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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cd2+ promote the direct formation of 
ordered β-sheets from the uncoiling of 
α-helices by skipping intermediate 
structure. 

• Cd2+ induce protein denaturation to 
form gels rather than amyloid fibrils, 
along with the “off-pathway”. 

• A combined interaction of Cd2+ and acid 
is confirmed in the transformation of 
tertiary and secondary structures of 
HEWL.  
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A B S T R A C T   

To study the influence of Cd(II) ions on denaturation kinetics of hen egg white lysozyme (HEWL) under thermal 
and acidic conditions, spontaneous Raman spectroscopy in conjunction with Thioflavin-T fluorescence, AFM 
imaging, far-UV circular dichroism spectroscopy, and transmittance assays was conducted. Four distinctive 
Raman spectral markers for protein tertiary and secondary structures were recorded to follow the kinetics of 
conformational transformation. Through comparing variations of these markers in the presence or absence of Cd 
(II) ions, Cd(II) ions show an ability to efficiently accelerate the disruption of tertiary structure, and meanwhile, 
to promote the direct formation of organized β-sheets from the uncoiling of α-helices by skipping intermediate 
random coils. More significantly, with the action of Cd(II) ions, the initially resulting oligomers with disordered 
structures tend to assemble into aggregates with random structures like gels more than amyloid fibrils, along 
with a so-called “off-pathway” denaturation pathway. Our results advance the in-depth understanding of cor-
responding ion-specific effects.   
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1. Introduction 

Specific three-dimensional structures are essential for distinct phys-
iological functions of proteins [1,2]. Under stressful conditions, proteins 
can undergo structural changes and self-assemble into aggregates like 
amyloid fibrils (so-called “on-pathway”) and gels (“off-pathway”). 
Among these aggregates, the amyloid fibrils with highly ordered β-sheet- 
rich structures are well-known to associate with some neurodegenera-
tive diseases, such as Alzheimer’s disease (AD), Parkinson’s syndrome 
and amyotrophic lateral sclerosis [3–5]. Thus, in-depth understanding of 
supramolecular structures and amyloid fibrillation mechanisms has 
great implications for the treatment of diseases [6,7]. 

For the sake of simplicity and economy, a model protein, hen egg 
white lysozyme (HEWL), is commonly chosen as a representative for 
amyloid fibrillation studies. It is reasonable because its structure is not 
only highly homologous to human lysozyme, but also the active site is 
similar to the sequence of amyloid-β (Aβ) peptides (AD related peptides) 
[8]. Extensive investigations were performed for amyloid fibrillation of 
HEWL in thermal conditions [9], together with various chemicals like 
acid [10], O-methylated 3HPs [11], fluoroquinolone drug ofloxacin 
[12], and succinimide [13]. Beyond these factors, increasing evidences 
have proved that metal ions can also induce protein denaturation in 
aqueous medium, which is well-known as “Hofmeister series” according 
to the sequence of their action strength, since their accumulation around 
brain plaques of AD patients was observed [14–19]. Accordingly, they 
have attracted widespread interest as potentially pathogenic factors. The 
specific roles (an inhibitor or a promoter) of several endogenous metal 
ions, such as Cu2+ [20], Zn2+ [21], Mg2+ [22], and Al3+ [22,23], were 
proposed on protein amyloid fibrillation. For instance, a double-edged 
role has been verified recently for Al(III) ions in the amyloid fibrilla-
tion of lysozymes [23], that in addition to postponing α-helix degrada-
tion, Al(III) ions accelerate conformational transformations from 
α-helices to organized β-sheets. 

