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Abstract 

We investigate the UV absorption spectra of a series of cationic GxG peptides (where x 

denotes a guest residue) in aqueous solution and find that only a subset of these spectra 

show a strong dependence wtih temperature. To explore whether or not this observation 

reflects conformational dependencies, we carry out time-dependent density functional 

calculations for the polyproline II (pPII) and β-strand conformations in implicit and explicit 

water. We find that the calculated CD spectra for pPII can qualitatively account for the 

experimental spectra irrespective of the water model. The β-strand UV-CD spectra, 

however, requires the explicit consideration of water. Contrary to conventional wisdom, we 

find that both the NV1 and NV2 band are the envelopes of contributions from multiple 



2  

transitions that involve more than just the HOMOs and LUMOs of the peptide groups. A 

natural transition orbital analysis reveals that some of the transitions have a charge-transfer 

character. The overall manifold of transitions depends on the peptide’s backbone 

conformation, peptide hydration, and side chain of the guest residue. Our results reveal that 

peptide groups, side chains, and hydration shells must be considered as an entity for a 

physically valid characterization of UV absorbance and circular dichroism.  
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Introduction 
 

Short peptides that contain only a few amino acid residues are generally assumed to be in a 

so-called random coil state. For individual residues, the generic Ramachandran plot suggests that 

they sample the entire sterically accessible space, which is considered to be nearly isoenergetic. 

With the exception of proline and glycine, this space and, thus, the conformational ensemble would 

be very similar for all amino acid residues.1–8 In such a case, it makes sense to assume that the 

random coil conformations can be represented by a single absorption spectrum. However, over the 

last 15 years, experimental and computational studies have revealed that individual residues differ 

with regard to the conformational sampling, with the conformational entropy of short peptides and 

disordered and unfolded proteins being significantly less than assumed.9–17 Recent results from 

MD and DFT computations have pointed to the same direction.18–24 All residues predominantly 

sample the upper left quadrant of the Ramachandran plot, and they differ mostly in terms of their 

population of the polyproline II (pPII) (φ > -1000, ψ > 1000) and β-strand region (φ ≤ -1000, ψ > 

1000). The former is stabilized enthalpically while the latter is favored entropically.7 

Besides NMR and vibrational spectroscopies, UV circular dichroism (UV-CD) has emerged 

as a suitable tool to distinguish between different conformational ensembles of short peptides and 

unfolded proteins.25–30 Owing to the preponderance of the sampling of pPII and β-strand-like 

conformations,10,31 all spectra exhibit a negative maximum around 190 nm, the intensity of which 

reflects the pPII content of the distribution. If the pPII content is high, a weak positive maximum 

also appears in the region at 215 nm. Generally, the intensities of both maxima decrease with 

increasing temperature owing to the increasing population of β-strand-like conformations.29,30,32 It 

is widely assumed that the conformational changes involving a pPII↔ β-strand transition lead 

exclusively to changes in the UV-CD signal due to an excitonic coupling mechanism. However, a 

recent computational analysis of the electronic transitions underlying the UV-CD spectra of the 

cationic GAG in explicit water suggests that the electronic structure of pPII and β-strand are 

different in both the ground and the excited states of the peptide.33 We, therefore, wondered 

whether these differences are also reflected by the corresponding far UV absorption (UV-A) 
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spectra.    

While far UV-CD spectroscopy has been the spectroscopic technique of choice for the 

secondary structure analysis of proteins for over a period of 60 years (if we include its predecessor, 

optical rotary dispersion spectroscopy),34–36 the corresponding UV-A spectra have been mostly 

neglected after a period of exploration in the fifties and sixties of the last century.37–39 The neglect 

of this topic has several reasons. The UV-A spectrum of peptide/protein backbones generally 

displays one broad band with a peak in the region between 190 and 200 nm38 that overlaps with a 

broad absorption band of water. Compared with the respective UV-CD spectrum, its structure 

sensitivity is generally considered as somewhat limited.  While UV-A spectra of β-sheets and α-

helices differ with regard to their respective molar absorptivities due to the hypochronism of the 

latter, the spectra of β-sheets and so-called random coil conformations were reported to be similar 

to each other.40 As a consequence, they do not appear as suitable tools for the analysis of unfolded 

peptides and proteins.  Amino acid residues with sulfhydryl groups or unsubstituted amide bonds 

can contribute to the far UV-A spectra, whereas their contribution to the corresponding UV-CD 

spectrum does not seem to be significant.39 Overall, the lack of major fingerprints in the UV-A 

spectra of peptides makes it a less widely studied tool compared to UV-CD for structure analysis. 

