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Abstract  

The role of crowding agents on structure and activities of heme proteins has been established. 

Analysis of kinetic and thermodynamic parameters measured for CO-dissociation reaction of 

natively-folded carbonmonoxycytochrome c (NCO) and carbonmonoxymyoglobin (MbCO) at 

different [GdnHCl] or [Urea] in the presence of crowding agents (dextran 40,dextran 70 and ficoll 

70) demonstrate that (i) at low denaturant concentrations, crowder presence enhances the 

denaturant-mediated restricted dynamics of NCO and MbCO, and (ii) at higher denaturant 

concentrations, large scale unfolding-fluctuations dominate the dynamics and inclusion of crowder 

counteracts the structural-fluctuations causing the unfolding of proteins. Thermodynamic analysis 

of thermal and urea-unfolding curves of cytochrome c (Cyt c) and myoglobin (Mb) measured at 

different [GdnHCl] in presence of crowding agents reveals that crowder presence counterbalances 

and strengthens the destabilizing action of GdnHCl on stability of Cyt c and Mb, respectively. This 

study further demonstrates that the size, shape and concentration of crowding agent modulate the 

effect of crowder on denaturant-mediated dynamics and thermodynamic stability of heme proteins.  

 

Keywords: Crowding agents; constrained dynamics; thermodynamic stability; counteracting effect; 

excluded volume effect 
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1. Introduction  

 

The interface of protein structure and protein biophysics is mostly investigated in in-vitro 

condition with diluted aqueous environment. However, proteins synthesis and its associated 

processes such as protein folding, enzyme activity, structural allostery etc. occur in in-vivo 

conditions of crowded cellular environment. The intracellular environment, offers an extremely 

crowded milieu that influences protein structure and biophysics [1-3]. It has been estimated that the 

concentration of macromolecules in the cytoplasm is in the range of 80 to 400 mg ml-1[4-5]. About 

10 to 40% of cellular volume is occupied by different macromolecules [6-7]. The fraction of 

available intracellular volume for other macromolecules depends on the concentration, size and 

shape of different biomolecules present in each compartment and with limited amount of free water. 

The crowded environment influences excluded volume effects, probability of nonspecific 

intermolecular interactions, and solvent viscosity. In previous reports, the influence of crowding 

effects was explained by two different theories, hardcore repulsions and soft (i.e., chemical) 

interactions [8]. In hardcore repulsion, crowding reduces the available space and induces the 

compactness of protein being studied. However, hardcore repulsive effect considers only the 

arrangement of molecules, and avoids their interaction with proteins. In addition, it improves 

protein stability by decreasing the entropy of unfolding [9-12]. On the other hand, the soft or 

chemical interactions can be either attractive or repulsive. In case of attractive interactions, the 

nonspecific binding of cosolutes with protein backbone leads to a preferential exclusion of the 

osmolytes or crowders from the protein surface and results into a preferential hydration of proteins 

[13]. As the solvent accessible surface area of the unfolded state of protein increases, the folding 

equilibrium shifts towards the native state [12, 14-15].  
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A high concentration of selected polymers serves as “crowding agents”. A number of studies 

have also been carried out under these conditions to assess the effect of molecular crowding on 

protein structure and function [16-59]. Sasahara et al. (2003) showed that high concentration of 

smaller crowder dextran 35 forced the acid-denatured cytochrome c (Cyt c) to a near-native molten 

globule state [16]. In addition, a number of reports have demonstrated the influence of crowders on 

the functional properties of proteins or enzymes [60-70]. Dhar et al. (2010) documented the 

enhanced activity of phosphoglycerate kinase (PGK) by more than ten folds upon macromolecular 

crowding [17]. Aoki et al. (2011) proposed quasi-processive phosphorylation of ERK under the 

physiological state of molecular crowding [18]. Similarly, remarkable changes in the diffusional 

behavior of intracellular proteins and molecular properties of motor proteins, kinesins were also 

documented [19-21]. In addition, potential role of crowding agents has also been reported for 

human diseases associated with protein aggregation and fibril formation such as various 

neurodegenerative disorders [22-29]. A number of reports demonstrated that crowding agents also 

influence the stability and structural content of folded and unfolded proteins [3, 30-36, 71-73]. Chen 

et al. (2012) assessed the effect of macromolecular crowding on burst phase kinetics of cytochrome 

c folding [74].  Pioneering works by Wittung-Stafshede group evaluated the effect of crowding 

agents on the denaturant-dependent thermal stability of ferricytochrome c (Ferricyt c) [71]. They 

demonstrated that the size, shape and concentration of synthetic crowding agents modulate the 

GdnHCl-dependent thermal stability of native Ferricyt c.  

Although the effect of crowding agents on fast protein dynamics that control conformational 

transitions linked with protein function has been studied [73-77], the effects of crowding agents on 

slow changes in structural dynamics of proteins across the folding-unfolding transition are not 

explored so far. An understanding of the slow changes in structural fluctuations in folding can be 
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achieved by measuring the alterations in thermal fluctuations at both atomic and large-scale 

collective level [78-81]. Though the role of crowding agents on thermal fluctuations of Ω-loop of 

NCO has been investigated [78], the role of crowding agents on structural fluctuations of MbCO is 

not explored so far.  

In present work, the roles of variations of size, shape, and concentration of crowding agent 

on the denaturant-dependent structural dynamics of NCO and MbCO were evaluated by measuring 

the rates of CO dissociation from NCO [78] and MbCO [82] in the absence and presence of 50-200 

mg ml-1 crowder of varying sizes (dextran 40 and dextran 70) and shape (dextran 70 and ficoll 70) 

under variable concentrations of denaturants (urea and GdnHCl). In addition, the roles of variations 

of crowding agents were also evaluated on denaturant-dependent stability of heme proteins by 

analyzing the thermal and chemical denaturation curves of Cyt c and Mb at fixed concentrations of 

crowding agents (dextran 40, dextran 70 and  ficoll 70) under variable concentrations of 

denaturants. These results revealed that (i) at lower denaturant concentration, crowder  potentiates 

the denaturant-mediated constrained dynamics of NCO and MbCO but at higher denaturant 

concentrations it opposes the structural fluctuation causing the unfolding of protein, and (ii) the 

size, shape and concentrations of crowding agents modulate the effect of crowder on denaturant-

dependent dynamics and thermodynamic stability of heme proteins.  

 

2. Materials and Methods 

 

Proteins (Horse heart Cyt c (type VI) and horse heart Mb), crowding agents (dextran 40, dextran 70 

and Ficoll 70) and salt of buffer (NaH2PO4 and Na2HPO4) were purchased from Sigma-Aldrich. 

Denaturants, GdnHCl and urea of ultra pure grade were purchased from USB. All others chemicals 
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were of analytical grade.  All experiments were performed in 0.1 M sodium phosphate buffer at pH 

7. The experiments for reduced form of heme proteins were carried out under strictly anaerobic 

conditions. The kinetics and thermodynamic data were analyzed with the program Sigma Plot (v. 

11). Concentrations of Ferrocytochrome c (Ferrocyt c), Ferricyt c and Mb were measured using 

absorption coefficient, 28000 M-1 cm-1 for Ferrocyt c at 550, 106000 M-1 cm-1 for Ferricyt c at 410 

nm, and 171000 M-1 cm-1 for Mb at 409 nm.  

 

2.1. Kinetics of thermally-driven CO-dissociation of NCO at different concentrations of denaturant 

in the presence of crowding agent  

 

Unfolded Ferricyt c was prepared in 6.5 M GdnHCl, deaerated by passing dry N2 gas and 

further reduced by ~3.0 mM of sodium dithionite solution. The stock solution of sodium dithionite 

was prepared in a sleeved rubber stoppers glass tube by dissolving 120 mg of solid sodium 

dithionite in 1.0 mL of deaerated phosphate buffer, pH 7.0 under dry N2 atmosphere. The unfolded 

Ferrocyt c represented as “U” thus obtained was liganded with CO by passing the dry CO gas 

through the protein solution under dry N2 atmosphere. To determine the effect of crowding agents 

on denaturant-dependent dynamics of Ferrocyt c, CO-liganded unfolded Ferrocyt c (UCO) was 

diluted 101-fold into a degassed and dithionite-reduced CO-free refolding buffer with series of 

dilution of denaturants (GdnHCl and urea) in the absence and presence of 50-200 mg ml-1crowder 

(dextran 70, dextran 40 and ficoll 70) at pH 7. This approach facilitates the conversion of UCO-

state to NCO-state. In the stopped-flow experiment, when denaturant is diluted out into a CO-free 

refolding buffer, the UCO-state collapses to a native-like compact state (NCO-state) within 3.5 ms 

(k = 305 s-1 at pH 7, 22 °C), where the non-native Fe2+-CO contact persists [80]. Recently, the 
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NCO-state was characterized using various spectroscopic techniques (near and far-UV CD, 

tryptophan (Trp) fluorescence and 1H NMR) and found that the NCO-state exhibits the generic 

properties of molten globules [78]. The comparison of the far-UV CD spectra of N-state, UCO-state 

and NCO-state shows that upon refolding of UCO state to NCO-state, the NCO-state acquires the 

native-like secondary structure (Fig. S1).   

The slow thermally-driven CO dissociation kinetics (NCO → N+CO) was monitored by 

absorbance of heme (pH 7, 22°C) at 550 nm on Shimadzu 2450 spectrophotometer coupled with S-

1700 thermoelectric system. The final concentration of protein was ~7 µM. The kinetic data were 

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

 

2.2 Kinetics of CO dissociation of MbCO by hexacyanoferrate ion at different concentrations of 

denaturant in the presence of crowding agent  

 

CO dissociation from MbCO was carried out by CO-replacement of MbCO by hexacyanoferrate ion 

(MbCO + CN─ 
→ MbCN + CO) [82] at pH 7.0, 22 °C. Briefly, Mb (~1 mM) initially dissolved in 

phosphate buffer (pH 7.0) and afterward deaerated and reduced by the addition of sodium dithionite 

(final concentration ~0.5 mM). The reduced Mb was then liganded with CO under dry N2 

atmosphere, by passing a slow stream of dry CO gas. To determine the effect of crowding agents on 

structural dynamics of Mb, ~25 µl of CO-liganded protein (MbCO) was added into 2.0 ml solution 

of potassium hexacyanoferrate containing a desired concentration of the crowding agent. In order to 

evaluate the effect of crowding agents on denaturant-dependent dynamics of Mb, CO dissociation 

from MbCO was also carried out under variable concentration of GdnHCl at fixed concentration of 

crowding agent (dextran 70, dextran 40 and ficoll 70), pH 7, 22 °C. The change in the absorbance of 
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the reaction medium was monitored at 421 nm on Shimadzu (UV-2450) spectrophotometer at 22°C. 

