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ABSTRACT 

 

Determination of protein structures (such as α-helix, β-sheet, unstructured 

conformation, and so on) is important to correlate the function of a protein with its 

structure.1 X-ray crystallography is a powerful technique but it requires proteins 

to form single crystal structure. However, lots of proteins do not meet this 

requirement. NMR can determine the structure of peptides/proteins in aqueous 

environment but the measurement is time-consuming. Thus, determination of the 

structure of proteins/peptides with short life-time (such as one hour) in aqueous 

solution is challenging for NMR. Recently, IR spectroscopy has been reported to 

be able to address the geometric structure of peptide with 13C isotopic labels in 

deuterated water (D2O) in residue level.2 Although similar to regular water, D2O is 

not physiologically approved.3 On the other hand, H2O has intensive absorption 

around 1620 cm-1 (this will cover the IR absorption of proteins/peptides) in IR 

spectroscopy. Thus, traditional transmission measurement of IR spectra of 

proteins/peptides in H2O will fail, because the thickness of normal liquid FTIR cell 

is in millimeter level.  

In this thesis, 13C isotope edited FTIR was applied in H2O solution by 

attenuated total reflection (ATR) technique, which can avoid H2O background 

absorption because the path-length of IR in the sample solution of ATR is only 

several micrometers. A model helical peptide Ac-AAAAKAAAAKAAAAKAAAAY-

NH2 (Ac means C-terminus and NH2 indicates the N-terminus) was synthesized 

and 13C labeled alanine (A) residues were introduced into the model peptide with 
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various spacing residues. The 13C labeled residues generate a new amide I band, 

namely, 13C amide I band which was shown to relate to the geometry of the 

helical peptide. For example, the 13C amide I band was detected at 1608 cm-1 

when the two 13C labeled A residues are adjacent. When the number of spacing 

residues increased to 2 and 3, the 13C amide I band was detected at 1599 and 

1602 cm-1, respectively. Thus, the 13C amide I band can help to determine the 

geometry of peptides/proteins. 
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CHAPTER I 

 INTRODUCTION 

 

1.1  Structural Biology 

Proteins are complex biological macromolecules, consisting of chains of 

amino acids covalently linked by amide bonds.1-4 All proteins found in biological 

systems are composed of 20 different amino acids. As shown in Figure 1, amino 

acids consist of one amino group, one carboxylic acid group, and an α-carbon 

which links R groups which is also called the residue group. Amino acids are 

distinguished based on the structure of the R group (Table 1). 

 

 

Figure 1: Structure of an amino acid 

 

Table 1. Structure of R group of amino acids 
Amino acid Abbrevations  Structure of R group 

Alanine Ala A -CH3 

Arginine Arg R -(CH2)3-NH-C(NH2)=NH 

Asparagine Asn N -CH2-CO-NH2 

 

CN

H
H O

H

OH
R
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Table 1 (Continued). Structure of R group of amino acids 
Aspartic acid Asp D -CH2-COOH 

Cysteine Cys C -CH2-SH 

Glutamine Gln Q -(CH2)2-CO-NH2 

Glutamic Acid Glu E -(CH2)2-COOH 

Glycine GlY G -H 

Histidine His H -CH2C3H3N2 

Isoleucine Ile I -CH(CH3)-CH2-CH3 

Leucine Leu L -CH2-CH-(CH3)2 

Lysine Lys K -(CH2)4NH2 

Methionine Met M -(CH2)2-S-CH3 

Phenylalanine Phe F -CH2-C6H5 

Proline Pro P -CH(CH2)3NH 

Serine Ser S -CH2-OH 

Threonine Thr T -CH(OH)-CH3 

Tryptophan Trp W -CH2-C8H6N 

Tyrosine Tyr Y -CH2-C6H5-OH 

Valine Val V -CH-(CH3)2 

 

 

Proteins are essential to life processes. They perform a variety of 

functions, including catalyzing metabolic reactions,5-9 replicating DNA,10, 11 

responding to stimuli,12, 13 and so on. Malfunction of proteins has been shown to 

be related to many diseases.5, 7, 8, 14-17 Therefore, the elucidation of proteins 

structure will not only help to understand how proteins work in vivo but also 
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provide pathological information about many diseases.  As a consequence, 

structural biology which focuses on the elucidation of protein structure has 

attracted extensive scientific attentions.18-21 For example, the determination of 

the structure of the photosynthesis center was awarded Nobel Prize for 198818 

and the 2009 Nobel Prize was awarded to Venkatraman Ramakrishnan, Thomas 

A. Steitz, and Ada Yonath for the elucidation of the structure of ribosome.8, 19, 20 

 

1.2 Protein Structure 

1.2.1 Primary Structure 

Amino acids are covalently linked together by an amide bond (i.e., CO-NH), 

formed between the amine group of one amino acid and the carboxyl group of 

the adjacent amino acid.3 A chain of amino acids connected by amide bonds is 

referred to as a polypeptide chain. The two termini of a polypeptide chain are 

called N-terminus (it has free amine group) and C-terminus (it has free carboxylic 

acid group). The primary structure of a polypeptide is usually written from N-

terminus to C-terminus. Figure 2 is an example of protein primary structure. 

 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 

Figure 2. Sequence of β-amyloid which is hallmark protein of Alzheimer’s disease. 

Each letter represents one amino acid (cf. Table 1). 
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1.2.2 Secondary Structure 

Secondary structure refers to the sequential arrangement of amino acids in a 

polypeptide chain and it is characterized by the intra and intermolecular hydrogen 

bonds among the amino acid residues. Typical secondary structures (also called 

as conformations) includes α-helix, β-sheets, and random coils.22-24 The random 

coils structure is also called unstructured conformation. The polypeptide chain in 

this structure is well dissolved in the aqueous solution and moves freely in the 

aqueous environment.24 The residues in the polypeptide chain do not 

substantially form hydrogen bonds substantially with each other, but form 

hydrogen bonds with H2O molecules in solution. 

As the most common secondary structure, the α-helix looks like a spring as 

shown in Figure 3. α-Helix is characterized by the intra-molecular hydrogen 

bonds between the amino group of one amino acid and the carbonyl group of 

another amino acid located 3~4 residues away along the polypeptide chain (cf. 

Figure 3).23 These hydrogen bonds are usually present parallel to the helical axis. 

The α-helix is usually right handed and contains approximately 3.6 amino acid 

residues per turn. Formation of hydrogen bonds creates helical structure of the 

polypeptide chain. Side chains of amino acids in α-helix protrude out of the helix.  

The structural units of β-sheets are strands, which is a fully extended 

structure characterized by multiple strands (polypeptide chains) arranged side-

by-side as shown in Figure 3.22 Each β-sheet contains 6 to 22 strands. Residue 

groups are present above or below the plane of polypeptide chain. Inter-strand 

hydrogen bonds are formed between the carbonyl oxygen of one chain and the 
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amide hydrogen of another chain. β-sheet includes two types, namely, parallel 

and anti-parallel sheets. In a parallel sheet, two strands run in the same direction 

(shown in Figure 3). In an anti-parallel sheet, the neighboring strands run in 

opposite direction. For example, if one strand runs from N- terminus to C-

terminus, the neighboring strand runs from C-terminus- N-terminus. 

 

 

 

Figure 3: Illustration of secondary structures. 
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1.2.3 Tertiary Structure 

Tertiary structure arises when secondary structure elements pack tightly to 

form a well-defined 3D structure.25, 26 It is usually stabilized by four forces, 

hydrophobic forces, covalent bonds, Vanderwall interactions, and hydrogen 

bonds. Among these four forces, hydrophobic interactions among the secondary 

structural elements play an important role in stabilizing the tertiary structure. 

