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Structural and molecular properties extracted from circular dichroism (CD), tryptophan fluorescence and 1-
anilino-8-napthalene sulfonate (ANS) binding experiments suggest that the high concentration of synthetic
crowding agents (dextran 40, dextran 70 and ficoll 70) stabilizes and refolds the base-denatured ferricytochrome
¢ (Ferricyt ¢) and lysozyme (Lyz) at pH12.9 ( = 0.1) to molten globule (MG) states (Cg-states). These results
further revealed that the Cg-states resemble the generic properties of MG-states. Thermodynamic analysis of
thermal denaturation curves of base-denatured Ferricyt ¢ and Lyz at pH12.9 ( = 0.1) under variable con-
centrations of crowding agents (dextran 40, dextran 70 and ficoll 70) revealed that the crowder presence in-
creases the thermal stability of base-denatured proteins and also prevents the cold denaturation of Ferricyt c. The
results further showed that the nature, size and shape of crowder influence the crowding-mediated increase in
secondary structure stabilization and thermal stability of base-denatured Ferricyt ¢ and Lyz. Analysis of kinetic
and thermodynamic parameters measured for CO association reaction of alkaline ferrocytochrome ¢ (Ferrocyt c)
at pH12.9 ( = 0.1) under variable concentrations of crowding agents (dextran 40, dextran 70 and ficoll 70)
revealed that the crowder presence reduces the level of structural fluctuation of M80-containing Q-loop that

control CO association to alkaline Ferrocyt c.

1. Introduction

The compaction of linear chain of amino acid residues into biolo-
gically active three-dimensional structure is a fundamental route in
protein folding. In addition, one or more distinct, populated inter-
mediates have been reported to be involved during protein folding
process [1]. These intermediates have been termed as molten globule
(MG)-state with key features similar to native-like molecular compac-
tion and secondary structure but with disordered or fluctuating tertiary
structure [2-8]. The MG-state was originally proposed by Ohgushi and
Wada in 1983 [4]. The MG-state typically occurs mainly at the later
stages but is also detected at the early stages of folding of several
proteins [9-11]. It is already established that MG state like others non-
native states of proteins, play a role in insertion and translocation
processes of protein through organelles membranes [12-15]. The in-
trinsically disordered native-like proteins similar to MG-state have been
found to be involved in cell signaling and work as regulator by

interacting with DNA and other proteins [16-20]. Baker et al. (2005)
demonstrated that a pH-dependent MG transition is necessary for the
activity of the steroidogenic acute regulatory protein (StAR) that sti-
mulates steroid synthesis [21]. Chen et al. (2011) reported that auto-
inhibited homodimeric chaperones of type III secretion (TTS) adopt a
molten-globule-like state that expose the substrate binding site for
binding to their cognate protein substrates [22]. The conformational
properties and binding mechanisms of promiscuous molten globule of
murine NCBD has also been studied [23].

MG states are milieu of conformations with varying ranges of dis-
order, and thus it is difficult to study them under normal folding con-
ditions at neutral pH due to their transient lifetime. However, at the
extremes of pH, the MG-states are stabilized by salts [24-29]. The
presence of sugars, polyols, and guanidine hydrochloride (GdnHCI) also
stabilize and refold the acid-denatured state of proteins to MG states
[30-33]. Recent reports showed that the MG states can also form at
neutral pH without the need of denaturing conditions [34-36] and also
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in the presence of denaturant [37]. A number of studies have also
shown that the high concentration of crowding agent increases the
stability and structural contents of folded and partially folded proteins
[38-45] as well as transforms the acid-denatured proteins to MG-states
[46,47]. The crowding agent mediated excluded volume effects are
predicted to favor the adoption of compact conformation as opposed to
expanded macromolecular conformations, due to decrease in total ex-
cluded volume [44,45]. The crowding-induced reaction is paramount
because it plays crucial role in aggregations and subsequently linked
with numerous neurodegenerative disorders [47-54]. Hatter et al.
(2002) documented that macromolecular crowding accelerates amyloid
formation by human apolipoprotein C-II [47]. In general, crowding
agents usually favor refolding of protein [55,56]. According to excluded
volume theory, a non-specific force exhibits between the crowding
agents and macromolecules that eventually reduces the total excluded
volume and promotes the compact conformation against the expanded
macromolecular conformations [57-63].

Although, the crowding-induced MG-state of acid-denatured
Ferricyt ¢ has been studied previously [46], the crowding-induced MG-
state of base-denatured Ferricyt c is not explored so far. Furthermore,
the crowding-induced MG-states acid- and base-denatured Lyz in the
absence of denaturant have also not been investigated in detail. This is
presumably because at extreme acidic pH conditions, Lyz retains its
tertiary interactions. The current results show that at extreme alkaline
pH conditions (pH 12.8 ( = 0.1)), both Ferricyt ¢ and Lyz lost their
tertiary interactions, therefore one can characterize the crowder-in-
duced MG-states of these proteins under basic pH conditions. Alkaline
denturation of Ferricyt ¢ proceeds via alkaline transition at pH > 9.
The alkaline (pH > 9) forms of Ferricyt ¢ have been identified since
last 75 years [64], but remarkably their role on Ferricyt ¢ function re-
mains unclear. In the alkaline form (pH > 9), two isoforms of alkaline
Ferricyt ¢ exist, one of which replaces the buried Fe>*-M80- bond by
Fe>*-Lys79 bond [64]. Earlier 'H NMR studies showed that Fe>*-Lys79
bond remains in Ferricyt ¢ even at extreme basic pH conditions [64]. A
similarly reconfigured state may play a role in some physiologically
important interactions of Ferricyt ¢ at neutral pH (cytochrome oxidase
[65,66], cardiolipin [67,68], lipid membranes [69,70]), therefore we
have studied the crowder-induced MG-state of similarly reconfigured
base-denatured Ferricyt c. This is the first report that revealed potential
role of crowding agents (dextran 40, dextran 70 and ficoll 70) in
transformation of the base-denatured Ferricyt ¢ and Lyz into their re-
spective MG-states i.e. Cg-states at pH 12.8 ( + 0.1). The fully populated
Cp-states meet the generic properties of MG-state, i.e., molecular com-
pact state with native-like secondary structure but lacks tertiary struc-
ture. Thermodynamic analysis of thermal denaturation curves of base-
denatured Ferricyt ¢ and Lyz at pH 12.9 ( = 0.1) carried out at different
concentrations of crowding agents (dextran 40, dextran 70 and ficoll
70) revealed that (i) presence of the crowding agent in the reaction
medium increases the thermal stability of base-denatured proteins, and
(ii) the extent of crowding-mediated increased thermal stability of base-
denatured proteins depends on the concentration, nature and shape of
crowding agents.

Analysis of kinetic and thermodynamic parameters measured for
CO-association reactions of alkaline Ferrocyt ¢ at pH12.9 ( = 0.1) in
the presence of different concentrations of crowding agents (dextran
40, dextran 70 and ficoll 70) revealed that (i) the crowder presence
decreases the level of structural fluctuation that control CO association
to base-denatured of Ferrocyt ¢, and (ii) the crowding-mediated de-
crease in the level of structural fluctuation of base-denatured Ferrocyt c
depends on the nature and shape of crowding agents or on size of
crowding agents of similar shape.

