8, the
AGp and Cp, values decrease linearly with GdnHCI concentration (Fig. 10c,d and Insets of Fig.

10c,d). However, in the presence of 0.5 M GB, the decrease in the values of AGp and C, with
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GdnHCI concentration is less pronounced at pH 7.0 (Fig. 10c and Inset of Fig. 10c), while it is
more pronounced at pH 3.8 (Fig. 10d and Inset of Fig. 10d). These findings indicate that the GB
counteracts the denaturing action of GdnHCI at neutral pH while it shows a cumulative effect on

the denaturing action of GdnHCI at mildly acidic pH.

Table 10. Dependence of the AGp, mg and Cy, of Ferricyt ¢ on GdnHCI concentration in the absence and presence of 0.5 M
GB at pH 7.0 and pH 3.8 as monitored by Trp fluorescence (ex: 280; em: 365 nm)*.

Conc. pH 7.0 Conc. pH 3.8
Additive (M) Cn AGp Mg (M) Cnm AGp My
(M) (kcal mol™®)  (kcal mol* M™) (M) (kcal mol®)  (kcal mol™* M™)
GdnHCI 0.0 6.8 8.6 1.25 0.0 3.6 5.9 1.7
0.2 6.2 7.9 1.28 0.2 3.4 55 1.7
0.5 55 7.2 131 0.5 2.9 4.5 1.6
0.75 5.0 6.8 1.35 0.75 2.9 4.0 14
1.0 4.3 5.9 1.37 1.0 2.4 3.4 14
2.0 2.6 35 1.36
GdnHCI+ 0.0 8.4 9.4 1.13 0.0 3.0 55 1.8
0.5M GB 0.5 6.0 7.8 1.30 0.2 2.8 5.0 1.8
1.0 4.6 6.4 1.39 0.5 2.8 4.2 15
15 4.0 55 1.37 0.75 2.9 3.6 1.3
2.0 3.4 3.6 1.08 1.0 2.3 2.8 1.2

*The uncertainties associated with AGp, m;, and C,, are 0.5 (kcal mol™), +0.2 (kcal mol™* M™), and +0.2 (M),
respectively.

4.3 Discussion

Few earlier studies have shown that the collective motions of the M80-contaning Q2-loop control
the CO dissociation from NCO (51, 61). The variations of log Kgiss With GB, GdnHCI, and urea
demonstrate how the collective motions of the Q-loop of Ferrocyt ¢ vary in response to these
additives in the reaction milieu. Kinetic and thermodynamic studies of NCO and MbCO in the
presence of different concentrations of GB or GdnHCI have provided evidence for internal
motional constraints and entropy reduction of these proteins in the presence of GB or
subdenaturing concentrations of GdnHCI. The probable explanation for the restricted dynamics
of the NCO and MbCO in the presence of GB and subdenaturing concentrations of denaturant as
well as the effect of GB on the structural fluctuations of the Q-loop across the folding-unfolding
transition of the Ferrocyt ¢ are discussed. Thermal and chemical-denaturations studies of native
Ferrocyt c, Ferricyt ¢ and Mb at pH 7.0 and pH 3.8-4.5 in the presence of different
concentrations of GB or TMAO have provided evidence that GB and TMAOQO increase the
thermodynamic stability of the native proteins at neutral pH but decrease it at mildly acidic pH.

The probable explanation why the GB and TMAO increase the thermodynamic stability of the
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native proteins at neutral pH but decrease it at mildly acidic pH as well as the effect of these
osmolytes on the GdnHCI-dependent thermodynamic stability of native proteins at pH 7.0 and
pH 3.8-4.5 are discussed.

4.3.1 How could GB, urea, and GAnHCI restrict the internal dynamics of native proteins?

Fig. 2a and Fig. 2b show that as GB concentration is increased, the value of log Kgiss (for NCO)
and log ko (for MbCO) decrease monoexponentially, which indicates that the GB constrains the
internal dynamics of these proteins. Fig. 3b shows that as denaturant concentration is increased
from 0.0 to 5.0 M GdnHCI or 9.5 M urea, the value of log kyiss 0f NCO initially decreases and
then increases, showing a minimum at 2.5 M GdnHCI or 5.5 M urea. This finding suggests that
the subdenaturing concentrations of GdnHCI and urea restrict the internal dynamics of Ferrocyt
c. If the internal dynamics of protein is restricted in the presence of GB or subdenaturing
concentrations of GdnHCI and urea, then the restricted dynamics should decrease the amplitude
of structural fluctuations of the protein. Some earlier hydrogen exchange (HX) experiments have
also shown that the osmolytes such as sugars decrease the structural fluctuations of native
proteins (37,59-60,62-65). Since, both entropy and fluctuations have the same origin, therefore,
the restricted dynamics in the presence of GB or subdenaturing amount of denaturant must alter
the conformational entropy of the protein. The data in Table 2 clearly shows that relative to in
the absence of additives, both the activation enthalpy and conformational entropy loss increases
in the presence of 1.0 M GB and 2.5 M GdnHCI or 5.5 M urea. These results suggest that the GB
and subdenaturing concentrations of urea and GdnHCI decrease the motional freedom of the

native proteins, and thus restricts the internal dynamics of native proteins.

4.3.2 Effects of GB on the structural fluctuations of the M80-containing £2-loop across the
folding-unfolding transition of Ferrocyt c

Pioneering works by Englander and coworkers have shown that the subglobal unfolding units
such as M80-containing Q-loop of Cyt ¢ can determine a limited set of folding pathways (66-72).
Therefore, it is important to evaluate the effect of GB on the thermal motions of the M80-
containing Q-loop of Ferrocyt ¢ across the folding-unfolding transition. As the denaturant
concentration is increased from 0.0 to 5.0 M GdnHCI or 9.5 M urea, the log ki first decreases
upto ~2.5 M GdnHCI or ~5.5 M urea and then increases (Fig. 3b). The linear decrease in log Kgiss

with denaturant concentration indicates that the structural fluctuations of the Q-loop that
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modulate the slow changes in structural dynamics of protein progressively decrease within the
subdenaturing limit of denaturants. Recent studies have shown that within the subdenaturing
limit of denaturants, the polyfunctional interactions between protein groups and denaturant can
lower the conformational entropy and thus restrict the internal dynamics of protein (51,54). Since
both GB and subdenaturing concentrations of GdnHCI or urea individually decrease the
structural fluctuations of Q-loop (Fig. 2a and Fig. 3b), the coexistence of the two in the reaction
medium is expected to produce a cumulative effect on the constrained dynamics of NCO. In the
subdenaturing limit of denaturant, the increase in the conformational entropy loss for CO
dissociation reaction is more pronounced in the presence of GB than in the absence of GB (Table
2 and Fig. 3c,d). This finding indicates that the excluded volume interactions originated due to
GB also contributes toward the constrained dynamics of NCO (36). En route from subdenaturing
to denaturing conditions, the large-scale unfolding fluctuations dominate the dynamics (49),
which increases the configurational entropy and decreases the activation enthalpy and activation
entropy (Table 2). Remarkably, the extent of denaturant induced decrease in activation enthalpy
and activation entropy are less in the presence of GB then in its absence (Table 1), indicates that

GB opposes the structural fluctuations that cause the unfolding of the protein.

4.3.3 How could GB and TMAO modulate the thermodynamic stability of proteins at neutral
pH and mildly acidic pH?

The current results show that at neutral pH, the protecting osmolytes can increase the
thermodynamic stability of native Ferrocyt ¢ (Fig. 3a and Fig. 5a,b), Mb (Fig. 5¢), and Ferricyt ¢
(Fig. 5e and Fig. 9c). This result is consistent with an earlier report where the protecting
osmolytes (GB and TMAO) increase the thermal stability of a-lactaloumin, RNase-A and Lyz at
neutral pH (40, 42). A recent report by Singh et al (2009) has shown that the effect of GB at
acidic pH may vary from one protein to another (42). They showed that at acidic pH, GB
decrease the thermal stability of a-lactalbumin, increase the thermal stability of RNase-A, and
not greatly change the thermal stability of Lyz. The results from current study show that GB
increases the thermodynamic stability of Ferricyt ¢ at pH 7.0, however, the thermodynamic
stability of the Mb at pH 7.0 is not greatly changed in the presence of GB (Fig. 5¢). However,
TMAO increases the thermodynamic stability of Mb at pH 7.0 (Fig. 5¢). The results from current
study also show that GB and TMAO decrease the thermodynamic stability of proteins at acidic

pH 3.8-4.5 (Fig. 5d, Fig. 5f and Fig. 9¢). How could GB and TMAO increase the thermodynamic
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stability of native proteins at neutral pH but decrease it at mildly acidic pH? In general, the
preferential exclusion of osmolytes stabilizes the proteins while the preferential binding of the
osmolytes destabilizes the proteins (73). Our results suggest that in case of Ferricyt c and Mb, at
neutral pH, the preferential exclusion effect of GB or TMAO may overcome the preferential
binding effect, and thus stabilize the protein at pH 7.0. On the other hand, at mildly acidic pH,
the preferential binding effect of GB or TMAO seems to overwhelm the preferential exclusion
effect, and thus destabilize the proteins at pH 3.8-4.5.

4.3.4 GB and TMAO counteract the destabilizing actions of denaturants at neutral pH but
these osmolytes show additive effect with denaturant at acidic pH

The denaturing action of guanidinium ions and urea molecules is generally based on their ability
to bind to the protein (49, 74-76). Within the range of pH 7.0 to pH 3.8-4.5, the thermodynamic
stability of native Ferrocyt c (Fig. 6f), native Ferricyt ¢ (Fig. 7a,c and Fig. 10c,d) and Mb (Fig.
7b,d) decrease in the presence of denaturants. However, the inclusion of GB or TMAO results in
the counteraction of the destabilizing action of the denaturants at neutral pH 7.0 (Fig. 6f, 7a,b
and Fig. 10c) while it shows an additive effect on the denaturing action of GdnHCI at acidic pH
3.8-4.5 (Fig. 7c,d and Fig. 10d). Timasheff et al (1985, 1994) have reported that the TMAO
counteracts the denaturing effect of urea mainly by shifting the equilibrium between preferential
binding of urea and preferential exclusion of TMAO, which results in the enhanced hydration of
the protein (13,77). Similarly, in case of Cyt ¢ and Mb at pH 7.0, it is expected that the addition
of GB or TMAO alters the balance between the preferential binding of denaturant and
preferential exclusion of GB or TMAO, resulting in the increased hydration of the protein and

helps in the counteraction of the destabilizing action of the denaturant.

4.3.5 Mechanism of osmolytes induced protein stabilization

Timasheff and co-workers (1981, 1990) have shown that the osmolytes which stabilize the
proteins are preferentially excluded from the immediate vicinity of the protein domain, which is
the major driving force for the stabilization of proteins (78-79). The pioneering work by Bolen
(2001) has shown that the terms preferential exclusion of osmolyte and the preferential hydration
of the protein are interchangeable and indicate the same phenomenon (80). By using the transfer
model, Timasheff and coworkers (1994) and Bolen (2001) concluded that to stabilize the
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proteins, the osmolytes mainly interact with the denatured state leaving the native state
comparatively unaltered and functional (13,80).

A different study carried out by Bolen (2004) showed that there are three possible modes
by which the osmolytes are preferentially excluded (26): (i) the solvophobic interaction between
osmolyte and native and denatured states of protein, (ii) surface tension effect, i.e., osmolytes
that increase surface tension should also be excluded preferentially from the protein surface (22,
81-83), and (iii) excluded volume considerations (84-86). A recent theoretical study involving
the MD simulations of a number of model peptides in aqueous solution of TMAO have shown
that the entropic stabilization of proteins in a crowded environment is due to excluded volume
interactions (36). Bolen et al (1998) have reported that the protecting osmolytes increase the
stability of proteins by increasing the chemical potential of the denatured state and the uniform
thermodynamic force acting on the peptide backbone results in the collateral effect of contracting
the denatured state (87). The contraction decreases the conformational entropy of the denatured
state while increasing the density of the hydrophobic groups (87). These two effects also
contribute to the ability of the protecting osmolytes to force proteins to fold (87). Recently,
Thirumalai et al (2008) studied the effects of TMAQO on the stability of RNA hairpins and
showed that TMAO preferentially interacts with the base through the formation of a single
hydrogen bond (88). They further suggested that the effects of TMAO on the RNA secondary
structure are likely to be small and the specific hydrogen bond interactions play an important role
in the stabilization of the protein. Qin Zou et al (2002) have studied the effects of TMAO on
cyclic dipeptides and show that TMAO increases the protein stability through the augmentation
of water structure by raising the number of hydrogen bonds per water molecule, producing

stronger water hydrogen bonds, and by long-range spatial arrangement of the solvent (23).

4.4Conclusion

The kinetic and thermodynamic parameters measured for CO dissociation reaction of natively

folded CO-liganded Ferrocyt ¢ (NCO) and CO-replacement of carbonmonoxymyoglobin (MbCO)

by hexacyanoferrate ion in the presence of different concentrations of GB at pH 7.0 indicate that the

GB constrains the internal dynamics of these proteins at neutral pH. The Kkinetic and

thermodynamic parameters measured for CO dissociation reaction of NCO under varying

concentrations of GdnHCI or urea in the absence and presence of 1.0 M GB indicate that the GB

and low concentrations of denaturants (urea and GdnHCI) restrict the internal dynamics of the
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NCO-state at pH 7.0. Within the subdenaturing limit of denaturants, GB and GdnHCI or urea show
a cumulative effect on the constrained dynamics of NCO. At relatively higher denaturant
concentrations, the large-scale unfolding fluctuations dominate the dynamics and the inclusion of
GB opposes the structural fluctuations that cause unfolding of the protein. Thermodynamic analysis
of the thermal and GdnHCI-induced unfolding curves of proteins (Ferrocyt c, Ferricyt ¢, and Mb)
measured in the absence and presence of GB or TMAO at pH 7.0 and at pH 3.8-4.5 indicates that
GB and TMAO increase the thermodynamic stability of proteins at neutral pH, while decrease it at
mildly acidic pH. Analysis of thermal and urea-induced unfolding curves of proteins (Ferrocyt c,
Ferricyt ¢, and Mb) measured at different GdnHCI concentrations in the absence and presence of
GB or TMAO suggests that GB and TMAO have counteracting and additive effects on the
destabilizing action of denaturant at neutral pH 7.0 and mildly acidic pH 3.8-4.5, respectively.
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Chapter 5

Effects of Chaotropic and Kosmotropic Salts on the
Stability and Dynamics of Proteins

5.1 Introduction

Increasing evidences indicate that several factors such as, hydrophobic interactions (1-2),
electrostatic interactions (3-7), and hydrogen bonding (8-9) contribute to protein stability.
However, the relative contributions of each of these factors to protein stability are not completely
resolved (2). In particular, the contributions of these factors to protein stability vary from one
protein to another and also with the solution conditions under which the protein is exposed (1-2,
7). In general, cosolute such as salt ions modulates the protein stability by two ways; (i) by direct
interaction with the protein, i.e., binding, (10) and (ii) by involving effects on the solvent, e.g.,
excluded volume effects (11-12). Recently, Tadeo et al (2007) have studied the thermal
denaturation of protein L in the presence of various salts (NaF, Na,SO4, NaNO3, NaClO,, and
NaSCN) concentrations and revealed that the salts ions modulate the protein stability by both
mechanisms i.e., excluded volume effects and preferential interactions (13).

The contributions of electrostatic and hydrophobic interactions to protein stability are
generally evaluated by determining the stability of the protein in the presence of different
concentrations of salts and osmolytes (5,7,14,15). Understanding the effect of salts and
osmolytes are important for understanding the thermodynamic properties of biological systems.
Few earlier reports indicate that at lower salt concentrations, the salt ions affect the protein
stability by altering the electrostatic (Debye-Hiickel) screening of Coulombic interactions (9,16-
17). At relatively higher salt concentrations, the salt ions influence the protein stability by
increasing the surface tension of solvent that eventually affect the hydrophobic interactions (18-
22). The Hofmeister series characterizes some properties of ions as cosolvents in protein
solutions and this series divides the ions in two groups: the kosmotropic and chaotropic ions
(23). The Hofmeister series has consistent effects on the stability and structures of proteins.
Anions have more pronounce effect than cations, and typically follow this order: F~ ~ HPO,* >
S0,4 > CHsCOO > CI' > NO3 > Br > ClOs > I" > ClO; > SCN (23). The cations usually

follow this order: NH," > K* > Na* > Li* > Mg?* > Ca®" (23). In the anions series, the species
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left to the CI™ are known as kosmotropes, which generally order the water structures and thus
stabilize the protein structures (salting out effect) while those right to the CI™ are referred to
chaotropes, which generally break the water structures and thus destabilize the protein structures
(salting-in effects) (18-24).

The contributions of electrostatic and hydrophobic interactions to the stability of proteins
are generally determined by measuring the unfolding transitions of proteins as a function of salt
concentration (5,7,14-18). Although, the effects of salts on the stability of proteins have been
studied extensively (14-24), however, few studies are reported on the measurement of the
relative contributions of the electrostatic and hydrophobic interactions to the stability and
dynamics of proteins (14, 17-18). To understand the better the manner in which electrostatic and
hydrophobic interactions control the stability of native proteins, this chapter analyzes the effects
of chaotropic and kosmotropic salts on the thermal and chemical denatutations of native Cyt ¢
and Mb at pH 7.0 and acid-denatured Lyz at pH 2.3. The results obtained indicate that at neutral
pH, the kosmotropic anions increase while the chaotropic anions decrease the thermodynamic
stability of the proteins. Furthermore, the effect of anions on the thermodynamic stability of
these proteins follows the Hofmeister series (SO,* > CI” > Br >NO3 > | > ClO, ). Water plays
an important role in the stabilization of the native protein and in the control of its dynamics (25).
Thermodynamic analysis of the thermal denturation curves of native Ferrocyt ¢ measured in the
presence of different concentrations of salts (NaCl, NaBr, Nal, Na,;SO,4, NaNOs, and NaClO,)
indicates that water activity also plays important role in protein stability (26-38). The dynamic
behavior of proteins in solution is of primary interest due to its concerned relationship with the
structure and function of proteins (29-30). To determine the roles of electrostatic and
hydrophobic interactions on the internal dynamics of proteins, this chapter evaluates the effects
of chaotropic and kosmotropic salts on the structural fluctuations of the M80 containing Q-loop
of Cyt ¢ by measuring the rate coefficients of CO association to native Ferrocyt ¢ under
conditions of varying concentrations of salts (NaCl, NaBr, Nal, Na,SO,4, NaNOs, and NaClO,) at
pH 7.0. This chapter results suggest that at low to intermediate salt concentrations, the ions
arising from both chaotropic and kosmotropic salts restrict the internal dynamics of native
proteins via (i) screening the protein charges electrostatically (26, 31-35), and (ii) by lowering

the conformational entropy of proteins through binding interactions (36-39). At relatively higher
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concentrations, the ions arising from chaotropic salts influence the internal dynamics of proteins
according to Hofmeister series (SO,* > CI" > Br >NO; > | >ClOy).

5.2 Results and discussion

5.2.1 CO association to Ferrocyt ¢

The ligation of CO to native Ferrocyt ¢ (N-state) leads formation of Cyt-CO (Fe?*-M80+CO —
Fe?*-CO+M80), which results in the loss of the intensity of the extinction coefficient at 550 nm
(40). After the addition of the native protein in the CO-saturated and dithionite reduced buffer
solution (pH 7) containing desired concentration of the salt, the N+CO—NCO reaction proceed.
Fig. 1a shows a representative CO-association kinetic profile of native Ferrocyt c in the absence
of salt (t ~18 min.), which indicates that the absorbance of the a-band (550 nm) decreases due to

CO association to native protein.

5.2.2 Salt dependence of the log kass, AH, *and AS__*

Fig. 1b shows the variation of the log kass 0f CO association reaction with various salts (NacCl,
NaBr, Nal, Na,SO4, NaNOs;, and NaClO,) concentrations at 25°C, pH 7.0. Fig. 1b clearly
indicates that as the concentrations of the kosmotropic salts (i.e., Na;SO,) are increased in the
reaction medium, the values of log kass decrease mono-exponentially and plateau at ~0.5 M
Na,SO,. However, when the concentrations of chaotropic salts (NaBr, Nal, NaNOs3, and NaClO,)
are increased from 0.0 to 2.0 M, the values of log ks initially decrease at low salts
concentrations and then decrease, displaying the broad minimums around ~0.5 M of salts
concentrations. The decrease in the values of log ks in the presence of kosmotropic and
chaotropic (0.5 M) salts (Fig. 1b) indicate that kosmotropic salts at all concentrations and
chaotropic salts at low concentrations (<0.5 M) decrease the structural fluctuations of the Q-loop
of the protein. At relatively higher chaotropic salts concentrations (>1.0 M), the increase in log
kass (Fig. 1b) can be interpreted to arise from protein destabilization action of the chaotropic salts.
Notably, the increase in the values of log kass at higher concentrations of chaotropic salts are in
accordance with the Hofmeister series effect i.e., the increase in the value of log kass is more
pronounced for NaClO,4 and is least for NaBr (NaClO, > Nal > NaNO3 > NaBr) (Fig. 1b).
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To further investigate the effect of various salts on the structural fluctuation of the protein, we

have determined the salts dependence of the activation enthalpy (AH,_*) and activation entropy

ass

(AS, ') of the CO association reaction of native Ferrocyt ¢ at pH 7.0. The underlying principle is

ass
that if the kosmotropic salts at all concentrations and chaotropic salts at low concentrations (<0.5
M) are really decreasing the structural fluctuations of the Q-loop of the Ferrocyt c (Fig. 1b), then
the activation energy or activation enthalpy for the CO-association reaction at those
concentrations of kosmotropic and chaotropic salts will be comparatively higher. Fig. 1c
represents the Eyring plots for the CO-association reaction of native Ferrocyt c in the absence
and presence of ~0.5 M concentration of kosmotropic and chaotropic salts. The Eyring plots for
the CO-association reaction of native Ferrocyt ¢ in the absence and presence ~2.0 M

concentration of chaotropic salts are given in Fig. 1d.
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Fig. 1 (a) The slow single-phase association of CO to native Ferrocyt ¢, N+CO—NCO (t =18 min., 0.0 M salt, 25
°C). The N+CO—NCO reaction was probed at 550 nm, the L. Of the N-state spectrum. (b) Salt dependence of Ky
(A, Nal; o, NaClOy; m, Na,SO4; V, NaNOgs; ¥, NaBr; and A, NaCl) at 25(+1) °C, pH 7.0. The lines through the data
have been drawn by inspection only. (c) Eyring plots for the CO association reaction, 50 mM phosphate buffer, pH
7, in the absence of salt (®); and in the presence of 0.5 M salt (A, Nal; o, NaClO,4; m, Na,SO,; A, NaNOs; V¥,
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NaBr; V, NaCl). (d) Eyring plots for the CO association reaction, 50 mM phosphate buffer, pH 7.0, in the absence
of salt (e); and in the presence of 2.0 M salt (0, NaBr; ¢, NaNOg; o, Nal; A, NaClO,).

