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ABSTRACT:  Protein stability and performance in various natural and artificial systems 

incorporating many other macromolecules for therapeutic, diagnostic, sensor, and 

biotechnological applications attract increasing interest with the expansion of these technologies.  

Here we address the catalytic activity of lysozyme protein (LYZ) in the presence of a polyethylene 

glycol (PEG) crowder in a broad range of concentrations and temperatures in aqueous solutions of 

two different molecular mass PEG samples (Mw=3,350 and 10,000 g/mol). The phase behavior of 

PEG-protein solutions is examined using dynamic light scattering (DLS) and small-angle X-ray 
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scattering (SAXS), while the enzyme denaturing is monitored using an activity assay (AS) and 

circular dichroism (CD) spectroscopy. Molecular dynamic (MD) simulations are used to illustrate 

the effect of PEG concentration on protein stability at high temperatures. The results demonstrate 

that LYZ residual activity after 1 h incubation at 80°C is improved from 15% up to 55% with the 

addition of PEG. The improvement is attributed to two underlying mechanisms. (i) Primarily, the 

stabilizing effect is due to the suppression of the enzyme aggregation because of the stronger PEG-

protein interactions caused by the increased hydrophobicity of PEG and lysozyme at elevated 

temperatures. (ii) The MD simulations showed that the addition of PEG to some degree stabilizes 

the secondary structures of the enzyme by delaying unfolding at elevated temperatures. The more 

pronounced effect is observed with an increase in PEG concentration. This trend is consistent with 

CD and AS experimental results, where the thermal stability is strengthened with increasing of 

PEG concentration and molecular mass. The results show that the highest stabilizing effect is 

approached at the critical overlap concentration of PEG.  

Keywords: enzyme stability, crowding effect, polyethylene glycol, lysozyme 

 

INTRODUCTION 

Industrial and biomedical applications of enzymes continue to expand because of their unique 

catalytic efficiency and selectivity1-7.  Many mesophilic enzymes have poor thermal stability and 

poor retention of their catalytic activity above 50-60°C8-10, thus limiting their applications when 

extended use at elevated temperatures is beneficial to increase productivity and decrease bacterial 

contamination of the industrial processes,11 and when enzyme storage requires a low temperature. 

Simple and cost-efficient methods to improve enzyme stability are in high demand. 
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Hydrophobic effect plays a major role in stabilizing protein globule in an aqueous solution12.13 

The temperature increase, however, results in the increase of the conformational entropy upon 

unfolding. Hence at high temperature the hydrophobic interactions are no longer sufficient to 

compensate the loss of conformational entropy upon folding14 and water molecules penetrate the 

globule causing degradation of the secondary structures.   

Numerous approaches have been proposed to address the problem of proteins’ thermal stability. 

All the methods could be broken down into two large groups. The first group is the development 

of synthetic proteins with improved thermal stability through a modification of amino acid 

sequence to enlarge the hydrophobic effect or provide additional crosslinking15-17. The second 

group is based on binding  of protein molecules with organic molecules (mainly with polymers)18 

or solid particles (often porous structures)19-21 to reinforce the protein globule, screen penetration 

of water molecules and minimize irreversible aggregation. Both of these groups of methods are 

essential because neither of these methods can be universally applied for different applications of 

proteins. Herein, we are interested in the second group of methods, specifically in the mechanism 

of improvement of the protein stability via interactions with polymeric additives. Protein-polymers 

systems are studied for two major aspects of their applications: (i) improvement of protein stability 

for storage, transportation, and biotechnological processes at elevated temperatures; and (ii) 

understanding of protein interactions in a complex natural or synthetic environment that includes 

natural or synthetic macromolecules. In the latter case, the relevant examples of the applications 

are in protein therapeutic drugs22 and growth factors for cell culturing23. 

Mechanisms of thermal denaturing of proteins in the presence of polymers have many aspects 

that are specific for each protein. Indeed, many commonly observed mechanisms allow for the 

development of general concepts for understanding polymer-protein interactions and their effect 
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on denaturing mechanisms. In this work, we study thermal denaturation of lysozyme enzyme in 

the presence of polyethylene glycol (PEG) or polyethylene oxide (PEO); the same polymer is 

traditionally referred to PEG for molecular mass < 20Kg/mol and PEO for molecular mass 

>20Kg/mol. Both PEG and PEO terms are used in our discussion when we refer to original 

publications. LYZ has been extensively investigated, which makes it quite a convenient subject 

for research24. We anticipate that many aspects of the stabilization established for the PEG-

lysozyme system could be considered for other PEG-protein systems. 

Hen egg-white lysozyme (LYZ) used in this study is a monomeric protein consisting of 129 

amino acid residues and crosslinked by four disulfide bridges25. The mechanism of LYZ thermal 

denaturation can be depicted by the classical scheme of Lumry and Eyring26: N ⇄ U → I, where 

the native enzyme N, reversibly unfolds to the denatured state U, following by the irreversible 

transition to the inactive conformation, I. The denaturing process is pH-dependent. LYZ can be 

irreversibly inactivated at 100°C as a result of deamidation of asparagine residues at pH 427-28, and 

a combination of aggregation and intermolecular/intramolecular disulfide exchanges (disulfide 

scrambling) at neutral pH (a range of pH from pH 6 to pH 8)29. The secondary structure of LYZ is 

dominated by α-helix and minor β-sheet and turns elements. With a progressive rise in temperature, 

the α-helix structure unfolds. These conformational changes are followed by aggregation of the 

enzyme and irreversible loss of activity.  

