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ABSTRACT
In this paper, we have studied the vibrational spectral features for the collagen triple helix using a dispersion corrected hybrid density func-
tional theory (DFT-D) approach. The protein is simulated by an infinite extended polymer both in the gas phase and in a water micro-solvated
environment. We have adopted proline-rich collagen models in line with the high content of proline in natural collagens. Our scaled har-
monic vibrational spectra are in very good agreement with the experiments and allow for the peak assignment of the collagen amide I
and III bands, supporting or questioning the experimental interpretation by means of vibrational normal modes analysis. Furthermore,
we demonstrated that IR spectroscopy in the THz region can detect the small variations inherent to the triple helix helicity (10/3 over
7/2), thus elucidating the packing state of the collagen. So far, identifying the collagen helicity is only possible by means of crystal x-ray
diffraction.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056422

I. INTRODUCTION

Collagen protein is found in many different tissues with sev-
eral functions in all vertebrates and it is a fundamental piece in
bones and tendons. Its structural peculiarity is the geometrical motif
in which three parallel polypeptide strands coil about each other
to form a triple helix.1,2 To sustain the collagen triple helix geo-
metrical motif, the primary structure is forced to a triplet repeated
sequence.2 Each triplet always sports a glycine (Gly, G) in the first
position of the triplet, and the second and third positions of the
triplet are called X and Y, respectively. In the collagen triplet (GXY),
proline (Pro, P) is usually in the X position and (2S, 4R)-4-hydroxyl-
proline (Hyp, O) is in the Y position. Indeed, Pro and Hyp are
found in X and Y positions in 28% and 38% of the cases, respec-
tively. In the overall collagen residue count, Pro and Hyp contribute
to 9.3% and 12.7% of the amino acid content, respectively. The
Gly-Pro-Hyp (GPO) triplet occurs with the highest frequency in all
collagens (10.5%).3

Many research lines are developed with the aim of facilitat-
ing collagen biomedical applications and guiding the design of new

biomaterials for medicine,4 such as the synthesis of hyper-stable
collagen triple helices by replacing Gly with Aza-Gly,5–9 by apply-
ing pendant hydrophobic moieties,10 and by inter-strand cross-
linking.11,12

Unfortunately, detailed structural information on the collagen
structure is available in only a few cases.9,13 Experimental structure
crystallization and acquisition by high resolution x-ray diffraction
patterns are the main challenges. The limitations are more stringent
for flexible collagen aggregates.14 In these, infrared spectroscopy can
be of help. Indeed, it is a simple technique that can be applied to
collagen based materials (not necessary as a crystalline phase), and
the analysis of the IR spectrum can show different structural features
of collagen based tissues.15,16

In general, the most interesting band for the analysis of the pro-
tein structure is the amide I band. It extends roughly in the interval
between 1700 and 1600 cm−1, mostly originating from stretching
vibrations of the peptide C=O group with smaller components from
both C–N stretching and N–H bending vibrations. This is an intense
band, and it is quite sensitive to the changes in the conformational
state of the polypeptide chain. The experimental amide I band of

J. Chem. Phys. 155, 075102 (2021); doi: 10.1063/5.0056422 155, 075102-1

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0056422
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0056422
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0056422&domain=pdf&date_stamp=2021-August-19
https://doi.org/10.1063/5.0056422
http://orcid.org/0000-0001-6896-7005
http://orcid.org/0000-0001-8886-9832
mailto:michele.cutini@unito.it
https://doi.org/10.1063/5.0056422


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

the collagen protein in solution is quite broad,16 not allowing to
assign amide I peaks’ contribution to vibration modes specific for
each amino acid within the collagen triplet.17 Conversely, Pro-rich
mimetic polymers [Gly-Pro-Pro (GPP) composition] exhibit amide
I band vibration characterized by three distinct peaks, located at
1664, 1644, and 1628 cm−1.18,19 In this case, it is possible to assign
a C=O stretching vibration to each peak of the amide I region of
the spectra (see Table S1 of the supplementary material). This anal-
ysis has been performed experimentally by Lazarev et al.18 on col-
lagen GPP models in D2O. They assigned the low-frequency peak
at 1628 cm−1 to Gly, the central one at 1644 cm−1 to Pro in the
X position, Pro(X), and the last one at 1664 cm−1 to Pro in the Y
position, Pro(Y). Remarkably, another work gave a different peak
assignation using molecular mechanics simulations based on an
ad hoc force field.19