The Eyring plots in Fig 1c and Fig. 1d were analyzed by using the Eyring equation (eq (1)) (41-
42), which helped in estimating the salts effect on the AH__* andAS,

In(k [k, T) =(AS,/R) - (AH,_}/RT) (1)

ass

Clearly, relative to in the absence of salts, the AH__* value for CO-association reaction increases

in the presence of ~0.5 M concentration of kosmotropic and chaotropic salts (the values of

AH_ F~25.0, 26.7, 26.2, 25.7, 26.6, 26.3, and 28.1 kcal mol™ in the absence and presence of
~0.5 M of NaCIlO,4, Nal, NaNOs, NaBr, NaCl, and Na,SO,, respectively) (Table 1). As compared
to in the absence of salts, the AH__* values for CO-association reaction decrease in the presence
of ~2.0 M concentration of chaotropic salts (the values of AH,*~25.0, 21.9, 24.9, 23.5, 23.4, in

the absence and presence of ~2.0 M of NaClO,4, NaBr, NaNOj3 and Nal, respectively) (Table 1).

Table 1 Salt dependence of activation enthalpy (AHas'), activation entropy (AS,s) and conformational entropy
loss (AAS,s*) for CO association reaction of Ferrocyt ¢.*

Salt salt AHgss' ASgsst AAS,!
concentration

control 0.0 25.0 (£0.8) 12.0 (x2.5) 0.0 (x0.0)
NaCl 0.5 26.3 (+1.2) 16.1 (+1.7) 4.1 (+1.3)
Na,SO,4 0.5 28.1 (x1.4) 22.2 (+4.6) 10.3 (22.1)
NaBr 0.5 26.6 (+0.4) 17.3 (¢1.2) 5.4 (+1.4)
2.0 24.9 (x0.3) 11.9 (20.3) 0.1 (x0.01)
NaNO; 0.5 25.7 (0.2) 14.5 (+0.8) 2.6 (£1.8)
2.0 23.5 (+1.2) 7.6 (+1.1) -4.4 (+1.5)
Nal 0.5 26.2 (+0.5) 16.1 (£3.9) 4.2 (+0.8)
2.0 23.4 (x0.6) 7.7 (x1.9) -4.3 (£0.6)
NaClO, 0.5 26.7 (x0.7) 17.4 (x2.3) 5.4 (x0.3)
2.0 21.9 (£1.9) 3.2 (x0.3) -8.7 (£2.3)

*AH%, AS'.s, and AAS* . are reported as kcal mol™, cal mol? K*, and cal mol* K*

uncertainty (standard error) is indicated in parenthesis.

, respectively. The

The values of AH_* and AS,_* obtained from Eyring equation (eq (1)) are summarized in Table
1. The data in Table 1 clearly show that in the presence of low concentrations of kosmotropic
and chaotropic salts (~0.5 M), the values of AH_"and AS_*increase, while in the presence of
higher concentrations of chatropic salts (~2.0 M), the values of these thermodynamic parameters
decrease. Notably, the decrease in the value of AH, fandAS._' in the presence of higher

concentrations of chaotropic salts are in accordance with the Hofmeister series effect, where the
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most destabilizing salt NaClO, decreases the values of AH, fandAS, ' comparatively higher

than the other chaotropic salts used in the present study (Table 1).

5.2.3 How could chaotropic and kosmotropic salts restrict the internal dynamics of Ferrocyt c?
The kinetic and thermodynamic studies of CO association reaction in the presence of various
concentrations of kosmotropic and chaotropic salts provide evidence that the kosmotropes at all
concentrations and chaotropes at low concentrations (<0.5 M) restrict the internal dynamics of
native Ferrocyt ¢ at pH 7.0. How could kosmotropes at all concentrations and chaotropes at low
concentrations (<0.5 M) restrict the internal dynamics of Ferrocyt ¢? As also discussed in chapter
3, few earlier reports show that the collective motions of the M80 containing Q-loop of Ferrocyt
c control the CO association reaction (37,43-45). The variations of log kass with kosmotropic and
chaotropic salts concentration demonstrate how the collective motions of the Q-loop vary in
response to these additives in the reaction milieu. Since, both entropy and fluctuations have the
same origin, therefore, the restricted dynamics in the presence of kosmotropic and chaotropic
(0.5 M) salts must alter the conformational entropy of the protein. The conformational entropy

loss, AAS,_* for native Ferrocyt c in the presence of salts relative to the entropy of the protein in

the absence of salts was calculated and is summarized in Table 1. The data in Table 1 clearly
shows that relative to in the absence of salts, both the activation enthalpy and conformational
entropy loss increases in the presence of ~0.5 M salt concentrations, which suggest that low
concentrations of kosmotropic and chaotropic salts decrease the motional freedom of the protein,
and thus restricts the internal dynamics of native protein. Few previous reports have shown that
at low to intermediate concentrations, the ions dissociated from chaotropic salts can constrain the
internal dynamics of native proteins via screening the protein charges electrostatically (26,31-
35), as well as by lowering the conformational entropy of proteins through binding interactions
(36-39). It is possible and highly likely that the anions arising from chaotropic and kosmotropic
salts can find target sites on Ferrocyt ¢ because of predominance of cationic lysyl side chains on
the protein surface. The resulting electrostatic interactions, be they ion-pair type or charge-

screening type, can stabilize and restrict the internal dynamics of protein.
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5.2.4 Effect of chaotropic and kosmotropic salts on the T, and AH, of native proteins at
neutral pH in aqueous solution

To determine the effect of chaotropic and kosmotropic salts on the thermal stability of native
proteins, thermal denaturations of native Ferrocyt c, Ferricyt ¢, and Mb were investigated in the
presence of various concentrations of salts (NaCl, Na,SO4, NaBr, NaNOs, Nal, and NaClO,) at
pH 7.0. Fig. 2a shows the representative heme absorption (550 nm) monitored normalized
thermal denturation curves of native Ferrocyt ¢ measured in the presence of different
concentrations of Nal at pH 7.0. The representative far-UV (222 nm) and near-UV CD (282 nm)
monitored normalized thermal unfolding curves of native Ferricyt ¢ measured in the presence of
different concentrations of NaClO, at pH 7.0 are shown in Fig. 2b and Fig. 2c, respectively. The
far-UV CD (222 nm) monitored thermal unfolding curves of Ferricyt ¢ were not successful in the
presence of NaBr and Nal due to the increase in HT voltage in spectropolarimeter. Therefore, to
determine the relative effect of these chaotropic salts on the thermal stability of Ferricyt c, the
near-UV CD (282 nm) monitored thermal unfolding curves of protein were collected in the
presence of different concentrations of NaBr, NaClO, and Nal at pH 7.0.
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Fig. 2 (a) Representative heme absorption (550 nm) monitored thermal unfolding curves of Ferrocyt ¢ represented as
the change in excitation coefficient in the presence of 0.0 (@), 0.15 (0), 0.3 (¥), 0.6 (A), 0.9 (m), and 1.0 M (o) Nal.
(b) The normalized far-UV CD (222 nm) monitored thermal unfolding curves of Ferricyt c in the presence of 0.0
(e), 0.75 (o), 1.5 (A) and 2.0 M NaClO, (V), at pH 7.0. (c) The normalized near-UV CD (282 nm) monitored
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thermal unfolding curves of Ferricyt ¢ in the presence of 0.0 (e), 0.5 (o), 1.5 (A) and 2.0 M NaClO, (V), at pH 7.0.
(d) Representative visible (409 nm) monitored thermal unfolding curves of Mb, represented as the change in
excitation coefficient in the presence of 0.0 (e), 0.15 (0), 0.3 (¥), 0.6 (A), 0.9 (m), and 1.0 M (o) Nal. The solid
curves in panels (a), (b), (c) and (d) represent nonlinear least-squares fits of the data to Gibbs Helmholtz equation
(46) (chapter 2, eqgs (2) and (3)).

Fig. 2d presents the representative heme absorption (409 nm) monitored normalized thermal
denturation curves of native Mb measured in the presence of different concentrations of Nal at
pH 7.0. The thermal unfolding curves in Fig. 2a,b,c,d were analyzed for thermal denaturation
midpoint (Tm), enthalpy of denaturation (AHm,), and heat capacity change (AC,) by using a non-
linear least squares method according to the Gibbs- Helmholtz equation (46) (chapter 2, egs (2)
and (3)). The resulting values of T, AHm, and AC, for thermal unfolding of native Ferrocyt c,
Ferricyt ¢ and Mb at various salts concentrations are provided in Table 2, Tables 3-4, and Table
5, respectively. Fig. 3a, Fig. 3b, and Fig. 3c shows the variation of T, for native Ferrocyt c,
Ferricyt ¢ and Mb, respectively at different salts concentration. It is clear from Fig.3,b,c and
Tables 2-5 that the chaoptropic salts (NaBr, NaNOs, Nal, and NaClO,) decrease the values of T,
while the kosmotropic salts (i.e.,Na,SO,) increase the values of T, of the native proteins. NaCl
shows the different behavior on the Ty, values of native Ferrocyt ¢ and Mb at pH 7.0. It slightly
increases the value of Ty, for native Ferrocyt ¢ (Fig. 3a and Table 2) while decrease it for native
Mb (Fig. 3c and Table 5). The increase and decrease in the value of Ty, for various salts at pH
7.0 is according to the Hofmeister series (S0, > CI" > Br >NO; > I >CIlO,"), where NaClO, is
the most destabilizing salt while Na,SO, is the most stabilizing salt. These results are in
consistent with the earlier reports which showed that the kosmotropic salts increase the thermal
stability of the proteins while the chaotropic salts decrease the thermal stability of proteins
(13,47-48).
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Fig. 3 (a) Variation of T, for Ferrocyt c as function of different concentrations of various salts (Na,SO, (m), NaCl
(A), NaNO3 ('¥), NaBr (o), Nal (e), and NaClO, (o) pH 7.0. (b) Variation of T, with different salt concentrations
obtained from CD-222 nm monitored thermal unfolding of Ferricyt ¢, (Na,SO,4 (m), NaCl (A), NaClO,4 (o)) and CD-
282 nm monitored thermal unfolding of Ferricyt ¢, (NaBr (o), Nal (o), NaClO, (o)) at pH 7.0 (c) Variation of Ty, for
Mb as function of different concentrations of lyotropic salts (Na,SO,4 (m), NaCl (A), NaNO; (¥), NaBr (o), Nal (e),
NaClO, (o) pH 7.0. The solid lines in panels (a), (b) and (c) represent the linear least squares fit to the data.
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Table 2. Salt dependence of the thermodynamic parameters (AHy, and T,) for the absorbance-550 nm monitored
thermal unfolding of Ferrocyt c at pH 7.0.

NaCl AHp, Tm NaBr AHp, Tm NaNO; AHp, Tm
0.0 122.2 371.3 0.0 122.2 371.3 0.0 122.2 371.3
0.3 129.1 373.6 0.15 103.4 372.8 0.15 110.6 373.5
0.6 128.6 373.7 0.3 103.0 372.6 0.3 103.8 372.1
0.9 130.5 373.8 0.6 101.6 371.8 0.6 109.6 370.6
1.2 124.7 374.4 0.9 98.8 370.9 0.9 99.3 369.7

1.2 98.8 370.7 1.2 106.1 369.3
Na,SO,4 AHp, Tm NaClO, AHp, Tm Nal AHp, Tm
0.0 122.2 371.3 0.0 122.2 371.3 0.0 122.2 371.3

0.15 121.6 374.5 0.15 107.0 371.4 0.15 1151 371.7
0.3 120.4 375.6 0.3 103.4 369.5 0.3 108.0 369.7
0.6 128.7 377.8 0.6 101.5 366.6 0.6 100.0 367.4
0.9 1354 380.2 0.9 92.9 364.2 0.9 95.0 366.0

1.2 85.0 362.2 1.2 90.0 364.6

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

Table 3. Salt dependence of the thermodynamic parameters (AHy, and Tp,,) for the CD-222 nm monitored thermal
unfolding of Ferricyt c at pH 7.0.

NaCl AHp, Tm Na,SO, AHp, Tm NaClO, AHp, Tm

0.0 721 355.6 0.0 721 355.6 0.0 72.1 355.6
0.75 74.4 356.4 0.5 71.3 361.7 0.75 90.2 344.8
15 67.0 356.6 0.75 71.6 365.5 1.5 70.0 338.5
2.0 7.7 356.8 1.0 69.6 367.4 2.0 60.0 331.8

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

Table 4. Salt dependence of the thermodynamic parameters (AHy, and Ty,,) for the CD-282 nm monitored thermal
unfolding of Ferricyt c at pH 7.0.

Nal AHp, Tm NaBr AHp, Tm NaClO, AHp, Tm

0.0 70.0 359.4 0.0 70.0 359.4 0.0 70.0 359.4
0.5 65.0 352.4 0.5 104.7  352.9 0.5 65.0 346.0
1.0 108.0 342.8 1.0 77.3 352.6 1.0 60.0 343.3
2.0 100.0 333.6 2.0 65.0 351.2 2.0 52.1 332.3

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

Table 5. Salt dependence of the thermodynamic parameters (AHy, and Tp,,) for the absorbance-409 nm monitored
thermal unfolding of Mb at pH 7.0.

NaCl AHp, Tm NaBr AHp, Tm NaNO; AHp, Tm
0.0 109.8 354.0 0.0 109.8  354.0 0.0 109.8 354.0
0.15 112.0 352.8 0.15 102.9  351.8 0.15 102.0 351.0
0.3 101.0 351.8 0.3 99.2 350.7 0.3 98.0 351.1
0.6 100.0 350.8 0.6 92.8 348.5 0.6 88.1 346.7
0.9 95.0 347.8 0.9 88.0 347.1 0.9 76.7 344.5
1.2 102.0 349.4 1.2 84.4 345.8 1.2 74.5 343.1

Na,SO,4 AHp, Tm NaClO, AHp, Tm Nal AHp, Tm
0.0 109.8 354.0 0.0 109.8  354.0 0.0 109.8 354.0
0.15 120.0 352.9 0.15 90.9 350.3 0.15 100.0 351.1
0.3 130.0 351.4 0.3 83.0 347.2 0.3 89.5 348.3
0.6 135.0 352.5 0.6 78.6 342.2 0.6 82.3 343.6
1.0 145.0 354.3 0.9 68.0 337.8 0.9 72.5 339.8
1.2 60.5 334.2 1.2 66.0 336.3

The uncertainties of AH,, and T, values reported here are +5.0 kcal mol™, and 0.5 K respectively.
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5.2.5 Effect of chaotropic and kosmotropic salts on the AGp and Cy, of native protein

To determine the effect of chaotropic and kosmotropic salts on the thermodynamic stability of
proteins, fluorescence monitored urea-induced equilibrium unfolding curves of Ferricyt ¢ were
measured in the presence of various concentrations of different salts (NaCl, Na,SO., NaBr,
NaNOs, Nal, and NaClO,) at pH 7.0. Fig. 4a shows the representative fluorescence monitored
normalized urea-induced equilibrium unfolding curves of Ferricyt ¢ measured in the presence of
different concentrations of NaBr at pH 7.0. Two-state analysis (49) of the urea-unfolding curves
in the absence and in the presence of different concentrations of chaotropic and kosmotropic salts
provided the thermodynamic parameters, denaturation free energy (AGp) and surface area
exposed by the solvent (mg). Table 6 summarized the values of AGp and mq calculated at various
salts concentrations. From the AGp and my values, the urea denaturation midpoints, Cy, (=AGp/

mgy) were obtained.
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Fig. 4 (a) The representative urea unfolding curves of Ferricyt ¢ in the absence and presence of different
concentrations of NaBr; (e) 0.0; (o) 0.15; (A) 0.3; (1) 0.6; (¢) 0.9; and (V) 1.2 M NaBr, pH 7.0, 25 °C. The solid
lines in panel (a) represents the non-linear fit of the data to two-state equation (chapter 2, eq (5)) (49). (b) The

variation of AGp of Ferricyt ¢ with different salt concentrations; (®) Na,SO4; (A) NaCl; (o) NaBr; (V) Nal; (o)
NaClOy,; and (m) NaNOs, at pH 7.0. The solid lines in panel (b) are drawn by inspection only.

Fig. 4b represents the variation of AGp with different salts concentration at pH 7.0. It is clear
from Fig. 4a that with increase in the concentration of kosmotropic salts at neutral pH, the value
of AGp increases while it decreases in case of chaotropic salts. Further, the variation of AGp with

salts at pH 7.0 is in accordance with the Hofmiester series (SO4* > CI” > Br >NO; > I >ClO,).

Table 6. Salt dependence of the thermodynamic parameters (AGp, my and C,) for the fluorescence monitored
equilibrium unfolding of Ferricyt ¢ at pH 7.0.

NaCl AGpb myg Cy NaBr AGp Mg Cn NaNO; AGp Mg Cn
0.0 77 11 7.0 0.0 7.7 1.1 7.0 0.0 7.7 1.1 7.0
0.15 84 12 6.8 0.15 6.7 1.0 6.7 0.15 5.6 0.8 6.8
0.3 92 13 7.0 0.3 6.9 1.1 6.3 0.3 4.2 0.6 7.0
0.6 91 14 6.7 0.6 5.9 1.0 6.1
0.9 95 14 6.8 0.9 5.3 09 6.1
1.2 94 14 6.7 1.2 5.1 09 58
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Na,SO, AGp My Cm NaClO, AGp Mg Cnm Nal AGp Mg Cnm

0.0 77 11 70 0.0 7.7 11 7.0 0.0 7.7 11 7.0
0.15 89 14 6.7 0.15 6.5 10 64 0.15 7.0 11 6.5
0.3 107 14 7.8 0.3 6.4 11 6.1 0.3 5.7 1.0 6.0
0.6 120 13 9.2 0.6 4.6 09 49 0.6 51 0.9 5.7
0.9 133 13 103 0.9 3.3 0.7 438 0.9 4.2 0.8 5.4

The uncertainties of AGp, my and C,, values reported here are + 1.0 kcal mol™, + 0.2 kcal mol™ M7, and +0.5 M
respectively.

5.2.6 Effect of chaotropic and kosmotropic salts on the AGp and Cy, of acid-denatured proteins
To determine the effect of chaotropic and kosmotropic salts on the acid-denatured proteins, the
urea-induced equilibrium denaturation curves of Lyz in the presence of different concentrations
of salts (NaCl, NaBr, Nal, and Na,SO,) were measured at pH 2.3, 25 °C. Fig. 5a shows the
representative fluorescence monitored normalized urea-induced equilibrium denaturation curves
of Lyz collected at different concentration of NaCl at pH 7.0, 25 °C. The urea-induced unfolding
curves in Fig. 5a were analyzed by two-state equation (chapter 2, eq (5)) (49). Table 7
summarized the values of AGp and my of acid-denatured Lyz calculated at various salts (NaCl,
NaBr, Nal, and Na,SO.) concentrations at pH 2.3. From the AGp and my values, the urea
denaturation midpoints, Cr, (=AGp/ mg) were obtained (Table 7). Fig. 5b shows the variation of
AGp with salts concentration. It is clear from Fig. 5b that with increase in the both chaotropic
and kosmotropic salts concentrations, the value of AGp of acid-denatured Lyz at pH 2.3 increase.
Notably, the increase in the value of AGp is more pronounced for Na,SO,4 and Nal and least for
NaCl and NaBr.
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2 0.5 g 9~ 1 . () —
5 o [ 4 [} 7]
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Fig. 5 (a) The representative urea unfolding curves of Lyz in the presence of 0.0 (o), 0.2, (e), 0.4 (A), and 0.8 M
NaCl (V) pH 2.3, 25 °C. The solid lines in panel (a) represent the non-linear least square fit of the data to two-state
equation (chapter 2, eq (5)) (49). (b) The variation of AGp of Lyz with salt concentrations (A ) Na,SO,; (V) NaBr;
(o) Nal; and (V) NaCl.
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Table 7. Salt dependence of the thermodynamic parameters (AGp, my and C,) for the fluorescence monitored
equilibrium unfolding of Lyz at pH 2.3.

NaCl AGp My Cnm Na,SO, AGp myg Cm
0.0 4.0 11 3.7 0.0 4.0 11 3.7
0.2 51 11 4.4 0.1 7.1 13 55
0.5 7.1 14 4.9 0.15 8.7 15 5.8
0.8 8.0 15 5.5 0.35 11.6 1.6 7.3
0.5 12.2 1.6 7.6

NaBr AGp My Cn Nal AGp My Cn
0 4.0 11 3.7 0 4.0 11 3.7

0.5 7.1 15 4.7 0.5 12.3 1.6 7.7
1.0 9.1 1.6 5.7 1.0 12.6 1.6 7.9

The uncertainties of AGp, my and C,, values reported here are + 1.0 kcal mol™, +0.2 kcal mol™ M™, and +0.5 M
respectively.

5.2.7 Thermal denaturation of protein in different salts solutions with different water activity
To analyze the relative effect of salts on the stability of Ferrocyt c, the reciprocal form of the WT
equation (eq (2)) was applied.

dinK ,s/dinay, =[ Ni—(X /Xy ) A | 2)

where Kys (=[U]J/[N]) is concentration ratio of unfolded protein (U) to native protein (N) in
solution, aw is water activity, and Xy and Xy are molar fraction of water and cosolute,
respectively. For the application of reciprocal form of the WT equation (eq (2)), aw should be
known as a function of cosolute concentrations. The values of aw for different salts were

estimated by using the relation, ¢=-55.51/mlna, where m is the molality of given salt. The

experimental osmotic coefficients (¢) for various salts (Na,SO,, NaNOs, NaBr, Nal, and
NaClO,4) were obtained from literature (50). Fig. 6a shows the reciprocal WT plot for unfolding
of Ferrocyt ¢ at pH 7.0, in which the InKys of the protein is plotted against the Inaw of salt
solutions at 363.15 K. The slope which depends on the type of salt (i.e., chaotropic or
kosmotropic) was obtained for each salt from linear regression fits to eq (2) and it consists of Al
and the (Xw/Xy)Aj. The effects of kosmotropic and chaotropic salts on the protein are indicated
by the positive and the negative slopes (eq (2)), respectively. For Ferrocyt c, the sugars such as
sucrose and kosmotropic salts such as Na,SO,4 showed a positive slope while the chaotropic salts
such as NaBr, Nal, NaClO,, and NaNO3 showed the negative slopes (Table 8). As explained
earlier by Miyawaki et al, the second term for solute binding in eq (2), (Xw/Xy)Aj is negligible

for non reducing sugars such as sucrose (51-53). Therefore, the hydration number change upon
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protein unfolding, Ai, is determined from the slope of the plot based on eq (2) for sucrose, which
is proved to be preferentially excluded from the protein surface and does not bind in the aqueous
solution (54-55). Therefore, Aj is assumed to be zero for sucrose. The value of Ai thus
determined, is 68.31 mol/ mol-protein for Ferrocyt c at pH 7. Once the value of Ai (eq (2)) is
determined, the value of (Xw/Xvy)Aj (binding term) can easily be determined from the slope in
Fig. 6a (Table 8) and Ai. When the concentration of the salt is fixed, the Aj can easily be
calculated from the (Xw/Xy)Aj. The calculated A;j’s at cosolute concentration of 1 mol/kg-solvent
are summarized in Table 9. Among various salts used, the Aj is highest for NaClO,4 (5.17) and is
least for Na,SO, (-0.14).
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-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.0 0.6 1.2 1.8 2.4
In a, m, (mol/kg-solvent)

Fig. 6 (a) Reciprocal form of WT plot: Effect of water activity on unfolding ratio of Ferrocyt ¢ in aqueous salt
solutions (o, Na;SO,; V, NaNOs; A, NaBr; ¥, Nal; and o, NaClO,), and e, sucrose; at pH 7.0, 363.15 K (b) AAG
is plotted as a function of salt and sugar concentration (my) (o, Na,SO,; A, NaBr; V, NaNOs; ¥, Nal; 0, NaClO,4
and e, sucrose) obtained by thermal unfolding of Ferrocyt ¢ at pH 7.0. The solid curves represent linear least-
squares fitting.