The final concentrations of protein and hexacyanoferrate ion are 12 and 500 µM, respectively.  

 

2.3. Activation thermodynamic parameters for CO dissociation kinetics of NCO at different 

concentrations of denaturant in the presence of crowding agent  

 

To evaluate the effect of crowding agents on denaturant-dependent activation 

thermodynamic parameters (activation enthalpy ( ‡
diss∆H ) and activation entropy ( ‡

diss∆S )), the 

temperature dependent rate profile for CO-dissociation of NCO, recorded under variable 

concentrations of  denaturant (urea and GdnHCl) in the absence and presence of fixed concentration 

of crowding agent (dextran 70, dextran 40 and ficoll 70)  was analyzed using Eyring equation (1) 

[78],  

 

 

where  ‘kB’ is the Boltzmann constant, ‘h’ is the Planck constant, ‘R’ is the gas constant, kdiss is the 

thermally-driven CO dissociation rate constant of NCO, and ‡
diss∆H and ‡

diss∆S  are changes in 

activation enthalpy and activation entropy, respectively for CO-dissociation reaction of NCO-state.    

 

2.4 Effect of crowding agents on the denaturant-dependent far-UV CD spectra of heme proteins 

 

To determine the effect of crowding agents on the denaturant-dependent far-UV CD spectra 

of heme proteins, the Far-UV CD (200-250 nm, 1.0 mm cell) spectra of Ferricyt c and Mb were 

‡ ‡
diss B diss diss/ln( / ) (∆ (∆ (1)  -k h k T = S /R) H /RT)
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collected under variable concentrations of denaturants in the presence of 200 mg ml-1 crowder 

(dextran 70, dextran 40, ficoll 70) at pH 7, 25 °C on JASCO 815 spectropolarimeter coupled with 

PTC 424S/15 peltier system (-10-110 °C). The CD spectra of these proteins were normalized by 

subtracting the CD spectra of the corresponding blank solutions of same concentration of different 

crowding agents at pH 7.0, 25 °C. The final concentrations of Ferricyt c and Mb were 15 µM and 12 

µM, respectively.  

 

2.5 Effect of crowding agents on the denaturant-dependent thermal denaturations of heme proteins 

 

To determine the effect of crowding agents on denaturant-dependent thermal denaturation of 

heme proteins, the visible absorbance and far-UV CD-monitored thermal denaturation profiles of 

Ferrocyt c (Abs at 550 nm, 416 nm and CD at 222 nm) and Mb (Abs at 409 nm and CD at 222 nm) 

were collected under variable concentrations of denaturant (urea and GdnHCl) in the absence and 

presence of ~100, 200 and 300 mg ml-1 crowder (dextran 40, dextran 70 and ficoll 70) at pH 7.0 The 

pathlength of the cuvettes used for visible absorbance and far-UV CD were 10 mm and 1.0 mm, 

respectively. The absorbance (409 nm, 416 nm and 550 nm) monitored melting data were collected 

on Shimadzu (UV-2450) spectrophotometer coupled with S-1700 thermoelectric system (0-110 

°C). The Far-UV CD (222 nm) monitored melting data were collected on JASCO 815 CD-

spectrophotometer coupled with PTC 424S/15 system (-10-110 °C). The temperature ranges 

were 25 to 110 °C for Ferrocyt c and 25 to 90 °C for Mb. The final protein concentrations for 

absorbance and CD monitored thermal denaturation curves were ~5.0 µM and ~12 µM, 

respectively. The dithionite concentrations were ~3 mM and ~1 mM for visible absorbance (550 

nm) and far-UV CD (222 nm) monitored thermal unfolding measurements of Ferrocyt c, 
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respectively. The peltier-controlled heating rates in far-UV CD and visible absorbance-monitored 

thermal denaturation of heme proteins were 1.0 and 2.0 °C/min., respectively. By assuming a two-

state denaturation process, the thermal denaturation data were analyzed by equation (2) [82, 85],   

 

 

 

 

 

 

where y(T) is the observed variable parameters (ε550nm, ε409nm, and CD222 nm), yF and yD and mF and 

mD, represent  intercepts and slopes of the folded and unfolded baselines, respectively; T, absolute 

temperature; ∆Cp denotes heat capacity change, R, gas constant, and ∆Hm represent the van’t Hoff 

enthalpy at thermal denaturation midpoint (Tm). 

 

2.6. Effect of crowding agents on the GdnHCl-dependent urea-induced-unfolding of heme proteins 

 

To determine the effect of crowding agents on the GdnHCl-dependent urea-induced 

unfolding of heme proteins, the Trp fluorescence (ex: 280 and em: 340 nm) monitored urea-induced 

unfolding curves of Ferricyt c and Mb were measured under variable concentrations of GdnHCl in 

the absence and presence of 100 mg ml-1 crowder (dextran 40 and 70 and ficoll 70) at pH 7.0, 25ºC.  

For these measurements, the fluorescence emission spectra (ex: 280 nm, em: 310-390 nm) of 

Ferricyt c and Mb samples were collected on Perkin Elmer LS-55 fluorescence spectrophotometer 

or The PTI QM 40 (Photon Technology). The final concentration of protein was ~8 µM. In aqueous 
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solution, urea forms cyanate, which can carbamylate lysyl epsilon-amino groups and changes the 

electrostatic properties of studied proteins. The presence of cyanate in solution could lead to 

modification of studied proteins prior to or during data collection. Therefore, to prevent the cyanate 

formation, the experiment must be preceded within 3 hrs. The concentrations of the urea and 

GdnHCl solutions before and after the experiments were determined based upon the refractive index 

measurements by Thermo Scientific refractometer. The data were fitted to a standard two-state 

equilibrium unfolding represented as equation (3) [86],  

 

 

 

where, Yobs parameter represents as observed signal, and CN and CU, and MN and MU represent 

intercepts and slopes of native and unfolded baselines, respectively, [D] is the concentration of 

denaturant in M, R is the gas constant, ∆GD, the free energy associated with the transition, and mg, 

the surface area of the protein exposed by the solvent. Cm, the transition mid-point of denaturant 

concentration, was calculated as Cm = ∆GD/mg. 

 

2.7 Denaturants concentration corrections due solvent excluded volume  

 

It has been established that the synthetic crowders may not interact with any solute 

molecules and increases the concentration of any small solute by decreasing its available volume 

through steric repulsion phenomena [87-88]. The denaturants concentrations in the protein samples 

were thus corrected ([denaturant]corr) to account for the solvent-excluded volume due to the 

presence of crowder. For this, Christiansen et al estimated the partial specific volume (ιν ) value 
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~0.65±0.02 ml/g for ficoll 70, dextran 40 and dextran 70 [89]. The ιν  value was found to be 

independent on the amount of crowding agent and same in buffer as well as in low to high 

denaturant concentrations, suggesting that there is no specific interaction between denaturant 

(GdnHCl/urea) with crowding agent (ficoll/dextran) [89]. For denaturants concentration correction, 

following equation was used [71, 89], 

 

 

where, fav represents the volume fraction available for the solvent and which can be estimated as 

[71, 86]:    

 

For example, the value of fav for 200 mg ml-1 ficoll 70 is ~ 0.87 (i.e., 1-(0.65ml/g)×(0.2g/mL)). All 

selected denaturants concentrations used for kinetic and stability experiments were corrected in the 

same way on the basis of the concentration of present crowding agent (s).  

 

3.0 Results and Discussion 

 

3.1 Size and shape of crowding agents control the dynamics of MbCO and NCO 

 

CO dissociation from MbCO leads to a significant decrease in the absorbance at Soret 

region ~421nm [82]. The representative CO-dissociation kinetic profiles of MbCO recorded at 

22°C, pH 7 is shown in Fig.1a. The kinetic data in Fig. 1a are best fitted to single-exponential rate 

expression with CO-dissociation rate constant, kdiss ~0.032 s-1. To investigate the role of crowding 

agents on dynamics of MbCO, the rate constant of CO dissociation of MbCO (kdiss) was measured at 

(4)corr avDenaturants f Denatrants                                  [ ] = (1/ ) [ ]

g/ml (4a)=(1−  [ ] (avf Crowding agent ))                                     ιν
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different concentration of crowder (dextran 40, dextran 70 and ficoll 70) at pH 7.0, 22 °C.  Fig. 1b 

shows the variations of log kdiss for MbCO with increase of [Crowding agent]. As [Crowding agent] 

is increased, log kdiss decreases exponentially (Fig. 1b) which reveals that the crowder presence 

retards the CO dissociation and thus restricts the dynamics of protein. Furthermore, the crowder-

mediated retardation in CO dissociation for MbCO typically follows the order, dextran 70 > dextran 

40 > ficoll 70. Recent, CO dissociation kinetic studies of NCO carried out in the presence of 

different concentrations of crowding agent (dextran 40, dextran 70, ficoll 70) also revealed that the 

crowder-mediated retardation for NCO typically follows the order, dextran 70 > dextran 40 > ficoll 

70) [78]. Thus, the effect of crowding on CO dissociation kinetics of NCO and MbCO follows the 

same trend. As dextran 70 has larger size than dextran 40 [71] and different shape than ficoll 70 

[71], the results indicate that size and shape of crowding agents play vital roles in controlling the 

dynamics of MbCO and NCO. The larger sized dextran has been reported to contribute significantly 

to caging or confinement environment, and therefore plays important roles in controlling the 

dynamics of proteins [90].  

 

3.2 Size and shape of crowding agent modulate the effect of crowding on denaturant-dependent 

motional dynamics of NCO and MbCO 

 

Thermal dissociation of CO from NCO-state leads a significant increase in the absorbance of 

α-band (550 nm) [78, 84]. The representative CO-dissociation kinetic profiles of NCO recorded in 

the presence of 0.05 M GdnHCl at 22°C, pH 7 is best fitted to single exponential rate expression 

with thermally-driven CO dissociation rate constant, kdiss ~5.5 ×10-4 s-1 (Fig. S1). The thermally-

driven CO dissociation from NCO (Fe2+-CO + M80→ Fe2+- M80 + CO) is not a global probe of 
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dynamics but rather it is a low-frequency local motion that controls the structural fluctuation of M80-

containing Ω-loop [84, 91-92]. This is presumably due to two main reasons, (i) the neighboring 

residues of M80 have high thermal factors [93], and (ii) the local mobility of the heme ring is 

suppressed by the intrinsic size and the rigidity of the ring system [94]. Thus the cosolute (crowder 

or denaturant) modulation of kdiss describes the manner by which the collective motion of M80-

containing Ω-loop responds to cosolute environment in the reaction medium.  