The greatest LYZ thermal stability was measured at pH 5. It was found that at pH 5, LYZ 

demonstrated minimal changes in the secondary structure with minimal aggregation, hence with 

maximal stability in a temperature range from the room temperature to 70°C30. The aggregation 

via the interaction between hydrophobic fragments of the unfolded enzyme remains irreversible 

upon cooling or dilution31-32.  LYZs begin to unfold at around 50°C, and then aggregate at about 
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70°C. At the latter stage, protein globules are denatured and aggregated33. Disulfide scrambling, 

which takes place at neutral to alkaline pH29, 34, is also accompanied by aggregation35.  

Our previous studies of LYZ-polymer conjugates demonstrated a significant improvement of 

the enzyme thermal stability at pH 5.2 36,37. In these studies, LYZ was conjugated with a PEO 

bottlebrush constituted of the acrylate backbone with PEG side chains. The enzyme was covalently 

bound to the backbone of the bottlebrush between the PEG side chains. The half-life of the 

lysozyme-polymer conjugate at 90°C was extended 9-fold. The possible explanation of the 

improved enzyme performance is the so-called “crowding effect” caused by PEG side chains in 

the bottlebrush structure.  However, this explanation remained a hypothesis. 

Notably, PEG is often used for enzyme stabilization either via conjugation with enzymes 11, 38-43 

or via the addition of PEG into the medium11, 44-45. PEGylation, or covalent binding of PEG to 

proteins, results in a PEG-protein conjugate. PEGylation often improves the stability of the 

secondary structure,11, 38-43  including mechanical reinforcement with respect to unfolding, 

shielding the enzyme from water molecules by the nearby PEG, and promoting the refolding.41 It 

has been shown that PEGylation reduces the water accessible surface area of the protein to protect 

the intra-peptide hydrogen bonds38-39, 46. However, the conjugation changes the structure of the 

resulting biomacromolecule when it is difficult to discriminate the role of the crowding effect. 

The PEG stabilizing effect is typically more pronounced for higher PEG concentrations and 

longer PEG chains if  PEG is added to the protein solution.11, 44 The addition of crowders introduces 

both entropic 47-48 and enthalpic 48-49 contributions affecting the protein stability.  Macromolecular 

crowders, such as PEG, limit the protein’s accessible states due to hard-core repulsions since a loss 

of configurational entropy is typically larger for the protein in the denatured state than that in the 

folded state. Hence, the hard-core repulsion results in protein stabilization49-53. On the other hand, 
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crowders can exhibit either attractive54 or repulsive soft enthalpic interactions with proteins52. 

Thereby, while entropic contribution typically leads to protein stabilization, an enthalpic 

contribution can have either stabilizing or destabilizing effect depending on the chemical nature 

of the crowders and proteins52. Overall, either an improvement 50, 55-56, or a negative to no effect 

of crowders on the protein thermal stability57-58 was observed in experiments depending on the 

chemical nature of proteins and crowders. For example, the addition of dextran-70 was reported 

to increase the midpoint temperature of the denaturation curve of LYZ59-60, but the presence of 

PEG61 and methoxypoly(ethylene glycol)5K-block-poly(L-aspartic acid sodium salt)10
62 resulted in 

a decrease of the enzyme unfolding temperature.  The addition of a block copolymer of PEO and 

propylene oxide (PPO) resulted in an increase in refolding yield of denatured LYZ. The increased 

stability in the latter case was explained by hydrophobic interactions between LYZ and PPO 

blocks, while adding only PEO showed no improvement of thermal stability63.   

A number of studies of the PEG-LYZ-water phase behavior revealed that the effect of PEG 

crowders depends on the concentration, molecular mass of PEG and PEG-LYZ interaction 64-65. 

At room temperature, PEG-protein interactions are weak but vary for different proteins. Repulsive 

protein-protein interactions dominate in dilute aqueous solutions of a low molecular mass PEG. 

However, the repulsion forces are compensated by the depletion effect with an increase of PEG 

concentration64-65. This PEG concentration effect on protein-protein interactions is inverted at a 

crowder concentration (C), crossing the transition from dilute to semidilute PEG concentration 

regime (critical overlap concentration C*) 58. At C/C* >1, the protein-protein interactions become 

more repulsive in the presence of highly entangled PEG coils when the role of the depletion effect 

decreases58. Temperature-dependent PEG-protein soft interactions could prevent the depletion-

induced protein aggregation if the depletion forces are compensated by attractive crowder-protein 
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interactions. It was also demonstrated that protein-PEG interactions become more pronounced 

with increasing the molecular mass of PEG66.   

In the studies discussed above, LYZ thermal stability in the presence of crowders was limited 

by monitoring changes in one or other property of the enzyme or phase behavior in solutions. It 

was rarely combined with monitoring of its catalytic activity. The commonly used characteristic 

of the thermal stability of proteins is denaturation midpoint temperature (Tm). It is considered that 

Tm point corresponds to a 50% unfolded state. However, for enzymes, the relationship between 

thermal stability (Tm) and catalytic activity is non-linear. Enzymes can lose their catalytic activity 

even below Tm due to minor conformational changes 67.  It becomes practical to assess enzyme 

thermal stability via half-life time at a certain temperature.68   

 Herein, a combination of the experimental methods (DLS, SAXS, activity assay analysis, 

and CD) and MD simulations are utilized to monitor conformational changes of LYZ, PEG, their 

phase behavior (aggregation) in solutions, and catalytic activity of the enzyme. This combination 

of methods reveals a dual role of PEG crowders in the improvement of thermal stability of LYZ 

by (i) delaying of the protein unfolding and (ii) preventing the formation of irreversible LYZ 

aggregates. 