Table 8. Slope of reciprocal WT plot (eq (2)).

Sucrose Na,SO, NaBr

68.31 76.16 -68.95
Nal NaNO; NaClO,
-163.76 -106.93 -220.44

Table 9. Number of change in bound-solute molecules upon protein unfolding, Aj at solute

concentration of 1 mol/kg-solvent

Sucrose Na,SO, NaBr
0.00 -0.14 2.46
Nal NaNO; NaClO,
4.16 3.14 5.17

Green and Pace (56-57) proposed a linear extrapolation model (LEM) for AAG:

AAG =-m[m,/]
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where my is the concentration of cosolute (mol/kg-solvent), and m is termed as m-value. Various
studies indicate that the m-value is positive for protein stabilizers and negative for protein
destabilizers. The direct effect of lyotropic salt concentration on AAG can be easily calculated in
the present case by using eq (3), which is integrated as follows,

AAG = AG ;¢ -AG,, = -RT (AInK ;5 -AInK )
=-RT[Ai— (X /X )4 |Ina, (4)

Eq (4) shows the role of water activity on protein stability by relating AAG to [Ai-(Xuw/Xy)Aj]
and Inaw. It has also been shown that the net stability of protein is determined by a balance
between Ai-term and Aj-term. The effect of salts concentration on thermal stability of Ferrocyt ¢
is directly related by theoretical basis for the LEM model, eq (3) AAG was calculated from eq (3)
as a function of various salts concentrations. Fig. 6b shows a plot of AAG against concentration
of salts (my). AAG depends linearly on lyotropic salt concentration indicating the applicability of
LEM model. The slope (m-value) determined for each salt from linear regression fits to eq (2)
(Fig. 6b). The m-value is dependent on the type of salt used i.e., the m-value is positive for
kosmotropic salts (Na;SO,) and is negative for chaotropic salts (NaBr, Nal, NaClO,4, NaNO3)
(Table 10). These results are in agreement with an earlier report where the protein stabilizers
such as sugars are shown to have positive m-values, where as the protein destabilizers such as

alcohols are known to have negative m-values (40, 42, 53).

Table 10. The m-values of Ferrocyt ¢ obtained in the presence of different salts and sucrose at pH7.

Sucrose Na,SO, NaBr
0.9 2.0 -1.83
Nal NaNO; NaClO,
-4.3 -2.9 -5.0

5.3 Conclusion

This chapter evaluates the effect of various chaotropic and kosmotropic salts on the structural

fluctuations of the MB80 containing Q-loop of Ferrocyt ¢ by measuring the Kinetic and

thermodynamic parameters for CO association reaction of native Ferrocyt ¢ under conditions of
different concentrations of various salts (NaCl, NaBr, Nal, Na,SO,4, NaNOs, and NaClO,) at pH 7.0.

The data obtained indicate that at low to intermediate concentrations, the ions dissociated from both

chaotropic and kosmotropic salts restrict the internal dynamics of native proteins by electrostatic

screening of the protein charges and by lowering the conformational entropy of proteins through
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binding interactions. At relatively higher concentrations, the ions dissociated from chaotropic salts
influence the internal dynamics of proteins according to Hofmeister series (CIO4 > 1" > NO3; > Br).
To evaluate the effects of chaotropic and kosmotropic salts on the stability of native Cyt ¢ and Mb at
pH 7.0 and acid-denatured Lyz at pH 2.3, the thermal and urea-denaturation curves of the proteins
were collected in the absence and presence of various salts at pH 7.0 and pH 2.3. The results
obtained indicate that at neutral pH, the kosmotropic salts increase the thermodynamic stability of
the proteins while the chaotropic salts decrease it. Furthermore, the effect of lyotropic salts on the
thermodynamic stability of these proteins follows the Hofmeister series (S04 > CI” > Br > NO; >
I”>CIlO,4 ). The m-values were also determined from the slope of AAG vs [salts] plot. The m-values
were found to be most negative for NaClO4 and least for Na,SO4, consistent with destabilization of
proteins according to the Hofmeister series (S04 > Br >NO; > | >ClOy).
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Chapter 6

Structural, Kinetic, and Thermodynamic Characterizations of
Guanidinium and Sodium Cations-Induced Molten Globule
States of Base-Denatured Cytochrome ¢

6.1 Introduction

The MG-state is a compact conformation that contains native-like secondary structure and
fluctuating tertiary structure (1-6). Structural, Kinetic, and thermodynamic studies show that the
MG state is a major intermediate in protein folding (3,5-21) which typically populates at the late
stages of folding (5,6,22-25). However, MG intermediates have also been detected at the early
stages of folding of several proteins (7,11,26-27). The MG and other partially folded states of
proteins have been found to play crucial role in human diseases. MG state is also important for
protein function in the living cells. Few previous reports show that the intrinsically natively
disordered proteins that resemble MG-like-state (28-32) can be involved in cell signaling and
regulatory functions by their interactions with DNA and other proteins (33-37).

GdnHCI is one of the most powerful destabilizing salts commonly used to unfold native
proteins. The effects of GdnHCI on protein stability are particularly complicated due to its ionic
character. Therefore, a basic premise of the work is to examine the effect of ionic nature of
GdnHCI on transformation of protein states. The exact mechanism by which GdnHCI acts upon
proteins is still not clear. The ionic nature, and hence Coulombic effects, and chaotropic effect of
the denaturant needs to be elaborated using a large number of proteins. There have been many
cases reported where low concentrations of GdnHCI can stabilize proteins by committing GdnH*
and CI” ions to screen charge-charge interactions in the native state of the protein (38-41). At
lower concentrations of GdnHCI, the GdnH"™ ions also contribute to the native protein stability
through more general but less discussed mechanism called protein stiffening (39-41). According
to this, the interaction of GdnH™ with the protein atoms by multiple non-covalent bonding leads
to constraints on side-chain and main-chain dynamics in different parts of the protein, and thus
stabilizes the protein entropically (39-41). However, there are fewer reports with reference to the
effects of GAnHCI on the MG state of the proteins (42-43). The pioneering work by Goto and
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coworkers has shown that GdnHCI at low concentrations (<1 M) refolds and stabilizes the acid-
denatured proteins to MG states (42). Along the same line, we have studied the effect of GdnHCI
on the base-denatured CO-liganded Ferrocyt ¢ (Cyt-CO) and found that GdnHCI at low
concentrations (<0.2 M) also refolds and stabilizes the base-denatured Cyt-CO to MG state.

In the native state, the heme iron of Cyt c is axially coordinated by H18 and M80. At high
pH, the M80 ligand to the iron in Ferricyt c is replaced by non-native lysyl e-amino group (44),
while in case of Ferrocyt ¢ the Fe?-M80 contact persist even under extreme alkaline pH
conditions (44-45). In strongly basic medium, the ligation of the lysyl e-amino groups with the
heme iron can compound the heme misligation problem (46), especially when the pH difference
between the initial and final solutions affects the side-chain ionization. The non-native heme
ligands do not interfere with inherent accelerated folding of Ferrocyt ¢ (47-48), so this study uses
Ferrocyt ¢ for which the requirement for MG stabilization by itself abolishes the aforesaid
ligation-related problems (49). Also the experiments with Ferrocyt ¢ can be best performed at
neutral to alkaline range of pH because low pH enhances autooxidation of the ferrous heme.
Aqueous stability of Ferrocyt ¢ is extremely high (~18 kcal mol™ at 25 °C) and it hardly
denatures even at the extreme of basic pH. To suppress the excessive stability of the protein, we
test-tube engineered the protein by liganding the Fe** of heme with extrinsically added CO at pH
~12.6. Under these conditions the protein was fully denatured.

It is well known that the CI™ arising from NaCl and GdnHCI refolds and stabilizes the
acid-denatured protein to MG states by a charge screening mechanisms (42). Recently, it has
been shown that the Na" arising from NaCl also transforms the alkali-denatured Ferricyt ¢ and
Cyt-CO to MG-states (46, 49-51). In this chapter we have shown that the GdnH" arising from
GdnHCI (<0.2 M) also transform the base-denatured Cyt-CO to MG state by making the
electrostatic interactions to the negative charges of the protein. In addition, we have also
compared the GdnH*-induced alkali MG-state with the already known Na*-induced alkali MG-
state in terms of molecular compactness, and tertiary structures content, conformational and
thermal stabilities, and also the restricted overall dynamics. The results obtained from this work
suggest that the GdnH™-induced MG state of the base-denatured protein is somewhat less stable

as compared to the Na'-induced MG state.
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6.2 Results

6.2.1 Alkali-denatured Cyt-CO and its molecular compaction in the presence of guanidinium
(0.2 M) and sodium cations

The fluorescence-monitored pH titration curves of Ferrocyt ¢ in the absence and presence of CO
reveal that the Ferrocyt c in the absence of CO remains folded under extreme alkaline conditions
(pH 13) while it is steadily unfolded at pH above 12.6 in the presence of CO (Fig. 1a). The
emission spectra in Fig. 1b provide three important informations. (i) The emission Amax values
for the base-denatured Cyt-CO (called Ug state, spectrum 4) and the denaturant-unfolded Cyt-
CO at pH 7.0 (called the U-state, spectrum 6) are 361.5 and 368.5 nm, respectively. About 7.0
nm blue shift observed for the Ug-state suggests that W59 is in a relatively apolar surrounding,
shielded from water. Remarkably, the emission intensity at pH 13 is at least 2.3-fold less relative
to that at pH 7.0. This is possibly due to either quenching by hydroxyl ions or ionization of the
phenolic hydroxyl group of tyrosine at alkaline pH. Further, when Ug-state is unfolded in the
presence of 4.5 M GdnHCI, the emission intensity is found to be 1.2 fold less (spectrum 5) than
the emission intensity of U-state (spectrum 6). However, the Amax shifts to 366.5 nm. In spite of
these effects of alkaline pH, the total observed fluorescence could still be used as a reliable
marker of molecular compaction of alkaline Cyt-CO, because it is interesting to know if the
emission is quenched, presumably because of increasing proximity of the fluorophores and the
heme as the concentration of guanidinium (< 0.2 M) and sodium cations increases in the
medium. (ii) Fig. la also shows guanidinium (< 0.2 M) and sodium cations driven molecular
compaction of base-denatured Cyt-CO. The decrease in fluorescence emission due to W59
indole at ~0.2 M GdnH" (spectrum 3) or at ~0.2 M Na" (spectrum 2) concentration arises
because molecular compaction brings W59 within the quenching proximity of the heme.
Furthermore, in the presence of ~0.2 M GdnHCI or NaCl, the Ama.x 0f Ug-state shifts to a longer
wavelength showing a Amax at 368 nm. This indicates that W59 in the compact protein is
relatively more exposed to water. The Ug-state is denatured but still compact, and the MG-state
is relatively more compact in accordance with the concept of chain compaction accompanying

formation of the MG-state from the Ug-state.
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Fig. 1 Basic results indicating molecular compaction of the base-unfolded Cyt-CO in the presence of GdnHCI and
NaCl (pH 12.6), 25 °C. (a) Fluorescence monitored alkaline pH-induced unfolding of Ferrocyt c. When CO is
allowed to bind to the protein, it is fully unfolded at pH 12.5 (open circles), but in the absence of CO there is no
unfolding (filled circles). The solid line in panel (a) is fits according to eq (4) (Chapter 2), which provided n~2.0,
and C,, ~12.3 at 25 °C. (b) Fluorescence spectra for different states of Cyt-CO at 25°C. 1, pH 7.0, native; 2, pH 12.6,
0.2 M NaCl; 3, pH 12.6, 0.2 M GdnHCI; 4, pH 12.6, no salt; 5, pH, 12.6, 4.5 M GdnHCI; and 6, pH 7.0, 45 M
GdnHCI.

6.2.2 GdnHCI-induced stabilization/folding and unfolding of the base-denatured Cyt-CO

Fig. 2 shows the fluorescence-monitored GdnHCI titration of base-denatured Cyt-CO at pH 12.6.
Contrary to expectation, a remarkable behavior is observed: as the concentration of GdnHCI in
reaction medium is increased, the fluorescence intensity initially decreases in a sharp cooperative
manner (Fig. 2a), and then it increases relatively monotonously displaying a very weak unfolding

transition (Fig. 2a).
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Fig. 2 (a)The GdnHCI-induced folding-unfolding transition of base denatured Cyt-CO at pH 12.6. The continuous
line represents the fit to the experimental data by the use of eq (2). The fit yields m= 0.27(+0.01) kcal mol™* M™ and
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AG°=1.1(+0.02) kcal mol™. (b) In the presence of low concentrations of GdnHCI, guanidinium ions drive the
Ug—>MG transition. The observable equilibrium constant, K, for the Us = MG is plotted against the molar
activity of GAnHCI. The solid line is the fit to data according to eq (1) (see text). The fit yields An = 4.4, K, =51 M
! and K = 6.0. At 25°C, the value of K corresponds to the free energy of 1.07 kcal mol™.

GdnHCl-induced initial refolding transition (i.e., Ug — MG transition) of base-denatured
protein can be explained by the effects of GdnH™ arising from GdnHCI, which binds to the
negative charges of the protein, thus shielding the unfavorable repulsive forces. The number of
GdnH" ions associated with the GdnHCI-induced refolding transition can be estimated for a
model by assuming that the MG state interacts preferentially with the GdnH™ ions and the
binding constants for interaction of these cations with different binding sites offered by the MG
state are comparable (52). The nonlinear least-squares fitting of the initial folding transition data
(Fig. 2b) to the expression (1)

Ko = KA+ K, &)™ @
yields An = 4.4, K, = 51 M™ and K = 6.0, where An is the difference of the number of GdnH"
ions bound to base-denatured and MG states, K, is the binding constant, K is the true equilibrium
constant for the GdnHCI-induced refolding transition in the absence of GdnHCI, and ay is the
molar activity of GdnHCI. At 298 K, the value of K corresponds to the free energy of 1.07 kcal
mol™,

Starting at 0.25 M, increasing GdnHCI concentration caused unfolding of MG state (Fig.
2a) because the stabilizing effect of the GdnH" ions is overrun by its own unfolding action. The
unfolding transition, MG = U is apparently shallow (Fig. 2a). The GdnHCI titration data were
fit to (43),

G — AGS_RT |n(1+ K¢ [GdnHCI]

1+ K6 [GdnHCI]

j —m[GdnHCI] )

where K'sing and KM®ping are binding constants of GdnH* to the unfolded and the MG state,
respectively, m is the equilibrium surface exposure of residues during unfolding, n is the number
of GdnH™ binding sites, and AG® is the free energy of unfolding in the absence of the denaturant.
The fit yields m = 0.27(+0.01) kcal mol™* M and AG® = 1.1(+0.02) kcal mol™.

Fig. 3a shows the highly cooperative unfolding transition of the MG state stabilized by
0.3 M NaCl induced by GdnHCI. Therefore, a two-state analysis (53) was carried out to extract
the thermodynamic parameters of the Na* cations-induced MG state. The fit yields denaturation
free energy, AG°=4.4(+1) kcal mol™ and surface area exposed by solvent, mg=2.0(+0.6) kcal
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mol™ M™. Fig. 3b compares the aromatic CD signals of native Ferrocyt ¢ and base-denatured
Cyt-CO in the presence of ~0.2 M GdnHCI and 0.2 M NaCl. Traditionally, the MGs are
generally distinguished by a dramatic loss of near-UV CD signal (54-55). The 282 and 290 nm
bands of native Ferrocyt ¢ (pH 7 and 0.2 M GdnHCI) that arise from the coupling of the electric
transition dipole moments of the W59 indole and the heme are not traceable in the GdnHCI-
containing alkaline medium (pH 12.6 and 0.2 M GdnHCI), apparently indicating some loss of the
tertiary structure.

The presence of a small amount of GdnHCI in alkali solutions obscured the peptide
signals (CD 222 nm) due to an elevation of the HT voltage. The loss of 282 nm CD signal of the
base-denatured protein with increasing concentration of GdnHCI up to 0.2 M is an indication of
the Ug — MG transition (Fig. 3c). The nonlinear least-squares fitting of the Ug — MG transition
data (Fig. 3c) to eq (1) yields An=1.5, K,=300 M™, and K=2.96. At 25°C, the value of K

corresponds to the free energy of 0.65 kcal mol™.

1.2 15 T T T oy 1o T
3 — p—
(c)
= 10 L
s
Q g 7 VANVAN o —
% 2 0 - 4 A“‘AAéAAAAA'A x% 1
o O oo R naigE g .f.\ B
s 04 u W"“
2 _5 f OO -
-10
0.0 — —
[ A R N R .15 I I B 1 L peoml vl 1
0 1 2 3 4 5 275 280 285 290 295 10+ 103 102 10t
[GdnHCI] (M) Wavelength, nm GdnHCI activity (M)

Fig. 3 (a) GdnHCI-induced equilibrium unfolding Cyt-CO at pH 12.6, 0.3 M NaCl, and 298 K. The solid line is the

standard two-state fit to data (53). The fit yields AG°p ~ 4.4 (+1) kcal mol™ and my ~ 2.0 (+0.6) kcal mol™ M™. (b)
Near-UV CD spectra: native ferrocyt ¢ at pH 7.0, 0.2 M GdnHCI, and 298 K (solid line); Cyt-CO at pH 12.6, 0.2 M
GdnHCI, 298 K (e=s82);Cyt-CO at pH 12.6, 0.2 M NaCl, 298 K (eeeee); Cyt-CO at pH 12.6, no salt, 298 K
(eeeee); and Cyt-CO at pH 12.6, 4.0 M GdnHCI (AAAA). (¢) GdnHCI-induced Ug—MG transition monitored
by near-UV CD. The continuous line is the fit according to eq (1) (see text). The fit yields An=1.5, K;=300 M™, and
K=2.96. At 298 K, the value of K corresponds to the free energy of 0.65 kcal mol™.

6.2.3 NMR spectral features of alkali-denatured Ferricyt ¢ in the presence of GdnHCI and
NaCl

'H NMR can be used to characterize MG state having increased internal mobility and side chain
environmental averaging (3, 54). Selected regions of the basic NMR spectra presented in Fig. 4

reveal these properties. For the native state of Ferricyt ¢ (pH 7.0, no salt), the resonances are
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narrow and well dispersed (Fig. 4a,b (spectrum (i))). Whereas for the base-denatured state of the
protein (pH 13, no salt), both the chemical shift dispersion and line shape are substantially lost
(Fig. 4a,b (spectrum (iv))). However, the spectrum in the presence of ~0.3 M NaCl (Fig. 4a,b
(spectrum (ii))) or ~0.15 M GdnHCI (Fig. 4a,b (spectrum (iii))), resembles to that of the base-

denatured protein but the resonances are a little sharper (56-59).
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Fig. 4 NMR spectra (400 MHz). Panels (a) and (b): (i) Native state of Ferricyt ¢, pH 7.0, no salt; (ii) Na*-induced
MG state, pH 13.0, 0.3 M NaCl; (iii) GdnH*-induced MG state, pH 13.0, 0.15 M GdnHCI; (iv) Base-unfolded state,
pH 13.0, no salt. For clarity only selected regions of aromatic, aliphatic resonances are shown. All spectra were
taken at 298 K.

Relative to resonances in the native state spectrum (Fig. 4a,b (spectrum (i))), the resonances in
the NaCl and GdnHCI induced MG states spectra (Fig. 4a,b (spectrum (ii))), and (Fig. 4a,b
(spectrum (iii))), respectively) are broad all over the aliphatic and aromatic regions. The finding
that the GdnHCI or NaCl induced MG state resonances are still not markedly broad like that of

the base-denatured state of the protein (pH 13, no salt), suggests that the MG-state interrogated
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here is perhaps not excessively mobile and carries some traces of rigid tertiary structure
involving both aliphatic and aromatic side chains.

6.2.4 GdnHCI and NaCl dependent kinetics of CO association to alkaline Ferrocyt ¢ indicates
that the MG state is stiff and dynamically constrained

Ferrocyt ¢ can be driven to bind CO under mild destabilizing conditions when the CO is used in
saturating concentration (~1.0 mM) (48-49,60). Intramolecular thermal collisions provide the
energy for barrier crossing in the CO association reaction (i.e., Ferrocyt c+CO — Ferrocyt ¢c-CO)
and the rate coefficient for CO association reaction, log kis IS expected to decrease if the
amplitudes of thermal fluctuations are reduced as a result of constraints on the collective modes
of intramolecular motion (40-41). Fig. 5a typifies the kinetics of the CO association reaction of
alkaline Ferrocyt ¢ by monitoring the decrease in absorbance at 550 nm following the addition of
a small volume of the protein solution to a CO-saturated aqueous alkaline solution (pH 12.6)
containing ~0.03 M GdnHCI at 25 °C. Fig. 5b shows the kinetics of the single phase CO
association reaction of native Ferrocyt ¢ by same method at pH 7.0, 0.75 M GdnHClI, and 25 °C.
The CO association Kinetics results are well described by a monoexponential decay function and
are consistent with a time constant, zs 0f ~6.9 min at pH 12.6 and ~31 minute at pH 7. Fig. 5¢
shows the CO association Kinetics of native Ferrocyt ¢ by monitoring the decay of the peak
height at about —3.26 ppm (M80 CeH3 resonance) following the addition of a small volume of
the protein solution to a CO-saturated aqueous native solution (pH 7) containing ~2.9 M GdnHClI
at 25 °C. This NMR-monitored Kinetic trace is fitted well to a monoexponential decay function
with a time constant, zs of ~20.5 min. Fig. 5d shows the GdnHCI-induced unfolding transition
of alkaline Ferrocyt ¢ (pH 12.6) at 25 °C. Fig. 5e and Fig. 5f show the logarithm of kuss for
alkaline (pH 12.6) and native (pH 7) Ferrocyt c as a function of GdnHCI concentration at 25 °C,
respectively. Fig. 5e also shows the GdnHCI-dependent variation of ks for alkaline Ferrocyt ¢ in
the presence of ~0.3 M NaCl. A narrow minimum of log kass around 0.15-0.2 M GdnHCI is
observed when the rate of CO association is measured for alkaline Ferrocyt c in the absence of
NaCl (Fig. 5e). The rate-[GdnHCI] data in Fig. 5e provides an opportunity to analyze the
dynamical behavior associated with the transitions from base-denatured state to the GdnHCI-
induced MG and unfolded states.
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Fig. 5 Equilibrium stability and rate-denaturant/salt spaces for the CO association reaction of alkaline and native
Ferrocyt c. Panels (a) and (b) represent the slow single-phase CO association kinetic traces of alkaline (t=6.9 min,
0.03 M GdnHCI, pH 12.6, 298 K) and native (== 31 minute, 0.75 M GdnHCI, pH 7.0, 298 K) Ferrocyt c,
respectively. Panel (c) shows the real-time NMR monitored mono-exponential decay of the peak height at -3.26 ppm
(M80 C,Hjs resonance) during association of CO to native Ferrocyt ¢ (t=20.5 min, 2.9 M GdnHCI, pH 7.0, 298 K).
In order to achieve a pseudo first order condition with respect to CO (saturating concentration), we have used a very
low concentration of the protein (~50 puM) that rendered *D NMR acquisition more useful than 2D acquisition. (d)
GdnHCIl-induced equilibrium unfolding of alkaline Ferrocyt ¢ (pH 12.6) at 298 K. The solid line represents the
iterated least-squares fit of the data to a two-state unfolding transition (53). The fit yields AG°p ~3.53(0.5) kcal
mol™ and mgy ~1.8(+0.2) kcal mol™ M. (e) Dependence of the rate of the CO association of alkaline Ferrocyt ¢ on
GdnHCI concentration in the absence (m) and in the presence (0) of ~0.3 M NaCl at pH 12.6, 298 K. Inset of panel
(e) shows dependence of the rate of the CO association of alkaline Ferrocyt ¢ (o, ODsso nm; o, NMR-monitored
M80 C.Hs resonance) on NaCl concentration at pH 12.6, 298 K. Panel (f) shows dependence of the rate of the CO
association of native Ferrocyt ¢ on GdnHCI concentration (¢, ODsso nm; ¢, NMR-monitored M80 C.Hs resonance)
at pH 7.0, 298 K. The lines through the data have been drawn by inspection only

When going from 0.0 to 0.2 M GdnHCI, the value of kass decreases 2(+0.3)-fold, and increases
thereafter. The decrease suggests that at low GdnHCI concentrations (<0.2 M), GdnH" ions tend
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to block association of CO to Ferrocyt c. The increase in rate coefficients above 0.2 M GdnHCI
can be interpreted to arise from MG state destabilization and structural unfolding that would
facilitate CO association process. Inset of Fig. 5e shows the NaCl-dependent variation of Kass for
alkaline Ferrocyt ¢ at 25 °C. As NaCl concentration is increased, ki decreases
monoexponentially and plateau at ~0.2 M NaCl. Clearly, the internal dynamics of the Na* and
GdnH" (<0.2 M) ions-induced MG states are substantially constrained with respect to base-
denatured and unfolded states.