Tertiary structure is also called the native state of the protein. It is possible for 

two residues that are far away in the sequence (or the primary structure) to be 

adjacent to each other in the tertiary structure. To determine proteins structure 

(i.e, primary, secondary, and tertiary structure), various techniques have been 

developed. Some of the most important techniques are discussed below.  

 

1.3 Techniques to Determine Protein Structure 

1.3.1 X-ray Crystallography 

X-ray crystallography is the most widely used method to address protein 

structure and the detailed proteins structure can be determined in atomic level.27, 

28 Most of the protein structures in Protein Data Bank were determined by this 

method.1 However, this technique has some drawbacks. First, proteins should 

form single crystal structure for X-ray measurement and there is no particular 

common crystallization method that can be applied to all proteins. It is difficult for 

many proteins to form single crystal structure. For example, β-amyloid protein 

(Aβ) which contains 40-42 amino acids is the hallmark protein of Alzheimer’s 

disease (cf. Figure 2). Effort has been made to crystallize Aβ for more than 20 
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years. However, formation of the single crystal structure of Aβ has not been 

reported. Second, although they are able to affect the structure of proteins, 

artificial solvents are usually needed to facilitate the crystallization of proteins. In 

addition, the movement of protein is reduced in a crystal state. This creates a 

static environment, which may be different from the dynamic aqueous 

environment in which proteins reside in biological systems.  

 

1.3.2 NMR Spectroscopy 

Another powerful technique is multi-dimensional NMR. The major 

advantage of NMR spectroscopy is that it can determine protein structure in 

aqueous environment, which is favorable for proteins.29-33 However, various 

amounts of deuterated water, also called heavy water (D2O) which is not solvent 

in biological systems, needs to be added into the solution to lock the magnetic 

field of NMR. Furthermore, measurement of the NMR spectra of proteins is time 

intensive and the interpretation is complicated.29-33 This makes it impossible for 

NMR to determine the protein structural elements which have a short lifetime.33 

As mentioned above, it has been reported that the small aggregates (i.e., 

oligomers) of Aβ are toxic to neuronal cells in the brain and the oligomer’s 

lifetime can last one or several hours.33 Therefore, faster methods to determine 

proteins structure have been developed. The two mostly widely used techniques 

are circular dichroism (CD) and IR spectroscopy. 
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1.3.3 Circular Dichroism (CD) Spectroscopy 

There is a long history of CD studies about the structure of peptides/proteins 

in the biochemical and biophysical sciences.24, 34-39 CD is very sensitive to protein 

conformation and is a fast method for monitoring structural changes, because the 

measurement of CD can be accomplished in minutes or even seconds. Due to 

the large amount of carbonyls (C=O which have intense absorption around 200 

nm) in the amide bonds, proteins usually show strong CD signals between 260 

and 180 nm.24, 38, 39 Since the carbonyls are arranged differently in conformations 

(such as α-helix, β-sheets, and unstructured conformation), every secondary 

structure shows its distinct patterns in CD spectrum as below.34, 37  

The Far-UV CD spectra of the α-helix conformation have two 

characteristically negative peaks at 222 and 208 nm and one positive peak at 

192 nm. The Far-UV CD spectrum of β-sheet conformation exhibits a positive 

peak at 196 nm and a negative peak at 215 nm. As for the unstructured 

conformation, only one negative peak at 199 nm will be detected (Figure 4).34, 37 

Similarly, every conformation can also show its distinct pattern in FTIR 

spectroscopy. 
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Figure 4: The secondary structure conformation and the CD spectra of protein 

structural elements. Right is an example of the backbone conformation of a 

peptide in α-helix and left is in β-sheet. The center is the CD spectra of different 

conformations.  

    

1.3.4 FTIR Spectroscopy 

Infra-red (IR) spectroscopy is another widely used technique for the 

analysis of secondary structure of peptides.24, 38-47 The advantage of IR 

spectroscopy over other techniques is that it can be applied to wide range of 

sampling conditions like powders, crystals, solid dosage forms, crystals. 

Furthermore, the amount of sample required for analysis is very small. Even 

membrane proteins can be analyzed by this method.24, 38, 39, 43, 46, 47 After the 

development of Fourier Transform Infra-Red (FTIR) spectrometers, spectra of 

high accuracy were obtained and instrument S/N ratio was also improved. In 

addition, FTIR spectrum can be obtained in several seconds to several minutes, 

depending on the number of scans taken. Thus, FTIR spectroscopy became a 
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powerful tool in conformational analysis of proteins/peptides, especially for the 

detection of transitional conformation change during local environmental changes 

such as temperature or pH.  

In FTIR spectroscopy, peptides/proteins absorb the infrared radiation and 

give rise to nine characteristic bands namely Amide A, B, and I-VII.24, 38, 39, 43, 46 

Frequencies and description of these amide bands are shown in Table 2. Among 

all these bands, Amide I and Amide II bands are found to be most prominent 

bands in the spectra of proteins. Amide I band is found around 1600-1700cm -1 

and it is mainly associated with C=O stretching vibrations (over 85 %). Amide II 

band derives mainly from N-H bending vibrations (40-60%) as well as C-N 

stretching vibrations (18-40%), and this band is found to be less sensitive to the 

conformation of proteins when compared to amide I band. All the other bands are 

found to result from the overlapping of different vibrations. Consequently, they 

are less useful in protein conformational studies. 

 

Table 2.  Characteristics infrared bands of peptide linkage 
Designation Approximate 

Frequency (cm-1) 
Description 

Amide A 3300 NH stretching 

Amide B 3100 NH stretching 

Amide I 1600-1690 C-O stretching 

Amide II 1480-1575 CN stretching, NH bending 

Amide III 1229-1301 CN stretching, NH bending 

Amide IV 625-767 OCN bending 

Amide V 640-800 Out-of-plane, NH bending 
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Table 2 (Continued).  Characteristics infrared bands of peptide linkage 
 

Amide VI 537-606 Out-of-plane, C-O bending 

Amide VII 200 Skeletal torsion 

 

 

In the Amide I region (1600-1700cm-1), each type of secondary structure 

(α-helix, β-sheet, or unstructured conformation) gives rise to a unique frequency 

due to the different hydrogen bonding pattern among them.38, 39, 46 The IR 

absorption frequencies of different types of secondary structures are shown in 

Table 3. For example, unstructured conformation shows a peak at ~1640 cm-1 for 

the amide I band and the peak of β-sheet is ~1630 cm-1. As for α-helix, the peak 

position is somewhat complicated because the position is affected by the length 

of the helix. For a long helix, the peak will appear at ~1648 cm-1 and moves to 

higher frequency when the helix becomes shorter.  

 

Table 3. Characteristic amide I frequencies of Protein secondary structure 
Frequency(cm-1) Assignment 

1690-1680 β-sheet structure 

1657-1648 helix 

1645-1640 Random coil 

1630-1620 β-sheet structure 
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1.3.5 Quantitative Estimation of Secondary Structures in Certain Protein 

As mentioned in section 1.3.1 and 1.3.2, x-ray crystallography can provide 

structural information in atomic level but required target proteins to form single 

crystal. Multi-dimensional NMR can analyze the proteins structure in solution with 

high resolution, but the measurement is quite time-consuming. Therefore, 

quantitative estimation of secondary structure of protein has been tried by CD 

and FTIR. The basic assumption of the quantitative estimation of secondary 

structure of protein is that proteins/peptides are a linear sum of a few 

fundamental secondary structural elements and the percentage of each element 

is only related to spectral intensities.  

