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Abstract

:

There are a large number of biomolecules that are accountable for the extremely crowded intracellular environment, which is totally different from the dilute solutions, i.e., the idealized conditions. Such crowded environment due to the presence of macromolecules of different sizes, shapes, and composition governs the level of crowding inside a cell. Thus, we investigated the effect of different sizes and shapes of crowders (ficoll 70, dextran 70, and dextran 40), which are polysaccharide in nature, on the thermodynamic stability, structure, and functional activity of two model proteins using UV-Vis spectroscopy and circular dichroism techniques. We observed that (a) the extent of stabilization of α-lactalbumin and lysozyme increases with the increasing concentration of the crowding agents due to the excluded volume effect and the small-sized and rod-shaped crowder, i.e., dextran 40 resulted in greater stabilization of both proteins than dextran 70 and ficoll 70; (b) structure of both the proteins remains unperturbed; and (c) enzymatic activity of lysozyme decreases with the increasing concentration of the crowder.
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1. Introduction


The intracellular environment, where proteins fold and perform various functions, differs from the dilute buffer solutions often used during in vitro experiments. These dilute buffer solutions have been typically assumed to represent the in vivo scenario; however, there exists a major difference between the idealized (diluted) conditions and the environment present within cells [1,2,3]. The existence of a plethora of different macromolecules, including proteins, nucleic acids, ribosomes, and carbohydrates, makes the intracellular milieu extremely crowded by occupying around 10% to 40% of the total cellular volume [4]. It has been estimated that the overall concentration of macromolecules in the cytoplasm ranges from 80 to 400 mg mL−1 [1,3,5,6], restricting the space available to each individual molecule, and such a cellular condition has been termed as macromolecular crowding [7]. Macromolecular crowding indicates the presence of nonspecific steric repulsion between the molecules and generates the excluded volume effect, where any part of two macromolecules cannot exist in the same place at the same instant of time. In a cell, large macromolecules are present in such a way that a considerable portion of the intracellular space is unavailable to other molecules, hence reducing the accessible volume [8,9]. The presence of several macromolecules of different sizes, shapes, and compositions governs the level of crowding inside a cell [10]. Thus, the excluded volume effect should favor the folding reactions where the total volume, which is occupied by the molecules in the cytoplasm, is reduced. Moreover, theoretical models have predicted that macromolecular crowding should increase the stability of folded states of proteins due to unfavorable impacts on the unfolded state. A definite logical link between in vitro dilute conditions and in vivo crowded conditions is required to comprehend the process of protein folding and function in living organisms. Therefore, it is essential to determine how different degrees of macromolecular crowding alter the biophysical properties of proteins.



Since it is complicated to employ cell extracts in order to provide a natural microenvironment, different types of purified macromolecules are commonly used as synthetic crowding agents in experimental studies to scrutinize the macromolecular crowding effects [11,12]. It is widely accepted that a living cell is composed of macromolecular crowders in a variety of sizes and shapes [13]. However, it has been noticed that many studies have employed either fixed size crowders or in a narrow size range only to show their effects on proteins’ stability, structure and functional activity [8,11,14,15,16,17,18,19,20,21,22,23,24,25]. Moreover, many experiments have shown increase in the stability of proteins, although to different degrees [26,27,28,29,30,31,32,33,34,35,36,37,38,39,40], along with the alteration in the enzyme activity [41,42,43,44,45,46,47,48,49,50,51,52,53] in the presence of crowding due to the excluded volume effect. Thus, we found it necessary to examine the influence of crowding on different properties of proteins exerted by carbohydrate macromolecules of different sizes and shapes.



In this study, we investigated the effect of varying sizes of macromolecular crowders (ficoll 70, dextran 70, and dextran 40) on the thermodynamic stability of apo α-lactalbumin (α-LA) against thermal denaturation and its native and denatured structures. Similar experiments were carried out to see the effects of dextran 40 on the stability, structure, and functional activity of hen egg white lysozyme (some experiments in the presence of ficoll 70 and dextran 70 have already been done [54]). We evaluated ∆GD° (Gibbs free energy change at 25 °C) of α-LA and lysozyme, and kinetic parameters (Km, Michaelis constant; kcat, catalytic constant) of lysozyme in the absence and presence of crowders. Crowders of different molecular masses, shapes, and compositions were employed so as to meet the basic requirements of a cellular environment.



Osmolytes are small molecules accumulated by cells to protect them from denaturing stresses. These osmolytes protect cells from the hostile stresses by helping to maintain the structural and functional integrity of macromolecules. The crowders chosen in this study are polymers of the sugar osmolytes glucose and sucrose, which may have clinical implications for a large number of human diseases (e.g., amyloidosis, cancer, diabetes, and neurodegeneration) where intrinsically disordered proteins IDPs are involved [55]. Ficoll, a copolymer of sucrose and epichlorohydrin, is less flexible, highly branched, and compact (more like a sphere) [56,57,58]. Though, observations from dynamic light scattering (DLS) have shown that ficoll 70 assumes an intermediate shape between a sphere and a random coil [57]. Furthermore, ficoll was also modelled as a sphero-cylinder with a radius of about 14 Å [59]. However, dextran (polymer of D-glucose) is flexible, a linear polysaccharide with few and short branches, has a rod-like shape as well as a quasirandom coil molecule with a small number of short branches [56,57,58,60,61,62]. These crowding agents are highly soluble, inert, carbohydrate in nature, and do not intervene with spectroscopic experiments [8]. Their characteristic of being inert is crucial for associating theory and results since the excluded volume effect places an emphasis on steric repulsions [9,14].



In this study, we report that macromolecular crowding increases the stabilization of both α-LA and lysozyme, where the degree of stabilization is dependent on the shape and size of the crowding agents. The small size of dextran 40 excludes more volume and causes greater stabilization of proteins than ficoll 70 and dextran 70. The structural properties of both the proteins are unperturbed by macromolecular crowding. However, the functional activity of lysozyme is decreased with the increasing concentration of the crowding agent.




2. Materials and Methods


2.1. Materials and Reagents


Commercial lyophilized preparations of holo-α-lactalbumin from bovine milk, hen egg white lysozyme, ficoll 70 (F70; average molecular mass 70,000), dextran 40 and 70 (D40, D70; average molecular mass 40,000 and 70,000, respectively), sodium cacodylate trihydrate, and lyophilized cell wall of Micrococcus luteus were obtained from Sigma Aldrich Co. Potassium chloride, sodium acetate, glycine, sodium bicarbonate, ethylene diamine tetra acetic acid (EDTA), and ethylene glycol-bis (β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) were purchased from Merck (India) Ltd. Guanidinium chloride (GdmCl) in ultrapure form was purchased from MP Biomedicals. All chemicals used were of analytical grade and used without further purification.




2.2. Preparation of Proteins and Reagents


Required amounts of holo-α-lactalbumin and lysozyme in lyophilized powdered form were dissolved in 0.1 M KCl solution at pH 7.0. We used the apo form of α-lactalbumin (α-LA) in our study, which was prepared by adding 5 mM EGTA to the solution of holo-α-lactalbumin (Ca2+ bound). Both the protein solutions were then dialyzed against several changes of 0.1 M KCl solution at pH 7.0 and 4 °C and filtered using a 0.22-µm Millipore syringe filter. The concentrations of lysozyme and α-LA solutions were determined experimentally using the molar absorption coefficient at 280 nm (ε280, M−1 cm−1) values of 39,000 and 29,210 for lysozyme [63] and α-LA [64], respectively. Protein stock solutions were stored at 4 °C. The stock solutions of GdmCl and macromolecular crowding agents (F70, D70, and D40) were prepared by dissolving their required amount in the desired buffer solutions and were degassed. All the solutions were then filtered through the Whatman filter paper No. 1 and the concentrations of GdmCl [65] and crowding agents [66,67] were determined by refractive index measurements.



All solutions used for optical measurements were prepared in the desired degassed buffers. For various pH/pH ranges, the buffers used were 0.1 M KCl-HCl buffer (pH 2.0), 0.05 M glycine-HCl (pH range 3.0–3.5), 0.05 M acetate buffer (pH range 4.0–5.0), and 0.05 M cacodylate buffer (pH range 6.0–7.0), all containing 0.1 M KCl. The pH of each solution was also measured after the activity and denaturation experiments in order to make sure that there was no change in pH during the experiments.




2.3. Thermal Denaturation Measurements


Thermal denaturation experiments of α-LA and lysozyme were carried out in a Jasco V-660 UV/Visible spectrophotometer equipped with a Peltier-type temperature controller (ETCS-761). The change in the absorbance of α-LA and lysozyme with an increasing temperature was followed at 295 and 300 nm, respectively. The concentrations of the proteins used were in the range 0.4–0.5 mg mL−1. Each sample was heated from 20 to 85 °C with a heating rate of 1 °C min-1 to provide adequate time for equilibration of the samples. All the measurements were performed in triplicate and approximately 650 data points of each transition curve were collected. Experiments were performed in the absence and presence of varying concentrations of F70, at different pH values; concentration of D70 and D40 was in the range 0–300 mg mL−1 and that of F70 in the range 0–350 mg mL−1. After denaturation, each protein sample was immediately cooled down to measure the reversibility of the reaction. All solution blanks were subtracted before analysis of the data. The raw absorbance data was converted into a change in the molar absorption coefficient (∆ελ, M−1cm−1) at a given wavelength, λ. Each heat-induced transition curve was analyzed for Tm (midpoint of denaturation) and ΔHm (enthalpy change at Tm) using a non-linear least-squares analysis according to the relation:


  y  ( T )  =    y N   ( T )  +  y D   ( T )   e   [  −   Δ  H m   R   (   1 T  −  1   T m     )   ]      1 +  e   [  −   Δ  H m   R   (   1 T  −  1   T m     )   ]       



(1)




where y(T) is the optical property at temperature T (K), yN(T) and yD(T) are the optical properties of the native and denatured protein molecules at temperature T (K), and R is the gas constant. In the analysis of the transition curve, it was assumed that a parabolic function describes the dependence of the optical properties of the native and denatured protein molecules (i.e., yN(T) = aN + bNT + cNT2 and yD(T) = aD + bDT + cDT2, where aN, bN, cN, aD, bD, and cD are temperature-independent coefficients) [68,69]. The value of the constant-pressure heat capacity change (ΔCp) was determined from the slope of the linear plots of ΔHm versus Tm [70], i.e.,:


ΔCp = (ძΔHm/ძTm)p.



