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Abstract

The aggregation of amyloid fibrils can lead to various diseases including Alzheimer’s, Parkinson’s 

disease, and transmissible spongiform encephalopathy. Amyloid fibrils can develop from a variety 

of proteins in the body as they misfold into a primarily β sheet structure and aggregate. Human 

lysozyme has been shown to have far reaching effects in human health—a homologous enzyme, 

hen egg white lysozyme (HEWL), has been shown to denature to a primarily β sheet structure at 

low pH and high alcohol content solution. We have studied these systems in atomic-level detail 

with a combination of constant pH and μ-second long molecular dynamics simulations in explicit 

solvent, which cumulatively total over 10 μs of simulation time. These studies have allowed us to 

determine two potential unfolding pathways depending on the protonation state of a key glutamic 

acid residue, as well as the effect of solution dynamics and pH on the unfolding process.
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Introduction

Protein structural conformations and folding pathways are of great interest for their role 

in proper protein function and, often, malfunction in disease states. The reformation 

and aggregation of proteins in the body can potentially cause large-scale physiological 

consequences, and have been implicated in Alzheimer’s, Parkinson’s disease, and 

transmissible spongiform encephalopathy.1, 2 These diseases have been connected with the 

formation of large plaques structurally dominated by β sheets, such as amyloid fibrils in 

Alzheimer’s disease. Amyloid fibrils can develop from a variety of proteins in the body, 

including human lysozyme, as they misfold into a primarily β sheet structure, which has 

been linked to amyloidosis in particular.3, 4 While this phenomenon and the aggregation of 

amyloid plaques in the body is well known5, there is still a great deal of interest in the 

unfolding mechanism and refolding process due to the large number of proteins that can 

display this morphology. Additionally, further insight into partially unfolded and mostly 

native protein states has been of interest due to the possibility of protein-rich clusters as 

precursors for amyloid fibrils, among other aggregates.6

Hen egg white lysozyme (HEWL) is homologous to human lysozyme, and provides a 

convenient proxy to study the folding processes of amyloid plaque-forming enzymes.7 
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Lysozyme in particular has been implicated in genetic amyloidosis and has been shown 

to form amyloid fibrils in vivo under a variety of experimental conditions, including heat, 

pH adjustment and type of solvent.8–11 These results have shown evidence for multiple 

types of unfolding pathways for lysozyme, including two-step folding, passing through an 

intermediate transition state, and molten globule intermediates, among others.12–14

The unfolding/refolding/misfolding of proteins involve processes that can span a large 

range of time-scales, from microseconds to hours. These time-scales are not achievable 

by conventional all-atom classical molecular dynamics (MD) simulations. However, MD 

simulations can provide insights on possible states and likely pathways.15–19

Here, we present a theoretical study of HEWL unfolding using constant pH and multi-

microsecond (μs) long MD simulations to probe the initial steps of the unfolding transition. 

We particularly focus on a low pH system with a high concentration of ethanol, which has 

been shown by circular dichroism spectroscopy to favor a β sheet-rich structure at these 

conditions (90% ethanol, pH 4, disulfide bonds reduced). 20 We have explored the initial 

unfolding landscape of lysozyme with MD by investigating a set of HEWL systems at 

constant pH, determining the most likely protonation, and using those states as a starting 

point for 5–6 μs MD simulations on Anton.21 Our simulations indicate that the protonation 

state of Glu35, while rotationally degenerate, results in two different unfolding pathways. 

The importance of proton exchange via constant pH simulations has been shown several 

times in the literature for unfolding and dynamics in MD, though we are not aware of 

other work that shows differences between rotationally degenerate protonation states with 

regard to unfolding, likely because constant pH simulations are a relatively new avenue of 

research.18, 22–24 Our results are consistent with previous literature reports, and help provide 

insights on the potential role of pH on the initial unfolding process of HEWL.

Methods

An initial crystal structure (pdbid 1YKZ) was chosen to be consistent with the high alcohol 

content of the experimental work.25 The structure was checked and hydrogenated using 

MolProbity.26 Six initial systems were created to study the impact and potential order of 

disulfide bond breakage—one system with all the disulfide bonds present, one with none, 

and four more with one disulfide bond present in each. These systems were employed to 

perform constant pH simulations in pure water for 100 ns to determine likely protonation 

sites. Three pH values were considered: 4, 6.8, and 9. The results at pH 4 were used to create 

two systems to investigate the two different protonation states for Glu35. The surrounding 

solvent was replaced with a 90% ethanol/10% TIP3P water mixture.27 Ethanol parameters 

were generated using R.E.S.P28 fitting for the partial charges and GAFF for the geometric 

parameters.29 These two systems were simulated for 4.5 μs each on the Anton server.21 In 

total, about ~13 μs of production simulation was performed.