EXPERIMENTAL SECTION 

Materials. Lysozyme from chicken egg white (Mw=14,300g/mol), polyethylene glycol 

Mw=3,350 g/mol (PEG3k) and Mw=10,000g/mol (PEG10k) were purchased from Sigma-Aldrich. 

An EnzChek fluorescence-based lysozyme assay kit (Catalog No. E22013) was purchased from 

the Thermo Fischer Scientific. N-hydroxylsuccinimide functionalized polyethylene glycol (PEG-

NHS) (Mw=10,000g/mol) was purchased from Nanocs.  
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Enzyme solutions. 0.2mg/ml LYZ solutions with 0 to 140mg/ml of PEG3k and 0 to 60mg/ml 

of PEG10k were prepared in phosphate-buffered saline (PBS) pH=7.4. PEG-NHS conjugated LYZ 

solutions were prepared by mixing 0.2mg/ml LYZ with 2-50mg/ml PEG-NHS in PBS. The 

solutions were incubated overnight at room temperature.  

Enzyme activity, thermal stability and biocatalytic kinetics. The enzymatic activity was 

evaluated after incubation of LYZ in the presence of PEG at the elevated temperature, followed 

by cooling down to room temperature and dilution of the solution to C/C* <1 for the PEG, since 

the enzyme activity can be impacted by the concentration regime around of the critical overlap 

concentration69. 60μl of LYZ and LYZ+PEG solutions were incubated at room temperature or 

80°C for 1 hour. The solutions were then diluted 25 times with PBS. Activity and biocatalytic 

kinetics were measured with EnzCheck lysozyme assay kit in PBS as previously reported37.  

Circular dichroism (CD) spectroscopy. CD studies were carried out with a Jasco J-710 spectra 

polarimeter for LYZ, LYZ+PEG samples using a quartz cuvette with a path length of 0.1cm. An 

enzyme concentration of 15μM was used for LYZ, LYZ+60mg/ml PEG3k, and LYZ+50mg/ml 

PEG10k. The spectra were collected in the far-UV regions from 260 nm to 190 nm at 1nm 

bandwidth. The first spectrum was collected at room temperature; then the sample was heated up 

to 80°C and spectra were acquired every 10 min up to 1 h. The sample cell was then cooled down 

to 45°C and spectra were acquired every 10 min up to 1 h. Three scans were averaged for each 

spectrum. The buffer and PEG spectral background were subtracted from the spectra. 

Quantification of lysozyme aggregation. LYZ and LYZ+PEG solutions were heated at 80°C 

for 1 h, followed by filtration with 50kDa cutoff Amicon® ultra-4 centrifugal filters (Millipore 

UFC805024) after cooling to room temperature. The enzyme concentrations of the filtrates were 

measured by UV-Vis at 280 nm (the extinction coefficient is 38,940 cm-1M-1) and compared with 
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original solutions at room temperature.  The difference of LYZ concentration prior to heating and 

after filtration of the aggregate was used to estimate the fraction of aggregated LYZ. 

Dynamic light scattering of LYZ and PEG solutions.  Dynamic light scattering (DLS) of 

protein and PEG solutions was analyzed with Zetasizer Nano-ZS (Malvern Analytical). 0.2mg/ml 

LYZ solution with no PEG, with 60mg/ml PEG3k and with 50mg/ml PEG10k were separately 

analyzed at 25°C and 80°C (Figure S1). 

Molecular dynamic simulations. The effect of PEG concentration on the thermal stability of 

lysozyme was assessed using atomistic MD simulations at high temperatures. To accelerate the 

LYZ unfolding, the temperature of 500K70-72 was chosen; notably, high temperature MD 

simulations are often used to accelerate unfolding70-71, 73-84. It had been shown that for the two-

state proteins, the high temperature do not alter the pathway of the unfolding, but only its rate 76-

77.  In all simulations at 500K (NVT ensemble), the density of water was chosen to be equal to that 

at 300K38, 70, 72, 84.  The crystal structure of LYZ was taken from RCSB protein data bank 

(http://www.rcsb.org, PDB ID: 3TXJ). 3TXJ consists of 129 residues, the secondary structure 

encompasses six α-helices and three stranded anti-parallel β-sheets. PEG (degree of 

polymerization of 21) was constructed and optimized with Gaussian 09 as detailed in our prior 

studies36, 85. The CHARMM force fields86-87 were employed for the protein and PEG.   

We fixed the number of PEG chains (237 chains) and varied the number of water molecules (and 

correspondingly, the size of the simulation box as detailed in SI) for different concentrations 

considered below. The lysozyme and PEG chains were solvated in water ( CHARMM  TIP3P88 

water model). NVT ensemble and V-rescale thermostat were used. All the simulations were 

performed using GROMACS Molecular Dynamics package89-90. The LYZ-PEG-water system was 

first subjected to equilibration and then production runs. Simulation strategies were applied as 
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reported in our previous studies36, 85, additional details are provided in SI (Figures S2-S4, Table 

S1). 

Small Angle X-ray Scattering (SAXS).  SAXS measurements were performed on a custom-

built instrument (Saxslab, MA) equipped with a copper rotating anode (Bruker AXS) and a 300K 

Pilatus area detector. We used a 0.6 m nominal sample to detector distance. The actual distance 

was calibrated with Silver Behenate. Data reduction was performed with a guisaxs (guisaxs.com) 

software. Temperature control was performed with an adapted Linkam HFSX350 stage.  

