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The effect of protein backbone hydration on the amide vibrations 
in Raman and Raman optical activity spectra 
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Raman and specifically Raman optical activity (ROA) spectroscopy are very sensitive to the solution structure and 

conformation of biomolecules. Because of this strong conformational sensitivity, density functional theory (DFT) 

calculations are often used to get a better understanding of the experimentally observed spectral patterns. While e.g. for 

carbohydrate structure the water molecules that surround the solute have been demonstrated to be of vital importance to 

get accurate modelled ROA spectra, the effect of explicit water molecules on the calculated ROA patterns of peptides and 

proteins is less well studied. Here, the effect of protein backbone hydration was studied using DFT calculations of HCO-(L-

Ala)5-NH2 in specific secondary structure conformations with different treatments of the solvation. The effect of the 

explicit water molecules on the calculated spectra mainly arises from the formation of hydrogen bonds with the amide 

C=O and N-H groups. Hydrogen bonding of water with the C=O group determines the shape and position of the amide I 

band. The C=O bond length increases upon formation of C=O∙∙∙H2O hydrogen bonds. The effect of the explicit water 

molecules on the amide III vibrations arises from hydrogen bonding of the solvent with both the C=O and N-H group, but 

their contributions to this spectral region differs: Geometrically, the formation of a C=O∙∙∙H2O bond decreases the C-N 

bond length, while upon forming a N-H∙∙∙H2O hydrogen bond, the N-H bond length increases. 

Introduction 

Raman and Raman optical activity (ROA) spectroscopy are 

regularly used to study the solution structure of 

biomolecules.
1,2

 Raman spectroscopy probes the many 

molecular vibrations of a molecule and as such provides very 

rich spectra containing contributions of all the molecular 

components of the analyte. ROA is measured as the tiny 

intensity difference in the right-handed (IR) and left-handed (IL) 

circularly polarized components of Raman scattered light from 

chiral molecules.
3
 Because of its chiroptical nature, ROA is 

much more sensitive to the solution conformation of 

biomolecules compared to its parent technique Raman 

spectroscopy and has therefore been applied to study the 

conformational propensities of peptides,
4–6

 proteins,
2,7

 

glycoproteins,
8,9

 intrinsically disordered proteins (IDPs),
10,11

 

nucleic acids,
12

 carbohydrates
13,14

 and viruses
15,16

. 

Traditionally, experimental ROA spectra were interpreted 

empirically based on the mutual comparison of different 

spectra supplemented by structural information available by 

other techniques.
7
 Since the first report of the ROA spectrum 

of a protein in 1990,
17

 many more studies have been reported 

focussed on the spectroscopic study of protein structure in 

solution.
2
 More advanced interpretation of the experimental 

ROA spectra of proteins is based on statistical analysis, such as 

principal component analysis
18,19

 or non-linear mapping
20

 of 

collections of spectra.
2
 Such analyses suggest that ROA is very 

sensitive to protein structure in solution. Inspired by this huge 

structural sensitivity, in many experimental studies tentative 

empirical assignments were reported, relating specific patterns 

in the experimental ROA spectra to structural elements of the 

protein in solution.
7
  

Although ROA was first described in 1969 and further 

developed in the early 1970s,
21,22

 it is only due to more recent 

theoretical developments and furthermore because of the 

substantial gain in computing power in the past decade, that 

ROA spectral patterns can now be routinely simulated using 

density functional theory (DFT).
23–27

 

Because of these advances, a considerable number of recent 

research efforts adopt computational approaches in 

comparison with experiment to evaluate the empirically made 

spectral assignments and to generate a more thorough 

understanding of that very sensitive relation between the 

solution structure of a protein and the corresponding spectral 

components.
1,27

 Recent DFT studies of different structural 

elements such as the α-helix,
6,28–30

 β-sheet,
31

 β-turn,
31–33

 poly-

L-proline type II conformation (PPII),
6,10,34

 and larger 

peptides
4,35

 and proteins
36,37

, indeed demonstrated that 

detailed spectral assignments in the ROA spectra of proteins 

must be made with caution and showed that some earlier 

empirically made assignments had to be revised. 

One aspect in such computational studies that is much less 

studied is the influence of the solvent on the calculated 

spectral patterns. In computational studies, the interaction of 

the solute (the peptide) with water is often taken into account 

by means of an implicit solvent model. Such approaches are 

very useful as they do not entail a large additional 

computational cost, and are a good way to approximate the 

effect of the solvent if the solvation can be considered mainly 

as a minor perturbation of the gas phase solute.
38,39

 In an 

implicit solvent model, the solute is placed in a cavity in a 

polarizable continuum that represents the solvent and the 

necessary effects are included in the Hamiltonian.
39

 Implicit 

solvent models are routinely used in theoretical simulations of 

vibrational spectra in solution.
39

 However, the effect of the 

solvent may become so important that a continuum model no 

longer suffices and the solvent molecules interact so strongly 

that they should in fact be considered part of the solute. In 

such cases, explicit solvent models are used in which water 

molecules are explicitly placed around the solute. In this way, 
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direct interactions, such as hydrogen bonding between solvent 

and solute, are taken into account. 

The amide vibrations in peptides are affected by hydrogen 

bonding with water molecules.
40

 Therefore, here the effect of 

hydrogen bonding of water molecules to the peptide backbone 

is further explored, which has been suggested to be important 

in understanding the experimental ROA patterns of peptides 

and proteins.
7,31,33

 

The effect of hydration on calculated Raman and ROA patterns 

of specifically peptides and proteins has been documented in 

scientific literature only to a very small extent.
30,31,41

 By 

explicitly including water molecules, the system 

(solute+explicit water molecules) increases in the number of 

atoms, but also in the degrees of freedom. If both 

conformational averaging as well as averaging over multiple 

water configurations have to be considered, the 

computational demands increase drastically. Therefore, the 

study of the aqueous environment on the ROA spectrum has 

mainly been the subject of research for smaller molecules. 

