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Abstract 

We studied the sensitivity of the energetic and geometrical features of the proline ring (pyrrolidine) 

to the quantum mechanical computational approach by adopting the proline monomer, trimer and 

polymer, as simplified collagen protein models. Within the Density Functional Theory (DFT) 

approach, we tested the ability of different functionals (GGA PBE and the hybrid B3LYP), added 

with a posteriori empirical dispersion corrections (D), to predict the conformational potential energy 

surface of the five-membered heterocycle pyrrolidine ring for the above models, dictating the 

collagen main features. We also compared the DFT-D results with those from the recently proposed 

cost-effective HF-3c method and our variant HF-3c-027, both based on Hartree-Fock Hamiltonian 

and Gaussian minimal basis set properly corrected for basis set superposition error, structure 

deficiencies and dispersion interactions. We found that dispersion interactions are essential to 

destabilize specific conformers. While the HF-3c and its HF-3c-027 variant are unreliable to predict 

accurately the energy of the ring conformers, structures are accurate. Indeed, the cost-effective DFT-

D//HF-3c-027 approach in which the energetic is from the accurate DFT-D method on HF-3c-027 

structures, provides energetic in line with that derived by the costly DFT-D//DFT-D approach, paving 

the way to simulate more realistic collagen models of much larger size. The adoption of either PBE 

or B3LYP functional for the electronic part of the DFT-D method gives very similar results, 

recommending the first as the most cost-effective method for simulating large collagen models. The 

predicted most stable conformation computed for the periodic poly-proline (type II) model allows for 

a higher flexibility, in agreement with experimental studies on collagen protein. The present results 

open the way to large-scale calculations of collagen/hydroxyapatite system, crucial for understanding 

the atomistic details in bones and teeth. 
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Introduction 

Collagen is one of the most abundant protein in mammals. It is the building block of complex 

hierarchical structures such as bones and tendons.1 Its structural peculiarity is the geometrical motif 

in which three parallel polypeptides strands, in a poly-proline II type (PPII) fashion, coil about each 

other to form a triple helix.1 The primary structure of collagen is mainly restricted to a triplet repeated 

sequence, which occurs in all types of collagens.2 In each triplet, glycine (Gly) always occupies the 

first position, while proline (Pro) and its derivatives, e.g. Hydroxy-Proline (Hyp), are the most 

common amino acids in the second and the third positions, respectively. These positions of the 

collagen triplet are usually named as Xaa, the second, and Yaa, the third. Within all collagens, the 

Gly-Pro-Hyp (GPH) triplet appears most frequently (10.5%),3 and Pro and Hyp represent the ~22% 

of all residues. The high content of imino acids gives stability to the triple helix and the pucker of the 

pyrrolidine ring plays an important role in this regard.3 

There are several experimental proofs, provided by NMR studies, of the existence and interconversion 

between two proline ring puckers.4–8 Pro envisages a five-membered heterocycle pyrrolidine ring as 

a side chain characterized by four carbon atoms usually labelled Cα, C, C and C. In turn, each 

carbon bond defines a torsion angle labelled as χ1, χ2, χ3 and χ4 (vide infra). London demonstrated that 

there are two stable conformational states for pyrrolidine rings in proline containing peptides, 

corresponding to a C-C half-chairs geometry with C more largely displaced than C.
4 Sone et al. 

focused on the side chain conformations of solid state PPII by 13C NMR, proving the co-existence of 

two proline ring puckers also in the polymer.5 Raman and Raman optical activity techniques were 

applied to the PPII polymer to characterize the side chain conformations at RT in water. The two ring 

conformations (hereafter indicated as DOWN (D) and UP (U)) of the  proline ring puckers were found 

equally populated.6 NMR studies on the dynamics of the pyrrolidine ring have demonstrated that the 

proline ring motion is uncorrelated to the backbone dynamics. Indeed, the motion of the backbone 

conformation is too slow to be affected by the proline ring conformation fluctuations, whose 

relaxation time is estimated to be about 1-30 ps.4,7,8 Moreover, 2H NMR study on the Pro crystal 

estimated the apparent activation energy of Pro ring flipping as 5.4 kJ∙mol-1.8 A very recent work on 

the rigidity of the two PPI and PPII helical forms, by means of both experimental (terahertz time-

domain spectroscopy and X-ray diffraction) and theoretical methods (solid-state density functional 

theory), have highlighted the flexibility of these helices and found a great difference among the two 

poly-proline types in terms of Young’s moduli.9 

Several theoretical works have investigated the conformations and puckering of Pro as a single amino 

acid,10,11 in small peptides,12,13 and in proline oligomers.14 The full description of the pyrrolidine ring 
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conformations is attained by computing the Adiabatic Potential Energy Surface (APES) on 

pseudorotational coordinates, e.g. phase angle and ring amplitude. In a pioneering work dated 1977, 

DeTar et al. studied the APES of the Pro side chain through molecular mechanics simulations.15 More 

recently, Kapitán et al. computed the APES of Pro zwitterion in water by means of hybrid DFT 

functional.16 The computationally demanding APES calculation simplifies by scanning the five-

membered-ring potential energy using a single dihedral ring angle. Kang et al. used the χ1 angle for 

the pyrrolidine ring.17,18 As an alternative, few years ago, Wu proved that the χ2 dihedral angle was a 

better descriptor of the puckering amplitude for a single proline aminoacid.19  

As above-mentioned, the pyrrolidine ring has an important role in stabilizing the collagen triple helix. 

