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ABSTRACT 

 Parkinson’s Disease is a neurodegenerative brain disorder that occurs when 

dopamine producing neurons, in the mid-region of the brain known as the substantia 

nigra, stop working or die. The degenerating dopaminergic neurons develop a hallmark 

deposition of Lewy bodies comprised mostly of a 140 amino acid residue protein known 

as α-synuclein.  The primary structure of α-synuclein consists of three components: 1) the 

N-terminus domain (amino acid residues 1-60), which contains a positively charged lysine 

residue; 2) the hydrophobic domain (residues 61-95), which is the central part of the 

protein, and is known as the nonamyloid-beta component (NAC); 3) the C-terminus 

domain (residues 96-140), which is negatively charged and rich in acidic residues.   

 It has been determined that the NAC is hydrophobic and known to be the source 

of aggregation within α-synuclein that causes Parkinson’s Disease. Previously published 

results from our lab determined that the NAC shares similar biophysical behavior to that 

of the whole protein of α-synuclein. On the other hand, it was very insoluble and had 

weak Raman spectroscopic peaks.  For this thesis, the goal was to try to improve the 

solubility of the NAC region by synthesizing shorter and longer length nonamyloid-beta 

component (NAC) regions of α-synuclein, observe which are more soluble in water, and 

analyze each pure peptide using Raman spectroscopy in order to determine if any 

displayed stronger signals than that of the NAC. It was concluded that all studied 

variations of the NAC had much greater solubility, but α-synuclein (57-102) had 

substantially improved Raman spectra signals.
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CHAPTER I: INTRODUCTION 

 

I.I Parkinson’s Disease 

Parkinson’s Disease (PD) is the second most common neurodegenerative disease 

in the United States, after Alzheimer’s, affecting more than 1% of people over the age of 

60.[1]  PD affects nearly 1 million people in the United States and more than 10 million 

worldwide, with most over the age of 65.[2,3] During diagnosis, physicians often describe 

PD as idiopathic, which means the cause is unknown.[3,4] Individuals affected by PD 

experience a decrease in dopamine production. Dopamine is a neurotransmitter that 

coordinates the body’s movements, including the start and stop of voluntary and 

involuntary movements.[1] Without it, a PD patient will experience motor symptoms such 

as tremors, rigidity, bradykinesia (slow movement), and postural instability (balance 

problems), labeling the disease a “movement disorder.”[5] Dopamine production 

originates from neurons in a region of the brain known as the substantia nigra.[6] The 

substantia nigra in the PD afflicted brain contains Lewy bodies, which are abnormal 

inclusions in the dying neuronal cells.[7] What are Lewy bodies though?  

 

I.II Lewy Bodies 

Lewy bodies are defined as an abnormal aggregation or clumping of a protein, 

which can be present in the brain in a range of neurologic diseases.[4] The location of these 

clumps makes a difference. There are no Lewy bodies within a healthy individual’s 
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neuronal cell. However, in the neuronal cells of a PD patient, you will see a large Lewy 

body existing within the cytoplasm and causing the neuronal cell death.[8]  Specifically for 

PD, these Lewy bodies are located in neuronal cells within the substantia nigra, and is 

what causes the four major motor symptoms of the disease.[4] People likely have Lewy 

bodies before the appearance of motor symptoms, and patients with more advanced PD 

symptoms often show more Lewy bodies.  The two major components of Lewy bodies are 

phospholipids and the protein α-synuclein.[9] What is α-synuclein though, and what does 

it do? 

 

I.III α-Synuclein 

α-Synuclein is a 140-amino acid dense cytoplasmic presynaptic protein that plays 

a role in PD.[7]  The primary structure of α-syn consists of three regions: 1) the N-terminus 

domain (amino acid residues 1-60), which contains a positively charged lysine residue, 

caries repeats of the highly conserved KTKEGV sequence; 2) the hydrophobic domain 

(residues 61-95), which is the central part of the protein, is known as the nonamyloid-

beta component (NAC); 3) the C-terminus domain (residues 96-140), which is negatively 

charged and rich in acidic residues, is responsible for the disordered structure of the 

protein.[10-12] Scheme 1 provides the sequence of α-synuclein.  Although α-synuclein is a 

protein we all have in our bodies, the true role that it plays is still mostly unknown, but it 

is said that it must exist in advanced nerve cell functions.[13,14] There are several 

speculations about its functional role in the body, some of which include 
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neurotransmitter synthesis, calcium homeostasis, mitochondrial function, and gene 

regulation.[15]  What is also unknown is how or why a normal α-synuclein protein becomes 

dysfunctional in PD patients.  Scientists believe α-synuclein is mostly soluble in its natural 

form, but the protein in relation to this disease can become insoluble.[13] The reason for 

this insolubility is due to the NAC region (i.e. α-synuclein (61-95)) in the protein, studied 

by FT-IR and explained more in the following section. 

