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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  

• A Raman spectral fingerprint to trace 
the succinimide intermediates in amy-
loid fibril formation is proposed. 

• Succinimide intermediates are formed 
in denaturation process of lysozyme 
with thermal/acid treatment. 

• Succinimide intermediates play an 
important role in the oligomer forma-
tion of lysozyme.  
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A B S T R A C T   

Succinimide intermediates play the crucial role in the nucleation process for protein amyloid fibril formation, as 
they can usually induce a non-native conformation in a fraction of soluble proteins to render amyloidogenicity 
and neurotoxicity. Thus, in situ detection of succinimide intermediates during amyloid fibrillation kinetics is of 
considerable importance, albeit challenging, because these succinimides are generally unstable in physiological 
conditions. Here, we found an in situ Raman spectral fingerprint to trace the succinimide intermediates in am-
yloid fibril formation, wherein the carbonyl symmetric stretching of cyclic imide in the succinimide derivative is 
located at ca. 1790 cm− 1. Using its intensity as an indicator of succinimide intermediates, we have in situ detected 
and unravelled the role of succinimide intermediates during the oligomer formation from the Bz-Asp-Gly-NH2 
dipeptide or the amyloid fibrillation kinetics of lysozyme with thermal/acid treatment.   
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1. Introduction 

Neurodegenerative diseases like Parkinson’s and Alzheimer’s dis-
eases, which affect approximately 30 million people worldwide, are 
characterized by deposits of amyloid-beta (Aβ) fibrils in certain regions 
of the brain.[1–3] In the amyloid fibril formation, conformational 
changes of native proteins, especially such as the formation of β-sheet- 
rich fibrillar aggregates, are often associated with protein degradation, 
degeneration, and cell toxicity.[1–3] For those proteins containing the 
Asp-Gly dipeptide structure, the formation of intermediates with succi-
nimide motif has been thought to be one of the most significant 
elementary processes for the transformation of Aβ peptides, as shown in 
Scheme 1.[4–6] In physiological conditions, the side chain –COOH of 
the L-Asp residue can interact with an adjacent amide nitrogen on the 
peptidyl backbone to produce a five-member succinimide ring by 
eliminating one water molecule. In alkaline solutions, the intermediate 
with succinimide ring can be reopened to generate either D/L- aspartic 
or D/L- iso-aspartic acid, according to racemization and isomerization 
reactions.[5–7] 

Although the above mechanism is widely accepted in the amyloid 
fibrillation kinetics of proteins,[8] directly identifying the intermediates 
with succinimide motif during amyloid fibril growth in experiments 
remains challenging. In 1993, Pistorius et al. performed a combined 
study of Fourier-transform infrared (FT-IR) and Raman spectroscopy on 
two peptides, H-Asp-Ala-OH and H-Val-Asp-Ala-Gly-OH, in the solid 
state.[9] For the succinimide which was derived from H-Asp-Ala-OH, 
the doublet centered around 1715 cm− 1 was attributed to the Fermi 
resonance of the antisymmetric imide carbonyl stretching, while the 
symmetric imide carbonyl stretching was located at 1793 cm− 1. To one’s 
surprise, in the succinimide derivatives of the larger peptide, the Fermi 
resonance did not occur. This pioneering work provided a candidate for 
the spectral fingerprint for succinimide intermediates.[9] Moreover, the 
high-performance liquid chromatography-mass spectrometry (HPLC- 
MS) studies on the solid-state lysozyme[10,11] and lactoglobulin[12] 
were carried out, where fragment ions arising from NH3 (–17 Da) or H2O 
(–18 Da) losses were detected, providing indirect evidence for the 
succinimide-ring formation. However, these studies of solid-state pro-
teins cannot fully reveal the actual intra- and extracellular trans-
formation processes, since amyloid formation in living organisms 
usually occurs in aqueous environment. Recently, succinimide de-
rivatives formed in the amyloid growth of aqueous proteins with ther-
mal/acid treatment have been indirectly verified by detecting the mass 
loss of NH3– or H2O–, using hydrogen/deuterium exchange or ion- 
exchange mass spectrometry.[7,14–17] Although these conclusions all 
point to the presence of the succinimide intermediates during amyloid 
fibril formation, in situ spectral observation of succinimide intermediates 
during amyloid fibril growth in aqueous solution remains elusive. 