All systems were run with the AMBER ff99SB force field using a 2 fs timestep.30 The 

constant pH and equilibration MD simulations were run using AMBER’s pmemd.cuda 

program.31, 32 sPME was used for long-range electrostatics, with an 8 Å cutoff for non-

bonded interactions.33 All covalent hydrogen bonds were restrained using SHAKE.34 These 
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simulations were performed in the NVT ensemble at 300 K with Langevin dynamics, 

after a slow heating at constant volume and solvent equilibration at constant pressure.35 

The collision frequency for Langevin dynamics was set to 5 ps−1. For the constant pH 

simulations in water, AMBER’s constant pH in explicit solvent Monte Carlo module was 

used with one protonation state change attempted every 100 steps and 100 solvent relaxation 

steps performed following successful pH changes.

Anton requires slightly different parameters from the initial production due to limitations 

and speed requirements. For the two Anton simulations, the long range electrostatics 

were treated with Gaussian split Ewald.36 As recommended for Anton simulations, the 

multigrator was used with the NoseHoover thermostat and a relaxation time of 1 fs, with the 

MTK barostat and a relaxation time of 10 fs.37

Results and Discussion

Molecular dynamics (MD) simulations were performed for a series of six systems in explicit 

solvent. A representative structure of HEWL can be seen in Figure 1.

There are four major α helix secondary structure areas and one β sheet in the native 

conformation, along with four disulfide bonds that stabilize the native conformation. 

Constant pH simulations were performed for each system in pure water to determine 

the most likely protonation states at the experimental pHs. We make this approximation 

because, currently, there is not a straightforward way of simulating an ethanol-water mixture 

at constant pH. All standard MD simulations were performed in a solution of 90% ethanol. 

All of the simulations were performed using AMBER (see Methods section).32 The systems 

considered include one native system with all four disulfide bonds, four with one disulfide 

bond each (three reduced disulfides), and one with no disulfide bonds. These were chosen 

to reflect the experimental result that, during the α/β transition, 0–1 disulfide bonds were 

observed in the mass spectra.38 All six systems are represented schematically in Figure 2.

After an initial relaxation and 100 ns of constant pH simulation, the systems were examined 

to determine potential protonation states at a pH of 4, 6.8, and 9 as per experimental 

conditions. At a pH of 4, corresponding to the pH of the solution to induce unfolding of 

the protein, a rotationally degenerate glutamic acid that can be protonated on either of the 

two oxygens was observed (Figure 2E, Table S1). Lysozyme’s titratable residues are well-

established in the literature at low pH, and most of the titratable residues were static in all 

pH 4 systems. One exception was the rotationally degenerate Glu35, for which protonation 

was present on one side or the other for ~50% of the simulation time (Table S1).39 This 

Glu is both a known active site residue for hen egg white lysozyme and a participant in 

the catalytic mechanism by activating proton transfer.40, 41 Thus, we hypothesize that it is 

also protonated in 90% ethanol at low pH. Asp18 and Asp101 were the only other titrated 

residues that showed dynamic protonation changes, though less so than Glu35 (Table S1). 

They were not considered further since their sidechains extend into solvent and are not 

involved in hydrogen bonding networks within the protein. We also determined that HEWL 

at pH 4 has a charge state of +11.
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The calculated +11 states were used to create two sub-systems, State 1 and State 2 (Figure 

2E), with all disulfide bonds broken and Glu35 protonated either cis (State 1) or trans (State 

2). State 1 and State 2 were simulated with long timescale conventional MD simulations 

on the supercomputer Anton,21 totaling over 10 μs of simulation time (~5 μs per system). 

These systems, along with the single disulfide bond systems and the original wildtype 

structure, were compared to investigate the structural aspects of HEWL unfolding. The 

sulfur-sulfur distances of the reduced disulfides show similar distances in each of the 

systems studied. This was also consistent with the measured disulfide distances for the 

long timescale simulations on Anton, which are shown for both State 1 and State 2 in Figure 

3. Regardless of whether or not the relevant disulfide bonds are present, the C76-C94 sulfurs 

remain structurally very close (less than 4Å), followed by the C64-C80 distance, which 

fluctuates slightly more but remains fairly constant at 5–6 Å. This result does not account 

for the possibility of reformation and cleavage, since these are classical MD simulations. 

However, it does correlate with the previous literature reports indicating that 0–1 disulfide 

bonds remain after unfolding42, and indicate that the C76-C94 disulfide bond breakage is 

most likely to reform easily. The C30-C115 distance shows relatively large fluctuations over 

the course of the simulation and distances of ~10–15 Å, and the C6-C127 shows both the 

highest fluctuation and distance reaching from 20–25 Å. This suggests that the majority 

of the unfolding from the reduction of the disulfide bonds comes from these two bonds in 

particular.

Cluster analysis was performed on the long timescale simulations for State 1 and State 2. 

Further details of this analysis can be found in the Supporting Information (Figure S1). 