A second notable band is the amide II band. This band is
constituted by peptide C–N stretching and N–H bending vibra-
tions. For dry collagen models, films are centered at ∼1560 cm−1

and amide II band is usually less intense than amide I band.16,20

Unfortunately, this IR region is perturbed by several peculiar
bands of amino acid side chains, such as tyrosine, asparagine, and
glutamine.21

Another interesting but less commonly studied IR band is the
amide III band. Investigating the amide III band is a valuable com-
plementary tool to amide I analysis in protein structural determi-
nation. Amide III bands fall in the 1200–1350 cm−1 region of the
IR spectrum, which is mainly due to both C–N and C–C stretching
and N–H and C–H bending modes.22,23 One drawback of amide III
is its relatively weak signal; recently, however, thanks to synchrotron
radiation, it was possible to collect and analyze the amide III band for
a collagen triple helix in water.23 The spectra in that region exhibit
three distinct peaks located roughly at 1202, 1240, and 1284 cm−1.
The experimental interpretation indicates that the higher frequency
peak is generated by Hyp(Y) Cα–H bending mode. The central peak
corresponds to Gly N–H bending mode and the lowest frequency
peak comes from vibration modes located on the lateral chains of X
and Y amino acids.

Another region of the IR spectra, which is gaining attention
lately for structure recognition purposes, is the THz region. THz
spectroscopy and THz simulated spectra are often employed for
structural identification for several types of crystals, such as amino
acids,24 polypetides,25 and polymers crystals, through their char-
acteristic soft and collective motions occurring at very low wave
numbers.26,27 Unfortunately, for the collagen case, there are no
experimental data available.

In the process of understanding the origin of the bands in the IR
spectrum, experimentalists can get guidance from molecular simu-
lations, particularly for complex spectra.28 Indeed, the IR spectrum,
while not being directly connected to the structure, can give fine
details of the chemical environment of specific functional groups
through their fingerprint in the vibrational spectrum. Due to the
large size of the collagen, the most widespread techniques for its
simulation are based on classical force fields.29 These methods can
be applied to realistic collagen models, but their use in the analysis
of vibrational spectra is limited by their heavy parameterization.19

Classical force fields were employed extensively in the last decade
for simulating realistic collagen macrostructures (the so-called
collagen fibrils). This has allowed for a better understanding of the

atomic interactions,30,31 as well as the mechanical properties,32 of
collagens within a realistic environment, which can also include the
hydroxyapatite mineral to mimic the bone material.33,34 Conversely,
the use of ab initio techniques, essentially Density Functional The-
ory (DFT), ensures accurate and almost parameter free results not
only for the structure but also for the vibrational feature predic-
tion. DFT is also suitable to deal with hydrogen bond interactions
between water and collagens. The subtle H-bond features are diffi-
cult to model by force fields, particularly when both the perturbation
of the amide frequency bands and the THz spectra have to be mod-
eled, as in this paper. Unfortunately, their use on collagens is rare,
and in these few cases, the collagen is simply modeled as a short
molecular tri-peptide.35,36

In this paper, for the first time at the full DFT level of theory, we
report the vibrational spectrum features (in the harmonic approxi-
mation) for a collagen triple helix extended polymer either in the
gas phase or in a water micro-solvation environment. We relied on
the hybrid dispersion-corrected B3LYP-D3ABC functional,37,38 cou-
pled with an all-electron TZP polarized quality basis set,39,40 which
ensures a good description of hydrogen bonds while minimizing
the basis set superposition error (see the supplementary material
for further information). We run all simulations with the CRYS-
TAL17 code,41 as our long experience in using it should ensure the
needed accuracy and reproducibility of the results.42–45 In our anal-
ysis, we have focused on the IR band region relevant for protein
structure recognition, e.g., amide I, II, III, and THz. When possi-
ble, we have compared our results with the experiments, confirming
or questioning the band interpretation.