Many experimental as well as theoretical works have demonstrated that inducing the U conformation 

of Pro derivatives in the Yaa position (by the means of appropriate C substitutions) increases the 

stability of collagen-like peptides.20–22 Furthermore, inducing the D conformation of Pro in Xaa 

position stabilizes the triple helix.23 These findings are related to the pre-organization of the D and U 

Pro to the Xaa and Yaa geometry of an ideal 72 helix, respectively.2 Indeed, Pro and its derivatives 

show a strong interplay between side-chain pucker and main-chain conformation.24 Interestingly, in 

the Gly-Pro-Pro (GPP) collagen-like peptide, the Pro puckering in the Xaa position prefers a D 

conformation. Instead, in GPH, the Pro in Xaa is almost uniformly distributed between the D/U states. 

Due to the interplay between the pucker and the main chain, the side chain mobility induces structural 

flexibility to the collagen protein. Recently, Chow et al.,25 by means of NMR spectroscopy and force 

field calculations, have related the free ring flipping of Pro in GPH peptides to the presence of Hyp 

in Yaa position. 

The focus of the present work is to establish an optimal computational procedure for characterizing 

the very delicate conformations of the pyrrolidine ring embedded in the collagen protein. We have 

considered three highly simplified models with increasing complexity, e.g. the proline molecule, the 

proline trimer and the polyproline type II polymer. For these three cases, we have computed the APES 

of the pyrrolidine ring both by pseudorotational coordinates and through a simplified procedure 

proposed by us as described in the section “APES on the  dihedral angle” of the Results and 

Discussion paragraph (vide infra). Among the various electronic structure methods for predicting 

periodic systems features,26 such as polymers,27 we focused on standard DFT, adopting the PBE28 

and B3LYP29–31 functionals, with polarized valence triple-zeta (VTZP) quality basis set. Among the 

available London dispersion corrections,32 we employed the Grimme’s a posteriori correction to the 

DFT energy33 using three different schemes, i.e. D2, D3 and D3ABC.34 All the DFT-based methods 

can become expensive for large systems, like a realistic triple collagen helix. Grimme and 

coworkers35 have recently proposed a fast alternative to DFT, i.e. HF-3c, meant to reduce the 
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computational burden for large organic molecules. We have recently tested HF-3c to study the 

structure and energetic of a large set of molecular crystals, proposing a modified version of the 

method (hereafter named HF-3c-027)36 which improves over the original HF-3c for the studied data 

set. Further work is needed to assess whether the HF-3c-027 improvement will also apply to a broader 

class of materials, inclusive of inorganic crystals. For an accurate estimation of energetic, we showed 

that running a single point B3LYP-D3ABC on the HF-3c-027 optimum geometry (B3LYP-D3ABC//HF-

3c-027) is the proper procedure. In this way, we achieved a great time saving in the time-consuming 

geometry optimization, while keeping the accuracy in the energetic to the same level of a plain 

B3LYP-D3ABC. We showed that the time saving with the above procedure is close to a factor 30. Here 

we extend that methodological comparison to establish a reliable reference for investigating more 

complex collagen models, e.g. a realistic full triple helix models, as well as to study its interactions 

with hydroxyapatite surfaces involved in bone mineralization processes. For all these cases, the need 

of a fast and reliable method like B3LYP-D3ABC//HF-3c-027 is clearly mandatory. 

 

Computation Details 

All the HF-3c and DFT calculations were performed with a development version of the CRYSTAL14 

code.35,37 HF-3c is based on the Hartree-Fock method, with minimal MINI-1 basis set, supplemented 

by three correction terms curing the drawbacks of the plain HF/MINI-1 approach: i) a short range 

correction to cope with deficiencies of HF/MINI-1 in geometry prediction; ii) a basis set deficiencies 

correction term to reduce the large basis set superposition error associated with the MINI-1 basis set; 

iii) a London type term of the D3ABC kind to cope with dispersion interactions. Interestingly, ii) and 

iii) corrections have been applied also to hybrid DFT based method.38 We also employed the revised 

HF-3c-027 form of the original HF-3c, in which the s8 term of the D3 scheme is scaled by a factor 

0.27, as detailed in Ref 36. For the DFT calculations, we used both the B3LYP hybrid functional,29–31 

and the PBE one.28 The polarized valence triple-zeta (VTZP) basis set devised by Ahlrichs and co-

workers was employed for all atoms,39 with the exception of hydrogen in the BS1 computational 

setup (vide infra). Moreover, we have assessed the effect of different dispersion schemes: the D2 

scheme33 and its revised version40 D* were applied for the PBE and B3LYP methods, respectively. 