As an exogenous heavy metal ion, Cd(II) ion plays a considerable role 
in environmental, food, biological, and medical fields [24–28]. As a 
relatively high cadmium level was detected in plasma, brain and liver of 
AD patients,[24,29–32] cadmium exposure was also thought to pose a 
risk for AD. For elucidating the influence of Cd(II) ions on protein 
structures and amyloid fibrillation mechanisms, some experimental 
studies were carried out. Using fluorescence spectroscopy, isothermal 
titration calorimetry, molecular docking and dynamics simulation, 
Wang et al. located three thermodynamic identical binding sites for Cd 
(II) ions on lysozyme, and a slightly altered secondary structure was 
suggested due to interaction from the metal ions [33]. Their conclusion 
was contrary to Olmo et al.’s result [34] that only variations in the 
conformation of lysozyme were observed without a visible change on 
the secondary structure. The association between Aβ peptide aggrega-
tion and cigarette-related compounds, such as nicotine, polycyclic aro-
matic hydrocarbons, and metal ions, Cd(II), Cr(III), Pb(II), and Pb(IV), 
was monitored using AFM imaging, NMR, fluorescence assay, and mass 
spectrometry [35], in which the Cd(II) ions showed a capability of 
altering the Aβ aggregation pathway, that is, amorphous Aβ aggregates 
were favorably formed in the presence of Cd(II) rather than conven-
tional Aβ fibrils. A further phenomenon was observed in the Aβ42 ag-
gregation process, that the formation of high-molecular-weight 
aggregates was more favorable in the presence of Cd(II) ions [24,36]. 
Furthermore, Jiang et al. [37] investigated the impacts of Cd(II) ions on 
the conformation and self-aggregation of Alzheimer’s tau peptide R3. 
The ThS fluorescence assays indicated that Cd(II) ions accelerated 
heparin-induced or independently induced R3 aggregation. In addition, 
the α-helical structure on peptide chain was increased with the action of 
Cd(II), and the resulting R3 filaments became much smaller [37]. The 
similar effect was also observed in the aggregation of α-Synuclein [38] 
and cytosolic proteins [39]. Especially in the nucleation stage in the 
amyloid formation process, cadmium-aggregated proteins formed seeds 
for the misfolding of other proteins. Notably, these above studies were 

mainly focused on the influence of Cd(II) ions on morphology and 
structures of the end-formed aggregates, and their action mechanisms on 
the denaturation kinetics of lysozyme was unclear. This gives us a 
motivation to clarify the specific action of Cd(II) ions on different kinetic 
stages of protein denaturation process. 

Because the Cd(II)-induced denaturation process of HEWL under 
physiological conditions is very slow, a relatively stressful condition of 
thermal (65 ◦C) and acidic (pH 2.0) treatment is chosen hereby. The 
corresponding mechanisms and kinetics of the HEWL amyloid fibrilla-
tion are well-studied with the absence of Cd(II) ions [10,40–43]. 
Spontaneous Raman spectroscopy, a label-free, nondestructive, and 
powerful analytical technique, is used to detect the secondary and ter-
tiary structure transformation of protein at the molecular level 
[9,44–47]. Thioflavin-T (ThT) fluorescence spectroscopy, AFM imaging, 
far-UV circular dichroism (CD) spectroscopy, and transmittance mea-
surements are also performed to verify the changes of molecular 
conformation and morphology in the HEWL denaturation process. As a 
result, the specific influence of Cd(II) ions on the transformation of 
protein tertiary and secondary structures, as well as the formation of gel- 
like aggregates along the “off-pathway”, is derived from comparing the 
results in the absence and presence of Cd(II) ions. Our conclusions will 
provide valuable information for understanding the molecular mecha-
nism of ion-specific effects in protein structures in aqueous environment 
and for studying the toxic effects of exogenous ions. 

2. Experimental methods 

2.1. Solution preparation 

HEWL (activity ≥ 20000 U/mg, A610308-0005) in the native state 
and CdCl2⋅2.5H2O were purchased from Sangon Biotech and Sinopharm 
Chemical Reagent, and used without further purification. The initial 
concentration of HEWL was 20 mg/mL in aqueous solution. To compare 
the influence of Cd(II) ions, two solutions were prepared, i.e. one 
without Cd(II) ions, and the other with the 20:1 M ratio of Cd(II) ions to 
HEWL. Then the two solutions were adjusted to pH = 2.0 with hydro-
chloric acid, and then the solutions in sealed glass vials (4 ml) were 
incubated in a thermoshaker at 65 ◦C without agitation for more than 
200 h. Actually, in the absence of metal ions, this thermal and acidic 
treatment were well-studied for amyloid fibrillation kinetics of lyso-
zymes previously [10]. In addition, chloride ions have very little in-
fluences on protein structures, as indicated previously [48,49]. At 
various incubation times, aliquots of the denaturing protein solution 
were taken from the vials. Subsequently, a centrifugation at 12,000 g 
was performed for 20 min to separate gelatinous phase. The residual 
supernatant was used for Raman spectroscopy, ThT fluorescence assays, 
far-UV CD spectroscopy, AFM imaging and transmittance measure-
ments. As concluded previously [50], a small amount of aggregates, such 
as gels and fibrils, remain in the supernatants, thus all spectral features 
of protein and its denaturation products like protofibrils and gel-like 
aggregates can be detected in the Raman spectra, ThT fluorescence 
assay, CD spectroscopy, and transmittance analyses of the supernatant 
[23]. In addition, the morphologies of oligomers and amyloid fibrils can 
be clearly observed by using AFM imaging. 