 

MDVFMKGLSK       AKEGVVAAAE          KTKQGVAEAA         GKTKEGVLYV         GSKTKEGVVH   

GVATVAEKTK     EQVTNVGGAV     VTGVTAVAQK     TVEGAGSIAA     ATGFVKKDQL  

GKNEEGAPQE        GILEDMPVDP           DNEAYEMPSE         EGYQDYEPEA 

Scheme 1. The sequence of α-synuclein with the N-terminus underlined, the NAC region 
written regular, and the C-terminus in italics. 

 

I.IV NAC (α-Synuclein (61-95)) 

α-Synuclein (61-95) is hydrophobic and known to be the source of aggregation 

within α-synuclein that causes Parkinson’s Disease.[16] Previously in our group, α-

synuclein (61-95) was synthesized, purified, and shown to be in an unstructured 

conformation in aqueous solution, sequence shown in Scheme 2.[17] α-Synuclein (61-95) 

was spread across an air-water interface, which has been widely used to mimic a cell 

membrane structure. Then, the α-synuclein (61-95) at air-water interface was studied by 

FT-IR spectroscopy, as shown in Figure 1.[17] The amide I band peak was observed at 1658 

cm-1, characteristic of an α-helical conformation for the secondary structure.  Although 
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this result reveals that the membrane structure may provide the driving force for α-

synuclein (61-95) to change from its unstructured conformation to an α-helix, the 

information from FT-IR is limited.[18] In addition, α-synuclein (61-95) displayed some 

challenges, as shown below. 

 

E61QVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFV95 

Scheme 2. The sequence of α-synuclein (61-95)  

 

 
Figure 1. FT-IR results of Langmuir-Blodgett film of α-synuclein (61-95) transferred 
under 6 mN/m.[17] 

 

I.V Problems of FT-IR to Determine Peptide Conformations  

The three major conformations of peptides (also known as secondary structures) 

are: β-sheet, α-helix, and random coil/unstructured conformation.[19] The amide 

functional group of the polypeptide backbone absorbs infrared radiation, giving rise to 
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various characteristic amide bands in FT-IR spectroscopy.[17] Among these bands, the 

amide I band, stemming from the backbone carbonyl (C=O), is the most important band 

to address the conformation of peptides, as listed in Table 1.[20] It was observed that there 

were complications when trying to study α-synuclein (61-95) using FT-IR. These 

complications were that there was overlap between the band peaks of the secondary 

conformations in FT-IR.[21] In addition, a conformational change would cause a shift of 

various bands, such as the amide III band from the backbone C-N and the C-H bond on 

the α-carbon in the middle of the amino acid. Unfortunately, FT-IR cannot detect the shift 

in the amide III band and the C-H bond.[22] Where do these sensitive bands go? As we 

know, all vibrations are either infrared active or Raman active. The amide III band and 

other sensitive bands have been reported in Raman spectroscopy as described below.[20] 

 

Table 1. Characteristic amide I frequencies of secondary structures of protein.[20] 

Frequency (cm-1) Assignment 

1690-1680 β-sheet structure 

1657-1648 α-helix 

1645-1640 Unstructured 

1630-1620 β-sheet structure 
 

I.VI Raman Spectroscopy 

Raman spectroscopy is also widely used to determine the conformation of 

proteins/peptides.[23] Raman spectroscopy measures relative frequencies at which a 

sample scatters radiation, unlike FT-IR spectroscopy which measures absolute 



 
 

 6 

frequencies at which a sample absorbs radiation.  In FT-IR, some wavelengths may be 

absorbed while others merely pass through the sample unaffected. Specific molecular 

bonds absorb a specific amount of energy and these losses of energy correspond to the 

peaks returned in an analysis. For Raman, the laser excites the bonds of a molecule, which 

generates measurable scattered light to identify the material in question.[24] In the Raman 

spectroscopy of proteins/peptides, there are four major amide bands: amide I band, 

amide II band, amide III band, and Cα–Hb band (summarized in Table 2).[25] Similar to FT-

IR, the amide I band is comprised mainly of C=O stretching and is shown to be in the mid 

1600’s cm-1 range.  The amide II band contains the N–H bending mode in Raman and is 

visible in the mid 1500’s cm-1 range, however only for a random coil or b-sheet 

conformation. The amide III band in Raman spectroscopy is mainly composed of C–N 

stretching from the backbone amide bond. The position of the amide III band is only 

related to the conformation of local amide bonds without any coupling and is observed 

throughout the 1200’s cm-1.[26] The Cα–Hb band only contains the bending mode of the 

Cα–H bond and is observed in the 1400’s cm-1 range. 