Enzyme solutions of 3mg/ml LYZ and 1.5mg/ml LYZ with 30mg/ml PEG3k and 25mg/ml 

PEG10k were analyzed with SAXS. The samples were placed in 1mm diameter capillaries 

(Charles Supper Company, MA) and sealed. The exposure time for temperature controlled 

measurements was kept at 1 h (unless otherwise indicated). We used 0.1 degrees per second for 

the temperature ramp. The equilibration time at each temperature was set to two minutes. A longer 

equilibration time was not necessary due to long exposure time. The data fitting was done using 

Irena SAXS fitting package91 (Figure S5, S6).  

 

RESULTS AND DISCUSSION 

Thermal stability via catalytic activity.   

The effect of PEG on LYZ stability was studied with two PEG crowders, PEG3k (C* = 122 

mg/ml) and PEG10k (C*=54.4 mg/ml) at 0-140 mg/ml and 0-60 mg/ml aqueous solutions, 

respectively. After incubation at 80°C for 1 h, native LYZ (control) was denatured with only 15% 

residual activity. Notably, here and below we refer to native LYZ as LYZ in water only, with no 

PEG crowders added. The addition of 20 mg/ml of PEG3k resulted in a residual activity of 25%. 

Thermal stability of LYZ improved with increasing PEG3k concentration by leveling off the PEG 



11 

 

concentration effect at 100 mg/ml of PEG3k with about 40% of residual activity (Figure 1a). 

Adding PEG10k had an even more pronounced stabilizing effect, which was leveled off at 40 

mg/ml of PEG with 55% of the residual activity compared to 15% of native LYZ (Figure 1b). The 

half-life of LYZ in the solutions reveals the thermal stabilization effect of PEG on enzyme catalytic 

activity. Adding PEG extends the half-life of LYZ at 80°C from 20.5 min to 28.6 min and 48.2 

min for PEG3k and PEG10k solutions, respectively (Table 1, Figure S7). 

For reference, we analyzed the thermal stability of LYZ covalently conjugated to PEG-NHS 

ester (Mw=10,000g/mol). Thermal stability of LYZ was improved up to 80% of the residual 

activity with only 10 mg/ml of PEG in solution (Figure 1c).  This result evidently demonstrated 

the critical role of PEG-protein interactions for the thermal stabilization of the protein when the 

depletion effect is overcome by the covalent conjugation. In the latter case, the stabilization was 

approached at a PEG concentration significantly below the critical overlap concentration C*, while 

a similar stabilizing effect for non-covalently conjugated PEG is approached at ratios C/C* close 

to 1. 

The Michaelis−Menten kinetic model was used to analyze biocatalytic kinetics for the native 

LYZ and LYZ+PEG mixtures (Table 1). The LYZ+PEG solutions were prepared at PEG 

concentrations C close to C*. After 1 h incubation at 80°C, the samples were cooled down to room 

temperature and 25-fold diluted to C significantly below C*.  In the reference experiment, the same 

sequence of steps was performed with no heating and incubation at 80°C.  At room temperature, 

both PEG3k and PEG10k solutions showed higher KM (lower affinity) compared to the native 

LYZ. This indicated a steric hindrance of the LYZ reactive sites by PEG. The lower affinity was 

compensated by greater turnover numbers (kcat) for LYZ+PEG due to the increased biocatalytic 

activity of the active sites of the enzyme. The boost of catalytic activity was stronger for PEG10k. 
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The steric hindrance and increased activity of catalytic sites compensated each other so that kcat/KM 

remained unchanged for all samples. However, the steric hindrance and increased catalytic activity 

both demonstrate soft PEG-LYZ interactions even in dilute solutions, when PEG10k interacts with 

LYZ stronger than PEG3k, which is in good agreement with the results published elsewhere69. 

The kinetic characteristics evaluated after 1 h incubation at 80°C revealed that the PEG-LYZ 

interaction provided thermal stabilization of the protein with the same tendency but a stronger 

effect of PEG10k than PEG3k. The enzyme catalytic activity dropped after the heating because of 

denaturing. However, the loss of activity was substantially lower in the presence of PEG as can be 

concluded by comparing kcat and kcat/KM for the samples (Table 1). 
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Figure 1. Residual activity of LYZ and LYZ with different concentrations of (a) PEG3k, (b) 

PEG10k and (c) PEG-NHS after 1 h incubation at 80°C.   

    

 

C*

C*

C*
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Table 1. Kinetic constants and half-life of LYZ and LYZ+PEG solutions 

 

Sample 

Room temperature 80°C, 1 h  

Half-life 

at 80°C 

(min) 

Vmax 

(nM/min) 

KM 

(nM) 

kcat 

(×10-4 s-1) 

kcat/KM 

(×104 

M-1 s-1) 

Vmax 

(nM/min) 

KM 

(nM) 

kcat 

(×10-4 s-1) 

kcat/KM 

(×104 M-1 

s-1) 

LYZ 
11.65 ± 

0.38 

28.40 ± 

0.28 

3.50 1.23 0.64 ± 

0.15 

33.75 ± 

0.13 

0.19 0.06 11.65 ± 

0.38 

LYZ+ 

PEG3k 

14.01± 

0.65 

31.44 ± 

0.52 

4.20 1.34 1.97 ± 

0.23 

34.32 ± 

0.20 

0.59 0.17 14.01± 

0.65 

LYZ+ 

PEG10k 

18.99± 

0.55 

44.68 ± 

0.46 

5.70 1.28 3.93 ± 

0.38 

21.11 ± 

0.29 

1.18 0.56 18.99± 

0.55 

 

Thermal stability via LYZ conformational changes.  