2.2. Spontaneous Raman spectroscopy 

Spontaneous Raman spectroscopy was measured as described pre-
viously [10,13,23]. Briefly, sample solutions were stored in a 10 mm ×
10 mm quartz cuvette at the set temperature. A continuous laser (Verdi 
V5, Coherent) with a power of 4 W at 532 nm was used as the excitation 
light source. Scattered light was collected, dispersed and recorded by a 
triple monochromator (TriplePro, Acton Research) with a liquid-
–nitrogen-cooled CCD detector (Spec-10:100B, Princeton Instruments). 
The resolution of present Raman spectra was ~ 1 cm− 1 in the frequency 
range of 200–3000 cm− 1, and the wavelength was carefully calibrated 

L. Liu et al.                                                                                                                                                                                                                                       



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 296 (2023) 122650

3

using standard spectral lines from a mercury lamp. The acquisition time 
for each measurement was 1 min, and the reported Raman spectra were 
averaged for 10 acquisitions under the same conditions for better signal- 
to-noise ratios. In addition, the Raman spectra were corrected by sub-
tracting the spectra of water with Cd(II) ions measured under identical 
conditions. Therefore, sufficiently reliable spectra were provided in 
present study. 

2.3. ThT fluorescence assays 

During the denaturation process, 0.5 ml of supernatant taken at 
different incubation times was added into 4.5 ml of ThT solution (the 
concentration of 12 mg/L). Steady-state fluorescence emission spectra of 
the mixed solutions were recorded using a multi-purpose fiber optic 
spectrometer (AvaSpec-ULS2048, Avantes), with photo-excitation at 
409 nm. The wavelength range of the spectra covered from 400 to 800 
nm, and the emission intensity at 477 nm was used as an indicator of 
fluorescence intensity. 

2.4. Far-UV circular dichroism spectroscopy 

The supernatant was diluted 100-fold. The far-UV CD spectra of the 
samples in 2 mm quartz cuvettes were measured using a CD spectro-
photometer (J-1700, JASCO) in the wavelength range of 195–250 nm, 
with a bandwidth of 1.0 nm. The scanning speed was 100 nm/min, and 
the response time was 1 s. To ensure the accuracy, at least three inde-
pendent measurements were completed and the averaged spectral data 
were reported. 

2.5. Atomic force microscopy (AFM) imaging 

All AFM images were acquired on air-dried samples using a Dimen-
sion Icon scanning probe microscope from Bruker in tapping mode. A 5 
μm × 5 μm scanner was used in the experiments. The supernatant was 
diluted 10 times with Milli-Q water and then dropped onto a freshly 
cleaved mica. Fifteen minutes later, the protein solution was rinsed off 
with deionized water three times. The mica surface was dried at room 

temperature, and the sample was stored in a desiccator. The AFM images 
were represented using an open-access software from Nanoscope Inc. 

2.6. Transmittance measurement 

A commercial UV–vis spectrometer (UV-2550, Shimadzu) was used 
to measure light transmittance of the supernatant at different incubation 
times. The absorption wavelength range was 300–500 nm. Compared 
with the native HEWL, a weak shoulder peak appeared at the red-side 
and extended to more than 450 nm after denaturation. Apparently, 
this shoulder is contributed by the formed aggregates. According to the 
Beer-Lambert law, the change in solution transmittance at ~ 380 nm can 
directly reflect the relative proportion of the formed aggregates. 

3. Results and discussion 

3.1. Morphologies of HEWL in the denaturation process 

Fig. 1 shows morphological changes of proteins during denaturation 
process recorded at three representative incubation times, with thermal/ 
acid or thermal/acid/Cd(II) treatments. Similar to the previous study 
[10], some oligomers appear in the initial incubation stage in the 
absence of Cd(II) ions (Fig. 1a). Overt time, the number of oligomers 
gradually increases (Fig. 1b) and assembles into protofibrils and mature 
fibers with small amounts of gel-like aggregates with disordered struc-
ture (Fig. 1c). In contrast, with the action of Cd(II) ions, the formation of 
protofibrils is significantly advanced. As shown in Fig. 1d and 1e, pro-
tofibrils with a length of a few microns are clearly observed after incu-
bation for 24 h, and they become more dense and intertwined with each 
other with time. To our surprise, much less mature fibers are produced 
after incubation for 192 h in the presence of Cd(II) ions (Fig. 1f). 
Moreover, the morphologies of the end-formed aggregates in Fig. 1f 
appear softer, indicating that more aggregates with disordered struc-
tures may be produced with the action of Cd(II). 

It is well-known that with unfolding of tertiary and secondary 
structures, protein can assemble to form gel-like aggregates or amyloid 
fibrils along with “off-pathway” or “on-pathway”, respectively [23]. 