 

Table 2. Band positions of various secondary structures in Raman spectroscopy in H2O.[25] 

Raman Bands Random coil α-helix β-sheet 
Amide I band position 1659-1682 cm-1 1653-1658 cm-1 1665-1675 cm-1 

Amide II band position 1548-1561 cm-1 Not Available 1550-1564 cm-1 

Amide III band position 1241-1250 cm-1 1268-1298 cm-1 1220-1248 cm-1 

Cα–Hb band position 1445-1482 cm-1 1445-1482 cm-1 1445-1482 cm-1 
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I.VII Problems with α-Synuclein (61-95) 

During our research, we found that the major problem in the spectroscopic study 

of α-synuclein (61-95) is the low solubility, at only 0.2 mg/mL.  In addition, although 

Raman spectroscopy is capable of determining more amide bands of the conformational 

change of peptides than FT-IR, the signal is usually low due to the peptide’s low 

solubility.[27] Therefore, a good solubility, starting in the 10mg/mL range, is required to 

shift our research from FT-IR to Raman spectroscopy for α-synuclein (61-95). 

Furthermore, various segment peptides of α-synuclein have been detected in Lewy 

bodies.  Hence, there is a need to synthesize segments of the NAC at different lengths and 

study their biophysical behavior to help determine how to increase the solubility.  This 

will help increase the Raman signal to allow a more confident study of the amide bands 

to study the structure of α-synuclein.  These peptides will be synthesized in the lab via 

peptide synthesis using fmoc-preprotected amino acids.  In general, the goal is to increase 

the solubility of the NAC region. 

 

I.VIII Thesis Proposal 

The goal of my thesis was to study the solubility of various segments of the protein 

α-synuclein’s (61-95), the NAC region, and observe if any had greater solubility as well as 

to evaluate the Raman spectroscopy results of samples dissolved in water.  As mentioned 

in Section 1.3, α-synuclein (61-95) contains hydrophobic amino acid residues, whereas 

the N- and C-termini contain more hydrophilic residues.[10-12] Therefore, both shorter and 
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longer length peptides of α-synuclein will be synthesized. Shorter peptides contain less 

hydrophobic residues, and thus solubility may be improved. Longer peptides contain 

more hydrophilic residues, which could also improve the solubility. It is reported that 

residues 71-82 of α-synuclein (61-95) is the critical sequence for the dysfunction of α-

synuclein.[28] However, residues 57-102 has also attracted wide scientific attention. 

Therefore, the peptides studied in this thesis include: α-synuclein (71-82), α-synuclein 

(57-102), and α-synuclein (66-85), which is the average of α-synuclein (61-95) and α-

synuclein (71-82).  The sequences of the three peptides are shown below in Schemes 3-

5. The peptides were synthesized, purified, and studied by Raman spectroscopy as the 

details are described in Chapter II. 

 
V71TGVTAVAQKTV82 

Scheme 3. The sequence of α-synuclein (71-82)  

 

V66GGAVVTGVTAVAQKTVEGA85 

Scheme 4. The sequence of α-synuclein (66-85)  

 

E
57

KTKEQVTNVGGAVVTGVTAVAKTVEGAGSIAAATGFVKKDQLGK
102

 

Scheme 5. The sequence of α-synuclein (57-102)  
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CHAPTER II: MATERIALS AND METHODS 

 

II.I Materials 

The materials, their purity, and their respective suppliers are as follows.  Fmoc-L-

Alanine (99.91%), Nα-Fmoc-Ng-trityl-L-Asparagine (99.69%), Nα-Fmoc-Nd-trityl-L-

Glutamine (99.61%), Fmoc-L-Glutamic acid g-tert-butyl ester hydrate (99.11%), Fmoc-

Glycine (99.37%), Fmoc-L-Leucine (99.80%), Nα-Fmoc-Ne-Boc-L-Lysine (99.84%), Fmoc-O-

tert-butyl-L-Serine (99.83%), Fmoc-L-Valine (99.53%), and Rink amide MBHA Resin (0.3-

0.8 meq/g, 200-400 mesh) (>99.00%) all came from Chem-Impex International based in 

Wood Dale, IL.[29-38] Nα-Fmoc-L-Aspartic acid a-tert-butyl ester (99.69%) and Nα-Fmoc-L-

Isoleucine (>98.00%) both were purchased from Novabiochem (Hohenbrunn, 

Germany).[39,40] Fmoc-Phe-OH (>99.00%) came from BACHEM in Torrance, CA.[41]  Both 

Fmoc-Thr(tBu)-OH (99.60%) and 1-hydroxybenzotriazole hydrate (HOBt hydrate) 

(>99.00%) came from Anaspec Inc. (Fremont, CA).[42,43] Dichloromethane (DCM) (99.60%), 

Acetonitrile-HPLC grade (99.95%), N,N-dimethylformamide (DMF) (99.80%), Ethyl Ether 

Anhydrous (Diethyl ether) (99.90%), and Acetic Anhydride (99.80%) were purchased from 