The information about the conformational states of LYZ and LYZ+PEG was collected using CD 

spectra. CD spectra were first acquired at 25°C. Then the samples were heated up to 80°C and CD 

spectra were acquired every 10 min of the 1 h heating time. The sample was then cooled down to 

45°C and the data were acquired every 10 min of the 1 h cooling step. CD spectra showed 

unfolding of the enzyme during heating to 80°C, and a fractional recovering of the conformation 

after cooling down, indicating refolding of LYZ at lower temperatures (Figure 2). The secondary 

structures of LYZ in these samples were analyzed using the BeStSel online computer program92-

93 (Figure 3). Native LYZ showed a decrease in both helix 1 and 2 structures at elevated 

temperatures as the result of LYZ unfolding. The helix 2 structure was partially recovered after 

cooling, but the helix 1 retained in the unfolded conformation, which implied that the secondary 

structure was not fully recovered to the original state (Figure 3a and 3b). This change explains the 

observed loss of enzyme activity (Figure 1, Table 1).  
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Figure 2. CD spectra of (a)LYZ, (b) LYZ+PEG3k and (c) LYZ+PEG10k at various temperatures. 
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 Figure 3. Fraction of secondary structure (a) helix 1, (b) helix 2 and (c) strands for LYZ vs. 

LYZ+PEG 
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With the addition of both PEG3k and PEG10k, the helix structures were also partially denatured 

at 80°C, but with much lower margins compared to the LYZ only. After cooling down to 45°C, 

the helix portion recovered to much higher fraction than that for  LYZ (Figure 3a and 3b), which 

was consistent with the LYZ catalytic activity tests results, where the introduction of PEG could 

stabilize LYZ at the elevated temperature (Figure 1, Table 1). A lower fraction of thermally 

generated strands for LYZ+PEG compared to LYZ (Figure 3c) explains that the presence of PEG 

could reduce LYZ aggregation due to blocking the conformational changes that lead to the 

formation of β-sheets. The formation of β-sheets is known to favor a possible aggregation63, 94 and 

as an indication of enzyme denaturation95.  

Thermal stability via LYZ aggregation characterization.  

Thermal denaturing of LYZ develops by unfolding and aggregation stages.  Hydrodynamic 

diameter (DH) of LYZ, LYZ aggregates and LYZ+PEG associates were estimated at 25°C and 

80°C using DLS. For LYZ, DH = 3.1nm as estimated with DLS at room temperature. A rapid 

aggregation of LYZ was observed at 80°C, where the DH was increased to about 212 nm (Table 

2). For PEG, DLS estimated DH was close to that of LYZ. Practically, these two molecules could 

not be discriminated by using DLS in solutions containing LYZ+PEG (Figure S1).  However, after 

incubating LYZ+PEG solutions at 80°C, DLS revealed two different sizes of the scattering 

particles with DH = 3.2 nm and about 164 nm in the presence of PEG3k, and 4.1nm and about 208 

nm in the presence of PEG10k (Table 2).   
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Table 2. LYZ dimensions at 25°C and 80°C and fraction of irreversible aggregates of LYZ vs. 

LYZ+PEG after 1 h incubation at 80°C. 

Sample DH (nm) Irreversible 

aggregation of 

LYZ, % 25°C 80°C 

LYZ 3.1 ± 0.8 211.8 ± 33.0 84 ± 6 

LYZ+PEG3k 3.4 ± 0.7 3.2 ± 0.4; 163.8 ± 15.3 58 ± 9 

LYZ+PEG10k 3.9 ± 0.7 4.1 ± 0.4; 208.4 ± 53.8 42 ± 11 

PEG3k 2.5 ± 0.6 3.3 ± 0.7 NA 

PEG10k 3.8 ± 0.5 5.2 ± 0.3 NA 

 

LYZ and LYZ+PEG solutions incubated at 80°C were filtered using 50 kDa cutoff filters once 

cooled down to room temperature. The filtrate contained non-aggregated LYZ. Its concentration 

was estimated with UV-vis spectra to calculate fractions of aggregated LYZ during the high 

temperature incubation. The results revealed that 84% of native LYZ, 58% LYZ in the presence 

of PEG3k, and 42% LYZ in the presence of PEG10k formed irreversible aggregates (Table 2).  

LYZ and LYZ+PEG solutions were probed with SAXS. All experiments were conducted at PEG 

concentrations below the critical overlap concentration to minimize the impact of scattering from 

PEG.  X-ray scattering for LYZ was satisfactorily fitted with a spherical particle model, 2Rg = 3.6 

nm, with a narrow size distribution approaching zero (Table 3). Upon heating to 80°C, the 

scattering showed both an increase in the particle size, which could be attributed to a partial 

unfolding, and an increase in the particle polydispersity to about 27% (Gaussian distribution), 

which decreased to 12% when the sample was brought back to room temperature. The upturn in 

the scattering intensity at scattering vectors below 0.03 A-1 was indicative of aggregation (Figure 
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4a); however, at the measured scattering vector range, we could not obtain the quantitative 

measurement of aggregate sizes or structure. Based on the scattering intensity change with the 

temperature at low Q, at the plateau region, and assuming a constant scattering contrast of 

lysozyme, we estimated that only ~22% of the enzyme remained in the solution in the non-

aggregated form upon cooling to 25°C after heating.  

