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Abstract: Circular dichroism (CD) is frequently used to assess the secondary structure of peptides and proteins, whereas less attention has been given to their building blocks, that is, single amino acids, as they do not possess a secondary structure. Here, we follow the CD signal of amino acids and reveal that several acids exhibit a unique CD pattern as a function of their concentration. Accordingly, we propose an eight-level classification of the CD signal of the various amino acids. Special focus is given to the CD pattern of phenylalanine (Phe), for which we observe the formation of an ultra-narrow CD peak (full width at high maximum of only 5 nm). This CD peak can be attributed to the formation of Phe-based chiral structural features. Further support for the formation of an ordered structure is given by using NMR, and the additional self-assembly process of Phe to tubular structures. 
Introduction
The use of circular dichroism (CD) to characterise the optical activity of chiral molecules based on the difference between left- and right-circularly polarised light began in the late 1950s, mainly owing to the development of photomultiplier tubes.1 As α-amino acids represent one of the simplest classes of small biological molecules that are also chiral (with the exception of Gly),2 they were among the first molecules to be characterised by using CD.3 However, as single amino acids only have one chromophore (the carbonyl group), and they do not adopt a secondary structure, their CD response was not studied for more than 30 years, and only recently, owing to the development of synchrotron sources for CD analysis, the CD signal of some amino acids in the vacuum–UV region has been reported.4 CD is frequently used to determine the structure of proteins and peptides, because of the coupling between the electric transition dipole moments of two or more neighbouring chromophores (carbonyls in the backbone).5 As a result, owing to the vast cumulative amount of available CD databases, one can now estimate the percentage of each secondary structure element in the protein/peptide structure according to the CD spectrum.6 Thus, the first main objective of this work was to characterise the various CD signals (and the corresponding UV absorption) of the natural amino acids in aqueous solution. These studies resulted in unique concentration-dependent CD signals for some of the amino acids, which have never been reported before. The second objective was to focus on the exceptional properties of the amino acid phenylalanine (Phe). Much attention has been focused on the short dipeptide composed of two Phe residues (FF),7 which has previously been shown to have the ability to form a nanometre-scale crystalline structure with a pronounced exciton effect, and can also enable self-assembly into tubular structures.8 Recently, Phe, by itself, was also shown to have the ability to form tubular formations, which might be associated with the aetiology of phenylketonuria.9 Here, we show that, prior to the formation of tubular structures, Phe exhibits a unique CD pattern with a narrow peak at high weight concentrations, which indicates the formation of a chiral structure.
Results and Discussion
Figure 1 shows the CD spectra of all of the amino acids in water (with the exception of Tyr, which was not studied, because of its insolubility in aqueous solution) as a function of their weight concentration. As seen in Figure 1 and in Table 1, nearly all of the L-amino acids exhibit a broad (full width at half maximum, FWHM, of 20–30 nm) positive CD signal, which increases as a function of their concentration in the solution. It is important to stress that the CD signal that we show here of single amino acids cannot be compared to common CD signals of peptides and proteins, as single amino acids do not have a secondary structure, neither an amide-bond-bridged backbone. The increase in the CD signal can be intuitively understood by the corresponding increase in the UV absorption of all of the amino acids (Figure S1). The latter absorption spectrum is of high importance, as it also shows that we do not reach the absorption flattening regime, which might influence the CD signal of the amino acids. However, we do observe some deviation from the Beer–Lambert law, that is, the linearity between the absorption of the sample to its concentration (as can be seen in the molar absorption spectrum, Figure S2). The optically active chromophore of all of the amino acids (and accordingly of peptides and proteins) is the carbonyl group, whereas some amino acids have an additional aromatic chromophore.10 In peptides and proteins, it has been shown that the lowest energy transition of the carbonyl chromophore is a low-intensity n→π* transition, which is centred around 210–230 nm (this large range is attributed to the variable extent of hydrogen bonds to the carbonyl oxygen lone pair).11 The higher energy transition of the carbonyl group results in a high-intensity π→π* transition centred around 190–200 nm. The π→π* transition is dominated by the π orbitals of the carbonyl π bond, but it is also affected by the contribution of the amine to its π orbitals.11 In contrast to peptides and proteins, very little is known concerning the transitions of single amino acids (not in an amide bond configuration). It is most likely that we can ascribe the observed CD signal in our work mainly to the intense π→π* transition, with minor contributions of the low-intensity n→π* transition, but further theoretical analysis is needed to resolve the oscillator strengths of each transition in each single amino acid.
 