Hen egg white-lysozyme (HEWL) has been widely used as a model 
protein for studying amyloid fibril formation, because conformational 
changes of its peptidyl sequence from 57 to 107 are very similar to those 
of Aβ proteins associated with Alzheimer’s diseases.[17–20] It is well 
known that HEWL can aggregate to form β-sheet-rich fibrils in various 
denaturing conditions, such as thermal and acidic treatment,[20] 
addition of metal ions,[21–31] small organic chemicals (folic acid[31], 
entacapone[32]), and nanoparticles[33]. A four-stage step-by-step 

transformation mechanism was proposed to describe kinetics of lyso-
zyme amyloid fibrillation as a sequence of partial unfolding of the ter-
tiary structures, α-helix breaking to form statistical coils and oligomers, 
formation of organized β-sheet structures, and supramolecular associa-
tion of the β-sheets protofibrils to mature fibrils.[20] Notably, by adding 
extra succinimide into the lysozyme solution, it was found that the 
native disulfide bonds of lysozyme were broken more efficiently and 
quickly within hydrolysis, resulting in exposure of the buried hydro-
phobic residues and accelerating the formation of cross β-sheet struc-
tures by skipping intermediate random coils.[34] However, the role of 
succinimide-like intermediates formed from the Asp-Gly peptidyl 
structure in protein denaturation process in acidic solutions is unclear to 
date. 

To simulate this natural process, a dipeptide derivative, Bz-Asp-Gly- 
NH2, was herein synthesized with the N- and C-termini capped, 
respectively, by a benzoate (Bz) to improve peptide hydrophobicity and 
an –NH2 group to mimic the next amide bond in long peptides or pro-
teins. Using the core, we applied spontaneous Raman spectroscopy in 
combination with mass spectrometry and thioflavin (ThT) fluorescence 
to observe, in situ, the succinimide intermediates during amyloid fibril 
growth in the dipeptide and HEWL solutions. A spectral fingerprint of 
the succinimide motif was identified in both dipeptide and lysozyme 
solutions. 

2. Experimental and computational 

2.1. Synthesis and characterization of Bz-Asp-Gly-NH2 dipeptide 

As the π interaction between side chains can stabilize the succinimide 
motif,[14,15] the n + 1 residue Gly was suggested to protect succini-
mide derivatives from hydrolysis in extreme conditions.[13,36–38] 
Thus, Bz-Asp-Gly-NH2 was selected as the model dipeptide for studying 
the formation and influence of succinimide derivatives. The synthesis 
was performed using a standard protocol of Fmoc-based solid-phase 
peptide synthesis in Scheme S1. 

2.2. Solution preparation 

The Bz-Asp-Gly-NH2 dipeptide was dissolved in a mixed solvent of 
acetonitrile and water (1:4 vol ratio) at room temperature. HEWL was 
purchased from Sangon Biotech (Shanghai) Co. Ltd. and was used 
without further purification. The thermal and acidic treatment was 
applied for the amyloid fibril formation of dipeptide and/or lysozyme, as 
previously described.[38–41] Briefly, the pH 2.0 solutions (10 mg/mL 
for the dipeptide or 20 mg/mL for the lysozyme) in sealed glass vials 
were incubated in a thermoshaker incubator at 65 ◦C without agitation. 
Aliquots of fibril-forming solution were taken out of the incubation vial 
at some specific times. The gelatinous phase formed during incubation 
was separated by centrifugation at 12,000g for 20 min. The residual 
supernatant (soluble fraction) was directly used in spontaneous Raman 
spectroscopy, ThT fluorescence assay, and atomic force microscopy 
(AFM) experiments. 