There have been reports on the influence of hydration on the 

ROA spectra of molecules such as the histidine zwitterion,
42

 

lactamide,
43,44

 methyl lactate,
45,46

 glycidol,
45

 2-

aminopropanol,
44

 methyloxirane,
46

 methyl-β-D-glucose,
13

 1,6-

anhydro-β-D-glucopyranose,
47

 D-glucuronic acid,
48

 β-D-

xylose,
49

 and N-acetyl-D-glucosamine
48

. For these molecules, it 

was demonstrated that the explicit water molecules are often 

needed to get a good comparison between the calculated 

spectrum and the experiment. For example, sugars contain 

many hydroxyl groups and accurate modelling requires explicit 

water molecules to be included.
13,47,48,50

 

Although methodologies for calculating the spectra of large 

peptides and proteins have been proposed,
36,51,52

 

understanding the effect of water - the lubricant of life
53

 - on 

the calculated spectra needs to be further explored to improve 

the comparison between theoretically predicted spectra and 

experiment. There are only a few reports of how explicit 

solvation of a polypeptide model affects the ROA spectrum. 

Mainly the explicit solvation of smaller systems such as alanine 

dipeptides (Ala)2 have been reported.
41,54

 Weymuth et al. 

included two water molecules in a β-sheet model consisting of 

two parallel β-strands of (Ala)8, and found only a minor effect 

on the calculated ROA spectrum for such a small number of 

water molecules.
31

 Yamamoto et al. looked into the detailed 

assignment of the amide III region of α-helical (Ala)18 by 

including 18 dichloroacetic acid molecules in the ROA 

calculations using the Cartesian coordinate tensor transfer 

method (CTT).
29

 To the best of our knowledge, the largest 

peptide model for which ROA calculations were performed 

that included explicit water molecules, was reported by 

Luber.
30

 She studied (Ala)20 in a single α-helical conformation, 

and included a water molecule hydrogen bonded to each 

carbonyl group and two water molecules at the termini. In that 

study, the geometry was fully optimised, which therefore 

changed the conformation of the peptide away from the initial 

α-helical structure.
30

 Furthermore, only a single hydration 

configuration (a single set of positions of the water molecules) 

was considered. As shown by our group, ROA is very sensitive 

to the exact peptide backbone conformation, specifically in the 

case of α-helical structure.
6,32

 Therefore, we here study the 

effect of hydration on multiple peptide models with different 

secondary structures and multiple hydration configurations. 

Furthermore, ROA has in the past been proposed to be 

sensitive to the hydration of helices.
55

 However, the spectral 

assignments associated with that sensitivity were later 

questioned and shown to be inaccurate.
6,30,36

 This thus raised 

the question how the hydration of α-helical structure affects 

the ROA patterns. 

Methodology 

Creation of peptide conformations 

To study the effect of solvation on computed Raman and ROA 

spectra, we first created different conformations of HCO-(L-

Ala)5-NH2, which subsequently were solvated. In Fig. 1, the 

workflow of the generation of the peptide models is 

illustrated. The different HCO-(L-Ala)5-NH2 conformations were 

created using the PeptideBuilder by Tien et al. that generates 

the geometries based on a set of  and  angles (step 1 and 2 

in Fig. 1).
56

 In analogy to our earlier study of the secondary-

structure-spectrum relationship,
6
 each conformation was 

characterised by a single pair of  and  angles. In such regular 

conformations, all  angles are thus the same and all  angles 

are the same. 

 

Creation of hydration shells 

After creating the different conformations of HCO-(L-Ala)5-

NH2, 30 different solvent configurations (placements of the 

explicit water molecules around the solute) were created with 

the program AMBER14
57

 using the TIP3P water model
58

 (step 3 

in Fig. 1) for each peptide conformation. The force field 

describing the peptide was the general amber force field 

(GAFF)
59

. The geometry of the peptide itself was restrained in 

all steps. By using such a positional restraint, the peptide was 

not completely frozen, but the torsion angles remained very 

close to the originally chosen angles (see below).  

As shown in step 3 in Fig. 1, the peptide was embedded in a 

solvent box consisting of about 1600 water molecules, 

followed by a stepwise equilibration procedure under (1) NVE 

(constant number of particles, constant volume and constant 

energy), (2) NVT (constant number of particles, constant 

volume and constant temperature) and (3) NPT (constant 

number of particles, constant pressure, constant temperature) 

conditions. After equilibration, 30 snapshots were taken with 

different water configurations but with the same backbone 

conformation. To obtain hydrated pentapaptide structures for 

the Raman and ROA calculations, we included all water 

molecules with the water oxygen atom within 3 Å of any of the 

atoms of the peptide (step 4 in Fig. 1). The typical distance of 

the water oxygen to the amide nitrogen of hydrogen bonded 

water molecules is 2.8 Å,
60

 and as such a first layer of solvation 

was included. Larger distance limits, resulted in systems 

(explicit water + solute) that were too large to be 

computationally feasible. 
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DFT calculations: geometry optimization and Raman and ROA 

spectra 

The geometries of the molecular systems (the solute or the 

solute with explicit water molecules) were partially optimised 

in normal coordinates by constraining the normal modes from 

i300 cm
-1

 (imaginary) to 300 cm
-1

 (step 5 in Fig. 1).
43,61

 Using 

this approach by Bouř and Keiderling, the backbone 

conformation of the peptide and the positions of the water 

molecules are mostly retained, while the modes of 

spectroscopic interest are fully relaxed.
43,61

 The B3PW91 

functional was used with the 6-31G(d,p) basis set for geometry 

optimization, while the spectra were calculated at the 

B3PW91/6-31++G(d,p) level of theory. This combination of 

functional and basis set with the partial optimization in normal 

coordinates is often used in computational studies of 

polypeptides and often gives very good agreement between 

experiment and theory.
4–6,32,51,62

 Realistic line shapes were 

simulated using one Lorentzian function for each normal mode 

with a full-width at half maximum of 20 cm
-1

. All DFT 

calculations were carried out using the Gaussian16 rev. A.03 

programme.
63

 Implicit solvent corrections were included using 

the conductor-like polarizable continuum model (C-PCM).
64,65

 

The default C-PCM parameters of water as implemented in 

Gaussian16 were used.
63

 Explicit solvation calculations were 

performed by including water molecules to the system and 

treating them at the same level of theory as the solute. 

To account for spectral averaging of multiple solvation 

configurations, the arithmetic mean spectrum of 30 Raman 

and ROA spectra was calculated without using weighting of the 

individual contributions. 

 

Experimental spectra 

To verify the computational results with experiment, the 

Raman and ROA spectra reported before of the AK21 (Ac-

AAKAAAAKAAAAKAAAAK-AGY-NH2), and XAO (Ac-X2A7O2-NH2) 

peptides are used here.
6
 Both peptides were dissolved to a 

concentration of 50 mg/mL in MilliQ water and the Raman 

(IR+IL) and ROA (IR-IL) were measured on a ChiralRAMAN 

(Biotools, Inc.) instrument
66,67

 as described in ref 6. 