2. Materials and methods

Horse heart cytochrome c (Cyt c; type VI), crowding agents (dextran
40, dextran 70 and ficoll 70), salts of buffer (sodium phosphate, Tris-
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base and 3-[Cyclohexylamino]-1-propanesulfonic acid (CAPS), sodium
dithionite and 1-anilino-8-napthalene sulfonate (ANS)) were purchased
from Sigma. Hen egg white lysozyme (Lyz) was purchased from
Calbiochem. Chemical denaturants (guanidine hydrochloride (GdnHCI)
and urea) were purchased from USB (USA). All other chemicals used in
this study were of analytical grade. The pH of samples was adjusted by
using the concentrated HCl and NaOH solutions. The concentrations of
GdnHCI and urea stock solutions were determined by refractive index
measurements by using an Abbe's Refractometer (Thermo scientific).
The kinetics and thermodynamic data were analyzed by using Sigma
Plot (v. 9) and Origin software (MicroCal Inc.).

2.1. Measurement of pH-titrations of Ferricyt ¢ and Lyz

For pH unfolding studies of Ferricyt ¢ and Lyz, the protein samples
were prepared in buffer containing 10 mM of Tris, 10 mM of disodium
hydrogen phosphate and 2mM CAPS. The pH of protein samples was
adjusted from 7.0-13.2 range. The titration was carried out without
disturbing the uniformity of the protein concentration and incubated for
~40 min. The fluorescence (excitation: 280 nm) emission (310-400 nm)
and far-UV CD spectra (250-200 nm) were recorded on Perkin Elmer LS-
55 or PTI QM 40 (Photon Technology) fluorescence spectrophotometer
and JASCO-810 spectropolarimeter, respectively at 25 °C. The fluores-
cence and far-UV CD data were normalized using Eq. (1)

Yos = [(Y — Ya)/(Yy — Ya)l (€9)

where, Y, is the observed value of the CD or fluorescence signal,
Yy and Yy are the CD or fluorescence signal intensities for the native
(pH7.0) and pH-denatured (pH 12.9) states, respectively. The pH ti-
tration curves were analyzed by using the following transformed
Henderson-Hasselbalch Eq. (2) [24],

Cu + Cy[10mPH=Cm)]

Yot = 1 + 10@H—Cm)

(2)

where, C, and Cyshow the signals for the unfolded and the folded states,
respectively, n defines the number of OH™ ions titrated, and C,, denotes
the pH-midpoint for the transition.

2.2. Measurement of the far-UV CD, near-UV CD and fluorescence emission
spectra of Ferricyt ¢ and Lyz

The far-UV (200-250 nm, 1.0 mm cell) and near-UV (250-300 nm,
5.0 mm cell) CD spectra of Ferricyt c and Lyz were collected at pH 7.0
(50 mM sodium phosphate buffer) and pH12.9 ( = 0.1) (2mM CAPS
buffer) in the absence and presence of different concentrations of
crowding agents (dextran 40, dextran 70 and ficoll 70) on JASCO 815
spectropolarimeter at 25 °C. The optimized concentration of proteins
for the far-UV and near-UV CD experiments was ~12 uM and ~60 uM,
respectively. All CD spectrum of Ferricyt ¢ and Lyz were corrected by
subtracting the CD spectra of the corresponding blank solutions of a
particular concentrations of crowding agents (dextran 40, dextran 70
and ficoll 70) at pH12.9 ( = 0.1), 25°C. Similarly, the Trp fluores-
cence (ex: 280 nm) emission spectra (310-420 nm, 10 mm path length
cuvette; 5uM protein) of Ferricyt ¢ and Lyz were collected at pH7
(50 mM sodium phosphate buffer) and pH12.9 ( = 0.1) (2mM CAPS
buffer) with control and presence of different concentrations of
crowding agents on Perkin Elmer LS-55 or PTI QM 40 (Photon
Technology) fluorescence spectrophotometer at 25 °C. In addition,
ANS emission spectra (ex: 380 nm, em: 400-600 nm) of Ferricyt ¢ and
Lyz were also collected using Perkin Elmer LS-55 or PTI QM 40
(Photon Technology) fluorescence spectrophotometer. For ANS
fluorescence measurements, ratio of ANS (0.5 mM) and protein (5 pM)
were maintained at 100:1.
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2.3. Measurement of 'H NMR spectra for different states of Ferricyt ¢ and
Lyz

For preparation of native states, D,O solution containing 1.0 mM
protein (Ferricyt c or Lyz) was adjusted to pH 7.0 (0.05M phosphate)
using concentrated DCl or NaOD. For preparation of base-denatured
states, DO solution containing 1.0 mM protein (Ferricyt ¢ or Lyz) and
1.0mM CAPS, was adjusted to pH12.9 ( = 0.1) using concentrated
NaOD. For preparation of salt or crowding induced MG-states, 2.0 M
NaCl or 300 mgml~! crowding agent was added in D,O solution con-
taining 1.0 mM protein (Ferricyt ¢ or Lyz) and 1.0 mM CAPS, and the
pH was adjusted to 12.9 ( = 0.1) using concentrated NaOD.

2.4. Measurement of thermal denaturation of Ferricyt ¢ and Lyz under
various concentrations of crowding agents

To determine the effect of crowding agents on thermal denaturation
of base-denatured proteins, the far-UV CD (222 nm) monitored thermal
denaturation curves of Ferricyt ¢ and Lyz were collected at pH12.9
( = 0.1) under varying concentrations of crowding agents (dextran 40.
dextran 70, ficoll 70) on JASCO-815 spectropolarimeter. The protein
concentration for melting experiments was ~10-15uM. The Peltier-
controlled heating rate was maintained at 1.0 °C/min. By assuming a
two-state denaturation process, the thermal denaturation data were
analyzed by Gibbs Helmholtz Eq. (3) [24],
A

AH;
m(Tm

)mp(%nm(%)]

RT

T T
AHp| ——=1|—-ACy| Tn— T+ TIn| —
m(Tm ) p( " n(Tm))

RT

Op + mpT) + (yp + mpT) exp

»(T) =

1+ exp

3)

where y(T) is the observed variable parameter (CD222 nm), Yr and yp,
and my and mp, represent intercepts and slopes of the pretransition and
post-transition baselines respectively; T represents absolute tempera-
ture; AC, denotes heat capacity change; R represents gas constant, and
AH,, represents the van't Hoff enthalpy at thermal denaturation mid-
point (Ty).