II. COMPUTATIONAL METHODS
We computed relaxed geometries, energies, and vibrational fre-

quencies with the CRYSTAL17 code.41 Standard DFT simulations
were run using the B3LYP hybrid functional,37,38 corrected with the
recent D3 scheme,46 including the Axilrod–Teller–Muto (ATM)-
three-body-term (D3ABC).47,48 Atomic positions and cell vectors
optimization adopted the analytical gradient method. The Hes-
sian was upgraded with the Broyden–Fletcher–Goldfarb–Shanno
(BFGS) algorithm.49–51 We set tolerances for the convergence
of the maximum allowed gradient and the maximum atomic
displacement to default values, e.g., 0.0009 and 0.0018 a.u.,
respectively.

To help convergence of the SCF, the Fock/KS matrix at a given
cycle was mixed with 30% of one of the previous cycles.52 The
recently introduced DIIS extrapolator technique has been employed
to speed up the SCF convergence.53 Tolerances of the bi-electronic
integral calculation were set to 10−6 for Coulomb overlap, Coulomb
penetration, exchange overlap, and exchange pseudo-overlap in the
direct space and 10−14 for exchange pseudo-overlap in the reciprocal
space (CRYSTAL17 keyword: TOLINTEG 6 6 6 6 14).52 The elec-
tronic shrink factor used in the calculations is set to 4, equivalent
to 3 reciprocal k space points. For the vibrational frequency cal-
culations, the mass-weighted force-constant matrix was computed
at the gamma point by the numerical derivative of the analytic
nuclear gradients. A value of 0.003 Å was chosen as the displace-
ment of each atomic coordinate. The numerical first derivatives were
calculated using the different quotient formula, e.g., one displace-
ment for each atom along each Cartesian direction (CRYSTAL17
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keyword: NUMDERIV 1). In the case of dry GPP 10/3 helix, neg-
ative frequencies appeared. In that case, we switched to the more
accurate central-difference formula that uses two displacements for
each atom along each Cartesian direction (CRYSTAL17 keyword:
NUMDERIV 2). With that approach, all structures are true min-
ima (all vibrational frequencies are positive). The IR intensity of
each normal mode of vibration was computed using the Berry phase
approach.54 In frequency calculations, tolerance on the energy con-
vergence was set to 10−10 hartree, which are calculated in full, includ-
ing all the vibrational modes of the collagen polymeric models. We
checked for the effect of the phonon dispersion on the frequency val-
ues for the considered C=O group stretching. Even for the smaller
unit cells employed in this paper, the phonon dispersion effect was
found negligible. B3LYP calculations were carried out using molec-
ular all-electron Gaussian basis sets. A split valence basis with polar-
ized function (SVP) set of 3-11G(p) was chosen for H atom and a
more extended polarized VTZP basis set from Schäfer et al. for N,
O, and C atoms (see the supplementary material).40 The graphical
visualization and structural manipulation of structures were per-
formed with MOLDRAW version 2.0.55 Images were rendered with
VMD.56

III. COLLAGEN MODELS
We have adopted a symmetric and periodic collagen protein

polymer (see Ref. 57). The main advantages of our approach with
respect to literature molecular collagen models are as follows: (i)
exploitation of the intrinsic roto-translational symmetry of collagen
protein, thus reducing the computational cost of the simulations,
and (ii) avoiding the spurious effects coming from the short length
of molecular collagen models, so mimicking the length of the real
collagen. It is worth noting that some structural effects cannot be
taken into account in our collagen modeling, such as the structural
deformations (protein bending and torsions) occurring for colla-
gen type I within the fibrils of bones and tendons. We have already
applied this modeling approach for studying the collagen helical
structure58 and for studying Pro and Hyp side-chain conformation
within collagens.57