To investigate the role of crowding agents on the denaturant-dependent structural fluctuation 

of NCO and MbCO, the kdiss for NCO and MbCO were measured under variable concentrations of 

denaturant at fixed concentration of crowding agent (dextran 40, dextran 70 and ficoll 70). Fig. 2a 

and Fig. 2b present the denaturant-dependence of log kdiss for NCO measured in the absence and 

presence of ~50, 100, 200 mg ml-1 dextran 70 (Fig. 2a) and ficoll 70 (Fig. 2b). The denaturant-

dependence of log kdiss for NCO measured in the presence of ~100 mg ml-1 crowder (dextran 40, 

dextran 70 and ficoll 70) is shown in Fig. 2c. Fig. 2d presents the denaturant-dependence of log kdiss 

for MbCO measured in the absence and presence of ~200 mg ml-1 crowder (dextran 40, dextran 70 

and ficoll 70) at pH 7.0, 22 °C.  

Both in the absence and presence of crowding agents, as denaturant concentration is 

increased starting from strongly native-like conditions, log kdiss initially decreases and then increases, 

displaying minimum around 2.0-2.4 M GdnHCl and 5.0-5.5 M urea for NCO (Figs. 2a-2c) and 0.1-

0.2 M GdnHCl for MbCO (Fig. 2d). At low denaturant concentrations, the denaturant ions can 

stabilize and compact the proteins by screening the protein charges electrostatically [85, 95-99]. 

Analysis of ITC and X-ray data has shown evidences for direct interactions between protein groups 

and guanidinium ion or urea molecule [100-102]. At lower concentrations, guanidinium ion or urea 

molecule can interact with a protein molecule through multiple hydrogen bonds and van der Waals 
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interactions [101-102]. A recent intermolecular docking study performed between the Ferrocyt c and 

denaturant (urea, GdnHCl) revealed that about seven urea molecules form multiple variable length 

hydrogen bonds with the backbone–backbone or backbone–side chain atoms of the Ω-loop of Cyt c 

[103]. Such denaturant mediated nonspecific polyfunctional interactions may compact the protein 

and also reduce the motional freedom and internal motions of the native proteins [82,84,92, 101-

103]. Thus, the initial decrease of log kdiss around 2.0-2.4 M GdnHCl and 5.0-5.5 M urea for NCO 

(Figs. 2a-2c) and 0.1-0.2 M GdnHCl for MbCO (Fig. 2d), indicates that the subdenaturing 

concentrations of denaturants reduce the level of structural fluctuations responsible for CO 

dissociation from NCO and MbCO.  

Crowding agents and subdenaturing concentrations of denaturants were found to decrease the 

rate of CO dissociation reaction (Fig. 1b and Figs. 2a,2b,2d), therefore, the inclusion of crowding 

agent at subdenaturing concentrations of denaturants could enhance the denaturant-mediated 

decrease in the rate of CO dissociation. As the concentration of crowding agent is increased from 0 

to 200 mg ml-1, the rate-denaturant profile shifted vertically down to lower kdiss (Fig. 2a,2b,2d). A 

slight horizontal shift toward higher concentration of denaturant is also observed (Figs. 2a and 2b). 

The crowding-mediated vertical and slight horizontal shifts in the rate-denaturant profile revealed 

that crowder presence potentiates the denaturant-mediated restricted dynamics of protein. Within the 

subdenaturing region, the effect of crowding agent on decrease in log kdiss typically follows the 

order: dextran 70 > dextran 40 > ficoll 70 (Figs. 2c and 2d), indicating that the size and shape of 

crowder control denaturant-mediated constrained dynamics of protein. Previous simulation studies 

have also supported the similar observations [3, 73, 90].  

At relatively higher denaturant concentrations, the subdenaturing concentration mediated 

reduction in structural fluctuations is subdued by the chaotropic action of the denaturant which 
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unfolds and expands the protein. Thus, in the denaturing region, the increase in log kdiss (Figs. 2a-

2d) can be attributed to protein destabilization and structural unfolding action of denaturant that 

subsequently facilitates the CO dissociation from NCO and MbCO. Within the denaturing region, 

the crowder presence opposes the denaturant-mediated increase in log kdiss (Figs. 2a,2b,2d). This 

finding reveals that the presence of crowder counteracts the structural fluctuation leading to 

unfolding of the protein. Within the denaturing region, the opposing effect of crowding agent on 

increase in log kdiss typically follows the order: dextran 70 > dextran 40 > ficoll 70 (Figs. 2a,2b,2d), 

indicating that the size and shape of crowder control the counteracting effect of crowding agent on 

denaturant-mediated structural-fluctuations accountable for unfolding of the protein.  

 

3.3 Size and shape of crowding agent modulate the effect of crowding on denaturant-dependent 

activation thermodynamic parameter of CO-dissociation reaction of NCO  

 

To further examine the role of size and shape of crowding agents on denaturant-dependent 

dynamics of NCO, the temperature dependent CO dissociation kinetics profiles of NCO were 

measured at various concentrations of denaturant (urea and GdnHCl) in the absence and presence of 

fixed concentration of crowding agent (dextran 40, dextran 70 and ficoll 70). Fig. 3a and Fig. 3b 

present the Eyring plots for CO-dissociation reaction of NCO at ~0.0, ~2.3 and ~4.0 M GdnHCl; 

and ~0.0, ~5.5 and ~8.5 M urea, respectively, in the absence and presence of  100 mg ml-1 crowding 

agent (dextran 40, dextran 70 and ficoll 70).  Thermodynamic parameters viz; activation enthalpy 

(∆Hdiss) and activation entropy (∆Sdiss) for CO dissociation reaction of NCO were derived from 

linear least-squares fitting of these plots by Eyring equation (1) (material and method section)) [78] 

and are summarized in Table 1. The corresponding free energy of activation (∆Gdiss
‡) and entropy 
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change (‒T∆Sdiss
‡) were also calculated by Gibbs free energy equation (∆Gdiss

‡ =∆Hdiss
‡
‒T∆Sdiss

‡) at 

25 °C (Table 1). The data in Table 1 provide several important information: (i) the subdenaturing 

concentrations of denaturant increase the ∆Hdiss
‡ and the presence of crowding agent enhances the 

denaturant-mediated increase in ∆Hdiss
‡, (ii) within subdenaturing region, the effect of crowder on 

increase in ∆Hdiss
‡ typically follows the order as, dextran 70 > dextran 40 > ficoll 70 (Figs. 3a and 

3b, Table 1), indicating potential role of size and shape of crowder in strengthening the denaturant-

mediated constrained dynamics of NCO, (iii) at relatively higher concentrations, denaturants 

decrease the ∆Hdiss
‡ and the presence of crowding agent opposes the denaturant-mediated decrease 

in ∆Hdiss
‡ (Figs. 3a and 3b, Table 1), which suggests that the crowding agent produces a 

counteracting effect on the denaturant-mediated structural fluctuations causing the unfolding of 

protein, (iv) within the denaturing region, the efficiency of the counteracting effect on decrease in 

∆Hdiss
‡ typically follows the order as dextran 70 > dextran 40 > ficoll 70 (Figs. 2a,2b,2c and Figs. 3a 

and 3b,Table 1), suggesting that size and shape of crowding agent play vital roles in counteracting 

effect of crowder on denaturant-mediated structural fluctuation causing the unfolding of protein, 

and (iv) crowding-mediated increase in ∆Hdiss
‡ was found to be accompanied by a decrease in the 

entropy change, ‒T∆Sdiss
‡.   

 

3.4 Crowding agent presence does not affect the secondary structures of native- and denatured 

Ferricyt c and Mb  

 

The negative Cotton effects at 210 nm and 222 nm in far-UV CD spectrum (200-250 nm) of 

native protein reflect the secondary structure of protein [78]. Fig. 4a and Fig. 4b present the far-UV 

CD spectra of Ferricyt c and Mb, respectively recorded in the absence and presence of 200 mg ml-1 
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crowding agent (dextran 40, dextran 70 and ficoll 70) with urea (2.0 and 9.0 M) at pH 7.0, 25 °C. 

These results demonstrate that the presence of crowding agent do not greatly affect the secondary 

structure content of native and denatured states of Ferricyt c and Mb at pH 7.0, 25 °C. Two previous  

reports also showed that the secondary structural content of apoazurin and cellular retinoic acid-

binding protein I was not significantly affected by the crowders [104-105]. However, in case of 

natively folded apo and holo-flavodoxin, and VlsE, the crowder presence in reaction medium 

induces the secondary structure [30-31,106]. 

 

3.5 Crowding agent counterbalances and strengthens the destabilizing action of denaturant on 

stability Cyt c and Mb, respectively.  

 

Fig. 5a and Fig. 5b present the effect of temperature on visible absorption (380-600 nm) and 

far-UV-CD spectra (200-250 nm) of Ferrocyt c, respectively. Fig. 5c and Fig. 5d present the effect 

of temperature on visible absorption (300-600 nm) and far-UV-CD spectra (200-250 nm) of Mb, 

respectively. Fig. 5c also presents the effect of temperature on visible absorption (350-600 nm) 

spectra of Mb collected in the presence of 1.5 M GdnHCl and 5 M urea.  The far-UV CD spectra of 

Ferrocyt c (Fig. 5b) and Mb (Fig. 5d) at 25 °C exhibit negative cotton effect at 222 nm that reflects 

the secondary structure of the native proteins. As temperature is increased from 25 to 110 °C for 

Ferrocyt c and 25 to 90 °C for Mb, the intensity of α-band (550 nm for Ferrocyt c (inset of Fig. 5a)) 

and Soret band (409 nm for Mb (Fig. 5c) and 416 nm for Ferrocyt c (Fig. 5a)) significantly 

decreases as well as the negative cotton effect at 222 nm (Figs. 5b, d) is eliminated, which reveals 

thermal unfolding of the heme proteins.  
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The UV-visible spectra of heme free Mb shows a broad spectrum between 350-400 nm 

[107]. The UV-visible spectra of Mb collected at 25 °C and 90 °C in the absence and presence of 

1.5 M GdnHCl or 5.0 M urea suggest fallout of heme at 90 °C in the presence of 1.5 M GdnHCl or 

5.0 M urea (Fig. 5c). The representative thermal denaturation curves of Ferrocyt c and Mb 

measured at different concentration of denaturant (GdnHCl or urea) in the absence and presence of 

100-300 mg ml-1 crowder (dextran 40, dextran 70 and ficoll 70) are shown in Figs. 6a-6d and Fig. 