2.5. Measurement of kinetics of CO association with Ferrocyt ¢ under
various concentrations of crowding agents

CO-association kinetics with Ferrocyt c (Ferrocyt ¢ + CO — Ferrocyt
c-CO) was carried out using previously described methods with minor
modifications [27]. A fixed amount of Ferricyt ¢ was dissolved in
50 mM phosphate buffer at pH 7.0 and reduced with sodium dithionite
under dry N, atmosphere. About 30 pl of the reduced protein solution
was added to 2ml of deaerated CO saturated (~1.0 mM) desired pH
buffer containing sodium dithionite and varying concentrations of
crowding agents at pH7.0 and pH12.9 ( = 0.1). Inset of panel (a)
presents the steady-state visible absorption spectra of Ferrocyt ¢ and
Ferrocyt c-CO at 25°C, pH12.9 ( = 0.1) (Fig. 8a). The maximum of a
band (heme mt — xt*) at 550 nm is corresponding to Fe?"-M80 axial
coordination of the Ferrocyt c. Furthermore, the CO interaction with
Ferrocyt c replaces the native Fe?"-M80 bond by non-native Fe?*-CO
bond [27,71,72]. Thus, the CO-association kinetics for Ferrocyt ¢ was
recorded by monitoring the decrease in absorbance at 550 nm, at 25 °C
on Shimadzu (UV- 2450) spectrophotometer. The final concentrations
of protein and sodium dithionite in CO association kinetic experiments
were ~12 M and ~3.0 mM, respectively.
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Fraction Unfolded

Fraction Unfolded

Fig. 1. Panels (a) and (b) represent the normalized fluorescence (@), far-UV CD
(222 nm) (O) and near-UV CD (282 nm) () monitored alkaline pH-unfolding
curves for Ferricyt ¢ and Lyz, respectively at 25 °C. Solid lines in panel (a) and
(b) are fit according to transformed Handerson-Hasalbalch equation (eq. (2))
[24] at 25°C.

3. Results and discussion
3.1. Alkaline pH condition induces denaturation of Ferricyt ¢ and Lyz

Earlier pH-dependent fluorescence studies of Ferricyt ¢ and Lyz re-
vealed that these proteins unfold at pH =12.9 [71-78]. The normalized
fluorescence-monitored pH-unfolding curves of Ferricyt ¢ and Lyz are
shown in Fig. 1a and b, respectively at 25 °C. In case of Lyz, the emis-
sion wavelength shift is more informative than emission intensity so the
fraction unfolded for Lyz was estimated from emission wavelength shift
rather than emission intensity. Fig. 1a and b also show the far-UV CD
(222 nm) and near-UV CD (282 nm) monitored pH-unfolding curves of
Ferricyt ¢ and Lyz, respectively at 25 °C. The far-UV CD, near-UV CD
and fluorescence-monitored pH-unfolding curves of Ferricyt ¢ are not
much distinct (Fig. 1a). However, the far-UV CD-monitored pH-un-
folding curve of Lyz shifts to higher pH than the fluorescence and near-
UV CD monitored unfolding curves (Fig. 1b). The non-coincidence pH
mediated transitions of Lyz monitored by far-UV CD and fluorescence/
near-UV CD is due to existence of equilibrium intermediate between the
native and denatured state transition [78]. An earlier study by Owais
and co-workers also showed that the Lyz exists as a monomer at pH
range from 7 to 12.6 [78]. An earlier report by Nakamura et al. showed
the presence of an equilibrium intermediate in the native to denatured
state transition of Ferricyt ¢ at acidic pH ~4.1 [25]. The pH titration
curves of Ferricyt ¢ and Lyz were analyzed by using the modified
Handerson-Hasalbalch equation (Eq. (1)) [24] which helps to de-
termine the pH-midpoint, (¢,) and the number of OH titrated (n)
(Table 1). The different values of C, by far-UV CD and fluorescence or
near-UV CD titration of Lyz (Fig. 1b and Table 1) confirms the existence
of an equilibrium intermediate in the native to denatured state transi-
tion. However, the difference in midpoints in the curves representing
far-UV CD and fluorescence or near-UV CD signals is only <0.2 pH unit
for Ferricyt ¢ (Fig. 1a and Table 1), suggesting that there is no accu-
mulation of intermediates to a detectable level in the alkali unfolding of
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Table 1
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Fluorescence (exitation.280; emission 365) and far-UV CD (222 nm) monitored pH-induced denaturation midpoint, (¢.,) for Ferricyt ¢ and and Lyz.

Trp fluorescence

far-UV CD (222 nm)

near-UV CD (282 nm)

pH-midpoint Number of OH™ titrated (n) pH-midpoint Number of OH™ titrated (n) pH-midpoint Number of OH™ titrated (n)
(Cm) (Cm) (Cm)

Ferricyt ¢ 12.3 3.0 12.4 3.2 12.5 2.0

Lyz 10.4 0.9 12.1 3.6 10.4 0.8

Ferricyt c. The number of OH titrated by fluorescence and far-UV CD-
monitored pH titration of Ferricyt c are almost same and roughly equal
to three OH™ as shown in Table (1). In contrast, the number of OH™
titrated by far-UV CD and fluorescence or near-UV CD- monitored pH
titrations of Lyz are different and roughly three and one OH™, respec-
tively (Table 1).

3.2. Role of macromolecular crowding fluorescence emission spectra of
base-denatured Ferricyt ¢ and Lyz

The single tryptophan, W59 of Ferricyt c is typically buried in the
hydrophobic core and almost no fluorescence signal is detected
(fluorescence-silent) for native state [75,76]. However, during dena-
turation process, significant increase in fluorescence intensity of Fer-
ricyt ¢ has been observed [75,76]. Some previous studies revealed that
the alkaline pH-denaturation of Lyz (contain 6 aromatic amino acids)
caused a rapid decrease in fluorescence intensity with red shift pre-
sumably because of exposure of tryptophan residues to the polar solvent
and ionization of certain tyrosine groups [77,78]. The effects of
crowding agents (dextran 40, dextran 70 and ficoll 70) on the trypto-
phan fluorescence emission spectrum of base-denatured Ferricyt ¢ and
Lyz (pH12.9 ( = 0.1) (Up-state)) are shown in Fig. 2a and Fig. 2b, re-
spectively. For comparison purpose, the tryptophan fluorescence
emission spectra of native Ferricyt c and Lyz (pH 7.0) are also shown in
Fig. 2a and Fig. 2b, respectively. The data in Fig. 2a and Fig. 2b clearly
show that the intensity and A, of tryptophan fluorescence emission as
observed for the Ug-states of Ferricyt ¢ (Fig. 2a and Table S1) and Lyz
(Fig. 2b and Table S1) is decreased and red shifted, respectively, in the

presence of ~300 mgml~ ' concentration of crowding agent (dextran
40, dextran 70 and ficoll 70). The crowding-mediated decrease in
fluorescence intensity of base-denatured Ferricyt ¢ (Fig. 2a) and Lyz
(Fig. 2b) suggests that crowding agents might shift equilibrium between
the denatured and molten globule states. The crowded-mediated red
shift in A, of base-denatured Ferricyt c (Fig. 2a and Table S1) and Lyz
(Fig. 2b and Table S1) indicates that tryptophan gets more exposed to
the polar solvent upon inclusion of crowding agents to the base-dena-
tured proteins.

Under solution conditions, ficoll is regarded as a spherical shaped
crowder while dextran as a rod-shaped [79]. The three crowding agents
used here are related by Stokes radii in the order: dextran 70
(58 i\) > ficoll 70 (49.5 Z\) > dextran 40 (45 10\) (http://tdbcons.com/
images/pdf/FITCFicoll.pdf.). The extent of crowding-mediated de-
crease in tryptophan fluorescence emission intensity of base-denatured
Ferricyt ¢ and Lyz (Fig. 2a and Fig. 2b) typically follows the order:
dextran 40 > dextran 70 > ficoll 70 (Fig. 2a and Fig. 2b), suggesting
that nature and shape of crowding agents or size of crowding agents of
similar shape modulate the local environment of the aromatic side
chains of base-denatured proteins, especially their solvation. It was
earlier reported that presence of salt also decreases the tryptophan
fluorescence emission intensity of the base-denatured proteins
[24,27-29]. Data in Fig. 2a and Fig. 2b indicate that presence of salt in
reaction medium decreases the tryptophan fluorescence emission in-
tensity of base-denatured Ferricyt ¢ and Lyz.