Scheme 1. Formation of the succinimide motif from an aspartyl peptide of R-Asp-Gly-R′ (L–).  
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2.3. Spontaneous Raman spectroscopy 

The Raman spectrometer has been described previously,[41–45] and 
only a brief introduction is given here. The sample solution was kept in a 
10 mm × 10 mm quartz cuvette at 25 ◦C without stirring. A CW laser 
(Coherent, Verdi V5, 532 nm) was employed as excitation light with the 
power of 4 W. The polarization of the laser was controlled by a half-wave 
plate. The parallel and perpendicular polarization components of Raman 
scattering light were selected using a Glan-Taylor polarizer. The scat-
tering light was dispersed by a triple monochromator system (Acton 
Research, TriplePro) and recorded by a liquid-nitrogen-cooled CCD de-
tector (Princeton Instruments, Spec-10:100B, controlled by an ST-133 
controller). The Raman shift was carefully calibrated using the stan-
dard spectral lines of a mercury lamp. The spontaneous Raman spectra 
were recorded in the region of 300–1850 cm− 1 with the resolution of ca. 
1 cm− 1. In experiments, the acquisition time for each measurement was 
1 min, and 10 acquisitions were averaged for achieving better signal-to- 
noise ratios. In addition, to subtract background of the solvent, addi-
tional Raman spectra of HCl/water (pH 2.0) were recorded in identical 
conditions. 

2.4. ThT fluorescence assays 

At each specific incubation time, 40 µL aliquots of the supernatant 
were taken from vials, and were added to 960 µL ThT solutions (the 
concentration of ThT solution was ~1 × 105 mol/L). The steady-state 
fluorescence emission spectra were measured with photoexcitation at 
408 nm using a homemade fluorescence spectrometer, within a wave-
length range of 400–800 nm, where a fiber optic spectrometer (AvaSpec- 
ULS2048, Avantes) was used to collect and detect the scattering light at 
90 degrees. The excitation laser power was as low as 20 mW to ensure no 
saturation effect. Fluorescence assays were performed ex situ for the 
solutions immediately in ambient conditions. 

2.5. AFM imaging 

At each specific time, the supernatant was diluted 100 times with 
Milli-Q water, and then dropped onto freshly cleaved mica. Fifteen mi-
nutes later, the protein solution was rinsed off three times with deion-
ized water. The mica surface was naturally dried at room temperature 
and was stored in a desiccator. All AFM imaging were performed on 
these air-dried samples with a Veeco DI-MultiMode V scanning probe 
microscope in tapping mode using the 5 μm × 5 μm or 2 μm × 2 μm 
scanners. The AFM height images were reconstructed using the Nano-
Scope v9.2 software. 

2.6. Quantum chemical computations 

All density functional theory (DFT) calculations were performed 
using the Gaussian-09 program package.[45] The geometries of the 
dipeptide Bz-Asp-Gly-NH2, succinimide, isoaspartic acid, and amino 
acids (Asp and Gly) were optimized at the B3LYP/PVTZ level of theory. 
Using the optimized geometries, harmonic vibrational frequencies and 
Raman intensities were calculated at the same level. Then, Raman 
spectra were simulated with the scaled vibrational frequencies by the 
factor of 0.98 [46] and the corrected intensities using the Gaussian 
output as described in the reference [47]. 

3. Results and discussion 

3.1. Identification of succinimide intermediates by mass spectrometry 

As mentioned above, the succinimide ring formation was affirmed by 
mass spectrometry previously in acidic dehydration processes of the 
solid-state peptides, H-Asp-Ala-OH and H-Val-Asp-Ala-Gly-OH[9], and 
lysozyme[10,11]. Likewise, electrospray ionization (ESI) MS and 

collision-induced dissociation (CID)-MS/MS analyses were conducted 
here for the aggregation products of the dipeptide Bz-Asp-Gly-NH2 after 
thermal/acid treatment for 96 h, to identify the formation of succini-
mide intermediates along with the route in Scheme 1. 