The collagen models employed in this paper are homo-trimeric,
and they are built by the repetition of the same amino acid triplet. To
allow some degree of variability, we have considered two collagen
compositions, e.g., Gly-Pro-Hyp (GPO) and Gly-Pro-Pro (GPP),
adopted for different purposes. In the following, we named the col-
lagen polymer “COL” to refer to the GPO composition, but for the
simulation of the vibrational spectrum in the THz region, where we
adopted a COL with the GPP composition that allows for a cleaner
understanding of the effect of different helicities on the collagen con-
formation compared to GPO. As for the helical packing, it is known
that the protein amino acid sequence drives the collagen to pack
with different helical geometries,1 a fact long debated.59 Currently,
the agreement that holds is for a high content of Pros and deriva-
tives, the collagen has a 7/2 helicity,60,61 while Pro-poor collagens
exhibit a 10/3 helicity (see Fig. 1).62 The two helical geometries vary
for the torsional degree of the amino acid triplets along the heli-
cal axes, which is higher for the 7/2 helix, providing a tighter and
more compact helix than the 10/3. So far, evidence on the colla-
gen helicity is accessible only by x-ray crystal diffraction. In this
paper, we simulated both helicities, e.g., 7/2 and 10/3. The helical

FIG. 1. Collagen models with 7/2 and 10/3 helicities. The lateral view is a tube
representation in different levels of gray for each collagen single strand. The black
segments delimit the translational repetition of the model. The green segments
delimit the actual polymer unit cell length of the models employed in this paper.
The length reduction is obtained, thanks to the imposed symmetry operators (see
Ref. 57). The top view shows a single protein strand with all amino acid triplets
within the unit cell depicted in different colors. The geometrical shapes follow the
triplet wrapping.

symmetry imposed to the models allows us to start from an asym-
metric unit polymer cell content envisaging only one amino acid
triplet. The resulting models have three peptide strands wrapped
together for a total of seven (7/2) or ten (10/3) amino acid triplets
in the unit cell. For the 7/2 case, the polymers have 245/252 atoms
for GPP/GPO, while they rise to 350/360 atoms for the 10/3 case. For
the adopted polymeric GPO and GPP protein models, we have char-
acterized the geometry and assessed the stability ranking for all the
gas-phase conformers in Ref. 57 and for the water micro-solvation
environment in Ref. 63. In the gas-phase, the conformation vari-
ability arises from the side chain mobility of Pro and Hyp (pucker-
ing of the pyrrolidine ring and OH group orientation, respectively).
In a water micro-solvation environment, along with the side-chain
flexibility, different collagen models can be hydrated with a differ-
ent number of water molecules with variable water molecule orga-
nization around the protein. In this regard, we have employed a
micro-solvation approach using 5, 6, and 7 water molecules per
amino acid triplet, for the GPO case. The resulting models have 357,
378, and 399 atoms, respectively. Five water molecules per triplet
is the lowest level of hydration, which solvates each exposed C=O
and OH group of a GPO collagen. In this paper, we present no
results for solvated GPP. For reference, the solvation for GPP was
described in Ref. 58. No mixing of different spectra is performed,
but only one model in each case is employed. For gas phase results,
the vibrational analysis is carried out on the most energetically sta-
ble collagen conformer for GPO and GPP (see Ref. 57). As for the
GPO solvated collagen, we have employed the structure that has the
solvation geometry (distance and angle of adsorbed water) in best
agreement with the experimental data (crystals of collagen-like pep-
tides with GPO composition) among all computed structures. Each
vibrational computed spectrum includes all vibrational modes of the
polymer.

To keep similarity with the experimental conditions, we have
computed the IR spectrum of collagen in explicit water solva-
tion. To simulate the water environment, while keeping the cost
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of the calculation reasonable, we added 35 water molecules per
polymer unit cell (5 water molecules per amino acid triplet, see
Fig. 2).

Our approach does not allow (for computational reasons) to
take anharmonicity into account and more importantly dynamic
effects of the water interacting via the H-bond with specific groups
(namely C=O) protruding out of the collagen framework. Nonethe-
less, the comparison of our predicted spectra with the experimen-
tal ones (vide infra) shows very good agreement and gives con-
fidence that the neglected effects are overall relatively small and
compensated by the small bandwidths associated with the harmonic
frequency bands.