Fisher Scientific, ( Fairlawn, NJ).[44-48] Piperidine (99.00%) and Triisopropysilane (98.00%) 

came from Sigma-Aldrich based in St. Louis, MO.[49,50] N,N’-Diisopropylcarbodiimide(DIC) 

(99.00%) and Trifluoroacetic acid(TFA) (99.00%) came from Alfa Aesar (Ward Hill, 

MA).[51,52] The ultra-high purity Nitrogen gas (99.99%) came from NexAir (Memphis, 

TN).[53] 
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II.II Peptide Synthesis 

Solid phase peptide synthesis was used to synthesize the peptides observed in this 

thesis. A CEM discover bio manual microwave peptide synthesizer (Figure 2) was used in 

conjunction with Rink Amide MBHA resin as the solid support.  The protection strategy 

used during synthesis is known as fluorenylmethyloxycarbonyl (Fmoc) chemistry. Each 

amino acid came preprotected at its amino terminus with an Fmoc group, which was used 

to protect the amine group of the amino acids by preventing solution coupling of 

dissolved amino acids.  Fmoc is mild, flexible, and versatile, offering much more synthetic 

option than say tert-butyloxycarbonyl (Boc) chemistry.  

The desired peptide was synthesized from C-terminus to N-terminus by repeating 

the sequence coupling-washing-deprotection-washing-cleavage as shown in Figures 3-5.  

During the coupling stage, the peptide was assembled starting with the carboxylic acid 

terminus of the Fmoc-amino acid being activated and coupled to the growing chain.  The 

coupling of the first amino acid involves the coupling of the C-terminal of the amino acid 

of the active sites on the surface of 2 molar equivalents of the Rink Amide resin. 

Hydroxybenzotriazole (HOBt) was then added to suppress racemization, followed by the 

addition of Diisopropylcarbodiimide (DIC) to activate the carboxylate. The amine group 

on the surface of the solid phase then reacted with the activated carboxylate to form an 

amide bond. N,N-dimethylformamide (DMF) was then used multiple times to wash the 

resin and to clean the surface of the solid phase. 

During the deprotection stage, Fmoc deprotection was initiated by utilizing a 

treatment of 20% piperidine in (DMF) (v/v).  Piperidine reacted and attached to the Fmoc 
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group protecting the amine.  As a result, the amine group was now deprotected and ready 

to be coupled to the next amino acid.  DMF was then again used multiple times to wash 

the resin and to clean the surface of the solid phase. 

The coupling and deprotection process was repeated until all amino acids were 

added to the desired peptide. Once the desired peptide chain was complete, the peptide 

was capped by being treated with acetic anhydride and DCM.  The peptide was then 

removed from the Rink Amide MBHA resin by suspending it into a 20 mL solution, in the 

volume ratios of 75: 22: 1.5: 1.5 volumes of TFA, DCM, triisopropylsilane and H2O, 

respectively.  During this process, side chain protecting groups were removed, such as 

Boc and tBu, yielding on the linear crude peptide. The H2O and triisopropylsilane were 

utilized to prevent side reactions with reactive cationic species released as a result of the 

side chain deprotections. 

 Nitrogen purging was used to remove the wash solution of TFA, DCM, 

triisopropylsilane and H2O.  Diethyl ether was subsequently added to the peptides prior 

to  a centrifugation step.  The liquid in the centrifuge tube was decanted, and the 

precipitate was the final product of the desired crude synthetic peptide.  
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Figure 2. CEM Discover bio manual microwave peptide synthesizer 

 

 
Figure 3. Coupling reaction during peptide synthesis 
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Figure 4. Deprotection reaction during peptide synthesis 

 

 
Figure 5. Cleavage reaction during peptide synthesis 

 



 
 

 14 

II.III High Pressure Liquid Chromatography (HPLC) 

The HPLC purification in this thesis was performed using two different 

instruments.  Α-Synuclein (71-82) and α-synuclein (66-85) were both purified using a 

Waters 1525 Binary Solvent Pump attached to a Phenomenex Reverse Phase Semi Prep 

C18 Column, Jupiter Model 00G-4055- P0 with the column’s internal diameter at 21.5 mm 

and with a length of 250 mm.  The Pump was attached to a Waters 2489 UV-Vis detector 

and detected the UV absorption using a wavelength of 210nm. The Waters 1525 Binary 

Solvent Pump and the Waters 2489 UV-Vis detector are shown in Figure 6.  Mobile phase 

A was a solution of 18.2 W deionized water to 0.1% TFA (v/v) and the mobile phase B was 

a solution of HPLC grade acetonitrile to 0.1% TFA (v/v).  α-Synuclein (57-102) was purified 

using a Varian Prepstar SD-1 pump with a Supelco Ascentis C18 column (5 µM; 25 cm x 

21.2 mm; Sigma-Aldrich 581347-U), shown in Figure 7.  A solution of 18.2 W deionized 

water to 0.05% TFA (v/v) was used for mobile phase A and a solution of HPLC grade 

acetonitrile to 0.05% TFA (v/v) was used for mobile phase B.  