To check whether the UV-A spectra of statistical coil type conformations can still be 

distinguished, this study compares the temperature dependence of the UV absorption of a series of 

Gly-x-Gly tripeptides (GxG), where the middle -x- residue is a non-aromatic residue guest in the 

minimal neighbor environment of glycine residues. To shed some light on the origin of the 

observed changes, we performed time-dependent density functional theory (TDDFT) calculations 

of UV-CD and UV-A spectra for a selected number of GxG peptides in explicit and implicit water. 

Recently, we showed that the explicit consideration of water is necessary to calculate the UV-CD 

spectrum of GAG in β-strand conformations. Our results revealed rather complicated electronic 

structures of the investigated peptides, which are inconsistent with the traditional excitonic 

coupling approach.33 Herein, we further show that (1) the background (water) corrected UV-A 

absorption spectra of most of the investigated GxG peptides depend on the temperature below 200 

nm, and (2) this temperature dependence depends on the choice of the host residue. Generally, our 
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results shed new light on the charge-transfer character of electronic transitions that give rise to the 

well-studied UV-CD and UV-A spectra of peptides and proteins. Our results call for a critical 

assessment of theoretical models that have been used to model respective polypeptide and protein 

spectra over the last 70 years.  

 

 
Methods 

 
Material 
 

All L-glycyl-x-glycine (GxG, x = alanine, lysine, leucine, isoleucine, arginine, methionine, 

cystine, valine, aspartic acid, asparagine, and threonine) peptides were purchased from Genscript 

Corp. with >98% purity and purified via dialysis in an aqueous HCl medium and subsequent 

lyophilization (Figure S1). For most of the CD and absorption measurements, the peptide was 

dissolved in a solution of H2O at a concentration of 0.01M. The pH was adjusted to 2 with HCl for 

all experiments to allow a comparison with earlier spectroscopic work on the investigated 

tripeptides and to avoid interferences with n→π charge transfer transitions from the carboxylate 

end group to the neighboring peptide unit.41,42 

 
Ultraviolet Circular Dichroism and Absorption Spectroscopy 
 

UV-CD and absorption spectra were measured on a Jasco J-810 spectropolarimeter (Jasco, 

Inc.) purged with N2. The 0.01 M sample was loaded into a 50 μm International Crystals 

Laboratories (ICL) cell. The UV-CD spectra reported in this study have been measured earlier; 

however, the specific room temperature spectra shown in this study were not reported in our earlier 

publication.30 To correct for the background (water and instrument), we measured the spectra of 

water with the same setup as a function of temperature.  In addition, we repeated the measurement 
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of the absorption spectra of cationic GAG, GVG, and double protonated GDG to improve the 

signal to noise of these particular spectra and to check for the reproducibility of the earlier recorded 

spectra. All spectra were measured between 180 and 300 nm with a 500 nm/min scan speed, a 1 s 

response time, a 0.05 data pitch, and a 5 nm bandwidth. Earlier measured spectra were taken from 

10 to 85 °C with 5 °C increments using a Peltier controller (model PTC-423S). All spectra were 

corrected using appropriate background subtraction. More recent recordings of the absorption 

spectra of GAG, GVG, and GDG were carried out between 10 and 80 oC in increments of 10 oC.  

 
TDDFT Calculations 
 

Quantum mechanical calculations were carried out using the Gaussian 09 program 

package.43 We optimized the geometry of the peptides after obtaining the coordinates from the 

Supplementary Information reported by Ilawe et al.44 These calculations were followed by a 

harmonic frequency analysis to assess whether the stationary points obtained were local minima. 

After this, we performed excited-state TDDFT calculations to obtain the UV absorption and 

electronic circular dichroism spectra of the peptides. Previous studies45–47 have utilized TDDFT 

calculations to examine the underlying physics of the CD spectra of model peptides and proteins 

in their folded state. A similar investigation of unfolded peptides was performed in our previous 

work.33 This work expands the previous study to include other variants of short peptides. As 

discussed before, we recently performed DFT calculations on cationic GAG peptide in implicit 

and explicit water to obtain the energetics of their pPII and β-strand conformations. The present 

study considers the optimized geometry of these two conformations of GxG (x = A, I, L, and V) 

peptides for subsequent TDDFT calculations at the ωB97X-D/cc-pVTZ level of theory to calculate 

the UV-CD and corresponding UV-A spectra of GxG in implicit and explicit water. To add a GxG 

peptide with a charged side chain to this list, we first optimized the geometry of pPII and β strand 

conformation of GRG in implicit and explicit water (10 H2O) and subsequently calculated 