The native dipeptide was identified in mass spectra according to the 
appearance of the [Bz-Asp-Gly-NH-Na]+ ion peak of m/z 316.09061 Da 
(Fig. 1a). After incubation in acidic conditions, a fragment ion (m/z 
276.09839 Da) arising from the H2O (–18 Da) molecule loss was 
dominantly detected in the ESI-MS spectrum of the oligomers (Fig. 1b), 
implying the formation of succinimide-like intermediates. In contrast, 
this fragment ion was not observed in alkaline oligomer solutions 
(Fig. 1c). 13C nuclear magnetic resonance (NMR) analysis was per-
formed on the Bz-Asp-Gly-NH2 peptide and the oligomers in acidic and 
alkaline solutions (Figure S2). Notably, no peak was observed in the 13C 
NMR spectrum of the oligomer in alkaline solution within the range of 
45–53 ppm, whereas the native-state Bz-Asp-Gly-NH2 contributed a 
strong peak at δ 50.85, corresponding to the chiral, tertiary carbon of 
Asp. This implies that either the initial Bz-Asp-Gly-NH2 had been 
consumed or its remaining trace amount was beyond detection by 13C 
NMR. All these evidences are consistent with the formation mechanism 
of succinimide intermediates as indicated in Scheme 1. 

3.2. Raman spectra of dipeptide and oligomers as aggregation products 

Raman spectra of dipeptides in the native state and oligomers, which 
were formed in acidic and alkaline solutions after incubation for 96 h, 
were recorded in the range of 1500 to 1850 cm− 1 (Fig. 2), where a few 
sensitive vibrational bands were included, such as C = O symmetric 
stretching, ring stretching of benzene, and amide I band. Notably, the 
amide I band is composed of C = O stretching, C–N stretching, and N–H 
in-plane bending modes,[48] and covers the whole frequency range as a 
broad peak, while the other vibrational bands are superimposed over it 
as a few sharp and weak peaks, as shown in Fig. 2. In this scenario, 
second derivative spectra (in red) are used to identify the resonance 
frequencies of the vibrational bands. For comparison, the simulated 
Raman spectra at the B3LYP/CC-PVQZ level are also plotted there. 
Moreover, the depolarization ratios, ρ, of these vibrational peaks were 
experimentally determined as ρ = IV/IP, where IV and IP are the 
measured intensities of the perpendicular and parallel polarization 
Raman scattering, respectively. 

Frequencies, intensities and depolarization ratios of the calculated 
and experimental vibrational bands are all summarized in Table 1. For 
an asymmetric vibrational band, ρ usually equals 0.75, but it is much 
less for the symmetric modes. Thus, comparing the experimental and 
simulated spectral results, the observed vibrational peaks were all 
unambiguously assigned. For example, for the native-state dipeptide 
(Fig. 2a), the sharp, strong peak at 1604 cm− 1 was attributed to the 
phenyl moiety ring stretching,[49] and the weak peak at 1581 cm− 1 

(noted with asterisks) was assigned to the C-terminus amide stretching 
vibration and the Fermi resonance band of phenyl ring stretching. 
Among three calculated peaks at 1637, 1656, and 1682 cm− 1 contrib-
uted by three dipeptide amide groups, only the strongest one at 1637 
cm− 1 was presented in the experimental spectrum but it was signifi-
cantly broadened due to complex conformations in aqueous solutions. In 
addition, although our calculation suggested that the –COOH carbonyl 
stretching vibration was located at 1749 cm− 1 (noted with green ar-
rows), it was invisible in the experiments due to its relatively low scat-
tering intensity (Table 1). On the other hand, hydrogen bonding also 
might cause this peak to obscure by red-shift to the broad amide I band. 
[50]. 