(2)







Using values of Tm, ΔHm, and ΔCp, the value of ΔGD at any temperature T, ΔGD(T) was estimated with the help of the Gibbs–Helmholtz equation:


  Δ  G D   ( T )  = Δ  H m  (    T m  − T    T m    ) − Δ  C p  [ (  T m  − T ) + T ln (  T   T m    ) ]  



(3)








2.4. Circular Dichroism (CD) Measurements


To characterize α-LA and lysozyme in terms of the secondary and tertiary structure, circular dichroism measurements were performed in a Jasco Spectropolarimeter (model J-1500) equipped with a circulation bath (MCB-100). Cells of a 0.1- and 1.0-cm path length were used for far-UV and near-UV CD, respectively. The far-UV and near-UV CD spectra of the native and denatured α-LA and lysozyme in the absence and presence of different concentrations of all the crowding agents (F70, D70, and D40) were recorded, and data acquisition was carried out using software provided by Jasco. At least three accumulations of the scanning were carried out for each sample to improve the signal to noise ratio, including the baseline, and all solution blanks were subtracted before the data analysis. N2 was flushed continuously through the machine at the rate of 5 lit min-1 and higher below 200 nm to minimize the noise level. Thermal denaturation of α-LA and lysozyme, in the absence and presence of the crowding agents (D70, D40, and F70), was monitored by following the changes in ellipticity, θ, at 222 nm in the temperature range of 20 to 85 °C with a heating rate of 1 °C. This heating rate provided adequate time for equilibration of the sample. The concentration used for both the proteins for far-UV CD measurement was 0.3 mg mL−1, however, for near-UV CD measurements, the concentration used was 0.4 mg mL−1 for α-LA and 0.4 mg mL−1 for lysozyme. The raw CD data (θλ, T) were reduced to the concentration-independent parameter, the mean residue ellipticity, [θ]λ (deg cm2 dmol-1), using the relation:


[θ]λ =Mo θλ/10lc,



(4)




where θλ is the observed ellipticity in millidegrees at wavelength, λ; Mo is the mean residue weight of the protein; c is the protein concentration in mg mL−1; and l is the path length of the cell in centimeters.



It should be noted that each experiment was performed in triplicate and the reversibility of thermal denaturation was determined under our experimental conditions by cooling the heated solution of denatured protein to 25 °C and comparing its optical property (either CD signal or absorbance) to that of the native protein before heating.




2.5. Activity Measurements


Following the classical turbidimetric method of Maurel and Douzou, the lytic activity of lysozyme with the Micrococcus luteus cell wall as a substrate was measured using a UV-Vis spectrophotometer (Jasco V-660) [71]. All activity measurements were performed in the presence of D40 as described in the procedure mentioned by Shahid et al. [54] in detail.





3. Results


3.1. Thermal Denaturation Study of α-LA


Thermal denaturation measurements of α-LA (pH values 7.0, 6.5, 6.0, and 5.5) were studied in the absence and presence of different concentrations of F70 (0–350 mg mL−1), D70 (0–300 mg mL−1), and D40 (0–300 mg mL−1) at the aforementioned pH values. Experiments were carried out by following changes in ∆ε295, the difference of the molar absorption coefficient (∆ε, M−1 cm−1) at 295 nm as a function of temperature. Since F70 rapidly hydrolyzes at pH values lower than 3.0, especially at elevated temperatures, experiments with F70 were carried out at pH values 7.0–4.0 [72]. Thermal denaturation was also monitored by [θ]222 in the presence of different concentrations of all the crowding agents at extreme pH values only. Figure 1 represents thermal denaturation profiles of α-LA in the absence and presence of different concentrations of F70, D70, and D40 at pH 7.0, however, thermal denaturation curves for other pH values are provided in the Supplementary Material (see Figures S1–S3). The insets of Figure 1 and Figures S1–S3 represent thermal denaturation profiles of α-LA monitored by following the changes in [θ]222. It is seen in these figures that the temperature dependencies of yN and yD measured by either ∆ε295 or [θ]222 do not depend on the concentration of the crowding agents at all the pH values. Thermal denaturation profiles of α-LA were found to be reversible in the absence and presence of the entire range of concentrations of all the crowding agents at all pH values (data not shown).




3.2. Analysis of Denaturation Curves of α-LA


Thermal denaturation curves of α-LA in the presence of different concentrations of a crowder were analyzed according to Equation (1) to obtain the values of Tm and ΔHm. Values of ∆Hm and Tm were obtained from three independent measurements. The average values of Tm and ΔHm were plotted in the absence and presence of different concentrations of all the crowders at different pH values in order to estimate the value of the heat capacity change, ΔCp from their slope using Equation (2). The reason for performing the experiments at different pH values was to estimate the ΔCp of α-LA. The values of thermodynamic parameters (Tm, ΔHm, and ΔCp) obtained in the absence and presence of varying concentrations of all the crowders at different pH values were then used to estimate the values of the Gibbs free energy change at 25 °C, ΔGD°, using Equation (3). The values of Tm, ∆Hm, ∆Cp, and ΔGD° of α-LA in the absence and presence of varying concentrations of F70, D70, and D40 at pH 7.0 are given in Table 1, however, data for other pH values are provided in the Supplementary Material (see Tables S1–S3). Figure S4 show plots of ∆Hm versus Tm of α-LA in the absence and presence of different concentrations of F70, D70, and D40. It has been observed that with the increasing concentrations of all the three crowders, there was an increase in the values of ΔGD° of α-LA at all the pH values. These observations show that, on the mass (mg l−1) scale, an increase in Tm and ΔGD° was found to be more in the case of D40 when compared to D70 and F70 at pH 7.0 (a pH away from α-LA’s pI), demonstrating that D40 is stabilizing α-LA more than F70 and D70.




3.3. Thermal Denaturation Study of Lysozyme


Thermal denaturation measurements of lysozyme (pH values 7.0, 6.0, 5.0, 4.0, 3.0, and 2.0) were studied in the absence and presence of different concentrations of D40 (0–300 mg mL−1) at the abovementioned pH values. Experiments were carried out by following the changes in ∆ε300 (M−1 cm−1) as a function of the temperature. Thermal denaturation was also monitored by [θ]222 in the presence of different concentrations of all the crowding agents at extreme pH values only. Figure 2 represents the thermal denaturation profiles of lysozyme in the absence and presence of different concentrations of D40 at pH values 7.0 and 2.0; however, the thermal denaturation curves for other pH values are provided in the Supplementary Material (see Figure S5). The insets of Figure 2 represent thermal denaturation profiles of the lysozyme monitored by following the changes in [θ]222. It is seen in these figures that the temperature dependencies of yN and yD measured by either ∆ε300 or [θ]222 do not depend on the concentration of D40 at all the pH values. The thermal denaturation profiles were found to be reversible in the absence and presence of the entire range of concentrations of D40 at all pH values (data not shown).




3.4. Analysis of Denaturation Curves of Lysozyme


Thermal denaturation curves of lysozyme in the presence of different concentrations of D40 were analyzed according to Equation (1) to obtain the values of Tm and ΔHm. Values of ∆Hm and Tm were obtained from three independent measurements. The average values of Tm and ΔHm were plotted in the absence and presence of different concentrations of D40 at different pH values in order to estimate the value of the heat capacity change, ΔCp from their slope using Equation (2). The reason for performing the experiments at different pH values was to estimate the ΔCp of lysozyme. The values of thermodynamic parameters (Tm, ΔHm, and ΔCp) obtained in the absence and presence of varying concentrations of D40 at different pH values were then used to estimate the values of Gibbs free energy change at 25 °C, ΔGD° using Equation (3). The values of Tm, ∆Hm, ∆Cp, and ΔGD° of lysozyme in the absence and presence of varying concentrations of D40 at pH 7.0 and 2.0 are given in Table 2, however, the data for other pH values are provided in the Supplementary Material (see Table S4). Figure S6 show plots of ∆Hm versus Tm of lysozyme in the absence and presence of different concentrations of D40. It was observed that with the increasing concentrations of D40, there was an increase in the values of ΔGD° of lysozyme at all the pH values. It was observed that on the mass (mg l-1) scale, there was an increase in Tm and ΔGD° of lysozyme with the increasing concentration of D40 at all the pH values, with the maximum increase and stabilization at pH 2.0 (the pH away from lysozyme’s pI).



The thermodynamic parameters associated with the thermal unfolding of α-LA in the absence and presence of different concentrations of F70, D70, and D40 at pH value 7.0 are shown in Figure 3. The effects of all the three crowding agents on the thermodynamic stability of α-LA at different pH values are compared in Table 3.



The thermodynamic parameters associated with the thermal unfolding of lysozyme in the absence and presence of different concentrations of F70, D70, and D40 at pH value 4.0 are shown in Figure 4. The effects of all the three crowding agents on the thermodynamic stability of lysozyme at different pH values are compared in Table 4.