S2. Figs. 6a-6d and Fig. S2 clearly indicate that the denaturant presence shifts the thermal 

denaturation curves of Ferrocyt c and Mb to lower temperatures. However, the crowder presence 

opposes or potentiates such denaturant-mediated temperature shifts of Ferrocyt c (Figs. 6a and 6b; 

and Fig. S2) and Mb (Figs. 6c and 6d), respectively. The thermal unfolding curves of Ferrocyt c and 

Mb measured at different concentration of denaturant (urea or GdnHCl) in the absence and presence 

of 100-300 mg ml-1 crowder (dextran 40, dextran 70 and ficoll 70) were analyzed for thermal 

denaturation midpoint (Tm), enthalpy (∆Hm) and heat capacity (∆Cp) changes for unfolding by two-

state model N U using equation (2) (material and method section)) [82, 85]. The estimated Tm, 

∆Hm and ∆Cp values for Ferrocyt c (Tables 2-3 and Table S1) and Mb (Tables 4-5) at different 

concentrations of GdnHCl and urea in the absence and presence of crowding agent are summarized 

in Tables 2-5 and Table S1.  

Fig. 7a and Fig. 7b present the effect of urea on tryptophan fluorescence emission spectra of 

Ferricyt c and Mb, respectively collected in the absence and presence of 100 mg ml-1 crowder 

(dextran 40, dextran 70 and ficoll 70) at pH 7.0, 25 °C. The data in Fig 7a and Fig. 7b suggest that 

the crowder presence may quench the tryptophan fluorescence of urea-denatured Ferricyt c and Mb. 

Fig. 7c and Fig. 7d show the representative tryptophan fluorescence-monitored normalized urea-

induced unfolding curves of Ferricyt c and Mb, respectively, measured under variable concentration 
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of GdnHCl in the absence and presence of 100 mg ml-1 of crowding agent (dextran 70, dextran 40 

and ficoll 70). Fig. 7c and Fig. 7d clearly indicate that the GdnHCl presence shifts the urea-induced 

unfolding curves of Ferricyt c and Mb to lower urea concentrations. However, the crowder presence 

opposes and potentiates such denaturant-mediated urea shifts of Ferrocyt c (Fig.7c) and Mb (Fig. 

7d), respectively. 

To determine the effects of crowding agent on denaturant-dependent denaturation free 

energy (∆GD) and surface area exposed by solvent (mg,), the urea-induced unfolding curves of 

Ferricyt c and Mb were analyzed by assuming a two state transition between the folded (N) and 

unfolded (U) conformations using the procedure of Santoro and Bolen (equation (3) (material and 

method section)) [86]. The corresponding urea-unfolding midpoint, Cm (=∆GD/mg), was also 

calculated. The resulting values of ∆GD, mg and Cm are summarized in Tables 6 -7. The effect of 

crowding agent on the denaturant-dependent thermodynamic parameters for Ferrocyt c and Mb are 

shown in Figs. 8 &10; and Figs. 9 &10, respectively. The Tm and ∆Hm values for Ferrocyt c and Mb 

have been found to be linearly decreased with [denaturant] (Figs. 8&9 and Fig. S2). The ∆GD and 

Cm values for Ferricyt c and Mb have been also found to be linearly decreased with GdnHCl 

concentration (Fig. 10). However, the crowder presence opposes and potentiates the denaturant-

mediated decrease in Tm and Cm for Cyt c (Figs. 8&10, Fig. S2 and Tables 2-3,6) and Mb (Figs. 

9&10 and Tables 4-5,7), respectively, indicating that the crowding agent presence counterbalances 

and strengthens the destabilizing action of denaturant on stability of Cyt c and Mb, respectively.  

 

3.6 Size and shape of crowding agent modulate the effect of crowder on denaturant-dependent 

stability of heme proteins  
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A previous report showed that the size and shape of crowder can modulate the protein 

conformation [109]. A recent denaturant-induced equilibrium unfolding study of Ferrocyt c showed 

that the smaller sized rod shaped dextran 40 has a better stabilizing effect than the larger sized rod 

shaped dextran 70 and spherical shaped ficoll 70 (dextran 40 > dextran 70 > ficoll 70) [78]. 

However, a previous denaturant-induced equilibrium unfolding study of native apoazurin showed 

that the stabilizing effect of crowder is independent of the size of dextrans (dextran 20, dextran 40 

and dextran 70) [104]. Thermal denaturation study of flavodoxin showed that the dextran 70 has 

larger stabilizing effect than the ficoll 70 [30]. These studies thus reveal that crowder of different 

sizes and shape exhibits distinct stabilizing effects on different proteins. 

In the present case, it has been observed that denaturant decreases Tm, ∆GD and Cm values 

for Cyt c (Figs. 8&10, Fig. S2, and Tables 2-3,6) and Mb ((Figs. 9&10, and Tables 4-5,7). 

However, the crowder presence counterbalances and strengthens the denaturant-mediated decreases 

in Tm, ∆GD and Cm for Cyt c (Figs. 8&10, Fig. S2 and Tables 2-3,6) and Mb (Figs. 9&10 and Tables 

4-5,7), respectively. Furthermore, the counteracting and strengthening effects of crowder on 

denaturant-mediated decreases in Tm, ∆GD and Cm for Cyt c (Figs. 8&10, Fig. S2 and Tables 2-3,6) 

and Mb (Figs. 9&10 and Tables 4-5,7), respectively, typically follow the order: dextran 40 > 

dextran 70 > ficoll 70. This finding reveals that the size and shape of crowding agent modulate the 

effect of crowder on denaturant-dependent stability of heme proteins.  

 

3.7 Presence of crowding agent stabilizes the native Cyt c but destabilizes the native Mb 

 

In general, the influence of crowder on stability of macromolecules is expected to depend on 

the nature and strength of hard and soft interactions between crowder and macromolecules [110-
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113]. The nonspecific chemical interactions can be attractive or repulsive. Generally, the repulsive 

chemical interactions contribute entropically while the attractive chemical interactions contribute 

enthalpically [8]. Furthermore, the repulsive chemical interactions reinforce the hard-core 

repulsions and cause protein stabilizing effect [8]. On the other hand, the attractive chemical 

interactions counteract the effect of hard-core repulsions and cause protein destabilizing effect [8]. 

The binding of non-inert crowders to target proteins could also occur. Earlier studies showed that 

the stabilizing effect of crowder on protein stability is due to purely steric excluded volume effect 

(i.e., entropic effect) [8, 114-115]. However, some of recent reports showed that the effect of 

crowding agents on protein stability and folding is primarily due to enthalpic effect [12, 14, 78]. 

Furthermore, in some cases, the enthalpic contribution even dominates over entropic effect [12, 14, 

78]. Recently, we have shown that both entropic and enthalpic effects contribute to stabilizing effect 

of crowder on serum transferrin stability [116].      

The decrease in stability of Mb in the presence of crowder is quite different from what has 

been documented for proteins like ubiquitin [14], Cyt c [16, 71] and apoflavodoxin [31, 73] in 

which crowder presence increases the thermal stability of these proteins. It is inquisitive to know 

why crowding agent stabilizes the ubiquitin [14], Cyt c [16, 71] and apoflavodoxin [31, 73] but 

destabilizes the Mb [108, 117]? Results of previous two sections show that the crowder 

counterbalances and strengthens the destabilizing action of denaturant on stability of Cyt c and Mb, 

respectively. The mechanism by which a crowder counteracts the denaturant effects in Cyt c but 

potentiates the denaturant effects in Mb is not clearly understood. 

An earlier work has shown that the lower mg-values in the equilibrium unfolding curves 

correlate with the compaction in unfolded state [118]. Both in the absence and presence of GdnHCl, 

the mg-values for Cyt c and Mb are lower (Tables 6-7), indicating reasonably compact unfolded 
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states of these proteins. If unfolded state is more compact, then it is possible that the reduced 

surface area may be exposed upon protein unfolding and the crowder may affect the compact 

unfolded state ensembles [119]. However, the mg-values for Cyt c or Mb in buffer and in the 

presence of crowder are about similar (Tables 6-7). Tryptophan fluorescence lifetime study of Mb 

performed in the presence of high concentration of urea in the absence and presence of crowding 

agent (dextran 70 and ficoll 70) revealed that the tryptophan lifetime and hence tryptophan-heme 

distance was roughly same on buffer or crowding agents [108]. This finding suggests that the 

crowder does not provide much compaction of the denatured Mb ensemble [108]. Recent, 

fluorescence correlation spectroscopy (FCS) study of yeast-Cyt c performed with native and urea-

unfolded protein in the presence of ~200 mg ml-1 ficoll 70 showed that the crowder significantly 

compacted the unfolded state due to excluded volume effect [49]. The mg-values for yeast-Cyt c in 

buffer and in the presence of ~200 mg ml-1 ficoll 70 were also found about similar [49]. So, in case 

of Cyt c, regardless of unfolded-state compaction, substantial surface area may be exposed because 

of a rugged exterior of the conformers within the unfolded-state ensemble and the crowding 

presence due to steric excluded volume effect (i.e., entropic effect) counterbalances the 

destabilizing effect of denaturant on Cyt c [16,71]. The current results show that due to 

destabilization of tertiary structure and weakening of interactions between heme and globin (Fig. 

S4) resulting from chemical interactions between Mb and crowders (i.e., soft interactions) (Fig. 11), 

the unfolded compact state of Mb does not experience the excluded volume of the crowder as other 

proteins like, ubiquitin [14], cyt c [16, 71] and apoflavodoxin [31, 73] experiences. Analysis of the 

effect of ficoll 70 on Trp fluorescence (Fig. S4a,b), aromatic bands at 282 and 289 nm (near-UV 

CD) (Fig. S4c,d), and Soret peak at 409 nm (visible absorption) (Fig. S4e,f), suggests that the 

crowder presence does not greatly affect the tertiary structure (Fig. S4a,c) and interactions between 
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heme and globin of Cyt c (Fig. S4e) but destabilize the tertiary structure (Fig. S4b,d) and weaken 

the interactions between heme and globin (Fig. S4f) of Mb.  