After incubation for 96 h in acidic conditions, spheroidal oligomers 
were predominantly formed, as shown in the AFM images (Fig. 4 in 
Section 3.3). A new peak at 1786 cm− 1 (noted with a cross in Fig. 2b) 
was clearly observed in the Raman spectra of oligomers, in comparison 
to that of the native-state dipeptide. Its peak position (1786 cm− 1) and 
enhanced intensity greatly agreed with the calculated harmonic 
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frequency (1776 cm− 1) and the significantly increased Raman scattering 
intensity of the carbonyl symmetric stretching of the succinimide ring. 
The ρ value of this peak was experimentally determined to be 0.21, 
which also was consistent with the calculated value (0.24). In contrast, 
neither experimental measurements nor theoretical calculations show 
visible change in the peak positions of the ring stretching of benzene and 
amide I bands during the dipeptide aggregation process. Moreover, 
along with the formation of spheroidal oligomers, a significant broad-
ening of the amide I band width occurred, in line with the fact that 
disordered structures were dominant in micro-structure of oligomers. 
[51] In addition, the Raman spectrum of the oligomer formed in alkaline 
solutions was very similar to that of the dipeptide in native state, as 
shown in Fig. 2c, where the peak at 1786 cm− 1 disappeared. This phe-
nomenon provides solid evidences for the formation of the five-member 
succinimide ring in acidic solutions and the racemization and isomeri-
zation in alkaline solutions, as illustrated in Scheme 1. 

Additionally, to further verify the spectral assignment of succinimide 
intermediates, we need to exclude the contributions of the amino acids, 
Asp or Gly, or their combination from the peak at 1786 cm− 1. Thus, 
Raman spectra of the solution of Asp and Gly monomers (1:1 mass ratio) 
were measured and shown in Fig. 3. As the intramolecular –OH bending 
mode in HCl/H2O solution (pH 2.0) contributed a wide peak with the 

center at ~ 1640 cm− 1,[53,53] the contributions of Asp and Gly 
monomers could be easily identified in the difference spectrum (red 
trace in Fig. 3) by directly subtracting the solvent background. 

For the Asp and Gly monomers, the calculated peak positions of 
–COOH carbonyl stretching vibration are located at 1721 and 1737 
cm− 1 (with green arrow), and those of the amino stretching vibration are 
at 1570 and 1588 cm− 1 (noted with asterisks), respectively. These 
calculated peaks generally agree with the experimental spectrum, as 
shown in Fig. 3. Notably, no peaks were observed in experiments within 
the 1760 to 1850 cm− 1 range, where the spectral trace of succinimide 
intermediate is proposed. This indirectly validates our spectral assign-
ment of the vibrational peak at 1786 cm− 1, that is attributed to the 
succinimide motif formed in the aggregation process of the dipeptide in 
acidic solutions. 

Together, during incubation at pH 2.0 and 65 ◦C, Bz-Asp-Gly-NH2 
physically aggregates to form oligomers while chemically undergoing 
intramolecular cyclization to generate the succinimide-like motif. The 
symmetrical carbonyl stretching thereof contributes a new Raman 
vibrational band at 1786 cm− 1, serving as a novel spectral fingerprint for 
the succinimide-like intermediates. 

Fig. 1. ESI-MS images of the native-state dipeptide Bz-Asp-Gly-NH2 (a), the oligomers formed in acidic solution (b) and the alkaline solution (c), where the 
316.09061 Da is the mass of [Bz-Asp-Gly-NH-Na]+. (d) CID-MS/MS spectra of the oligomers in alkaline solution, where the peptides (220.05984 and 276.09741 Da) 
were subjected to fragmentation of the dipeptide in (c). The x and z in (d) refer to the fragment ions shown in Scheme S2. 