It should be noted that complete denaturation curves for lysozyme could not be obtained in the measurable temperature range at pH values 7.0 to 4.0. Thus, measurements were performed in the presence of 2.0 M GdmCl at these pH values so as to bring down the thermal denaturation in the measurable temperature range. Following a procedure published earlier [73], to correct values of thermodynamic parameters (Tm and ∆Hm) for the effect of 2.0 M GdmCl, thermal denaturation measurements of lysozyme were carried out at other concentrations of the denaturant in the ranges 1.5–3.5 M at pH values 7.0 and 6.0 and 1.0–3.0 M at pH values 5.0 and 4.0 (denaturation curves not shown). Each transition curve measured at a given [GdmCl] and pH was analyzed to obtain the values of Tm and ∆Hm according to Equation (1). At a given pH, the values of Tm and ∆Hm were plotted against [GdmCl], which were found to be linear. Additionally, these linear plots were analyzed to measure the contribution of GdmCl to Tm and ∆Hm. Intercepts of these linear plots were used to get the values of Tm and ∆Hm in the absence of GdmCl (data not shown).




3.5. Far- and Near-UV CD Measurements


The effect of macromolecular crowding on the secondary and tertiary structures of α-LA and lysozyme was investigated by recording their far- and near-UV CD spectra in the absence and presence of different concentrations of F70, D70, and D40 at pH 7.0. Figure 5 and Figure 6 show the far-UV and the near-UV CD spectra of the native (N) state at 25 °C, and denatured (D) state at 85 °C of α-LA and lysozyme in the absence and presence of different concentrations of all the crowding agents at pH 7.0, suggesting that there was no significant difference in the CD spectra of the N and D states of both the proteins.




3.6. Activity Measurements


Functional activity measurements of lysozyme were carried out in the absence and presence of different concentrations of D40 at pH 7.0 and 25 °C (the activity measurements of lysozyme in the presence of F70 and D70 were already reported in our previous work [54]). For activity studies, the initial velocity (v) of the lysozyme-catalyzed reaction was determined at different substrate (M. luteus) concentrations. The Michaelis–Menten plots (parabolic curves) of lysozyme (v versus substrate concentration, [S]) in the absence and presence of D40 are provided in the Supplementary Material (Figure S7). A nonlinear least-square fit of the curves was used to determine the values of Km and Vmax of lysozyme in the absence and presence of different concentrations of D40 at pH 7.0 and 25 °C (see Equation (4) in [54]), and values of kcat were estimated (see Equation (5) in [54]). Values of the kinetic parameters (Km and kcat) of lysozyme in the absence and presence of D40 are provided in the Supplementary Material (see Table S5). The kinetic parameters in the absence and presence of highest concentration of D40 were: Km = 83.75 ± 5.17 mg L-1 and 56.05 ± 4.07 mg L-1 and kcat x 10-5 = 9.64 ± 0.09 mg s-1 M-1 and 7.05 ± 0.05 mg s-1 M-1, respectively. Values of Km and kcat of lysozyme were plotted against the concentration of each crowding agent (Figure 7). A decrease in the values of Km and kcat of lysozyme was observed with the increasing concentration of the crowding agents, and the effect was more pronounced for D40 than for F70 and D70 (the data can be compared from our previous work). The values of Km and kcat are the average of three independent measurements.





4. Discussion


The analysis of the thermal denaturation curves of α-LA and lysozyme in the absence and presence of different crowding agents was based upon two assumptions: (1) The transition between the native (N) and denatured (D) states of proteins is a two-state process; (2) crowding agents do not influence the structure of the N and D states of proteins. The measurements from differential scanning calorimetry (DSC) have demonstrated that the transition between the N and D states of both the proteins (α-LA and lysozyme) is indeed a reversible two-state process in the absence of crowders [70,74]. No such DSC measurements are reported for these proteins in the presence of F70, D70, and D40. To check the validity of the two-state assumption in the presence of crowders, we therefore measured thermal denaturation curves by following the changes in two different optical properties, namely ∆ελ and [θ]222, of α-LA and lysozyme in the presence of distinct concentrations of F70, D70, and D40 at different values. These transition curves, displayed in the insets of Figure 1, Figure 2, Figures S1–S3, and S5, were analyzed for Tm and ∆Hm and according to Equation (1), and these thermodynamic values were correlated with those attained from different absorption measurements (see Table 1, Table 2, and Tables S1–S3). It can be observed in Table 1, Table 2, and Tables S1–S3 that the thermodynamic parameters (Tm and ∆Hm) of each protein in the presence of different concentrations of all three crowding agents are indistinguishable within the experimental errors. This observation is taken as an evidence for the two-state behavior of heat-induced denaturation of both proteins in the presence of crowding agents.



Since the thermodynamic parameters of α-LA and lysozyme reported in our study were attained by an indirect method based on equilibrium denaturation, it is essential that those values are validated against the values acquired directly by the calorimetric method. If ∆Hm, Tm, and ∆Cp of α-LA and lysozyme in the absence of crowders (see Table 1, Table 2, and Tables S1–S4) are compared with those collected from DSC measurements [70,74,75], then it is found that the values of each thermodynamic quantity obtained by these two distinct methods are in good agreement with each other. For example, the values of ∆Cp measured in our study are 1.56 ± 0.09 and 1.60 ± 0.09 kcal mol-1 K-1 for α-LA and lysozyme, respectively, and the calorimetric values of ∆Cp for the same are 1.55 and 1.60 kcal mol-1 K-1, respectively. Thus, it is believable that our measurements and analysis of transition curves for the thermodynamic parameters was done with accuracy and authenticity. Many studies have reported that thermal denaturation of several proteins, like hen-egg white lysozyme, bovine pancreatic RNase A, holo α-LA from bovine milk, horse heart cytochrome c, P. aeruginosa apoazurin, and monomeric Grx2, is a reversible two-state process in the presence of varying concentrations of different crowders at different pH values [27,34,35,37,40,76]. These findings are consistent with our reversible two-state unfolding of proteins in the presence of different crowding agents. Thus, based on several previous studies and our finding, it can be concluded that the thermal unfolding of both proteins is a reversible two-state process in the absence as well as the presence of different crowding agents at different pH values.



It has been noticed from the thermal denaturation curves of both the proteins that there is a shift in their transition region (see Figure 1 and Figures S1–S3 for α-LA and Figure 2 and Figure S5 for lysozyme) towards higher temperatures with increasing concentrations of each crowding agent (F70, D70, and D40), which signifies an increase in Tm (see Table 1 and Tables S1–S3 for α-LA and Table 2 and Table S4 for lysozyme) of proteins. An insignificant change was observed in the values of ΔHm (within 10% experimental error) of both the proteins in the presence of all the crowders and at all the pH values. The purpose of our study was to scrutinize the effect of different concentrations of each crowding agent on ΔGD° (a key thermodynamic parameter signifying protein stability), estimated under all experimental conditions for both proteins (see Table 1 and Tables S1–S3 for α-LA and Table 2 and Table S4 for lysozyme). The values of ΔGD° for both the proteins increased with increasing concentration of all the crowders at all the pH values. This increase indicated the stabilization of proteins in the presence of crowding agents. Table 3 and Table 4 display the comparison of thermodynamic stability parameters of both the proteins in the presence of F70, D70, and D40 (300 mg mL-1) at different pH values. These tables consist of the values of change in Tm, ΔTm = (Tm (crowding agent) - Tm (buffer)), and percent stabilization, %ΔΔGD° = 100 × (ΔGD° (crowding agent) - ΔGD° (buffer) / ΔGD° (buffer)). As we move up from pH 5.5 to pH 7.0 in the case of α-LA and move down from pH 7.0 to pH 2.0 in the case of lysozyme (far from their pI values), the extent of stabilization increases along with the increase in the concentration of crowders. In other words, there is a decrease in the stability of α-LA and lysozyme as the pH progressively deviates from their pI values, i.e., ~4.5 and ~11, respectively [77]. Nevertheless, it is perhaps qualitatively correct to state that as the pH is reduced from 7.0 to 5.0, the net charge on α-LA reduces; however, the net charge on lysozyme increases when the pH decreases from 7.0 to 2.0 [77]. Thus, the electrostatic hypothesis by Beg et al. [77] predicted that with the decrease in pH, the stabilizing influence of all sugars upon α-LA as quantified by the degree of α (a temperature-independent function of the sizes and shapes of the protein and sugar) will reduce, but in the case of lysozyme it will increase. It was also predicted that the conformation of the D state will turn out to be even more extended with the rising net charge [77]. Thus, it was noticed that the degree of stabilization is pH dependent, which is consistent with the observations reported earlier [37,40,77,78,79]. In addition, the order of stabilization in terms of the crowder’s size and shape was found as follows: Dextran 40 > Dextran 70 > Ficoll 70 for both the proteins. The calculated values of ΔTm and %ΔΔGD° suggested that maximum stabilization of α-LA and lysozyme was attained in the presence of the highest concentration of D40. D40 was found to be the most stabilizing crowding agent among the three crowders. The percent stabilization of α-LA is highest in the presence of 300 mg mL-1 of D40, i.e., 75.36% followed by D70, i.e., 52.17% and then F70, i.e., 34.29% at pH 7.0 (see Table 3). Plots of Tm, ΔHm, and ΔGD° against different concentrations of all the three crowders for α-LA are shown at pH 7.0, and the results were compared (see Figure 3). Similarly, the percent stabilization of lysozyme is maximum for 300 mg mL-1 D40 (i.e., 33.51%) followed by D70 (i.e., 25.84%) at pH 2.0 and then by F70 (i.e., 6.81%) at pH 4.0 (see Table 4). Since we were unable to conduct the experiments below pH 4.0 in the case of F70 in our previous work [54], plots of Tm, ΔHm, and ΔGD° against different concentrations of all three crowders for lysozyme are shown at pH 4.0 only for comparing the data (see Figure 4). It is assumed that the low average molecular mass of D40 in comparison to D70 and F70 could be the reason behind its ability to stabilize both the proteins more. On the scale of mass/volume, D40 has a greater number of molecules than D70, which further leads to maximum packing in the system and gives rise to the highest excluded volume. Thus, the small size of D40 causes maximum volume exclusion and hence stabilization of both the proteins more than D70 and F70. As far as shape is concerned, the molecules of dextran have shown greater stabilization of both the proteins than the molecules of ficoll. Ficoll is rigid, compact, and different in shape than dextran, exhibiting a compressed structure and consequently a smaller excluded volume effect than expected [45]. Thus, dextrans might have brought a greater effect on the stability of both the proteins with the ability of excluding more volume as compared to ficoll. The shape of a crowding agent has been supposed to play an essential role in bringing about the changes in excluded volume effects and hence the stabilization of proteins. Some of the properties of dextran, while in solution, are associated with the degree of branching for instance intrinsic viscosity, Stokes radius, and radius of gyration; however, these parameters do not illustrate the type, extent, length, or even the branches’ distribution [80]. A more linear structure is supposed to be found for low molecular mass, since the structure of dextran changes with the molecular size, whereas a structure with more branches can be discovered for a higher molecular mass [81]. Additionally, some studies have controverted the behavior of ficoll as an idealized compact spherical molecule [57,82]. It has been debated that ficoll, when dissolved in body fluids, converts from a hard sphere to a rather deformable molecule as a result of interactions between Na+ ions and weakly charged groups (some of the numerous end groups existing in a highly branched and cross-linked ficoll might have gone through oxidation to form carboxylic acid residues) within the molecule. Subsequently, it has been demonstrated that the ficoll molecule can adsorb Na+ ions (or K+ ions), due to which it takes on the properties of a pseudopolycation [83,84]. Moreover, Wenner et al. [85] proposed that ficoll acts as an open and deformable structure in crowded solutions. Thus, instead of strictly believing ficoll to be a compact sphere, it can also be considered as a slightly deformable sphere.



