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Abstract: Protein misfolding and aggregation play a significant role in several neurodegenerative 
diseases. In the present work, the spontaneous aggregation of hen egg-white lysozyme (HEWL) in 
an alkaline pH 12.2 at an ambient temperature was studied to obtain molecular insights. The time-
dependent changes in spectral peaks indicated the formation of β sheets and their effects on the 
backbone and amino acids during the aggregation process. Introducing iodoacetamide revealed the 
crucial role of intermolecular disulphide bonds amidst monomers in the aggregation process. These 
findings were corroborated by Molecular Dynamics (MD) simulations and protein-docking studies. 
MD simulations helped establish and visualize the unfolding of the proteins when exposed to an 
alkaline pH. Protein docking revealed a preferential dimer formation between the HEWL mono-
mers at pH 12.2 compared with the neutral pH. The combination of Raman spectroscopy and MD 
simulations is a powerful tool to study protein aggregation mechanisms. 
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Figure S1. a) UV-visible absorption spectra of 10 times diluted HEWL stock from 250 nm to 400 nm 
used to calculate the protein concentration in the stock solution, b) Raman spectra of the pH 7.0 and 
pH 12.2 buffer using 532 nm laser. 

Figure S2. DLS spectra of the protein samples at 240 hr in pH 7.0 (control) and pH 12.2 (experiment) 
buffers. 
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Figure S3. a) Deconvolution of the Amide I band into various secondary structure components, b) 
Deconvolution of the Amide I band at various time points, for the protein in pH 12.2. This shows a 
gradual decrease in alpha-helical content and an increase in beta-sheet content after 12 hr of incu-
bation of the protein in pH 12.2.  
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Figure S4. The percentage of the alpha-helix and the beta-sheet secondary structure was determined 
from the analysis of the Amide I Raman band for the HEWL incubated in pH 12.2 buffer, at two 
different concentrations, a) 120 μM and b) 30 μM. 

 

Figure S5. a) Stack plot of the Amide I band of the HEWL protein in pH 7.0 buffer, in the presence 
of idoacetamide, b)Intensities of the 1341 and 1363 cm-1 Raman peaks corresponding to the Trypto-
phan residues for the protein in pH 12.2. Their ratio acts as a hydrophobicity marker, and c) Stack 
plot of 505cm-1 Raman peaks for the HEWL in pH 12.2 buffer, in the presence of iodoacetamide, an 
aggregation-inhibiting small molecule and d) molecular structure of iodoacetamide. 
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Figure S6. a) FWHM of 759 cm-1 Raman peak and b) Position of the Raman peak around 876 cm-1 as 
a function of time for the protein in pH 12.2. 

Figure S7. FWHM of the 1446cm-1 Raman peak for the protein in pH 12.2 suddenly increases from 
0 to 6 hr, validating that the protein unfolded when placed in an alkaline buffer.   

Figure S8. Variation in the position of the Raman peak around 830cm-1 for the protein at various 
time points of aggregation in pH 12.2.   

Figure S9. a) Peak position and b) FWHM, of the peak around 900 cm-1 of the protein at various time 
points of aggregation in pH 12.2. 

Figure S10. Change in the intensity of the Raman peak around 932 cm-1 for the protein in pH 12.2. 
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Molecular Dynamics Simulations: 
Protein Unfolding:  

To correlate to the experimental conditions of the HEWL protein in pH 7.0 and pH 
12.2 environments, the following systems were chosen for study, as classical MD simula-
tions don’t allow for the breaking of covalent bonds during a simulation. 

N – protein in pH 7.0 with the disulphide bonds intact; 
NBB – protein in pH 7.0 with the disulphide bonds broken; 
H – protein in pH 12.2 with the disulphide bonds intact; 
HBB – protein in pH 12.2 with the disulphide bonds broken; 
Various experimental studies prove that when a protein is placed in an alkaline pH 

environment, the disulphide bonds no longer remain intact and break to form dangling -
S-H bonds. While in a neutral pH environment, the bonds remain unbroken, thus keeping 
the system intact. So, it was the most logical choice to choose the systems N and HBB as 
the systems under study to compare with the experiments performed in this paper. To 
clarify the behaviour in all possible and hypothetical situations, we conducted the MD 
simulations for all 4 cases of N, NBB, H and HBB. The following are the results corre-
sponding to the same, 

Figure SA. Deviations in the trajectory of the simulation for the protein in all variations of N, NBB, 
H and HBB, conducted at a) 300K, b) 380K and, c) 450K. 

The aim of increasing the temperature of the simulation was to hasten the unfolding 
process, as it would be impractical to conduct simulation at room temperature for time 
scales of a few hours. From these plots in Fig. SA, we see that the temperatures of 300K 
and 380K are insufficient to unfold the protein, while at 450K, the protein begins to unfold 
well within 50ns. Though N also has a high value of RMSD through the simulation, it is 
experimentally not feasible and hence is ruled out. 
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Figure SB. Secondary structure elements of the protein after 50 ns simulation at various tempera-
tures. Red (450 K), Green (300 K) and Blue (380 K). At 450K, there is a maximum change in the 
secondary structure, indicating that the protein has partially unfolded. There is a higher reduction 
in the secondary structure content at pH 12.2 than at pH 7.0. 

The simulation results show that H has a higher deviation in the trajectory while N 
remains stable.  While in the case of NBB and HBB, HBB shows a more significant deflec-
tion. Thus from both Fig. A and Fig. B, we can confidently claim that an alkaline environ-
ment that causes the unfolding of the protein can be replicated by using 450K environment 
temperature and HBB, with the disulphide bonds broken. 