Traditionally, ANS, an extrinsic fluorescent probe that binds to ex-
posed hydrophobic clusters of folding intermediates is widely used to
detect the MG-states of proteins [80-85]. The ANS fluorescence

Fig. 2. Panels (a) and (b) represent Trp-fluorescence

300 T T T T 500 T T T T
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intensity of MG-state is generally higher than the native and unfolded
states of proteins [80-85]. The stronger affinity of ANS with MG-state is
because of lack of rigid packing of hydrophobic clusters in MGs (Fig. 2c
and Fig. 2d). The solvent accessible hydrophobic core was found to be
completely absent in the denatured or unfolded proteins (Fig. 2c and
Fig. 2d) [85]. Thus, the probe shows least binding affinity to unfolded
states of protein.

The ANS fluorescence spectra of native Ferricyt ¢ and Lyz, are
shown in Fig. 2c and Fig.2d, respectively at 25 °C, pH7.0. Fig. 2c and
Fig.2d also show the ANS fluorescence spectra of base-denatured Fer-
ricyt ¢ and Lyz at pH 12.9, respectively in the absence and presence of
~400mgml~! crowding agent (dextran 40 and dextran 70). The data
clearly show increased ANS fluorescence intensity of base-denatured
Ferricyt ¢ and Lyz in the presence of crowding agent as compared to in
the absence of crowding agent was absent (Fig. 2c and Fig. 2d). This
observation indicates the role of crowding agent in reaction medium for
transformation of the base-denatured Ferricyt ¢ and Lyz to MG-states.

Control experiments such as ANS fluorescence without protein in
the absence and presence of ~ 300 mg ml ™~ 'crowding agents (dextran
40, dextran 70 and ficoll 70) revealed that the ficoll 70 increases ANS
fluorescence intensity significantly (Fig. S1), indicating that ANS may
interact with ficoll 70. An unusual increase of the ANS fluorescence
intensity by ficoll 70 even without protein precludes us to study the
ANS fluorescence of base-denatured proteins in the presence of ficoll
70.

3.3. Macromolecular crowding and salt transform the base-denatured
Ferricyt c and Lyz to generic molten globule states

Far-UV CD spectrum (peptide CD) in the region 200-250 nm is
generally used to monitor the secondary structures of proteins [86,87].
Interestingly, the MGs are also identified by acquiring the native-like
far-UV CD signals [80-88]. The far-UV CD spectra of native Ferricyt c
and Lyz at pH 7.0 are shown in Fig. 3a and Fig. 3b, respectively. The far-
UV CD spectra of native Ferricyt ¢ and Lyz at pH 7.0 exhibit two ne-
gative bands (208 and 222 nm) as shown in Fig. 3a and Fig. 3b, that
reflect existence of a-helical secondary structure in native proteins
[89]. The far-UV CD spectrum of base-denatured Ferricyt ¢ and Lyz
collected in the absence and presence of 300mgml~' of crowding
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agents at pH12.9 ( = 0.1) are also shown in Fig. 3a and Fig. 3b, re-
spectively. For comparison, these figures also present far-UV CD spectra
of Ferricyt ¢ and Lyz, respectively, at pH7 in the presence of 5.0 M
GdnHCI. The peptide bonds in the far-UV CD spectrum of Ferricyt ¢ and
Lyz were found to be disrupted significantly in the absence of dena-
turant at pH12.9 ( = 0.1) and interestingly in the presence of 5.0 M
GdnHCl at pH 7 (Fig. 3a and Fig. 3b). These observations reveal that the
secondary structures of Ferricyt ¢ and Lyz were significantly lost in the
absence of denaturant at pH12.9 ( = 0.1) and in the presence of
GdnHCI at pH 7.0. When ~400 mgml~' crowding agents (dextran 40,
dextran 70 and ficoll 70) is added individually in different set of the
base-denatured Ferricyt ¢ and Lyz at particular pH (12.9; + 0.1), the
base-denatured proteins were found to acquire the native-like peptide
bands (Fig. 3a and Fig. 3b). This finding reveals that the high con-
centration of crowding agent induced the native-like secondary struc-
tures in the base denatured proteins. The possible reason for native-like
secondary structure stabilization of base-denatured proteins by syn-
thetic crowders is that dextran and ficoll are inert and non-reactive to
protein but occupy the large space in the reaction medium along with
protein of interest. Thus, inert crowding agent decreases the volume
available for protein, thus favoring the more compact state over the
more expanded base-unfolded state for protein.

The near UV CD signals originate due to environments of aromatic
amino acid side chain (phenylalanine, tyrosine and tryptophan) and
presence of disulphide bonds in protein. Near UV CD signals between
250 and 270nm, 270-290 nm and 280-300nm are attributable to
phenylalanine residues, tyrosine, and tryptophan [86,87]. Disulfide
bonds produce broad weak signals throughout the near-UV spectrum.
The presence of significant content of these near-UV signals is a reliable
assay to describe that the protein is in a folded conformation with a
well-defined structure. When a protein retains secondary structure but
does not acquire well defined three-dimensional structure (ie., in-
correctly folded or “molten-globule” structure), the signals in the near-
UV region will be nearly zero. The near-UV CD signals are also sensitive
to small changes in tertiary structure because of protein-protein inter-
actions and/or changes in solvent conditions. The rigidity of the protein
and nature of the environment in terms of hydrogen bonding, polar
groups and polarisability can also affect the near-UV CD signals.

A dramatic loss of near-UV CD signal helps to identify the MGs of
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Fig. 3. Panels (a) and (b) represent the far-UV CD
spectra of Ferricyt ¢ and Lyz, respectively for dif-
ferent states at 25 °C: (solid line) pH 7.0, native state;
(long dash line) pH12.9 ( = 0.1) unfolded state;
(doted line) pH12.9 (% 0.1) with 400mgml~*
dextran 40; (dash dot line) pH12.9 ( £ 0.1) with
400 mg ml ™! dextran 70; (dash dot dot line) pH12.9
(+0.1) with 400mgml~? ficoll 70; (short dash
line) pH12.9 ( = 0.1) with 2.0M salt (2.0 M NaCl
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Fig. 4. "H NMR spectra for the different states of ferricyt c. Panels (A) and (B) present the 'H NMR spectra for native state of Ferricyt ¢ at pH 7.0 and base-denatured
state of Ferricyt ¢ at pH12.9 ( + 0.1), respectively at 25 °C. Panel (C) present the 'H NMR spectra of salt-induced MG-state of base-denatured Ferricyt ¢ at pH 12.9
( = 0.1), 25 °C. For clarity, only selected regions of aromatic, aliphatic and heme substituent resonances are shown.

particular protein [80-88]. The relevant aromatic CD spectra of dif-
ferent states of Ferricyt ¢ and Lyz are shown in Fig. 3c and Fig. 3d,
respectively. At pH12.9 ( + 0.1), the signals due to aromatic amino
acids subsequently responsible for tertiary structure has been found to
be significantly lost (Fig. 3c and Fig. 3d). After adding ~400 mgml ™!
crowding agent (dextran 70 and ficoll 70) in the base-denatured Fer-
ricyt ¢ and Lyz separately at same pH condition, the base-denatured
proteins were absent of aromatic band (Fig. 3c and Fig. 3d). In con-
clusion, the inclusion of higher concentration of crowding agent was
found unable to induce the tertiary structures in already base denatured
Ferricyt ¢ and Lyz.