absorption and UV-CD spectra with TDDFT. The water positions in explicit water models were 

chosen based on a previous study of ours,44 which was based on MD/DFT studies of hydrogen-
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bonded water molecules.48 We specifically chose the ωB97X-D/cc-pVTZ functional for our 

studies since it contains an asymptotically-correct (range-separated) portion of nonlocal exchange 

in conjunction with dispersion corrections, which are essential for accurately predicting charge-

transfer excitations and hydrogen-bonding interactions, respectively. It is also important to note 

that prior work by Neto et al.49 has shown that the optimal range-separated parameter, ω, required 

to accurately predict excited-states in the explicit solvent is 0.25, which is already close to the 

default value of ω = 0.2 used in the ωB97X-D/cc-pVTZ functional. We showed in our previous 

work that (1) changing the range-separation value, (2) using different exchange-correlation 

functionals, (3) utilizing a larger basis set (such as aug-cc-pVTZ), and (4) altering the positions of 

explicit water molecules, did not change the spectra significantly within the relevant wavelength 

range (Fig. S8). 

To explore how the UV-CD spectra change when more excited-state electronic transitions 

are included, we also performed additional TDDFT calculations with 50 excited-state transitions. 

We did not observe any difference between the UV-CD spectra computed with 30 and 50 excited-

state transitions in the relevant wavelength range (Fig. S9). Therefore, we calculated the absorption 

and the UV-CD spectra within the relevant wavelength range at the ωB97X-D/cc-pVTZ level of 

theory and 30 excited state transitions for this work. We followed the same method reported in our 

previous study33 to obtain UV-CD and absorption spectra. The spectral region covered by our 

calculation comprises two bands that are generally termed NV1 and NV2. Experimentally, NV1 

appears at around 190 nm in peptide and protein spectra and is generally assigned to a 

HOMO→LUMO transition of the peptide π-electron system. NV2 generally appears at much lower 

wavelengths and is thought to be mostly assignable to the C=O bond. As we will show in this 

paper, the electronic underpinnings of the two bands are more complex. The Supporting 

Information contains optimized geometries of all GxG peptides, detailed absorption and UV-CD 

spectra with the underlying transitions, comparisons between spectra of different conformations, 

lists of NV1 and NV2 transition peaks, and tables with a detailed list of the first five excited states. 

 

Results and Discussion 
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This section of the paper is organized as follows. First, we show a selected number of GxG 

UV-A absorption spectra (c.f. Figure S1) taken at different temperatures between 10 and 70 oC. 

We augment these experiments with a short description of the room temperature UV-CD of the 

GxG peptides for which we performed the TDDFT calculations in implicit and explicit water (x = 

A, V, I, L, and R). Next, we describe the calculated UV-CD spectra and the underlying electronic 

structure followed by a description of the corresponding absorption spectra. Third, we compare 

the calculated and experimentally observed spectra. The final paragraph uses NTO figures to 

explore the character of the main transitions that underlie the calculated UV-CD and UV-A spectra. 

We conclude by comparing our results with earlier analyses of peptide/protein UV-A spectra that 

highlights the implications of our results.   

 

Experimental UV absorption and circular dichroism spectra.  

Figure 1 shows the UV-A spectrum of cationic GAG in water at a pH level of 2 without 

(left) and with (right) background subtraction taken at four different temperatures between 10 and 

70 ◦C. We display only some of the recorded spectra to facilitate the reading of these and 

subsequent figures. Figure 2 shows the corresponding UV-A spectra of GVG, GIG, GLG, and 

GRG after water background subtraction. The spectra prior to the background subtraction should 

be considered as a superposition of both the water absorption spectrum and the instrument’s 

transfer function. 
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Figure 1: UV-absorption spectra of cationic GAG in water at pH = 2 after background subtraction 

taken at 10, 30, 50, and 70◦C. 

 

As shown in Figure 1, the uncorrected GAG UV-A spectrum has a shoulder at 195 nm that 

corresponds to the maximum of the absorption band at 190 nm in the background-corrected 

spectrum. The uncorrected spectra seem to suggest that the absorptivity below 190 nm increases 

with temperature. However, the spectra obtained after an appropriate background subtraction show 

the opposite effect, with clearly decreasing maxima as a function of increasing temperature. The 

more aliphatic GIG and GLG peptides show a similar behavior (Figure 2, lower panels).  The 

temperature dependence of the GLG (Figure 2, lower right panel) is slightly more pronounced than 

that of GAG and GIG.  Generally, for all aliphatic residues, the band maximum shifts to the red, 

and the absorptivity decreases on the high energy side. GVG was found to behave differently in 

that the spectra solely indicate a redshift without much loss in oscillator strength. The absorption 

band of GRG depicts a much larger intensity than the corresponding bands of any of the yet 

discussed peptides, which is indicative of side-chain contributions.31 The temperature dependence 

of the band is weak, with an overall redshift of the band, similar to what we observed for GVG. 
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Figure 2: UV absorption spectra of GRG, GVG, GIG, and GLG after water/background 
subtraction measured at the indicated temperatures.  