 Figure 1. CD spectra of the water-soluble L-amino acids as a function of concentration. The measured path length was 0.1 mm, except for the highest concentration samples of His, Trp and Phe, where a path length of 0.01 mm was used.
According to our results, we can classify the CD signals of the amino acids into eight different classes (see also Table 1):

1) The non-optically-active amino acid Gly is a negative control, in a way, and indeed it does not exhibit any CD peaks in the examined range, as expected.
2) Amino acids with hydrophobic, non-aromatic, side chains (Ala, Ile, Leu, Val, Met and, to some extent, Cys) exhibit a strong peak (18–22 mdeg at the concentration of 8 mg mL−1) around the wavelength of 200–203 nm, which does not significantly change as a function of concentration. Cys was included in this group because of its hydrophobic nature, though it may also be considered slightly polar. Indeed the peak position (204 nm at concentrations below 4 mg mL−1) of Cys is slightly red-shifted compared to the other amino acids in this group. At the high concentration of 8 mg mL−1, the peak shifted to 206 nm, which might be an indication of the formation of cysteine. Our results are in line with previous reported spectra of Ala, Ile, Leu and Val.4c
3) Amino acids with positively electrically charged side chains (Arg and Lys) exhibit a relatively low-intensity peak (7–8 mdeg at the concentration of 8 mg mL−1) within wavelengths of 210–212 nm. The large redshift with respect to group (2) is attributed to the charged amine groups. Our results (the 8 mg mL−1 curve) of Lys are in line with previous reported spectra of Lys.4c
4) Amino acids with negatively electrically charged side chains (Asp and Glu) do not exhibit any red-/blue-shift with respect to group (2). This is attributed to the slightly alkaline aqueous solutions (pH≈11) that were used in order to solubilise the Asp and Glu amino acids. It was previously shown that, in acidic solutions, the CD signal peak position of Asp and Glu (at lower concentrations than measured in here) exhibits the expected red-shifting.3a,d
5) Amino acids with polar uncharged side chains (Thr, Ser, Asn and Gln) have their main peak position within wavelengths of 204–207 nm and are slightly red-shifted in comparison to group (2), as expected, owing to the induced polarity of the molecule. Our results (the 8 mg mL−1 curve) of Thr are in line with previous reported spectra of Thr.4c
6) The amino acid His is one of the two amino acids in this work where the intensity of the CD peak does not substantially increase as a function of concentration (the second one is Trp), whereas the UV absorption (Figure S1) increases as a function of the concentration, as with the other amino acids, but with some non-linearity (Figure S2). The small change in the CD signal intensity as a function of the molecule concentration implies that, unlike the above-discussed amino acids, His forms aggregates in the solution (most probably owing to the imidazole groups). Moreover, the CD peak position (210 nm) of His is red-shifted in comparison to the above-discussed amino acids, which also indicates the aggregation of His molecules, as was previously shown with polypeptides.12 In general, we can divide the types of aggregations to ordered and disordered aggregation; the former induce an increase in the CD signal, whereas the latter results in the decrease in the signal. As the CD peak intensity of His does not substantially increase as a function of concentration, it suggests that the type of aggregation is more disordered in nature. By disordered aggregation, we refer to non-homogenous assembly. Moreover, the finding that, not only is the peak position continuously red-shifting as a function of concentration, but also that the peak width (FWHM) slightly increases as a function of concentration (also in contrast to the other amino acids), further suggests that the formed aggregates are not an ordered secondary structure, as was previously observed in poly-His peptides.13