 

Similarity between experiment and calculation 

A numerical comparison between a calculated Raman or ROA 

spectrum f and an experimental spectrum g was performed 

using the normalised overlap integral Sfg (eqn 1) that has a 

value between 0 % (no overlap) to 100 % (for identical Raman 

spectra) and between -100 % (“identical” mirror ROA spectra) 

and 100 % for identical ROA spectra.  

 

Sfg = 100% ∙
∫ f(σν̃)g(ν̃)dν̃

√∫ f(σν̃)2dν̃ ∫ g(ν̃)2dν̃
 (1) 

 

Because of i.a. the harmonic approximation, the wavenumbers 

of the calculated spectra are typically overestimated with the 

level of theory used here.
6
 Therefore, the calculated spectrum 

first has to be shifted in the wavenumber dimension with a 

scaling factor σ. Since the wavenumbers of the amide I region 

typically are even more overestimated in the calculated 

spectra, this region requires a higher wavenumber shift factor 

compared to the remainder of the spectrum.
6
 Therefore, first, 

the optimal scaling factor was determined for each calculated 

spectrum only for the amide I modes and a global scaling 

factor of 0.987 is applied to the remainder of the spectrum to 

obtain a good overlap between the experimental and 

calculated spectra (see the ESI,† for details). 

Results and Discussion 

Geometry optimization: backbone conformation and hydration 

The backbone conformation of a peptide is affected by 

hydration. As depicted in Fig. 2, the hydrogen bonding of a 

water molecule to a carbonyl group (C=O) in the backbone, 

results in the tilting of the C=O outwards from the helix axis, 

towards the solvent. This was reported by Blundell et al. based 

on a set of crystal structures.
68

 They showed that the 

backbone torsion angles i+1 and i (the two angles around a 

peptide bond between residue i and i+1) in hydrophilic or 

hydrophobic environment are slightly different. Sundaralingam 

et al. used a larger set of crystal structures to show that the 

torsion angles in hydrophilic environment have i+1;i values 

close to -66°;-41° and those in hydrophobic environment close 

to -59°;-44° (see Fig. 2).
69

 Therefore, the average of the α-

helical backbone torsion angles falls in between these two 

points in the Ramachandran plot (see the “general” case in Fig. 

2 (c)). Specifically for α-helical structures, we have previously 

showed that ROA is sensitive to such a conformational 

differences of the backbone.
6
 In this study, however, we want 

to investigate what the contributions caused by the presence 

of the water molecules to the spectra are and not due to any 

conformational change. 

To study the effect of backbone hydration specifically, we used 

the partial optimization in normal coordinates developed by 

Bouř and Keiderling, which was especially developed to retain 

peptide backbone conformations and as a suitable strategy for 

the geometry optimization of water clusters.
43,61

 First, we 

assessed that the conformations we originally selected were 

not altered too much because of the MD simulations and 

subsequent geometry optimization. For different regular 

backbone conformations of the peptide, we created 30 

different water configurations surrounding the peptide. After 

the geometry optimization, the averages of the five pairs of 

torsion angles of each of the 30 peptide-solvent clusters were 

calculated. In Table 2, these mean torsion angles with the 

corresponding standard deviations are compared to the 

originally chosen set of backbone angles. The mean backbone 

angles are indeed very close to the values we initially selected, 

which demonstrates the usefulness of the geometry 

optimization scheme. In a recent study, we showed that such 

small standard deviations of the backbone torsion angles do 

not have a significant impact on the averaged ROA patterns.
34

 

Therefore, the hydrated systems that were created can be 
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used to study the impact of the explicit water molecules on the 

calculated spectra. In the remainder of the text, we will refer 

to each of the eight conformations representing five different 

secondary structure elements by using the initially chosen 

angles as listed in Table 2. 

 

Effect of implicit and explicit solvation 

Before we evaluate the effect of the explicit solvent molecules 

for the ensembles of 30 hydration configurations, we first 

consider the effect of both the implicit and explicit solvent 

corrections for a single hydration configuration. To that end, 

for HCO-(L-Ala)5-NH2 in an α-helical conformation (;  -66°;-

41°), the effect of the different types of hydration on the 

Raman and ROA spectra is demonstrated in Fig. 3. The top 

spectrum (a) was calculated in the gas phase, without any 

solvent correction. In (b), the C-PCM implicit solvent model 

was included. Although the overall patterns in the Raman and 

ROA spectra of (a) and (b) are very similar, the amide I and 

amide III spectral regions display differences as relative 

spectral intensities and the position of the bands are shifted. 

E.g. the amide I band shifts down upon including the implicit 

solvent model. In the spectra c-f, explicit water molecules 

were included. To evaluate what spectral regions are 

influenced by the presence of the explicit water molecules, 

only a single hydration configuration was taken into account. 

As mentioned above, the hydrogen bonding of the water 

molecules to the amide groups affects the vibrational modes 

associated with this group.
40,44

 Therefore, the entire solvent 

configuration (f) was also compared to that when only the 

hydrogen-bonded water molecules are considered.  

In the Raman and ROA spectra in panels (c), only the water 

molecules hydrogen-bonded to a carbonyl group were 

included and in (d) only the water molecule bonded to the 

terminal N-H group was kept. Finally, in (e) both the C=O and 

N-H hydrogen bonded water molecules were included. For 

each of these systems (solute+explicit water molecules), the 

partial geometry optimization was performed prior to 

calculating the Raman and ROA spectra. By not only including 

the C-PCM correction but also a few water molecules that are 

hydrogen bonded to the C=O groups (c), the biggest spectral 

change compared to both the Raman and ROA in (a) and (b) is 

observed in the amide I region (1600-1800 cm
-1

). The presence 

of the water molecules results in a reduced maximal intensity 

in the amide I region in both the Raman and ROA. In the ROA, 

the -/+ couplet that is characteristic for α-helical structure is 

lost upon including a single configuration of explicit water 

molecules and becomes completely positive. Also a small 

impact on the shape of the amide III region (1240-1400 cm
-1

) is 

observed in (c). 

In this particular explicit solvation configuration, only a single 

N-H hydrogen bonded water molecule was observed (d). 