 

To examine the effect of side-chain interactions, we additionally measured the absorption 

spectra of selected GxG peptides with non-aliphatic side chains. The background-corrected spectra 

of GKG, GNG, GDG, GMG, GTG, and GCG are all shown in Figure S2. GNG and GKG are 

similar to GLG and exhibit very similar temperature dependencies. GDG shows a normal 

absorptivity, but a very weak and barely detectable temperature dependence. The temperature 

dependences of the GTG, GMG, and GCG absorbance shown in Figure S2 are all weak.  For GMG 

and GCG, this is most likely due to large side chain’s contributions assignable to the SH and SC 

bonds of their respective side chains. The absorption of GTG results from backbone transitions. 

Therefore, the corresponding oscillator strength is comparable with those of GKG and GLG. 

It is evident from our experimental data that some of the absorption spectra of the 

investigated GxG peptides depend on temperature, while others are nearly temperature 

independent. The absence of a pronounced temperature dependence for GTG, and to a lesser extent 

GDG and GVG, rules out the possibility that the observed changes reflect intrinsic properties of 
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individual peptides and their interactions with the solvent, as observed for chromophores in heme 

proteins and solvents.50,51 Therefore, to gain more insight into the amino acid-specific temperature 

dependence of the UV-A spectra, we turn to temperature-dependent UV-CD analysis. 

UV-CD spectra of the investigated peptides have been reported for selected temperatures 

in an earlier paper.30 Here, we show the yet unpublished room temperature spectra (20 oC) of GAG, 

GVG, GIG, GLG, and GRG (Figure 3) for a comprehensive comparison with TD-DFT calculations 

described below. The spectra of GAG, GLG, and GRG depict a very negatively biased positive 

couplet, which is indicative of a substantial sampling of pPII conformations,26 while the spectra of 

GVG and GIG show a less intense negative maximum and no clearly discernable positive 

maximum. In agreement with other experimental data, the latter suggests substantial sampling of 

β-strand-like conformations.52,53 

 

 
Figure 3:  UV-CD spectra of cationic GxG (x = A, L, V, I, and R) in water measured at room 
temperature (20oC). Individual dichroism values of these spectra were reported by Toal et al. (cf. 
Ref. 16)  
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TDDFT calculations of CD and absorption spectra.     

TDDFT calculations were carried out for five peptides with side chains, i.e., GAG, GVG, 

GIG, GLG, and GRG in explicit and implicit water for the respective pPII and β-strand 

conformations. The explicit water calculation considered 10 water molecules that are either 

hydrogen-bonded to the peptide and are inserted in a hydrogen-bonding network of water 

molecules. The structures for the four aliphatic peptides were recently obtained by geometry 

optimization.44 Additionally, we optimized the geometries of cationic GRG for pPII and β-strand 

conformations in explicit (10 H2O) and implicit water to explore a situation in which the side chain 

transitions can be expected to contribute to the measured absorptivity below 180 nm to a significant 

extent. We calculated the CD as well as the absorption spectra for these peptides and both water 

models.  Figures 4 and 5 depict the respective spectra obtained with the explicit water model. 

Figure S3 and S4 compare the spectra calculated with explicit and implicit water as well as the 

underlying electronic transitions. As usual, the energies of electronic transitions are overestimated 

by our TDDFT calculations. Hence the wavelength range in Figures 4, 5, S3, and S4 are all 

blueshifted relative to that of the experimental spectra in Figure 3. Experimental limitations rule 

out measuring any absorption and CD spectra below 185 nm. 

The following observations are noteworthy. First, all explicit water calculations yielded the 

classical feature of pPII, namely negatively biased couplets with a negative maximum at 175 and 

a positive maximum at 210 nm.  For β-strand conformations in explicit water, we observed nearly 

equally intense positive and negative maxima at ca. 185 and 205 nm, respectively. For GLG, the 

two extrema are very weak. None of the calculations with implicit water reproduce this couplet 

signal. This underscores the earlier reported notion that explicit water must be considered to 

account at least quantitatively for the spectra of β-strand conformations.33   

The influence of explicit water and geometric conformation on the electronic structure can 
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be inferred from dissimilar rotational strengths of the NV1 transition peaks obtained for the β- 

conformations (Figure S3). The implicit water calculation yielded a series of transitions with 

mostly weak negative rotational strengths. In explicit water, one of these transitions gains a 

positive rotational strength, giving rise to the positive maximum that is characteristic of the 

experimental β-strand CD spectra. Differences between the results of the two water models are 

less pronounced for pPII, where the negative maximum associated with the NV1 band comprises 

several transitions with negative rotational strengths (Figure S4).  