Fig. 1. AFM height images of HEWL incubated under thermal/acid conditions for (a) 24 h, (b) 46 h and (c) 192 h, and under thermal/acid/Cd(II) conditions for (d) 
24 h, (e) 46 h and (f) 192 h. 
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According to the fact that different aggregation forms should have 
different light transmission, the gels and fibrils show translucent (or 
opaque) and hence their formation will cause the change of the super-
natant transmittance. Thus, we can easily infer the formation rates of the 
aggregates by recording transmittance of the supernatant at each spe-
cific incubation time, although we could not directly observe the formed 
oligomers in solution with naked eyes. As shown in Fig. 2, the change 
rate of solution transmittance is very close during the first few hours 
regardless of the presence of metal ions, indicating that Cd(II) ions have 
insignificant effects on the formation of insoluble oligomers in com-
parison to acid. It is inconsistent with the acceleration effect observed in 
the nucleation step of α-Synuclein amyloid formation process [38]. 
However, the formation rate of large-size aggregates is obviously 
accelerated with the action of Cd(II) ions. As a result, a large amount of 
opaque gel-like aggregates with irregular shapes are produced with the 
adding of Cd(II) ions, as shown in the inserted photos of Fig. 2. These 
results verify the facilitating effect of Cd(II) ions on the gel-like forma-
tion along “off-pathway” from the oligomers, which agrees with the 
previous conclusions in the Aβ aggregations [35,36]. 

3.2. Raman spectra of native lysozyme and its final-state aggregates 

Although there are visible differences in the formation rate of gel-like 
aggregates in the absence and presence of Cd(II) ions, the morphology of 
the end-produced aggregates are difficultly distinguished with naked 
eyes, except for quantity. Herein, spontaneous Raman spectroscopy was 
performed to real-time detect the molecular structure of protein. Fig. 3 
shows the Raman spectra of the native HEWL and the end-formed ag-
gregates including fibrils and gels in the supernatant, with thermal/ 
acidic and thermal/acidic/Cd(II) treatments. Notably, along with the 
formation of fibrils and gel-like aggregates, the protein concentration in 
the supernatant monotonously decreases during incubation, resulting in 
the weakened intensities of all Raman peaks during incubation. Thus, as 
suggested by the previous studies [51–53], we used the spectral intensity 
of the Phe ring at 1003 cm− 1 to normalize all band intensities in Fig. 3, 
since this peak is insensitive to microenvironment and dominantly de-
pends on protein concentration. For the sake of simplicity, we chose four 
well-known vibrational bands as Raman indicators for tertiary and 
secondary structures of protein in the following discussions. 

As listed in Table 1, two vibrational bands contributed by Trp resi-
dues on protein side chain are used to monitor changes of protein ter-
tiary structure, i.e. the peak at 759 cm− 1 and the double peaks at 1340 
and 1360 cm− 1. The former is contributed by coupled vibrations of the 
in-phase symmetric ring breathing of benzene and pyrrole rings of Trp 
residue [54–56], and its full-width half-maximum (FWHM) is sensitive 
to conformational distributions of Trp in side chain microenvironments. 
The double peaks at 1340 and 1360 cm− 1 are attributed to the Fermi 
resonances comprising of a fundamental in-plane C8-N1 stretching and a 
combination of out-of-plane deformations of indole rings of Trp 
[57–59]. The intensity ratio of this doublet, I1340/I1360, is very sensitive 
to the hydration degree of Trp residue [60]. Once the indole ring of Trp 

is exposed to aqueous medium, the I1340/I1360 ratio is larger than 1.0. 
Conversely, a hydrophobic environment surrounds the indole ring of 
Trp. Therefore, these two markers are both widely used to indicate the 
changes of side chain microenvironments with the break of protein 

Fig. 2. UV–vis absorption spectra of the HEWL solution at different incubation times with thermal/acid (a) and thermal/acid/Cd(II) (b) treatments, where the photos 
of the end-formed aggregates after denaturation were inserted. 

Fig. 3. Raman spectra of the native HEWL (in black) and the final states formed 
with the thermal/acid (in blue) and thermal/acid/Cd(II) (in red) treatments. 
The Raman markers for protein structures discussed in text are marked with 
grey boxes. 