7) Pro is the only amino acid in this work that exhibits what is known as an exciton couplet (can be called also coupled-oscillator CD).10 An exciton couplet arises if two chromophores interact with each other, so that the two electric dipole transition moments (of the two chromophores) couple together. To observe an exciton couplet CD signal, the two chromophores should be chirally arranged in space (with respect to one another, e.g., having a non-parallel or non-coplanar orientation), so that the electronic excitation of the transition (dipole) moment of the first chromophore can be coupled to the one of the second chromophore. An exciton-coupled CD signal (in the same wavelength region that we report here) has been observed before in D- and L-Pro by using vacuum–ultraviolet CD.4c,d However, here we show that the formation of the exciton couplet is a concentration-dependent process, which only manifests after a minimal concentration of 2 mg mL−1. The exciton coupling of Pro can arise from either intra- or intermolecular interactions of electronic transitions. Pro is the only amino acid with cyclic constraint of its backbone, which allows it to possess a second electronic transition (n→π* of the amide, in addition to the n→π* of the carbonyl), which is forbidden in the other amino acids.14 As such, the exciton coupling can arise from the coupling between these two intramolecular transitions. On the other hand, intermolecular interactions can also explain the observed exciton coupling through the arrangement of Pro molecules in space (aggregate) in a way that enables the coupling between the transition moments (of the carbonyl) of adjacent molecules. However, the formation of (intermolecular) exciton coupling in Pro cannot suggest, by itself, the formation of an ordered structure. Interestingly, poly-Pro chains were the first reported to exhibit what is known as the Cotton effect in their optical rotator dispersion spectrum, which was ascribed to the π→π* transition,15 which might support the spatial orientation of single Pro molecules at high Pro concentrations. Further computational theory is needed to understand the role of intra- versus intermolecular interactions in the exciton coupling of Pro. Our results (the 2 and 8 mg mL−1 curves) of Pro are in line with previous reported spectra of Pro.3a, 4c
8) The last group that we will discuss includes amino acids with aromatic side chains (Trp and Phe [Tyr is not water soluble]). One of the most well-known properties of aromatic moieties is their ability to aggregate/stack through hydrophobic π–π interactions. Both Trp and Phe exhibit negative CD bands (185–188 nm and 192–195 nm for Phe and Trp, respectively). However, unlike Pro, which exhibits an exciton-coupled CD signal (positive peak right after the negative peak), the positive and negative peaks of Trp and Phe are separated, which might suggest the formation of a self-assembled structure. The positive CD signal of Trp is continuously red-shifted as the concentration increases (from 223 to 237 nm, for 0.5 and 8 mg mL−1, respectively, Figure S3), making it the amino acid with the lowest energy CD peak position. This type of redshift, in addition to the lack of substantial change in the band width and intensity, indicates that an aggregative structure was formed (most probably the aggregation of the indole groups).16 It is important to note that the lack of substantial increase in the CD signal of Trp might also be a result of sedimentation of large aggregates of Trp. Indeed, by using dynamic light scattering, we could observe large aggregates in the highly concentrated Trp sample (Figure S4); in addition, Trp has the largest drop in its molar absorption (largest deviation from Beer–Lambert law) in the 200–220 nm range (Figure S2). Additional evidence for the aggregation of Trp can be observed in the corresponding absorption spectrum (Figure 2 ), where the red-edge of the amide band absorption (the intersection of the dashed lines of each concentrations with the zero line in the upper panel of Figure 2) is continuously red-shifting as a function of concentration. The continuous small shift of the absorption edge suggests that the formed aggregates are non-specific in nature, and most probably are not H- or J-type aggregates (that induce much larger red-shifting of the absorption). It is important to stress that the aggregation process of Trp as a function of concentration can be observed much more clearly through CD than its absorption spectrum (Figure 2), where the CD band is located at the red-edge of the absorption amide band, thus indicating the chiral nature of the aggregates. Moreover, Trp exhibits an additional noticeable peak in the near-UV region (Figure S5), which suggests that aromatic interactions have a significant role in the aggregation of Trp. Our results (the 0.5 mg mL−1 curve) for Trp are in line with previously reported spectra of Trp.3b
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Figure 2. Absorption (top panel) and CD (bottom panel) of Trp.