Therefore the effect on the ROA patterns by this single H2O as 

shown in (d) is very small. The amide I is unchanged compared 

to (b) and in the amide III there is only a small difference. 

Including both the C=O and N-H hydrogen bonded water 

molecules in (e) reveals a Raman and ROA spectrum that is 

very similar to the one in (d). Comparing all these spectra in 

a-e with the spectra calculated when all water molecules in 

this single hydration configuration were included (f), shows 

that the changes in the amide I mainly arise from the water 

molecules that are hydrogen bonded with the C=O groups. 

 

In Fig. 4, the spectral differences discussed above are shown in 

more detail. The most distinct effect of the explicit water 

molecules, is the shift of the amide I region towards lower 

wavenumbers. While in the gas phase calculation the amide I 

ROA couplet is centred at 1788 cm
-1

, by including the C-PCM 

correction, the position of this band is lowered to 1736 cm
-1

. 

For the explicitly solvated calculations, the vibrational modes 

are shifted further to lower values (see both the Raman and 

ROA in Fig. 4). In the amide III region, both the positions of 

negative and positive bands as well as the relative ratio of the 

positive bands are affected because of the presence of the 

explicit water molecules. To further understand the spectral 

shapes, the effect of averaging over multiple hydration 

configurations needs to be considered (see below).  

Myshakina et al. reported a computational study of the effect 

of the formation of a hydrogen bond between a water 

molecule and the C=O and N-H groups of N-

methylacetamide.
40

 They interpreted the spectral changes by 

looking at the specific vibrational modes that are affected by 

the hydrogen bond formation. Besides a conformational 

change (see above), the water molecule can geometrically 

result in a change of the amide bond lengths and charge 

distribution as demonstrated by the amide resonance model 

(Fig. 2).
40,70

 While the amide-resonance model is very 

simplistic,
70

 it does provide an explanation of how the 

geometry can be affected by the presence of the water 

molecules. In the amide-resonance model, the planarity of the 

amide bond, arises from the resonance structure [O=C-NH] as 

shown on the left-hand side of Fig. 5 and the charged 

resonance structure [
-
O-C=NH

+
], as shown on the right-hand 

side. Hydrogen bonding of water with the amide group 

stabilizes the charged structure.
40

 Because of this stabilization, 

the C-N bond length decreases and the C=O bond becomes 

longer. As shown in Table S 1 in the ESI,† the C=O bond lengths 

are indeed elongated upon hydration. Concomitant with that 

geometrical change, the C=O becomes less stiff (less rigid), as 

shown in the shift of the Raman and ROA amide I bands to 

lower wavelengths that mainly consists of the stretching 

vibration of the carbonyl group.
40

 

The amide III vibrational modes are more complex as these 

comprise the coupling of C-N stretching with N-H bending and 

Cα-H bending vibrations.
40,71

 Compared to the gas phase 

calculation, a few geometrical changes occur that involve 

these bonds by including the C-PCM correction or by adding 

the explicit water molecules. Compared to the gas phase 

geometry, the C-N bond length decreases upon including the 

C-PCM correction and it becomes even shorter upon including 

explicit water molecules as shown in table S 2 in the ESI,†. The 

N-H bond length in most cases increases (table S 3 in the ESI,†) 

compared to the gas phase, but this particular hydration 

configuration only contains a single water molecule hydrogen 
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bonded to a N-H group so this bond length will therefore be 

discussed in more detail below. The negative lobe of the amide 

III region in Fig. 4 shows a small shift to higher wavenumbers 

compared to the gas phase upon including the solvent. 

 

Spectral averaging over multiple water configurations 

So far, only a single hydration configuration was considered. A 

more realistic representation of the solvation can be obtained 

by averaging the calculated Raman and ROA spectra over 

multiple hydration configurations. Here, we created 30 

different such configurations to study the average effect of the 

explicit solvent. As an example, in Fig. 6, 8 out of the 30 water 

configurations surrounding the α-helical conformation with 

average ;  -66°;-41°, demonstrate the differences in the 

positions of the water molecules surrounding the peptide. 

In Fig. 7, the effect of the averaging of the calculated Raman 

spectra over the 30 water configurations of the α-helical 

conformation (;  -66°;-41°) is demonstrated. Within each 

of the 4 groups of 30 individual spectra (left-hand side in Fig. 

7), there is only a modest effect of the different water 

positions as the individual spectra are very similar. For the 

single hydration configuration discussed in the previous 

section, it was noted that the spectral effect of the layer of 3 Å 

of water molecules mostly arises from water molecules that 

are hydrogen-bonded to the solute. Since the hydrogen 

bonding of a water molecule to either the C=O or the N-H of 

the amide group can differently impact the vibrational 

modes,
40

 we here also first evaluate their effects separately as 

shown in (a) and (b) in Fig. 7, respectively. In (a), the 30 

individual spectra (shown on the left-hand side) are very 

similar although some variation can be witnessed in the region 

above 1600 cm
-1

. The band around 1630 cm
-1

 arises from the 

bending modes of the water molecules. Also the amide I 

region shows a small variation because of the hydrogen 

bonding of the C=O group with the solvent. If only hydrogen 

bonding of water with the N-H group is considered (b), the 

amide I region shows hardly any variation. The individual 

spectra in (b) do show a slight variation in the lower 

wavenumber portion of the amide III region. The amide III 

vibrations also have an important contribution of N-H in-plane 

bending,
40,71

 which could explain the variation in this spectral 

region because of hydrogen bonding of water with the N-H 

group. If all water molecules that form a hydrogen bond with 

either the C=O or the N-H group are considered (c) or when 

the entire 3 Å layer is considered (d), we also observed 

variations in both the amide I and amide III region. Because of 

that, the four mean Raman spectra (right-hand side) are very 

similar but they do show slight differences in these respective 

spectral regions (see also below). 

The ROA patterns are overall also not drastically affected by 

the presence of the explicit water molecules as shown in Fig. 8. 

Again, in the four groups of individual ROA spectra (on the 

left), the amide I and III regions show small variations which 

lead to spectral differences in the mean spectra in both these 

spectral regions (right-hand side). Compared to the gas phase 

and C-PCM ROA spectra (see Fig. 3), the relative ratio of the 

positive bands in the amide III region is sensitive to the 

hydration. 