To account whether in addition to hard-core repulsions and exclude-volume effects, the 

chemical interactions between crowder and protein also play important role for the observed 

crowder effects, the effects of crowding agents were analyzed using T∆∆S vs ∆∆H plots on 

thermodynamics of folding of Cyt c and Mb.  According to Daniel Harries formalism, the entropy-

enthalpy plots can be used to estimate the entropic and enthalpic contributions of crowding on 

stability and folding of proteins [120-122]. Here, the diagonal T∆∆S= ‒∆∆H divides the entropy-

enthalpy plots into four sectors. Sector 1 and sector 2 stand for stabilizing co-solutes, while sector 3 

and sector 4 stand for destabilizing co-solutes. Furthermore, the sectors 1 and 3 describe the 

enthalpically dominated effect, while sectors 2 and 4 describe the entropically dominated effect 

[120].  

Fig. 10a and Fig. 10b describe the T∆∆S vs ∆∆H plots for Cyt c and Mb in the absence and 

presence of denaturant (1.0 M GdnHCl or 4.5 M urea), respectively for three different crowding 

agents (ficoll 70, dextran 70 and dextran 40). According to Daniel Harries formalism, the T∆∆S vs 

∆∆H plots in Fig. 10a and Fig. 10b represent the thermodynamics of folding rather than unfolding 

[120-122]. Both in the absence and presence of denaturants, the data points for Cyt c in presence of 

crowder lie slightly above the upward sloping diagonal in sector 1 (Fig. 10a), which suggests that in 

addition to excluded volume effect (i.e., entropic effect), the enthalpic effect also contributes to 

observed effect of crowder on stability and folding of Cyt c. On the other hands, both in the absence 

and presence of denaturants, the data points for Mb in the presence of crowder lie slightly below the 

upward sloping diagonal in sector 3, indicative of enthalpic dominant destabilization. Thus, the 

differential effect of crowding on stability of Cyt c and Mb suggest that hard-core repulsions, 
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exclude-volume effects as well as chemical interactions between crowder and protein may play 

important role for the observed effects. It is possible that crowding agents may interact 

preferentially with the unfolded state of Mb and, therefore, additionally destabilize Mb. A recent 

ITC and docking study revealed ficoll 70 binding to the heme moiety of native Mb [117]. 

 

4. Conclusions 

 

Analysis of kinetic and thermodynamic parameters measured for CO dissociation reaction of 

NCO and MbCO under various concentrations of denaturant (GdnHCl or urea) in the absence and 

presence of 50-300 mg ml-1 of crowder (dextran 70, dextran 40, and ficoll 70) reveals that (i) 

crowder presence restricts the dynamics of NCO and MbCO, (ii) subdenaturing concentrations of 

denaturant constrain the dynamics of NCO and MbCO and inclusion of crowder further potentiates 

the denaturant-mediated constrained dynamics of NCO and MbCO, (iii) at relatively higher 

concentrations, the chaotropic action of the denaturant dominates and that unfolds the protein, (iv) 

within the denaturing region, the inclusion of crowding agent opposes the structural fluctuation that 

unfolds the protein, and (v) size and shape of crowding agent modulate the effect of crowder on 

denaturant-mediated restricted dynamics and structural fluctuation that unfolds the proteins. 

Thermodynamic analysis of thermal and urea-induced unfolding curves of Cyt c and Mb measured 

at varying concentrations of GdnHCl in the absence or presence of 100-300 mg ml-1 of crowder 

(dextran 70, dextran 40, and ficoll 70) reveals that: (i) crowder presence stabilizes the native Cyt but 

destabilizes the native Mb (ii) crowder presence counterbalances and potentiates the destabilizing 

effect of denaturants on stability of Cyt c and Mb, respectively, (iii) size and shape of crowding 

control the effect of crowder on denaturant-dependent stability of heme proteins, (iv) both entropic 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

26 

 

and enthalpic effect may contribute to stabilizing effect of crowder on folding and stability of Cyt c, 

and (v) enthalpic effect (soft interactions between Mb and crowder) may contribute to destabilizing 

effect of crowder on stability of Mb.  
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Supporting Information.  Figure S1 shows CO dissociation kinetics of NCO. Tables S1 and Figure 

S2 show effects of crowding agents on the denaturant dependent thermal denaturation midpoint 

(Tm), enthalpy change (∆Hm) and heat capacity change (∆Cp) of Ferrocyt c based on absorbance at 

416 nm. Figure S3 presents the far-UV CD spectra of N-state, NCO-state and UCO-state at pH, 7.0 

25 °C. Figure S4 present the effect of ficoll 70 on Trp fluorescence, aromatic bands at 282 and 289 

nm (near-UV CD), and Soret peak at 409 nm (visible absorption).  
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Table 1.  Effect of macromolecular crowding on denaturant-dependent ∆Hdiss
‡, ∆Gdiss

‡, ∆Sdiss
‡ and −T∆Sdiss

‡ for 
CO dissociation reaction of NCO at pH 7.0*. 

  Without crowding agents  dextran 40 (100 mg ml-1) 
[GdnHCl] (M)  ∆Gdiss

a‡ ∆Hdiss
‡ ∆Sdiss

‡ −T∆Sdiss
a‡  ∆Gdiss

a‡ ∆Hdiss
‡ ∆Sdiss

‡ −T∆Sdiss
a‡ 

control   22.0 24.4 8.3 −2.5  22.1 25.4 11.0 −3.3 
2.3   22.3 27.3 16.8 −5.0  22.4 29.4 23.7 −7.0 
4.0     21.6 21.8 0.7 −0.2  21.8 23.2 4.6 −1.4 

[Urea] (M)           
5.5   22.3 27.1 16.3 −4.8  22.4 29.1 22.4 −6.7 
8.5   21.7 23.3 5.0 −1.6  21.9 23.5 5.5 −1.6 

  dextran 70 (100 mg ml-1)  ficoll 70 (100 mg ml-1) 
[GdnHCl] (M)  ∆Gdiss

a‡ ∆Hdiss
‡ ∆Sdiss

‡ −T∆Sdiss
a‡  ∆Gdiss

a‡ ∆Hdiss
‡ ∆Sdiss

‡ −T∆Sdiss
a‡ 

control  22.2 26.3 13.6 −4.0  22.0 24.8 10.5 −2.8 
2.3   22.5 29.9 24.8 −7.4  22.4 29.0 22.2 −6.6 
4.0   21.9 23.9 6.7 −2.0  21.6 22.5 2.9 −0.9 

[Urea] (M)           
5.5 M  22.5 29.4 23.2 −6.9  22.3 27.8 18.6 −5.5 
8.5 M  21.9 23.6 5.6 −1.7  21.8 23.4 5.3 −1.6 

*∆Gdiss
‡, ∆H‡

diss, ∆Sdiss
‡ and −T∆Sdiss

‡ are reported as kcal mol-1, kcal mol-1, cal mol-1 K-1 and kcal mol-1 K-1, 
respectively. The uncertainties associated with ∆Gdiss

‡, ∆H‡
diss, ∆Sdiss

‡ and −T∆Sdiss
‡ are 0.5 kcal mol−1, ±0.5 kcal 

mol−1, 2.5 cal mol−1 and ±0.4 kcal mol−1 K−1, respectively.  
a Activation free energy (∆Gdiss

‡) and entropy changes (−T∆Sdiss
‡ ) are given at 25 °C. 

 

 

Table 2. Effect of crowding agents on [GdnHCl]-dependent Tm, ∆Hm and ∆Cp of Ferrocyt c at pH 7 as monitored by visible 
absorbance at 550 nm*. 

  without crowding agents 100 mg ml-1  ficoll 70 100 mg ml-1  dextran 40 
[GdnHCl] 

(M) 
Tm ∆Hm ∆Cp [GdnHCl] 

(M) 
Tm ∆Hm ∆Cp [GdnHCl] 

(M) 
Tm ∆Hm ∆Cp 

0.0 373.2 115 1.5 0.0 374.2 116 1.5 0.0 375.3 122 1.5 
0.25 371.6 110 1.5 0.27 372.0 114 1.5 0.27 372.3 118 1.5 
0.5 367.5 106 1.5 0.53 369.6 111 1.5 0.53 369.7 113 1.5 
1.0 362.3 99 1.5 1.07 364.7 104 1.5 1.07 365.8 106 1.5 
1.50 356.4 92 1.5 1.60 360.0 96 1.5 1.60 361.2 101 1.5 
2.30 348.8 82 1.5 2.46 353.1 88 1.5 2.46 354.7 94 1.5 
2.80 346.6 79 1.5 2.99 348.4 82 1.5 2.98 350.2 86 1.5 

100 mg ml-1  dextran 70            200 mg ml-1  dextran 70 300 mg ml-1  dextran 70 
[GdnHCl]

(M) 
Tm ∆Hm ∆Cp [GdnHCl] 

(M) 
Tm ∆Hm ∆Cp [GdnHCl]

(M) 
Tm ∆Hm ∆Cp 

0.27 373.6 117 1.5 0.29 373.5 118 1.5 0.31 - - - 
0.53 368.3 113 1.5 0.57 370.2 113 1.5 0.62 372.8 125 1.5 
1.07 366.1 105 1.5 1.15 367.6 110 1.4 1.24 366.5 118 1.4 
1.60 359.5 98 1.5 1.72 364.5 105 1.4 1.86 363.5 114 1.4 
2.46 353.5 90 1.5 2.64 357.4 100 1.5 2.86 359.4 110 1.5 
2.98 349.6 85 1.5 3.22 352.7 91 1.5 3.48 354.9 104.0 1.5 

*∆Hm, Tm and ∆Cp are reported as kcal mol−1, K, and kcal mol−1K-1, respectively.  The uncertainties associated with ∆Hm, Tm and ∆Cp 
are ±1.5 kcal mol−1, ±0.5 K, and ± 0.1 kcal mol−1K -1 respectively. GdnHCl concentrations mentioned in Table 2 are corrected for 
crowding agents using equations (4) and (4a). 
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Table 3. Effect of crowding agents on [urea]-dependent ∆Hm, Tm and ∆Cp of Ferrocyt c (CD at 222 nm) at pH 7.0 *. 
          without crowding agents 200 mg ml-1 dextran 40 200 mg ml-1 dextran 70 