A regiospecific spectroscopic technique, such as '"H NMR spectro-
scopy can be used to characterize the native, base-denatured and MG-
states of Ferricyt ¢ and Lyz [90]. In general, the native state of protein is
characterized by narrow and well dispersed resonances while the un-
folded or base-denatured state is differentiated by significant loss in
both lineshape and chemical shift dispersion. By definition, the MG-
state exhibits increased internal mobility and side-chain environmental
averaging [2,4]. At pH7.0, Ferricyt ¢ and Lyz are in native states and
the 'H NMR lines for these are narrow and well dispersed (Fig. 4A and
Fig. 5A). Upon increase in pH from pH 7.0 to 12.9 ( * 0.1), the proteins
denature as indicated by the loss of both chemical shift dispersion and
lines shapes (Fig. 4B and Fig. 5B). When 2.0 M salt is added in the base-
denatured Ferricyt ¢ and Lyz, the spectrum partly regains dispersion as
well as sharpness of resonances, shown for the aliphatic and resonances
(Fig. 4C and Fig. 5C). Relative to native state resonances, the salt-in-
duced MG-states resonances of base-denatured Ferricyt ¢ and Lyz are
still not noticeably broad, indicating that salt-induced MG-states of
these proteins are not markedly mobile and retains some traces of
tertiary structures. To test whether "H NMR spectrums of base-dena-
tured Ferricyt ¢ and Lyz also partly regain dispersion as well as
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sharpness of resonances in the presence of high concentration of
crowding agent, we have collected the 'H NMR spectrums of base-de-
natured Ferricyt ¢ and Lyz in the presence of 300 mgml~! crowding
agent. Unfortunately, we are unable to characterize the crowding-in-
duced MG-states of base-denatured Ferricyt ¢ and Lyz by NMR spec-
troscopy because the crowder presence suppressed the base-denatured
proteins NMR peaks (Fig. S2).

3.4. Macromolecular crowding-induced refolding in the base-denatured
Ferricyt c and Lyz

Fig. 6a and Fig. 6b show the change in far-UV CD ellipticity at
222 nm with [Crowding agents] for the base-denatured Ferricyt ¢ and
Lyz, respectively at pH12.9 ( = 0.1), 25°C. The data in Fig. 6a and
Fig. 6b clearly suggest that the crowder environment induces the
transformation of the base-denatured Ferricyt ¢ and Lyz (Up-state) into
Cg-states at 25 °C. It is surprising to observe sharp cooperative transi-
tions between base-unfolded and crowder-induced molten globule
states of Ferricyt ¢ and Lyz (Fig. 6a and Fig. 6b). This is in agreement
with some of the previous studies where high cooperativity in the
transitions between acid/base-unfolded and salt-induced MG-states of
Ferricyt c has also been observed [88,91,92]. MGs in certain cases also
have been found to show cooperative thermal unfolding transitions for
Ferricyt ¢, apoMb, staphylococcal nuclease, equine Lyz, and canine milk
Lyz [3,24]. The Gibbs free energy change, AG, for the two-state tran-
sition, Ug — Cp can be calculated by the eq. (4) given as:

AG = —RTInK = —RTIn[(Yop. — YUg)/(YCg — Yops)] (€)]

where, Y,;s shows the observed value of the CD signal, Yy and Ycp
represents the corresponding values for the Up and Cp-states, respec-
tively. The AG vs. [Crowding agents] plots for refolding of Ferricyt ¢ and
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Fig. 5. 1H NMR spectra for the different states of Lyz. Panels (A) and (B) present the H NMR spectra for native state of Lyz at pH 7.0 and base-denatured state of Lyz
at pH12.9 ( = 0.1), respectively at 25 °C. Panel (C) present the 1H NMR spectra of salt-induced MG-state of base-denatured Lyz at pH 12.9 ( + 0.1), 25 °C. For clarity,
only selected regions of aromatic, aliphatic and heme substituent resonances are shown.

Lyz are shown in Fig. 6¢ and Fig. 6d, respectively. On the assumption of
a linear dependence of AG on [Cosolute] concentration [93], the least-
squares fit of the data to eq. (5), provides the values of AG®° and m (slop

reflecting the cooperatively of the transition) (Table 2)
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Fig. 6. Panels (a) and (b) represent the change of
mean residue ellipticity (222nm) of Ferricyt ¢ and
Lyz, respectively with [crowding agents] (dextran 40
(0) dextran 70 (@) and ficoll 70 ((J)) at pH12.9
( = 0.1). The continuous lines are just guide to the
eye. Panel (c) and (d) represent the plots of AG with
[crowding agents] (dextran 40 (o) dextran 70 (@)
and ficoll 70 (7)) for refolding of base-denatured
Ferricyt ¢ and Lyz, respectively at pH12.9 ( = 0.1).
The least-squares fit of the data to Eq. (5) (panels (c)
and (d)), provides the values of AG® and m (Table 2).
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Table 2

Thermodynamic parameters, free energy (AG®) and m (slop) for the refolding
(CD 222 nm) of base-denatured proteins (Ferricyt ¢ and Lyz) in the presence of
crowding agents at pH12.9 ( = 0.1), 25°C.

Crowding agents AG® (kcal mol ~1) m (kcalmol ' M~ 1)

Ferricyt ¢

dextran 40 1.88 (0.1) 0.01
dextran 70 1.81 (0.1) 0.0094

ficoll 70 1.73 (0.1) 0.0086

Lyz

dextran 40 1.70 (0.1) 0.0137
dextran 70 1.61 (0.1) 0.012

ficoll 70 1.59 (0.1) 0.011

(Table 2). These findings suggest that the effectiveness of the crowding
towards refolding of base-denatured proteins to MG-states does not
vary significantly with different crowders. Although, the observed el-
lipticity (222 nm) in the far-UV CD spectra of base-denatured proteins
for dextran 40, dextran 70 and ficoll 70 vary quite significantly (Fig. 6a
and Fig. 6b), these difference may just reflect differences in the base-
lines at the highest concentrations (Fig. 6a and Fig. 6b), and may have
little to do with differences in the conformational ensembles of the
proteins.