As for CD spectroscopy, softwares (such as CONTIN, CDSSTR, SELCOM, 

and CD-Pro) have been developed to calculate the percentage of every 

secondary structural element in proteins by CD spectroscopy.35, 37-39, 48 For 

example, Dr. Chengshan Wang et al have shown that the CD spectra of aequorin 

(a bio-fluorescence protein) are affected by pH. The negative peaks at 208 and 

222 nm reach the maximum at pH 7.6, because increasing or decreasing the pH 

values will decrease the peaks intensity. This indicates that aequorin contains the 

highest percentage of α-helix at pH 7.6. To get more detailed information, the CD 

spectra were analyzed by CD-Pro and the results are shown in Table 4. When 

the pH increases, the percentage of α-helix decreases and that of unstructured 

conformation increases. Thus, the increase of pH change some α-helix in 

aequorin to unstructured conformation. When pH decreases, the percentage of 
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β-sheet increases, which indicates the transformation of some some α-helix in 

aequorin to β-sheet.38 

 

 

Figure 5: Circular dichroism spectra of aequorin at concentration of 0.1 mg·ml-1 

under different pH values: -●- 9.0, -□- 7.6, -○- 4.8, -Δ- 4.0.  

 
Table 4. Content in percentage of secondary structures of aequorin in aqueous 
solution under different pH conditions.  

pH α-helix                             β-sheet               Unstructured 

9.0 32.2 %                          14.8 %                       53.1 % 

7.6 37.8  %                          13.5 %                      48.9 % 

4.8 30.9 %                           20.1 %                       49.3 % 

4.0 23.9 %                           27.8 %                        47.5 % 
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Similarly, curve fitting procedure can be applied to FTIR spectra, which 

can resolve convolutions of absorption bands. The percentage of secondary 

structures can be quantitatively estimated after the resolution enhancement of 

amide I spectra by FSD technique. Dong et al. reported the distribution of 

secondary structures determined from the amide I spectra of globular proteins, 

which was nearly identical to the amount computed from crystallographic data.49 

Although overall content of secondary structures in proteins/ peptides can 

be investigated by IR and CD spectroscopy, structural elements (α-helix, β-

sheets) cannot be assigned to specific amino acid residues in polypeptide 

sequence. Therefore, a new technique called 13C isotope-edited FTIR 

spectroscopy has been used to improve the low resolution results of traditional 

CD or FTIR to “medium resolution”.  

 

1.3.6 13C Isotope-edited FTIR Spectroscopy 

13C isotope-edited FTIR spectroscopy has been reported in 199150-53 and 

used for several proteins/peptides to probe the structures of particular regions 

within a protein, elucidate the protein-protein and protein-peptide interactions, 

and determine orientation of peptides and proteins in phospholipid 

membranes.50-53 Later, it was applied to study the synthesized model peptides 

and was reported to address the secondary structure information in residue level 

in deuterated water.54-57 This job cannot be accomplished by either traditional IR 

or CD spectroscopy. The proof-of-principle test of 13C isotope-edited IR 
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spectroscopy was accomplished on a model peptide with mixture conformation of 

α-helix and unstructured conformation. The details of this technique are 

presented below.56 

The peptide with sequence Ac-YAAKAAAKAAAAKAAH-NH2 (Ac means C-

terminus and NH2 indicates the N-terminus) has been shown to have a mixture of 

unstructured conformation and α-helix in D2O.56 Dr. Decatur and coauthors have 

synthesized four double 13C labeled peptides Ac-YAAKAAAKAAAAKAAH-NH2 

(referred as Pep17 shown in Scheme 1) by using 13C labels to replace the 

regular carbons in the sequence, starting from C-terminus to N-terminus. The 

FTIR spectra of all of the peptides were obtained in D2O from 0 to 45°C.  

 

Ac-YAAKAAAKAAAAKAAH-NH2 (17L1) 

Ac-YAAKAAAAKAAAAKAAH-NH2 (17L2) 

Ac-YAAKAAAAKAAAAKAAH-NH2 (17L3) 

Ac-YAAKAAAAKAAAAKAAH-NH2 (17L4) 

Scheme 1: Sequence of the 13C double labeled peptides. The carbonyls of 

underlined residues are replaced by 13C labels.  

 

 When the temperature increases to 45 °C, CD results showed that almost 

all of the residues in the peptide are in unstructured conformation.56 13C labels in 

the peptide do not change this property and the amide I band of the 13C labeled 

carbonyls (13C=O) in unstructured conformation is identical to that of regular 
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amide I band (at 1640 cm-1 in D2O), because carbonyls interact with solvent 

molecules very well. When the 13C labeled residue is in α-helix, the amide I band 

of 13C labeled residue (referred as 13C amide I band in the following) moves to 

1602 cm-1, which is different to the regular amide I band of α-helix at 1630 cm-1 in 

D2O.  

When the temperature decreases to 0 °C, CD results showed that lots of 

residues in the peptide transform to α-helix but several residues remain in the 

unstructured conformation. Which residues still remain in the unstructured 

conformation? To address this question, the FTIR spectra of 17L1 to 17L4 in D2O 

were measured and the results are shown in Figure 6. As for the unlabeled 

peptide, no 13C amide I band was detected. For 17L2, 17L3, and 17L4, the 13C 

amide I band was detected at 1602 cm-1, which means that residues 2, 3, 6, 7, 

11, and 12 transform to α-helix at 0 °C. However, the 13C amide I band does not 

appear in 17L4 even at 0 °C. This indicates that residues 15 and 16, which are 

13C labeled in 17L4, are still in unstructured conformation at 0 °C. By the 

presence or absence of 13C amide I band in the FTIR spectrum of selectively 13C 

labeled peptide, the conformation of every residue can be determined by the 13C 

isotope-edited FTIR spectroscopy. 
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Figure 6: FTIR spectra of unlabeled (A) and labeled (B for 17L1, C for 17L2, D for 

17L3, and E for 17L4) at 0, 15, 25, and 45 °C. 

 

1.3.7 Applications of 13C Isotope-edited FTIR Spectroscopy to Obtain 

Geometric information about the Structure of α-helix 

More detailed information can be obtained by 13C isotope-edited FTIR 

spectroscopy. As mentioned above, the regular amide I band of α-helix appears 

at 1630 cm-1 in D2O when both the neighboring carbonyls are regular 12C=O 

(Scheme 2A). The 13C labeled residue has been reported to decrease the 13C 

amide I band to ~1600 cm-1 and the 13C amide I band position is related to the 

geometry of the helix. When the two 13C labeled residues are adjacent (Scheme 
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2B), the 13C amide I band is at 1600 cm-1. If there are spacing regular residues 

between the two 13C labeled residues which are close to each other in the helix 

(Scheme 2C), a strong coupling between 13C=O (i.e. 13C-13C coupling) occurs 

and the 13C amide I band will further decrease to 1592 cm-1, which can be used 

as a fingerprint peak to determine the geometry in α-helix.54, 55, 58 If all the 

neighboring residues have been determined, the structure of α-helix model 

peptide will be determined as a consequence.54, 58 

 

 

Scheme 2: Hydrogen bond formation between the amide groups in α-helix. The 

atoms in red are 13C labeled residues. 