Radical contributions have been made by Minton in elucidating the significance of crowding in biophysics as he was the first to identify that the thermodynamics of biochemical reactions, association, and folding can be modified by crowding agents [7,11,14,86,87,88]. The non-specific interactions, considered as background interactions by Minton, are the interactions between the macromolecules and their proximate surroundings [89]. These background interactions among the molecules are dependent on their properties like size, shape, and concentration. A system or a cell is said to be crowded when a macromolecule is enclosed by other macromolecules occupying a considerable portion of the available volume [89]. These background interactions substantially decrease the accessible volume in the cell and consequently do not play any role directly in the reaction. Thus, the influence of macromolecular crowding on the stability of protein is best elucidated by the excluded volume effect. The excluded volume to the center of mass of a macromolecule is greatly influenced by the surface to volume ratio, and if the occupied volume by macromolecules is equivalent, then the surface area of macromolecules plays an indispensable part in determining the stability of proteins [2,90]. This volume exclusion phenomenon has been indicated to be the chief performer in stabilizing proteins under a crowded milieu [91,92,93,94,95]. The most fundamental attribute of the excluded volume effect is that all the solute molecules are mutually impenetrable in a system [9,14]. Nonspecific steric repulsion always exists between molecules irrespective of any other repulsive or attractive interactions [9]. Hence, the preferential exclusion of the crowding agents from the protein domain owing to macromolecular crowding leads to stabilization of the native state by transferring the equilibrium, N ↔ D, towards the N state. Thus, when a crowder is present, there is a transformation of denatured molecules into the native molecules since it leads to an increase in Gibbs free energy change related with the denaturation equilibrium [7,96]. There are several studies that provide evidences for the stabilizing nature of macromolecular crowding agents. These studies [26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,54,76,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115] have shown that macromolecular crowding enhances the thermodynamic stability of proteins. Any reaction bringing about a change in volume is affected by macromolecular crowding owing to excluded volume effects [116,117]. It has been suggested by Zhou and Cheung et al. [28,118] that crowding provides a stabilizing effect indirectly to the folded states of proteins as a result of the destabilization of the extended and unfolded states. It was also observed that crowding agents raise the thermodynamic stability of both the proteins without causing much change to their enthalpy of unfolding or we can suggest that crowding-induced stabilization of proteins is entropic in nature. The entropically driven stabilization of the folded state in the presence of the crowding environment [27,28,86,119] has been firmly recognized in several theoretical studies. It has been found that the values of ∆Cp of both the proteins are independent of the concentrations of the crowders, causing no change in ∆Cp upon transporting it from water to the solution of crowders (see Table 1, Tables S1–S3 for α-LA and Table 2 and Table S4 for lysozyme). It is assumed that the ∆Cp of a protein is associated to the alterations in the polar as well as the nonpolar accessible surface areas when protein denaturation takes place [120]. Thus, no change in ∆Cp denotes that polar and nonpolar involvements of ∆Cp stay either unaltered or altered in such a way that they bring about no modification in the monitored heat capacity change of both the proteins [54].



Furthermore, in order to validate the second assumption, we monitored the far- and near-UV CD spectra of the N and D state of both the proteins in the absence and presence of different crowding agents (see Figure 5 and Figure 6). It was observed that crowding agents do not affect the native as well as denatured states of secondary and tertiary structures of α-LA and lysozyme. Several studies have been reported, revealing that crowding conditions do not cause any significant perturbations in the native [37,40,47,121,122] and denatured states [37] of the structure of proteins, supporting our assumption. However, a few studies have also reported that some of the crowding agents cause changes in the structure of proteins [29,30,46,103]. Thus, this led to an assumption that changes in the structural contents of proteins in the macromolecular crowding environment can be protein specific.



In our previous study [54], we demonstrated the effect of different concentrations of two crowding agents of different shapes but similar sizes (F70 and D70) on the functional activity of lysozyme, showing that the excluded volume effect plays a substantial role in altering the functional activity of the protein. Thus, we further carried out the same experiments in the presence of D40 in order to examine the consequence of the different sizes of a crowder on the kinetic parameters (Km and kcat) of lysozyme. It was observed that the values of Km and kcat of lysozyme decrease with the increasing concentration of each crowding agent [54], but the effect is more noticeable in the case of D40 followed by D70 and then F70. The crowders may have a larger influence on the encounter rates or diffusion of the enzyme and substrate owing to the volume exclusion and a rise in the solution viscosity that will eventually lead to reduced rates of molecular diffusion and hence enzymatic activity [41,90]. As explained in our previous work [54], the decrease in Km of lysozyme could be an increment in the chemical activity of small substrate molecules in a highly non-ideal crowded condition, or when there is a rise in the ratio of activity coefficients between the enzyme and the enzyme–substrate complex [41,53,101,123,124]. Additionally, the crowding-induced alterations of the surroundings of an enzyme lead to conformational changes of an enzyme active site, which eventually results in a reduction in the values of Vmax, thereby affecting the values of kcat [12,50,90,101,123,124,125]. Our results are in accord with most of the studies done on the effect of macromolecular crowding on enzymatic reactions [12,41,43,85,90,101,123,124,126,127]. Although crowding led to a decrease in the kinetic parameters of lysozyme, D40, among the three crowders, due to its low average molecular mass and hence a large number of molecules (on the mass/volume scale), this lead to the highest packing and a greater excluded volume effect. In addition, the behavior of kcat dependency and Km independency on the type of crowder could be credited to the dissimilarities in their shapes [54] but not size (see Figure 7). Moreover, the discrepancy in the conduct of kcat in the presence of dextrans in comparison to ficoll with the increase in their concentrations can also be accredited to the disparities in their viscosities. The greater viscosity of dextrans [128] than ficoll [129,130,131] can possibly explain the behavior of kcat. Thus, based on the consequences achieved from our previous [54] and present experiments, we can assume that both the shape and size of a crowder play a vital role in altering the functional activity of a protein. In other words, the enzymatic reaction rate is significantly influenced by the contribution of the architecture of the crowder.




5. Conclusions


The study revealed that macromolecular crowding stabilizes α-LA and lysozyme, and D40 is a better protein stabilizer than F70 and D70. On the mass/volume scale, D40 has more molecules than D70, which results in maximum packing and hence the highest excluded volume. The crowding-induced stabilization of proteins is entropic in nature and displays pH-dependence. Moreover, the functional activity of lysozyme declines with the rising concentration of the crowding agents. Hence, the size and shape of the crowders were found to play a substantial role in influencing the biophysical properties of a protein in an intracellular environment. Thus, in order to attain a generalized interpretation of the biological processes in vivo, it is essential that the biological properties and processes in the presence of different degrees of crowdedness are examined. The effect of these different levels of crowdedness on protein stability and proteins’ biophysical properties can vary considerably with time and such variation may play a significant role in protein aggregation-related diseases, like Parkinson’s and Alzheimer’s disease. Since different osmolytes have functional and structural consequences on IDPs, they may assist in enhancing the disease pathology of various human diseases (such as amyloidosis, neurodegeneration, cancer, and diabetes), with the aggregation of IDPs as the common hallmark [55]. Hence, the crowders (polymers of sugar osmolytes) used in our study may have clinical implications for diseases including IDPs.
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	GdmCl,
	guanidinium chloride;



	UV,
	ultra-violet;



	CD,
	circular dichroism;



	Tm,
	midpoint of thermal denaturation;



	ΔHm,
	enthalpy change at Tm;



	ΔCp,
	constant-pressure heat capacity change;



	∆GD°,
	Gibbs free energy change at 25 °C;



	Km,
	Michaelis constant;



	kcat,
	catalytic constant;



	F70,
	Ficoll 70;



	D70,
	Dextran 70;



	D40,
	Dextran 40.