[Urea] 
(M) 

Tm ∆Hm ∆Cp  [Urea] 
(M) 

Tm             ∆Hm ∆Cp   [Urea] 
(M) 

   Tm                ∆Hm ∆Cp 

0.0 371.5 115 1.4 0.0 377.1 118 1.4 0.0 372.5 116 1.4 
3.0 363.4 105 1.4 3.4 370.5 115 1.4 3.4 368.1 107 1.4 
4.5 358.2 98 1.5 5.2 368.5 109 1.5 5.2 364.1 103 1.4 
6.5 351.1 93 1.4 7.5 360.9 104 1.5 7.5 358.6 92 1.4 
8.0 345.0 80 1.4 9.2 357.8 98 1.4 9.2 355.0 88 1.5 

200 mg ml-1 ficoll 70  
[Urea] 
(M) 

Tm ∆Hm ∆Cp 

0.0 370.9 117 1.4 
3.4 367.1 104 1.4 
5.2 361.1 99 1.4 
7.5 357.1 90 1.5 
9.2 351.3 84 1.4 

*∆Hm, Tm and ∆Cp are reported as kcal mol−1, K, and kcal mol−1K-1, respectively.  The uncertainties associated with 
∆Hm, Tm and ∆Cp are ±1.5 kcal mol−1, ±0.5 K, and ± 0.1 kcal mol−1K-1 respectively. Urea concentrations mentioned in 
Table 3 are corrected for crowding agents using equations (4) and (4a). 

 
 

 

Table 4. Effect of crowding agents on [GdnHCl]-dependent ∆Hm, Tm and ∆Cp of Mb at pH 7 as monitored by visible 
absorbance at 409 nm*. 

               without crowding agents 200 mg ml-1  ficoll 70 200 mg ml-1  dextran 40 
[GdnHCl] 

(M) 
Tm              ∆Hm ∆Cp [GdnHCl]

(M) 
Tm               ∆Hm  ∆Cp [GdnHC]

(M) 
Tm             ∆Hm ∆Cp 

0.0 355.2 110 2.4 0.0 349.4 101 2.3 0.0 352.9 107 2.3 
0.1 352.7 101 2.3 0.11 346.2 92 2.3 0.11 347.2     95 2.3 
0.25 348.8 98 2.3 0.29 342.4 88 2.3 0.29 345.0 90 2.4 
0.5 343.0 90 2.3 0.57 338.7 80 2.3 0.57 341.8 85 2.3 
0.75 338.8 81 2.3 0.86 332.0 67 2.3 0.86 335.1 73 2.3 
1.0 334.5 70 2.3 1.15 328.0 60 2.4 1.15 332.2 66 2.3 

200 mg ml-1  dextran 70  
[GdnHCl] 

(M) 
Tm ∆Hm ∆Cp 

0.0 352.3 103 2.3 
0.11 347.2 98 2.3 
0.29 343.5 89 2.3 
0.57 340.8 82 2.3 
0.86 333.7 72 2.4 
1.15 330.7 64 2.4 

*∆Hm, Tm and ∆Cp are reported as kcal mol−1, K, and kcal mol−1K-1, respectively.  The uncertainties associated with ∆Hm, 
Tm and ∆Cp are ±1.5 kcal mol−1, ±0.5 K, and ± 0.1 kcal mol−1K -1 respectively. GdnHCl concentrations mentioned in Table 
4 are corrected for crowding agents using equations (4) and (4a). 
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Table 6. Dependence of the ∆GD, mg and Cm of Ferricyt c on [GdnHCl] in the absence and presence of 100 mg ml-1  
crowding agents at pH 7.0 as monitored by Trp fluorescence (ex: 280; em: 365nm)*. 
 without crowding agents  100 mg ml-1  dextran 40 
[GdnHCl] 

(M)  
 

Cm 
(M) 

∆GD 
(kcal mol-

1) 

                  mg  
                  (kcalmol-1M-1) 

GdnHCl 
(M) Cm 

(M) 
∆GD 

(kcal mol-1) 
                    mg  

                   (kcalmol-1 M-1) 

0.0  7.6 8.6 1.1 0.0 8.6 11.8 1.4 
0.25  6.3 7.9 1.2 0.27 7.4 9.5 1.3 
0.5  5.6 6.9 1.2 0.53 6.5 8.0 1.2 
1.0  4.3 5.7 1.3 1.06 5.3 6.9 1.3 
2.0  2.0 3.1 1.5 2.12 2.8 4.7 1.7 

 100 mg ml-1  dextran 70  100 mg ml-1  ficoll 70 
[GdnHCl] 

(M) 
 
 

Cm 

(M) 
∆GD 

(kcal mol-1) 
        mg 

(kcalmol-1 M-1) 

GdnHCl 
(M) 

Cm 
(M) 

∆GD 
(kcal mol-1) 

            mg          

           (kcalmol-1 M-1) 

0.0  8.4 11.1 1.3 0.0 8.3 10.3 1.2 
0.27  7.2 9.1 1.3 0.27 7.2 8.6 1.2 
0.53  6.4 7.4 1.2 0.53 6.3 7.3 1.2 
1.06  5.2 6.5 1.2 1.06 5.1 6.0 1.2 
2.12  2.7 4.5 1.6 2.12 2.6 4.0 1.6 

*The uncertainties associated with ∆GD, mg, and Cm are ±0.5 (kcal mol-1), ±0.2 (kcal mol-1 M-1) and ±0.2 (M), respectively. 
GdnHCl concentrations mentioned in Table 6 are corrected for crowding agents using equations (4) and (4a). 
 
 
 
 
 
 

Table 5. Effect of crowding agents on [Urea]-dependent ∆Hm, Tm and ∆Cp of Mb (CD at 222 nm) at pH 7.0*. 
without crowding agents 100 mg ml-1 dextran 40 100 mg ml-1 dextran 70 

[Urea](
M) 

Tm ∆Hm ∆Cp [Urea] 
(M) 

Tm           ∆Hm ∆Cp [Urea]
(M) 

Tm ∆Hm ∆Cp 

0.0 356.0 110 2.3 0.0 353.6 105 2.3 0.0 353.0 103 2.4 
1.0 353.0 103 2.4 1.07 351.9 99 2.3 1.07 349.3 94 2.3 
2.0 346.8 92 2.3 2.15 345.6 90 2.3 2.15 344.5 85 2.3 
3.0 341.8 82 2.3 3.22 341.0 78 2.3 3.22 341.0 75 2.3 
4.5 331.7 69 2.4 4.84 329.5 66 2.3 4.84 327.7 64 2.3 

100 mg ml-1 ficoll 70     
[Urea] 
(M) 

Tm           ∆Hm ∆Cp       

0.0 350.1 100 2.3       
1.07 346.1 92 2.3       
2.15 343.5 80 2.4       
3.22 337.7 70 2.3       
4.84 326.5 60 2.3       

*∆Hm, Tm and ∆Cp are reported as kcal mol−1, K, and kcal mol−1K-1, respectively.  The uncertainties associated with ∆Hm, Tm 
and ∆Cp are ±1.5 kcal mol−1, ±0.5 K, and ± 0.1  kcal mol−1K -1 respectively. Urea concentrations mentioned in Table 5 are 
corrected for crowding agents using equations (4) and (4a). 
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Table 7. Dependence of the ∆GD, mg and Cm of Mb on [GdnHCl] in the absence and presence of 100 mg ml -1  crowding 
agents at pH 7.0 as monitored by fluorescence (ex: 280; em: 365nm)*. 
 without crowding agents  100 mg ml-1  dextran 40 
[GdnHCl] 

(M) 
 
 

Cm 
(M) 

∆GD 
(kcal mol-1) 

                  mg  
                    (kcalmol-1M-1) 

GdnHCl 
(M) 

    Cm 
     (M) 

∆GD 
(kcal mol-1) 

                    mg  
                   (kcalmol-1 M-1) 

0.0  5.6 7.3 1.3 0.0 5.3 7.0 1.3 
0.25  4.5 5.7 1.3 0.27 3.8 5.1 1.3 
0.5  3.5 4.0 1.2 0.53 3.2 4.0 1.2 
0.75  3.1 2.6 1.1 0.8 2.3 2.4 1.1 

 100 mg ml-1  dextran 70  100 mg ml-1  ficoll 70 
[GdnHCl] 

(M) 
 
 

Cm 

(M) 
∆GD 

(kcal mol-1) 
           mg 

               (kcalmol-1 M-1) 

GdnHCl 
(M) 

Cm 
(M) 

∆GD 
(kcal mol-1) 

           mg 

            (kcalmol-1 M-1) 

0.0  4.8 6.7 1.4 0.0 4.7 6.5 1.4 
0.27  3.7 4.8 1.3 0.27 3.5 3.5 1.0 
0.53  3.1 3.0 1.0 0.53 2.9 2.5 0.9 
0.8  1.9 2.2 1.1 0.8 1.8 1.7 1.0 

*The uncertainties associated with ∆GD, mg, and Cm are ±0.8 (kcal mol-1), ±0.1 (kcal mol-1 M-1) and ±0.3 (M), respectively. 
GdnHCl concentrations mentioned in Table 7 are corrected for crowding agents using equations (4) and (4a). 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

44 

 

Figure Legend 

Fig.1. Effect of crowding agent on the dynamics of MbCO. Panel (a) shows the slow single-phase 

CO replacement from MbCO by hexacyanoferrate ion (τ =32 min., 22°C). The MbCO + CN‒ → 

MbCN + CO reaction was probed at 421 nm in phosphate buffer at pH 7.0, 22 °C. (b) Variation of 

log kdiss with [Crowding agent] at pH 7.0, 22 °C (Ficoll 70 (�), dextran 40 (◊) and dextran 70 (�)). 

The log kdisswith [Crowding agent] data in panel (b) are fitted to a mono-exponential decay function.  