3.5. Role of macromolecular crowding on heat and cold denaturations of
base-denatured proteins

To investigate the role of hydrophobic interactions and macro-
molecular crowding on thermal denaturations of base-denatured pro-
teins, the far-UV CD monitored (222 nm) thermal denaturation curves
of Ferricyt ¢ and Lyz were collected at pH 12.9 ( = 0.1) in the absence
and presence of ~ 300 mg ml~*' of crowders (Fig. 7a and Fig. 7b). The
low temperature ellipticity values varied with concentration of
crowding agent while no similar change was observed at high-tem-
perature (Fig. 7a and Fig. 7b). The thermal denaturation data for base-
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denatured Ferricyt ¢ and Lyz were normalized using Eq. (6)

Fraction Unfolded = [(6 — 6xy)/(6y — 6N)] (6)
where, 6 is the observed value of ellipticity (222 nm) at given tem-
perature, Oy and Oy are the most negative and least negative or positive
value of ellipticity (222 nm) in thermal transition curve. The normal-
ized thermal unfolding curves for Ferricyt ¢ and Lyz are shown in
Fig. 7a and Fig. 7b, respectively. An earlier report revealed that the
thermal denaturation of base-denatured Ferricyt ¢ at pH12.9 in the
presence of salt exhibits reversibility [24]. To ascertain that the thermal
denaturations of base-denatured Ferricyt ¢ and Lyz at pH12.9 ( = 0.1)
also exhibit reversibility in presence of crowding agent, the base-de-
natured Ferricyt ¢ and Lyz at pH12.9 (% 0.1) in presence of
100 mg ml~* dextran 70 were heated gradually from 273K to 323 K for
Ferricyt ¢ and 294K to 345K for Lyz, and cooled down gradually to
273K from 323K for Ferricyt ¢ and to 294K from 345K for Lyz. The
forward-scan and reverse-scan in Fig. S3a are nearly superimposable,
suggesting that thermal transition for base-denatured Ferricyt ¢ shows
reversibility in the presence of crowding agent. However, the forward-
scan and reverse-scan of Lyz in Fig. S3d are not perfectly super-
imposable, indicating that thermal transition for base-denatured Lyz
exhibits partial reversibility in presence of crowding agent. On the basis
of prior work [94-97], the use of the van't Hoff formalism is valid for
the analysis even in cases for where the thermal denaturation of pro-
teins is only partially reversible (Vide infra). The thermal transitions of
Ferricyt ¢ and Lyz are independent on protein concentrations (Fig.
S3b,c,e,f).

The thermal denaturation data were analyzed by the Gibbs-
Helmholtz Eq. (3) [24]. The T,,, AH,, and AC,, values for base-denatured
Ferricyt c and Lyz obtained in the absence and presence of 300 mgml ™!
of dextran 40, dextran 70 and ficoll 70. As concentration of crowding
agent is increased from 0.0 to 300 mgml~?, the value of T, was found
to be significantly increased (Table 3). This observation establishes that
presence of crowding agent in reaction medium is responsible for in-
creased thermal stability of base-denatured proteins. This is in agree-
ment with previous findings in which crowding agent was found to

I T I T I T I 3 T I T I I T Fig. 7. Panels (a) and (b) present the normalized far-
- 1.0 — A control N /:—‘:\ (c) - va (1311) 1(.2(122 nm) r(rilolr:lito.red therm;leelting :Iu;‘z/es
° O Ficoll 70 = it N Cytc of alkali-denatured Ferricyt ¢ and Lyz at p. .9
S - @ Dextran 70 . 0 N (= 0.1) in the presence of 0.001 M NaCl (A), 2.0 M
Kl O Dextran 40 g NaCl (for Ferricyt c¢) or 2.0M KCl (for Lyz) (0),
g & 2MNacl - 3 300mgml~ "' dextran 40 (o), 300 mgml~' dextran
c 0.5 ] S 70 (@) and 300 mgml ™! ficoll 70 ([7), respectively.
o = Dextran 70 The continuous lines are fits according to Gibbs-
§ (a)] (D'_ -6 C_O"t"°| Helmbholtz equation (eq. (3)) [24]. Panel (c) presents
~ < Ficoll 70 . the temperature dependent stability curves of the
M 0.0 Cyt C_ 9 Dextran 40 | base-denatured Ferricyt ¢ (pH12.9 ( = 0.1)) in the
: | I I T I A b 1 | | | | ] presence of 0.001M NaCl (solid black line),
- -
265 285 305 325 345 220 250 280 310 340 0 s mo, Goxaan 49 ((é‘(’)‘t‘tge . d";is:e) fine).
Temperature (K) Temperature (K) 300mgml ™~ ficoll 70 (dash-double dot line), calcu-
T T T T T ST T T T o — lated by the use of eq. (7). Panel (d) presents the
1.0 — _ TAAS vs AAH plots for base-denatured proteins at
A Control d 2
8 O Ficoll 70 ~ 0 (d) 1 ] pH12.9 ( £ 0.1) in the absence (A) and presence of
S L @ Dextran 70 ‘% | 3 a ~ 300mg ml ™! of dextran 40 (for Cyt ¢ (@), for Lyz
.,g O Dextran 40 £ sl 4 (Q)), dextran 70 (for Cyt c¢ ([J), for Lyz (M) and
S 0.5 & 2MKCl © ficoll 70 (Cyt ¢ (0), for Lyz (4)).
D — o = —
5 X 16 —
= %]
|3} b) < ~ r&4 b
® (b) S b H
w et o @£/ Lyz
0.0 — - ]
N I I | -32 T I T I T R B
300 310 320 330 340 350 -32 -24 -16 -8 0 8

AAH (kcalmol-)

Temperature (K)

110

9



R. Kumar et al.

Table 3
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Effect of crowding agents on thermodynamic parameters (midpoint temperature (T,), vant Hoff enthalpy (AH,,), heat capacity (AGC,), free energy of unfolding (AGy),
and entropy change (-TAS,,) for thermal unfolding (CD 222 nm) of base-denatured Ferricyt ¢, and Lyz at pH12.9 ( = 0.1).

Crowding agents/salt (crowder) T AH,, AC, T. AGr AS,, -TAS,,
(mgml~") /Salt (M) (K) (kcal mol ") (kcalmol 'K~ 1) K (kcal mol 1) (kcal mol 'K~ 1) (kcal mol 1)

Ferricyt ¢
Control 0.0 295.0 18.0 1.2 266 0.1 0.06 -17.9
dextran 40 300 315.0 35.0 1.0 250 1.7 0.11 —-33.3
dextran 70 300 311.3 32.0 1.1 256 1.3 0.11 -30.7
ficoll 70 300 306.4 27.0 1.1 260 0.9 0.09 —-26.2
NaCl 2.0 308.1 35.6 1.0
Lyz
Control 0.0 324.2 72.0 1.2 5.1 0.23 -66.9
dextran 40 300 335.9 97.0 1.3 8.7 0.30 —88.3
dextran 70 300 331.4 83.0 1.4 6.4 0.26 —-76.6
ficoll 70 300 329.2 74.5 1.3 5.5 0.24 -69.0
KCl 2.0 3339 100 1.0

“The uncertainty in the values of Tm, AHm, AC, AGp AS, and -TAS, are* 1.0K, = 5.0kcalmol ", + 0.3kcalmol 'K™', + 3.0kcalmol ™",

0.01 kcal mol ~*K ~'and + 2.0kcal mol ™, respectively.

increase thermal stability of acid-denatured protein [46,98]. The data
in Table 3 also reveals that thermal stability of salt (2.0 M NaCl or KCI)
and crowding (300 mg ml~") induced MG-states are comparable.

In present study, the crowder-mediated increase in T, was found to
be maximum with Dextran-40 and minimum with Ficoll 70 (dextran
40 > dextran 70 > ficoll 70), suggesting that the nature and shape of
crowder or size of crowder of similar shape control the thermal stability
of base-denatured proteins. Wittung-Stafshede and co-investigators
[79,99,100] demonstrated that for similar shaped crowder, if the pro-
tein and crowder are more similar or closer in size then the excluded
volume effect will be larger. As compare to cytochrome ¢ (12.4 kD) and
lysozyme (14.3 kD), dextran 40 is more closer in size than dextran 70 so
it exhibits larger excluded volume effect than dextran 70 and therefore
dextran 40 produces greater stabilizing effect than dextran 70 on
thermal stability of protein. In case of dextran 70 and ficoll 70, dextran
70 has a greater stabilizing effect than ficoll 70 to form MG-states due
to the thinner rod shape of dextran 70 compared to ficoll 70 produces
larger excluded volume effect.