Table 3. SAXS fitted results for LYZ and LYZ+PEG aqueous solution 

Sample Temperature 2Rg,  

±0.1 nm 

Aggregation of LYZ,  

±5% 

   SAXS Filtration 

experiment 

LYZ 

25C 3.6 0 0 

80C 4.2 65 NA 

Cooling to 25°C after heating 4.2 78 84  

LYZ+PEG3k 

25C 3.5 0 0 

80C 4.8 NA NA 

Cooling to 25°C after heating 4.2 74 79 

LYZ+PEG10k 

25C 3.5 0 0 

80C 3.6; 7.6 NA NA 

Cooling to 25°C after heating 3.2; 6 59 71 

 

A solution of 25mg/ml PEG10k stabilized LYZ even after 3 h of incubation time at 80°C. 

After cooling from 80°C to 25°C, the scattering profile showed only small changes compared to 

the native LYZ at room temperature (Figure 4c). However, change in morphology was more 

pronounced at 80°C, likely due to partial unfolding. Unlike scattering profiles in Figures 4a, when 



20 

 

the scattering signal was exclusively originating from LYZ, the scattering data in Figure 4b and 

4c represented contributions from both LYZ and PEG, with PEG contributing about 30% to the 

total signal. Interestingly, at room temperature, the mathematical sum of the scattering from LYZ 

and PEG solutions measured separately and the scattering from the LYZ and PEG mixture, while 

very similar, showed subtle deviations that may indicate either small conformational changes of 

LYZ in PEG solutions or interactions of PEG with LYZ surface. To delineate these two effects 

additional studies using neutron scattering may be required.  
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Figure 4. SAXS data for LYZ, LYZ+PEG, and PEG solutions at different temperatures. (a) 

3mg/ml LYZ at 25C and 80C; 1.5mg/ml LYZ with (b) 30mg/ml PEG3k and (c) 25mg/ml 

PEG10k at 25C, 50C, and 80C. Samples were kept for 1 h at each temperature point for (a), and 

3 h for (b) and (c). (d) SAXS data of 60mg/ml PEG3k and 50mg/ml PEG10k at 25°C and 80C. 

PEG3k at 30mg/ml also provided some improvement to LYZ thermal stability (Figure 4b), albeit 

to a much smaller degree than PEG10k. After the heating and cooling cycle, only about 26% of 

free enzyme remained (estimated from the relative intensity at low Q and corrected for PEG3k 

contribution to scattering) in contrast to 22% of LYZ and 41% of LYZ+PEG10k in PBS solution 

(Table 3).  

Similar to the model for LYZ in PBS solution, the SAXS data for LYZ in the presence of PEG 

can be fitted using the model of spheroidal particles with Gaussian size distribution. The PEG 

contribution to the scattering was taken into account for the fitting (Figure S5). However, unlike 

LYZ in PBS, LYZ in PEG produced significantly better fit results when LYZ was modeled with 

elongated spheroidal particles instead of spherical particles (Figure S6). In addition, for LYZ in 

PEG10k, it was necessary to use two populations of particles in order to model the scattering data 

upon heating.  

Table 4. PEG 2Rg extracted from Guinier-Porod fits 

Sample 2Rg ±0.1 nm 

PEG3k, 25C 2.4 

PEG3k, 80C 3.0 

PEG10k, 25C 3.4 

PEG10k, 80C 4.6 
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With SAXS, we probed changes of the PEG conformation with temperature (Figure 4d).  At 

80°C, the scattering intensity increased at small scattering vectors, indicating the presence of larger 

particles in the solution, which indicated a slight association between PEG molecules (Table 4). 

This association was fully reversible with the temperature (not shown).  

SAXS experiments with PEG solutions demonstrated the tendency of PEG aggregation with 

temperature (Figure 4d, Table 4), indicating that water becomes a progressively poorer solvent for 

PEG with temperature.  The sizes of the PEG molecules aggregates are small. We did not observe 

macroscopic phase separation or precipitation of larger aggregates because the experiment was 

conducted at the temperature well below the PEG lower critical solution temperature (LCST is 

around 150°C for PEG3k and 110°C for PEG10k)96. This tendency was better pronounced for 

PEG10k than for PEG3k, which is in good agreement with DLS, CD-spectra, and activity assay 

tests. We observed a strong irreversible aggregation of LYZ at the elevated temperature, while the 

aggregation was partially reversible for LYZ+PEG3k and LYZ+PEG10k solutions, where the 

stabilizing effect of PEG10k was much stronger than that of PEG3k.  

MD simulations of LYZ-PEG-H2O: effect of PEG concentration in the vicinity of LYZ. 

MD simulations were performed to probe the effect of PEG concentration on the thermal 

stability of LYZ. We only focused on the dynamics in the close vicinity of a single LYZ. PEG 

chains in simulations were significantly shorter than those used in the experiments. It had been 

previously shown that the long PEG chains exhibit partially amphiphilic (instead of hydrophilic) 

character at ambient temperatures and thereby interact with proteins66, 97. To mimic the effect of 

the longer PEG chains used in experiments and their interactions with proteins 66, 97, a range of 

relatively high concentrations of PEG was chosen in our simulation studies. Specifically, we chose 

the systems with three concentrations of PEG in water (90%, 80%, and 50% w/w of PEG) at high 
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temperature (500K).  In each independent simulation run, we calculated the time evolution of a 

root-mean-square deviation (RMSD) of LYZ with respect to its initial state, and the number of 

intra-protein hydrogen bonds (H-bonds). RMSD at each moment of time is defined as RMSD(𝑡) =

 [
1

𝑁
∑ (𝐫𝑖(𝑡) − 𝐫𝑖(0))2𝑁

𝑖=1 ]
1

2⁄ , where 𝐫𝑖(𝑡)  and 𝐫𝑖(0)  are the coordinates of the backbone Cα 

atom i at a time t and at initial time, respectively, and N is the total number of Cα atoms in the 

backbone. While calculating RMSD, the rotational and translational superposition of the center of 

mass of the LYZ with respect to its initial structure was performed. RMSD quantifies the deviation 

of LYZ conformation from its initial conformation; an increase in RMSD indicates unfolding of 

the protein globule.  Notably, in non-equilibrium simulations, the stability of the enzyme can be 

related to the response time after the external perturbing stimulus, such as high temperature, is 

applied: the slower the enzyme reacts to the perturbing forces, the more stable it is . 