Fig. 2. Experimental (black line), and 2nd derivative (red line) Raman spectra of the native dipeptide (a), as well as the oligomers in acidic (b) and alkaline (c) 
solutions. The calculated Raman spectra of the dipeptide (a), succinimide derivative (b), and isoaspartic acid (c) are plotted with blue lines to compare with the 
experimental data. 
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3.3. AFM images for the aggregation process of dipeptide and HEWL 

AFM images can directly show morphological changes of dipeptide 
and protein during their aggregation processes, providing clues for us to 
understand the relationship between morphology and structures of 
molecular assemblies. Fig. 4 shows the AFM images of the aggregate 
morphologies of the Bz-Asp-Gly-NH2 dipeptide and HEWL at specific 
incubation times with thermal/acid treatment. Both the dipeptide and 
protein exhibit similar change trends in morphology during the initial 
incubation period. At the very early stage, the formed “seeds” of ag-
gregates are too small to be observed. Several hours later, some aggre-
gates of both dipeptide and protein begin to appear and gradually grow 
into spheroidal oligomers (Fig. 4b, 4c and 4d). However, no fibril-like 
assemblies were formed for the Bz-Asp-Gly-NH2 aggregation, even 
after incubation for 96 h. This is understandable because protofibrils, 
the mandatory intermediates of amyloid fibril-like formation,[51] 
cannot be produced from the dipeptides due to the absence of protein 
strands. 

For the HEWL solution, once spheroidal oligomers are formed, they 
can assemble into protofibrils (average height 8 nm after 96 h as shown 
in Fig. 4e), and then mature lysozyme fibrils are gradually formed from 
the further assembly of the protofibrils (Fig. 4f). Finally, the mature fi-
brils have approximately a few microns in length and are much stiffer 
than the protofibrils. Actually, the current morphological changes in the 
denaturation kinetics of HEWL in thermal and acidic solutions are in 
exact agreement with the previous studies.[40,55–57] Therefore, 
considering the similarities and differences in the denaturation pro-
cesses of the dipeptide and protein, we can infer that the succinimide 

intermediates might only play a significant role in the oligomer forma-
tion throughout the whole kinetics of amyloid fibrillation formation. 

3.4. Raman spectra in the overall amyloid fibrillation kinetics of HEWL 

Using the Raman indicator at 1786 cm− 1 for the succinimide in-
termediates, Raman spectroscopy was applied to unravel their roles in 
situ during amyloid fibril formation of HEWL with thermal/acid treat-
ment. Actually, the overall amyloid fibrillation kinetics of HEWL in 
thermal and acidic solutions have been studied previously using Raman 
spectroscopy.[20] with two indicators for secondary structures (the N- 
Cα-C stretching vibration at 933 cm− 1 and the amide I band in the range 
of 1640–1680 cm− 1) and the Raman marker for tertiary structures as the 
full width at half maximum (FWHM) of the Trp residues at 758 cm− 1. 

Fig. 5 shows the comparison of the Raman spectra of the HEWL in 
native state and the mature fibrils in the regions of 700–1030 and 
1570–1830 cm− 1. Similar to the previous conclusions,[20] the peak 
intensity at 933 cm− 1 contributed by the N-Cα-C stretching vibration of 
α-helixes[40] was markedly reduced for the fibrils, indicating a loss of 
α-helix structure during amyloid formation. For another indicator of 
protein secondary structures, the amide I peak position, a visible blue- 
shift of 12-cm− 1 was observed from the native state to the fibrils. 
Considering that the band mainly consists of C = O and C–N stretching, 
with a small amount of N–H in-plane bending vibration,[48] different 
secondary structures have specific peak positions, for instance, α-helical 
structure covers 1650–1660 cm− 1,[40] β-sheets are mainly located at 
1671–1673 cm− 1,[20,57] β-turns and random structures are in 

Table 1 
Calculated and experimental vibrational frequencies, Raman scattering in-
tensities and depolarization ratios (ρ) of the dipeptide Bz-Asp-Gly-NH2, the 
succinimide derivative and isoaspartic acid in the frequency range of 
1500–1850 cm− 1.  

v /cm− 1 Intensityb ρ a,b Assignment 

Cal.a Exp. 