Table 1 
Parameters and assignments of Raman vibrational bands of HEWL used in the 
discussions.  

amino 
acid 
residues 

protein 
structure 

Raman 
shift/cm− 1 

Assignment Raman 
markers 

Trp tertiary 759 coupled vibrations of 
in-phase breathings 
of benzene and 
pyrrole 

FWHM[54-56] 

Trp tertiary 1340/1360 Fermi resonances 
between the 
fundamental in-plane 
N1 = C8 stretching 
and the combination 
bands of ring out of 
plane deformations 

I1340/I1360
[57-60] 

N-Cα-C secondary 932 stretching of N-Cα-C 
segment in α-helical 
structures 

intensity[54, 

56] 

amide I secondary 1640–1650 
1650–1660 
1660–1670 
1670–1680 

random coils 
α-helices 
β-sheets 
random structures, β 
turn 

peak position 
[10, 51, 61-64]  
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tertiary structures. As shown by the magnified spectra in Fig. 4a and 4b, 
the FWHM at 759 cm− 1 and the I1340/I1360 ratio are visibly varied after 
denaturation, indicative of the microenvironment changes as well as the 
destruction of protein tertiary structures. 

For the protein skeleton, another two bands are commonly used to 
trace transformation of the secondary structures, i.e. the N-Cα-C peak at 
932 cm− 1 and the amide I band (1640–1680 cm− 1). Notably, the peak at 
932 cm− 1 is well-known to be contributed by the N-Cα-C stretching vi-
bration of α-helical structures [54,56]. As shown in Fig. 5a, its intensity 
is approximately completely reduced in the end-produced aggregates, 
indicating that the α-helical structures in the native HEWL are almost 
fully destroyed. The amide I band is assigned to the coupling mode of the 
C––O and C–N stretching vibration and a small amount of N–H in- 
plane bending vibration [51]. It is widely used to monitor the trans-
formation from α-helices to β-sheets, since the relative strengths of 
hydrogen bonding interactions (C––O…H) between amide groups and 
dipole–dipole interactions between carboxyl groups are varied in 
different secondary structures. As listed in Table 1, for HEWL α-helices 
usually have low-frequency accordion-like motions with the frequency 
at 1650–1660 cm− 1 [61], organized β-sheets contribute the vibrational 
intensity at 1660–1670 cm− 1 [10], and the frequencies of disordered 
structures, such as random coils and β-turns, are lower than 1650 cm− 1 

or higher than 1670 cm− 1 [62–64]. Compared with that of the native 
HEWL, the amide I band of the final aggregates exhibits a blue shift of ~ 
15 cm− 1 as shown in Fig. 5b, indicating transformation of the α-helices 
to the other conformations, such as β-sheets or random structures, 
during protein denaturation. 

3.3. Evolutionary kinetics of HEWL tertiary structures 

To uncover the influence of Cd(II) ions on the evolutionary kinetics 
of HEWL tertiary structures, incubation time-dependent curves of the 
FWHM at 759 cm− 1 and the I1340/I1360 ratio under thermal/acid and 
thermal/acid/Cd(II) conditions were measured and directly compared. 
As shown in Fig. 4d, the I1340/I1360 ratio of Trp increases monotonically 
with incubation time in both experimental conditions and converges to 
equilibrium after 70–100 h, indicating that the unfolding of tertiary 
structures proceeds immediately upon being incubated. Moreover, 

although the curves both show typical 1st-order reaction characteristics 
of single exponential growth, the change rate is apparently accelerated 
in the presence of Cd(II) ions, verifying the promoting effect of Cd(II) on 
the exposure of Trp residues on side chains. 

In comparison to the above I1340/I1360 marker, the kinetic curves of 
the FWHM indicator show different pattern. Although the broadening of 
this peak at 759 cm− 1 is moderately accelerated in the presence of Cd(II) 
ions, as shown in Fig. 4c, it is obvious that the change rate of the Trp 
FWHM is much slower than that of the I1340/I1360 marker, and especially 
in the later incubation stage (greater than100 h), this FWHM indicator 
continues to grow. Considering that this peak width is an indicator for 
conformational distributions of Trp, the wider FWHM (Fig. 4c) implies 
that more free conformations of Trp residue are formed with the influ-
ence of Cd(II) ions. It is worth noting that the dominant self-assemble 
process of HEWL changes to the “off-pathway” from oligomers to gel- 
like aggregates under thermal/acid/Cd(II) treatment. In these gel-like 
aggregates, random structures are predominant for protein secondary 
structures rather than organized β-sheets (Fig. 6). Hence, we can ima-
gine, the mean interaction between Trp residue and surrounding 
microenvironment is much weakened in gel-like aggregates, leading to 
the formation of more various rotational isomers. That is, Trp residues 
on side chains have the higher degree of freedom in gels with disordered 
molecular structures. 