In Fig. 9, the mean Raman and ROA spectra are plotted on top 

of each other to allow a better comparison in the amide I and 

amide III region. The effect on the amide I region in both the 

Raman and ROA of the fully hydrated structure, arises almost 

exclusively from the formation of hydrogen bonds with the 

C=O groups, which affects both the position and shape of the 

amide I band. The lower wavenumber portion of the amide III 

region is sensitive to the formation of hydrogen bonds of the 

solvent with both the N-H and C=O groups (compared to the 

gas phase and only implicit solvent; see Fig. 3). However, the 

formation of hydrogen bonds of water with the N-H groups 

seems to have a larger impact compared to the effect of 

C=O∙∙∙H2O hydrogen bonds. Geometrically, the C=O∙∙∙H2O 

hydrogen bonds result in longer C=O and shorter C-N bond 

lengths, compared to when only N-H∙∙∙H2O hydrogen bonds are 

considered (see Fig. S 2 in the ESI,†). On the other hand, 

N-H∙∙∙H2O hydrogen bonds determine the N-H bond length. 

Since the amide groups in α-helical structure are involved in 

intramolecular hydrogen bonds, these geometric effects are 

also discussed below for other secondary structure elements. 

First, the effect of the implicit solvent is considered. 

 

Effect of C-PCM  

In computational studies that include explicit solvent 

molecules, the bulk solvent is often represented by a 

continuum model such as C-PCM. Since C-PCM was included 

on all explicitly solvated systems discussed above, we here 

address the contribution of the C-PCM on the fully hydrated 

system. As shown in Fig. 10, if the 30 water configurations are 

calculated with or without the C-PCM to represent the bulk 

solvent, the Raman and the ROA spectra are very similar. 

However, the amide I position is still affected by the C-PCM 

background. As shown in Fig. S 2 in the ESI,† because of the 

geometry optimization of the 30 water configurations in the 

gas phase or with C-PCM to represent the bulk solvent, the 

C=O bond length is shorter if the C-PCM is included. 

The amide I ROA couplet characterising α-helical structure is 

experimentally observed centred around 1635 cm
-1

.
6
 If the 

C-PCM background is included with the explicit solvation layer, 

the calculated amide I couplet is centred at 1722 cm
-1

 (without 

a wavenumber scaling factor). This is already much closer to 

the experiment compared to the couplet being centred at 

1757 cm
-1

 when only the explicit solvation is included without 

the C-PCM background (without a wavenumber scaling factor). 

Further improvement of the band position could e.g. be 

accomplished using a larger basis set as shown in Fig. S 5 in the 

ESI,†. While most spectral features are very similar when using 

a 6-311G(2d,p) basis set for the geometry optimization, the 

amide I couplet in the ROA is calculated at 1694 cm
-1 

(see Fig. 

S5 in the ESI,†). 

 

Comparison with experiment: α-helix 

The results discussed above give a qualitative idea of how the 

explicit water molecules affect the amide modes of HCO-(L-
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Ala)5-NH2, but it must be assessed how the spectral influence 

of the explicit hydration relates to experimental spectral 

patterns. In Fig. 11, the different calculated spectra are 

compared to that of the peptide AK21, since this peptide is 

predominantly α-helical in aqueous solution and mainly 

consists of alanine.
72

 The ROA spectrum of AK21 can be very 

well simulated using a poly-L-alanine model peptide in α-

helical conformation, as we demonstrated before.
6
 

To get a detailed and objective comparison of the spectra, the 

similarity Sfg of each predicted ROA spectrum with the 

experimental ROA spectrum of AK21 was calculated based on 

the same approach we used before
6
 (see eq. 1 and further 

details in the ESI,†). Because of i.a. the harmonic 

approximation, the calculated spectra at this level of theory 

are typically overestimated in the wavenumber dimension and 

therefore the calculated spectrum is scaled to align it with the 

experimental spectrum by multiplying the wavenumbers by a 

scaling factor. For the level of theory used here, we have 

shown a global scaling factor of 0.987 works very well.
6
 The 

amide I region is typically even more overestimated in the 

calculated spectra, and thus requires a bigger shift (lower 

scaling factor) compared to the remainder of the spectrum.
6
 

Therefore, the optimal scaling factor was used for the amide I 

vibrational modes (see details in the ESI,†). The final alignment 

of the wavenumber scaled calculated spectra with the 

experimental spectra is shown in Fig. 11. While all calculated 

ROA spectra are very similar to the experiment, the Raman 

spectra do show some differences since there are also 

contributions from the non-alanine side-chains in the 

experiment, which are not included in the calculations.  

In the similarity analysis in Fig. 11, it is shown that the gas 

phase calculation has the lowest similarity with experiment 

and requires the biggest shift of the calculated amide I region 

in comparison with experiment (Fig. S 6 in the ESI,†). This 

demonstrates the importance of including the solvent in the 

calculations. However, most of the differences between the 

similarity values of the ROA spectra arise from the low 

wavenumber region (orange bar), which must not be 

overinterpreted because of the partial geometry optimization 

used here. The differences in the amide III region (green bar) 

are small, yet show that all the models that include hydrogen 

bonds of water molecules with the N-H groups have a lower 

similarity value (see a, b and d), compared to when only 

hydrogen bonds of water with C=O groups were included (c). 

In the actual spectra in Fig. 11, it can be observed that the 

reduced intensity of the positive amide III band around 1300 

cm
-1

 causes the lowering of the similarity values. The HCO-(L-

Ala)5-NH2 model that was calculated is significantly smaller 

than the actual AK21 peptide. As a result, in the 30 different 

hydration configurations, only the N-H groups that do not form 

an intramolecular hydrogen bond with a C=O group were 

found to form hydrogen bonds with water molecules (see 

Table S 4 in the ESI,†). Therefore, the contribution of these 

hydrated N-H groups does not simulate the spectral behaviour 

of AK21 if it adopts a longer α-helical backbone conformation 

in solution. In that case, hydrogen bonds between N-H groups 

and water molecules would not form if most of the N-H groups 

form intramolecular hydrogen bonds with the C=O groups. On 

the other hand, the C=O groups in the HCO-(L-Ala)5-NH2 in an 

α-helical conformation, were found to be able to form 

hydrogen bonds with the solvent (Table S 5 in the ESI,†). As 

shown here, such hydrogen bonds (C=O∙∙∙H2O) do not affect 

the ratio of the positive amide III bands to the same extent the 

hydration of the N-H groups does. Therefore, in the next 

section, the effect on multiple secondary structures and 

different α-helical conformations is considered to further 

evaluate the effect of the explicit water molecules on the 

amide modes. 