Table 1. Summary of λmax, intensity and FWHM of the amino acids in different concentrations
	Amino acid
	Conc.
(mg/mL)
	λmax (nm)
	Intensity (mdeg)
	FWHM (nm)
	Amino acid
	Conc.
(mg/mL)
	λmax (nm)
	Intensity (mdeg)
	FWHM (nm)

	Gly
	0.5 - 8
	-
	-
	-
	Glu
	0. 5
	203
	1.2
	-

	Ala
	0.5
	-
	-
	-
	
	1
	204
	2.4
	24

	
	1
	203
	2.5
	24
	
	2
	204
	4.5
	23Charged


	
	2
	203
	5.1
	21
	
	4
	205
	8.4
	23

	
	4
	203
	9.8
	22
	
	8
	205
	14.8
	23

	
	8
	203
	18.6
	21
	Asn
	0.5
	201
	2.4
	-

	Cys
	0.5
	204
	3.2
	-
	
	1
	202
	3.6
	25

	
	1
2
4
8
	204
203
204
206
	5.8
10.2
17.0
22.6
	-
25
24
22
	
	2
4
8
	203
204
204
	5.7
9.6
15.0
	23
21
20

	
	
	
	
	
	Gln
	0.5
	201
	2.9
	-

	Ile
	0.5
	-
	-
	-
	
	1
	205
	4.4
	-

	
	1
2
4
8
	203
202
201
201
	4.0
6.6
11.2
19.8
	-
23
24
22
	
	2
4
8
	204
204
205
	7.1
10.6
15.3
	25
24
225 – Polar, uncharged


	
	
	
	
	
	Ser
	0.5
1
2
4
8
	205
205
203
205
204
	2.5
3.8
5.9
9.8
17.3
	-
25
25
24
23

	Leu
	0.5
1
2
4
8
	199
200
200
200
200
	1.6
3.4
6.1
11.4
20.3
	-
21
21
20
20
	
	
	
	
	

	
	
	
	
	
	Thr
	0.5
1
2
4
8
	206
206
205
207
208
	2.9
3.3
3.9
5.0
7.4
	-
-
-
30
27

	Met
	0.5
1
2
4
8
	198
199
200
200
201
	3.5
6.6
9.2
12.7
18.6
	-
-
24
26
27
	
	
	
	
	

	
	
	
	
	
	His
	0.5
	211
	5.7
	22

	Val
	0.5
	206
	2.0
	-
	
	1
	212
	6.9
	22

	
	1
	205
	3.1
	26
	
	2
	213
	8.1
	23

	
	2
	203
	5.1
	24
	
	4
	215
	8.2
	24

	
	4
	203
	10.5
	24
	
	8
	217
	8.0
	26

	
	8
	203
	18.3
	23
	Pro
	0.5
	-
	-
	-

	Arg
	0.5
1
2
	-
208
209
	-
3.3
4.5
	-
-
27
	
	1
	207/196
	3.4/2.9
	-/-

	
	
	
	
	
	
	2
	208/195
	3.5/1.6
	-/18

	
	
	
	
	
	
	4
	210/195
	4.4/-0.2
	19/15

	
	4
	210
	7.0
	25
	
	8
	213/195
	5.4/-4.1
	18/15

	
	8
	211
	10.5
	23
	Phe
	0.5
	217/185
	2.5/-2.4
	-/-

	Lys
	0.5
1
2
	207
209
210
	1.9
3.5
5.0
	-
-
25
	
	1
	217/188
	4.5/-2.4
	12/-

	
	
	
	
	
	
	2
	218/187
	7.2/-3.4
	10/-

	
	
	
	
	
	