 

 For example, double 13C labels have been introduced into the sequence of 

Pep25 as shown in Scheme 3. There are 0, 1, 2, and 3 spacing regular residues 

between the double 13C labeled residues in L1, L2, L3, and L4, respectively. As 

for L1, both amide I band at 1630 cm-1 and 13C amide I band at 1600 cm-1 were 

detected.54, 58 This indicates that residues 12 and 13 are not neighboring 

residues in the α-helix. The same results were obtained in the FTIR spectra of L2 

and L4. Thus, neither residues 11&13 nor residues 9&13 are neighboring 

residues in the α-helix, since the 13C amide I band of 12C-13C coupling was 

α-helix regular residue 13C labeled residueα-helix regular residue 13C labeled residue

(A) (B) (C) 
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detected. However, the 13C amide I band of the FTIR spectrum of L3 was 

determined to be 1590 cm-1. Therefore, residues 11 and 14, which are 13C 

labeled in 25L-3, are close to each other in the α-helix as shown in Scheme 2C. 

 

Ac-AAAAKAAAKAAAAKAAAAKAAAAY-NH2 (L1) 

Ac-AAAAKAAAKAAAAKAAAAKAAAAY-NH2 (L2) 

Ac-AAAAKAAAKAAAAKAAAAKAAAAY-NH2 (L3) 

Ac-AAAAKAAAKAAAAKAAAAKAAAAY-NH2 (L4) 

Scheme 3: Sequence of the 13C double labeled pep25. The carbonyls of 

underlined residues are replaced by 13C labels. 

 

1.3.8 Challenge of 13C Isotope-edited FTIR Spectroscopy 

It is worth noting that all of the 13C isotope-edited FTIR spectroscopy was 

performed in D2O, not H2O. Although D2O and water are quite similar, their 

physiological properties are quite different.59-61 Proteins can exhibit their function 

only in normal water.59, 62 In addition, D2O is also expensive and harmful to 

health.59 Therefore, further application of 13C isotope-edited FTIR spectroscopy 

of proteins/peptides in H2O is important. However, since H2O has an intense 

absorption band around 1610 cm-1 (shown in Figure 7)63 which will cover all the 

peaks of α-helix and β-sheet, direct measurement of FTIR spectra of 

peptides/proteins in H2O solution by traditional cells will fail. 
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Figure 7: Intensive IR absorption of H2O around 1610 cm-1. 

 

1.3.9 ATR Technique can Help to Avoid H2O Background Absorption 

Recently, attenuated total reflection (ATR) technique has been developed 

to determine the IR spectroscopy of proteins/peptides in H2O solution.38, 39, 64-69 

Different to traditional liquid IR cells with path length on the orders of millimeters, 

the path-length of IR radiations through the sample solution of ATR is only 

several micrometers, because the ATR crystal reflects the incident IR beam 

which goes into the interface of sample by several micrometers (shown in Figure 

8).  
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Figure 8: Illustrations of the ATR technique. 

 

 In addition, we have just shown that ATR technique can avoid the H2O 

background absorption and can help the application of 13C isotope-edited IR 

spectroscopy in H2O as following. First, the unlabeled Pep17 was dissolved in 

H2O at pH 5.0 and 12.5. The conformation of Pep17 in H2O solution at the two 

pH values was evaluated by CD spectroscopy and the results are shown in 

Figure 9. As for pH 12.5, two negative peaks were detected at 208 and 222 nm, 

which are the charateristic peaks of α-helix. When pH decreased to 5.0, only one 

negative peak (shown in the inset of Figure 9) was detected at 198 nm, which 

was asssigned to unstructured conformation. The CD results show that the 

majority of Pep17 is in α-helix at pH 12.5 and changes to unstructured 

conformation at pH 5.0. The 13C labeled Pep17 showed the identical results to 

those of unlabled Pep17. To determine the conformation of specific residues, 
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Pep17 peptides in H2O solutions at pH 5.0 and 12.5 were examined by ATR-

FTIR spectroscopy. 

 

 

Figure 9: CD spectra of unlabeled Pep17 at pH 12.5 and 5.0 (inset) with a 

concentration of 0.44 and 0.10 mg/ml, respectively. 

 

 Figure 10 shows the ATR-FTIR spectra of unlabeled Pep17 and 17L2 (13C 

labeled at residues 6&7) at pH 5.0. Both of these peptides showed an amide I 

band at 1640 cm-1, which is the characteristic peak of unstructured conformation. 

Therefore, ATR-FTIR results correlate to the CD results very well. Amide II band 

was also detected at 1545 cm-1, which is typical for peptides/proteins in H2O 

solution. Little difference was detected between the ATR-FTIR spectra of 

unlabeled Pep17 and 17L2. In addition, the ATR-FTIR spectra of 17L1, 17L3, 

and 17L4 are identical to that of 17L2. Therefore, in H2O solution, the 13C amide I 

band is similar to regular (i.e., 12C) amide I band when the residue is in 
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unstructured conformation. This is similar to the FTIR spectra of Pep17 in D2O 

solution.56  

 

 

Figure 10: ATR FTIR spectra of unlabeled Pep17 and 17L2 in H2O at pH 5.0. 

 

When pH increased to 12.5, both amide I and amide II bands were 

detected in the ATR-FTIR spectrum of unlabeled Pep17 as shown in Figure 11. 

The broad amide I band from 1620 to 1640 cm-1 may comprise three 

components. The amide I band of α-helix of Pep17 was at 1630 cm-1 in D2O. It 

has been reported that the amide I band of α-helix in H2O will be ~6 cm-1 higher 

than that in D2O.24 Thus, the first component of the broad amide I band of 

unlabeled Pep17 is the amide I band from α-helix. Second, the deformation peak 

of H2O in NaOH may cause the peak around 1620 cm-1.70 Third, some residues 

of Pep17 may be still in unstructured conformation even at pH 12.5. The amide I 
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band of the unstructured part of Pep17 will be at 1640 cm-1. To determine the 

residues in unstructured conformation at pH 12.5, ATR-FTIR spectra of 13C 

labeled Pep17 were also measured as shown in Figure 11. 

 As for 17L4 (cf. Figure 11), not only the broad amide I band but also a 

shoulder peak at 1602 cm-1 were detected in the ATR-FTIR spectrum. Since the 

only difference between unlabeled Pep17 and 17L4 is the presence of 13C 

labeled carbonyls in 17L4, the peak at 1602 cm-1 is the 13C amide I band. Notice 

that the 13C amide I band of α-helical Pep17 in D2O was detected at 1596 cm-1. It 

is reasonable that the 13C amide I band of α-helical Pep17 in H2O is 6 cm-1 higher. 

As mentioned above, Figure 10 shows that no 13C amide I band should be 

detected if the 13C labeled residues are in unstructured conformation. Thus, the 

presence of 13C amide I band at 1602 cm-1 in the ATR-FTIR spectrum of 17L4 

indicates that residues 15 and 16 are in α-helical conformation at pH 12.5. 

Similarly, 13C amide I band was also clearly detected in the ATR-FTIR spectra of 

17L2 and 17L3. Consequently, residues 6, 7, 11, and 12 are also in in α-helical 

conformation at pH 12.5. However, the 13C amide I band was absent in the ATR-

FTIR spectrum of 17L1. This suggests that residues 2 and 3 are still in 

unstructured conformation at pH 12.5. As a consequence, the conformation of 

specific residues in a peptide was shown here to be able to be screened by the 

13C amide I band around 1602 cm-1 as a “fingerprint” peak. 
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Figure 11: ATR FTIR spectra of unlabeled and 13C labeled Pep17 at pH 12.5. 