 
Protein Aggregation: 

Figure S11. The stability of the protein is studied using the RMSD vs simulation time plot. It is 
observed that the deviation in the RMSD of HBB is quite significant as compared to the N, H, and 
NBB. This can be attributed to the untangled N terminal dangling in the solvent. 
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Figure SC. Interactions among the homodimer aggregates are represented by N (solid, black), H 
(striped, black), NBB (striped, red) and HBB (solid, red). The types of interaction represented from 
left to right are: 1) pi – cation, 2) Hydrogen bond (side chain-side chain), 3) Hydrogen bond (back-
bone-backbone), 4) Salt bridges, 5) Hydrogen bond (sidechain-backbone), 6) Hydrogen bond (back-
bone-sidechain), 7) Pi-Pi and 8) Total interactions. pH 12.2 contributes to a higher no. of interactions 
than pH 7.0. 

 
Figure SD. The distance of the Center of mass between the homodimer aggregate is plotted as a 
function of simulation time for N (Black), NBB (Grey), H (Orange) and HBB (Red).  H and NBB 
remain stable from the start to the end of the simulation. 

 In N, there is an initial transition around 50 ns, after which the dimer stabilises at 30 
Å. While in HBB, the initial docking distance started at 30 Å, it decreased through the 
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simulation and continued to decrease till the end of it. This is valid proof that the chains 
come closer to forming a more stable aggregate. 

Figure S12. Binding free energy of the docked proteins with the monomers N and HBB; 

M-GBSA allows one to computationally calculate the protein-protein binding energy 
though it has limited accuracies, especially with the charged systems.[1] From the above 
plot, it is clear that HBB has lower energy than N and H systems at -77 kCal/mol. It is 
interesting to note that the value is higher than that of the NBB system. This can be ex-
plained by Fig. S13 & SD, that the NBB is a very stable structure. From Fig. SC & SD, it is 
clear that the HBB system is the most preferred for aggregation. Still, an increased RMSD 
(seen in Fig. S11) indicates free dangling N terminals, which destabilize the system and 
thus eventually result in a slightly higher free energy value (as seen in Fig. SE).  

 

Figure SE. Binding free energy was calculated using the frames of the last 25ns of the simulation 
using MM-GBSA for the dimers of N (black), H (grey), NBB (orange) and HBB (red).  
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Figure S13. a) Heat map representing all the various cysteine -cysteine distance residues. The dis-
tance map from 6 Å (green) representing the closeness of the cysteines from 2 different monomers 
to 51 Å (red), representing the farther away cysteines, can be used to identify the Cysteine residues 
that come close. b) The line plots corresponding to the closest occurring cysteine residues in the 
course of the 200 ns of the simulation, c) The line plots corresponding to every other cysteine resi-
due’s interaction during the duration of the simulation. 

 
Eight cysteine residues in each monomeric unit allow for 64 possible interactions in 

the dimeric aggregate. If Cysteine residues got close enough, a new disulphide could be 
established amidst the monomers, resulting in a covalently bonded dimeric state. Hence 
a heat map was convenient to monitor their distances throughout the 200 ns of the simu-
lation, as seen in the following plot, along with a few selected possible combinations rep-
resented by a line map. (Fig. S13) 
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Table S1. Peak assignments to the Raman modes obtained for HEWL  

PEAK (cm-1) RAMAN MODE REFERENCE 

505 S-S stretch (gauche–gauche–gauche) in cysteine  [2,3] 

525 S-S stretch (gauche–gauche–trans) in cysteine [2,3] 

575 Tryptophan [4] 

623 C-C twisting mode in Phenylalanine [4] 

643 C-C twisting mode of tyrosine [5] 

695 C-S bond  [6] 

720 C-S stretch trans conformation [7] 

759 Tryptophan – Coupled vibrations of in-phase breathings of 
benzene and pyrrole (indole ring) 

[8] 

833 Fermi resonance of ring fundamental and overtone - Tyrosine [7] 

853 Fermi resonance of ring fundamental and overtone - Tyrosine [4] 

877 Tryptophan- benzene ring + N1H motion [9] 

900 N-Cα-C stretch of skeleton [6] 

930 N-Cα-C stretch of skeleton [6,9] 

1004 Ring breathing of benzene in Phenylalanine [8] 

1011 Tryptophan ring breathing [4] 

1076 CH2 symmetric rock+ Cα-C stretching [6] 

1105 CH2 symmetric rock+ Cα-C stretching [6] 

1128 CH2 symmetric rock+ Cα-C stretching [6] 

1236 Type II β-turn strand, amide III [6] 

1255 Amide III [4] 

1300 CH2- twisting, wagging [4] 

1339 & 1362 Tryptophan Fermi resonances between the fundamental in-plane 
N1=C8 stretching and combination bands of ring out-of-plane 
deformations 

[8] 

1426 Pyrrole [ν(N1–C2=C3) + δ(NH)] + benzene δ(CH) [9] 

1448 CH2, CH3 and CH deformation and scissoring [6] 

1458 CH2, CH3 and CH deformation and scissoring [6] 

1554 C=C Tryptophan [4,9] 

1580 Tryptophan, amide II, Tyrosine [4] 

1607 Tyr, Phe ring vibration; C=C phenylalanine, tyrosine [4] 

1621 νs(ring) + δ (OH) - Tryptophan [4,6,9] 

1661 Amide I band [6,7] 
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