The calculated absorption spectra  (see Figure 5 for explicit water and Figures S6 and S7 

for implicit water) display two major absorption bands, one around 140 nm and another between 

170 and 180  nm. Conventionally, they would be interpreted as indicating the peptide groups’ NV2 

and NV1 transitions from the π-orbital HOMO to the two lowest π*-orbital LUMOs,38,39 but as we 

show below, this assignment would be way too simplistic. However, for the sake of conciseness, 

we term the corresponding bands NV1 and NV2 in the following.  
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Figure 4: Calculated UV-CD spectra of indicated GxG peptides in their β and pPII conformation 
with explicit water.  
 

As can be inferred from Figures 5, the NV1 bands of β strands exhibit higher oscillator 

strengths than their respective pPII conformations for the aliphatic peptides GAG, GIG, GLG, and 

GVG in explicit water. Only for GRG does the pPII intensity of NV1 exceed that of the 

corresponding β-conformation. It is also noteworthy that the β conformations of GVG, GIG, and 

GLG exhibit lower transition energies for their NV1 transition peaks than the corresponding pPII, 

with the average difference of 1.2 nm (Table S2-S4).  
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Figure 5 shows the calculated distributions of oscillator strengths associated with bands 

NV1 and NV2 in the pPII and β-strand conformations of the investigated GxG peptides (x = A, I, 

L, V, and R) obtained with the explicit water model. The corresponding distributions obtained with 

the implicit water model are depicted in Figure S7. In the absorption spectra of the β-strand 

conformations of the aliphatic peptides, the respective transitions into the fourth excited state 

dominate the NV1 peak region. For the corresponding pPII conformations, transitions into the 

fourth and the fifth excited states account for most of the NV1 absorption peak (cf. Table S1-S5 in 

the SI). The NV2 band of the aliphatic peptides is just the envelope of a rather large number of 

electronic transitions (Figures 5 and Figure S7). The influence of the water model on the 

calculation of the NV2 band is significant. First, the explicit consideration of water molecules leads 

to an increase of transitions and thus an increase of the overall oscillator strengths. Second, the 

dispersion of NV2 transitions is significantly more pronounced in the pPII conformations. As a 

consequence, the corresponding NV2 bands appear sharper with higher peak intensities in the β-

strand conformations compared with respective bands of the pPII conformations. 
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Figure 5. The calculated distributions of oscillator strengths associated with bands NV1 and NV2 
in the pPII and β-strand conformations of the indicated GxG peptides (x = A, I, L, V, and R) 
obtained with the explicit water model. The sticks represent the underlying electronic transitions.  
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The calculated absorption spectra of both the β and pPII conformation of GRG in implicit 

water show a peak at around 160 nm and a shoulder at around 142 nm (Figure S7). The shoulder 

disappears when the absorption spectra are calculated with the explicit water model, and the 

absorption spectra show distinct peaks at around 168 nm (162 nm) and 148 nm (144 nm) for the β 

(pPII) conformation (Figure 5). The NV1 peaks for both the β and pPII conformation have excited-

state transitions with a large oscillator strength (0.50). None of the calculated absorption spectra 

of the other GxG peptides showed such a large oscillator strength for a transition into any excited 

states.  

Comparison of Experimental and Computational Spectra. In view of the apparent 

superiority of the explicit water model regarding the calculation of the CD spectra of β-strand 

conformations, we solely compare experimental and explicit water spectra. The pPII spectra of all 

aliphatic peptides are very similar, which suggests that the rotational strength of this conformation 

does not depend very much on the nature of the side chain. This is an important finding for any 

quantitative analysis of the UV-CD spectra of unfolded peptides. The situation is somewhat 

different for the β-strand conformation. The corresponding spectra are similar for GAG, GIG, and 

GVG, while the rotational strength of GLG is much less. These results suggest that the different 

intensities of the negative maxima in Figure 3 are a good indicator of pPII propensities. Our 

computational results also explain why the experimental spectra of GAG and GLG are very similar 

even though the pPII propensity of the latter (0.56) is significantly lower than that of the former 

(0.79),14 since a weaker positive maximum of the β-strand leads to a more intense negative 

maximum of pPII/β mixtures. It should be noted that the absolute dichroism displayed by the 

calculated spectra indicate a much larger rotational strength than the experimental ones. However, 

it has to be noted as well that the respective rotational strengths that emerged from the calculations 

with the implicit water model are even larger to a significant extent (Tables S6-S25). This 

observation suggests that the involvement of water molecules decreases the rotational strength, 

and one could, therefore, expect that calculations with an even larger number of water molecules 
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would tune the CD signals into the correct order of magnitude. 