For native LYZ at high temperature, a sharp increase in RMSD (Figure 5a, black curve) and a 

corresponding decrease in the number of intra-protein H-bonds (Figure 5b) indicated a strong 

structural deviation from its initial structure due to the unfolding. Notably, in LYZ-PEG systems 

at T=300K, the LYZ crystal structure remained stable, similar to that of pure LYZ at room 

temperature (Figure S2). With the addition of 90% w/w of PEG chains (the highest concentration 

considered), both RMSD and the number of H-bonds showed that LYZ retained its secondary 

structures at high temperatures (Figures 5a, 5b, red curves). The DSSP (Dictionary of Secondary 

Structure in Proteins) analysis (Figure 5c) and a simulation snapshot (Figure 5e) confirmed that 

the secondary structures remained mainly intact in the simulation runs with the highest 

concentration of PEG (90% w/w). Specifically, the α-helices (blue horizontal stripes) and β-sheets 

(red horizontal stripes) remained largely intact during the entire simulation run (Figure 5c) with 

relatively small deviations from that for native LYZ at room temperature (Figure S2). For the 
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remaining cases, with the decrease in the concentration of PEG chains, the deviations of the 

secondary structures were clearly observed via the increase of RMSD (Figure 5a) and the decrease 

of the number of intra-protein H-bonds (Figure 5b). The DSSP analysis (Figure 5d) and a 

simulation snapshot (Figure 5f) confirmed that LYZ secondary structures were strongly disrupted 

at early times and completely lost at 150 ns with 50% of PEG as evident from the disappearance 

of the α-helices (blue horizontal stripes) and β-sheets (red horizontal stripes) by this time instant 

in DSSP plots in Figure 5d. In all cases in PEG-LYZ simulations, the unfolding time significantly 

exceeded that of pure LYZ (black curves in Figures 5a, 5b), indicating that the addition of PEG 

resulted in stabilizing the secondary structures of the enzyme for a limited time, with the more 

pronounced effect at higher PEG concentrations.  

Notably, the error bars for RMSD and for the number of intra-protein H-bonds (Figure 5a,5b) 

are relatively small for 90% of PEG, indicating similar dynamics in all independent simulation 

runs. On the contrary, the error bars are large for the remaining concentrations, indicating that 

unfolding occurred at distinctly different time instants. Representative examples of time evolution 

in independent simulation runs are shown in Figure S3. The simulation results in Figure 5 show 

that the addition of PEG could preserve the secondary structure of the enzyme to some degree for 

a limited time. This effect increases with an increase in PEG concentration, while only at the 

highest concentration in the close vicinity of the lysozyme (red curves in Figures 5a-b) the 

stabilization of the secondary structures of LYZ at elevated temperatures is observed.  

The reason for thermal stabilization of a single lysozyme at a high concentration of PEG can be 

understood by comparing the simulations snapshots for the highest (Figure 5e) and lowest (Figure 

5f) concentrations of PEG considered in simulations. At late times a single pure water domain 

containing LYZ (Figure 5f) and another domain that mainly containing PEG were formed.  An 
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onset of unfolding corresponded to LYZ located within the water domain (Figure S4). At the high 

temperatures chosen herein to model unfolding, we observed the phase-separation between PEG 

and water for a range of concentrations of PEG (80% and 50% w/w). The hydrophobic character 

of PEG in our simulations was consistent with prior studies that showed that at sufficiently high 

temperatures PEG became immiscible with water96, 98-101.Specifically, it had been shown that there 

is an enhancement of hydrophobicity for shorter PEG chains at elevated temperatures 97, similar 

dehydration behavior had been reported for long PEG chains 96, 98-100.  For the highest concentration 

of PEG (90% w/w), we no longer observed phase-separation and the LYZ was buried within PEG 

(Figure 5e). Hence, our results showed that lysozyme’s thermal denaturation is prevented, and the 

secondary structures remain largely intact due to the reduced water access for the sufficiently high 

concentration of PEG in the vicinity of the enzyme. These results are consistent with prior studies 

that showed that reducing the accessibility of water to proteins 41, 46, 102-103, or using organic 

solvents instead of water 104, results in significant improvement of their stability at high 

temperatures.  
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Figure 5. MD simulations. Time evolution of (a) RMSD and (b) number of intra-protein H-bonds 

at T = 500 K for the native LYZ (black line) and LYZ with different concentrations of PEG chains 

as given in the legend (red/ blue/ green for 90%/ 80%/ 50% of PEG). The data are averaged over 

4 independent simulation runs. DSSP plots for lysozyme with 90% w/w of PEG in (c) and 50% 

w/w of PEG in (d). Snapshots in the vicinity of lysozyme with 90% w/w of PEG in (e) and 50% 

w/w PEG in (f) at late times (250 ns). Only a portion of the simulation box is shown for clarity in 

(e) and (f), PEG chains are shown in blue and water molecules are hidden; entire simulation boxes 

are depicted in SI.  
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CONCLUSIONS 

We utilized a combination of the experimental methods and MD simulations to characterize 

conformational changes of LYZ and their aggregation in PEG solutions. The activity assay proves 

that native LYZ denatures at 80°C, pH 7.4 with only 15% of residual activity after 1h incubation 

(Figure 1, Table 1). CD spectra showed that in the latter case LYZ irreversibly lost essential 

fraction of the secondary structure elements forming a larger fraction of strands favoring protein 

aggregation due to the hydrophobic effect (Figure 2 and Figure 3). DLS and SAXS confirmed the 

irreversible formation of large aggregates that consumed about 80% of LYZ (Figure 4, Table 2 

and Table3).  