Previous findings show that the pH-denatured proteins in the pre-
sence of low concentrations of salt [24,101,102] and native protein in
the presence of denaturant [103] can undergo cold denaturation pro-
cess. Similarly, the base-denatured Ferricyt c exhibits cold denaturation
in the presence of 0.01 M NaCl at pH12.9 ( = 0.1) (Fig. 7a). However,
under the condition employed, the base-denatured Lyz does not exhibit
the cold denaturation process (Fig. 7b). Temperature dependent stabi-
lity curves of base-denatured Ferricyt c in the presence of 0.01 M NaCl
and with 300 mgml~! crowding agents (dextran 40, dextran 70, ficoll
70) are shown in Fig. 7c. This observation clearly indicates that with
increasing crowding agent concentration, the low temperature un-
folding transition of base-denatured Ferricyt ¢ becomes less obvious
(Fig. 7a and Fig. 7c). The temperature dependent stability curves of
different samples were calculated according to

)

The midpoint temperature (T,,) for cold denaturation as derived
from stability curves of base denatured Ferricyt c at different con-
centration of crowding agents is shown in Table 3. Cold denaturation
phenomenon depends upon the thermodynamic principles of protein
stability [104,105] and generally arises due to decrease of hydrophobic
interactions in proteins at low temperature [106,107]. Interestingly, a
few previous reports reveal that not only hydrophobic interaction but
also hydrophilic interaction are responsible for cold denaturation
[108,109].

According to Daniel Harries formalism, the entropy-enthalpy plots
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can be used to determine the entropic and enthalpic contributions of
crowding agents on stability and folding of proteins [110-112]. In the
entropy-enthalpy plots, the diagonal TAAS = AAH represents full com-
pensation between enthalpy and entropy [110]. The area above this
diagonal corresponds to cosolute stabilizing effect. In addition, the di-
agonal TAAS = —AAH further describes the plots into four sectors. Sec-
tors (1 and 2) correspond to stabilizing co-solutes, while other sectors
(3 and 4) correspond to destabilizing co-solutes. In addition, sectors (1
and 3) represent the enthalpically dominated effect, while sector (2 and
4) represent entropically dominated effect [111]. The degree of coso-
lute effect on the free energy is given by the distance from the diagonal,
which is the net change in the free energy due to cosolute addition,
AAG = AAH -TAAS. The current work followed formalism by Daniel
Harries and divided the enthalpy-entropy plot into quadrants
[110-112]. Fig. 7d describes the TAAS vs AAH plots for base-denatured
Ferricyt ¢ and Lyz at pH12.9 ( £ 0.1) for three different crowding
agents (dextran 40, dextran 70 and ficoll 70). According to pioneer
work of Daniel Harries et al., the TAAS vs AAH plots in Fig. 7d represent
the thermodynamics of folding rather than unfolding [110-112]. The
data in Fig. 7d show increase in negative values of both TAAS and AAH
caused by the crowding agents. These effects almost exactly balance
each other in their contributions to AAG. The smaller values of TAS (for
folding) represent a destabilization (of the molten globule in this case),
whereas more negative values of AH represent stabilization. The data
points for different crowding agents lie above the upward sloping di-
agonal in sector 1 (Fig. 7d) suggestive of a predominant enthalpic
stabilization. However, most of the sample shows < 0.1 kcal mol ™!
equivalent of the distances from the diagonal, far less than the reported
uncertainties in AH (5kcalmol ™!, Table 3). Such entropy-entropy
compensation is characteristic of processes involving large changes in
the interactions between macromolecules and solvent molecules.
Overall these results suggest that crowder mediated effect is through
changes in water structure or activity and not due to direct interactions
with the protein.

Earlier reports documented that the crowder-induced stabilization
of proteins by purely steric excluded volume effect is entropic
[40,113,114]. However, recent reports concluded that the observed
effect of crowding on stability and folding of proteins have a significant
enthalpic contributions [115-117]. Furthermore, the enthalpic effect
even dominates the entropic one [115-117]. To account for entropic
and enthalpic effects of crowders, some recent studies suggested that it
is imperative to augment the steric excluded volume effects with other
nonspecific interactions [40,115-118]. Therefore, the current study
emphasizes that both nonspecific chemical (soft) interactions and hard-
core repulsions should be considered to explain the crowder effect on
the stability and folding of base-denatured proteins.
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3.6. Macromolecular crowding constrains the internal dynamics of base-
denatured Ferrocyt c-CO

The internal mobility of different states of protein suggests that the
MG-state exhibits increased side chains fluctuations compared to na-
tive-state [3,5]. However, overall motional freedom of MG-state de-
pends upon the internal dynamic of the denatured state. The previous
findings documented that the salt-induced MG-state of base-denatured
protein is stiff and dynamically constrained at pH13 [27,119]. In
continuation, the dynamic of MG-state of base-denatured proteins due
to crowding agent was examined. The study involved the kinetics of the
association of CO with Ferrocyt ¢ at pH 12.9 ( £ 0.1) in the absence and
presence of different concentrations of crowding agents (dextran 40,
dextran 70 and ficoll 70) at 25 °C. The destabilized state of Ferrocyt c
binds with saturated CO (~1.0 mM) [27,120].

The M80-resident segment of the polypeptide, which is bonded to
Fe?" of haem in native/alkaline Ferrocyt ¢ [121] but is free in CO
bound protein, offer a reacting site for CO association reaction (Fe?*-
M80 + CO — Fe?"-CO + M80). The adjacent residues of M80 have
higher thermal factors [122] and the local mobility of the haem ring is
suppressed by intrinsic size and rigidity of the ring system [123], so the
structural-fluctuation of M80 containing Q-loop that consists of re-
sidues between 70 and 85 is anticipated to be the main factor of CO
association to native and alkaline Ferrocyt c. An earlier 2D NMR study
revealed significantly perturbed residues during CO dissociation spans
from residues 80 to 85 [124], which is the main part of Q-loop [124].
We have previously shown that the decay of peak height for M80 C.H3
resonance (—3.26 ppm) and other side resonance can be used to
monitor CO association kinetics of native and alkaline Ferrocyt c
[71,119]. Thus, the modulation of CO association rate constant of al-
kaline and native Ferrocyt ¢ by crowder reveals the way by which the
structural-fluctuation of M80 containing 2-loop or part of it responds to
crowder content in the reaction medium.