At first glance, the calculated UV-A spectra do not seem to account for the observed 

temperature dependence of the NV1 band. For all four peptides, they indicate a more intense band 

in the β-strand conformation. The observed temperature dependence suggests the very opposite 

behavior. However, a closer analysis of the data suggests a different picture. First, for reasons 

described above, one has to take into account that the NV2 bands of the β-strand conformation are 

significantly sharper than those of the corresponding pPII state, which leads to a drop of intensity 

between the two bands. This is fully consistent with the observed intensity loss at the high energy 

site of the NV1 band. Second, a comparison of the NV1 oscillator strengths calculated with implicit 

and explicit water reveals important differences that reflect the pivotal role of hydration water. For 

GAG, GIG, and GVG, the combined oscillator strength of transitions 4 and 5 of the respective β-

strand conformations were calculated to be a factor of 1.4-1.5 larger in the implicit than in the 

explicit water spectra. The difference between the corresponding pPII spectra is much less 

pronounced (ca. 1.1). GRG is a special case owing to side chain contributions that apparently make 

the contributions to the β-strand spectrum comparable for both models. Our results suggest that 

explicit water reduces the NV1 oscillator strengths mostly in the β-strand conformation. This effect 

is very likely to be more pronounced for a peptide with a complete hydration shell. As a 

consequence, the overall NV1 oscillator strength of the β-strand would become less than that of 

the respective pPII conformation, in agreement with our experimental results. Therefore, the 

temperature dependence of the UV absorption spectra of the investigated peptide reflects the 

degree by which water affects the electronic transitions in the β-strand. Furthermore, it is safe to 

infer a concomitant increase in the oscillator strength of NV2 from our results. At the current level 

of theory, it is not possible to quantitatively interpret the temperature dependence of the 

investigated GxG peptides. Only for protonated GDG, available experimental data provides us 
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with an explanation of the very weak temperature dependence of the UV-A (Figure S2). As shown 

by Rybka et al.,54 the conformational distribution of the central D residue of this peptide at room 

temperature is dominated by β-strand conformations and various turn-like conformations. Only 

20% of the peptides sample pPII. As a consequence, a further increase of the β-strand population 

should not cause a significant temperature dependence of the UV-A, particularly because the turn-

like content of the Ramachandran distribution is nearly temperature independent.21 

 

NTO analysis 

The contribution of peptide and terminal groups as well as side chains and hydration water 

of GxG peptides to NV1 transitions can be obtained by a natural transition orbital (NTO) analysis, 

which is based on the singular value decomposition of the 1-particle transition density matrix. The 

resulting frontier orbitals can represent any one-electron property associated with the electronic 

transition.  As such, NTOs provide a compact representation of the orbitals and offer a convenient 

way to visualize excitations via occupied hole and virtual particles. The NTO analysis was also 

employed to determine the difference between the electronic structure of pPII and β of investigated 

GxGs based on the nature of the excitations, which results in the observed absorption and UV-CD 

spectra. An NTO analysis imparts further impetus in characterizing the dichotomy in the spectra 

for β and pPII conformations. The influence of water and the backbone conformation on the 

electronic structure of GxGs can be inferred from Figures 6-10 for explicit and Figures S10-S14 

for implicit water. These figures depict the NTOs that can be attributed to the dominant transitions. 

The influence of explicit water and the backbone conformation can be illustrated by a comparison 

of corresponding NTOs. The transition into the fifth excited state gives rise to the NV1 band 

obtained for the pPII conformation of GAG (Figure 6). The particle is mostly delocalized across 

the two peptide bonds, while the hole is delocalized mostly on the N-terminal peptide group. For 