Method development was performed for each peptide in order to separate the 

pure peptide precisely. Figure 8 shows the method for separation of each peptide from 

the impurities in the crude product. The purification of α-synuclein (71-82) was achieved 

by a ratio of a linear gradient of 25-80% by volume of A and B at a flow rate of 21.2 

mL/minute for 8 minutes. Α-Synuclein (66-85) was purified using a linear gradient ratio of 

34-39% by volume of A and B for 8 minutes with a flow rate of 21.2 mL/minute.  Lastly, 

the purification of α-synuclein (57-102) was achieved by a linear gradient ratio of 30-100% 
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by volume of A and B at a flow rate of 10.0 mL/minute for 10 minutes.  Once each purified 

peptide was collected, they were frozen at -80 ° C and then lyophilized to obtain the solid 

form of the purified peptides. 

 

 
Figure 6. Waters 1525 Binary HPLC pump with Waters 2489 UV/Visible detector 
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Figure 7. Varian Prepstar SD-1 with Supelco Ascentis C18 column 

 

 
Figure 8. Comparison of HPLC method sets for α-synuclein (71-82) (blue), α-synuclein (66-
85) (red), and α-synuclein (57-102) (green) 
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II.IV Mass Spectrometry 

Mass spectrometry (MS) is a powerful technique that can identify a wide variety 

of chemical compounds. It is used determine the molecular mass and the elemental 

composition of a sample, and the chemical structures of larger molecules.  The success of 

the synthesis and purification of each peptide was confirmed by MS from a Waters 

SYNAPT q-TOF tandem mass spectrometer, as shown in Figure 9.  This instrument was 

used for all the mass spectrometric measurements carried out in this thesis.  Each peptide 

was added in water and sonicated until dissolved before analyzing the mass. A 100 µL 

syringe was used to collect the sample.  The sample cone temperature for the MS was at 

150 °C and the capillary voltage was set to 3 keV. N2 was used at a rate of 500 L/hour to 

evaporate the aqueous peptide solution containing 0.1% of TFA. The flow rate was set to 

20 µL/minute.  The run duration and scan time were set to 0.5 minutes and 0.5 seconds, 

respectively.  The positive ion mode was used for the MS measurements.  
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Figure 9. Waters Synapt tandem mass spectrometer with time-of-flight configuration 

 

II.V Raman Spectroscopy 

Raman Spectroscopy was performed in this thesis using a LabRAM HR Evolution 

confocal Raman microscope, Figure 10.  This instrument is equipped with a 785 nm 

excitation laser and a 532 nm excitation laser, but only the 532 nm excitation laser was 

used in this thesis.  Once the instrument is turned on and the lasers are warmed up, an 

auto-calibration must be performed using a silicon wafer.  This auto-calibration was 

performed using the 532 nm laser at 0.01% laser power (ND filter) and a grating of 600 

grooves/mm.  For each peptide, the Raman spectra of the solid peptide was obtained 
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first, followed by the peptide in aqueous solution.  The objective of the microscope was 

used at x50_VIS_LWD throughout all data collected.   

For the solid form of α-synuclein (71-82), the Raman spectra was collected using 

an acquisition time of 5 seconds, accumulations set at 10, the ND filter set at 25%, and 

the grating set at 600 grooves/mm.  For the aqueous solution of α-synuclein (71-82), the 

best results were obtained using an acquisition time of 10 seconds, accumulations set at 

20, the ND filter set at 1%, and the grating set at 600 grooves/mm.  The Raman spectra of 

the solid form of α-synuclein (66-85) was obtained using an acquisition time of 5, 

accumulation set of 10, the ND filter set at 100%, and the grating set at 1800 grooves/mm.  

α-Synuclein (66-85) in aqueous solution achieved the best results using an acquisition 

time of 5 seconds, accumulations set at 10, the ND filter set at 50%, and the grating set at 

1800 grooves/mm.  The Raman Spectra of α-synuclein (57-102) in solid form was obtained 

using an acquisition time of 3, accumulations set at 10, the ND filter set at 100%, and the 

grating set at 1800 grooves/mm.  Lastly, the aqueous solution of α-synuclein (57-102) 

achieved its best Raman spectra using an acquisition time of 5, accumulations set at 10, 

the ND filter set at 100%, and the grating set at 600 grooves/mm. 
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Figure 10. LabRAM HR Evolution confocal Raman microscope with 532 nm excitation 
laser 
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CHAPTER III: RESULTS & DISCUSSION 

 

III.I Solubility 

Before each peptide could be purified via HPLC, it had to be dissolved in DI water.  