The CO association kinetics was monitored (absorbance at 550 nm)
with a small volume of CO-saturated aqueous alkaline solution
(pH 12.9; + 0.1) with crowding agent. The a-band (550 nm) of protein
Ferrocyt c was found to be lost after the formation of Ferrocyt ¢ —-CO as
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shown in Fig. 8a [27,71,119]. The kinetics of CO association is well
described by a single exponential rate expression with a time constant,
Tass Of ~ 2min. at pH12.9 ( = 0.1), 25°C. The logarithm of k,ss for
alkaline Ferrocyt c as a function of different concentration of crowding
agents at alkaline pH (12.9 #= 0.1) is shown in Fig. 8b and provides an
opportunity to analyze the dynamical behavior of the crowding induced
MG-state of base-denatured protein. With increased concentration of
crowding agent from 0.0 to 300 mgml ™!, the log ks was found to be
decreased monoexponentially (Fig. 8b). The crowding-mediated de-
crease in k. typically follows the order: dextran 40 > dextran
70 > ficoll 70 (Fig. 8b). This result suggests that nature and shape of
crowding agents or size of crowding agent of similar shape control the
structural-fluctuation of M80 containing Q-loop of alkaline Ferrocyt c.
In addition, the observed kinetic effects could also reflect the overall
equilibrium between the denatured state (which would be expected to
bind CO very rapidly) and the molten-globule state (which would bind
CO much more slowly).

For in-depth analysis of influence of crowding agents on dynamics
of alkaline Ferrocyt c, the crowding agents dependence of the activation
thermodynamic parameters viz; activation free energy (AGL), activa-
tion enthalpy (AHZ,), activation entropy (AS%s) and entropy change
(*TASi;SS) for the CO-association reaction of alkaline Ferrocyt ¢ were
determined. The Eyring plots were plotted for the CO association re-
action of alkaline Ferrocyt c¢ in the absence and presence of particular
concentration of crowding agent, and CO association to native Ferrocyt
c in the absence of crowding agents at pH 7.0 (Fig. 8c). These Eyring
plots were analyzed by linear least-squares analysis eq. (8) [115] of the
temperature dependent k,gs using equation given as

In(kassh/kB T) = (ASiass/R) - (AHiass/RT) (8)

The values of AGL, AHk, ASL and —TASL; for alkaline Ferrocyt ¢ in
the absence and presence of ~200 mgml ™" of crowding agent are pre-
sented in Table 4. If the level of structural fluctuation of Q-loop is reduced
by crowder, the AHZ of base-denatured protein with crowder should be
relatively higher than without crowder. Interestingly, the value of AH% of
base-denatured protein was found to be higher in the presence of
crowding agent than denatured protein without crowding agent

Fig. 8. Panel (a) presents the representative slow

0.24 T [ T [ ! = -33 I [ — i NN )
0244 T T T T T 1 (c) single-phase CO-association kinetic trace of alkaline
8 r 1 4 Ferrocyt ¢ (t =2.0 min in the absence of crowding
— £ 016 | B ":\ -34 °
[S s I ] B agent at pH12.9 ( = 0.1), 25°C). Inset of panel (a)
< 0.18 S o0s} 4 < 35 presents the steady-state visible absorption spectra of
8 2 L 1 ':,,, a Ferrocyt ¢ (solid line) and Ferrocyt c-CO (dash line)
v B 000t L& o g at 25°C, pH12.9 (#0.1) in 2mM GCAPS-buffer.
500 525 550 575 = _36
(m] 0.12 Wavelength (am) | = Panel (b) shows dependence of the rate of CO asso-
(@) 2 g £ ciation of alkaline Ferrocyt ¢ (pH 12.9) with dextran
| _ -37 40 (o), dextran 70 (@), ficoll 70 ([]) at 25°C. The
(a) lines through the data have been drawn by inspec-
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The effect of crowding agents on activation thermodynamic parameters for CO-association reaction of Ferrocyt ¢ at pH12.9 ( + 0.1)*.

%

F: %

Additives Conc. AGss™ AH," ASass’ —TAS,ss" (kcalmol 'K~ 1)
(mgml~1) (kcal mol 1) (kcal mol 1) (calmol K™ 1)

Control 0.0 20.6 (0.05) 18.2 (0.2) —8.1 (0.6) 2.4 (0.2)

dextran 40 200 21.7 (0.06) 24.0 (0.2) 7.5 (0.6) -2.2(0.2)

dextran 70 200 21.6 (0.05) 22.6 (0.6) 3.4 (1.8) -1.0 (0.5)

ficoll 70 200 21.4 (0.08) 18.9 (0.9) —8.5 (3.0) 2.5 (0.9)

Control (pH7) 0.0 22.0 (0.1) 26.0 (0.1) 12.4 (0.8) -3.7 (0.2)

Activation free energy (AG,") and entropy changes (— TAS,") are given at 25 °C.
* The uncertainties (standard error) in AGag", AHyes', — TAS,ss™ and AS,* are indicated in parenthesis.

(Table 4). In contrast, the value of AHx of base-denatured protein in the
presence of crowding agents was found to be lower than the native pro-
tein at pH7.0 (Table 4). These results clearly indicate that the level of
structural fluctuation of Q-loop of base-denatured protein in the presence
of crowding agent is more reduced relative to that in the absence of
crowding agents but found to be increased than the native state (Table 4).
A recent report by Krishnamoorthy et al. showed that the macromolecular
crowding restricts the internal dynamics of barstar [125].

The increase of AH,* due to crowding agents (dextran 40, dextran
70 and ficoll 70) was found to be accompanied by a decrease in the
entropy change— TAS,*as represented in Table 4. The TAAS vs AAH
plots for alkaline Ferrocyt c in absence and presence of dextran 40,
dextran 70 and ficoll 70 at pH12.9 ( = 0.1) are shown in Fig. 8d. The
data points for crowders lie in sector 1 (Fig. 8d), consistent with the
models describes enthalpically dominated stabilization [110-112].

4. Conclusion

The high concentrations of crowding agents transform the base-
denatured Ferricyt ¢ and Lyz to MG-states at alkaline pH (12.9; + 0.1).
The crowding-mediated stabilization and refolding of base-denatured
Ferricyt ¢ and Lyz to MG-states were found to be dependent on the
nature and shape of crowding agents or on size of crowding agents of
similar shape. The crowder-induced MG-states of base-denatured
Ferricyt ¢ and Lyz resemble the generic properties of MG-states. ANS
binding experiments also provided the evidence that the crowder en-
vironment transforms the base-denatured Ferricyt ¢ and Lyz into MG-
states. Data analysis of the thermal denaturation curves of base-dena-
tured Ferricyt ¢ and Lyz under different concentration of dextran 40,
dextran 70 and ficoll 70 revealed that (i) the base-denatured Ferricyt c
exhibits cold denaturation, (ii) crowder environment increases the
thermal stability of base-denatured proteins, and (iii) nature and shape
of crowding agents or size of crowding agents of similar shape modulate
the crowding-mediated increase in thermal stability of base-denatured
proteins, and (iv) crowding-mediated increase in thermal stability of
base-denatured proteins resulted from enthalpy-entropy compensation.
Analysis of kinetic and thermodynamic parameters measured for CO
association reaction of alkaline Ferrocyt ¢ at pH12.9 ( = 0.1) under
different concentrations of dextran 70, dextran 40 and ficoll 70 re-
vealed that (i) crowder environment reduces the level of structural
fluctuation of M80 containing Q2-loop of base-denatured Ferrocyt c-CO,
(ii) nature and shape of crowding agents or size of crowding agents of
similar shape modulate the crowding-mediated decreases in the level of
structural fluctuation of M80 containing Q-loop of base-denatured
Ferrocyt c-CO, and (iii) crowding-mediated decreases in the level of
structural fluctuation of M80 containing Q-loop of base-denatured
Ferrocyt c-CO is enthalpically dominated than the entropically.
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