GAG in the β-strand conformation, the particle associated with the most intense 4th transition is 

mostly delocalized across the two peptide groups. The corresponding transition of the hole to the 

particle involves the transfer of some electron density from the alanine residue to the peptide 
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groups. For GIG, the visualized NTOs associated with the NV1 band of the pPII conformation 

suggest that particles are mostly localized at the carboxylate group while the hole is predominantly 

localized at the C-terminal peptide group. In the corresponding β-strand conformation, the particle 

is delocalized over both peptide groups, whereas the hole is mostly localized at the N-terminal 

peptide bond (Figure 7). In the case of GLG, transitions into excited states 4 and 5 both contribute 

to the NV1 band of the pPII conformation. An analysis of the hole and particle for the 4th excited 

state shows that the hole is localized at the carboxylate group, while the particle resides at the C-

terminated peptide bond. The 5th excitation shows a hole slightly localized at the leucine residue 

and predominantly at the N-terminated peptide bond, whereas the particle is delocalized across 

both the peptide bonds. A 3rd transition (number 21) contributes significantly to the NV1 

absorption. Both the hole and particle are delocalized over the peptide backbone. The hole exhibits 

some minor contributions due to the side chain. For the respective β-strand conformation, the NTO 

analysis yields a different picture. The particle is delocalized over the ammonium group and the 

adjacent peptide bond with some admixture from the Cα-C’ bond, whereas the hole is localized on 

the leucine residue. Hence, this transition again has a charge-transfer character. We wondered 

whether this was a very peculiar character of the electronic transitions that leads to the very weak 

CD signal of this conformation. For the pPII conformation of GVG (Figure 9), both the 4th and 

5th excitations contribute to the NV1 band. The hole in the 4th excited state is localized at the 

carboxylate group, whereas the particle resides at the C-terminal peptide bond group. For the 5th 

excitation, the hole is mostly localized on the valine residue, and the particle is delocalized across 

the peptide bonds. Some of the NTOs associated with the NV1 band of the β-strand conformation 

of GVG are delocalized over both the peptide group and the valine residue between them. The hole 

in the 4th excited state is delocalized over both the peptide groups while the particle is localized 

at the ammonium group.  
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Figure 6. Natural Transition Orbitals (NTOs) of GAG in the (a) pPII and (b) β conformations. The 
panels give the excited state number, associated eigenvalue (𝑤), transition energy (𝜔), wavelength 
(λ), and oscillator strength (𝑓ሻ.  
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Figure 7. Natural Transition Orbitals (NTOs) of GIG in the (a) pPII and (b) β conformations. The 
panels give the excited state number, associated eigenvalue (𝑤), transition energy (𝜔), wavelength 
(λ), and oscillator strength (𝑓ሻ.   
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Figure 8. Natural Transition Orbitals (NTOs) of GLG in the (a) pPII and (b) β conformations. The 
panels give the excited state number, associated eigenvalue (𝑤), transition energy (𝜔), wavelength 
(λ), and oscillator strength (𝑓ሻ. 
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Figure 9. Natural Transition Orbitals (NTOs) of GVG in the (a) pPII and (b) β conformations. The 
panels give the excited state number, associated eigenvalue (𝑤), transition energy (𝜔), wavelength 
(λ), and oscillator strength (𝑓ሻ. 
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Figure 10. Natural Transition Orbitals (NTOs) of GRG in the (a) pPII and (b) β conformations. 
The panels give the excited state number, associated eigenvalue (𝑤), transition energy (𝜔), 
wavelength (λ), and oscillator strength (𝑓ሻ. 
 

For all peptides investigated, the NTOs in explicit water exhibit contributions from water 

molecules. In the pPII conformations of GIG, GLG, and GVG, the particles of the NTOs 

responsible for NV1 transition are mostly localized over the carboxylate group. The NTOs of the 

β conformations are more delocalized over the water molecules than the NTOs of the 

corresponding pPII conformation. This observation is consistent with the previously discussed 

influence of explicit water on the oscillator strength of both NV1 and NV2.   

 The NV1 related NTOs of GRG are peculiar in that the dominant transition of the respective 

pPII conformation is completely localized on the side chain (both hole and particle). The situation 

is somewhat different in the β-strand conformation. While transition 8 is still mostly localized on 

the side chain, transition 19 has some charge transfer character involving a hole localized over the 

C-terminal peptide, the C-terminal carboxylate group, and water, while the particle is nearly 



26  

entirely on the carboxylate group (Figure 10)  

In the β conformations of GAG, GIG, GLG, GVG, and GRG, NTOs responsible for the 

NV2 transition are mostly localized on the water molecules that are around the peptides. For the 

corresponding pPII conformations of these peptides, the NTOs are mostly on the peptides’ main 

chain, except for GRG in which the NTOs are mostly on the side chain of the peptide.  