 

1.4 My Thesis Project 

 As mentioned in section 1.3.6 and 1.3.7, 13C isotope-edited IR 

spectroscopy can not only determine the conformation of specific residues (cf., 

section 1.3.6) but also the geometric information about the structure of the helix 

(cf., 1.3.7). Although we have shown that ATR technique can help to avoid the 

intensive H2O background absorption and determine the conformation of specific 

residues in H2O, whether ATR can further help to provide geometric information 

has not been verified. In this thesis, both unlabeled and 13C labeled Pep25 listed 

in Scheme 3 were synthesized. In addition, unlabeled and 13C labeled Pep25 

were dissolved in H2O solution and 13C isotope-edited IR spectroscopy was 

utilized to provide geometric information about the structure of Pep25 by ATR. 
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CHAPTER II 

MATERIALS & METHODS 

 

2.1 Peptide Synthesis 

Peptides were synthesized via solid phase (Fmoc) chemistry (mechanism 

shown in Figure 12.71-73 The procedure of Fmoc peptide synthesis comprises 

repeated cycles of coupling-washing-deprotection-washing (cf. Figure 12). During 

the coupling step, the amine group of the free amino acid in N,N-dimethylformide 

(DMF) solution is protected by Fmoc group and the carboxylic group is activated 

by diisopropylcarbodiimide (DIC). The activated carboxylic group will react with 

the amine group on the surface of the solid phase (i.e., Wang resin in this thesis) 

to form an amide bond. After the coupling, the remaining free Fmoc-protected 

amino acid in the DMF solution will be vented. The resin will be washed by fresh 

DMF to clean up the surface of solid phase. Then, piperidine DMF solution will be 

added to the reaction vessel to initiate the deprotection. During the deprotection 

step (cf. Figure 12), the Fmoc group which protects the amine group will react 

and link with piperidine. As a result, the amine group will be deprotected and 

ready to couple with the next amino acid. Thus, amino acids will be coupled onto 

the surface of Wang resin one by one to form a peptide, which will remain 

covalently attached to the surface of Wang resin until cleaved from it by a 

reagent such as trifluoroacetic acid (TFA). 
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Wang resin, Fmoc-protected amino acids, DIC, 1-hydroxylbenzotriazole, 

and piperidine were purchased from Anaspect Inc. (San Jose, CA). All the amino 

acids were in L-configuration, except glycine. The organic solvents (e.g., DMF, 

dichloromethane, ethyl ether, trifluoroacetic acid or TFA, and so on) for peptide 

synthesis were purchased from Thermo-Fisher Scientific Inc. (Pittsburgh, PA).  

 

 

Figure 12: Organic mechanism of coupling and deprotection. R2 is the resin 

linked with NH2. 

 

R = isopropyl

R1=

Coupling

Deprotection
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2.2 High Performance Liquid Chromatography (HPLC) 

 HPLC was performed using a solid support stationary phase (also called a 

"column"). The usual column contains unmodified silica particles, which is now 

called "normal phase chromatography". In normal phase chromatography, the 

stationary phase is hydrophilic and therefore has a strong affinity for hydrophilic 

molecules dissolved in the mobile phase. As a consequence, the hydrophilic 

molecules in the mobile phase tend to bind (or "adsorb") to the column and are 

eluted late. The hydrophobic molecules pass through the column more quickly 

and are eluted earlier. For the purification of peptides, reverse phase HPLC was 

utilized. The stationary phase of reverse phase HPLC is usually alkyl chains 

covered silica particles. Different to normal phase HPLC, hydrophilic molecules 

pass through the columns more quickly and are eluted earlier than hydrophobic 

molecules.  

The crude peptides (both unlabeled and 13C labeled) were purified by 

Waters 1525 HPLC (Milford, MA) equipped with 2489 UV-Vis detector (Figure 13) 

through a semi-preparative reversed-phase (RP) column  (model Jupiter-00G-

4055-P0 with 21.5 mm internal diameter  and 250 mm length) from Phenomenex 

Inc. (Torrance, CA). The eluents were 0.1% trifluoroacetic acid in water (V/V, 

mobile phase A) and 0.1% trifluoroacetic acid in acetonitrile (V/V, mobile phase 

B). At a flow rate of 21.5 mL/min, purification of the peptides was accomplished 

with an elution gradient of 8–38% phase B for 35 minutes. 
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Figure 13: Waters 1525 HPLC system 

 

2.3 Mass Spectroscopy 

Mass spectrometry works by ionizing chemical compounds to generate 

charged molecules or molecule and measuring their mass-to-charge ratios. A 

mass spectrometer usually consists of three major components: ion source, 

mass analyzer, and detector. The ion source converts the sample into ions. An 

extraction system removes ions from the sample, which are then trajected 

through the mass analyzer and onto the detector. The mass analyzer will sort the 

ions of various molecules by the mass-to-charge ratio. The detector will provide 

data for calculating the abundances of each ion present. 

All of the Mass measurements in this thesis were conducted on an 

Electrospray (ES) −Time of flight (TOF) (Waters Aqua model shown in Figure 14) 
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mass spectrometer (Milford, MA). Both labeled and unlabeled peptides were 

dissolved in water with 0.5 % trifluoroaceitic acid (TFA). Positive ion mode was 

used and the capillary voltage is 3 kV. Ion source temperature is 100 °C and N2 

gas of desolvation was blowed at 500 L/hour. 

 

 

Figure 14: Waters Aqua time-of-flight (TOF) mass spectrometer. 

 

2.4 Circular Dichroism (CD) Spectroscopy 

 Circular polarized light has two types: namely, left circular polarized (LCP) 

light rotating counter clockwise and right circular polarized (RCP) light rotating 

clockwise. CD refers to the difference in the absorption of LCP and RCP          

(Figure 15). If the LCP and RCP are absorbed to different extents by a sample 
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(such as peptides which contains chiral atoms), CD signal (∆A) will result from 

the following equation: 

                               ∆A = AL –AR                                                                       Equation 2-1 

where ∆A is the difference between absorbance of LCP and RCP light. It can 

also be expressed by, applying Beer’s law, as: 

                              ∆A = (εL – εR)Cb                                           Equation 2-2 

where εL and εR are the molar extinction coefficients for LCP and RCP light, C is 

the molar concentration and b is the path length in centimeters. Then, 

                            ∆ε = εL – εR                                                                              Equation 2-3 

Where ∆ε is the molar circular dichrosim. Although ∆A is usually measured as the 

CD signal, for historical reasons most measurements are reported in degree of 

ellipticity (molar ellipticity) whose units are degrees-cm2/dmol. 

 

 

Figure 15: Diagrams showing how right and left circulatory polarized light 

combine (A) if two waves have the same amplitude, the result is plane-polarized 
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light. (B) if their amplitude differ, the result is elliptically polarized light, 

demonstrating the unequal contributions of right and left circular polarized light to 

give molar ellipticity (θ). 

 

The circular dichroism (CD) spectra in this thesis were measured by a 

JASCO J-810 spectropolarimeter fitted with a 150-W xenon lamp (Figure 16). 

Quartz cells of 1 mm path length were used for all CD measurements and the 

spectra were recorded with a response time of 4 s and scan speed of 20 nm·min-

1 with 2 measurement accumulation. 