PEG was used as a crowder additive. PEG aqueous solutions are characterized by LCST 

typically exceeding 100°C96. While no macroscopic phase separation was observed in our 

experiments, water becomes progressively poor solvent with temperature increase from room 

temperature to the temperature of the experiments, 80°C. This change in solvent quality resulted 

in more compact PEG coils and the formation of their small aggregates due to the hydrophobic 

effect. The aggregation effect was more pronounced with an increase of the molecular mass of 

PEG. This was supported by SAXS experiments (Figure 4d, Table 4). 

The analysis of the biocatalytic reaction kinetics at room temperature showed some decrease of 

LYZ-substrate affinity but an increase of the reaction turnover at the same time (Table 1). These 

changes can be explained by PEG-LYZ soft interactions.  The formation of LYZ-PEG associates 

was detected with DLS and SAXS experiments via increase in particle size (Table 2, Table 3).  

The temperature driven formation of LYZ aggregates in PEG solutions was observed with both 

DLS and SAXS at 80°C (Table 2, Table 3, Figure 4). The analysis based on filtration of the 

aggregates showed that about 50% of LYZ was irreversibly aggregated with the addition of PEG 
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(compare with 80% for native LYZ). In SAXS experiments, we detected by size the presence of 

three different particle populations: about 3.5 nm, 6 nm and large aggregates. We associate these 

particles with LYZ, PEG-LYZ reversible aggregates and LYZ-LYZ irreversible aggregates, 

respectively. The amount of LYZ consumed by the irreversible aggregates was about 59% as 

estimated by SAXS for 25 mg/ml PEG10k compared to 71% of the filtration experiment. This 

difference may be attributed to the fact that estimates of aggregation using SAXS are based on the 

assumption that after cooling, the scattering originates only from non-aggregated LYZ with no 

changes in its conformation. Thus, the extent of aggregation may be underestimated if there is an 

unquantified contribution of larger aggregates to the total scattering.   

CD spectra confirmed changes in the secondary structures of LYZ in the presence of PEG, but 

these changes were less expressed as compared to the control and some of the conformational 

changes recovered after cooling down the samples (Figure 2 and Figure 3). Such partial and 

reversible unfolding was also observed in SAXS measurements at 80°C (Figure 4 and Table 3). 

The results were in good agreement with the residual catalytic activity of LYZ in the presence of 

PEG (Figure 1 and Table 1).  

MD simulations also demonstrated much smaller changes of LYZ secondary structures at high 

temperatures in the presence of PEG. Specifically, simulations showed that a more hydrophobic 

PEG shell in the close vicinity of the LYZ reduces water molecule access to the LYZ globule. The 

simulation results indicated that the addition of PEG could preserve the secondary structure of the 

enzyme to some degree for a limited time; the effect was more pronounced with an increase in 

PEG concentration (Figure 5). Notably, only at the highest concentration in the close vicinity of 

the enzyme the secondary structures of LYZ were stabilized to a high degree at elevated 

temperatures. The PEG concentrations considered in simulations were chosen to be significantly 
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higher than those in experiments since much shorter polymer chains were considered in the close 

vicinity of the single enzyme. Hence, simulations confirm that the addition of PEG chains 

contributes to the stabilization of the secondary structures; the effect is more pronounced with the 

increase in PEG concentration.  

The biocatalytic activity experiments provided evidence for a strong effect of PEG 

concentration. Residual activity after heating increased with PEG concentration and then leveled 

off at the critical overlap concentration. The effect of PEG molecular mass was monitored using 

different methods. The residual catalytic activity (Figure 1 and Table 1) and PEG aggregation 

(Table 4) after heating were greater, while LYZ conformational changes (Figure 2 and Figure 3) 

and LYZ aggregation (Table 2 and Table 3) were less pronounced with an increase of PEG 

molecular mass. The possible interpretation of this result is that with increasing molecular mass, 

PEG becomes more hydrophobic and interacts more strongly with LYZ. 

Covalent conjugation of LYZ with PEG-NHS demonstrated high efficiency of the conjugates in 

terms of thermal stabilization and residual activity (Figure 1c). This reference experiment 

underlines the importance of LYZ-PEG interactions for preventing LYZ denaturing and 

aggregation. The stabilizing effect of PEG is approached at much lower PEG concentrations in 

case of covalent PEGylation.  

Based on the analysis of the obtained results, we may draw general conclusions about the 

crowding effect in protein-PEG-water solutions on protein thermal stability. With an increase in 

temperature, PEG becomes more hydrophobic, this tendency is stronger for a higher molecular 

mass of PEG and concentration. The PEG-protein association has a dual effect on thermal 

stabilization. First, PEG-protein interaction reduces the depletion attraction between protein 

globules and minimizes irreversible protein aggregation. Our results show that the stabilizing 
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effect of PEG saturates at the critical overlap concentration. Second, the formation of a PEG shell 

due to the PEG-protein hydrophobic interactions results in preventing the access of water 

molecules to the protein globule at elevated temperature, hence delays protein denaturing.  
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