 

Fig.2. Effect of crowding agents on the denaturants-dependent dynamics of NCO and MbCO. Panel 

(a) presents the denaturant-dependence of log kdiss for NCO in the absence (GdnHCl (●), urea (○)) 

and presence of 50 mg ml-1 (urea (�)), 100 mg ml-1 (GdnHCl (�), urea (∆)) and 200 mg ml-1 

(GdnHCl (■)) of dextran 70 at pH 7.0, 22 °C. Panel (b) presents the denaturant-dependence of log 

kdiss for NCO in the absence (GdnHCl (●), urea (○)) and presence of 50 mg ml-1 (urea (�)), 100 mg 

ml-1 (GdnHCl (▼), urea (�)), and 200 mg ml-1 (GdnHCl (�)) of ficoll 70 at pH 7.0, 22 °C. Panel (c) 

presents the denaturant-dependence of log kdiss for NCO in the presence of 100 mg ml-1 of dextran 40 

(urea (�), GdnHCl (◊)), dextran 70 (GdnHCl (■), urea (∆)), and ficoll 70 (GdnHCl (▼), urea (�)) at 

pH 7.0, 22°C. Panel (d) presents the GdnHCl-dependence of log kdiss for MbCO in the absence (○) 

and presence of 200 mg ml-1 of dextran 40 (◊), ficoll 70 (�) and dextran 70 (�) at pH 7.0, 22°C. The 

GdnHCl and urea concentration in log kdiss vs [Denaturants] plots are those corrected for crowding 

agents using equations (4) and (4a). The solid lines are just guide the eye. All the experiments are 

carried out in 50 mM phosphate buffer.  
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Fig.3. Effect of crowding agents on denaturant-dependent activation thermodynamic parameters of 

CO dissociation reaction of NCO at pH 7.0. Panel (a) shows Eyring plots for the CO dissociation 

reaction of NCO in the absence of additive (phosphate buffer (PB) only) (○) and at 2.3 M GdnHCl 

(∆), 4 M GdnHCl (●), 2.3 M GdnHCl with 100 mg ml-1crowding agent (dextran 70 (□), dextran 40 

(�) and ficoll 70 (�)) and 4 M GdnHCl with 100 mg ml-1crowding agent (dextran 70 (■), dextran 

40 (▼) and ficoll 70 (◊)). Panel (b) shows Eyring plots for the CO dissociation reaction of NCO in 

the absence of additive (PB only) (○) and at 5.5 M urea (∆), 8.5 M urea (●)), 5.5 M urea with 100 

mg ml-1 crowding agents (dextran 70 (■), dextran 40 (�) and ficoll 70 (�)) and 8.5 M urea with 100 

mg ml- 1crowding agents (dextran 70 (□), dextran 40 (▼) and ficoll 70 (◊)). The solid lines are fitted 

according to Eyring equation (equation (1)) [78].  

 

Fig.4. Effect of crowding agents on the denaturant dependent-secondary structure of Ferricyt c and 

Mb at pH 7.0. Panel (a) shows the far-UV CD spectra of Ferricyt c collected in the absence of  

crowding agents (phosphate buffer (PB only)) (solid black line) and in presence of ~ 2 .0 M urea 

(dotted black line), 9.0 M urea (black short line) and with 200 mg ml-1 of dextran 40 (2.0 M urea 

(blue solid line), 9.0 M urea (blue short line)), dextran 70 (2.0 M urea (green solid line), 9.0 M urea 

(green short line)) and ficoll 70 (2M urea (gray solid line), 9.0 M urea (gray short line)) at pH 7, 25 

°C. Panel (b) shows the far-UV CD spectra of Mb collected in the absence of  additives (phosphate 

buffer (PB)) (solid black line) and in presence of ~ 2M urea (dotted black line), 9.0 M urea (black 

short line) and with 200 mg ml-1 of dextran 40 ( 2.0 M urea (blue solid line), 9.0 M urea (blue short 

line)), dextran 70 (2M urea (green solid line), 9.0 M urea (green short line)) and ficoll 70 (2M urea 

(gray solid line), 9.0 M urea (gray short line)) at pH 7, 25 °C. 
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Fig.5. Effect of temperature on the visible absorbance and far-UV CD spectra of Ferrocyt c and Mb 

at pH 7.0. Panels (a) and (b) show the visible absorption and far-UV CD spectra of Ferrocyt c, 

respectively, collected at 25 °C (solid line) and 110 °C (dotted line), pH 7.0. The inset of panel (a) 

shows the effect of temperature on α-band (550 nm) of Ferrocyt c at pH 7.0 (25 °C (solid line) and 

110 °C (dotted line)). Panels (c) and (d) show the visible absorption and far-UV CD spectra of Mb, 

respectively, collected at 25 ºC (solid line) and 90 ºC (dotted line), pH 7.0. Panel (c) also shows the 

visible absorption spectra of Mb, collected in the presence of 1.5 M GdnHCl at 25 ºC (green solid 

line) and 90 ºC (green dotted line), and 5.0 M urea at 25 ºC (blue solid line) and 90 ºC (blue dotted 

line), pH 7.0. 

 

Fig.6. Effect of crowding agents on the denaturant-dependent thermal unfolding of Ferrocyt c and 

Mb at pH 7.0. Panel (a) represents the thermal denaturation curves of Ferrocyt c monitored at 550 

nm as the change in absorption coefficient at 0.5 M GdnHCl (○), 0.5 M GdnHCl with 100 mg ml-1 

dextran 40 (∆), 0.5 M GdnHCl with 100 mg ml-1 dextran 70 (●), 2.3 M GdnHCl (�), 2.3 M GdnHCl 

with 100 mg ml-1 dextran 40 (□), 2.3 M GdnHCl with 100 mg ml-1 ficoll 70 (�), 2.3 GdnHCl with 

100 mg ml-1 dextran 70 (�), 2.3 M GdnHCl with 200 mg ml-1 of dextran 70 (▼). (b) Normalized 

thermally-induced unfolding curves of Ferrocyt c monitored at CD-222 nm at 3 M urea (○), 8 M 

urea (■), 8 M urea with 200 mg ml-1 dextran 70 (∆), 3 M urea with 200 mg ml-1 dextran 70 (●), 8 M 

urea with 200 mg ml-1 dextran 40 (▼), 3 M urea with 200 mg ml-1 dextran 40 (�), 8 M urea with 

200 mg ml-1 ficoll 70 (◊), 3 M urea with 200 mg ml-1 ficoll 70 (�). Panel (c) represents the thermal 

denaturation  curves of Mb monitored at 409 nm as  change in absorption coefficient in absence of 

additives (●) and in the presence of 0.5 M GdnHCl (�), 0.5 M GdnHCl with  200 mg ml-1 of 

crowding agent (dextran 40 (�), dextran 70 (�) and ficoll 70 (○)). (d) Normalized thermally 
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induced unfolding curves of Mb monitored at CD-222 nm in the presence of 1.0 M urea (○), 4.5 M 

urea (∆) and 1.0 M urea with 100 mg ml-1 dextran 70 (�), 4.5 M urea with 100 mg ml-1 dextran 70 

(▼), 1.0 M urea with 100 mg ml-1 dextran 40 (�), 4.5 M urea with 100 mg ml-1 dextran 40 (□), 1.0 

M urea with 100 mg ml-1 ficoll 70 (●), 4.5M urea with 100 mg ml-1 ficoll 70 (◊), at pH 7.0. The 

solid curves in panels (a), (b), (c) and (d)  represent nonlinear least-squares fits to equation (2)) [82, 

85]. 

 

Fig.7. Effects of crowding agents on the GdnHCl-dependent urea-induced unfolding of Ferricyt c 

and Mb at pH 7.0, 25°. Panels (a) and (b) present the tryptophan fluorescence emission spectra of 

native Cyt c and Mb, respectively (in buffer only (long dash line), 9.0 M urea (solid line), 9.0 M 

urea with 100 mg ml-1 ficoll 70 (dash dot dot line), 9.0 M urea with 100 mg ml-1 dextran 70 (dotted 

line), and 9.0 M urea with 100 mg ml-1 dextran 40 (short dash line)) at pH 7 25 °C. Panel (c) show 

the fluorescence-monitored normalized urea-induced unfolding curves of Ferricyt c measured in the 

absence (PB only) (�), presence of 1.0 M GdnHCl (�) and 1.0 M GdnHCl with 100 mg ml-1 of 

dextran 70 (■), dextran 40 (○), ficoll 70 (∆) at pH 7.0 and 25°C. Panel (d) shows the fluorescence-

monitored normalized urea-induced unfolding curves of Mb in the absence (PB only) (�) and 

presence of 0.5 M GdnHCl (�) and 0.5 M GdnHCl with 100 mg ml-1 of dextran 70 (■), dextran 40 

(○), ficoll 70 (∆) at pH 7.0 and 25°C. The solid curves represent nonlinear least-squares fits 

according to the standard two-state equation (Equation (3)) [82]. In panels (c) and (d) the urea 

concentration are those corrected for crowding agents using equations (4) and (4a). 

 

Fig.8. Effects of crowding agents on the denaturant-dependent Tm and ∆Hm of Ferrocyt c at pH 7.0. 

Panels (a) and (b) shows the variations in Tm and ∆Hm, respectively for Ferrocyt c (absorbance 550 
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nm) as the function of [GdnHCl] in the absence (PB only) (○) and presence of 100 mg ml-1 (dextran 

40 (∆), dextran70 (●), ficoll70 (∇)), 200 mg ml-1 of dextran 70 (�) and 300 mg ml-1 of dextran 70 

(■) at pH 7.0. Panels (c) and (d) shows the variations in Tm and ∆Hm, respectively for Ferrocyt c 

(CD 222 nm) as the function of [urea], in the absence (PB only) (○), and presence of 200 mg ml-1 

crowding agent (dextran 40 (∆), dextran70 (●) and ficoll 70 (�)) at pH 7.0. The parameters are 

summarized in Table 2 (Absorbance 550 nm) and Table 3 (CD 222 nm).  The solid lines in panels 

(a) to (d) represent linear least-squares fit of the data. The GdnHCl and urea concentration in Tm and 

∆Hm, vs [Denaturants] plots are those corrected for crowding agents using equations (4) and (4a). 