To investigate these aspects further, we have determined the GdnHCI and NaCl
dependence of the activation enthalpy and entropy of the CO association process. If the alkali-
denatured protein is indeed stabilized at some concentration of GdnHCI or NaCl, then the energy
barrier for CO association at that GdnHCI or NaCl concentration will be relatively higher. The
analysis is based on the thermodynamic formulation of the conventional transition state theory,
with the assumption that GAnHCI or NaCl has no effect at the transition state level. Any decrease
in the entropy of the reactant state (Ferrocyt c+CQO) must be compensated by an increase in the
activation enthalpy of the CO association reaction. This follows from

H Y S
ass Inl —/— |4 Z&ss 3
[ ] : @

RT |k,
where v is the vibrational frequency, and Hass and Sass are changes in enthalpy and entropy,
respectively, between the reactant and transition states. By comparing eq (3) with the Arrhenius
expression, K.ss =Aexp(-E«/RT), where A is the front factor and E, is the activation energy, the

following equalities are obtained.
Ea = Hass (4)

In é :% (5)
% R
Fig. 6a shows the Arrhenius plots for the CO association reaction of alkaline Ferrocyt c in the
presence of 0.0, 0.2, and 3.5 M GdnHCI. For comparison, the Arrhenius plots for the CO
association reaction of alkaline Ferrocyt ¢ (pH 12.6) in the presence of 0.2 M NaCl and 0.2 M
GdnHCI are shown in Fig. 6b. Fig. 6b also shows Arrhenius plot for the CO association reaction
of native Ferrocyt ¢ (pH 7.0) in the presence of ~0.2 M GdnHCI. The activation energies and
frequency factors are listed in Table 1. The data in Table 1 clearly show that in the presence of

~0.2 M GdnHCI or 0.2 M NaCl, the activation energy for the CO association reaction of alkaline
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Ferrocyt c increases. We attribute this to reduced motional freedom in the MG state relative to
that in the base-denatured and unfolded states (E, = 19.2 (+0.3), 22.0 (+0.3), and 12.9 kcal mol™
for the base-denatured, GdnH"-induced MG and unfolded states, respectively). In terms of
internal dynamics, the GdnH*-induced MG state is more constrained relative to that of the base-
denatured and unfolded states but less constrained relative to the Na*-induced MG state (E, =
22.8 kcal mol™, Fig. 6b) and native state (E, = 25 kcal mol™, pH 7.0, Fig. 6b).

In kass (sec™)
In kass (sec™
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Fig. 6 Arrhenius plots for the CO association reaction in the presence of GdnHCI and NaCl. (a) Temperature
dependence of the CO association rate of alkaline Ferrocyt ¢ (pH 12.6) in the presence of 0.0 (V, E, = 19.2 (x0.3)
kcal mol™), 0.2 (A, Ex= 22.0 (£0.3) kcal mol™), and 3.5 M GdnHCI (¥, E,=12.9(+0.1) kcal mol™). (b) Temperature
dependence of the CO association rate of alkaline Ferrocyt ¢ (pH 12.6) in the presence of 0.2 M GdnHCI (A, E,= 22
(+0.3) kcal mol™) and 0.2 M NaCl (o, E, = 22.8 (+0.3) kcal mol™) and of native Ferrocyt ¢ (pH 7.0) in the presence
of ~0.2 M GdnHCI (A, E,= 25.0 (+0.3) kcal mol™).

The quantity AS,s, defined as conformational entropy loss for the base-denatured protein
in the presence of GAnHClI relative to the entropy of the base-denatured protein in the absence of
denaturant was calculated according to (40-41)

AS,. =k, In-2x ©6)

ef
Here, Arerand Ay are the Arrhenius front factor for temperature dependence of the reactions in the
absence and the presence of x concentration of GAnHCI. ASgiss is expressed in Boltzmann units
(ks). An increase of conformational entropy loss at ~0.2 M GdnHCI (Table 1) clearly shows that
the decrease in CO association rate of alkaline Ferrocyt ¢ is due to entropic stabilization of the
base-denatured protein by GdnHCI. The substantial reduction in amplitudes of thermal motions
in the presence of low concentrations of GAnHCI conceivably reduces the magnitude of global or
subglobal unfolding motions, and is termed as “protein-stiffening effect” that stabilize structure

by lowering the conformational entropy of the system (39-40).
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Table 1. Activation energies (E,), Frequency factor (A), and Entropy changes (AS,s) for CO association of
Ferrocyt ¢ in 25 mM Tris-HCI, pH 7.0.*

pH~12.6 pH~7
(alkaline Ferrocyt c) (native Ferrocyt c)
Additive Additive Ea=Hs)  INA ASass Ea(=Hass) In A

concentration, M kcal mol™ st kg kcal mol™ st
Control 0.0 19.2 27.0 0.0

GdnHCI 0.2 22.0 314 +4.4 25.0 37.1
3.5 12.9 18.4 -8.6
NaCl 0.2 22.8 315 +4.5

* Errors in values of E, and In A are <0.5 kcal mol™ and 0.5 s, respectively, and the corresponding errors in AS, is
~0.5. The errors values were determined from two or more independent measurements.

6.2.5 GdnHCI-dependence of intrapolypeptide diffusion rates of base-denatured Cyt-CO

When CO is photolyzed from base-unfolded Cyt-CO (pH 13), the side chains of the methionine
(M65, and M80) and histidine (H26, and H33) residues make transient contacts with the heme
iron via the vacant coordination site of the Fe®* (61-63). The coordinates of amino acids to the
heme iron are same at both alkaline and neutral pH because the side chains of the methionine
(M65, and M80) and histidine (H26, and H33) residues also make transient contacts with the
heme iron when the CO is photolysed from denaturant-unfolded Cyt-CO at pH 7 (63-64).
Bimolecular CO recombination restores the initial state at longer times. When the
intrapolypeptide ligand, say M binds to the Fe?* of heme, this binding process involves first
diffusive motions of the two contacting sites at a rate of k.u to produce a heme-ligand contact
loop (63-64). The side chain of the contacting residue M can now form a bond with the Fe** of
heme at a rate k., or diffuse away at a rate of k_. The binding of M to the Fe?* of the heme can be

depicted as below (64),

— . -
e e #\\
K. r kyp -
\\ll . ‘

O Heme ® M
The steady-state approximation then gives the overall rate of binding, Kiw

— k+b
Koy =K, {m} ()
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Since the covalent binding, as approximated by the geminate rate (tens of nanoseconds) occurs
very rapidly compared to chain diffusion that takes microseconds, so one can say ki,»k_. Hence,
k+m=K+. Thus, the calculated values of ligand contact rates are actually the diffusion rates.

The intrapolypeptide diffusion rate of the contacting sites in a random coil configuration
depends on the mean-squared distance between them (65). Thus the rate(s) of heme-ligand
contact formation measured by CO photolysis from Cyt-CO can provide information about
polypeptide compaction or expansion. Fig. 7a presents a typical kinetic trace showing changes in
421.5 nm absorbance at pH 12.7 in the 75 ns to 30 us time range after CO photodissociation in
the presence of 0.1 M GdnHCI. The data are best described by a 2-exponential fit with relaxation
times of t; ~320 ns and t, ~3.5 us. Bimolecular CO recombination that sets in after 50 us is of
no interest here. According to earlier studies (62-64), the fast and slow phases (4; and A,
respectively) are assigned to transient binding of methionines (M80 and M65) and histidines
(H26 and H33) to the heme iron of the photoproduct. Fig. 7b shows the GdnHCI dependence of
the two observed rate constants, namely A; and A,. In a 2-state approximation, A;=k.m+k-m and
A2=Kint+k_n, where the subscripts M and H refer to methionines and histidines, respectively.
Under strongly refolding conditions (<1 M GdnHCI), the ratios k_m/k+m and k_n/kiy do not vary
considerably (62), thus Ai=aik+m, and A,=azk.n, where a; and a, are constants. The GdnHCI
dependences of 4; and A, should then provide qualitative estimates of the distance between two

intrachain residues that make contact by diffusion.
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Fig. 7 Laser photolysis experiments for the measurement of intrapolypeptide diffusion rates. (a) Typical
microsecond relaxation processes observed by heme optical absorption following photolysis of CO from Cyt-CO,
pH 12.7, 298 K. The trace shown is for 0.1 M GdnHCI. The kinetics are described by two relaxations of time
constants ~0.32 and 3.5 ps. (b) GdnHCI dependence of the intrachain diffusion rates after photolysis of CO from
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base-unfolded Cyt-CO (pH 13) at 25° C (transient binding of methionines, M65 and M80, (m) and histidines, H26
and H33 (0)).

As shown in Fig. 7b, both A; and A, respond little to the presence of GdnHCI in the 0-0.2 M
range. This observation has two implications. (i) Under mild denaturing conditions, the chain
contraction events within the initial relaxed state are not associated with any substantial surface
burial, implying little structure formation. (ii) The diffusive motions of the incipient polypeptide
are only marginally affected at low denaturant concentrations (<0.2 M). This is presumably
because (i) the intrachains diffusion of methionines (M80 and M65) (t = 320 ns) and histidines
(H26 and H33) (t = 3.5 ps) are extremely fast, and (ii) the intrachains diffusion occurred with the
incompletely relaxed heme. Therefore, even if a molecular compaction occurred in the GdnHCI-
induced MG state of the base-denatured protein (Fig. 1b ang Fig. 2a,b), the marginally affected
diffusive motions of the incipient polypeptide (<0.2 M GdnHCI) are not sufficient to differentiate

the distances of separation of the ligands from H18 in the base-unfolded and the MG state.

6.2.6 Thermal unfolding of the base-denatured protein in the presence of guanidinium (< 0.2
M) and sodium cations

To determine the thermal stability of Na® and GdnH'-induced MG states, the thermal
denaturation curves of base-denatured Ferricyt ¢ were recorded (CD 282 nm) in the presence of
variable concentrations of GdnHCI and NaCl. Fig. 8a shows that the 298 K spectrum of the MG
state (0.3 M NacCl) retains pretty much native-like CD signals in the aromatic ellipticity band.
However, the two negative peaks at 282 nm and 289 nm that arise from the tyrosyl side chains
observed clearly in the native state of protein (66-67) are not fully retained in the spectrum of
Na'-induced MG state of the base-denatured protein (Fig. 8a). Signal intensity of the Na'-
induced MG state spectrum of the base-denatured protein at 298 K is gradually removed by
decreasing NaCl concentration, exemplified by the spectra observed in the presence of 10 mM
NaCl. Notably, at 353 K the base-denatured protein (pH 12.7) in the presence of 0.0 and 0.3 M
NaCl is unfolded (Fig. 8a). Thermal denaturation of base-denatured protein shows substantially
reversibility (51), hence, some of the basic principles of equilibrium thermodynamics can be

used to interpret the thermal denaturation data.
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Fig. 8 Thermal transitions at pH 12.7 (a) Native Ferricyt ¢ spectrum at pH 7.0, 0.1 M phosphate, 298 K (w==);
alkaline Ferricyt ¢ MG-state spectrum in 0.3M NaCl at 298 K (+++++) and 353 K (eee<); and alkaline Ferricyt ¢
MG-state spectrum in 10 mM NaCl at 298 K (—) and 353 K (ee-ee). (b) Temperature dependence of normalized
aromatic CD (282 nm) of base-denatured Ferricyt c in the presence of 0.0 M GdnHCI (O), 0.2 M GdnHCI (A), 0.2

M NaCl (V) and 2.0 M NacCl (o). The solid lines are fits according to Gibbs Helmholtz equation (chapter 2, egs (2)
and (3)). The thermodynamic parameters derived from fits to 282-nm data are listed in Table 1 and Table 2,
respectively.

Because the low temperature ellipticity values are dependent on GdnHCI (Fig.8a) and NacCl
concentrations (Fig. 8a) but the high-temperature ones are not (Fig. 8a), therefore, the CD data
were normalized according to

_ Hobs — (ran + 91) (8)
- (sz + 02) - (m1T + 91)

where, Gyps is the observed ellipticity, T is the temperature, m; and & are the slope and intercept,
respectively, of the pretransition baseline for the 2.0 M NaCl curve, and m; and & are the slope
and intercept of the post-transition baseline in the presence of a given concentration of GdnHCI
or NaCl. Fig. 8b shows normalized thermal melts of the base-denatured protein monitored by the
CD ellipticity at 282 nm in the absence of salt and in the presence of ~0.2 M GdnHCI, 0.2 M
NaCl, and 2.0 M NaCl. The normalized thermal curves were analyzed by the Gibbs-Helmholtz
equation (chapter 2, egs (2) and (3)). Values of AH,, and T, were also obtained from van’t Hoff
analysis (chapter 2, eq (1)) of thermal denaturation data (In k versus 1/T) assuming that the
temperature unfolding of alkali MG has two-state nature (65-67). Table 2 lists the Tr,, AHy, and
AC, values. The Ty, value for the unfolding of NaCl-induced MG state is found somewhat higher
than that the unfolding of GdnHCI-induced MG state (Fig. 8b and Table 2) which indicates that
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the thermal stability of the Na*-stabilized MG state is slightly higher than the GdnH"-stabilized
MG state.

Table 2. Salt (GdnHCI and NaCl) dependence of the T, AHp, AC,, and AS* for thermal unfolding (CD 282 nm)
of base-denatured Ferricyt c*

Gibbs-Helmholtz equation van’t Hoff equation entropy-enthalpy compensation
Tn  AH,  AG, T AHp, T AH? ASF
Control 289.0 174 1.1 291.5 25.9 292.1 25.7 -0.088
0.2 M GdnHCI 2926 21.8 1.0 294.2 28.7 294.2 28.4 -0.096
0.2 M NaCl 296.1 28.9 1.0 296.8 32.2 297.2 30.9 -0.11
2.0 M NaCl 309.1 36.2 0.9 310.1 39.3 310.1 33.2 -0.12

* AH* and AS* are reported as kcal mol™ and kcal mol™ K™, respectively. The uncertainty of T, values reported
here is +0.5 °C.

6.3 Discussion

Several experimental difficulties mainly due to heme autooxidation and extraordinary stability of
Ferrocyt ¢ have been overcome by working with the Cyt-CO under extremely basic condition
(pH 12.6-12.7). The results presented show that both the sodium and guanidinium (<0.2 M)
cations stabilize the alkali-denatured Cyt-CO to MG-state at pH ~12.6-12.7, presumably by a
charge screening mechanism. Interestingly, both guanidinium (<0.2 M) and sodium cations
substantially restrict overall motion and stiffen the polypeptide chain in the MG states. The
anions-induced MG state of acid-denatured proteins are extensively studied, including the
paradigmatic “Ferricyt ¢” (16, 42-43, 52, 68-72), and the cations-induced MG state of alkali-
denatured Cyt-CO are expected to share at least qualitatively similar structural and dynamic
properties. As reported earlier (49), the molecular compactness and secondary structure content
of the alkali state are qualitatively comparable with those reported for the acid MG state of
Ferricyt ¢ (3,71). However, certain other properties of the alkali state of Ferrocyt ¢ do not concur
with the acid state (49).

6.3.1 Moderately rigid tertiary interactions in the cations-induced MG state of base-denatured
Cyt-CO

The absence of the near-UV CD signal for the guanidinium and sodium cations-induced MG
states of the base-denatured Cyt-CO (Fig. 3b) is tacitly assumed to be an indication of the loss of

tertiary structure (3, 54), however, it need not always be so. The NMR spectra in Fig. 4 suggest
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that the MG states interrogated here perhaps retained some traces of tertiary interactions. Both
sodium and guanidinium cations promoted the growth of some aromatic and aliphatic resonances
associated with tertiary interactions. Moderately rigid tertiary interactions, when present, as in
the case of sodium cations-induced MG state of alkali-denatured Cyt-CO and -lactamase not
only contribute to molecular compaction, but also result in restricted environmental averaging
for the side chains as indicated by the fairly narrow NMR lines (49, 73). The cooperativity
observed for the GdnHCI-induced unfolding transition for the sodium cation-induced MG state
of alkali-denatured Cyt-CO also points to the presence of ordered tertiary structure, since the
steepness of denaturant-induced unfolding curves depends strongly on the content of rigid
tertiary structure (74-75).

6.3.2 Folding and stabilization of the alkali-denatured protein by GdnHCI and NacCl

GdnHCI (<0.2 M) and NaCl refold and stabilize the base-unfolded Cyt-CO to the MG states
(Fig. 1b, Fig. 2). We conclude that GdnH™ (<0.2 M) and CI™ refold and stabilize the base and
acid denatured states, respectively to MG state is a general phenomenon. However, the possible
mechanism of interaction of GdnH" with negative protein charge, and of CI~ with the protein
positive charges need not be the same. Since the pK, of most carboxyls is >3.0, therefore, on
decreasing the pH from 7.0 to 2.0, the protein becomes maximally positively charged (55). In
acid medium (pH <2), where the net charges of Ferricyt c is +24, the CI” ions can shield the
positive protein charges by Debye-Huckel or ion-pair or both types of interactions. In basic
medium (pH >12.5), where the net protein charge of Ferricyt ¢ is —17, the GdnH" ions are more
likely to form ion-pairs with the anionic sites of the protein. Formation of Debye-Huckel type
spheres will most likely be unfavorable due to large size of the GdnH™ ions, therefore, the GdnH”
ions stabilize the base-denatured protein only by ion-pair interactions. On the other hand, due to
favorable size of Na* ions, they can stabilize the base-denatured protein by the formation of
Debye-Huckel spheres as well as ion-pair interactions. Proteins in which GdnH™ and CI™ ions do
not participate in charge-screening type of electrostatic interactions either due to the absence of
relevant charge pairs or possibly for steric reasons, will not be stabilized by the electrostatic
mechanism. Evidence for direct interactions between proteins and GdnH™ comes from a number

of studies, including x-ray crystallography (76-77) and isothermal calorimetry (78).
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The GdnH™ and CI ions of GdnHCI are committed to screen the protein charges leading
to stabilization in general (42, 79-81). However, GdnHCI can also contribute to the protein
stability through the interaction of GdnH® with different groups of protein (39-41). The
interactions of the GdnH™ ions with different groups of protein can establish non-specific
networks of intramolecular interactions, as observed in crystal structures of ribonuclease A with
low concentrations of GdnHCI (76). These cross-linking interactions may serve to decrease the
motional freedom in different parts of the protein, but increase the barriers to motions in the
more compact conformers of the protein. Existing X-ray data for proteins have revealed that the
B-factor for side-chain and main-chain atoms decrease significantly when GdnH" or urea bind to
proteins (76-77). In an earlier study, GdnHCI, urea, and NaCl were used to establish that the
GdnHCI stabilization originates from both entropic effect due to intramolecular protein cross-
linking action of GdnH" and electrostatic effect due to the interaction of CI", and GdnH" with
charged groups of protein (39-40). In this perspective, GdnH-induced stabilization of the alkali
denatured protein (Fig. 1b, and Fig. 2) would appear to originate from both the electrostatic and
entropic effects. The relative contributions of these two effects- electrostatic shielding and

conformational entropy to the free energy of stabilization of the MG state remain to be assessed.

6.3.3 Both guanidinium and sodium cations constrained overall dynamics of alkali-denatured
protein

Thermal collisions due to collective motional mode of a subglobal structural unit (i.e., M80-
contaning Q-loop) have been studied across the folding-unfolding transition of the alkaline
Ferrocyt c. Spatial displacement of thermal fluctuations, and hence collisions between different
groups of atoms each exhibiting collective motions is dramatically reduced as the base-denatured
protein transforms to the guanidinium and sodium cations-induced MG states. This deduction is
made from the kinetic and thermodynamic parameters measured for the CO association reaction
of alkali-denatured Ferrocyt ¢ at various GdnHCI and NaCl concentrations. The association of
CO with alkali-denatured Ferrocyt ¢ is an intramolecular thermally activated reaction that
involves substantial energy barrier or steric requirements, and hence many collisions between the
CO and protein groups, particularly the heme ring, are required before the reaction ensues. The

value of log kass under a given solution condition then depends on the frequency of collisions
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involving the CO and the heme side chains that exhibit highly collective motions. The rate
constant for the CO association reaction, ks, decreases dramatically as the base-denatured
protein undergoes to the MG states in the presence of 0.2 M GdnHCI or 0.2 M NaCl (Fig. 5e).
Consequently, the activation energy for the reaction, E,, also goes up (Table 1). In fact, the E,
values for the GdnH"- and Na*-induced MG states did not match to the native state (Table 1).
This type of hindered collective motions is not commonly associated with the anion-induced MG
state of acid-denatured protein. Because of dynamic disorder in the tertiary structure, the anion-
induced MG state of acid-denatured protein is known to be highly mobile (82) with low
energetic barriers for conformational fluctuations in the millisecond timescale (83). Absence of
nonhelical hydrogen bonds due to a high degree of disorder in the side chain of majority of
residues has been observed for the anion-induced MG state of Ferricyt ¢ (71). In contrast,
restricted mobility of aromatic side chains has also been observed for the anion-induced MG
state of other proteins (2,4). The conclusion that the collective motions involving the side chains
of the cation-induced MG state of the alkali-denatured protein are relatively restrained is
consistent with the indications of organized tertiary structure discussed above.