References


	



Fulton, A. How crowded is the cytoplasm? Cell 1982, 30, 345–347. [Google Scholar] [CrossRef]

	



Minton, A.P. The effect of volume occupancy upon the thermodynamic activity of proteins: Some biochemical consequences. Mol. Cell Biochem. 1983, 55, 119–140. [Google Scholar] [CrossRef] [PubMed]

	



Zimmerman, S.B.; Trach, S.O. Estimation of macromolecule concentrations and excluded volume effects for the cytoplasm of Escherichia coli. J. Mol. Biol. 1991, 222, 599–620. [Google Scholar] [CrossRef]

	



Medalia, O.; Weber, I.; Frangakis, A.S.; Nicastro, D.; Gerisch, G.; Baumeister, W. Macromolecular Architecture in Eukaryotic Cells Visualized by Cryoelectron Tomography. Science 2002, 298, 1209–1213. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, R.J.; Minton, A.P. Cell biology: Join the crowd. Nature 2003, 425, 27–28. [Google Scholar] [CrossRef] [PubMed]

	



Rivas, G.; Ferrone, F.; Herzfeld, J. Life in a crowded world. EMBO Rep. 2004, 5, 23–27. [Google Scholar] [CrossRef] [PubMed]

	



Minton, A.P. Excluded volume as a determinant of macromolecular structure and reactivity. Biopolymers 1981, 20, 2093–2120. [Google Scholar] [CrossRef]

	



Zimmerman, S.B.; Minton, A.P. Macromolecular crowding: Biochemical, biophysical, and physiological consequences. Annu. Rev. Biophys. Biomol. Struct. 1993, 22, 27–65. [Google Scholar] [CrossRef]

	



Ellis, R.J. Macromolecular crowding: An important but neglected aspect of the intracellular environment. Curr. Opin. Struct. Biol. 2001, 11, 114–119. [Google Scholar] [CrossRef]

	



Ellis, R.J. Macromolecular crowding: Obvious but underappreciated. Trends Biochem. Sci. 2001, 26, 597–604. [Google Scholar] [CrossRef]

	



Zhou, H.-X.; Rivas, G.; Minton, A.P. Macromolecular Crowding and Confinement: Biochemical, Biophysical, and Potential Physiological Consequences. Annu. Rev. Biophys. 2008, 37, 375–397. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Guo, Z. Effects of macromolecular crowding on the intrinsic catalytic efficiency and structure of enterobactin-specific isochorismate synthase. J. Am. Chem. Soc. 2007, 129, 730–731. [Google Scholar] [CrossRef] [PubMed]

	



Goodsell, D.S. Inside a living cell. Trends Biochem. Sci. 1991, 16, 203–206. [Google Scholar] [CrossRef]

	



Minton, A.P. The influence of macromolecular crowding and macromolecular confinement on biochemical reactions in physiological media. J. Biol. Chem. 2001, 276, 10577–10580. [Google Scholar] [CrossRef] [PubMed]

	



Chebotareva, N.A.; Kurganov, B.I.; Livanova, N.B. Biochemical effects of molecular crowding. Biochemistry 2004, 69, 1239–1251. [Google Scholar] [CrossRef] [PubMed]

	



Samiotakis, A.; Wittung-Stafshede, P.; Cheung, M.S. Folding, stability and shape of proteins in crowded environments: Experimental and computational approaches. Int. J. Mol. Sci. 2009, 10, 572–588. [Google Scholar] [CrossRef]

	



Christiansen, A.; Wang, Q.; Cheung, M.S.; Wittung-Stafshede, P. Effects of macromolecular crowding agents on protein folding in vitro and in silico. Biophys. Rev. 2013, 5, 137–145. [Google Scholar] [CrossRef] [PubMed]

	



Kuznetsova, I.; Turoverov, K.; Uversky, V. What Macromolecular Crowding Can Do to a Protein. Int. J. Mol. Sci. 2014, 15, 23090. [Google Scholar] [CrossRef]

	



Kuznetsova, I.; Zaslavsky, B.; Breydo, L.; Turoverov, K.; Uversky, V. Beyond the Excluded Volume Effects: Mechanistic Complexity of the Crowded Milieu. Molecules 2015, 20, 1377. [Google Scholar] [CrossRef]

	



Parray, Z.A.; Shahid, S.; Ahmad, F.; Hassan, M.I.; Islam, A. Characterization of intermediate state of myoglobin in the presence of PEG 10 under physiological conditions. Int. J. Biol. Macromol. 2017, 99, 241–248. [Google Scholar] [CrossRef]

	



Nasreen, K.; Ahamad, S.; Ahmad, F.; Hassan, M.I.; Islam, A. Macromolecular crowding induces molten globule state in the native myoglobin at physiological pH. Int. J. Biol. Macromol. 2018, 106, 130–139. [Google Scholar] [CrossRef] [PubMed]

	



Beg, I.; Minton, A.P.; Hassan, M.I.; Islam, A.; Ahmad, F. Thermal Stabilization of Proteins by Mono- and Oligosaccharides: Measurement and Analysis in the Context of an Excluded Volume Model. Biochemistry 2015, 54, 3594–3603. [Google Scholar] [CrossRef] [PubMed]

	



Ishrat, M.; Imtaiyaz Hassan, M.; Ahmad, F.; Moosavi-Movahedi, A.A.; Islam, A. Effect of dextran on the thermodynamic stability and structure of ribonuclease A. J. Iran. Chem. Soc. 2016, 13, 181–189. [Google Scholar] [CrossRef]

	



Ishrat, M.; Hassan, M.I.; Ahmad, F.; Islam, A. Sugar osmolytes-induced stabilization of RNase A in macromolecular crowded cellular environment. Int. J. Biol. Macromol. 2018, 115, 349–357. [Google Scholar] [CrossRef]

	



Beg, I.; Minton, A.P.; Islam, A.; Hassan, M.I.; Ahmad, F. Comparison of the thermal stabilization of proteins by oligosaccharides and monosaccharide mixtures: Measurement and analysis in the context of excluded volume theory. Biophys. Chem. 2018, 237, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Tellam, R.L.; Sculley, M.J.; Nichol, L.W.; Wills, P.R. The influence of poly(ethylene glycol) 6000 on the properties of skeletal-muscle actin. Biochem. J. 1983, 213, 651–659. [Google Scholar] [CrossRef]

	



Sasahara, K.; McPhie, P.; Minton, A.P. Effect of dextran on protein stability and conformation attributed to macromolecular crowding. J. Mol. Biol. 2003, 326, 1227–1237. [Google Scholar] [CrossRef]

	



Cheung, M.S.; Klimov, D.; Thirumalai, D. Molecular crowding enhances native state stability and refolding rates of globular proteins. Proc. Natl. Acad. Sci. USA 2005, 102, 4753–4758. [Google Scholar] [CrossRef]

	



Stagg, L.; Zhang, S.Q.; Cheung, M.S.; Wittung-Stafshede, P. Molecular crowding enhances native structure and stability of alpha/beta protein flavodoxin. Proc. Natl. Acad. Sci. USA 2007, 104, 18976–18981. [Google Scholar] [CrossRef]

	



Perham, M.; Stagg, L.; Wittung-Stafshede, P. Macromolecular crowding increases structural content of folded proteins. FEBS Lett. 2007, 581, 5065–5069. [Google Scholar] [CrossRef]

	



Homouz, D.; Perham, M.; Samiotakis, A.; Cheung, M.S.; Wittung-Stafshede, P. Crowded, cell-like environment induces shape changes in aspherical protein. Proc. Natl. Acad. Sci. USA 2008, 105, 11754–11759. [Google Scholar] [CrossRef] [PubMed]

	



Homouz, D.; Stagg, L.; Wittung-Stafshede, P.; Cheung, M.S. Macromolecular crowding modulates folding mechanism of alpha/beta protein apoflavodoxin. Biophys. J. 2009, 96, 671–680. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, S.; Waegele, M.M.; Chowdhury, P.; Guo, L.; Gai, F. Effect of Macromolecular Crowding on Protein Folding Dynamics at the Secondary Structure Level. J. Mol. Biol. 2009, 393, 227–236. [Google Scholar] [CrossRef] [PubMed]

	



Christiansen, A.; Wang, Q.; Samiotakis, A.; Cheung, M.S.; Wittung-Stafshede, P. Factors defining effects of macromolecular crowding on protein stability: An in vitro/in silico case study using cytochrome c. Biochemistry 2010, 49, 6519–6530. [Google Scholar] [CrossRef] [PubMed]

	



Christiansen, A.; Wittung-Stafshede, P. Quantification of excluded volume effects on the folding landscape of Pseudomonas aeruginosa apoazurin in vitro. Biophys. J. 2013, 105, 1689–1699. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.L.; Wu, L.J.; Chen, J.; Liang, Y. Effects of macromolecular crowding on the structural stability of human alpha-lactalbumin. Acta Biochim. Biophys. Sin. 2012, 44, 703–711. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, S.; Singh, L.R. Denatured state structural property determines protein stabilization by macromolecular crowding: A thermodynamic and structural approach. PLoS ONE 2013, 8, e78936. [Google Scholar] [CrossRef] [PubMed]

	



Aden, J.; Wittung-Stafshede, P. Folding of an unfolded protein by macromolecular crowding in vitro. Biochemistry 2014, 53, 2271–2277. [Google Scholar] [CrossRef] [PubMed]

	



Senske, M.; Törk, L.; Born, B.; Havenith, M.; Herrmann, C.; Ebbinghaus, S. Protein Stabilization by Macromolecular Crowding through Enthalpy Rather Than Entropy. J. Am. Chem. Soc. 2014, 136, 9036–9041. [Google Scholar] [CrossRef]

	



Sharma, G.S.; Mittal, S.; Singh, L.R. Effect of Dextran 70 on the thermodynamic and structural properties of proteins. Int. J. Biol. Macromol. 2015, 79, 86–94. [Google Scholar] [CrossRef]

	



Laurent, T.C. Enzyme reactions in polymer media. Eur. J. Biochem. 1971, 21, 498–506. [Google Scholar] [CrossRef] [PubMed]

	



Gellerich, F.N.; Laterveer, F.D.; Korzeniewski, B.; Zierz, S.; Nicolay, K. Dextran strongly increases the Michaelis constants of oxidative phosphorylation and of mitochondrial creatine kinase in heart mitochondria. Eur. J. Biochem. 1998, 254, 172–180. [Google Scholar] [CrossRef] [PubMed]

	



Derham, B.K.; Harding, J.J. The effect of the presence of globular proteins and elongated polymers on enzyme activity. Biochim. Biophys. Acta Proteins Proteom. 2006, 1764, 1000–1006. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.X. Protein folding in confined and crowded environments. Arch Biochem. Biophys. 2008, 469, 76–82. [Google Scholar] [CrossRef] [PubMed]