Each sample was dissolved to try to determine the maximum solubility of each.  Once the 

maximum solubility was reached, 20% of acetonitrile was added to assist in the 

purification process.  Table 3 shows the following data. To prepare 10 mg of α-synuclein 

(71-82) for HPLC purification, it took 6.75 mL of DI water and 1.5 mL of acetonitrile. To 

prepare 10 mg of α-synuclein (66-85) for HPLC purification, it took 13.5 mL of DI water 

and 3mL of acetonitrile.  To prepare this peptide for HPLC purification, it only needing 1.6 

mL of DI water and 0.3 mL of acetonitrile. 

Α-Synuclein (71-82) had a solubility of 1.48 mg/mL when dissolved in DI water.  Α-

Synuclein (66-85) was the least soluble of the three peptides, but still more soluble than 

that of the NAC region. The observed solubility of this peptide in DI water was lower than 

α-synuclein (71-82) at only 0.74 mg/mL.  Lastly, α-synuclein (57-102) was the most soluble 

of the three peptides that were studied.  α-Synuclein (57-102) had an observed solubility 

of 6.25 mg/mL when dissolved in DI water.  Figure 11 helps provide a visual for the 

solubility each sample as compared to the solubility of the NAC (α-Synuclein (61-95)), 

which again only had a solubility of 0.2 mg/mL.   
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Table 3. HPLC preparation for 10mg of sample once maximum solubility was reached 

 α-synuclein 
(71-82) 

α-synuclein 
(66-85) 

α-synuclein 
(57-102) 

DI H2O (mL) 6.75 13.5 1.6 

ACN (mL) 1.5 3 0.3 
  

 

Figure 11. Comparison of solubility of different length NAC segments when dissolved in 
DI water 

 

III.II α-Synuclein (71-82) 

The HPLC chromatogram of the α-synuclein (71-82) is shown in Figure 12. The 

purified form of the peptide had a maximum absorbance of approximately 1.60 AU.  It 

also had a retention time of 7.8-8.8 minutes, which means it only took about 24.5-25.5% 

acetonitrile to elute. When the α-synuclein (71-82) was synthesized, it had a theoretical 

mass of 1215.33 Da.  Figure 13 shows the mass spectrum of purified α-synuclein (71-82) 
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in its singularly charged form, with an actual mass of 1214.87 Da.  Since the mass 

spectrum was so pure, it is reasonable to suggest that the synthesis was successful, and 

the purification method was effective.  

 

 
Figure 12. HPLC chromatogram of purifying α-synuclein (71-82) 
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Figure 13. Mass spectrum of purified α-synuclein (71-82) 

  

The Raman spectrum of the purified α-synuclein (71-82) in solid form is shown in 

Figure 14.  The amide I band peak was observed at ~1667 cm-1, the amide II band peak 

was observed at ~1555 cm-1, the amide III band peak was observed at ~1232 cm-1, and 

the Cα–Hb band peak was observed at ~1450 cm-1. Figure 15 displays the Raman spectrum 

of the purified α-synuclein (71-82) dissolved in water.   In this spectrum however, the 

band peaks were much weaker due to a lack of solubility.  The amide I band peak was 

observed at ~1659 cm-1, the amide II band peak was observed at ~1556 cm-1, the amide 

III band peak was not able to be identified, and the Cα–Hb band peak was observed at 

~1453 cm-1.   
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Figure 14. Raman Spectrum of purified α-synuclein (71-82) in solid form 

 

 
Figure 15. Raman spectrum of purified α-synuclein (71-82) dissolved in DI water  
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III.III α-Synuclein (66-85) 

The HPLC chromatogram of the α-synuclein (66-85) is shown in Figure 16. The 

purified form of the peptide had a maximum absorbance of only about 0.105 AU.  It had 

2 retention times, one at 10.3-11.6 minutes and the second one at 12.0-13.0 minutes, 

possibly due to isomerization.  This means it took between 35.4-37.1% acetonitrile to 

elute α-synuclein (66-85). When the α-synuclein (66-85) was synthesized, it had a 

theoretical mass of 1855.99 Da.  Figure 17 shows the mass spectrum of α-synuclein (66-

85) in its singularly and doubly charged forms.  Its singularly charged ion had an actual 

mass of 1856.03 Da, and its doubly charged form had a mass of 929.49 Da.  It can be 

concluded that the synthesis was successful, and the purification was good, since the 

mass spectrum was without any impurity peaks. 