Chain stiffness is atypical to dynamic properties of the MG state. Indeed, the polypeptide
backbone in the anions-induced MG state of the acid-denatured protein is more mobile with
respect to both native and unfolded states (54). Small but recognizable increase in the amplitude
of local backbone fluctuations characterize the transition from the acid denatured state to the MG
state of a-lactaloumin (82).Values of NMR measured backbone N—H order parameter, which
provides an indication of the rigidity of the protein main chain, decreases significantly in the
anions-induced MG state (84). Molecular dynamics simulations also reveal a significant increase
of the fluctuations in the main-chain dihedral angles ¢ and y (85). A molecular interpretation of
the chain stiffness in the cations-induced MG state of alkali-denatured protein is not clear at
present. To sum up, the cations-induced MG state of alkali-denatured protein is distinguished by
a substantial level of ordered tertiary interactions, restrained collective motions that cover larger
length scales, and a stiff backbone, and it shares with other MGs the general property of being

compact and with native-like secondary structure content.
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6.3.4 Conformational stability and global mg-value of the anions- and cations-induced MG
states of the acid and base-denatured protein, respectively

A comparison with the CI -induced MG state of acid-denatured Ferricyt ¢ analysis presented by
Hagihara et al. (1993) indicates that the conformational stability and global mg-value of the CI -
stabilized MG state of acid-denatured Ferricyt ¢ (2.04 kcal mol™ and 1.61 kcal mol* M™,
respectively (42-43)) is slightly higher than the GdnH*-induced MG state of base-denatured Cyt-
CO (1.1 kcal mol™ and 0.27 kcal mol™* M™, respectively). Fig. 3a shows the GdnHCI-induced
unfolding transition of the Na*-induced MG state of base-denatured Cyt-CO. The measured
conformational stability and the global mg-value of the Na*-induced MG state of alkali-denatured
Cyt-CO is substantially higher than the GdnH™-induced MG state of this protein.

The global mg-value of the Na*-induced MG state of alkali-denatured Cyt-CO fairly
matches with the GdnHCI unfolding of native Cyt-CO at pH 7.0 (i.e., mg ~2.0 and 2.1 kcal mol™
M™ for the Na*-induced MG state of base-denatured Cyt-CO (pH 12.6) and native Cyt-CO (pH
7.0), respectively). This indicates a large amount of solvent exposure of amino acid residues
accompanying the unfolding of the Na'-induced MG state of base-denatured Cyt-CO. This
suggests a significant hydrophobic core rather than patches of exposed and buried hydrophobic
surfaces.

The Na'-induced MG state of alkali-denatured Cyt-CO state is expected to be sufficiently
stable, because it has a native-like secondary structure content, modest dynamics, and a compact
molecular organization. Numerous non-structural supporting factors can determine the energetic
stability of MGs. For example, time-averaged internalization of any uncompensated charge can
reduce the stability, since charge burial in the low dielectric protein interior is energetically not
preferred. The charge on the heme group of Cyt c itself provides an illustrative example. Ferricyt
¢ A-state has a mixed spin ferric iron (3), meaning that a fraction of the A-state molecules carries
a +ve charge, whereas the charge on the persistent low spin ferrous heme is zero due to pairing
of all six d-orbital electrons. Thus the Ferricyt ¢ A-state is less stable than the Ferrocyt ¢ B-state.
Charge density in relation to protein motions can also play a role. High frequency atomic
fluctuations at the site of a protein charge can decrease the charge density by distorting the
Debye-Huckel ion sphere. This result in weaker interactions of ions with the MG state compared

to those with the initial pH-denatured state.

110



6.3.5 Thermal unfolding of the GdnH" and Na™-induced MG states of base-denatured Ferricyt
C

MGs most often do not exhibit a cooperative thermal unfolding transition (7-8). The thermal
unfolding transition of the guanidinium and sodium cations-induced MG states of base-denatured
protein reported here are rather cooperative (Fig. 8b), as reflected clearly by the sizable values of
AHp, listed in Table 2. Thus, the cation-promoted stability proceeds with an increase in enthalpy.
The thermal stability of Na*- induced MG state is substantially higher than the GdnH"-induced
MG state of alkali-denatured protein (i.e., midpoint thermal denaturation temperatures, Tm
~296.8 and 294.2 K for base-denatured Ferricyt ¢ at 0.2 M NaCl and 0.2 M GdnHCI,
respectively).

One more interesting observation is a decrease in AS* associated with the folding
transition of base-denatured protein by guanidinium and sodium cations (Table 2). Because the
conformational entropy of the guanidinium and sodium cations-induced MG states cannot be
higher than that in the base-denatured unfolded state, the observed entropy suppression must
arise from the entropy of water. The change in the water entropy has been proposed to originate
from the hydrophobic effect (86), which therefore appears to contribute considerably to forces
stabilizing the GdnH" and Na'-induced MG states of base-denatured protein. The MG state is
thought to be stabilized by the same forces that are operative in the native state, i.e., hydrophobic
and hydrogen bond interactions (43), and we show a considerable influence of the hydrophobic
effect.

6.4 Conclusion

This chapter reveals that both guanidinium (<0.2 M) and sodium cations transform the base-
denatured CO-liganded Ferrocyt ¢ (Cyt-CO) to MG states by making the electrostatic
interactions to the negative charges of the protein. Comprehensive spectroscopic (CD,
fluorescence, NMR) studies suggest that the GdnHCI or NaCl-induced MG state is a molecular
compact state containing native-like secondary structure and a disordered tertiary structure.
Strategic experiments involving the measurement of the CO association to the alkaline Ferrocyt ¢
(pH 12.6) in the presence of different concentrations of GdnHCI and NaCl indicate that the

guanidinium-induced MG state is more constrained relative to that of the base-denatured and
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unfolded states but less constrained relative to the sodium-induced MG state. Analyses of

thermal (near-UV CD at 282 nm) denaturation curves of the base-denatured protein in the
presence of 0.0, 0.2 M GdnHCI, and 0.2 M NaCl indicate that the base-denatured protein is

indeed stabilized by both sodium and guanidinium cations. However, the cations-induced

stabilizing effect is more pronounced for sodium as compared to the guanidinium.
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Chapter 7

Kinetic and Thermodynamic Studies on the Effects of
SDS on the Native and Base-Denatured States of Horse
Cytochrome ¢

7.1 Introduction

In general, under extreme acidic or basic pH conditions, the native proteins denature primarily
due to electrostatic charge repulsions. Inclusion of salt in the acid- or base-denatured proteins can
induce formation of MG-states (1-8) through the reduction of electrostatic repulsion between
charged residues (3, 9-12). Few earlier reports suggest that the sugars, polyols, and low
concentrations of GdnHCI stabilize and refold the highly positively charged acid-denatured state
of Ferricyt ¢ to MG states (3, 8, 12-14). Although, there is only little evidence available which
shows that hydrophobic interactions also substantially contribute to the MG state stability,
however, this is suggested by the positive heat capacity change for thermal denaturation of MG
states of Ferricyt ¢ (5, 12, 15-16) and apo-Mb (11, 17). Few recent reports had shown that the
low concentrations of GdnHCI also transform the highly negatively charged base-denatured
states of Ferricyt ¢ and Cyt-CO to MG-states (5, 18-19).

Due to their transient lifetime, the MG-states are difficult to study under normal folding
conditions at neutral pH. Few previous reports suggest that the submicellar concentrations of
anionic surfactants such as sodium dodecyl sulfate (SDS) transform the native proteins to MG-
states even at neutral pH (20-23). SDS is commonly known as a very potent protein denaturant
and is routinely used in estimation of the molecular weight of proteins (24-26), as a micelle
mimetic of membrane in studies of solution structure of membrane associated proteins (27-35),
and to study environment of the heme in various heme proteins (36). The millimolar
concentrations of SDS are sufficient to denature native proteins (37-38). Despite the everyday
use of SDS in protein chemistry, the exact mechanism of action of SDS on proteins is not clearly
understood. In particular, below submicellar concentration range, how SDS interacts with the
native- and extreme pH-denatured states of proteins is less understood. There are fewer reports

which show that the submicellar concentrations of SDS and the n-alkyl sulfates can transform the
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acid-denatured states of proteins to MG states (39-43). Pioneering work by Keiderling and
coworkers suggests that the decrease in electrostatic repulsion is the major driving force for the
formation of MG-state at submicellar concentrations of SDS (42). Mazumdar and coworkers
have revealed that both electrostatic and hydrophobic interactions contribute to the formation of
MG-state in the presence of SDS (41).

This chapter evaluates the effects of submicellar concentrations of SDS on the native (pH
7.0) and base-denatured (pH 12.8(£0.2)) states of Cyt ¢. The work in this chapter reveals that (i)
the interactions of the Na* ions arising from SDS (<0.2 mM) with some anionic protein sites
induce the molecular compaction in the base-denatured (pH ~12.8) state of Cyt ¢ (Ug-state) (ii)
the submicellar concentrations of SDS (<0.4 mM) transform the Ug-state to MG state, which has
native-like secondary structure but lacks tertiary structure, (iii) the base-denatured Cyt ¢ (pH
12.8) exhibits cold denaturation at low SDS and NaCl concentrations and with increase in the
SDS concentration, the thermal denaturation temperature increase and the cold denaturation
temperature decrease (iv), the submicellar concentrations of SDS (<0.5 mM) decrease the
thermal stability of native Cyt ¢ at pH 7.0, (v) Kinetic and thermodynamic parameters measured
for CO-association reaction of alkaline Ferrocyt ¢ at pH 12.6 and CO-dissociation reaction of
natively folded Cyt-CO (NCO) at pH 7.0 in the presence of various concentrations of SDS (<0.6
mM) indicate that the submicellar concentrations of SDS constrain the internal dynamics of the
base-denatured Cyt-CO at pH 12.6 and NCO at pH 7.0.

7.2 Results and discussion

7.2.1 Submicellar concentrations of SDS induce the molecular compaction and expansion of
base-denatured Ferricyt ¢

In the native state of Cyt ¢ (N-state), the single tryptophan W59 is typically buried in the
hydrophobic core and almost no fluorescence is observed (fluorescence-silent) (44). However,
upon denaturation, the tryptophan residue gets solvated and a dramatic increase in fluorescence
occurs (44-45). The fluorescence intensity thus can be used as reliable indicator for molecular
expansion and compaction. Fig. 1a presents the fluorescence monitored alkaline pH titration of
Ferricyt ¢ at 25 °C. The increase of fluorescence signal intensity of protein at pH >12.5 (Fig. 1a)

shows molecular expansion of the base-denatured protein (44-45). Fig. 1b shows the effects of
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SDS and NaCl concentrations on the fluorescence emission spectrum of base-denatured Ferricyt
c at pH 12.8 (Ug-state). For comparison, Fig. 1b also presents fluorescence emission spectrum of
native Ferricyt ¢ at pH 7.0 (N-state). Fig. 1b clearly shows that the emission observed for the Ug-
state (Fig. 1b, spectrum 4) decreases when ~0.2 mM SDS (Fig. 1b, spectrum 3) is included,
which suggests a molecular compaction of protein chain due to interaction with SDS. In highly
basic medium (pH ~12.8), where the net protein charge of Ferricyt ¢ is ~ —20, the Na" ions can
shield the negative protein charges of Ug-state by the Debye-Huckel or ion-pair or by both types
of interactions. The SDS-induced molecular compaction of Ug-state thus can be attributed to
arise from the interactions of the SDS-dissociated Na* ions with some anionic protein sites.
When ~0.5 M NaCl is included in the Ug-state, the fluorescence emission intensity of the Ug-
state (Fig. 1b, spectrum 4) also decreases significantly (B-state) (Fig. 1b, spectrum 2), which
further supports that the interactions of Na* ions with some negatively charged groups of protein
cause the molecular compaction of the base-denatured protein. Few recent reports have also
shown that the interactions of the Na* ions dissociated from NaCl or SDS (<0.2 mM) with some
anionic protein sites lead to the molecular compaction of base-denatured Cyt-CO at pH 12.7 (18,
36). However, SDS is regarded as a salt with hydrophobic chain (39), therefore, the participation
of hydrophobic moieties in the SDS (<0.2 mM)-induced molecular compaction of base-denatured
protein cannot be neglected. When ~0.5 mM SDS s included in the Ug-state (pH 12.8), the
fluorescence emission intensity of protein increases (Fig. 1a, spectrum 5). The fluorescence
enhancement of the Ug-state at high concentration of SDS can be attributed to the chain
expansion, since the side chain of the single tryptophan 59 is moved away from the heme making
the protein more fluorescent (36). The inclusion of ~0.5 mM SDS in the Ug-state also results in
~8.0-nm blue shift in the fluorescence emission spectrum of base-denatured protein, which
suggests that the interactions with SDS are accompanied by positioning of the single Trp 59 side
chains in an increasingly nonpolar environment (36). Fig. 1c shows fluorescence monitored
normalized SDS titration of Ug-state (pH 12.8) in submicellar concentration range of SDS (<0.6
mM). As concentration of SDS in reaction medium is increased, the fluorescence intensity
initially decreases and then increases monotonously (Fig. 1c). Here, the initial molecular
compaction transition (Fig. 1c) is attributed to Na* ions (arise from SDS)-mediated Ug—lsps
transition, where the lsps is a structural intermediate. At low SDS concentrations, the Na* ions

dissociated from SDS (or NaDS) bind to the negative charges of the protein, and thus shielding
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the unfavorable repulsive forces. Although, the Isps intermediate is more compact than the Ug-
state (Fig.1b and Fig. 1c), it is less compact than the B-state (Fig.1b).
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Fig. 1 (a) Fluorescence monitored alkaline pH titration of Ferricyt ¢ at 25 °C. The alkaline pH-induced unfolding
transition of Ferricyt ¢ was best described by Henderson-Hasselbalch equation (chapter 2, eq (4)) (5), which
provides the number of OH™ titrated ~3 and pH-midpoint ~12.5. (b) Fluorescence emission spectra for different
states of Ferricyt ¢ at 25°C indicating the molecular compaction of base denatured protein in the presence of low
concentrations of SDS and NaCl; 1, pH 7.0, native state; 2, pH 12.8, 0.5 M NaCl (B-state); 3, pH 12.8, 0.2 mM SDS
(Isps-state) 4, pH 12.8, no SDS (Ug-state); and 5, pH 12.8, 0.5 mM SDS (U-state). (c) The SDS-induced molecular
compaction-expansion transition of base denatured Ferricyt ¢ at pH 12.8 (o). The solid line through the data in panel
(c) has been drawn by inspection only. (d) The base-denatured Ferricyt ¢ transforms to MGsps-state in the presence
of low concentrations of SDS. The observable equilibrium constant, Ky, for this transition is plotted against the
SDS concentration. The solid line is the fit to data according to eq (1). The fit yields, An = 1.1, K, = 500 M*, and K
= 27. At 25°C, the value of K corresponds to the free energy of ~1.97 kcal mol™ for SDS induced MG state of base-
denatured Ferricyt c.

The number of Na* ions associated with the SDS-mediated Us—> Isps transition can be
estimated for a model by assuming that the Isps-state interacts preferentially with the Na* ions
and the binding constants for interaction of Na* ions with different binding sites offered by the
Isps-state are comparable (46). The nonlinear least-squares fitting of the Ug—Isps transition data

(Fig. 1d) to the expression (1)
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Ky = KL+ K, [SDS])™ @

yields An =1.1, K,=500 M™ and K=27, where An is the difference of the number of Na* ions
bound to base denatured and the Isps-State, Ky is the binding constant, K is the true equilibrium
constant for the SDS-induced Ug—Isps transition. The values of Kap, in Fig. 1d were calculated

fromeq (2),
Kapp = |:(Yobs - YUB) /(YISDS - Yobs)] (2)

where Yops is the observed value of the signal, Y, _and Y, are the corresponding values for the

SDS-induced Igps-state and base-denatured states, respectively (46). At 298 K, the value of K
corresponds to the free energy of ~1.97 kcal mol™. At relatively higher SDS concentrations (>
0.2 mM), the hydrophobic interactions between the non-polar chains of surfactant and nonpolar
groups of protein dominates (39), which subdue the molecular compaction effect of the Na* ions

and thus expand the Isps-state (Fig. 1c).

7.2.2 Submicellar concentrations of SDS induce secondary structure in the base-denatured
Ferricyt ¢

The far-UV CD spectrum of native Ferricyt ¢ exhibits two negative bands at 208 nm and 220 nm
(peptide bands), typical of proteins with well defined a-helical secondary structure. Fig. 2a shows
the effects of SDS and NaCl concentrations on the far-UV CD spectrum of Ug-state at pH 12.8.
For comparison, Fig. 2a also presents the far-UV CD spectrum of N-state at pH 7. Ug-state (Fig.
2a) shows a significant loss of secondary structure, which is indicated by ~70% loss of the MRE
value of peptide bands in the far-UV CD spectrum of Ug-state at pH 12.8 (Fig. 2a). The inclusion
of ~0.5 mM SDS in the Ug-state results in significant regain of the MRE value in the peptide
bands of far-UV CD spectrum of Ug-state (Fig. 2a). This finding indicates that the submicellar
concentrations of SDS induce the a-helical secondary structure in the Ug-state of Ferricyt ¢ and
thus transform the Ug-state to MGgps-state, where the MGgps-State is a SDS-induced refolded
state of base-denatured Ferricyt c. When ~0.5 M NaCl is included in the Ug-state, the Ug-state
regains the native-like peptide bands (negative bands at 208 nm and 222 nm) in the far-UV CD
spectrum of Ug-state (Fig. 2a), indicating that NaCl induces the native-like a-helical secondary
structure in the Ug-state of Ferricyt ¢ and thus transforms the Ug-state to B-state, where the B-

state is a Na" ions (dissociated from NaCl)-induced refolded state of base-denatured Ferricyt c. It
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is also observed that the MRE value for the MGgps-state (Fig. 2a, cross line spectrum) is slightly
higher than that of the B-state (Fig. 2a, plus line spectrum) and N-state (pH 7.0) (Fig. 2a, solid
line spectrum) of Ferricyt c.
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Fig. 2 (a) Far-UV CD spectra for different states of Ferricyt ¢ at 25°C: pH 7.0, native state (solid line); pH 12.8, 0.5
M NaCl, B-state (++++), pH 12.8, 0.4 mM SDS, MGgps-state (xxxx); and pH 12.8, no SDS, Ug-state (ec<<). (b)
Variation of the CD-222 nm intensity of base denatured Ferricyt ¢ as a function of SDS concentration, indicating the
formation of secondary structure with increasing concentration of SDS. The solid line through the data in panel (b)
has been drawn by inspection only. (c) The normalized SDS-induced refolding transition (CD 222 nm) of base
denatured Ferricyt ¢ at pH 12.8. The solid line through the data in panel (c) has been drawn by inspection only. Inset
of the panel (c) shows unfolding free energy changes in the transition region calculated from the equilibrium curve
(panel (c)). The linear least-squares best fit of the data to eq (4) (47) provided, AG® = 2.7 kcal mol™, and m = 8.2 kcal
mol™ M™. (d) Fluorescence (s) and far-UV CD (o, 222 nm) monitored normalized SDS titrations of base-denatured
Ferricyt c at pH 12.8, 25 °C.

Fig. 2b shows the far-UV CD (CD 222 nm) monitored SDS titration of Ug-state (pH 12.8, 25° C)
at submicellar concentration range of SDS (<0.6 mM), which suggests that the submicellar
concentrations of SDS refold and stabilize the Ug-state to MGgps-state. Clearly, the Ug-state

acquires significant secondary structure in the presence of SDS (~0.4 mM). Few previous reports
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have also shown that the submicellar concentrations of SDS enhance the a- helical secondary
structure content of acid-denatured proteins at pH 2.0 (55,74), and thus transform the acid-
denatured proteins to MG-states (23, 42). Moosavi et al (2003) have studied the effect of n-alkyl
sulfates on the structure of acid-denatured Ferricyt ¢ at pH 2.0 and showed that the hydrophobic
interactions play an important role in stabilizing the MG-state (39). Few earlier works by
Keiderling and coworkers (2004, 2006) and Mazumdar et al (2003) have revealed that both
electrostatic and hydrophobic interactions contribute to the stability of MG state in the presence
of SDS (41-43). Fig. 2c shows the normalized far-UV CD monitored SDS (<0.6 mM)-induced
refolding transition of Ug-state at 25° C. The Gibbs free energy change, AG, for the two-state

Us— MGsps transition can be calculated by using the eq (3),
AG =—RT INK==RT In[ (Yyys - ¥) / Muisy, = Yous) | ?)
where, Yobs is the observed value of CD signal, Y, and Y, are the corresponding values for

the SDS-induced MGsps-state and base-denatured states, respectively (46). On the assumption of
a linear dependence of AG on SDS concentration (47), the linear least-squares fit of the data
(Inset of Fig. 2c) to eq (4),

AG = AG° +m[SDS] (4)

finally provides, AG® =2.7 Kcal mol™ and m (slope reflecting the cooperativity of the transition)
= 8.2 kcal mol™ M™. Clearly, for the Us— MGsps transition, the value of AG® determined by far-
UV CD (~2.7 Kcal mol™) (Fig. 2c) is slightly higher than those determined for the Ug— lsps
transition by fluorescence (~1.97 Kcal mol™) (Fig. 1d). Furthermore, the far-UV CD monitored
Ug—MGgps transition and the intrinsic fluorescence monitored Ug— lsps transition were not
superimposable (Fig. 2d), which suggests that there may be an equilibrium intermediate involved

in the SDS-induced folding transition of Ferricyt c at alkaline pH.

7.2.3 Base-denatured Ferricyt ¢ does not acquire tertiary interactions in the presence of NaCl
and submicellar concentrations of SDS

The near-UV CD spectrum of native Ferricyt ¢ exhibits two negative bands at 280 nm and 290
nm (aromatic bands), typical of proteins with tertiary structure. These two negative bands can be
attributed to the electronic transitions in the side chain of the single Trp 59 which has been

confirmed by their disappearance in case of a single mutant Trp59F (48). Fig. 3a shows the
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effects of SDS and NaCl concentrations on the near-UV CD spectrum of Ug-state at pH 12.8. For
comparison, Fig. 3a also presents the near-UV CD spectrum of N-state at pH 7.0. Near UV-CD
spectrum of Ug-state at pH 12.8 shows that the two negative bands between 280 nm and 290 nm
are almost lost (Fig. 3a) suggesting that the tertiary structure interactions in the Ug-state of
protein are significantly disrupted. Generally, the MGs are characterized by a loss of near-UV
CD signal (49-50). The inclusion of low concentration of SDS (<0.4 mM) and NaCl (0.5 M) does
not result in the regain of the negative intensity of these two bands, which indicates that inclusion
of SDS does not result in the formation of tertiary structure in base denatured Ferricyt c.

p ’

o 2 N

2 0.2 |- —

© L .

NE 8

o % i ]

(@] o B T

S 12 "?

S 2L < | ]

X e i
i ] " (b) ]
r(a b —

-4 (I )I | | L1l | L 111 | L 11 00 —[ | I | | | | | L1 1 | L 11
275 280 285 290 295 350 380 410 440 470
Wavelength (nm) A (nm)

Fig. 3 (a) Near-UV CD spectra for different state of Ferricyt c: native state (solid line); pH 12.8, 0.5 M NaCl, B-state
(++++), pH 12.8, 0.4 mM SDS, MGsps-state (xxxx); pH 12.8, 0.2 mM SDS, MGgps-state (AAAA); and pH 12.8, no
SDS, Ug-state (eo<©). (b) UV-visible absorption spectra for different states of Ferricyt ¢ in the Soret region: pH 7.0,
native-state (solid line); pH 2.0, no SDS, U,-state (long dash line); pH 12.8, no SDS, Ug-state (short dash line); pH
12.8, 0.2 mM SDS, MGsgps-state (dotted line); and pH 12.8, 0.5 mM SDS, MGgps-state (dash double dot line).