Dipeptide 
1749  43 (0.22) C = O stretching of –COOH 
1682  43 (0.07) Amide I (β–) 
1656  14 (0.57) Amide I (γ–) 
1637 1636 141 0.22 

(0.21) 
Amide I (α–) 

1604 1605 286 0.53 
(0.52) 

Ring stretching of benzene 

1581 1580 41 0.31 
(0.33) 

Ring stretching of benzene 

Succinimide 
1776 1786 118 0.21 

(0.24) 
C = O symmetric stretching of cyclic 
imide 

1691  4 (0.68) C = O asymmetric stretching of cyclic 
imide 

1680  15 (0.56) Amide I (γ–) 
1643 1636 161 0.21 

(0.19) 
Amide I (α–) 

1604 1604 273 0.53 
(0.52) 

Ring stretching of benzene 

1582 1579 31 0.26 
(0.32) 

Ring stretching of benzene 

isoaspartic acid 
1744  33 (0.40) C = O stretching of –COOH 
1669  13 (0.48) Amide I (γ–) 
1646 1636 146 0.22 

(0.20) 
Amide I (α–) 

1614  39 (0.27) Amide I (β–) 
1603 1605 262 0.54 

(0.52) 
Ring stretching of benzene 

1581 1579 27 0.35 
(0.39) 

Ring stretching of benzene  

a Scaled with a factor of 0.98. 
b The values in parentheses are the calculated data. 

Fig. 3. Experimental Raman spectra of the Asp/Gly (1:1 mass ratio) solution (in 
black) and the HCl/H2O (pH 2.0) solution (in brown) with thermal/acid 
treatment, as well as their difference spectrum (in red). The calculated Raman 
spectra of the Asp (in purple) and Gly (in blue) monomers are plotted too. 
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1670–1680 cm− 1,[58] extended PP II in protofibril is at 1667 cm− 1,[59] 
and β-intermolecular and intramolecular structures are located at 1669 
and 1682 cm− 1,[60] respectively. Hence, the observed blue-shift of the 
amide I peak undoubtedly confirms the transformation from α-helix to 
β-sheets. 

Notably, a distinct peak at 1790 cm− 1 was clearly observed in the 
Raman spectrum of mature lysozyme fibrils, in comparison to that of the 
native HEWL. As discussed above, this peak is the sensitive indicator for 
the succinimide-like intermediates, and thus its appearance in the fibril 
spectra implies that the succinimide intermediates are visibly produced 
in the amyloid fibrillation kinetics of HEWL in thermal and acidic con-
ditions. Therefore, by in situ monitoring and comparing this indicator 
and other spectral markers of the secondary and tertiary structures of 
protein such as the FWHM of the Trp residue band at 758 cm− 1, the 
amide I peak position, and the intensity at 933 cm− 1, the role of 

succinimide intermediates can be uncovered in the various stages of the 
overall HEWL amyloid formation process. 

3.5. Comparison of the amyloid fibrillation kinetics of protein structures 

Fig. 6 shows the evolution kinetics of the aforementioned spectral 
indicators, as well as that of ThT fluorescence intensity. As previously 
proposed,[20] four-stage kinetics occur in the amyloid fibrillation for-
mation of HEWL with thermal/acid treatment: (a) exposure of the aro-
matic amino acid residues on side chains to the hydrophilic environment 
with partially unfolding of tertiary structures, (b) uncoiling of α-helical 
structures and aggregating to oligomers, (c) assembly of the oligomers 
into amyloidogenic filaments, and the formation of organized β-sheet 
structures in unbranched protofibrils, and (d) aggregation of the pro-
tofibrils to mature fibrils of cross β-sheet-rich structures. 

Fig. 4. AFM images of the dipeptide of Bz-Asp-Gly-NH2 and HEWL with thermal/acid treatment (65 ◦C, pH 2), (a-c) for the dipeotide at 0 and 96 h, and (d-f) for the 
HEWL at 24, 96, and 196 h, respectively. 