 

 
Figure 16. HPLC chromatogram of purifying α-synuclein (66-85) 
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Figure 17. Mass spectrum of purified α-synuclein (66-85) 
 

The Raman spectrum of the purified α-synuclein (66-85) in solid form is shown in 

Figure 18.  The amide I band peak was observed at ~1669 cm-1, the amide II band peak 

was observed at ~1555 cm-1, the amide III band peak was observed at ~1233 cm-1, and 

the Cα–Hb band peak was observed at ~1449 cm-1. The Raman spectrum of the purified α-

synuclein (66-85) dissolved in water is shown in Figure 19.  Similar to α-synuclein (71-82), 

the band peaks were much weaker than that of the solid form due to a lack of solubility.    

The amide I band peak was observed at ~1667 cm-1, the amide II band peak was observed 

at ~1554 cm-1, the amide III band peak was observed at ~1215 cm-1, and the Cα–Hb band 

peak was observed at ~1448 cm-1. 
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Figure 18. Raman Spectrum of purified α-synuclein (66-85) in solid form 
 

 
Figure 19. Raman Spectrum of purified α-synuclein (66-85) dissolved in DI water 
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III.IV α-Synuclein (57-102) 

The HPLC chromatogram of the α-synuclein (57-102) is shown in Figure 20. The 

purified form of the peptide had a maximum absorbance of approximately 0.52 AU.  It 

also had a retention time of 37.7-39.8 minutes, which means it took about 83.9-98.6% 

acetonitrile to elute. When the α-synuclein (57-102) was synthesized, it had a theoretical 

mass of 4586.98 Da.  Figure 21 shows the mass spectrum of α-synuclein (57-102) in its 

singularly and triply charged forms.  Its singularly charged ion had an actual mass of 

4585.51 Da and its triply charged form had a mass of 1531.94 Da.  Similar to the other 

two peptides synthesized, since the mass spectrum was free of impurity peaks, it is 

inferred that both the synthesis and the purification were effective. 

 

 
Figure 20. HPLC chromatogram of purifying α-synuclein (57-102) 
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Figure 21. Mass spectrum of purified α-synuclein (57-102) 
 

The Raman spectrum of the purified α-synuclein (57-102) in solid form is shown in 

Figure 22.  The amide I band peak was observed at ~1673 cm-1, the amide II band peak 

was observed at ~1570 cm-1, the amide III band peak was observed at ~1228 cm-1, and 

the Cα–Hb band peak was observed at ~1438 cm-1. Figure 23 displays the Raman spectrum 

of the purified α-synuclein (57-102) dissolved in water. Here, since the solubility for α-

synuclein (57-102) was 4x larger than that of α-synuclein (71-82) and 8x larger than α-

synuclein (66-85)’s (as seen in Figure 11), the band peaks were much more defined. The 

amide I band peak was observed the same as in the solid state at ~1670 cm-1, the amide 

II band peak was observed at ~1608 cm-1, the amide III band peak was observed the same 

as the solid state at ~1227 cm-1, and the Cα–Hb band peak was observed the same as the 

solid state as well at ~1447 cm-1.  
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Figure 22. Raman spectrum of purified α-synuclein (57-102) in solid form 
 

 
Figure 23. Raman spectrum of purified α-synuclein (57-102) dissolved in DI water 
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III.V Discussion 

As previously mentioned in Chapter III.I, α-Synuclein (71-82) had a solubility of 

1.48 mg/mL when dissolved in DI water while containing 5 hydrophobic residues and 2 

hydrophilic residues.  α-Synuclein (66-85) was the least soluble of the three peptides (0.74 

mg/mL), but still more soluble than that of the NAC region. This reason may be because 

it contains 4 hydrophobic residues and only 1 hydrophilic residue.  Lastly, α-synuclein (57-

102) was the most soluble of the three peptides that were studied (6.25 mg/mL).  This 

increased solubility coincides with the fact that both the N- and C- termini contain more 

hydrophilic residues, giving the peptide a total of 17 hydrophobic residues in its sequence 

and doubling the number of hydrophilic residues in its sequence to 11. When comparing 

α-synuclein (66-85) to α-synuclein (57-102), α-synuclein (61-95) only had a solubility of 

0.2 mg/mL when it contained 16 hydrophobic residues and only 5 hydrophilic residues. 

When doubling the number of hydrophilic residues, as seen in α-synuclein (57-102), the 

solubility increased to an astounding 6.25 mg/mL. This helps to confirm that adding more 

hydrophilic residues improves the peptides solubility significantly more than the idea of 

trying to lower the number of hydrophobic residues (as observed with α-synuclein (71-

82)). Figure 24 helps provide a visual for the solubility of each sample as compared to the 

solubility of the NAC (α-Synuclein (61-95)) (shown in blue), while also demonstrating the 

ratio of hydrophobic/hydrophilic residues in a sequence of α-synuclein (shown in red). 