 

Effect of explicit solvation on secondary structure motifs 

Since ROA is very sensitive to secondary structure,
6
 in this 

section, the effect of the hydration on the Raman and ROA 

spectra of different secondary structures is evaluated. In Fig. 

12, the Raman spectra are shown for each of the eight 

different backbone conformations. Each spectrum was 

obtained an arithmetic mean from the 30 hydrated 

configurations for the relevant conformation. On the left, for 

each of the eight different peptide conformations, the 30 

individual spectra are shown and their respective averages on 

the right-hand side. The most distinctive difference due to the 

explicit compared to the implicit solvation in the computed 

Raman spectra is the shift of 15-20 cm
-1

 of the amide I region 

to lower wavenumbers and the broadening of that band, 

hence improving its position in comparison with experiment. 

This is in agreement with the amide resonance model as the 

carbonyl bond length increases, as discussed above. Besides 

the effect on the amide I region, most of the Raman spectra do 

not significantly change because of the explicit solvation. Only 

the extended amide III regions of the peptide models with PPII 

and β-strand conformations are distinctly altered upon 

backbone hydration. The Raman band around 1250 cm
-1

 shifts 

to 1285 cm
-1

 upon including explicit water molecules 

surrounding the PPII conformation and the amide III Raman 

band around 1222 cm
-1

 shifts to about 1278 cm
-1

 in the case of 

the β-strand conformation (wavenumbers without scaling 

factor). In contrast to the 310- and α-helical structures where 

the N-H groups are shielded from hydration because of 

intramolecular hydrogen bonds with the carbonyl groups, the 

N-H groups of both the PPII and β-strand conformation are 

almost all forming hydrogen bonds with the explicit water 

molecules (Table S 4 in the ESI,†). This explains why the amide 

III regions of these two types of secondary structure are much 

more affected by the explicit hydration. 

In the ROA spectra in Fig. 13, it is also clear that the amide I 

shape, position and relative intensity are affected by the 

explicit water molecules. In the amide III region of the α-helical 

conformations (top 4 panels), the ratio of the positive α-helical 

bands is altered by the presence of the water molecules (see 

e.g. panel 3 and 4). As was demonstrated above, both the 

hydration of the C=O and N-H groups affect the amide III 

patterns, yet their effect on the geometry and the spectra is 

different. Furthermore, in these small helical systems, the 

effect arises from the hydration of the N-H groups that are not 
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hydrogen bonded to a carbonyl group. The effect of the 

separate hydration of the C=O and N-H groups of the α-helical 

conformations with ;  -59°;-44° and -77°;-34° also support 

these observations (see Fig. S 7 and Fig. S 8 in the ESI,†). 

Therefore, the distinct lowering of the maximum intensity of 

the band around 1300 cm
-1

 does not correspond to the effect 

of hydration on longer α-helical structures, where the N-H 

groups do not form hydrogen bonds with the solvent, but only 

with the carbonyl groups. 

On the other hand, the carbonyl groups do form hydrogen 

bonds with the solvent (see Table S 5 in the ESI,†), but this 

does not have such a pronounced effect on the amide III 

region as that of the hydrogen bonding of water molecules to 

the N-H groups.  

Based on the comparison of a set of experimental ROA spectra 

with protein crystal structures and hydrogen-deuterium 

exchange experiments, Blanch et al. assigned the band around 

1300 cm
-1

 to be dominant for α-helical structure in a 

hydrophobic environment and that around 1345 cm
-1

 to be 

dominant in α-helical conformation in a hydrophilic 

environment.
55,73

 Based on a few computational studies, this 

assignment was later questioned and shown to be 

inaccurate.
6,29,30

 As shown in Fig. 13 when comparing the ROA 

spectra in orange colour of α-helical structure with backbone 

torsion angles around  = -59° and  = -44° (hydrophobic 

environment
68,69

) (see Fig. 2) with the conformation with  = -

66° and  = -41°, the band around 1300 cm
-1

 has an increased 

maximal intensity relative to the band around 1345 cm
-1

 for 

the latter conformation which contradicts the traditional 

assignment. As discussed above, the lowering of the band 

around 1300 cm
-1

 upon hydration of the α-helical structure 

with  = -66° and  = -41° (compare blue and orange spectra in 

Fig. 13), arises mostly from the hydration of the free N-H 

groups in the peptide model studied here. The calculated 

spectra that are shown here thus demonstrate that the 

conformational change is more important in the assignment of 

this band than the hydrogen bonding of the explicit water 

molecules and further supports our earlier conclusions that 

the band around 1345 cm
-1

 is a conservative marker of regular 

α-helical structure and that the band around 1300 cm
-1

 is 

much more conformationally sensitive. 

While the amide III region in the Raman spectra of the PPII and 

β-strand conformation are strongly affected by hydration, the 

amide III region in the ROA spectrum of PPII also does not 

change much due to the presence of the explicit water 

molecules. For the β-strand conformation, the amide III -/+ 

signal at 1236/1253 cm
-1

 (without scaling factor) disappears 

and the negative band around 1368 cm
-1

 shifts to around 1390 

cm
-1

 when including explicit water molecules. Similar to the 

comparison above for α-helical structure, in the next section 

the effect of hydrogen bonding of water molecules to either 

the C=O and N-H groups of the PPII conformations is evaluated 

in comparison with experiment, as suitable experimental 

spectra for this backbone conformation are available. 

 

Comparison with experiment: PPII secondary structure 

We demonstrated before that the experimental Raman and 

ROA spectrum of the XAO peptide can very well be reproduced 

by calculating the spectra of a poly-L-alanine peptide in a 

regular PPII conformation.
6
 Therefore, here, the calculated 

Raman and ROA spectra of the PPII conformation including 

explicit water molecules are compared to the experimental 

spectra of XAO. In Fig. 14, the effect of hydration is 

demonstrated similarly to the results discussed above for 

AK21. The gas phase calculation (a) is compared to when no 

explicit water molecules are included but only C-PCM is used 

to represent the solvent (b). The effect of only including the 

water molecules that are hydrogen bonded to the carbonyl 

groups (c) or the N-H groups (d) or both (e) and finally when 

the entire 3 Å hydration shell is included (f). Similar as above, 

for the comparison with experiment, the similarity index Sfg 

was calculated for all spectra as shown in the bar graphs in Fig. 