The cluster analysis indicates that while the disulfide distances are similar between systems, 

their relationship to the root mean square deviation (RMSD) of the overall structure is quite 

different. This further supports that States 1 and 2 proceed by different unfolding pathways, 

despite having similar structures.

Additionally, the MD structures remain in largely the same shape compared to the native 

structure. Rather than the α helices completely unwinding and then reforming, small parts 

of the α helices denature and begin extending the originally small β sheet structure in native 

HEWL. The secondary structure nature of each residue was calculated over time for each 

MD trajectory, the full results of which can be seen in Figure S2, showing that the α helices 

unwind and denature slowly into structures with a higher β sheet character. Interestingly, 

the different protonation states lead to similar overall levels of transition over time but in 

entirely different parts of the lysozyme’s structure sequence depending on the presence or 

absence of particular hydrogen bonds to this GLU residue, as can be seen in Table 1 and 

Figure 4. In State 1, the hydrogen bonding between GLU35 and ARG114 is absent, thus 

causing a central portion of the ~108–116 helix to denature into an unstructured loop and a 

turn, as can be seen in Figure 4A, highlighted in orange. Our results suggest that this effect 

also seems to destabilize the subsequent ~85–102 helix and cause it to unravel by a turn 

at either end and feed into the β sheet structure. By contrast, the ~108–116 helix is highly 

stable in State 2, but there is a great deal more transition from α helix to unstructured loop, 

bend and turn character in the ~4–17 and ~24–37 helices (Figure 4B). This is consistent 

with the loss of hydrogen bonding with ALA31 in State 2 as compared to State 1. Taken 

together, these results indicate that degenerate protonation states may have a strong effect on 
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the unfolding process and support the observation of two unfolding pathways based on the 

protonation of this particular Glu35 residue.

CONCLUSION

A MD study has been performed on HEWL to investigate the initial states of misfolding. 

The constant-pH MD simulations suggest that GLU35 has different ionization states. 

Subsequent multi-μs MD simulations on the two possible rotationally degenerate ionization 

states indicate that, although the overall structure exhibits similar shapes experimentally and 

theoretically, the α/β transition begins on different sites. This difference depends on the 

relevant hydrogen bonding network from the protonation sites. These results have uncovered 

strong evidence for multiple unfolding pathways related to degenerate protonation states, 

and further explored the relationship between the reduction of disulfide bonds and relevant 

unfolding pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative structure for HEWL in its native conformation, with unstructured loops and 

α turns colored in dark blue, the β sheet section colored in cyan, and the large α helices 

colored and labeled according to their residue ranges in red (~4–17), orange (~24–37), 

yellow (~85–102), and green (~108–116), respectively.
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Figure 2. 
A schematic representation of the non-native subsystems created for the MD simulations. 

(A-D) show the relevant single disulfide bond maintained for each subsystem colored in 

blue (C94-C76), orange (C80-C64), pink (C30-C115), and red (C6-C127), respectively, with 

the labels denoting the cysteine residues involved in the disulfide bond. (E) shows the two 

sub-states based on pH and with all reduced disulfide bonds, with the rotationally degenerate 

GLU35 highlighted in purple for State 1 and State 2.
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Figure 3. 
Distance between sulfur atoms for the four reduced disulfide bonds in the long timescale 

MD simulations. These distances are relatively consistent over time and between the two 

systems despite other structural differences between them, indicating relative importance to 

the unfolding process.

Walker et al. Page 11

J Phys Chem B. Author manuscript; available in PMC 2023 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Most frequently occurring structures in the cluster corresponding to the distance between 

the broken disulfide bond between residues 6 and 127. Representative structures for the two 

protonation states, colored by the most common secondary structure after the 5 μs mark, 

with salmon representing bend character, pink representing turn character, gray representing 

pi helix character, navy blue representing α helix character, purple representing 3–10 

helix character, mauve representing antiparallel β sheet, red representing parallel β sheet, 

and white representing unstructured loops. Glu35 and its corresponding Arg114 hydrogen 

bonding partner are displayed in licorice. Areas that are particularly different between states 

are highlighted with orange boxes. The difference in location of unfolding indicates the 

presence of two divergent unfolding pathways based on protonation state and subsequent 

hydrogen bonding. (A) State 1 with all disulfide bonds broken and the Glu35 hydrogen on 

OE1. (B) State 2 with all disulfide bonds broken and the Glu35 hydrogen on OE2.
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Walker et al. Page 13

Table 1:

Calculated Hydrogen bonding for GLU 35

Acceptor Donor State 1 % present State 2 % present

Ala31 Glu35 76.4% 50.0%

Glu35 Gln57 4.4% 21.46%

Glu35 Arg114 -- 100.0%

Phe34 Glu35 -- 32.3%

Lys33 Glu35 -- 3.5%

Ala32 Glu35 -- 0.5%

Leu56 Glu35 2.62% 0.5%
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