	



Homchaudhuri, L.; Sarma, N.; Swaminathan, R. Effect of crowding by dextrans and Ficolls on the rate of alkaline phosphatase-catalyzed hydrolysis: A size-dependent investigation. Biopolymers 2006, 83, 477–486. [Google Scholar] [CrossRef] [PubMed]

	



Dhar, A.; Samiotakis, A.; Ebbinghaus, S.; Nienhaus, L.; Homouz, D.; Gruebele, M.; Cheung, M.S. Structure, function, and folding of phosphoglycerate kinase are strongly perturbed by macromolecular crowding. Proc. Natl. Acad. Sci. USA 2010, 107, 17586–17591. [Google Scholar] [CrossRef] [PubMed]

	



Pozdnyakova, I.; Wittung-Stafshede, P. Non-linear effects of macromolecular crowding on enzymatic activity of multi-copper oxidase. Biochim. Biophys. Acta 2010, 1804, 740–744. [Google Scholar] [CrossRef]

	



Norris, M.G.S.; Malys, N. What is the true enzyme kinetics in the biological system? An investigation of macromolecular crowding effect upon enzyme kinetics of glucose-6-phosphate dehydrogenase. Biochem. Biophys. Res. Commun. 2011, 405, 388–392. [Google Scholar] [CrossRef]

	



Vopel, T.; Makhatadze, G.I. Enzyme activity in the crowded milieu. PLoS ONE 2012, 7, e39418. [Google Scholar] [CrossRef]

	



Pastor, I.; Pitulice, L.; Balcells, C.; Vilaseca, E.; Madurga, S.; Isvoran, A.; Cascante, M.; Mas, F. Effect of crowding by Dextrans in enzymatic reactions. Biophys. Chem. 2014, 185, 8–13. [Google Scholar] [CrossRef]

	



Poggi, C.G.; Slade, K.M. Macromolecular crowding and the steady-state kinetics of malate dehydrogenase. Biochemistry 2015, 54, 260–267. [Google Scholar] [CrossRef] [PubMed]

	



Balcells, C.; Pastor, I.; Vilaseca, E.; Madurga, S.; Cascante, M.; Mas, F. Macromolecular Crowding Effect upon in Vitro Enzyme Kinetics: Mixed Activation–Diffusion Control of the Oxidation of NADH by Pyruvate Catalyzed by Lactate Dehydrogenase. J. Phys. Chem. B 2014, 118, 4062–4068. [Google Scholar] [CrossRef] [PubMed]

	



Pitulice, L.; Pastor, I.; Vilaseca, E.; Madurga, S.; Isvoran, A.; Cascante, M.; Mas, F. Influence of macromolecular crowding on the oxidation of ABTS by hydrogen peroxide catalyzed by HRP. J. Biocatal. Biotransform. 2013, 2. [Google Scholar]

	



Shahid, S.; Ahmad, F.; Hassan, M.I.; Islam, A. Relationship between protein stability and functional activity in the presence of macromolecular crowding agents alone and in mixture: An insight into stability-activity trade-off. Arch. Biochem. Biophys. 2015, 584, 42–50. [Google Scholar] [CrossRef] [PubMed]

	



Bhat, M.Y.; Singh, L.R.; Dar, T.A. Trimethylamine N-oxide abolishes the chaperone activity of α-casein: An intrinsically disordered protein. Sci. Rep. 2017, 7, 6572. [Google Scholar] [CrossRef] [PubMed]

	



Luby-Phelps, K.; Castle, P.E.; Taylor, D.L.; Lanni, F. Hindered diffusion of inert tracer particles in the cytoplasm of mouse 3T3 cells. Proc. Natl. Acad. Sci. USA 1987, 84, 4910–4913. [Google Scholar] [CrossRef] [PubMed]

	



Venturoli, D.; Rippe, B. Ficoll and dextran vs. globular proteins as probes for testing glomerular permselectivity: Effects of molecular size, shape, charge, and deformability. Am. J. Physiol.-Ren. Physiol. 2005, 288, F605–F613. [Google Scholar] [CrossRef] [PubMed]

	



Dumitriu, S. Polysaccharides: Structural Diversity and Functional Versatility, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2004; ISBN 9781420030822. Available online: https://books.google.co.in/books?id=kvUTPxPbkowC (accessed on 31 July 2019).

	



Fodeke, A.A.; Minton, A.P. Quantitative Characterization of Polymer−Polymer, Protein−Protein, and Polymer−Protein Interaction via Tracer Sedimentation Equilibrium. J. Phys. Chem. B 2010, 114, 10876–10880. [Google Scholar] [CrossRef] [PubMed]

	



Bohrer, M.P.; Patterson, G.D.; Carroll, P.J. Hindered diffusion of dextran and ficoll in microporous membranes. Macromolecules 1984, 17, 1170–1173. [Google Scholar] [CrossRef]

	



Davidson, M.G.; Deen, W.M. Hindered diffusion of water-soluble macromolecules in membranes. Macromolecules 1988, 21, 3474–3481. [Google Scholar] [CrossRef]

	



Granath, K.A. Solution properties of branched dextrans. J. Colloid Sci. 1958, 13, 308–328. [Google Scholar] [CrossRef]

	



Hamaguchi, K.; Kurono, A. Structure of Muramidase (Lysozyme) I. The Effect of Guanidine Hydrochloride on Muramidase. J. Biochem. 1963, 54, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Sugai, S.; Yashiro, H.; Nitta, K. Equilibrium and kinetics of the unfolding of α-lactalbumin by guanidine hydrochloride. Biochim. Biophys. Acta Protein Struct. 1973, 328, 35–41. [Google Scholar] [CrossRef]

	



Nozaki, Y. The preparation of guanidine hydrochloride. Methods Enzym. 1972, 26, 43–50. [Google Scholar]

	



Fissell, W.H.; Hofmann, C.L.; Smith, R.; Chen, M.H. Size and conformation of Ficoll as determined by size-exclusion chromatography followed by multiangle light scattering. Am. J. Physiol. Ren. Physiol. 2010, 298, F205–F208. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, G. A Guide to Multi-Detector Gel Permeation Chromatography. 2012. Available online: https://www.agilent.com/cs/library/primers/Public/5990-7196EN.pdf (accessed on 31 July 2019).

	



Sinha, A.; Yadav, S.; Ahmad, R.; Ahmad, F. A possible origin of differences between calorimetric and equilibrium estimates of stability parameters of proteins. Biochem. J. 2000, 345, 711–717. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, S.; Ahmad, F. A New Method for the Determination of Stability Parameters of Proteins from Their Heat-Induced Denaturation Curves. Anal. Biochem. 2000, 283, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Becktel, W.J.; Schellman, J.A. Protein stability curves. Biopolymers 1987, 26, 1859–1877. [Google Scholar] [CrossRef] [PubMed]

	



Maurel, P.; Douzou, P. Catalytic implications of electrostatic potentials: The lytic activity of lysozymes as a model. J. Mol. Biol. 1976, 102, 253–264. [Google Scholar] [CrossRef]

	



Cell separation, Amersham Biosciences AB 2001. Available online: https://somapps.med.upenn.edu/pbr/portal/immune/Ficcoll_info.pdf (accessed on 31 July 2019).

	



Singh, R.; Haque, I.; Ahmad, F. Counteracting Osmolyte Trimethylamine N-Oxide Destabilizes Proteins at pH below Its pKa: Measurements of Thermodynamic Parameters of Proteins In The Presence And Absence Of Trimethylamine N-Oxide. J. Biol. Chem. 2005, 280, 11035–11042. [Google Scholar] [CrossRef] [PubMed]

	



Privalov, P.L. Stability of proteins: Small globular proteins. Adv. Protein Chem. 1979, 33, 167–241. [Google Scholar] [PubMed]

	



Pfeil, W.; Sadowski, M.L. A scanning calorimetric study of bovine and human apo-a-lactalbumin. Stud. Biophys 1985, 109, 163–170. [Google Scholar]

	



Kuhnert, D.C.; Gildenhuys, S.; Dirr, H.W. Effect of macromolecular crowding on the stability of monomeric glutaredoxin 2 and dimeric glutathione transferase A1-1. S. Afr. J. Sci. 2008, 104, 76–80. [Google Scholar]

	



Beg, I.; Minton, A.P.; Islam, A.; Hassan, M.I.; Ahmad, F. The pH Dependence of Saccharides’ Influence on Thermal Denaturation of Two Model Proteins Supports an Excluded Volume Model for Stabilization Generalized to Allow for Intramolecular Electrostatic Interactions. J. Biol. Chem. 2017, 292, 505–511. [Google Scholar] [CrossRef] [PubMed]

	



Xie, G.; Timasheff, S.N. Mechanism of the stabilization of ribonuclease A by sorbitol: Preferential hydration is greater for the denatured then for the native protein. Protein Sci. A Publ. Protein Soc. 1997, 6, 211–221. [Google Scholar] [CrossRef] [PubMed]

	



Cremades, N.; Sancho, J. Molten Globule and Native State Ensemble of Helicobacter pylori Flavodoxin: Can Crowding, Osmolytes or Cofactors Stabilize the Native Conformation Relative to the Molten Globule? Biophys. J. 2008, 95, 1913–1927. [Google Scholar] [CrossRef] [PubMed]

	



Garg, S.K.; Stivala, S.S. Assessment of branching in polymers from small angle X-ray scattering (SAXS): SAXS from model comb-branched polystyrenes. Polymer 1982, 23, 514–520. [Google Scholar] [CrossRef]

	



Smit, J.A.M.; Van Dijk, J.A.P.P.; Mennen, M.G.; Daoud, M. Polymer size exponents of branched dextrans. Macromolecules 1992, 25, 3585–3590. [Google Scholar] [CrossRef]

	