14. The spectral differences in both the Raman and ROA are 

small, which is also reflected in the minor differences in the Sfg 

values. The most prominent amide III band in the experimental 

Raman spectrum of XAO has a maximum at 1260 cm
-1

. When 

only C-PCM is used to correct for the solvent, the most intense 

band in this spectral region is calculated at 1237 cm
-1

 (the 

calculated wavenumbers in Fig. 14 include a global 

wavenumber scaling factor of 0.987). In both (c) and (d) the 

most intense amide III band is observed at 1250 cm
-1

. By 

including the entire 3 Å hydration shell (f), this band has a 

maximum calculated at 1266 cm
-1

. In comparison with 

experiment, the explicitly hydrated structures give thus a 

better amide III region than when only C-PCM is included. The 

effect of the explicit water shell on the amide III region, seems 

to be a combination of the formation of hydrogen bonds of 

both C=O and N-H with water molecules. These types of 

hydrogen bond interactions affect the amide modes in a 

different way.
40

 Geometrically, the formation of a hydrogen 

bond of a water molecule with the oxygen atoms of the amide 

groups, shortens the C-N bond length and elongates the C=O 

bond length and thus follows the amide resonance model (see 

bond lengths in Fig. S 3 in the ESI,†). Hydrogen bonding of the 

solvent with the N-H groups, does not have such a pronounced 

effect on the C-N and C=O bond lengths (Fig. S 3 in the ESI,†). 

On the other hand, this type of interaction does have a distinct 

effect on the N-H bond length. If a N-H∙∙∙H2O hydrogen bond is 

formed, the N-H bond length increases, which therefore 

affects the amide III vibrational modes as these involve N-H 

bending. Also the calculated ROA spectra are affected by the 

presence of the explicit water molecules. Because of small 

differences in the relative intensities and in the relative band 

positions, the comparison of the experimental ROA spectrum 

of XAO with the calculated spectra slightly improves when the 

explicit water molecules are included (Fig. 14). 

The above sections demonstrate that the effect of the explicit 

water molecules on the Raman and ROA patterns is relatively 

small. Residues on the exterior of globular proteins are 

exposed to the solvent and their hydration is therefore 

different from that of residues on the interior of the protein As 

the latter are shielded from the solvent. The results here show 

that eventual spectral differences are more likely to arise from 
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differences in the backbone conformation (possibly mediated 

by the solvent) than from the hydrogen bonding interactions 

themselves. However in some cases, such as for PPII structure 

that is not stabilized by intramolecular hydrogen bonds, the 

hydration has a pronounced effect on the amide vibrations 

and therefore the spectra. Recent studies show that it is very 

challenging to understand the structure-spectrum relation in 

much detail.
6,32

 It will therefore be very interesting to see 

further development and more applications of specific 

methods for solvation
43,45,46,74

 and further examine how the 

side-chains,
32,62

 conformational disorder
34

 and hydrogen 

bonding with the solvent all collectively contribute to the 

calculated spectra of proteins. 

Conclusions 

The effect of protein backbone hydration on the secondary 

structure patterns observed in calculated Raman and ROA 

spectra was evaluated using DFT calculations of specific 

conformations of HCO-(L-Ala)5-NH2 in comparison with a few 

selected experimental spectra. It was demonstrated that for 

different secondary structure conformations (α-helical, 310-

helix, PPII, β-strand) the conformation is much more important 

in determining the spectral patterns than the explicit water 

molecules. The spectral differences that were observed upon 

hydration of the structures, arise from hydrogen bonding of 

water molecules with the backbone C=O and N-H groups, 

while more distal and non-hydrogen bonded water molecules 

did not have a significant impact on the spectra. The shape and 

position of the calculated Raman and ROA amide I band is 

determined by the formation of hydrogen bonds of water 

molecules with the C=O group, while the impact of the 

hydration on the amide III region arises from hydrogen 

bonding of water molecules with both the C=O and N-H group. 

The effect of hydrogen bonding with the C=O group was 

shown to be consistent with the amide resonance model as 

the C=O bond length increases and the amide C-N bond length 

decreases. Hydrogen bonding of water molecules with the C=O 

groups, results in an increase of the C=O bond length and a 

shift of the amide I bands to lower wavenumbers, while the 

decrease in C-N bond length shifts the amide III bands to 

higher wavenumbers. Hydrogen bonding with the amide N-H 

group does not have such a pronounced effect on the C=O and 

C-N bond lengths, but rather results in an increase of the N-H 

bond length and affects the amide III modes (C-N stretching, N-

H and Cα-H bending) via the bending modes. 
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2012, 116, 336–342. 

44 K. H. Hopmann, K. Ruud, M. Pecul, A. Kudelski, M. 
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Table 1 Initially chosen φ (°) and ψ (°) angles before geometry optimization.  

Conformation Set angles Secondary structure 

    

1 -64 -47 RH α-helix* 

2 -59 -44 RH α-helix (hydrophobic)** 

3 -77 -34 RH α-helix with large tilt** 

4 -66 -41 RH α-helix (hydrophilic)** 

5 -71 -18 310-helix 

6 66 41 LH α-helix 

7 -75 145 PPII 

8 -125 150 β-strand 

*The calculation of the regular structure with these backbone torsion angles was found to reproduce the experimental ROA spectrum of the α-helical peptide AK21 

very well (see ref 6). **See Fig. 2. 
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Fig. 1 Description of the workflow used to generate 30 different solvent clusters surrounding each conformation of HCO-(L-Ala)5-NH2. The conformation of the peptides are defined 

by a single pair of (,) angles (see Table 1). 
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Fig. 2 The effect of hydrogen bonding of water to the backbone angles of α-helical structure: (a) A water molecule binding to Asn93 in a crystal structure of lysozyme (PDB id. 1IEE) 

affecting the (b) tilt of the carbonyl group outwards of the helix axis. (c) Ramachandran plots of all α-helical segments (stride) in the Top8000 database41,42 “general” case and only 

the ones with a hydrogen bonded water molecule to the carbonyl group. 

Table 2 Deviation of the initially chosen  (°) and  (°) angles after the MD simulations and geometry optimization at DFT level. For each ensemble of 30 structures, the mean 

torsion angles were calculated as the average of each angle of each residue of each structure with standard deviation . 