3.4. Transformation kinetics of HEWL secondary structures 

Fig. 5a and 5b show the magnified Raman spectra of the native 
HEWL (in black) and the end-formed aggregates (in red) in the range of 
720–800 cm− 1 (N-Cα-C stretching peak) and 1315–1380 cm− 1 (amide I 
band), respectively. The incubation time-dependent curves of these two 
indicators under thermal/acid (in black) and thermal/acid/Cd(II) (in 
red) conditions are plotted in Fig. 5c and 5d. Apparently, the two 
markers show sigmoid functional relationships on incubation time with 
thermal and acidic treatments, which is greatly consistent with our 
previous results [10]. By fitting these curves with a sigmoid function of 
the equation (1) [65–67], we can obtain the corresponding kinetic 
parameters, 

Fig. 4. Magnified Raman spectra of the native HEWL (in black) and the final state (in red) in the range of 720–800 cm− 1 (a) and 1315–1380 cm− 1 (b); and incubation 
time-dependence curves of the FWHM at 759 cm− 1 (c) and the I1340/I1360 ratio (d) under thermal/acid (in black) and thermal/acid/Cd(II) (in red) conditions. 
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F = FD +
FN − FD

1 + exp[(T − Tm)/ΔT ]
(1)  

where FN and FD correspond to the indicator values like FWHM, fluo-
rescence intensity, or Raman shift of initial and final states, respectively, 
T denotes incubation time, Tm is the transition midpoint time, and 2×ΔT 
can reflect the transition interval. 

During the earliest kinetic stage (0–10 h), the oligomers with 
disordered structures are formed with the unfolding of protein tertiary 
structures, in which a large proportion of aromatic amino acid residues 
on side chains (like Trp) are exposed to border regions of the protein. 
The uncoiling of α-helices occurs immediately under the influence of 
hydrogen bonds from nearby water, resulting in the significantly 
decreased N-Cα-C intensity. Additionally, there is a lag phase between 
the uncoiling of α-helices and the formation of organized β-sheets, as 
indicated by comparison of the two black curves in Fig. 5c and 5d. As 

proposed previously [10], the statistical coils of disordered structure are 
preferred to be formed as intermediates from the transformation of 
α-helices, prior to the formation of β-sheets. The midpoint transition 
time Tm is determined to be 54 ± 3 h under the present conditions 
(Fig. 5d), which obviously lags behind the uncoiling of α-helices (~35 h 
as noted with a blue-colored dash line in Fig. 5c). 

In comparison to the kinetics in the absence of Cd(II) ions (black 
traces in Fig. 5c and 5d), the lag phases of the two spectral markers are 
both significantly shorter in the presence of the metal ions, whereas the 
transformation rates (i.e. slopes in the growth phases) remain. Notably, 
the characteristic rates of the I1340/I1360 ratio of Trp (Fig. 4d) and the N- 
Cα-C intensity (Fig. 5c) are very close, thus we can imagine that Cd(II) 
ions efficiently induce the uncoiling of α-helices, accompanying with the 
exposure of Trp residues. More importantly, the midpoint transition 
time (Tm) of the amide I peak position is determined to be 34 ± 9 h in the 
presence of Cd(II) ions as shown in Fig. 5d, which is obviously shifted 
ahead in comparison to that without the Cd(II) ions. As this time is less 
than the full destruction time of α-helices,[13] organized β-sheets are 
expected to be immediately formed with the uncoiling of α-helices, by 
skipping the formation of intermediate random coils.[13,68] Actually, 
the promoted formation of protofibrils in the AFM images (Fig. 1d and e) 
undoubtedly supports this conclusion. All these evidences demonstrate 
that the influence of Cd(II) leads to approximately simultaneous changes 
in protein secondary and tertiary structures. 

As mentioned above, the whole band of amide I includes the con-
tributions of several conformations, such as α-helices, β-sheets, random 
coils and other random structures like β-turns. Thus, the marker of peak 
position cannot reflect all information of transformations among these 
isomers. To exhibit the detailed population change of protein secondary 
structures and verify the most favorable aggregate pathway in the 
presence of Cd(II) ions at the molecular level, we plot the incubation 
time-dependent spectral profile within the amide I region in Fig. 6. The 
complicated change of band profile can be readily observed hereby 
during the HEWL denaturation with thermal/acid/Cd(II) treatment. 

As shown with colored panels in Fig. 6, the whole band of amide I 
peak basically includes the contributions of four representative sec-
ondary structures. Apparently, the α-helices is dominant for the native 

Fig. 5. Magnified Raman spectra of the native HEWL (in black) and the final state (in red) in the range of 915–1030 cm− 1 (a) and 1590–1730 cm− 1 (b); and in-
cubation time-dependence curves of the intensity at 932 cm− 1 (c) and the peak position of amide I band (d) under thermal/acid (in black) and thermal/acid/Cd(II) (in 
red) conditions. 