Fig. 5. Raman spectra of HEWL in the native state (in black) and fibrils (in blue), in the ranges of 860–970, 1210–1380 and 1570–1880 cm− 1, where the intensities 
are normalized with the Phe peak intensity at 1003 cm− 1. 
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As shown in Fig. 6, the two indicators of the succinimide in-
termediates (intensity at 1790 cm− 1) and the tertiary structures (Trp 
band) both exhibit single exponential growth processes. Both of them 
quickly increase during the initial stage, and reach 85 % of their own 
maxima at ~ 40 h and approach to saturation at ~ 85 h in current 
experimental conditions. Their almost identical kinetics strongly indi-
cate a potential correlation between the destruction of tertiary struc-
tures and the formation of succinimide intermediates. We know that, 
along with partially unfolding, the protein tertiary structures are rapidly 
destroyed. As a result, aromatic amino-acid residue (such as Trp and 
Asp) side chains are exposed to the border region,[20] and meanwhile 
the neighboring Asp and Gly amino-acids on the protein backbone that 
are originally buried deep inside (such as Asp48 and Gly49, Asp66 and 
Gly67 of HEWL) are also exposed into the acidic aqueous environment. 
With the action of acid, the side chain –COOH of the L-Asp residue ap-
proaches the adjacent amide nitrogen of Gly, and then undergoes 
intermolecular cyclization to produce the succinimide intermediate as 
indicated in Scheme 1. 

Notably, although the concentration of succinimide intermediates 
monotonously increases in the overall amyloid kinetics, their formation 
process does not appear to be related to changes in the secondary 
structure of proteins, as exhibited in Fig. 6. During the second stage 
(10–30 h, purple area in Fig. 6), α-helixes continue to uncoil almost to 
exhaustion as indicated by the Raman marker at 933 cm− 1, whereas no 

significant improvement is observed for the increasing rate of the per-
centage of succinimide intermediates. Likewise, no correlation is found 
for the formation of β-sheets and succinimide intermediates, as the blue 
shift of the amide I peak position and the enhancement of the ThT 
fluorescence intensity both do not show consistent trend with the vari-
ational rate of the succinimide concentration. These conclusions provide 
tangible evidences for our conjecture that the succinimide intermediates 
only play a significant role at the stage of oligomer formation 
throughout the overall amyloid formation process. 

4. Conclusions 

The succinimide intermediates are the nucleation points for amyloid 
fibril formation and can induce a non-native conformation in a fraction 
of soluble proteins to render amyloidogenicity and neurotoxicity. 
[7,8,13] Thus, in situ detection of succinimide intermediates during the 
amyloid fibrillation process in aqueous solutions is necessary for 
comprehensively evaluating the influence of posttranslational modifi-
cations on protein amyloidogenicity.[8] Here, we report a novel in situ 
Raman spectral fingerprint to trace the succinimide intermediates in 
aqueous solutions, that the peak at approximately 1790 cm− 1 arises 
from the imide carbonyl symmetric stretching of the formed succinimide 
ring. Whether derived from the Bz-Asp-Gly-NH2 dipeptide or lysozyme, 
the fingerprint band is observed in solutions. 

Furthermore, using this indicator we unravel the role of succinimide 
intermediates in the amyloid fibrillation formation of HEWL with ther-
mal/acid treatment. It exhibits the identical kinetic behavior to the 
protein tertiary structures, and moreover, the similarity of the dipeptide 
and HEWL aggregation processes confirms that the succinimide in-
termediates play a crucial role at the stage of oligomer formation. These 
results provide more clues for the design of powerful, novel therapeutics 
for early events in neurodegenerative diseases. 
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Appendix A. Supplementary data 

Synthesis routes, HPLC, NMR and CID-MS/MS analyses of the 

Fig. 6. Time-dependence curves of several Raman spectral indicators for suc-
cinimide intermediates, and protein secondary and tertiary structures, as well 
as the ThT fluorescence intensity. 
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dipeptide, kinetic data processing for Raman indicators, and optimized 
geometries of the dipeptide and Asp/Gly monomers. Supplementary 
data to this article can be found online at https://doi.org/10.1016/j.saa. 
2024.123867. 
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