 

 

Figure 16: Jasco 810 CD spectrometer. 
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2.5 ATR FTIR Spectroscopy 

 Fourier transform infrared spectroscopy (FTIR) is a technique which is 

used to obtain an infrared absorption spectrum of a sample. Different to UV-Vis 

spectroscopy which shines a monochromatic beam on a sample, the incident 

beam of FTIR comprises lights with various wavelengths going through a sample 

simultaneously. The beam described above is generated by a broadband light 

source. Then, the lights shine into a Michelson interferometer (a set of mirrors, 

one of which is moved by a motor). Different wavelengths are modulated at 

different rates and the beam coming out of the interferometer depends on the 

position of the moving mirror. Computer processing is required to turn the raw 

data (light absorption for each moving mirror position) into the desired result (light 

absorption for each wavelength).  

The FTIR spectra of labeled and unlabeled peptides aqueous solutions 

with concentration from 5 to 12 mg·ml-1 were measured by the EQUINOX 55 

spectrometer with BioATR-cell II unit accessory (Figure 17) on the baseplate 

A729/q with a resolution of 4 cm-1 and coaddition of 128 scans. Pure water 

solution was used as the background for FTIR measurement.  
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Figure 17: Equinox 55 spectrometer (left) and BioATR-cell II unit accessory (right) 
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CHAPTER III 

RESULTS 

 

3.1 HPLC Chromatograms of Unlabeled and Double 13C Labeled 

Pep25 

The HPLC chromatogram of unlabeled Pep25 is shown in Figure 18. The 

peak with a retention time of 20.0 minutes is unlabeled Pep25, which was 

confirmed by the Mass spectroscopy shown below. The HPLC chromatogram of 

the double 13C labeled Pep25 is almost identical to that of unlabeled Pep25 and 

the result of 13C labeled pep25 at residues at 12 and 13 (L1 in Scheme 2) is 

shown in Figure 19. The retention time of L1 is also 20.0 minutes and the relative 

peak intensity of other peaks is higher than those of unlabeled peptide (Figure 

18). This indicates the increasing impurities, which may be because 13C isotopic 

effect slows down the reaction rate of peptide synthesis and decrease the yield. 

HPLC chromatograms of other 13C double labeled Pep25 (such as L2, L3 and L4) 

are identical to Figure 19.  
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Figure 18: HPLC chromatogram of unlabeled Pep25 

 

 

Figure 19: HPLC chromatogram 13C labeled pep25 at residues 12 and 13 (L1). 
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3.2 Mass Spectra of Unlabeled and Labeled Pep25 

 The purified unlabeled Pep25 by HPLC was analyzed by Mass 

spectroscopy and the results are shown in Figure 20. The peak appearing at 

1058.4 is assigned to the double protonated Pep25, whose theoretical molecular 

weight is 2115.3. The triple protonated Pep25 show the peak at 706.3 and the 

quarternarily protonated peak was at 529.7. As for double 13C labeled Pep25 at 

12 and 13 residues (e.g., L1 in Scheme 2), the double, triple, and quarternarily 

protonated peaks are at 1059.5, 706.9, and 530.2 respectively, (Figure 21) all of 

which correlate well to the theoretical value (i.e., 2117.3). The Mass spectra of L2, 

L3, and L4 are identical to that of L1 as shown in Figure 21.  

 

 

 

Figure 20: Mass spectrum of unlabeled Pep25 
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Figure 21: Mass spectrum of 13C labeled at residues 12 and 13 (L1). 

 

3.3 CD Spectrum of Pep25 at Different Temperatures  

To determine the conformation of Pep25 at different temperatures, CD 

spectrum of Pep25 was measured and shown in Figure 22. At 10 °C, the CD 

spectrum of unlabeled Pep25 showed double negative peaks at 207 and 222 nm 

as well as a positive peak around 192 nm, all of which are characteristic peaks of 

helix. When the temperature was 45 °C, only one negative peak at 199 nm (the 

characteristic peak of unstructured conformation) was detected. Thus, Pep25 is 

in the helical conformation at 10 °C and transforms to unstructured conformation 

when the temperature increases to 45 °C. The CD spectra of double 13C labeled 

Pep25 (e.g., L1, L2, L3, and L4) are identical to that of unlabeled Pep25 shown in 

Figure 22. This confirms that the double 13C labels in Pep25 will not affect the 

conformation of Pep25. 
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Figure 22: CD spectrum of unlabeled Pep25 at 10 °C (–) and 45 °C (-■-). 
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conformation is almost identical to the 12C amide I band in D2O.56, 58 To verify the 

similar position of 13C and 12C amide I band of unstructured conformation in H2O, 

the ATR FTIR spectra of Pep25 were measured with increasing temperature, 

which can change Pep25 from helix to unstructured conformation by the CD 

results shown in Figure 22. 

 

 

Figure 23: ATR FTIR spectra of unlabeled Pep25, L1, L2, L3, and L4 at 10 °C. 
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be detected at 15 °C but decreased with the increasing temperature as shown in 

Figure 25. When the temperature increased to 45 °C, the peak disappeared 

completely. Similarly, the 13C amide I band of L3 at 1599 cm-1 also disappeared 

when the temperature increased to 45 °C (cf. Figure 26). Similar to Figure 25 and 

26, the 13C amide I band of the FTIR spectra of L2 and L4 also disappeared with 

increasing temperature (results not shown). This indicates that the difference 

between the 13C and 12C amide I band of unstructured conformation may be too 

minor to be detected. 

 

 

Figure 24: The ATR FTIR spectra of unlabeled Pep25 under various 

temperatures in phosphate buffer at pH 7.4. 
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Figure 25: The ATR FTIR spectra of L1 under various temperatures in phosphate 

buffer at pH 7.4. 

 

 

Figure 26: The ATR FTIR spectra of L4 under various temperatures in phosphate 

buffer at pH 7.4. 
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CHAPTER IV 

DISCUSSION & CONCLUSION 

 

4.1 Presence of Amide II Band  

As mentioned in Chapter 1, amide II band is the bending mode vibration of 

N-H. In D2O, amide II band moves to ~1400 cm-1 because of the higher atomic 

weight of deuterium atom. As shown in Figure 23 to 26, the amide II band 

appears around 1545 cm-1, which is the normal position in H2O. This is a clear 

evidence of the success of the measurement of FTIR spectra of Pep25 in H2O by 

ATR. However, the gap between amide I band and amide II band is smaller in 

H2O than that in D2O. If amide II band covers the 13C amide I band from 13C 

labels, the detection of 13C amide I band will be difficult and it is impossible to 

apply 13C isotope edited FTIR in H2O. 

 

4.2 13C Amide I Band of 13C Labeled Residues in Unstructured 

Conformation 

 Theoretically, 13C labeled residues will downshift the peak position even 

for a residue in unstructured conformation. However, in Figure 25 and 26, no 13C 

amide I band was detected in the FTIR spectra of all the 13C labeled Pep25 (i.e., 

L1, L2, L3, and L4), when the temperature increased to 45 °C at which both of 

the peptides are in unstructured conformation. This may be due to the fact that 

solvent (i.e., H2O) molecules interact with peptide more in unstructured 
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conformation and the carbonyls in unstructured conformation are surrounded by 

H2O molecules. This will delocalize the C=O stretching and decrease the 

downshifting effect of 13C labels. Consequently, the difference between the 12C 

and 13C amide I band in unstructured conformation may be too small to be 

detected.  