For hydration, we adopted a Gly-Pro-Hyp (GPO) collagen
model with 7/2 helicity. We have chosen the GPO composition over
GPP because GPO is the most common collagen triplet and makes
a closer model for the natural collagen. Furthermore, the GPO dif-
ference in the amide I region compared to GPP is negligible. Indeed,
we proved that the extra OH group of Hyp does not interfere directly
with the C=O environment and therefore on the amide I band (see
Fig. S1 of the supplementary material). For a better discussion of the
results, we have also investigated a single collagen strand not folded
into a triple helix. To model this, we have adopted the poly-proline
type II (PPII) polymer. This helical geometry occurs often in the
Pro-rich section of proteins, and it is the geometrical organization of
peptides containing only proline in water.64 Furthermore, the PPII
structure is the geometry of each single collagen strand when packed
together into a triple helix, due to geometrical restrictions imposed
by the collagen helicity. Moreover, an all-Pro PPII polymer amide I
response resembles that of a Pro-rich collagen strand.19 Considering
the high content of Pro and derivatives in our collagen models, we
believe that the PPII geometry is an oversimplified but reasonable
choice for modeling a single unfolded collagen strand. To simulate
the water environment, we added 10 water molecules per polymer

FIG. 2. Graphical representation (as van der Waals spheres) of the periodic
collagen protein folded [COL(GPO)] and unfolded (PPII) in explicit water micro-
solvation. The PPII system is reported by four different orientations. Color code:
Water oxygen is in blue, protein oxygen is in red, hydrogen is in white, and nitrogen
(reported only for PPII) is in pink. The rest of the proteins is in gray.

unit cell (see Fig. 2). Following the same procedure adopted for col-
lagens, the most stable hydrated PPII conformer was selected for
computing the IR spectrum (see Ref. 63).

IV. RESULTS AND DISCUSSION
First, we have made a detailed analysis on the amide I band

of the collagen IR spectra varying as a function of collagen orga-
nization.16 We have scaled (0.9815 scaling factor) all harmonic fre-
quencies to account for systematic errors (DFT, basis set, and anhar-
monicity) so that the most intense computed amide I peak overlaps
with the experimental one. The amide I band section of the com-
puted spectrum is shown in Fig. 3(a), which superimposed with
the experimental one: the agreement on relative stretching frequen-
cies and intensities is remarkable. Figure 3(a) highlights the dif-
ferent contributions to the spectrum coming from the three non-
equivalent C=O groups within the GPO triplet. Interestingly, the
assignment indicates the Gly C=O stretching as the central peak,
while that for Pro vibrates at the lowest frequency. This assign-
ment is not in line with the analysis of Lazarev et al.,18 which
associates the low-frequency peak to Gly and the central one to
Pro(X). Bryan et al. supported the assignment of the central peak
to Pro(X) because its IR intensity is the most sensitive to the denat-
uration process, as summarized in Ref. 19. This is in agreement

FIG. 3. Amide I region of the COL(GPO) (a) and PPII (b) IR spectra in D2O (fre-
quency scale in cm−1). In black, the experimental data for collagen GPP (16 ○C)
and PPII GPO (80 ○C) from Ref. 19. Simulated spectra are reported with separated
contributions from the different amino acids. Computed intensities (in arbitrary
units, a.u.) are scaled to match the experimental ones as close as possible. Full
width at half maximum of the Gaussian functions is set to 10 cm−1 for a better
comparison with the experimental results.
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with the fact that the Pro(X) C=O group is buried within the pro-
tein and will become exposed to the water environment only during
denaturation.

Therefore, to provide further clues on the arguments of Lazarev
et al.,18 we have simulated the IR spectrum of the unfolded colla-
gen protein as a model for the denatured collagen in a heavy water
(D2O) environment. The results, reported in Fig. 3(b), deviate sensi-
bly from the experiments. A better agreement would come enlarg-
ing the maximum width of the Gaussian functions used to build
the spectra, in agreement with the high temperature of the refer-
ence experiments. Alternatively, considering a Boltzmann-weighted
ensemble of PPII conformers, arising from high experimental tem-
perature and the flexibility of the system, could reproduce the exper-
iment. Nevertheless, the result still exposes the limits of the selected
simplified polymeric model representing an unfolded collagen
strand.

Interestingly, the computed amide I band central peak under-
goes the highest variation in the denaturation process, in line with
the experimental evidence. Its intensity is strongly reduced, lead-
ing both Gly and Pro peaks to have very similar frequencies and
intensities. These peaks are not distinguishable experimentally [see
Fig. 3(b)]. This was somehow expected, as both Gly and Pro C=O
groups are within a tertiary amide peptide bond and both are
engaged in H-bonds by two water molecules, as schematized in
Fig. 4.