 

Fig.9. Effect of crowding agents on the denaturant-dependent Tm and ∆Hm of Mb at pH 7.0. Panels 

(a) and (b) show the variations in Tm and ∆Hm, respectively for Mb (absorbance 409 nm) as the 

function of [GdnHCl] in the absence (PB only) (○), and presence of 200 mg ml-1 crowding agent 

(dextran 40 (∆), dextran70 (�), ficoll70 (□)) at pH 7.0. Panels (c) and (d) show the variation in Tm 

and ∆Hm, respectively for Mb (CD 222 nm) as the function of [urea] in the absence (○), and 

presence of 100 mg ml-1 crowding agent (dextran 40 (∆), dextran70 (�), ficoll70 (□)) at pH 7.0. The 

parameters are summarized in Table 4 (absorbance 409 nm) and Table 5 (CD 222 nm).  The solid 

lines in panels (a) to (d) represent linear least-squares fit of the data. The GdnHCl and urea 

concentration in Tm and ∆Hm, vs [Denaturants] plots are those corrected for crowding agents using 

equations (4) and (4a). 

 

Fig.10. Effects of crowding agents on the GdnHCl-dependent thermodynamic stability of Ferricyt c 

and Mb at pH 7.0, 25°. Panels (a) and (b) show the GdnHCl-dependence variation of the change in 
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unfolding free energy, ∆GD, for Ferricyt c and Mb, respectively in the absence of crowder (PB only) 

(�) and in the presence of 100 mg ml-1 of dextran 40 (�), dextran 70 (�) and ficoll 70 (∆) at pH 7.0 

and 25°C. Panels (c) and (d) show the GdnHCl-dependence variation of the urea unfolding 

midpoint, Cm, of Ferricyt c and Mb, respectively in the absence of crowder (PB only) (�) and in the 

presence of 100 mg ml-1 of dextran 40 (�), dextran 70 (�) and ficoll 70 (∆) at pH 7.0 and 25 °C. The 

thermodynamic parameters are listed in Table 6 (Ferricyt c) and Table 7 (Mb). The solid lines in 

panel (a), (b), (c) and (d) represent linear least-squares fit of the data. The GdnHCl concentration in 

Cm and ∆GD vs [Denaturants] plots in panels (a)-(d) are those corrected for crowding agents using 

equation (4).  

 

Fig.11. The T∆∆S and ∆∆H plot for thermodynamics of folding of Cyt c and Mb for three different 

crowding agents (dextran 70, dextran 40, and ficoll 70) at pH 7. Panel (a) presents the T∆∆S and 

∆∆H plots for Cyt c (based on absorbance at 550 nm) in the absence of denaturant (PB only (◑), 100 

mg ml-1 dextran 40 (▼), 100 mg ml-1 dextran 70 (▲), 200 mg ml-1 dextran 70 (�), and 100 mg ml-1 

ficoll 70 (●)). Panel (a) also presents the T∆∆S and ∆∆H plots for Mb (based on absorbance at 409 

nm and CD at 222 nm) in the absence of denaturant (PB only (◑), 100 mg ml-1 dextran 40 (∇), 100 

mg ml-1 dextran 70 (∆), 100 mg ml-1 ficoll 70 (○), 200 mg ml-1 dextran 40 (☆), 200 mg ml-1 dextran 

70 (◊), and 200 mg ml-1 ficoll 70 (□)). Panel (b) presents the T∆∆S and ∆∆H plot for Cyt c (based 

on absorbance at 550 nm and CD at 222 nm) in the presence of denaturant (1.0 M GdnHCl or 4.5 M 

urea (◑), 1.0 M GdnHCl with 100 mg ml-1 dextran 40 (▼), 1.0 M GdnHCl with 100 mg ml-1 dextran 

70 (▲), 1.0 M GdnHCl with 100 mg ml-1 ficoll 70 (●), 4.5 M urea with 200 mg ml-1 dextran 40 (♦), 

4.5 M urea with 200 mg ml-1 dextran 70 (★), and 4.5 M urea with 200 mg ml-1 ficoll 70 (�). Panel 

(b) also presents the T∆∆S and ∆∆H plot for Mb (based on absorbance at 409 nm and CD at 222 
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nm) in the presence of denaturant (1.0 M GdnHCl or 4.5 M urea (◑), 1.0 M GdnHCl with 200 mg 

ml-1 dextran 40 (∇), 1.0 M GdnHCl with 200 mg ml-1 dextran 70 (∆), 1.0 M GdnHCl with 200 mg 

ml-1 ficoll 70 (○), 4.5 M urea with 100 mg ml-1 dextran 40 (◊), 4.5 M urea with 100 mg ml-1 dextran 

70 (☆), and 4.5 M urea with 100 mg ml-1 ficoll 70 (□).  
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Table S1. Effect of crowding agents on [GdnHCl]-dependent ∆Hm, Tm and ∆Cp of Ferrocyt c at pH 7 as monitored by visible 
absorbance at 416 nm*. 

     without crowding agents 100 mg ml-1  ficoll 70 100 mg ml-1  dextran 70 
[GdnHCl]

(M) 
Tm ∆Hm ∆Cp [GdnHCl

] (M) 
Tm ∆Hm ∆Cp [GdnHCl]

(M) 
Tm ∆Hm ∆Cp 

0.0 373.3 100 1.5 0.0 374.0 109 1.4 0.0 - -  
0.25 372.4 92 1.4 0.27 372.5 101 1.5 0.27 372.3 105 1.4 
0.5 366.8 80 1.4 0.53 368.9 94 1.5 0.53 370.1 100 1.4 
1.0 362.8 75 1.4 1.07 364.7 85 1.4 1.07 365.1 90 1.4 
1.5 358.8 70 1.5 1.60 359.9 78 1.4 1.60 360.4 78 1.4 
2.3 350.7 60 1.5 2.46 353.4 70 1.5 2.46 355.7 71 1.4 
2.8 348.7 55 1.4 2.99 347.6 63 1.5 2.98 351.8 62 1.4 

100 mg ml-1  dextran 40 200 mg ml-1  dextran 70 300 mg ml-1  dextran 70 
[GdnHCl]

(M) 
Tm ∆Hm ∆Cp [GdnHCl

](M) 
Tm ∆Hm ∆Cp [GdnHCl]

(M) 
Tm ∆Hm ∆Cp 

0.0 375.2 114 1.4 0.0 - - - 0.0 - - - 
0.27 372.5 110 1.4 0.29 - - - 0.31 - - - 
0.53 370.4 103 1.4 0.57 371.3 107 1.4 0.62 374.0 115 1.4 
1.07 365.7 104 1.5 1.15 369.3 101 1.5 1.24 371.8 108 1.4 
1.60 361.5 95 1.4 1.72 366.4 92 1.5 1.86 366.0 97 1.4 
2.46 355.8 87 1.4 2.64 358.9 83 1.4 2.86 361.5 89 1.5 
2.98 352.0 76 1.4 3.22 352.5 73 1.4 3.48 357.4 74 1.4 

*∆Hm, Tm and ∆Cp are reported as kcal mol−1, K, and kcal mol−1K-1, respectively.  The uncertainties associated with ∆Hm, Tm and 
∆Cp are ±1.5 kcal mol−1, ±0.5 K, and ± 0.1  kcal mol−1K -respectively. GdnHCl concentrations mentioned in Table S1 are 
corrected for crowding agents using equations (4) and (4a). 
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Figure S1. 

 

 

 

 

 

 

 

 

Figure S1. The slow single-phase dissociation of CO from NCO, NCO → N+CO (τ =32 min., 

22°C). The NCO → N+CO reaction was probed at 550 nm in the presence of 0.05M GdnHCl, pH 

7.0, 22 °C. 
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Figure S2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Effect of crowding agents on the denaturant-dependent thermal unfolding of Ferrocyt c 

at pH 7.0. Panel (a) represents the thermal denaturation curves of Ferrocyt c monitored at 416 nm as 

the change in absorption coefficient at 0.5 M GdnHCl (○), 0.5 M GdnHCl with 100 mg ml-1 dextran 

40 (∆), 0.5 M GdnHCl with 100 mg ml-1 dextran 70 (●), 0.5 M GdnHCl with 100 mg ml-1 ficoll 70 

(×), 2.3 M GdnHCl (�), 2.3 M GdnHCl with 100 mg ml-1 dextran 40 (□), 2.3 M GdnHCl with 100 

mg ml-1 ficoll 70 (�), 2.3 GdnHCl with 100 mg ml-1 dextran 70 (�). The solid curves in panel 
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represent nonlinear least-squares fits to equation (2) [82, 85]. Panel (b) shows the variations in Tm 

for Ferrocyt c (absorbance 416 nm) as the function of [GdnHCl] in the absence (○) and presence of 

100 mg ml-1 (dextran 40 (∆), dextran70 (▼), ficoll70 (□)), 200 mg ml-1 of dextran 70 (●) and 300 

mg ml-1 of dextran 70 (�) at pH 7.0. The parameters are summarized in Table S1 (absorbance 416 

nm). The solid lines in panel (b) represent linear least-squares fit of the data. 

 

 

Figure S3. 

 

 

 

 

 

 

 

 

 

Figure S3. Far-UV CD spectra for the different states of ferrocyt c collected 25 °C. Far-UV CD for 

the native Ferrocyt c (N-state (solid line)), NCO-state (dotted line) and UCO-state (short dash line). 

The Far-UV CD spectrum of UCO is not collected below 210 nm due to an elevation of the HT 

voltage; especially, peptide signals are increasingly obscured with high GdnHCl content. 
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Figure S4. 
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Figure S4. Panels (a) and (b) present the tryptophan fluorescence emission spectra native Ferricyt c 

and Mb, respectively, collected in the absence (short dash line) and presence of ~ 100 mg ml-1 ficoll 

70 (solid line) at pH 7.0, 25 °C. Panel (b) also present the tryptophan fluorescence emission spectra 

native Mb collected in the presence of ~ 300 mg ml-1 ficoll 70 (dotted line) at pH 7.0, 25 °C. Panels 

(c) and (d) present the near-UV CD spectra native Ferricyt c and Mb, respectively, collected in the 

absence (short dash line) and presence of ~ 100 mg ml-1 ficoll 70 (solid line) at pH 7.0, 25 °C. 

Panels (e) and (f) show the near-UV CD spectra native Ferricyt c and Mb, respectively, collected in 

the absence (short dash line) and presence of ~ 100 mg ml-1 ficoll 70 (solid line) at pH 7.0, 25 °C   
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Highlights-  
 
►Low concentrations of denaturants restrict dynamics of NCO and MbCO. 
►Crowding presence opposes structural-fluctuation causing the unfolding.  
►Size, shape and viscosity of crowders modulate the denaturant-mediated dynamics  
►Crowding agent counteracts the destabilizing effect of denaturant for Cyt c  
►Crowding agent enhances the destabilizing effect of denaturant for Mb  