7.2.4 Effects of submicellar concentrations of SDS on the Soret absorbance of base-denatured
Ferricyt ¢

The UV-visible spectrum of native Ferricyt ¢ in the Soret region shows a peak at ~409 nm (Fig.
3b). As pH is increased from pH 7.0 to pH 12.8, the Soret absorption peak shows a slight shift
from 409 nm to 407 nm (Fig. 3b). However, when pH is decreased from pH 7.0 to pH 2.0, there
is large shift in the Soret absorption peak from 409 nm to 394 nm (Fig. 3b), which is consistent
with the earlier studies (42). Fig. 3b also shows the effects of submicellar concentrations of SDS
on the Soret absorbance of base-denatured Ferricyt ¢ at pH 12.8. As SDS concentration is
increased from 0.0 to 0.5 mM, the absorbance peak of the base-denatured Ferricyt ¢ decreases

slowly with little shift from 407 nm to 405 nm, indicating no fundamental heme change in this
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concentration range but the possibility of multiple heme microenvironment broadening the Soret
band.

7.2.5 Effects of NaCl and submicellar concentrations of SDS on the internal dynamics of base-
denatured Cyt-CO

Few recent reports show that the NaCl transform the base-denatured Cyt-CO to MG state at pH
~12.7 (4, 18). To determine the effects of NaCl and submicellar concentrations of SDS (<0.5
mM) on the internal dynamics of base-denatured Cyt-CO, the kinetic and thermodynamic
parameters for CO association to alkaline Ferrocyt c at pH 12.6 were measured in the presence of
different concentrations of NaCl and SDS. Ferrocyt ¢c+CO (1.0 mM)—Ferrocyt c-CO is
basically Fe**~M80—Fe®*—CO displacement reaction (51-54), and the collective motions of the
MB80-contaning Q-loop control this CO-association reaction (51-54). If the amplitudes of thermal
fluctuations decrease due to constraints on the collective modes of intramolecular motion (51),
the speed of CO association reaction will slow down. Fig. 4a shows representative kinetic profile
of CO association to alkaline Ferrocyt ¢ at pH 12.6 in the absence of NaCl and SDS measured by
monitoring the decrease in absorbance at 550 nm, 25 °C. The CO association kinetics is well
described by a single exponential rate expression with a time constant, z,s of ~2.5 min at pH
12.6, 25 °C. Fig. 4b shows the fluorescence monitored normalized SDS titration of alkaline
Ferrocyt ¢ collected at pH ~12.6, 25 °C. Fig. 4c shows the common logarithm of ks for alkaline
Ferrocyt ¢ as a function of SDS (<0.5 mM) and NaCl concentrations (Inset of Fig. 4c) at pH 12.6,
25 °C. Given the midpoint of SDS-titration of alkaline Ferrocyt ¢ (C, = 0.36 mM SDS) (Fig. 4b),
these data provide an opportunity to analyze the dynamical behavior of alkaline Ferrocyt c in the
subdenaturing and denaturing limits.

As SDS concentration is increased from 0.0 to 0.5 mM, the value of Log ki initially
decreases, showing a broad minimum around 0.1-0.2 mM, and then increases (Fig. 4c). The
initial decrease in the Log kass Suggests that the motional freedoms or internal motions of alkali-
denatured protein are reduced at lower concentrations of SDS (<0.2 mM) that tend to block the
CO association to protein. The increase in the Log K in the presence of higher SDS
concentration (>0.2 mM) is attributed to the destabilization of alkali-denatured protein that

facilitates the CO-association process. As NaCl concentration is increased, Log kass decrease
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monoexponentially and plateau at ~1.0 M NaCl (Inset of Fig. 4c), which suggests that NaCl also
constrains the internal dynamics of alkali-denatured protein.

To investigate these aspects further, we have determined the SDS and NaCl dependence
of the activation enthalpy (AH*ss) and activation entropy (AS*.s) of the CO association process.
If the internal dynamics of base-denatured protein is indeed constrained at some concentration of
SDS or NaCl, then the AH* at that SDS or NaCl concentration will be relatively higher. Fig. 4d
shows the Eyring plots for the CO association reaction of alkaline Ferrocyt c in the absence of
additive and in the presence of 0.1 and 0.5 mM SDS, and 1.0 M NaCl. Fig. 4d also shows the
Eyring plots for the CO association to native Ferrocyt c in the absence of additive at pH 7.0.
Eyring plots were analyzed by linear least-squares analysis (Fig. 4d) (eq (5)) of the temperature

dependent Kkass (55).
In(k, h/k, T)=(AS* . /R)- (AH® /RT) %)

Table 1 summarizes the values of AH%s and AS for alkaline Ferrocyt ¢ in the absence of
additive and in the presence of 0.1 and 0.5 mM SDS, and 1.0 M NaCl. For comparison, Table 1
also summarizes the values of AH*,s and AS*, for native Ferrocyt ¢ at pH 7.0. Clearly, relative
to in the absence of additives, the values of AH*.; for base-denatured protein are found higher at
~0.1 mM SDS and 1.0 M NaCl (Table 1). However, the AH*,s values for base-denatured protein
at ~0.1 mM SDS and 1.0 M NaCl did not match to the AH*,; value measured for native protein
at pH 7.0 (Table 1). These results clearly indicate that the internal dynamics of base-denatured
protein at ~0.1 mM SDS and 1.0 M NaCl are more constrained relative to that in the absence of

SDS and NaCl but are relatively less constrained than the native state (Table 1).

Table 1. SDS-dependent activation enthalpy (AHa"), activation entropy (AS.s') and conformational entropy loss
(AAS,") for CO association reaction of Ferrocyt c¢.*

Additive Additive AHas" ASass” AASyt
concentration
Control (pH 12.6) 0.0 19.5 (+0.2) -4.0 (+£0.3) 0.0
SDS (mM) 0.1 22.5 (+0.4) 2.7 (£0.4) 6.7 (0.1)
0.5 12.8 (+0.4) -23.2 (£0.4) -19.2 (+0.1)
NaCl (M) 1.0 22.0 (x0.1) 2.1(+0.4) 6.1 (x0.1)
Control (pH 7.0) 0.0 26.0 (£0.1) 12.3 (£0.8) 16.3 (x0.5)

*AH* s, AS*oss, and AAS* i are reported as kcal mol™, cal mol™ K*, and cal mol™ K™, respectively. The uncertainty
(standard error) is indicated in parenthesis.
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Fig. 4 (a) The slow single-phase CO association kinetic trace of alkaline Ferrocyt ¢ (t = 2.5 min, 0.0 mM SDS, pH
12.6, 25 °C). (b) SDS-titration of alkaline Ferrocyt ¢ at 25 °C, pH 12.6. The solid line through the data in panel (b)
has been drawn by inspection only. (c) Dependence of the rate of the CO association of alkaline Ferrocyt ¢ (pH 12.6)
with SDS (m) and NaCl (o) at 25 °C. The lines through the data have been drawn by inspection only. (d) SDS and
NaCl concentrations dependence of the Eyring plot for the CO association reaction of alkaline Ferrocyt ¢ at pH 12.6.
Eyring plots were analyzed by linear least-squares analysis (Fig. 4d) (eq (5) (see text)) of the temperature
dependence of kus (without SDS (@), AH . =19.5 kcal mol™; 0.1 mM SDS (o), AH*, =22.5 kcal mol™; 1.0 M NaCl
(0), AH* s =22.0 kcal mol™; 0.5 mM SDS (A), AH*, =12.8 kcal mol™. For comparison, panel (d) also shows Eyring
plot for CO association reaction of native Ferrocyt ¢ at pH 7.0 (m), AH¥ 5 =26.0 kcal mol™.

7.2.6 Effects of submicellar concentrations of SDS on the internal dynamics of natively folded
Cyt-CO (NCO-state) at pH 7.0

To evaluate the effects of submicellar concentrations of SDS (<0.5 mM) on the internal dynamics
of natively-folded compact state of Ferrocyt c, the rate coefficient of CO-dissociation (log Kaiss)
from the NCO-state were measured in the presence of various concentrations of SDS at pH 7.0,
25 °C. Fig. 5a presents the fluorescence monitored normalized SDS titration of native Ferrocyt ¢
at pH 7.0, 25 °C (SDS denaturation midpoint of native Ferrocyt is ~1.3 mM). Fig. 5b shows the
variation of Log kgiss as a function of SDS concentration (<0.5 mM) at 25 °C, pH 7.0.
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Fig. 5 (a) SDS-titration of native Ferrocyt c at 25 °C, pH 7.0. The solid line through the data in panel (a) has been
drawn by inspection only. (b) Dependence of the rate of the CO dissociation of NCO at pH 7.0, 25 °C.

As the final concentration of SDS (<0.5 mM) in the reaction medium is increased starting from
strongly native like conditions, Log Kgiss initially decreases, showing a broad minimum around
0.05-0.1 mM, and then increases (Fig. 5b). The decrease of Log kassat 0.1 mM SDS indicates that
subdenaturing concentrations of SDS reduce the motional freedom of the protein and thus
constrain the internal dynamics of the native protein at pH 7.0.

7.2.7 Effects of submicellar concentrations of SDS on the heat and cold denaturations of base-
denatured proteins

The pH-denatured proteins can show cold denaturation process in the presence of low
concentrations of salt (18, 56). Fig. 6a shows that when temperature is increased from -1 °C to 60
°C, the negative ellipticity in the far-UV CD spectrum of the base denatured Ferricyt ¢ (0.01 M
NaCl) is significantly lost, indicating the thermal denturation of base-denatured protein. This
aspect allows us to determine the effects of submicellar concentrations of SDS on the heat and
cold denaturations of base-denatured Ferricyt ¢ at pH 12.8. An earlier report showed that the
thermal denaturation of base-denatured Ferricyt c in the presence of low concentrations of NaCl
(0.01 M NacCl) exhibits substantial reversibility (18). Fig. 6b shows that the thermal denaturation
of base-denatured Ferricyt ¢ shows partial reversibility (~80%) in the presence of ~ 0.4 mM SDS,
pH 12.8. Fig. 6¢ shows the far-UV CD (222 nm) monitored normalized thermal unfolding curves
for the base-denatured Ferricyt ¢ at pH 12.8 in the presence of ~0.01 M NaCl, and ~0.05, 0.3,
0.5, and 0.6 mM SDS. Since the low temperature ellipticity values are dependent on SDS
concentration while the high-temperature ones are not, so, the thermal denaturation data for base-

denatured protein were normalized by using eq (6)
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where, Gyps IS the observed ellipticity, T is the temperature, m; and & are the slope and intercept,
respectively, of the pre transition baseline, and m; and & are the slope and intercept of the post-
transition baseline in the presence of a given concentration of SDS. The normalized thermal
unfolding curves in Fig. 6¢ were analyzed by the Gibbs-Helmholtz equation (chapter 2, eqgs (2)
and (3)). Table 2 lists the T, AHyw and AC, values for base-denatured Ferricyt ¢ obtained at
~0.01 M NacCl, and ~0.05, 0.3, 0.5, and 0.6 mM SDS. At low SDS and salt concentrations, the
base-denatured protein undergoes cold denaturation (Fig. 6c¢). With increasing SDS
concentration, the low temperature unfolding transition becomes less obvious (Fig. 6¢). The Tp,
values for the thermal unfolding of base denatured Ferricyt ¢ increase with increasing
concentration of SDS (<0.6 mM) (Table 2), which indicates that the submicellar concentrations
of SDS increases the secondary structure thermal stability of the base-denatured protein. Qi xu et
al (2004) have also shown that the submicellar concentrations of SDS influence the secondary
structure thermal stability of the acid-denatured Ferricyt c (42).

Fig. 6d presents the temperature dependent stability curves of base-denatured Ferricyt ¢ in
the presence of different SDS concentrations at submicellar level. These stability curves were

calculated according to eq (7) or eq (8),

7

AG =-RTInK_, =—RT In[ o) = (m T +6) j

(m,T +86,)-0(T)

AG:AHm[l—lJ+AC{T —Tm—TIn(lD ®)
Tm Tm

The midpoint temperature, T. for the low temperature denaturation at different SDS
concentrations as read from the stability curves are also listed in Table 2. It is observed that even
very small concentration of SDS has a profound effect on the temperature dependent stability
curve. In all cases, addition of SDS makes the stability curves wider and raises the maxima (Fig.
6d). Fig. 6d and Table 2 clearly indicate that as SDS concentration is increased, the thermal
denaturation temperature increase and the cold denaturation temperature decrease. Cold
denaturation process typically occurs when the native protein is destabilized by either extremes
of pH or denaturants (55-56). Cold denaturation phenomenon is typically based on the
thermodynamic principles of protein stability (56-57) and generally arises due to decrease of

hydrophobic interactions in proteins as temperature is lowered (58). However, few previous
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reports reveal that both hydrophobic and
denaturation (59-60).

Fig. 6 (a) Far-UV CD spectra of base-denatured Ferricyt ¢ (pH 12.8, 0.01 M NaCl) at —1.0 (xxxx) and 60.0 °C
(eee9). (b) Reversibility of thermal transitions of base-denatured Ferricyt ¢ (pH 12.8, 0.4 mM SDS) monitored at
CD 222 nm: (e) heating from 5 °C to 55 °C; and (o) cooling from 55 °C to 5 °C. (¢) CD-222 nm monitored thermal
unfolding curves of base denatured Ferricyt ¢, pH~12.8: 0.01 mM NaCl (o), 0.05 mM SDS (x), 0.3 mM SDS (V),
0.5 mM SDS (A), and 0.6 mM SDS (0). The solid curves in panel (c) represent the non-linear fit of the data to Gibb’s
Helmbholtz equation (chapter 2, egs (2) and (3)). (d) Temperature dependent stability curves of the base-denatured
Ferricyt ¢ (pH 12.8) in the presence of 0.01 mM NaCl (solid line), 0.05 mM SDS (dotted line), 0.3 mM SDS (dash
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double dot line), 0.5 mM SDS (long dash line), and 0.6 mM SDS (short dash line).

accountable for cold

Table 2. SDS dependence of the Tn, AHn,, AC, and T for thermal unfolding (CD 222 nm) of base-denatured

Ferricyt c.*

Additive Conc. T AH;, AC, Tc
NaCl 0.01 M 286.8 25.0 1.1 243
SDS 0.05 mM 2817.7 28.0 1.0 234
SDS 0.3mM 288.1 30.0 0.9 234
SDS 0.5 mM 318.2 31.0 0.7 231
SDS 0.6 MM 324.3 29.0 0.5 226

* Tm, AHp, and AC, are reported as K, kcal mol™* and kcal mol™* K*. The uncertainty in the values of Ty, AH,, and

AC, are 0.5 K, +2.0 kcal mol™ and +0.2 kcal mol K™, respectively.
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7.2.8 Effects of submicellar concentrations of SDS on the thermal stability of native Ferricyt ¢

Thermal unfolding transition of Ferricyt ¢ probed by the far-UV CD at 222 nm can typically
provide the secondary structure thermal stability of Ferricyt ¢ (61-62). Fig. 7 present the far-Uv
CD (222 nm) monitored normalized thermal unfolding curves of native Ferricyt ¢ measured in
the absence and presence of ~0.25 and 0.5 mM SDS at pH 7.0. The thermal unfolding curves of
native Ferricyt ¢ were analyzed for Tr, AHm, and AC, by using a non-linear least squares method
according to Gibbs-Helmholtz equation (chapter 2, egs (2) and (3)) (5). The resulting Tm, AHm,
and AC, values at different SDS concentrations are provided in Table 3. As SDS concentration is
increased from 0.0 to 0.5 mM, the value of T, for native Ferricyt ¢ decreases by ~19 °C,
indicating that the submicellar concentrations of SDS decrease the secondary structure thermal
stability of native Ferricyt ¢ at pH 7.0.

1.0

0.5

Normalized CD

295 325 355 385
Temperature (K)
Fig. 7 Far-UV CD (222 nm) monitored thermal unfolding curves of native Ferricyt ¢ at pH ~7.0: 0.0 (o), 0.25 mM

SDS (©), and 0.5 mM SDS (A).The solid curves represent the non-linear fit of the data to Gibb’s Helmholtz equation
(chapter 2, egs (2) and (3)).

Table 3 SDS dependence of the Ty, AHy, and AC, for thermal unfolding (CD 222 nm) of native Ferricyt c*

SDS (mM) T AHp AC,
0 356.4 76.7 13
0.25 351.8 56.2 13
05 337.6 80.0 1.4

* Tm, AHp, and AC, are reported as K, kcal mol™ and kcal mol™ K. The uncertainty in the values of Ty, AHy, and
AC, are 0.5 K, 2.0 kcal mol™* and + 0.2 kcal mol™K™, respectively.

7.3 Conclusion

This chapter analyzes the effect of submicellar concentrations of SDS (<0.6 mM) on the structural,
Kinetic, and thermodynamic properties of native and base-denatured states of horse Cyt c. The major

finding in this chapter is that the submicellar concentrations of SDS (<0.4 mM) refold and stabilize

131



the base-denatured Ferricyt ¢ to MGsps-state, which resembles the generic properties of MG-state.
Single Trp59 fluorescence experiments show that the base-denatured Ferricyt ¢ undergoes
molecular compaction in the presence of 0.2 mM SDS. Far-UV and near-UV CD experiments
reveal that the fully populated MGgps-state (0.4 mM SDS) acquires significant content of secondary
structure without gaining the tertiary structure. Collective motions of the M80 containing Q-loop of
Ferrocyt ¢ control the CO association with alkaline Ferrocyt ¢ at pH 12.6 and CO-dissociation from
the natively-folded Cyt-CO (NCO-state) at pH 7.0. Kinetic and thermodynamic parameters
measured for CO association reaction of alkaline Ferrocyt ¢ at pH 12.6 and CO dissociation reaction
of NCO at pH 7.0 in the presence of different concentrations of SDS indicate that subdenatuaring
concentrations of SDS (< 0.2 mM) restrict the internal dynamics of base-denatured and native states
of Ferrocyt c. Analysis of the CD-222 nm monitored thermal denaturation curves of base-denatured
Ferricyt ¢ at pH 12.8 and native Ferricyt ¢ at pH 7.0 measured in the presence of different
concentrations of SDS (<0.6 mM) indicates that the submicellar concentrations of SDS (<0.6 mM)
increase the secondary structure thermal stability for the base-denatured protein but decrease it for
the native protein.
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Chapter 8

Analysis of the pH-Dependent Stability and Folding
Dynamics of Proteins

8.1 Introduction

From long ago, biochemists are interested to study the pH-dependence of thermodynamic
stability of proteins. In general, the proteins have maximum conformational stability near neutral
pH or near their isoelectric points (1-2). At extremely acidic or basic pH values, the
conformational stability of proteins decreases significantly. Linderstrom-Lang in 1924 for the
first time suggested a probable reason for the decreased thermodynamic stability of the proteins
at extremely acidic or basic pH values (2). At extremely acidic pH values, the protonations of
protein groups can lead to the unfavorable electrostatic interactions among the positively charged
groups of proteins, which results in the decrease of thermodynamic stability of proteins.
Similarly, at extremely basic pH values, the deprotonations of basic amino acid groups can
produce the unfavorable electrostatic interactions among the negatively charged groups of
proteins, and thus decrease the thermodynamic stability of proteins (1-3).

Increasing evidences indicate that the ionizable amino acid groups of proteins play
important roles in protein solubility, folding, stability, binding ability, and catalytic activity (4-
9). Generally, the pH of reaction medium changes the thermodynamic stability of proteins by
altering the charges of ionizable amino acid groups of proteins through protonations and
deprotonations (3). The pH dependence of thermodynamic stability reflects the contribution of
electrostatic interactions, which are of great importance for protein structure and function (10-
11). From the last few decades, there is a fundamental interest in developing theoretical models
for the correct assessment of electrostatic interactions involving conformational changes (12-15)
and their contribution to protein stability (12, 16-20). The pK, values of the ionizable residues
are the basis for understanding the pH-dependent characteristics of proteins (21). The
electrostatic free energy contribution of an ionizable group is related to its pK, in the folded and
unfolded states (17, 22-23). Any electrostatic effect from an ionizable group will lead to a pKa
shift between the folded and unfolded states (17, 22-23). The pK, values of proteins can be

computed by a number of ways such as by the utilization of the free energies from molecular
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dynamic simulations or by numerical solutions of the linearized-Poisson-Boltzmann equation
(19, 24-28).

lonic interactions among the charged residues play crucial roles in stability and folding of
proteins (10, 29-32). Campos et al (2010) have recently studied the effect of pH on structure of
prion protein (PrP) by computational methods and demonstrated that the low pH (pH ~2.0) can
trigger the misfolding in PrP (33). Recent pH-dependent theoretical and experimental
investigations on PrP have revealed that the low pH triggered misfolding transition of PrP could
be reversed by increasing the pH back to 7.0 (34-35). The pH dependence of thermodynamic
stability of proteins has been widely studied (17,25,29-32,36-58), however, the pH dependence
of folding kinetics of proteins has received lesser attention (49-56). Fersht and coworkers have
analyzed the pH-dependency on folding and unfolding kinetics of CI-2 and barnase (56). Raleigh
and coworkers have shown that the comparison of pH-dependent protein stability profiles and
folding rates can provide the information about the development of electrostatic interactions in
the transition state of folding (49,53,55).

This chapter investigates the pH dependence of stability of horse Cyt ¢ and hen Lyz and
folding dynamics of horse Cyt ¢. Two-state thermodynamic analysis of the thermal and chemical
denaturant (urea or GdnHCI)-induced unfolding transitions of Ferricyt c, Ferrocyt ¢ and Lyz
measured at several different pH values, ranging from pH 3.0 to pH 13.0 demonstrates that Cyt ¢
and Lyz have maximum thermodynamic stability between pH 8.0-9.5 and pH ~4.0, respectively.
The theoretically predicted electrostatic unfolding energies of Ferricyt ¢ and Lyz over the pH
range from 0.0 to 14.0 also suggest that the Ferricyt ¢ and Lyz have maximum stability at pH
~8.0 and pH ~4.0, respectively. At relatively higher basic pH values (pH>10), the unfavorable
interactions among the negatively charged groups while at acidic pH (pH<5.0), the unfavorable
interactions among the positively charged groups decrease the thermodynamic stability of Cyt c.
In stopped flow experiments, denaturant-unfolded Ferrocyt ¢ in refolding buffer at pH 7.0 and
pH 12.7 refold rapidly to the native-state. In order to probe the development of electrostatic
interactions in the transition state of folding, this chapter compares the pH-dependent stability
profiles and folding rates of Ferrocyt c. Between pH 7.0 and pH 12.7, the activation free energy
barrier for folding of Ferrocyt c varies less than 1.0 kcal mol™, while the folding free energy
which is estimated by GdnHCI-induced unfolding experiments of Ferrocyt ¢ varies more than 9.0

kcal mol™. This finding reveals that on changing the pH from pH 7.0 to pH 12.7, the large
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change in thermodynamic stability of protein is not strongly reflected in the refolding rates. The
classic Wyman-Tanford (WT) linkage relation was used to estimate the BP"-value (i.e.,
Av¥(pH)/Av(pH) ratio, where Av* (pH), and Av (pH) are the differences in the number of protons
bound to the transition and unfolded states, and folded and unfolded states, respectively) for
folding of Ferrocyt ¢ between pH 7.0 and pH 12.7. The pP"-value was found to be less than 0.1,

indicating that the electrostatic interactions are weakly formed in the transition state for folding.