As we have already pointed out, the assignment of Pro(X) to
the central peak is supported by the connection between its varia-
tion of atomic surroundings and the variation of the amide I band
during the unfolding process. Actually, during unfolding, not only
the Pro(X) C=O group but also the Gly one notably changes the
environment (see Fig. 4). The C=O (Gly) changes its solvation sta-
tus by passing from being engaged by one to two water molecules.
The C=O (Pro) moves from a weakly bonded environment, due
to C–H/N–H contacts, to two H-bonds with water molecules.

FIG. 4. C=O stretching frequencies (in red color and in cm−1) for the folded
[COL(GPO)] and unfolded (PPII) collagen in D2O. The nearest intermolecular
contacts (in Å) as dashed lines.

Conversely, the C=O (Hyp) is always solvated by two water
molecules, but with a different geometrical organization.

Interestingly, during unfolding, the largest red shift (≈20 cm−1)
is computed for the Hyp residue whose C=O environment appears to
remain the same, compared to that of Gly and Pro C=O groups (with
a computed red shift on only ≈8 cm−1) (see Fig. 4). To clarify the sce-
nario, we have systematically decomposed the various effects driving
the variations on C=O (Hyp) vibrational stretching for folded and
unfolded collagens by adopting N-methyl acetamide as a simpler
model to understand the solvation around the C=O group in the
(periodic) COL and PPII cases (Fig. 5).

FIG. 5. Extensive analysis of the C=O stretching frequency of the Hyp residue for
folded to unfolded collagens. In bold red, the computed C=O stretching frequen-
cies (scaled) for the different chemical systems analyzed with the difference Δ with
respect to the C=O frequency of the free molecular models (see the main text). (a)
Folded [COL(GPO)] and unfolded (PPII) collagen protein models. In the image, we
reported only the key geometrical contacts for describing the C=O groups’ environ-
ment within the COL(GPO) and PPII geometries along with the H bond distance
and angle. (b) Free N-methyl acetamide molecule. (c) Effect of direct hydration
on C=O stretching frequency. (d) Effect of N–H group solvation on C=O stretch-
ing. For the COL case, to replicate the interaction of N–H with the amidic C=O
group, we have employed the formamide molecule. (e) Resulting C=O stretch-
ing frequencies derived from the simultaneous C=O and N–H combination of the
hydration effects [(c) and (d)]. Frequencies and shifts (Δ) are reported in cm−1.
All frequencies are computed considering water molecules as D2O. Color code:
oxygen is in red, hydrogen is in white, nitrogen is in blue, and carbon is in cyan.
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To have results consistent with the optimized COL and PPII
structures, we have constrained all atoms’ positions of the reduced
model to those of COL and PPII cases, but for the C=O group
and the H atoms added to the terminal C atoms. Indeed, the H-
bond distances and angles for the model deviate by only ±0.01 Å
and ±2○ from the full COL and PPII periodic models. The vibra-
tional frequencies are computed only for the C=O group con-
sidered as a fragment; thus, a direct comparison with the case
in Fig. 5(a) is not possible. Interestingly, the C=O (Hyp) for
PPII makes notably stronger H-bonds with solvation waters, with
respect to the COL case [see Figs. 5(b) and 5(c)]. The N–H is
involved in an almost equally strong H-bond in COL and PPII,
which, due to the electronic resonance within the peptide moi-
ety, weakens the C=O bond strength and its stretching frequency
[see Fig. 5(d)]. These geometrical variations lead to a relevant
lowering of C=O (Hyp) stretching frequency in the unfolded
polymer.

In summary, our simulation proves that the increased level
of solvation at the C=O (Gly) can lead to the observed cen-
tral peak intensity reduction observed during the collagen exper-
imental denaturation.18 These results are in line with the assign-
ment of the central peak to the C=O stretching of the Gly amino
acid. Interestingly, all computed vibrational C=O stretching fre-
quencies suffer from a bathochromic shift in the unfolded state
(see Fig. 4). This could indicate that C=O groups are involved in
stronger H-bonds when in a single strand than when organized
as a triple helix. The calculated shift is qualitatively in line with
the observed experimental shift (see Fig. 3), while a point-to-point
analysis of Lazarev et al. is available in the supplementary mate-
rial. Re-analyzing their work in the light of our results validates our
conclusion.