 

4.3 13C Amide I Band of 13C Labeled Residues in α-helix 

 Different to residues in unstructured conformation, carbonyls in α-helix 

form strong intra-molecular H-bonds. Thus, solvent H2O molecules do not 

interact with the carbonyls in α-helix as much and the 13C labels will downshift 

the 13C amide I band substantially. However, if the 13C amide I band was 

downshifted too much and is covered by the amide II band, the detection of the 

13C amide I band would be difficult and the application of 13C isotope edited FTIR 

technique in H2O would be challenging. Fortunately, all the 13C amide I bands of 

α-helix appear around 1600 cm-1, which is just in the middle of amide I and amide 

II bands (cf., Figure 25 and 26). Since the background absorbance from 

unlabeled pep25 is weak at 1602 cm-1 (cf. Figure 23 and 24), the peak at 1602 

cm-1 will be easy to detect. The good position of the 13C amide I band of α-helix 

at 1602 cm-1 makes it probable for the further application of 13C isotope edited 

FTIR technique in H2O promising. It has been suggested that the 13C amide I 

band might be covered by amide I or II band.74 Here, we clearly show that 13C 

amide I band is not covered by amide I or II band and can be clearly detected. 
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4.4 Relationship Between 13C Amide I Band Position and 

Geometry of Helix 

As mentioned in Figure 22, Pep25 is in the helical conformation in H2O at 

pH 7.4 at 10 °C. The regular (12C) amide I band position of helical conformation 

has been shown to usually be around 1650 cm-1, which is different to that (at 

1641 cm-1) of Pep25 shown in Figure 24. It is worth noting that the 12C amide I 

band position of helical structure has been reported to be detected at positions 

different from the usual one (i.e., 1650 cm-1). On the other hand, the amide I 

band of helical structure in H2O is usually ~6 cm-1 higher than that in D2O. Notice 

that the 12C amide I band position of helical Pep25 in D2O was detected at 

1635cm-1. Thus, the 12C amide I band of Pep25 at 1641 cm-1 in Figure 24 is 

reasonable.  

 Similarly, the 13C amide I band position of L1, L2, L3, and L4 in D2O has 

been reported to be at 1600, 1592, 1590, 1596 cm-1,56, 58 respectively, all of 

which are around 6 cm-1 lower than the corresponding position in H2O shown in 

Figure 24-26 (1608 cm-1 for L1, 1599 cm-1 for L2, 1599 cm-1 for L3, and 1602 cm-

1 for L4). Thus, the 13C amide I band position of Pep25 in H2O is also reasonable. 

In addition, the 13C amide I band position is also related to the spacer residues 

between the two labeled ones, which has been reported in D2O. Therefore, the 

geometry information about the structure of peptides/proteins in H2O can be 

investigated by 13C isotope-edited ATR FTIR spectroscopy. 
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4.5 D2O Effect on the Structure and Biophysical Properties of 

Proteins 

 Since D2O is often used as solvent in the study (such as NMR) of proteins, 

there has been a long time running argument about the affect of D2O on the 

structure of proteins. Fisher et al. have reported that substitution of hydrogen by 

deuterium (i.e., H/D exchange) can only cause subtle change in the structure of 

proteins.60 On the other hand, Sanchez-Gonzalez and co-authors have shown 

that H/D exchange causes substantial change in the proteins structure of fish 

surimi.75 In addition, it has been reported that H/D exchange cause changes in 

the stability of some globular proteins.62 In this work, no significant difference 

between Pep25 in H2O from that in D2O was detected.  

 

4.6 Conclusion 

 Unlabeled and double 13C labeled Pep25 were synthesized. The Pep25 

samples were confirmed by Mass spectroscopy and purified by reverse phase 

HPLC. Pep25 is in unstructured conformation at 45 °C whereas transforms to α-

helix at 10 °C. No difference was detected between the regular (12C) and 13C 

amide I band in unstructured conformation. However, the peak of 13C labeled 

residues in α-helix appears around 1602 cm-1, which can be used as a fingerprint 

peak of α-helix for specifically 13C labeled residues. In addition, the 13C amide I 

band position is related to the number of spacing residues between the two 13C 

labels. For example, when the two 13C labels are adjacent (the spacing residue 
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number is zero), the 13C amide I band was detected at 1608 cm-1. When the 

number of spacing residues is 1, 2, and 3, the 13C amide I band was detected at 

1599, 1599, and 1602 cm-1, respectively. Therefore, the geometric information 

about the structure of helix can be provided by the 13C amide I band position in 

H2O by ATR 13C isotope-edited FTIR spectroscopy.  
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CHAPTER V 

FUTURE WORK 

 

5.1 13C Isotope-edited FTIR to Determine the Structure of Peptide 

in β-sheet 

Clarification of protein structure is important to correlate the function of a 

protein with its structure and X-ray crystallography is a powerful technique to 

elucidate the protein structure in atomic level. However, many proteins cannot 

form single crystals, hampering such analysis.  β-Amyloid (Aβ), which contains 

40–42 amino acids, is one such non-crystalline protein. Abnormal aggregation of 

Aβ is responsible for Alzheimer’s diseases (AD), 76 which is the most common 

neurodegenerative disease and affects more than five million people in US.77 Aβ 

aggregates can be divided to two types, namely, mature fiber and oligomer (the 

early aggregate stage),76 both of which are in β-sheet conformation. The 

structure of Aβ fiber and oligomer has been reported to be important for drug 

development for AD treatment.22, 78 Therefore, efforts have been carried out to 

elucidate the structure of both Aβ aggregates. 

NMR has been shown to be another powerful technique to determine the 

structure of Aβ aggregates. As for mature fiber, solid-state NMR showed that the 

first eight N-terminus residues as well as several C-terminal residues are 

unstructured in the mature fiber.79 Furthermore, Tycko et al. reported that several 
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residues in the middle of Aβ sequence (G25, S26, and G29) may be also in 

unstructured conformation in mature fiber.80 Interestingly, Dupree and coworkers 

have introduced 15N and 17O labeled residues into Aβ sequence and obtained 

more detailed information about the structure of Aβ mature fiber.80  

Different to mature fiber, Aβ oligomer has been reported to be cytotoxic 

and probably responsible for the neuronal cells death in the brain of AD 

patients.16, 17, 81-89 However, only limited results have been obtained about the Aβ 

oligomer structure by NMR. For example, an intra-residue contact between E22 

and I31 was detected in Aβ oligomer by NMR.31 The difficulty may be because 

the NMR measurement of peptides/proteins is usually time intensive (over ten 

hours) whereas the lifetime of Aβ oligomer is only about one to several hours. 

Another challenge of NMR measurement is the nature of heterogeneity of Aβ 

oligomer. Although soluble in water, the hydrophobic core of Aβ oligomer does 

not dissolve well in H2O. Therefore, although the atomic-resolution dynamics of 

the surface of Aβ oligomer has addressed recently by NMR,33 the information 

about the hydrophobic core of Aβ oligomer may be difficult to elucidate by NMR. 

Recently, structural information about the Aβ mature fiber has been also 

obtained by 13C isotope-edited FTIR spectroscopy. As for β-sheet, the regular (12C) 

amide I band of β-sheet conformation appears at 1630 cm-1 in H2O solution and 

decreases to 1620 cm-1 in D2O solution because of the H/D exchange. In β-sheet, 

the hydrogen bond forms between the amide groups in neighboring strands (as 

shown in Scheme 4A).55 The 13C labeled residue has been reported to decrease 

the amide I band in D2O to 1600 cm-1 when forming an H-bond with regular 12C 
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residues (Scheme 4B),55, 57, 90, 91 which was called 13C-12C coupling. If both 

neighboring residues contain 13C labels (Scheme 4C), a strong 13C-13C coupling 

occurs and the 13C amide I band will further decrease to 1590 cm-1, which can be 

used to address the structure of peptides in β-sheet as below.55, 57, 90, 91 

 

 

Scheme 4. Hydrogen bond formation between the amide groups in neighboring 

strands of β-sheet. The atoms in red are 13C labels. 