Each ratio had a direct correlation to its solubility, namely the lower the ratio, the higher 

the solubility and vice versa. 
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Figure 24. Comparison of solubility of different length NAC segments when dissolved in 
DI water (Blue); Comparison of ratios of number of hydrophobic residues to hydrophilic 
residues in different length NAC segments (Red) 

 

When comparing elution percentages, it only took about 24.5-25.5% acetonitrile 

to elute α-synuclein (71-82), α-synuclein (66-85) took slightly more acetonitrile to elute 

at 35.4-37.1%. The real difference was for α-synuclein (57-102) which took 83.9-98.6% 

acetonitrile to elute. It is unclear as to why this peptide eluted so much later than the 

other two peptides.  One speculation is due to how large this peptide was in comparison 

to the pore size of the column’s stationary phase. The peptide may have had difficulty 

flowing through the column. 

It is known that solid Raman may not have biological relevance. The solid Raman 

can be used as a guide to help determine the secondary structure of the peptide in 

solution since the solid Raman band peaks have higher intensities and display similar band 
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peak locations to that of the aqueous Raman, with a few exceptions. When comparing 

the Raman of the solid state to the peptide dissolved in DI water, it is unclear why the 

amide III band peaks were significantly different for α-synuclein (71-82) and for α-

synuclein (66-85), or why the amide II and Cα–Hb band peaks were significantly different 

for α-synuclein (57-102). This information still allows us to infer that the solid Raman of 

the peptides can be used as a guide to predict where the bands of the aqueous Raman 

will appear once the solubility in solution is increased. Although it is speculation, if one 

was to assume the structures of the peptides based on this logic and compare the 

peptide’s band peaks to the Raman band peak positions in Table 2, one would assume 

the following.  

For α-synuclein (71-82), the amide I band peak fell within the range of a random 

coil, but the amide II band peak fell within the range of either a random coil or a b-sheet 

conformation, the amide III band peak did not fall within the ranges for any of the 

conformations, and the Cα–Hb band peak fell within the range for any of the 

conformations. The strongest speculation for the secondary structure of α-synuclein (71-

82) would be in a random coil conformation in aqueous solution.  For α-synuclein (66-85), 

the amide I band peak fell within the range of either a random coil or a b-sheet 

conformation.  Similar to α-synuclein (71-82), the amide II band peak fell within the range 

of either a random coil or a b-sheet conformation while the amide III band peak did not 

fall within the ranges for any of the conformations. The Cα–Hb band peak fell within the 

range for any of the conformations, concluding the secondary structure for α-synuclein 
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(66-85) in aqueous solution would be that of a random coil or b-sheet conformation.  

Lastly, is the discussion of α-synuclein (57-102). The amide I band peak fell within the 

range of either a random coil or a b-sheet conformation.   The amide II band peak did not 

fall within the ranges for any of the conformations, while the amide III band peak 

corresponded to that of a b-sheet conformation.  Again, the Cα–Hb band peak fell within 

the range for any of the conformations. It is a stretch to assume, but one could infer that 

α-synuclein (57-102) would be in a b-sheet conformation in aqueous solution.   
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CHAPTER IV: CONCLUSIONS & FUTURE PERSPECTIVES 

 

The synthesis and purification of each peptide, α-synuclein (71-82), α-synuclein 

(66-85), and α-synuclein (57-102), was accomplished.  When evaluating the solubility of 

each peptide, it was concluded that all of them have a better solubility than the NAC 

region (α-synuclein (61-95)).  However, when comparing the solubility of the three 

peptides, α-synuclein (57-102) overwhelmingly had the best solubility at 6.25 mg/mL.  

When observing the results for Raman spectroscopy, the band peaks for the solid peptide 

were in agreement with previously published peak maxima values.[54]  Although, the 

Raman spectroscopy results for the peptides in aqueous solution were nowhere near 

what we were hoping for, and they definitely need improvement.  The main improvement 

to achieve is to decrease the amount of fluorescence and in turn improve the signal-to-

noise ratio. The α-synuclein (57-102) in aqueous solution did seem to show slightly better 

Raman results than the other two peptides, leading to a deduction that this was due to 

its increased solubility.  The greater the solubility of a peptide in aqueous solution, the 

more improved the Raman spectroscopy results, leading to greater confidence in the 

determination of peptide structure.  

Optimization is needed to improve the Raman spectroscopy band peaks for 

peptides in aqueous solution.  Due to Raman spectroscopy needing high concentrations 

for proteins/peptides at around 0.1 mM or above for enough signal for the peaks to be 

over the noise, other techniques were developed to address this issue.[25] A Raman 
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technique known as Surface Enhanced Raman Spectroscopy (SERS) was developed that 

uses metallic nanostructures to enhance the Raman signal by up to >1012 orders of 

magnitude, allowing even single molecule detection.   These nanostructures include silver 

(Ag) and gold (Au), which will be added to a peptide solution in order to observe a signal 

enhancement of ~106 in SERS over  Raman spectroscopy.[25] This will be the next step for 

my lab to improve the Raman spectroscopy data of α-synuclein peptides. 
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