As the next point of analysis, we have focused on the amide II
band of the collagen. Unfortunately, we could not find experimen-
tal results with high accuracy spectra on this interesting region to
make a detailed comparison with our results. Nevertheless, our sim-
ulations indicate the amide II band to be less intense than the amide
I band, in agreement with most of the experiments on collagen pro-
tein.15 This band is mainly constituted by N–H bending modes, and
its vibrational frequency is centered at 1616 cm−1. Experimentally,
this band falls into the 1600–1500 cm−1 region. The computed red
shift is in line with the expected error by DFT simulations, as seen
in the amide I case. Applying the same scaling factor used in the
amide I band analysis (0.9815), this band peak falls in the expected
region (1586 cm−1). In Fig. S3, we have reported the whole IR spec-
tra of COL 7/3 model in which the location of the amide II band is
highlighted.20

As a further step, we have analyzed the amide III band of the
collagen IR spectrum, as a valuable complementary tool to amide I in
protein structural analysis. We have compared the computed amide
III bands for the collagen in H2O with the experimental value of the
collagen protein in solution at 20 ○C (see Fig. 6). The agreement
on the relative peak intensity and frequency is remarkable (1.0118
scaling factor applied in this case). We believe that the very high per-
centage of Pro and Hyp in the collagen, in X and Y positions, i.e. 28%
and 38%, respectively, is responsible for this very good agreement of
amide III bands.

Indeed, more than half (55%) of all amino acids in collagen is
constituted by only Gly, Pro, and Hyp. In agreement with Ref. 23,

FIG. 6. Amide III region of the COL(GPO) IR spectra in H2O (frequency scale
in cm−1). In blue, the experimental data for a real collagen protein (20 ○C) from
Ref. 23 with their relative second derivatives as dotted lines. The computed inten-
sities are scaled to match the experimental ones as close as possible. Full width
at half maximum of the Gaussian functions is set to 20 cm−1 to better mimic the
experimental results. The computed frequencies are scaled by a factor of 1.0118
to overlap the highest intensity computed peak with the respective one in the
experiments.

we have found that the higher frequency peak comes from the Cα–H
bending of Hyp(Y) bonded to C=O of Pro(X). Experimentally, the
lowest frequency peak comes from vibrations located on the lateral
chains of X and Y amino acids. Our simulation agrees with this,
showing that this peak arises from C–N and C–C stretching, and
C–H bending of Pro(X) and Hyp(Y) side chains. The experimen-
tal analysis assigns the most intense peak (central in frequency) to
the N–H bending. Our simulation indicates that this band has also
a high component of N–C stretching [of Pro(X) and Hyp(Y)]. The
shoulder located at 1268 cm−1 on the experimental spectra (more
evident in the second derivative curve) is usually assigned to the
random coil conformations (for globular proteins). In Ref. 23, they
extend this assignation also to collagens. Our results disagree with
this interpretation; indeed, our collagen model is crystalline but
clearly shows this band, which arises from a combination of N–H
and Cα–H bending modes.

Finally, we have analyzed the features of the collagen
COL(GPP) IR spectrum in the THz region. In this case, there are
no experimental data available to compare with. Therefore, we com-
pared the THz spectra for different helical geometries with the pur-
pose to support the assignment of future experiments. We compared
both the high-frequency (amide I–III) and the low-frequency (THz)
regions of the IR spectrum for 7/2 and 10/3 collagens (see Fig. 7). In
this case, we have employed collagen models in the gas phase with
GPP composition, whose helicity we have previously predicted is in
agreement with experiments.58 Our predictions indicate that the col-
lagen helicity only minimally affects the amide I–III bands [Figs. 7(a)
and 7(b)]. This arises from the small differences on the local geome-
try between the two helices. Conversely, the THz spectral features
are very sensitive to the overall helical organization [Fig. 7(c)],
giving distinct spectra features for 7/2 and 10/3 collagens. This is
the first evidence that THz spectroscopy can distinguish the collagen
helicity.