	4
	219/188
	10.4/-5.7
	9/-

	
	4
	212
	7.7
	23
	
	8
	220/187
	17.4/-6.7
	7/-8 - Aromatic


	
	8
	213
	11.6
	23
	Trp
	0.5
	223/192
	3.9/-1.0
	21/-

	Asp
	0.5
	204
	1.4
	-
	
	1
	228/192
	4.0/-2.9
	17/-

	
	1
	204
	2.7
	24
	
	2
	231/192
	4.0/-1.6
	17/-

	
	2
	205
	4.6
	24
	
	4
	233/192
	4.5/-1.9
	17/-

	
	4
	205
	8.2
	22
	
	8
	236/194
	4.9/-2.7
	17/-

	
	8
	205
	13.8
	22
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	


1) 

2 - Hydrophobic, non-aromatic
1

4 - Negatively
3 – Positively charged
6
7


Phe exhibits highly unique concentration-dependent CD spectra. The positive CD band position of Phe is red-shifted as a function of concentration, but with a lower amplitude than Trp. However, the most distinguishable feature of the CD pattern of Phe is the gradual change in the shape and width of the spectra, in which the FWHM of the positive peak reaches only 7 nm at a concentration of 8 mg mL−1 (Figure S3). To the best of our knowledge, this narrow CD band has never been discussed. Our results (the 0.5 and 1 mg mL−1 curves) of Phe are in line with previously reported spectra of Phe.3f The peak intensity increases as a function of concentration, unlike for Trp (see comparison in Figure S3), which indicates that the structure has gradually changed as the concentration was increased. We tested the latter hypothesis by using 1H NMR spectroscopy. By following the NMR signals of the Cα proton (Figure 3 a), we observed that the NMR peaks were highly broadened and shifted with respect to each other as the concentration was increased (from 0.5 to 8 mg mL−1), which is evidence for the formation of structural features/aggregations. The latter observation also corresponds, to some extent, to the Cβ protons (Figure 3 b), but not for the protons of the aromatic group (Figure 3 c). It has been shown previously, by using molecular dynamics in the early stages of the fibrillisation process of Phe, that the backbones of adjacent Phe molecules are in close proximity (Cα[BOND]Cα ≈5–7 Å), and they are stabilised through direct H-bonds or salt-bridged polar interactions, thus forming the structural order of the Phe fibrils.9 This may well induce the observed broadening and peak shift of the NMR signals of the Cα proton. To assess whether this broadening and peak shift is unique to Phe, we monitored the concentration-dependent NMR signals of an additional aromatic residue (Trp, Figure S6)16 and a hydrophobic residue (Val, Figure S7). Unlike what we observed for the Phe residue, both Trp and Val do not induce changes in the NMR signals as a function of concentration. 


(a)
(b)
(c)


Figure 3. 1H-NMR spectrum of Phe in the spectrum region of (a) Cα, (b) Cβ and (c) aromatic protons.

The concentration-induced structure formation of Phe might resemble the self-assembly process of FF (and its derivatives), where concentration-induced nanocrystal formation was observed.8, 17 To verify that the structures formed for Phe can be related to the ones formed for FF, we compared the CD spectrum of Phe to the one of FF (Figure S8), and indeed they are extremely similar (though Phe has a lower FWHM value for the high-concentration sample compared to FF).
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Figure 4. Absorption (top panel) and CD (bottom panel) of Phe.

The formation of a nanocrystalline structure of FF was also evident in its unique photoluminescence excitation (PLE) spectrum, which exhibits a very narrow PLE peak of only 4–6 nm at high concentrations (similar to the ones that we have used here).8, 17 Indeed, the PLE spectrum of Phe (Figure S9) also exhibits a narrow PLE peak at a concentration of 8 mg mL−1. The narrow PLE peak at the red edge of the absorption band was previously attributed to the formation of a crystalline structure with a high-binding-energy exciton.18 This exciton is attributed to the excitation of the aromatic aryl group of the Phe in FF. As the narrow CD peak is located at the red edge of the carbonyl (backbone) absorption (Figure 4), we can now attribute the narrow CD peak of the highly concentrated sample (8 mg mL−1) to a backbone-related exciton formation, owing to the inherent chiral nanocrystalline nature of the formed structure. Unlike the amide band absorption of Trp, where we observed a continuous red-shifting of the absorption red edge as a function of concentration (Figure 2), the red edge of the Phe absorption does not shift as a function of concentration (Figure 4). This further supports that the self-assembly of Phe is different to the non-specific aggregation of Trp. As shown in Figure S5, although Trp exhibits a strong CD peak in the near-UV region, Phe does not have a significant peak in this region, suggesting that the aggregation of Trp is mainly caused by aromatic interaction, whereas that of Phe is not supported by aromatic interactions. Moreover, similarly to the self-assembly process of the FF peptide, following the formation of the nanocrystalline unit, the Phe molecule can further self-assemble to a fibrillar formation, as observed with a scanning electron microscope (Figure 5). However, unlike the FF peptide, the self-assembly process of Phe to the fibrillar formation happens upon dehydration of the solution, whereas the one of FF occurs in aqueous solution. Nevertheless, the self-assembly process of single Phe amino acids to nanocrystalline units as a function of their local concentration might be connected to early stages of phenylketonuria.9