Fissell, W.H.; Manley, S.; Dubnisheva, A.; Glass, J.; Magistrelli, J.; Eldridge, A.N.; Fleischman, A.J.; Zydney, A.L.; Roy, S. Ficoll is not a rigid sphere. Am. J. Physiol. Ren. Physiol. 2007, 293, F1209–F1213. [Google Scholar] [CrossRef]

	



Shah, G.; Dubin, P.L. Adsorptive interaction of Ficoll standards with porous glass size-exclusion chromatography columns. J. Chromatogr. A 1995, 693, 197–203. [Google Scholar] [CrossRef]

	



Wang, Y.; Dubin, P.L. Observation of Ficoll charge using size-exclusion chromatography. J. Chromatogr. A 1998, 800, 181–185. [Google Scholar] [CrossRef]

	



Wenner, J.R.; Bloomfield, V.A. Crowding effects on EcoRV kinetics and binding. Biophys. J. 1999, 77, 3234–3241. [Google Scholar] [CrossRef]

	



Minton, A.P. Models for Excluded Volume Interaction between an Unfolded Protein and Rigid Macromolecular Cosolutes: Macromolecular Crowding and Protein Stability Revisited. Biophys. J. 2005, 88, 971–985. [Google Scholar] [CrossRef]

	



Hall, D.; Minton, A.P. Macromolecular crowding: Qualitative and semiquantitative successes, quantitative challenges. Biochim. Biophys. Acta Proteins Proteom. 2003, 1649, 127–139. [Google Scholar] [CrossRef]

	



Rivas, G.; Minton, A.P. Toward an understanding of biochemical equilibria within living cells. Biophys. Rev. 2017. [Google Scholar] [CrossRef]

	



Minton, A.P. How can biochemical reactions within cells differ from those in test tubes? J. Cell Sci. 2006, 119, 2863–2869. [Google Scholar] [CrossRef]

	



Minton, A.P.; Wilf, J. Effect of macromolecular crowding upon the structure and function of an enzyme: Glyceraldehyde-3-phosphate dehydrogenase. Biochemistry 1981, 20, 4821–4826. [Google Scholar] [CrossRef]

	



Minton, A.P. Influence of excluded volume upon macromolecular structure and associations in ‘crowded” media. Curr. Opin. Biotechnol. 1997, 8, 65–69. [Google Scholar] [CrossRef]

	



Ralston, G.B. Effects of “crowding” in protein solutions. J. Chem. Educ. 1990, 67, 857. [Google Scholar] [CrossRef]

	



Minton, A.P. Influence of macromolecular crowding upon the stability and state of association of proteins: Predictions and observations. J. Pharm. Sci. 2005, 94, 1668–1675. [Google Scholar] [CrossRef]

	



Minton, A.P. Macromolecular crowding. Curr. Biol. 2006, 16, R269–R271. [Google Scholar] [CrossRef]

	



Rivas, G.; Minton, A.P. Macromolecular Crowding In Vitro, In Vivo, and In Between. Trends Biochem. Sci. 2016, 41, 970–981. [Google Scholar] [CrossRef]

	



Minton, A.P. Effect of a Concentrated “Inert” Macromolecular Cosolute on the Stability of a Globular Protein with Respect to Denaturation by Heat and by Chaotropes: A Statistical-Thermodynamic Model. Biophys. J. 2000, 78, 101–109. [Google Scholar] [CrossRef]

	



Benton, L.A.; Smith, A.E.; Young, G.B.; Pielak, G.J. Unexpected effects of macromolecular crowding on protein stability. Biochemistry 2012, 51, 9773–9775. [Google Scholar] [CrossRef]

	



Mikaelsson, T.; Aden, J.; Johansson, L.B.; Wittung-Stafshede, P. Direct observation of protein unfolded state compaction in the presence of macromolecular crowding. Biophys. J. 2013, 104, 694–704. [Google Scholar] [CrossRef]

	



Kulothungan, S.R.; Das, M.; Johnson, M.; Ganesh, C.; Varadarajan, R. Effect of crowding agents, signal peptide, and chaperone SecB on the folding and aggregation of E. coli maltose binding protein. Langmuir 2009, 25, 6637–6648. [Google Scholar] [CrossRef]

	



Spencer, D.S.; Xu, K.; Logan, T.M.; Zhou, H.X. Effects of pH, salt, and macromolecular crowding on the stability of FK506-binding protein: An integrated experimental and theoretical study. J. Mol. Biol. 2005, 351, 219–232. [Google Scholar] [CrossRef]

	



Sasaki, Y.; Miyoshi, D.; Sugimoto, N. Regulation of DNA nucleases by molecular crowding. Nucleic Acids Res. 2007, 35, 4086–4093. [Google Scholar] [CrossRef]

	



Hong, J.; Gierasch, L.M. Macromolecular crowding remodels the energy landscape of a protein by favoring a more compact unfolded state. J. Am. Chem. Soc. 2010, 132, 10445–10452. [Google Scholar] [CrossRef]

	



Engel, R.; Westphal, A.H.; Huberts, D.H.; Nabuurs, S.M.; Lindhoud, S.; Visser, A.J.; van Mierlo, C.P. Macromolecular crowding compacts unfolded apoflavodoxin and causes severe aggregation of the off-pathway intermediate during apoflavodoxin folding. J. Biol. Chem. 2008, 283, 27383–27394. [Google Scholar] [CrossRef]

	



Aguilar, X.; Weise, C.F.; Sparrman, T.; Wolf-Watz, M.; Wittung-Stafshede, P. Macromolecular crowding extended to a heptameric system: The Co-chaperonin protein 10. Biochemistry 2011, 50, 3034–3044. [Google Scholar] [CrossRef]

	



Ai, X.; Zhou, Z.; Bai, Y.; Choy, W.Y. 15N NMR spin relaxation dispersion study of the molecular crowding effects on protein folding under native conditions. J. Am. Chem. Soc. 2006, 128, 3916–3917. [Google Scholar] [CrossRef]

	



Wang, Y.; He, H.; Li, S. Effect of Ficoll 70 on thermal stability and structure of creatine kinase. Biochemistry 2010, 75, 648–654. [Google Scholar] [CrossRef]

	



Wang, Q.; Christiansen, A.; Samiotakis, A.; Wittung-Stafshede, P.; Cheung, M.S. Comparison of chemical and thermal protein denaturation by combination of computational and experimental approaches. II. J. Chem. Phys. 2011, 135, 175102. [Google Scholar] [CrossRef]

	



Wang, Y.; Sarkar, M.; Smith, A.E.; Krois, A.S.; Pielak, G.J. Macromolecular crowding and protein stability. J. Am. Chem. Soc. 2012, 134, 16614–16618. [Google Scholar] [CrossRef]

	



Stepanenko, O.V.; Povarova, O.I.; Sulatskaya, A.I.; Ferreira, L.A.; Zaslavsky, B.Y.; Kuznetsova, I.M.; Turoverov, K.K.; Uversky, V.N. Protein unfolding in crowded milieu: What crowding can do to a protein undergoing unfolding? J. Biomol. Struct. Dyn. 2015, 1–16. [Google Scholar] [CrossRef]

	



Paul, S.S.; Sil, P.; Chakraborty, R.; Haldar, S.; Chattopadhyay, K. Molecular Crowding Affects the Conformational Fluctuations, Peroxidase Activity, and Folding Landscape of Yeast Cytochrome c. Biochemistry 2016. [Google Scholar] [CrossRef]

	



Ping, G.; Yuan, J.-M.; Sun, Z.; Wei, Y. Studies of effects of macromolecular crowding and confinement on protein folding and protein stability. J. Mol. Recognit. 2004, 17, 433–440. [Google Scholar] [CrossRef]

	



Pioselli, B.; Bettati, S.; Mozzarelli, A. Confinement and crowding effects on tryptophan synthase α2β2 complex. FEBS Lett. 2005, 579, 2197–2202. [Google Scholar] [CrossRef]

	



Qin, S.; Zhou, H.-X. Atomistic Modeling of Macromolecular Crowding Predicts Modest Increases in Protein Folding and Binding Stability. Biophys. J. 2009, 97, 12–19. [Google Scholar] [CrossRef]

	



Ren, G.; Lin, Z.; Tsou, C.-l.; Wang, C.-c. Effects of Macromolecular Crowding on the Unfolding and the Refolding of d-Glyceraldehyde-3-Phosophospate Dehydrogenase. J. Protein Chem. 2003, 22, 431–439. [Google Scholar] [CrossRef] [PubMed]

	



Sanfelice, D.; Temussi, P.A. Cold denaturation as a tool to measure protein stability. Biophys. Chem. 2016, 208, 4–8. [Google Scholar] [CrossRef] [PubMed]

	



Laurent, T.C. The interaction between polysaccharides and other macromolecules. 5. The solubility of proteins in the presence of dextran. Biochem. J. 1963, 89, 253–257. [Google Scholar] [CrossRef] [PubMed]

	



Laurent, T.C.; Ogston, A.G. The interaction between polysaccharides and other macromolecules. 4. The osmotic pressure of mixtures of serum albumin and hyaluronic acid. Biochem. J. 1963, 89, 249–253. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.-X. Loops, Linkages, Rings, Catenanes, Cages, and Crowders:  Entropy-Based Strategies for Stabilizing Proteins. Acc. Chem. Res. 2004, 37, 123–130. [Google Scholar] [CrossRef]

	



Kaur, T.; Alshareedah, I.; Wang, W.; Ngo, J.; Moosa, M.M.; Banerjee, P.R. Molecular Crowding Tunes Material States of Ribonucleoprotein Condensates. Biomolecules 2019, 9, 71. [Google Scholar] [CrossRef] [PubMed]

	



Plaza del Pino, I.M.; Sanchez-Ruiz, J.M. An osmolyte effect on the heat capacity change for protein folding. Biochemistry 1995, 34, 8621–8630. [Google Scholar] [CrossRef]

	