Furthermore, we have analyzed that the low frequency nor-
mal modes giving rise to the THz spectra in Figs. 7(a) and 7(b).
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FIG. 7. Amide I (a), amide III (b), and THz
(c) regions of the COL(GPP) IR spec-
tra in the gas phase (frequency scale in
cm−1). In blue, the 7/2 helix and in red,
the 10/3 helix. Full width at half maxi-
mum of the Gaussian functions is set to
10 cm−1. The peak intensity is normal-
ized for the number of triplets in the mod-
els. (d) Normal mode graphical represen-
tation of the vibration located at 33 cm−1

for the 10/3 GPP collagen model in the
gas phase. The black arrows give an
indication of the motion of the atoms
within the normal vibrational mode.

The vibrations of this region of the IR spectra are collective motions,
often of difficult interpretation due to mixed motion-types. Never-
theless, it is interesting to note that the normal mode corresponding
to the first peak of the spectra of both helices [located at 33 and
24 cm−1 for 10/3 and 7/2 helices, former reported in Figs. 7(d) and
S2] resembles a spring like motion in which the proteins elongate
and compress along the periodic direction. This type of motion has
already been detected by DFT simulations in poly-Pro crystals.26

Other low frequency normal modes involve the motions of back-
bone dihedral angles often belonging to the Pro(Y) residue, the
more exposed residue of the protein, which may possibly make it
more flexible and thus more active in this spectral region. These
complex collective motions sometimes invoke a simple interpreta-
tion, such as the 93 cm−1 peak of the 10/3 helix. In this collective
motion, the three collagen chains vibrate rigidly in the direction nor-
mal to the polymer periodicity, expanding or compressing the helix
radius.

In principle, the simulation of THz spectra could be employed
to determine the collagen packing structure a priori. Unfortunately,
the collective nature of the internal vibrations contributing to this
spectral region is very sensitive to (i) the lateral interactions between
protein chain residues and the backbone itself, (ii) the solvation
structure of the water molecules, and (iii) the specific amino acid
composition. Under this condition, we believe that the DFT simu-
lation of THz spectra can be of greatest support in helping disen-
tangling the distinct vibrational modes within a collagen molecular
crystal.

V. CONCLUSIONS

In this paper, we adopted a triple helix infinite extended poly-
mer envisaging the repetition of either Gly-Pro-Hyp (GPO) or Gly-
Pro-Pro (GPP) amino acid triplet to elucidate its vibrational features
at the DFT level on the most stable structures provided by previ-
ous studies.57,63 Simulations were carried out for collagens, either
in the gas phase or in a water micro-solvated environment. We
used the hybrid B3LYP functional with a polarized triple-zeta qual-
ity Gaussian basis set supplemented by the London’s dispersion
contribution through the Grimme’s D3 empirical correction. Our
scaled harmonic spectra are in very good agreement with the exper-
iments and allow for the peak assignment of the collagen amide I
and III bands, supporting or questioning the experimental inter-
pretation by means of a detailed vibrational normal mode analysis.
The good agreement, despite the omission of both the anharmonic-
ity and temperature dependent dynamical effects, probably means
that both effects have a minor influence on the final spectra or, at
least, are well within the scaling factor adopted to overcome anhar-
monicity and small empirical band width associated with each har-
monic frequency. For the collagen GPP model, we showed that IR
spectroscopy in the THz region can detect the small variations on
the triple helix helicity (10/3 over 7/2), therefore elucidating the
packing state of the collagen without resorting to x-ray diffraction
experiments.

The same computational protocol and analysis of the com-
puted results can be extended to collagen triple helices with different
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compositions, helical packing,58 solvation, applied compression,
or stretching load as well as in interaction with surfaces, for
instance, to shed some light on the complex collagen hydroxyapatite
interface.65

SUPPLEMENTARY MATERIAL

In the supplementary material, we provide further details about
the coefficients and exponents of the adopted Gaussian basis sets
in the CRYSTAL17 code; the comparison of the IR amide I band
for GPP and GPO in the gas phase (Fig. S1); a short paragraph
expanding results, discussion, and direct analysis with the experi-
mental data; and Fig. S2 showing the normal mode associated with
the THz frequency region for the 10/3 GPP collagen model in the gas
phase.
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