8.2 Results and Discussion

8.2.1 pH-induced unfolding of Cyt ¢

Because of excitation energy transfer from lone Trp59 to the heme, the native state of Cyt c is
fluorescence-silent (59). Unfolding results in increase in heme-tryptophan distance due to
molecular expansion (59-60). Fig. 1a shows the fluorescence-monitored normalized alkaline pH-
titrations of Ferricyt ¢ and Ferrocyt ¢ at 25 °C which clearly indicates that between pH 7.0 and
pH 13.5, Ferrocyt ¢ possesses similar structural integrity but the Ferricyt c is almost denatured at
pH >12.6. Fig. 1b presents the fluorescence-monitored normalized acidic pH-titration of Ferricyt
¢, which indicates that Ferricyt ¢ is significantly denatured at pH <2.5. The pH-induced
normalized unfolding transitions of Ferricyt ¢ (Fig. 1la and Fig. 1b) were analyzed by using the
transformed Henderson-Hasselbalch equation (chapter 2 eq (4)) (61). The fit of data in Fig. 1la to
eq (4) (chapter 2) provides the number of OH™ titrated ~3.0 and pH-midpoint ~12.5. Similarly,
the fit of data in Fig. 1b to eq (4) (chapter 2) gives the number of H" titrated ~3.0 and pH-

midpoint ~2.5.
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Fig. 1. (a) Fluorescence monitored alkaline-pH titration of Ferricyt ¢ (o) and Ferrocyt ¢ (e), 25 °C. (b) Fluorescence
monitored acidic-pH titration of Ferricyt ¢ (o), 25 °C. The solid lines represent the fit of the data to Handerson
Hasalbalch equation (chapter 2, eq (4)) (61).
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8.2.2 pH-dependent global and local (Fe?*-M80 bond) stability of Cyt ¢ in water-denaturant
solutions

Denaturant-induced equilibrium unfolding transition of Cyt ¢ probed by the excitation energy
transfer from the lone Trp59 to the iron of heme can typically provide the global stability of Cyt
c (60,62-64). Fig. 2a and Fig. 2b show the fluorescence-monitored pH-dependent normalized
denaturant-unfolding curves of Ferricyt ¢ and Ferrocyt c, respectively measured at several
different pH values at 25 °C. Denaturant-induced equilibrium unfolding transition of Ferrocyt ¢
measured by monitoring the heme absorption at 550 nm (a-band) can typically provide the local
stability of the Fe?*-M80 bond of Ferrocyt ¢ (63,65).
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Fig. 2. (a) Fluorescence monitored normalized urea-induced equilibrium unfolding curves of Ferricyt ¢ at different
pH values ranging from pH 3 to pH 13; pH 3 (m), pH 4 (0), pH 5 (+), pH7 (A), pH 8 (®), pH 9 (0), pH 10 (A), pH
11 (V), pH 12 (#), and pH 12.7 (0). (b) Fluorescence monitored normalized GdnHCI-induced equilibrium unfolding
curves of Ferrocyt ¢ measured at pH 7 (o), pH 9 (A), pH 9.5 (o), pH 10.5 (m), pH 11.5 (V) and pH 12.6 (0). (¢) The
absorbance monitored GdnHCI-induced equilibrium denaturation curves of Ferrocyt ¢ represented as change in
extinction coefficient at 550 nm measured at pH 7 (o), pH 9 (A), pH 9.5 (o), pH 10.5 (m), pH 11.5 (V) and pH 12.6
() (25 °C). The solid lines in panels (a), (b), and (c) represents the non-linear fit of the data to two-state equation
(chapter 2, eq (5)) (66). (d) Variation of AGp obtained from fluorescence monitored urea-induced equilibrium
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unfolding curves of Ferricyt ¢ with pH. (e) Variation of AGp obtained from fluorescence monitored GdnHCI-
induced equilibrium unfolding curves of Ferrocyt ¢ with pH. (f) Variation of AGp obtained from heme absorption
(550 nm) monitored GdnHCI-induced equilibrium denaturation curves of Ferrocyt ¢ with pH.

Fig. 2c shows the heme absorption (550 nm) monitored normalized GdnHCl-induced unfolding
curves of Ferrocyt ¢ measured at several different pH values at 25 °C. Two-state analysis of the
denaturant-induced unfolding curves of Ferricyt ¢ (Fig. 2a and Table 1) and Ferrocyt ¢ (Fig. 2b,c
and Tables 1-2) (66) at different pH values yields the denaturation free energy, AGp and surface
area exposed by solvent, my (Tables 1-2) for global and local changes of protein. The denaturant
unfolding midpoints, Cn (=AGp/my) at different pH values were also calculated (Tables 1-2).
The available data from the two probes (W59 fluorescence and absorbance 550 nm) employed
suggest that the equllibrium unfolding of Ferrocyt ¢ involves only the native and the unfolded
states without accumulation of structural intermediates to any detectable level. This conclusion is
reached only within the limit and the resolution of equilibrium unfolding experiments. There are
perhaps several short lived partially unfolded forms of Ferrocyt c, and at least one of these states
is identifiable by stopped-flow NMR hydrogen exchange measurements under moderate to
strongly destabilizing conditions (67). As pH is increased from pH 3.0 to pH 13.0, the values of
AGp (based on Trp59 fluorescence and heme absorption (550 nm)) initially increases, reaches a
maximum at pH 9.0-9.5 and then decreases (Fig. 2d,e,f). Clearly, relative to neutral pH, the
values of AGp (based on Trp59 fluorescence and heme absorption (550 nm)) are found to be
more at alkaline pH 9.0-9.5 (Fig. 2d,e,f and Tables 1-2), which suggests that the Cyt ¢ has
maximum global and local (Fe?*-M80 bond) stabilities at alkaline pH ~9.0. This result is
consistent with an earlier report that showed that the yeast iso-2 Ferricyt ¢ has maximum global
stability between pH 9.0 and 10.0 (68). The increase in stability of the yeast iso-2 Ferricyt c at
high pH has been attributed to the pH-induced conformational changes of the protein (68).

At relatively higher basic pH (pH >10.0), the deprotonations of basic amino acid groups
of Cyt c result in the unfavorable interactions amongst the negatively charged groups. As a
consequence, the AGp values (based on Trp59 fluorescence and heme absorption (550 nm)) are
decreased at extreme alkaline pH conditions (Fig. 2d,e,f and Tables 1-2). Between pH 3.0 and
pH 6.0, the protonations of acidic amino acid groups of Ferricyt ¢ also lead to the unfavorable
interactions amongst the positively charged groups, which result in decrease of the AGp value of
Ferricyt ¢ (based on Trp 59 fluorescence) at extreme acidic pH (Fig. 2d and Table 1). Table 1

and Table 2 show the pH dependence of mg-values of Ferricyt ¢ and Ferrocyt c, respectively. For
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both Ferricyt ¢ and Ferrocyt c, the mg-values are not greatly changed up to pH ~11.5 but above
this pH the mg-values are slightly decreased (Tables 1-2). Decrease of the my values at alkaline
pH relative to neutral pH 7.0 are likely due to relatively small solvent accessible area in the
denatured state of protein at pH >11.5. Deviation from two-state folding can also lead to lower
mg-values (69). Thus, it is also possible that the folding of Cyt c is not two-state at extreme

alkaline pH.

Table 1. Dependence of the AGp, mg, and C, on pH for Ferricyt ¢ and Ferrocyt ¢, as monitored by Trp fluorescence
(ex: 280; em: 365/360 nm)*.

Ferricyt ¢ Ferrocyt ¢
pH Cn AGp my pH Cnm AGp Mg
(M) (kcalmol™) (kcal mol” M) (M) (kcal mol™) (kcal mol™ M™)

3 1.1 15 1.30 7.0 5.4 16.1 3.0
4 4.2 5.4 1.30 9.0 5.9 17.1 2.9
5 6.1 8.7 1.42 9.5 6.1 18.8 3.1
6 7.0 9.7 1.38 10.5 5.4 15.6 2.9
7 7.2 9.8 1.36 115 4.5 12.1 2.7
8 7.8 10.1 1.30 12.7 35 8.1 2.3
9 8.2 10.6 1.30

10 7.5 9.7 1.30

11 7.1 9.2 1.30

12 5.0 55 1.10

12.7 2.8 3.7 1.12

*The uncertainties associated with AGp, mg, and Cy, are 0.5 (kcal mol™), +0.2 (kcal mol™* M™), and +0.2 (M),
respectively.

Table 2. Dependence of the AGp, my and Cr,, on pH, monitored by absorbance (550 nm) for Ferrocyt c.

pH Cm (M) AGp (kcal mol™) my (kcal M mol™)
7 5.2 14.9 2.9
8 55 16.4 3.0
9 5.4 16.7 3.1
9.5 5.2 15.7 3.0
10.5 5.3 15.3 2.9
115 48 12.9 2.7
12.7 3.7 8.5 2.3

*The uncertainties associated with AGp, m,, and C,, are 0.5 (kcal mol™), +0.2 (kcal mol™ M™), and +0.2 (M),
respectively.

8.2.3 pH-dependent global stability of Lyz in water-denaturant solutions

Fig. 3a shows the fluorescence monitored normalized GdnHCI-unfolding curves of Lyz
measured at six different pH values, in the range from pH 7.0 to pH 13.0. The fluorescence
monitored normalized GdnHCI-unfolding curves of Lyz measured at five different pH values, in
the range from pH 7 to pH 2 is shown in Fig. 3b. The Gp and mq values at different pH were
calculated by two-state analysis (chapter 2, eq (5)) of the GdnHCI-induced unfolding curves of

141



Lyz (66) (Table 3). The Cr (= AGp/mg) values were also calculated at different pH values and are
plotted in Fig. 3d as a function of pH (Table 3). It is clear from Fig. 3c and Fig. 3d that as the pH
of the solution is increased from pH 2.0 to pH 13, the values of AGp and Cp, initially increase up
to pH ~4 and then decrease. This finding indicates that the Lyz has maximum thermodynamic
stability at pH ~4.0. An earlier report shows that the Lyz produced by the bacteriophage T4 is
also maximally stable near pH ~5.0 (3). Relative to pH 7.0, at extreme acidic (pH <4) or basic
pH (pH >11), the value of mq increased significantly (Table 3). This indicates a relatively more

solvent accessible area of protein in the acidic- or basic-conditions than that of the native pH
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Fig. 3. (&) Fluorescence monitored normalized GdnHCI-induced equilibrium unfolding curves of Lyz at different pH
values ranging from pH 7.0 to 13 ; pH 7 (A), pH 8 (e), pH 9 (o), pH 11 (V), pH 12 (4), and pH 13 (0), (b)
fluorescence monitored urea-induced equilibrium unfolding curves of Lyz at various pH values from pH 2.0 to pH
7.0,pH7 (A),pH6 (V), pH4 (V), pH 3 (A), and pH 2 (o). The solid lines in panels (a) and (b) represents the non-
linear fit of the data to two-state equation (chapter 2, eq (5)) (66). (c) and (d) Variation of AGp and Cy,, respectively,
obtained from GdnHCI induced equilibrium unfolding curves of Lyz at different pH values.

Table 3. Dependence of the AGp, my and Cr, on pH for Lyz, as monitored by Trp fluorescence (ex: 280; em: 365
nm)*,

pH Cnm (M) AGp (kcal mol™) my (kcal mol™ M)
2 2.9 5.9 2.1
3 3.7 8.1 2.2
4 6.0 10.3 1.7
5 5.9 6.0 1.0
6 5.4 55 1.0
7 4.6 4.2 0.9
8 4.5 4.1 0.9
9 4.0 3.9 1.0
10 4.0 3.8 0.9
11 3.4 3.7 11
12 2.8 3.6 1.3

12.7 2.4 3.2 1.3

*The uncertainties associated with AGp, mg, and Cy, are 0.5 (kcal mol™), 0.2 (kcal mol™* M), and £0.2 (M),
respectively.
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8.2.4 pH-dependent secondary structure and Fe?*-M80 linked thermal stability of Cyt ¢ in
aqueous solutions

Thermal unfolding transition of Cyt ¢ probed by the far-UV CD at 222 nm can typically provide
the secondary structure thermal stability of Cyt ¢ (70-71). Fig. 4a and Fig. 4b present the far-UV
CD (222 nm) monitored normalized thermal unfolding curves of Ferricyt ¢ and Ferrocyt c,
respectively measured at several different pH values. Thermal denaturation transition of Ferrocyt
C probed by the use of heme absorption at 550 nm (a-band) can typically provide the stability of
the Fe®*-M80 bond of Ferrocyt ¢ (72-74). Fig. 4c presents the heme absorption (550 nm)
monitored normalized thermal denaturation curves of Ferrocyt ¢ measured at several different pH
values. The thermal unfolding curves were analyzed for thermal denaturation midpoint (Tn),
enthalpy change (AHm), and heat capacity change (ACp) by using a non-linear least squares
method according to Gibbs-Helmholtz equation (chapter 2, egs (2) and (3)) (61). The resulting
Tm, AHm, and AC,, values at different pH values are provided in Table 4 and Table 5. By using
the eq (3) (chapter 2) and the corresponding Tm, AHm, and AC, values, the AGt values from pH
3.0 to pH 12.7 were estimated for Ferricyt ¢ at 25 °C (Table 4). Fig. 4d and Fig. 4f show the
variation of resulting Tn, values for Ferricyt ¢ and Ferrocyt c, respectively, with pH. As pH is
increased from pH 3.0 to pH 13.0, the values of T, (based on CD (222 nm) and heme absorption
(550 nm)) initially increase, displaying a maximum at pH ~8.0-9.0, and then decreases (Fig. 4d,f
and Tables 4-5).

Relative to pH 7.0, the values of T, (based on CD (222 nm) and heme absorption (550
nm)) are found to be higher at alkaline pH ~8.0-9.0 (Fig. 4d,f and Tables 4-5), which suggests
that the Cyt ¢ has maximum secondary structure and Fe’*-M80 linked thermal stabilities at
alkaline pH ~8.0-9.0. Fig. 4e shows the variation of AGt (based on CD at 222 nm) with pH for
Ferricyt ¢ at 25 °C. As pH is increased from pH 3.0 to pH 12.7, the AGr value initially increase,
showing a maximum at pH ~8.0, and then decrease (Fig. 4e and Table 4). This finding suggests
that the Ferricyt ¢ has maximum thermodynamic stability at alkaline pH ~8.0. Between pH 3.0
and pH 6.0, the protonations of protein groups of Ferricyt ¢ lead the unfavorable interactions
amongst the positively charged groups, which in turn decrease the T, and AG+ values (based on
CD) of protein at extreme acidic pH (Fig. 4d,e and Table 4). At relatively higher basic pH (pH
>10.0), the deprotonations of basic amino acid groups of Cyt c also lead the unfavorable

interactions amongst the negatively charged groups. As a consequence, the secondary structure
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and Fe?*-M80 link thermal stabilities of protein are decreased at extreme alkaline pH (Fig. 4f and
Tables 4-5). Interestingly, between pH 10.0 and pH 13.0, the decrease in the T, value for the
Fe?*-M80 link disruption is found to be less than the decrease in the Ty, value for the secondary
structure disruption (Fig. 4f and Tables 4-5). This finding suggests that at extreme alkaline pH,

the thermal unfolding of Ferrocyt ¢ deviates from its two-state behavior.
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Fig. 4. Panel (a) shows the far-UV CD (222 nm) monitored normalized thermal unfolding curves of Ferricyt ¢
measured at pH 12.7 (o), pH 11.5 (m), pH 10 (A), pH 9 (A), pH 8 (o), pH 7 (®), pH 5 (x), pH 3.8 (V), and pH 3.0
(0). (b) Far-UV CD (222 nm) monitored thermal unfolding curves of Ferrocyt ¢ collected at pH 7 (e), pH 9 (A), pH
11 (A), pH 12 (V), and pH 13 (o). (c) Heme absorption monitored thermal denaturation curves of Ferrocyt c
represented as changes in extinction coefficient at 550 nm collected at pH 7 (e), pH 8 (o), pH9 (A), pH 11 (A), and
pH 13 (o). The solid lines in panels (a), (b), and (c) represent the non-linear fits of the data to Gibbs-Helmholtz
equation (chapter 2, egs (2) and (3)) (61). Panel (d) represents the variation of T, (based on CD at 222 nm) with pH
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for thermal unfolding of Ferricyt c. Panel (e) represents the variation of AGt (based on CD at 222 nm) with pH for
thermal unfolding of Ferricyt c. Panel (f) represents the variation of Ty, (based on CD at 222 nm (o) and heme
absorption at 550 nm ()) with pH for thermal unfolding of Ferrocyt c.

Table 4. CD monitored (222 nm) pH dependence of the Tr,, AHy, AGt and AC,, for thermal unfolding of Ferricyt c
and Ferrocyt c.

Ferricyt ¢ Ferrocyt c
pH Tm AHp AGy AC, pH T AHn
(K) (Kcal mol'™)  (Kcal mol™)  (Kcal mol* K™) (K) (Kcal mol™)

3 334.0 70.0 4.9 1.3 7 371.9 138.5
3.8 343.0 80.0 6.5 1.3 9 372.0 118.9
5 350.2 90.0 7.9 14 11 366.4 93.6
7 356.6 100.5 9.9 1.3 12 340.7 91.7
8 359.2 106.0 11.1 1.3 13 315.5 24.2
9 355.9 95.0 9.2 1.3

10 350.2 85.0 1.7 1.2

11.5 329.2 60.0 3.8 1.2

12.7 291.5 30.0 -0.7 1.1

*The uncertainties of Ty, AHn, AGrand ACs values reported here are +0.5 °C, +2.0 kcal mol™, +0.5 kcal mol™ and
0.2 kcal mol™ K™, respectively.

Table 5. pH dependence of the T,, and AH,, for thermal unfolding of Ferrocyt ¢ monitored by absorbance (550 hm)

pH T AH,,
(K) (Kcal mol™)
7 373 105.8
8 373.6 112
9 373.8 108.1
11 3725 110.5
12 372 114.8
13 371.1 89.1

*The uncertainties of T, and AH,, values reported here are 0.5 °C, and +2.0 kcal mol™, respectively.

8.2.5 pH dependent secondary structure thermal stability of Lyz in aqueous solutions

Fig. 5a shows the far-UV CD (222 nm) monitored normalized thermal unfolding curves of Lyz
measured at seven different pH values, ranging from pH 7.0 to pH 12.5. Fig. 5b presents the far-
UV CD (222 nm) monitored normalized thermal unfolding curves of Lyz measured at six
different pH values, ranging from pH 2.0 to pH 7.0. The thermal unfolding curves were
analyzed for Ty, and AHy by using van’t Hoff equation (chapter 3, eq (1)) (75). Table 6
summarizs the values of Tr, and AH, measured at different pH values, ranging from pH 2.0 to
pH 13.0. Fig. 5¢ and Fig. 5d show the variation of Tr, and AHp, respectively with pH. As pH is
increased from pH 2.0 to pH 13.0, the values of T, and AHy, initially increase, displaying a
maximum at pH ~4.0, and then decrease (Fig. 5c,d and Table 6). This finding suggests that Lyz
has maximum structural thermal stability at pH ~4.0. Graziano et al (2000) studied the pH

dependence of the thermal stability of a-amylase inhibitor tendamistat and found that the -
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amylase inhibitor tendamistat also has maximum thermal stability at pH ~4.0 (76). Lyz exhibits
maximum thermal stability at pH ~4.0 owing to reduced aggregation (77).
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Fig. 5. Panel (a) shows the far-UV CD (222 nm) monitored normalized thermal unfolding curves of Lyz collected at
pH 7.0 (o), pH 8 (o), pH9 (¥), pH 10 (A), pH 11 (m), pH 12 (0) and pH 13 (). Panel (b) shows the far-UV CD
(222 nm) monitored normalized thermal unfolding curves of Lyz collected at pH ~2 (e), pH 3 (o), pH4 (V¥), pH 5
(A), pH 6 (m), and pH 7 (0). The solid lines in panels (a) and (b) represents the non-linear fit of the data to van’t
Hoff equation (chapter 2, eq (1) ) (75). Panels (c) and (d) show the variation of T, and AH,, with pH, respectively.

Table 6. CD (222 nm) monitored pH dependence of the T, and AH,, for thermal unfolding of Lyz.

pH Tm AHp,
(K) (Kcal mol™)
2 324.5 50
3 345.4 80
4 351.1 90
5 349.8 85
6 348.0 83.2
7 346.5 82.5
8 347 83.2
9 346.6 85.2
10 343.4 85.2
11 344 78.6
12 336.5 70
13 326.1 51.3

*The uncertainties of T, and AH,, values reported here are +0.5 °C, and +2.0 kcal mol™, respectively.
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8.2.6 Effect of pH on the folding-unfolding kinetics of Ferrocyt c

In stopped-flow experiments, the GdnHCI-unfolded Ferrocyt ¢ (U-state) in native buffer at pH
7.0 refolds rapidly to native-state (N-state) (78-80). Fig. 6a and Fig. 6b show the representative
refolding kinetic profiles for U-state to N-state conversion measured at pH 7.0 and pH 12.7,
respectively. These refolding kinetic profiles were best described by a two-exponential fit with
rate constants, ki ~280 s™ and ki, ~36 s™ at pH 7.0 (1.0 M GdnHCI) (Fig. 6a and Table 7) and ki
~77 sand ke, ~18 s at pH 12.7 (1.0 M GdnHCI) (Fig. 6b and Table 7). About ten percent of the
observed amplitude is due to the slower minor phase, which is most likely due to the fraction of
oxidized protein. It is to be noted that between pH 7.0 and pH 12.7, the activation folding energy
barrier (AGp°* = —RT In(hki/kgT)) varies less than ~1.0 kcal mol™ (AGp°* values are ~14.2 and
15.0 kcal mol™ at pH 7 and 12.7, respectively (Table 7)) while the folding free energy (AGp®),
which is estimated by the GdnHCI-induced equilibrium unfolding measurements of Ferrocyt ¢
(Fig. 2b,e and Table 1) varies more than 9.0 kcal mol™ (AGp° values are ~16.1 and 8.1 kcal mol™
at pH 7 and pH 12.7, respectively) (Fig. 2b,e and Table 1). This finding demonstrates that the
large disparity in thermodynamic stability of protein at pH 12.7 relative to pH 7.0 is not greatly

reflected in the refolding rates.
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Fig. 6. (@) A representative stopped flow kinetic trace of Ferroyt ¢ (pH 7) for refolding in the presence of 1.0 M
GdnHCI (»%¢x), showing the recovery of the fluorescence signal with respect to the fluorescence signal of the
unfolded protein (eeee), during the burst kinetic phase. This refolding kinetic trace was best described by a two-
exponential fit with rate constants, ky ~280 s™ and kg, ~36 s™(residual shown). (b) A representative stopped flow
kinetic trace of Ferrocyt ¢ (pH 12.7) for the refolding in the presence of 1.0 M GdnHCI. This refolding kinetic trace
was best described by a two-exponential fit with rate constants, ki ~77 s™and kg, ~18 s (residual shown).
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Table 7. Values of kg, In kg and AGp°* for Ferrocyt ¢ folding kinetics at pH 7.0 and 12.7, 25 °C.

pH7.0 pH 12.7
ke (5T 280 77
In ke (s) 5.63 4.34
AGp®* (K cal mol™) 14.2 15.0

8.2.7 Quantitative measurement of the development of the electrostatic interactions in the
transition state of Ferrocyt c folding

Fig. 7 shows the variation of the natural logarithm of apparent equilibrium constant (In Kapp)
with pH. Between pH 7.0 and pH 12.7, there is very small change in the natural logarithm of the
refolding rates (<1.0 unit) of Ferrocyt ¢ (Fig. 6a,b and Table7) while within this range of pH,
there is large change in the In Kap, of Ferrocyt ¢ (Fig. 7). This comparison suggests that the pH-
dependent ionic interactions have significant effect on the overall stability of protein but have
very little effect on the folding kinetics of Ferrocyt c. The classic WT linkage relations can be
used to measure the development of electrostatic interactions in transition state of folding (23,
81).