The NV2 transition peaks in the absorption spectra of the pPII conformation for GAG, GIG, 

GLG, and GVG redshifts by around 4 – 5 nm when using an explicit water model. The 

corresponding NV2 transition bands of the β conformation redshifts by around 7 – 8 nm. This shift 

in the NV2 peak suggests again that the absorption spectra of the β conformation of the 

corresponding peptides – GAG, GIG, GLG, and GVG – are affected more by the explicit water 

model than their pPII counterparts. 

Taken together, the results of our NTO analysis suggest that the electronic structure of the 

ground and excited state of the investigated peptides changes with its conformation and depends 

on the character of the side chain. The contribution of water in the hydration shell is substantial 

for the NV2 transition and significant only in the more extended β-strand conformation. Quite a 

few of the dominant electronic transitions have a charge-transfer character; some of them involve 

the side chains. These findings call into question how the electronic system of polypeptides and 

proteins have been treated thus far. This issue is briefly discussed below.  

 

Comparison with literature 

Over the last 70 years, a multitude of papers has been published on identifying the 

underlying physics of the CD and absorption spectra of polypeptides and proteins. In particular, 

efforts have focused on explaining the spectra of regular secondary structures. Both the oldest and 

newest attempts are built on the validity of the excitonic coupling model,26,34,35,38,55,56 which 

assumes that the electronic ground state of a polypeptide can be approximately described as a 

superposition of individual peptide molecular orbitals that are localized on the respective peptide 

groups. Hence, the respective wavefunction could be written as a product of wavefunctions of 

individual peptide groups. NV1 excitations, which are generally assigned to a HOMO → LUMO 
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transition, cause a delocalization of electronic states. The coupling between transitions has earlier 

been described by transition dipole formalism while more recent attempts consider electrostatic 

interactions between charge distributions.55,56 This type of modeling has persisted in the literature 

because it had a lot of success, particularly in regard to the prediction of the UV-CD spectra of 

right-handed helical conformations. However, our results suggest that the basic assumptions on 

which this model is built might be incorrect. First of all, our results suggest that one cannot assign 

NV1 to a single transition. Second, we found that the character of the transitions and the resulting 

excited electronic states are side-chain dependent. Some transitions might have a charge transfer 

character where the electron moves from the side chain to the orbitals that are delocalized over 

peptide groups. The degree of delocalization in the excited state is conformation and peptide 

dependent. Moreover, the role of water cannot be neglected for extended β-strand conformations. 

Such a direct influence of water has not yet been taken into account in the field.  

  Another implication of our results deserves to be emphasized. Currently, most of the force 

fields used for molecular dynamics simulations are built on the assumption that the torsional force 

with respect to the dihedral angles φ and ψ does not depend on the respective side chain.19,21,57–59 

Only recently have attempts been made to consider the specific influence of side chains on the 

potential function associated with the backbone dihedral angles.60,61 The obtained involvement of 

side-chain MOs in the highest occupied states of peptides and the partially delocalized character 

of the electronic ground state argues in favor of side-chain dependent torsional force. The 

contribution of water orbitals to the electronic ground state, particularly of the β-strand 

conformation, suggests the necessity to modify the way how backbone-water interactions are 

accounted for in molecular dynamic force fields. In this context, the question arises whether force 

fields with force constants obtained from DFT-calculations on model peptides in the gas phase or 

even in implicit water can sufficiently describe the energetics and dynamics of peptide/protein 

backbones.20 

  It is obvious that a more complete picture than that reported in this paper could be gained 

by TDDFT calculations with a larger number of hydration water molecules. DFT-based geometry 

optimizations of tripeptides have recently been achieved with up to 30 water molecules.48,62 The 
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corresponding TDDFT calculations would be very computational expansive. Combined MD-

TDDFT calculations would only provide an improvement if the hydration shell would become part 

of the TD-DFT part of the calculation.   

 

Conclusions 

The experimental UV-A spectra of some cationic GxG peptides in water indicate that the 

two dominant conformations, namely polyproline II and β-strand, have different absorption 

spectra. This notion is supported by TDDFT calculations for a selection of aliphatic peptides with 

a hydration shell of 10 water molecules. Our calculations also account for the UV-CD spectra of 

these peptides. The computational results strongly suggest that the two canonical NV1 and NV2 

bands (the latter is obtainable only with synchrotron radiation) are composed of multiple 

transitions that result from configurational interactions between numerous transitions. The 

dispersion of these transitions depends on the backbone conformation and in part on the side chain. 

Many of the individual transitions have a charge-transfer character. Transitions involving water 

MOs contribute predominantly to the β-strand conformation. Our results contradict the basic 

assumption of the excitonic coupling models that are generally used for the theoretical analysis of 

CD and absorption spectra of polypeptides and even proteins.  
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