Fig. 6. Time-dependent Raman spectra of the amide I region, where the in-
tensities were normalized by the Phe peak at 1,003 cm− 1. 
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HEWL as well as a certain amount of β-sheets, corresponding to the peak 
position at 1658 cm− 1. Along the incubation process, the peak profile is 
initially broadened. The relative population of random coils is increased 
during the first incubation period (0–10 h), for example, as shown by the 
red curve in Fig. 6. Subsequently, the contributions of β-sheets and 
random structures are both improved with the reduction of α-helices, 
leading to a flat broad peak profile such as those profiles at 28, 46 and 
100 h in Fig. 6. Notably, the relative intensity of β-sheets reaches a 
maximum at ~ 46 h, which is consistent with the protofibrils observed 
in the AFM images (Fig. 1e). This spectral change agrees with the 
transformation from the oligomers with disordered structures to the 
organized β-sheets. Subsequently, the relative population of random 
structures continues to grow during the overall incubation period and 
become the most dominant component after 100 h (Fig. 6), which is 
exactly consistent with the conclusion of “off-pathway to form gel-like 
aggregates” with the thermal/acid/Cd(II) treatment. Using the multi-
component amide I Raman band fitting analysis,[56] the relative con-
tent of different secondary structures at various incubation times are 
obtained as shown in Fig. S1, and the relative population data are 
summarized in Table 2. Along with incubation time, the β-sheets are 
initially formed with the decrease of α-helices, then gradually slightly 
reduce, and simultaneously a great number of random structures are 
finally produced in end-formed aggregates. Apparently, these quanti-
tative results further validate the above conclusion of Fig. 6. 

Additionally, it is well-known that ThT fluorescence is the gold 
standard for quantification of the formation of cross β-sheet-rich struc-
tures during amyloid fibrillation [69–71]. At the molecular level, when a 
ThT molecule binds to intermolecular β-sheets of proteins, free rotations 
of the carbon–carbon bond between benzothiazole moiety and dime-
thylaniline unit are hindered, leading to the enhancement of its fluo-
rescence emission [70]. Herein, we also performed ThT fluorescence 
assays for studying the influence of Cd(II) ions on the organized β-sheets 
formation kinetics, and further verifying our above conclusions of 
transformation of protein secondary structure. With the proceeding of 
protein denaturation, the β-sheets conformations are gradually formed 
as we expected, and the ThT fluorescence emission intensity at 477 nm 
shows a typical sigmoid functional curve with or without the presence of 
Cd(II) ions, as shown in Fig. 7. 

By fitting the curves, the midpoint times (Tm) are determined to be 
94 ± 4 h in the absence of Cd(II) and 42 ± 3 h with the adding of Cd(II), 
respectively. Under thermal and acidic conditions, the Tm value of ThT 
fluorescence kinetics is obviously later than that of the amide I marker 
(Fig. 5d), although both of them are thought to be indicators of protein 
secondary structures, especially α-helices and β-sheets. This relatively 
postponement has been also observed in our previous study [10]. We 
can imagine that the β-sheet-rich structure starts to be formed from 
statistical coils (such as oligomers close to molten ones) and quickly 
assembled during the transformation from amyloidogenic oligomers to 
fibrils, and hence its indicator, the ThT fluorescence intensity, is pre-
dominantly enhanced during the self-assembly period, while the 
frequency-shift of the amide I peak mainly occurs in the formation of 
statistical coils with random structures. Additionally, the fluorescence 
intensity is significantly enhanced after the 192 h incubation by 7-fold in 
the presence of Cd(II) ions and 12-fold without Cd(II), respectively. This 
inconsistent ThT fluorescence intensity in the final state under the two 
conditions agrees well with the fact that more gel-like aggregates are 

produced with thermal/acid/Cd(II) treatment, which is directly 
observed in the above AFM images and transmittance assays. 

CD spectroscopy is another widely applied tool to investigate protein 
secondary structure changes. In a representative far-UV CD spectrum of 
protein in the wavelength range of 195–250 nm, the negative peaks at 
208 and 222 nm are attributed to the α-helical structures, and the 
β-sheets have a strong contribution at 218 nm, while the random coils 
are located at 200 nm.[13,21,72] Thus, the relative population changes 
of these secondary structures can be derived from the CD spectroscopic 
analyses. Fig. 8 shows the far-UV CD spectra of HEWL in the native state 
and end-formed products. Apparently, the HEWL secondary structure is 

Table 2 
Curve fitting analysis of the amide I band profile at various incubation times (h) with the peak location (cm− 1) and the percentage component areas (A%).  