Conformation  Set angles  Secondary Structure  Angles after geometry optimization 

       mean  σ mean  σ 

1  -64 -47  RH α-helix  -63.1 2.2 -48.2 1.2 

2  -59 -44  RH α -helix  -58.1 2.1 -44.9 1.7 

3  -77 -34  RH α -helix  -75.8 2.1 -35.1 1.4 

4  -66 -41  RH α -helix  -65.1 1.9 -41.9 1.5 

5  -71 -18  310-helix  -69.8 2.4 -19.2 1.5 

6  66 41  LH α-helix  68.0 2.1 39.2 1.6 

7  -75 145  PPII  -75.1 1.8 146.0 1.4 

8  -125 150  β-strand  -125.7 1.6 150.8 1.5 
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Fig. 3 Raman (IR+IL) and ROA (IR-IL) of HCO-(L-Ala)5-NH2 in an α-helical conformation (;  -66°;-41°): (a) gas phase calculation; (b) solute with C-PCM solvent correction; (c) solute 

with all water molecules hydrogen bonding to the solute’s carbonyl groups (C=O) with C-PCM background; (d) solute with all water molecules that form a hydrogen bond to the 

amide N-H groups with C-PCM background; (e) solute including all water molecules that form a hydrogen bond with the amide (Am) groups of the solute with C-PCM background 

(f) a single MD snapshot including all water molecules within a 3 Å distance of the solute with C-PCM background. Each system was partially optimised in normal coordinates prior 

to calculating the spectra. 
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Fig. 4 Superposition of the Raman (IR+IL) and ROA (IR-IL) shown in Fig. 3 using the same colouring code. 

 

Fig. 5 The amide resonance model:4,43 Hydrogen bonding of solvent molecules to amide groups affects the amide geometry by stabilisation of the partially charged oxygen and 

nitrogen atoms. This stabilisation of the charged resonance structure (right) compared to the uncharged amide resonance structure (left) leads to an increased C=O bond length 

and decrease in C-N bond length. 

 

Fig. 6: Eight examples of water configurations surrounding the solute. All water molecules that are within a 3 Å distance (water oxygen distance to any atom of the solute). Fig. was 

created with CylView v1.0 beta. 
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Fig. 7 Averaging over 30 water configurations of HCO-(L-Ala)5-NH2 in an α-helical conformation (;  -66°; -41°): individual Raman (IR+IL) spectra of each of the 30 solvent 

configurations (left) and the corresponding mean Raman spectra (right). 30 hydration configurations surrounding the solute are considered including (a) all water molecules that 

are hydrogen bonded to the solute’s carbonyl groups (C=O) with C-PCM background; (b) all water molecules that form a hydrogen bond to the amide N-H groups with C-PCM 

background; (c) all water molecules that form a hydrogen bond with the amide (Am; both N-H and C=O) groups of the solute with C-PCM background (d) all water molecules within 

3 Å of the solute (distance between the oxygen atom of water and any one of the solute’s atoms) with C-PCM background.  
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Fig. 8 Averaging over 30 water configurations of HCO-(L-Ala)5-NH2 in an α-helical conformation (;  -66°; -41°): individual ROA (IR+IL) spectra of each of the 30 solvent 

configurations (left) and the corresponding mean ROA spectra (right). 30 hydration configurations surrounding the solute are considered including (a) all water molecules that are 

hydrogen bonded to the solute’s carbonyl groups (C=O) with C-PCM background; (b) all water molecules that form a hydrogen bond to the amide N-H groups with C-PCM 

background; (c) all water molecules that form a hydrogen bond with the amide (both N-H and C=O) groups of the solute with C-PCM background (d) all water molecules within 3 Å 

of the solute (distance between the oxygen atom of water and any one of the solute’s atoms) with C-PCM background. 

 

Fig. 9: Superposition of the Raman (IR+IL) and ROA (IR-IL) spectra shown in Fig. 7 and Fig. 8, respectively (same colouring).  
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Fig. 10 Raman (IR+IL) and ROA (IR-IL) of 30 hydration configurations of HCO-(L-Ala)5-NH2 in an α-helical conformation (;  -66°;-41°) with (red) and without (black) C-PCM 

correction. The top two rows show the 30 individual spectra. The bottom row shows the corresponding mean Raman and ROA.  
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Fig. 11 Raman (IR+IL) and ROA (IR-IL) of the calculated spectra in comparison with the experimental spectra of AK21. (a) The gas phase spectrum does not include explicit water 

molecules nor C-PCM and (b) only includes C-PCM and no explicit water molecules. The explicitly solvated systems (c-f) are averaged over 30 water configurations. The amide I 

region was scaled using the optimal scaling factor in that region and the remainder of the spectrum was scaled using a global scaling factor of 0.987 (see the ESI,†)6. The bar graphs 

display the similarity (Sfg) of all Raman (left) and ROA (right) spectra compared to experiment. 
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Fig. 12 Raman spectra (IR+IL) of HCO-(L-Ala)5-NH2 in different regular secondary structure conformations. Each conformation was calculated with 30 different explicit water 

configurations (individual spectra on the left; 3 Å water cluster; including C-PCM background). The mean spectrum (blue; right) is compared to the same backbone conformation 

only including C-PCM and no explicit waters. The bands around 1630 cm
-1

 arise from the bending vibrational modes of the water molecules. 



Journal Name  ARTICLE 

Please do not adjust margins 

Please do not adjust margins 

 

Fig. 13 ROA (IR-IL) spectra of HCO-(L-Ala)5-NH2 in different regular secondary structure conformations. Each conformation was calculated with 30 different explicit water 

configurations (individual spectra on the left; 3 Å water cluster; including C-PCM background). The mean spectrum (blue; right) is compared to the same backbone conformation 

only including C-PCM. 
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Fig. 14 Raman (IR+IL) and ROA (IR-IL) of the calculated spectra in comparison with the experimental spectra of the XAO peptide. (a) The gas phase spectrum does not include explicit 

water molecules nor C-PCM and (b) only includes C-PCM and no explicit water molecules. The explicitly solvated systems (c-f) are averaged over 30 water configurations. The 

amide I region was scaled using the optimal scaling factor in that region and the remainder of the spectrum was scaled using a global scaling factor of 0.987 (see the ESI,†). The bar 

graphs display the similarity (Sfg) of all Raman (left) and ROA (right) spectra compared to experiment. 

 