Figure 5. Scanning electron microscopy image of a drop-casted solution of Phe.10 µm

Conclusions
We have shown that amino acids can present a variety of CD patterns. In general, L-amino acids exhibit a broad positive CD peak in the 200–207 nm region, which increases in intensity as a function of the concentration of the amino acid. However, several amino acids exhibit a unique concentration-dependent CD signal, such as the formation of the exciton couplet in Pro, the independence of the CD signal to concentration for His and Trp (which is otherwise an indication for aggregation) and the formation of an ultra-narrow CD peak of Phe (FWHM of only 5 nm at high concentrations). The latter CD peak can be associated with the formation of a chiral exciton in the early-stage formation of Phe tubes. The formation of an ordered structure in the highly concentrated Phe sample was further confirmed by using 1H NMR spectroscopy, where a large broadening and shifting of the NMR peaks that are associated with the Cα proton were observed, together with the further self-assembly process to form tubular structures.
Experimental Section
Materials
All of the amino acids were purchased from Sigma–Aldrich at the highest purity level, and were used without further purification. Water (18.2 MΩ) was used for all of the experiments except for the measurement of Asp and Glu. As Asp and Glu are not particularly soluble in water at concentrations of 4–8 mg mL−1, an alkaline (pH 11) aqueous solution was used to solubilise these amino acids. For each experiment, fresh solutions were prepared by weighing the specific amino acid and dissolving it in water to the desired weight concentration. FF was purchased from Bachem and was used without further purification. FF was firstly dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol to a concentration of 100 mg mL−1, followed by the addition of methanol to reach the desired concentration. Methanol was added to prevent tube formation of FF in an aqueous solution.

CD and Absorption Spectroscopies
A JASCO spectrometer was used to monitor the CD and UV absorption signals of the amino acids. A 0.1 mm quartz cuvette was used for most of the measurements, and a 0.01 mm quartz cuvette was used for the high-absorbance samples of Trp and Phe at concentrations of 4 and 8 mg mL−1. The latter measurements were conducted with the 0.01 mm path length and were numerically corrected in order to compare them to the other measurements that are displayed in Figure 1. The scan rate was 50 nm min−1 with a 1 s integration time and 1 nm pitch. Water was used as the blank measurement and the CD spectrum was corrected according to it (baseline subtraction). For the data processing, three accumulations of each measurement were averaged and smoothed.

Fluorescence Spectroscopy
PLE spectra were acquired with a FluoroLog–Modular Spectrofluorometer (Horiba Jobin Yvon). The emission wavelength was 315 nm.

1H NMR Spectroscopy
1H NMR spectra were recorded at 500 MHz with a Bruker Advance II 500 spectrometer. The measurement was acquired at room temperature. For the NMR measurements, the amino acids were dissolved in deuterium oxide (99.99 %, Sigma–Aldrich) to the desired weight concentration.

Scanning Electron Microscopy
The highly concentrated Phe solution was drop-cast onto a clean Si wafer (<100>, p-type, 0.01–0.02 Ω* cm) substrate. The image of the substrate was acquired with a JOEL JSM5610LV microscope in 20 KV operation mode.
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