Incubation time Try random coils α-helix β-sheet random structures 

peak A% peak A% peak A% peak A% peak A% 

0 1617  0.11 1640  0.19 1656  0.36 1669  0.21 1683  0.14 
28 1617  0.08 1638  0.19 1655  0.31 1671  0.29 1683  0.13 
46 1617  0.11 1638  0.14 1655  0.18 1672  0.46 1685  0.11 
100 1617  0.12 1639  0.14 1654  0.11 1669  0.40 1683  0.23  

Fig. 7. Incubation time-dependent curve of ThT fluorescence emission intensity 
at 477 nm of the HEWL/ThT mixed solution, at two specific incubation times 
under thermal/acid and thermal/acid/Cd(II) conditions. 

Fig. 8. Far-UV CD spectra of the native HEWL (in black) and the final states 
formed with the thermal/acid (in red) and thermal/acid/Cd(II) (in green) 
treatments. The locations of various protein secondary structures are marked 
with blue dashed lines. 
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significantly changed in both experimental conditions, since an obvious 
blue-shift was observed. Moreover, in the presence of Cd2+ ions the 
relative population of the random coils component in its denaturation 
products is increased as indicated by the enhanced blue-shift from 202 
nm without the metal ions to 200 nm in thermal/acid/Cd2+ conditions. 
This conclusion is perfectly in line with the conclusions of Raman 
spectroscopy and ThT fluorescence assays. 

3.5. Action mechanism of the Cd(II) ions on denaturation kinetics of 
HEWL 

For the HEWL molecule in the native state, there are three most likely 
binding sites for Cd(II) ions according to electrostatic interaction. As 
Wang et al. proposed nnn, the first site is located on the protein surface, 
and the other two sites are located in the lumen of the molecule, in 
which the site 3 is the linkage to the Glu35 residue in the second α-he-
lices. It is not difficult to imagine that these electrostatic forces have 
strong influence on hydrogen bonds, hydrophobic interactions, van der 
Waals forces and disulfide bonds among amino acid side chains, thus 
leading to the accelerated unfolding of the HEWL tertiary structures. 
Moreover, water molecules in solutions are more likely to enter the 
lumen according to electrostatic attraction of the metal ion, causing the 
disruption of this α-helical structure involving Glu35 residue. Hence, the 
lag phase of secondary structure transformation is rightfully shortened. 

On the other hand, proteins can assemble into gel-like aggregates or 
amyloid fibrils along the “off-pathway” or “on-pathway” pathways, 
respectively. These two pathways usually compete in the protein 
denaturation process. As mentioned above, Cd(II) ions and Glu residues 
are tightly linked by electrostatic interactions. As a result, the direct 
transformation from α-helices readily occur with the action of Cd(II) 
ions, as indicated by the Raman marker of amide I. However, the elec-
trostatic repulsion between the Cd(II) ions on amyloidogenic oligomers 
makes it difficult for self-assembly to occur in a specific direction, thus 
the “on-pathway” to form amyloid fibrils is significantly weakened. 
Instead, the gel-like aggregates along the “off-pathway” plays more 
dominant role in the HEWL denaturation kinetics with thermal/acid/Cd 
(II) treatments. 

4. Conclusions 

Uncovering the action mechanism of Cd(II) ions in denaturation ki-
netics of proteins is vital for understanding the essential relationship 
between metal ions and neurodegenerative diseases. Herein, we per-
formed a joint experimental study of Raman spectroscopy, ThT fluo-
rescence assays, AFM imaging and transmittance measurements on the 
denaturation kinetics of HEWL with thermal/acid and thermal/acid/Cd 
(II) treatments. 

As shown by two Raman markers of Trp residue on protein side 
chains, the exposure of HEWL tertiary structures to aqueous medium is 
accelerated with the action of Cd(II) ions, and the self-assembly process 
from oligomers to gel-like aggregates, so-called “off-pathway”, is 
dominant in comparison to that in the absence of metal ions. Moreover, 
the transformation of HEWL secondary structures is significantly pro-
moted under the combined interactions of Cd(II) and acid, i.e. organized 
β-sheets are formed immediately following the uncoiling of α-helices by 
skipping intermediate random coils. In addition, the experimental evi-
dences clearly show that the initially produced oligomers tend to 
assemble into the aggregates with random structures like gels rather 
than the amyloid fibrils with the action of Cd(II) ions, which is consistent 
with the results of transmittance assays, ThT fluorescence and far-UV CD 
spectroscopy, and AFM images on the view of macroscopic. The down-
side is that the detailed mechanism of Cd(II) ions on the gel-phase for-
mation at the molecular level is not clarified yet, due to the lack of 
structural data on oligomers. Further studies are undergoing to fill this 
information gap. 
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