OAG® _ 5 303RT Av(pH) 1
opH
OAG™. _ 5 303RTAV (pH) )
opH

where, the terms AG® and AG®* are the apparent free energy of folding and activation folding
free energy barrier, respectively. The terms Av(pH), and Av* (pH) represent the difference in the
number of protons bound to the folded and unfolded states, and transition and unfolded states,
respectively. In accordance with few earlier studies (17,49,53,55), the development of
electrostatic interactions in the transition state for folding can be quantitatively measured by

comparison of the ratio:

[ pH,

[ Avi(pH)dpH

BpH:[AAGOI(sz’le)}:{AGC’I'(pHZ)—AGOi(le) | 3)
AAGO(sz’le) AGO(sz)_AGO(le) pTZAV(pH)de
=[Ink, (pH,) — Ink, (pH,)]/[IN K (pH,) ~InK(pH)] @

Value of p* between neutral pH 7.0 and alkaline pH 12.7 was estimated by using eq (5),

=[Ink; (pH 12.7)-Ink, (pH 7.0)]1/[InK (pH 12.7)-InK (pH 7.0)] (5)
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The p™ value calculated between pH 7.0 and pH 12.7 for folding of Ferrocyt ¢ is ~0.098.
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Fig. 7. The variation of the natural logarithm of apparent equilibrium constant (In K,,) of Ferrocyt ¢ with pH at 25
°C.

Few other investigators have also calculated the P or Av¥(pH)/Av(pH) values for other proteins
(barnase, CTNL9, NTL9, and CI-2)) and correlated these ™ values to the development of
electrostatic interactions in the transition state for folding (49,53-56). The observation of larger
BP" values for barnase (~0.5) and CTNL9 (~0.6) were attributed to a better development of
electrostatic interactions in the transition states for folding of barnase and CTNL9 (53-55). On
the other hand, the observation of lower P values for CI-2 (~0.25) and NTL9 (~0.3) were
attributed to a weaker development of electrostatic interactions in the transition states for folding
of these two proteins (49, 56). Between the pH 7.0 and 12.7, the B* value estimated for folding
of Ferrocyt c is less than 0.1, which demonstrates that the electrostatic interactions are very

weakly formed in the transition state for folding of Ferrocyt c.

8.2.8 lonization of native and denatured states of Ferricyt ¢c and Lyz as a function of pH

The characterization of the pH-dependent stability of proteins requires the consideration of the
ionization of its native and denatured states. It is clear from Table 4 that when pH is changed, the
value of Ty, for thermal unfolding of Ferricyt c also changes. At acidic pH, the positive charge on
both the native and the denatured states increases. There is also a change in Av (pH), which is the
difference in number of protons bound to the denatured and the native states. The value of Av

(pH) at each pH was determined by applying the eq (6) to the data in Table 4 and Table 6.

AH oT,
m m (6)

AVIPH) =2 3RT? “spH
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The 8T/6pH term was calculated by fitting a second-order polynomial to plots of Ty, versus pH
curves and evaluating the first derivative at each T, value (82). Fig. 8a shows the variation of Av
(pH) of Ferricyt ¢ and Lyz with pH (eq (6)) at 25 °C. The value of AV(pH) for Ferricyt c can also
be determined by considering the classic WT linkage relationship (eq (1)). The value of Av (pH)
by using eq (1) was calculated by using the data in Table 1 (urea-unfolding of Ferricyt c) and
Table 4 (thermal unfolding of Ferricyt c). Fig. 8a and Fig. 8b show the variation of Av(pH) with
pH obtained by using eq (1) for thermal and urea-unfolding of Ferricyt c, respectively. At pH
~9.0, the value of Av (pH) becomes zero for both Lyz and Ferricyt ¢ (Fig. 8a,b), indicating that
there is no change in the number of the bound proton upon unfolding. Between pH 2.0 and pH
3.0, the values of Av (pH) observed for Lyz and Ferricyt ¢ are about 1.0 (Fig. 8a) and 2.0 (Fig. 8a
and Fig. 8b), indicating that about one and two protons are taken up upon unfolding of Lyz and
Ferricyt c, respectively.

Raleigh and coworkers (2002) studied the pH-dependent stability and folding kinetics of
the ribosomal C-terminal domain of L9 (55). They have shown that for ribosomal protein L9,
Av(pH) is almost zero at pH 8.0, indicating that there is no change in the number of the bound
protons upon unfolding at pH >8.0 (55). Between pH 6.0 and pH 5.0, Av(pH) is about 1.5,
indicating one to two protons are taken up upon unfolding (55). Pielak and coworkers (1994)
also studied the ionization of the native and denatured states of yeast iso-1 Ferricyt ¢ as function
of pH (82). They have shown the maximum value of Av (pH)(=2.4) at pH 3.5, which decreases
with increasing value of pH and passes through zero near pH 6.5 (82). They further demonstrated
that between pH 5.0 and pH 3.0 at least two groups (more specifically, His 26 and His 18, and

one of heme propionates) take up protons upon denaturation (82).

2F T T T T T T T T T A
@ |

pH pH

Fig. 8. (a) Variation of Av (pH) of Ferricyt ¢ (e (eq (6)) and o (eq (1))) and Lyz (A (eq 6)) with pH by using the
thermodynamic parameters obtained from CD 222nm-monitored thermal unfolding of proteins at different pH
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values. (b) Variation of Av (pH) of Ferricyt ¢ with pH calculated by eq (1) using the thermodynamic parameters
obtained from the equilibrium unfolding of Ferricyt c collected at different pH values.

8.2.9 pH- dependence of the intrachain diffusion rates of CO-liganed Ferrocyt ¢

The biphasic microsecond relaxation following CO photolysis is the hallmark of heme-
polypeptide dynamics in the denaturant-unfolded Cyt-CO at pH 7.0. According to few previous
studies (83-85), following CO photolysis from the GdnHCI-unfolded protein at pH 7.0, the side
chains of the methionine (M65 and M80) and histidine (H26 and H33) residues make transient
contacts with the Fe”* of heme. Fig. 9a shows the observed changes in 423 nm absorption from
0.2 ps to 45 ps after photodissociation of CO from the GdnHCI (5.0 M)-unfolded CO-liganded
Ferrocyt ¢ at pH 10. The Kkinetic data are best fitted as two exponential relaxation processes with
rate constants of A; #5.7x10° s (11~ 1.6 pus) and A, ~1.6x10° s (1o~ 6.2 ps). The fast (11~ 1.6 ps)
and slow (1o~ 6.2 us) relaxation processes are related to the transient binding of the methionine
(M65 and M80) and histidine (H26 and H33), respectively to Fe?* of the photoproduct (Fig. 9a)
(83-85). The microsecond relaxation processes rates measured after the photodissocition of CO
from the GdnHCI-unfolded cyt-CO at different pH values, ranging from pH 7.8 to pH 13.0, are
plotted as a function of pH in Fig. 9b. When pH is increased from pH 7.8 to pH 13.0, both 4; and
A2 initially remain almost constant up to pH ~11.0 and then gradually increase (Fig. 9b). This
indicates that the diffusive motions of the incipient polypeptide are only marginally affected
from pH 7.0 to pH 11.0. The gradual increase of A; and A, above pH 11.0 is due likely from
base-induced expansion of the denaturant unfolded Cyt-CO, which in results decrease the
intrachains contractions rates of the methionine (M80 and M65) and histidine (H26 and H33) to
the Fe®* of heme (73, 83).
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Fig. 9. (a) The observed changes in 423 nm absorption from 0.2 us to 45 us after photodissociation of CO from the
GdnHCI (5.0 M)-unfolded Cyt-CO at pH 7.0. (b) pH-dependence of the intrachain diffusion rates after photolysis of
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CO from denaturant-unfolded Cyt-CO (5.0 M GdnHCI) at 25 °C (transient binding of methionines, M65 and M80
(open circles) and histidines, H26 and H33 (filled circles)).

8.2.10 Theoretical estimation of the pH-dependent stability of proteins

For large biological systems, it is very difficult to obtain the pK, values experimentally,
therefore, several software have been developed to predict the pK; values on the basis of protein
structure (86-88). PROPKA 3.1 is one of the popular pK, predicting software and is better than
the other software mainly because of its speed and accuracy (86-88). The PROPKA 3.1 predicts
the pK, values of the ionizable residues in a protein by determining the perturbation to the model
pKa. value, pKmode, Caused due to the desolvation penalty (DS), back bone and side chain
hydrogen bonds (HB), and interactions with the other charged groups (CC), in protein
environment (21, 89-90). The pK, and pKmedel Values corresponding to the ionizable groups of
horse Ferricyt ¢ (PDB: 1HRC) and hen Lyz (PDB: 2LYZ) as predicted by PROPKA 3.1 are
given in Table 8.

Table 8. The pK, values for all the ionizable amino acid residues of the horse Cyt ¢ (PDB: 1HRC) and Lyz (PDB: 2LY Z)
calculated by using the PROPKA 3.1 program (21).
PDB: 1 HRC PDB:2LYZ

Group pKy* Model Group pK.* Model Group pK.* Model Group pKy*  Model
'pKa* 'pKa* 'pKa* 'pKa*
ASP2A 290 3.80 LYS5A 10.80 1050 | Asp18 A  4.08 3.8 LYS1IA 1125 10.50
ASP50A 379 3.80 LYS7A 1030 1050 | Asp48A 281 380 LYSI3A 1160 10.50
ASPI93 A 376 3.80 LYS8A 1039 1050 | Asp52A 493 380 LYS33A 1015 10.50
GLU4A 479 450 LYSI13A 1062 1050 | Asp66A 2.3 380 LYS9A 1015 10.50
GLU21 A 387 450 LYS22A 1061 1050 | Asp87A 228 380 LYS97A 1045 10.50
GLUG1A 354 450 LYS25A 1036 1050 | Aspl0O1A 443 380 LYS116A 10.17 10.50
GLUG2A 469 450 LYS27A 1000 1050 | Asp119A 349 380 ARG5A 1187 1250
GLUG6A 479 450 LYS39A 1020 1050 | GLU7A 358 450 ARG14A 1242 1250
GLUG9A 443 450 LYS53A 1048 1050 | GLU35A 695 450 ARG21A 1246 1250
GLU9OA 364 450 LYS55A 10.02 1050 | C129A 219 320 ARG45A 1181 1250
GLU92 A 453 450 LYS60A 10.33 1050 | HIS1I5A 642 650 ARG61A 1247 1250
GLU104 A 432 450 LYS72A 953 1050 | CYS6A 99.99 99.99 ARG68A 1255 1250
C104A 325 320 LYS73A 1043 1050 | CYS30A 9999 99.99 ARG73A 1232 1250
HIS1I8 A 202 650 LYS79A 1024 1050 | CYS64A 99.99 99.99 ARG112A 1219 1250
HIS26 A 643 650 LYS8 A 1099 1050 | CYS76 A 99.99 99.99 ARG114A 1215 1250
HIS33A 657 650 LYS87A 944 1050 | CYSB80A 99.99 99.99 ARG125A 1248 1250
CYS14A 1389 9.00 LYS8A 1063 1050 | CYS94A 99.99 99.99 ARG128A 1247 1250
CYS17A 1059 9.00 LYS99A 1146 1050 |CYS115A 99.99 99.99 N"1A 7.45 8.00
TYR48 A 13.68 10.00 LYS100A 10.47 1050 | CYS127A 99.99 99.99
TYR67A 1541 10.00 N"1A 795 800 | TYR20A 9.24 10.00
TYR74A 1119 10.00 HEMNAA -244 500 | TYR23A 10.10 10.00
TYR97A 11.14 1000 HEMNCA 359 500 | TYR53A 11.87 10.00
ARG 38 A 11.81 1250 HEMCGAA 413 450
ARG91 A 1212 1250 HEMCGD A 3.03 450
*Here pK, and Model-pK, represent the pK, values of the native and the denatured state of protein, respectively.
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The pH dependent electrostatic free energies AG® (pH) in the native state, AG; (pH)and in the

denatured state, AGY (pH) of Ferricyt ¢ and Lyz were calculated by using the following relation
an:
N
AG™ (pH) =-RT >_In{l + exp[-2.3y(i) (pH-pK,)]} (7

i=1
where, (i) = +1 or -1 for a basic or acidic group, respectively and pK; is the pK, value of the i"
ionizable group of the protein in the native (pK;) and denatured (pKmoder) States obtained from
PROPKA 3.1 (Table 8). Table 9 summarizes the values of AG' (pH)and AGY (pH), calculated
at different pH, ranging from pH 0.0 to pH 14.0. The pH dependent term for protein stability,
(AAG,) can be determined by using eq (8) (12).

AAGY, (pH) = AGY (pH) - AGF (pH) (8)

Fig. 10a and Fig. 10b show the variation of AAGS, obtained for Ferricyt ¢ and Lyz, respectively,

as a function of pH. As pH is increased from pH 0.0 to pH 14.0, the value of AAG; first

decreases and then increases showing a minimum at pH values at pH ~8.0 in case of Ferricyt ¢
whereas, the corresponding minimum in case of Lyz appears at pH ~4.0. The theoretical
predication of pH dependent stability of Ferricyt ¢ and Lyz thus indicates that the Ferricyt ¢ and
Lyz are maximally stable at pH ~8.0 and pH ~4.0, respectively. By using the pH-dependent

stability term, AAG{,(pH), the total free energy of folding, AG,,(pH)can be determined by
using eq (9),
AGyp (PH) = AGRE (pH) + AAGR, (pH) ©)

where AG.; (pH)is the pH-independent folding energy of hypothetical protein with all neutral

residues. Only the theoretical calculations or experimental measurements cannot predict the pH-

independent term accurately (17, 19). However, it is possible to calculate it using the values of

the AG.; (pH) at experimentally determined denaturation midpoints pHi, in the acidic and

alkaline regions (12). The zero experimental points for AGp,0 are observed at pH 2.5 and pH

12.5 for the acidic and alkaline denaturations, respectively for Ferricyt ¢ (Fig. 1). To determine

the AG™" term, we have taken the average of the calculated AAG, values at the acidic and

alkaline pH midpoints.
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The pH-dependent charges of the folded and unfolded protein i.e., Qr and Qu respectively, can
be calculated by using the following relations (22):

AAG®(kcal mol™)

Q=24 and Q. = X7 (10)
where, ¢, or g (for an acidic group) = Hl()ﬁ
g, or g (for a basic group) = T
40:Lc'yt!:'|'|l|l|'|(la)4: sETT -

il

(c)

AAG®*(kcal mol™)

Charge
Charge

i AT AN O PR

Fig. 10. Panel (a) shows the variations of AAG®® (e) and AGyp (©) as a function of pH for Ferricyt c. Panel (b)
shows the variation of AAG®® (v) as a function of pH for Lyz. Panels (c) and (d) show the variation of charges of the
folded (—) and the unfolded (- - -) states of Ferricyt ¢ and Lyz, respectively, as a function of pH.

To calculate the charges of the folded protein, the perturbed protein pK, values were used, while
the charges of the unfolded state were calculated by using the pKnoger Values. The calculated
values of the Qu and Qg at different pH values are provided in Table 9. Fig. 10c and Fig. 10d
show the variation of charges (Qu and Qg) with the pH for Ferricyt ¢ and Lyz, respectively. The
pH where the Qu and Qr become zero reflects the isoelectric point of the unfolded and folded
states of protein (22). In case of Ferricyt c, the isoelectric point comes out to be ~10.0 (Fig. 10c).
Interestingly, the Ferricyt ¢ also has maximum stability near its isoelectric point (Fig. 2, Fig. 4,
Table 1, Table 4). The isoelectric point of Lyz comes out to be ~10.5 (Fig. 10d). Notably, Lyz is

not maximally stable near its isoelectric point (Fig. 3,5, and Tables 3,6). According to few earlier
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reports, a protein is maximum stable near to its isoelectric point where the net charge on the
protein is zero (2). However, a large number of proteins having acidic and basic isoelectric
points are found to be maximum stable at neutral pH (3). This finding suggests that in addition to
the overall charge, some other factors are also important in determining the folding energy of the
globular proteins. For example, the Lyz produced by the bacteriophage T4 is a rather basic
protein with an isoelectric point above 10.0 yet is most stable near to pH 5.0 (3). The maximum
thermal stability of Lyz at pH ~4.0 is attributed to the reduced aggregation. On the other hand, its
thermal stability is affected at other pH due to increased aggregation and reduced native helical
content (77).

Table 9. The pH dependence of the electrostatic energies and charges in the native state, AGﬁ,' (pH) and Q, respectively, and in the

denatured state, AG,;' (pH) and Qp, respectively calculated by using electrostatic model.

Cytc Lyz
PHAGI(H)  AGI (pH) AAGY, O | AGI(H) AGI(PH) AAG), &
0 -339.85 -359.33 19.48 25.99 27.00 -291.91 -294.87 2.97 18.98 19.00
1 -304.26 -322.31 18.05 25.87 26.99 -265.95 -268.82 2.88 18.82 18.98
2 -269.17 -285.36 16.19 25.12 26.86 -240.70 -242.86 2.16 17.72 18.83
2.3 -258.94 -274.33 15.40 24.60 26.72 -233.54 -235.15 1.61 17.05 18.66
2.4 -255.58 -270.67 15.09 24.38 26.66 -231.22 -232.59 1.37 16.80 18.58
25 -252.25 -267.02 14.77 24.14 26.58 -228.93 -230.05 1.12 16.55 18.48
2.6 -248.96 -263.38 14.43 23.87 26.48 -226.68 -227.52 0.85 16.30 18.36
3 -236.23 -249.01 12.78 22.44 25.84 -218.02 -217.64 -0.38 15.28 17.59
4 -209.16 -216.02 6.85 16.64 21.46 -198.78 -196.12 -2.67 12.79 13.36
5 -190.44 -191.94 1.50 11.12 13.74 -182.71 -180.55 -2.16 10.81 9.88
6 -177.05 -176.24 -0.81 8.79 9.81 -168.69 -167.83 -0.86 9.71 8.86
7 -165.99 -164.36 -1.63 7.40 7.66 -156.20 -156.17 -0.03 8.42 8.16
7.2 -163.99 -162.30 -1.69 7.18 7.35 -153.93 -153.95 0.02 8.14 8.03
7.4 -162.05 -160.32 -1.73 6.98 7.08 -151.73 -151.76 0.03 7.87 7.90
7.6 -160.16 -158.41 -1.74 6.79 6.83 -149.61 -149.61 0.00 7.63 1.77
1.7 -159.23 -157.48 -1.75 6.70 6.71 -148.57 -148.55 -0.02 7.52 7.70
7.8 -158.32 -156.57 -1.75 6.60 6.58 -147.55 -147.50 -0.05 7.42 7.63
8 -156.54 -154.80 -1.74 6.40 6.32 -145.54 -145.43 -0.11 7.24 7.48
8.4 -153.15 -151.51 -1.64 5.95 5.67 -141.65 -141.41 -0.24 6.94 7.18
8.7 -150.78 -149.30 -1.49 5.52 5.03 -138.85 -138.50 -0.34 6.69 6.93
9 -148.63 -147.40 -1.24 4.89 4.15 -136.16 -135.71 -0.45 6.35 6.63
10 -144.90 -145.33 0.44 -0.48 -2.38 -128.78 -128.02 -0.76 4.06 4.03
11 -152.31 -156.86 4.56 -10.31 -14.11 -125.67 -125.75 0.08 0.43 -0.62
12 -171.00 -180.24 9.23 -16.06  -18.86 -128.36 -129.07 0.71 -4.87 -4.43
12.3 -177.79 -188.12 10.33 -16.89  -19.46 -130.79 -131.24 0.44 -6.96 -6.15
12.4 -180.12 -190.80 10.68 -17.10  -19.63 -131.79 -132.12 0.33 -7.65 -6.78
12.5 -182.48 -193.51 11.02 -17.29  -19.80 -132.89 -133.10 0.21 -8.31 -7.43
13 -194.60 -207.32 12.73 -18.00 -20.46 -139.56 -139.24 -0.32 -10.92  -10.34
14 -220.12 -235.80 15.68 -19.25  -20.93 -156.16 -155.46 -0.70 -12.75  -12.66
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8.3 Conclusion

This chapter analyzes the effects pH on the stability of Cyt ¢ and Lyz and folding kinetics of Cyt
c all across the acidic- and alkaline pH-unfolding transitions of the proteins. Thermal and
chemical denaturant (urea or GdnHCI)-induced unfolding experiments were used to measure the
thermodynamic stabilities of Ferricyt ¢, Ferrocyt ¢ and Lyz at several different pH values,
ranging from pH 3.0 to pH 13.0. Ferricyt ¢ is maximally stable between pH 8.0 and pH 9.0 with
AGT° #11.1 kcal mol™ and AGp° ~10.6 kcal mol™ at 25 °C. Ferrocyt ¢ is also found to be
maximally stable between pH 8.0 and pH 9.0 with AGp° ~16.6 kcal mol™ at 25 °C. At relatively
higher basic pH (pH >10), the unfavorable interactions among the negatively charged groups
decrease the thermodynamic stability of protein. The Lyz is found to be maximally stable at pH
4.0 with AGp° ~10.3 kcal mol™ at 25 °C. The classic Wyman-Tanford linkage relation was used
to estimate the Av (pH) value. Between pH 2.0 and pH 3.0, the values of Av(pH) observed for
Lyz and Ferricyt ¢ are about 1.0 and 2.0, indicating that about one and two protons are taken up
upon unfolding of Lyz and Ferricyt c, respectively. In stopped-flow experiment, the dilution of
denaturant unfolded Ferrocyt ¢ (6.5 M GdnHCI) in refolding buffer at pH 7.0 and pH 12.7 result
in rapid refolding of unfolded protein to the native-state. Between pH 7.0 and pH 12.7, the
activation folding free energy of Ferrocyt ¢ varies less than 1.0 kcal mol™, while the folding free
energy varies by more than 9.0 kcal mol™. This comparison provides two important
informations, (i) the large disparity in thermodynamic stability is not strongly reflected in the
refolding rates, and (ii) the pH-dependent ionic interactions contribute significantly to the
thermodynamic stability of protein but have little effect on folding kinetics of Ferrocyt c. By
using the classic WT linkage relation, the B"-value for Ferrocyt ¢ folding was calculated
between pH 7.0 and pH 12.7, which is less than 0.1, indicating that the electrostatic interactions

are weakly formed in the transition states for folding.
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