 

Segment peptide of Aβ containing residues 16 to 22 (Aβ(16–22)) has been 

shown to form fibers in β-sheet conformation similar to those of whole Aβ 

protein.55, 76 13C labels were introduced to carbonyls of different residues to clarify 

the structure of Aβ(16–22) fiber. When residue 17, 18, 20, and 21 is labeled 

individually, the amide I band was detected at 1600 cm-1,55, 57 which is the 13C-

12C coupling and the labeled residues are packed as shown in Scheme 5A in the 

fiber. When F19 is labeled by 13C individually, the amide I band decreased to 

1590 cm-1, which is the 13C-13C coupling. F19 should be the central residue in the 

fiber as shown in Scheme 5B. In addition, residue 17 and 21 were labeled 

simultaneously and the peak at 1590 cm-1 was also detected. Therefore, residue 

17 and 21 should be coupled in the neighbor strands of the anti-parallel β-sheet 

structure in the fiber as shown in Scheme 5C. By this method, all of the 
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remaining residues can be screened by introducing double 13C labels 

simultaneously and the structure of the Aβ(16–22) fiber can be elucidated in 

residue level.55, 57 

 

 

Scheme 5: Diagram showing 13C labeled residue at different positions. (A) The 

13C labeled amino acid is not the central residue of Aβ(16–22) fibers. (B) A strong 

13C-13C coupling will arise when the 13C labeled residue is the central residue of 

Aβ(16–22) fibers. (C) Determining the structure of Aβ(16–22) fibers in residue 

level by the double 13C labeled amino acids. 

 

Again, it is worth noting that all of the measurements of 13C isotope-edited 

FTIR spectroscopy were in D2O, which is not a physiological solvent. In addition, 

H2O has been reported to be extensively involved in the aggregation pathway of 

amyloidogenic proteins.92 Furthermore, the techniques (such as cytotoxicity and 

Western blot) to determine the formation of Aβ oligomer can only work in H2O, 

not D2O. Therefore, application of 13C isotope-edited FTIR in H2O to determine 

the structure of peptides/proteins will be important.  

 

 

Peptide Regular amino acid C13 labeled amino acidPeptide Regular amino acid C13 labeled amino acid
(C) (A) (B) 
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5.2 Synthesis of Unlabeled and 13C Labeled Aβ(16–22) Peptides 

 Unlabeled Aβ(16–22) peptide (i.e., KLVFFAE) has been synthesized 

successfully and the Mass spectrum of crude sample is shown in Figure 27. The 

theoretical mass of Aβ(16–22) is 852.6. Thus, the peak at 853.6 in Figure 27 is 

the mono-protonated peak of Aβ(16–22). The other peaks in the spectrum are 

assigned to impurities, which have been detected by the HPLC chromatogram 

shown in Figure 28. We also incubated the Aβ(16–22) peptide to form mature 

fiber successfully as shown in Figure 29. 

 

 

Figure 27: Mass spectrum of unlabeled Aβ(16–22). 
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Figure 28: HPLC chromatogram of unlabeled Aβ(16–22). 

 

 

Figure 29: TEM image of the mature fiber of Aβ(16–22). 
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5.3 Future Work Including the Synthesis of 13C Labeled Aβ(16–22) 

Peptides and ATR FTIR Spectroscopy of Aβ(16–22) Mature Fiber 

as well as Oligomer 

First, single 13C labeled residue will be introduced to Aβ(16–22) as shown 

in Scheme 6 from L-S1 to L-S7. The labeled Aβ(16–22) will be incubated in H2O 

at pH 7.4 in phosphate buffer to form mature fiber, which will be monitored by 

thioflavin T (ThT) fluorescence,  scanning electric micrograph (SEM) technique, 

and CD spectroscopy. Then, the fiber will be analyzed by ATR FTIR 

spectroscopy.  

Similar to the results shown above in Scheme 4, two type of 13C amide I 

band will be observed. If the 13C labeled residue is packed to regular residue as 

shown in Scheme 5A, 13C-12C coupling will occur. If the 13C labeled residue is 

neighboring to another 13C labeled residue in the next Aβ(16–22) packed in the 

fiber (cf. Scheme 5B), the 13C-13C coupling will be detected and the 13C amide I 

band will be further downshift. In the case shown in Scheme 5B, the 13C labeled 

residue is central in the fiber.  Then, the two residues adjacent to the central 

residue will be 13C labeled simultaneously. For example, if F19 is the central 

residue, V18 and F20 will be 13C labeled at the same time as L-D1 in Scheme 6. 

ATR FTIR spectrum of this double 13C labeled mature fiber will be also measured 

to confirm that V18 and F20 are packed as shown in Scheme 5C by the presence 

of amide I peak of 13C-13C coupling. Similarly, double 13C labels will be also 

introduced to L17&A21 (L-D2 in Scheme 6) or K16&E22 (L-D3 in Scheme 6). The 
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ATR-FTIR spectroscopy of mature fiber of L-D2 or L-D3 will be also studied to 

confirm that L17&A21 or K16&E22 are arranged as Scheme 5C by the presence 

of 13C-13C coupling. 

 

NH2-KLVFFAE-Ac (L-S1) 
NH2-KLVFFAE-Ac (L-S2) 
NH2-KLVFFAE-Ac (L-S3) 
NH2-KLVFFAE-Ac (L-S4) 

 NH2-KLVFFAE-Ac (L-S5) 
 NH2-KLVFFAE-Ac (L-S6) 
 NH2-KLVFFAE-Ac (L-S7) 
 NH2-KLVFFAE-Ac (L-D1) 
 NH2-KLVFFAE-Ac (L-D2) 
 NH2-KLVFFAE-Ac (L-D3) 

Scheme 6: Sequence of the 13C labeled Aβ(16–22) peptides. The carbonyls of 

underlined residues are replaced by 13C labels. 

 

 Aβ oligomer, which is still in β-sheet conformation, has been reported to 

be the early stage of the aggregation process.93, 94 As presented in section 5.1, 

another major difference between Aβ mature fiber and oligomer is that oligomer 

is cytotoxic. Thus, all of the single 13C labeled Aβ(16–22) peptides shown in 

Scheme 6 will be incubated in phosphate buffer at pH 7.4 to form of Aβ(16–22) 

oligomer, which will be monitored by CD spectroscopy together with cytotoxicity 

assay. The formation of Aβ(16–22) oligomer will cause the cytotoxicity as well as 

the characteristic peaks of β-sheet in CD spectra. In addition, Aβ(16–22) 

oligomer usually will not induce the fluorescence of ThT. The H2O solution of 

Aβ(16–22) oligomer will be analyzed by ATR-FTIR spectroscopy. The 13C amide 
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I band of 13C-12C and 13C-13C coupling in H2O determined in mature fiber of 

Aβ(16–22) will be used to address the structure of Aβ(16–22) oligomer. In 

general, Aβ(16–22) will be used as a model peptide to build up the methodology 

of 13C isotope-edited FTIR spectroscopy to address the structure of 

peptides/proteins in β-sheet conformation. 
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