Yuan, J.-M.; Chyan, C.-L.; Zhou, H.-X.; Chung, T.-Y.; Peng, H.; Ping, G.; Yang, G. The effects of macromolecular crowding on the mechanical stability of protein molecules. Protein Sci. A Publ. Protein Soc. 2008, 17, 2156–2166. [Google Scholar] [CrossRef]

	



Tokuriki, N.; Kinjo, M.; Negi, S.; Hoshino, M.; Goto, Y.; Urabe, I.; Yomo, T. Protein folding by the effects of macromolecular crowding. Protein Sci. A Publ. Protein Soc. 2004, 13, 125–133. [Google Scholar] [CrossRef]

	



Olsen, S.N. Applications of isothermal titration calorimetry to measure enzyme kinetics and activity in complex solutions. Thermochim. Acta 2006, 448, 12–18. [Google Scholar] [CrossRef]

	



Olsen, S.N.; RamLov, H.; Westh, P. Effects of osmolytes on hexokinase kinetics combined with macromolecular crowding: Test of the osmolyte compatibility hypothesis towards crowded systems. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2007, 148, 339–345. [Google Scholar] [CrossRef]

	



Pastor, I.; Vilaseca, E.; Madurga, S.; Garcés, J.L.; Cascante, M.; Mas, F. Effect of Crowding by Dextrans on the Hydrolysis of N-Succinyl-l-phenyl-Ala-p-nitroanilide Catalyzed by α-Chymotrypsin. J. Phys. Chem. B 2011, 115, 1115–1121. [Google Scholar] [CrossRef] [PubMed]

	



Morán-Zorzano, M.T.; Viale, A.M.; Muñoz, F.J.; Alonso-Casajús, N.; Eydallín, G.G.; Zugasti, B.; Baroja-Fernández, E.; Pozueta-Romero, J. Escherichia coli AspP activity is enhanced by macromolecular crowding and by both glucose-1,6-bisphosphate and nucleotide-sugars. FEBS Lett. 2007, 581, 1035–1040. [Google Scholar] [CrossRef] [PubMed]

	



Asaad, N.; Engberts, J.B.F.N. Cytosol-Mimetic Chemistry:  Kinetics of the Trypsin-Catalyzed Hydrolysis of p-Nitrophenyl Acetate upon Addition of Polyethylene Glycol and N-tert-Butyl Acetoacetamide. J. Am. Chem. Soc. 2003, 125, 6874–6875. [Google Scholar] [CrossRef]

	



Masuelli, M.A. Dextrans in Aqueous Solution. Experimental Review on Intrinsic Viscosity Measurements and Temperature Effect. J. Polym. Biopolym. Phys. Chem. 2013, 1, 13–21. [Google Scholar]

	



Christiansen, A. Effects of Macromolecular Crowding on Protein Folding. In-Vitro Equilibrium and Kinetic Studies on Selected Model Systems. 2013. Available online: https://www.diva-portal.org/smash/get/diva2:665133/FULLTEXT01.pdf (accessed on 31 July 2019).

	



Uversky, V.N.; E, M.C.; Bower, K.S.; Li, J.; Fink, A.L. Accelerated alpha-synuclein fibrillation in crowded milieu. Febs Lett 2002, 515, 99–103. [Google Scholar] [CrossRef]

	



Munishkina, L.A.; Cooper, E.M.; Uversky, V.N.; Fink, A.L. The effect of macromolecular crowding on protein aggregation and amyloid fibril formation. J. Mol. Recognit. 2004, 17, 456–464. [Google Scholar] [CrossRef]








[image: Biomolecules 09 00477 g001 550] 





Figure 1. Thermal denaturation profiles of α-LA in the absence and presence of different concentrations of ficoll 70, dextran 70, and dextran 40 at pH 7.0 (panels A–C). Different concentrations of all the crowding agents are represented by different colors: 0 mg mL−1 (red), 50 mg mL−1 (black), 100 mg mL−1 (cyan), 150 mg mL−1 (pink), 200 mg mL−1 (green), 250 mg mL−1 (yellow) and 300 mg mL−1 (blue) (350 mg mL−1 in the case of ficoll 70). For the sake of clarity, curves at all concentrations are not shown. Insets in all the panels represent thermal denaturation profiles of α-LA measured by [θ]222 in the absence (red circle) and the presence of the highest concentration of the crowder (blue circle). 
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Figure 2. Thermal denaturation profiles of lysozyme in the absence and presence of different concentrations of dextran 40 at values pH 7.0 (panel A) and 2.0 (panel B). Different concentrations of dextran 40 are shown by different colors of circles, i.e., 0 mg mL−1 (red), 100 mg mL−1 (cyan), 150 mg mL−1 (pink), 200 mg mL−1 (green), 250 mg mL−1 (yellow), and 300 mg mL−1 (blue). For the sake of clarity, the curves at all concentrations are not shown. Insets in both the panels represent the thermal denaturation profiles of lysozyme measured by [θ]222 in the absence (red circle) and presence of the highest concentration of dextran 40 (blue circle). 
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Figure 3. Plots of thermodynamic parameters (Tm, ΔHm, and ΔGD°) associated with the thermal unfolding of α-LA versus the concentration of ficoll 70 (blue line), dextran 70 (red line), and dextran 40 (green line) at pH 7.0. 
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Figure 4. Plots of thermodynamic parameters (Tm, ΔHm, and ΔGD°) associated with the thermal unfolding of lysozyme versus concentration of ficoll 70 (blue line), dextran 70 (red line), and dextran 40 (green line) at pH 4.0. The results for ficoll 70 and dextran 70 were taken from our previous published work. 
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Figure 5. The far-UV CD spectra of the native and denatured states of α-LA (panels A–C) and lysozyme (panels D–F) in the absence and presence of different concentrations of ficoll 70, dextran 70, and dextran 40 at pH 7.0. N and D in each panel represent the native and denatured states of both the proteins, respectively. 
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Figure 6. The near-UV CD spectra of the native and denatured states of α-LA (panels A–C) and lysozyme (panels D–F) in the absence and presence of different concentrations of ficoll 70, dextran 70, and dextran 40 at pH 7.0. N and D in each panel represent the native and denatured states of both the proteins, respectively. 
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Figure 7. Plots of kinetic parameters Km (panel A) and kcat (panel B) of lysozyme versus the concentration of the crowding agent at pH 7.0 and 25 °C. Ficoll 70, dextran 70, and dextran 40 represent blue, red, and green circles, respectively. The results for ficoll 70 and dextran 70 are taken from our previous published work. 
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Table 1. Thermodynamic parameters associated with the thermal denaturation of α-LA in the absence and presence of varying concentrations of ficoll 70, dextran 70, and dextran 40 at pH 7.0 a,b.
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[Crowder]

(mg mL−1)

	
Tm

(oC)

	
∆Hm

(kcal mol−1)

	
ΔCp

(kcal mol−1 K−1)

	
∆GDo

(kcal mol−1)






	
0

	
42.8 ± 0.2

(42.9 ± 0.2)

	
51 ± 3

(51 ± 3)

	
1.56 ± 0.09

	
2.07 ± 0.16

(2.08 ± 0.15)




	
Ficoll 70




	
50

	
43.4 ± 0.3

	
52 ± 3

	
1.55 ± 0.09

	
2.18 ± 0.21




	
100

	
44.4 ± 0.2

	
52 ± 2

	
1.58 ± 0.06

	
2.22 ± 0.11




	
150

	
45.0 ± 0.3

	
54 ± 2

	
1.57 ± 0.08

	
2.39 ± 0.12




	
200

	
45.4 ± 0.1

	
55 ± 2

	
1.55 ± 0.07

	
2.49 ± 0.11




	
250

	
46.4 ± 0.2

	
57 ± 3

	
1.56 ± 0.07

	
2.67 ± 0.22




	
300

	
47.1 ± 0.3

	
58 ± 4

	
1.57 ± 0.06

	
2.78 ± 0.26




	
350

	
47.4 ± 0.3

(47.5 ± 0.2)

	
59 ± 3

(59 ± 2)

	
1.57 ± 0.09

	
2.86 ± 0.18

(2.87 ± 0.15)




	
Dextran 70




	
50

	
44.1 ± 0.2

	
52 ± 3

	
1.58 ± 0.09

	
2.20 ± 0.19




	
100

	
45.9 ± 0.3

	
53 ± 2

	
1.57 ± 0.07

	
2.37 ± 0.12




	
150

	
47.5 ± 0.2

	
55 ± 2

	
1.58 ± 0.07

	
2.58 ± 0.12




	
200

	
49.1 ± 0.2

	
57 ± 3

	
1.56 ± 0.08

	
2.82 ± 0.20




	
250

	
50.5 ± 0.1

	
59 ± 2

	
1.55 ± 0.06

	
3.04 ± 0.12




	
300

	
51.1 ± 0.2

(51.0 ± 0.2)

	
60 ± 2

(60 ± 3)

	
1.55 ± 0.09

	
3.15 ± 0.41

(3.15 ± 0.16)




	
Dextran 40




	
50

	
44.9 ± 0.3

	
52 ± 2

	
1.57 ± 0.09

	
2.25 ± 0.13




	
100

	
47.8 ± 0.3

	
53 ± 2

	
1.59 ± 0.07

	
2.44 ± 0.12




	
150

	
50.4 ± 0.1

	
55 ± 3

	
1.55 ± 0.08

	
2.73 ± 0.26




	
200

	
52.9 ± 0.2

	
57 ± 4

	
1.58 ± 0.08

	
2.93 ± 0.32




	
250

	
54.0 ± 0.3

	
59 ± 3

	
1.56 ± 0.09

	
3.16 ± 0.29




	
300

	
54.3 ± 0.3

(54.3 ± 0.2)

	
64 ± 2

(64 ± 2)

	
1.55 ± 0.09

	
3.63 ± 0.16

(3.63 ± 0.16)








a A ‘±’ sign with each parameter represents the mean error obtained from triplicate measurements. b Each value in parenthesis is measured by [θ]222.
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