The D3 correction,34 including the Axilrod–Teller–Muto (ATM)-three-body-term (D3ABC),41,42 was 

employed for both PBE and B3LYP functionals. 

For the 2D APES calculations, the 1 dihedral angle (see Fig. 1) was incremented by ~2.5° within 

50° and -50°, and for each value of 1, the 2 was scanned with same step length and boundaries. For 

each fixed couple of dihedrals, all the internal coordinates and the cell vector were fully relaxed. In 
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the 1D APES, we only scanned one dihedral and keeping its value fixed during the optimization. The 

step length and boundaries were the same of the 2D case. When fixing one or more coordinates, the 

geometry optimization was run in redundant internal coordinates. The back-transformations from 

internal to Cartesian coordinates followed a procedure based on the conjugate gradient.43 Atomic 

positions and cell vectors optimization adopted the analytical gradient method. The Hessian was 

upgraded with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.44–46 We set tolerances for 

the convergence of the maximum allowed gradient and the maximum atomic displacement to the 

default values (0.00045 Ha∙bohr-1 and 0.00030 Bohr, respectively). The Γ-centered k-point grid was 

generated via the Monkhorst−Pack scheme47 with a system dependent number of k points. The shrink 

factor for all polymer calculations was set to 4. The eigenvalue level-shifting technique was used to 

lock the system in a non-conducting state,43 with level shifter set to 0.6 Ha. To help convergence of 

the SCF, the Fock/KS matrix at a cycle was mixed with 30% of the one of the previous cycle.43 The 

electron density and its gradient were integrated over a pruned grid consisting of 974 angular and 75 

radial points generated through the Gauss–Legendre quadrature and Lebedev schemes.48 

We employed two computational setups, different in terms of tolerance values controlling the 

Coulomb and exchange series in periodic systems43 and of employed basis sets, namely BS1 and BS2. 

Tolerances are set to 10-6 Hartree 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 for the BS1 setup, while to 10-7 and 10–18 for the BS2. In both BS1 and BS2 cases, valence 

triple-zeta with polarization (VTZP) basis sets were adopted for carbon, nitrogen and oxygen atoms,39 

while hydrogen was described at the same VTZP quality level in BS2, but with a 3-1G(p) basis set49 

in the BS1 case (see SI Basis Details section for details). We run all the calculations with the BS1 

setup, with the exception of the 2D-APES calculation for the pyrrolidine ring of the proline molecule, 

for which we employed the more accurate BS2 setup. 

As discussed in the introduction, the adoption of the optimized structures at HF-3c (or HF-3c-027) 

for single point energy evaluation at DFT-D/VTZP//HF-3c brought about a 30 times speed up of the 

calculations compared to the full B3LYP-D3ABC/VTZP//B3LYP-D3ABC/VTZP level on the PPII 

system. When adopting PBE-D3ABC/VTZP//PBE-D3ABC/VTZP method we got a further speed up of 

2.2 compared to the B3LYP-D3ABC/VTZP//B3LYP-D3ABC/VTZP level.  

The graphical visualization and structural manipulation of structures was performed with 

MOLDRAW version 2.0.50 Images were rendered with POV-Ray version 3.7.51 
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Results and discussion 

Molecular Models 

In this work we have considered three simplified models of proline within the collagen protein: i) the 

proline molecule (PRO); ii) the proline trimer, HN-(Pro)3-COOH, (PRO3) and iii) the poly-proline 

type II polymer (PPII). The PRO model represents the L-proline molecule in vacuum with N-H in cis 

position with respect to C-H and an intramolecular H bond (N---HO). PRO resulted as the most 

stable conformer for gaseous proline at the CCSD(T)/CBS//B3LYP/6-311G(d,p) level of theory.11  

Both the PRO3 and the PPII are in a PPII conformation, which is a 31 left handed helix with trans 

peptide bonds. Regarding the PRO3 terminal groups, both the N-H and C=O groups are in trans with 

respect to C-H. The PPII polymer is a one-dimension periodic system whose unit cell contains three 

proline molecules. 

Since the ii) and iii) models have more than one Pro residue and in order to define a reference 

nomenclature for the side chain conformations, the Pro ring has been considered as ‘DOWN puckered 

(D)’ or ‘UP puckered (U)’ for negative/positive values of the 2 angle (see Figure 1 for its definition), 

respectively. The 2 suits as a marker for the proline pucker, as already proposed by DeTar and 

Ho.15,24 For multiple Pro containing systems D and U represent a simpler way to describe the ring 

conformation than by using the pseudorotational coordinates, P and Q.  

In this work, we considered the PRO3 system in the DDD and DUD states. Conversely, we 

investigated the PPII for all the side chain conformations, e.g. DDD, UDD, UUD and UUU. It is 

worth mentioning that the polymeric nature of PPII, imposes UDDDUDDDU, as well as 

UUDUDUDUU. 

 

Pseudorotation of a Five-Membered ring 

The side chain of Pro and derivatives consists of the five-membered heterocycle pyrrolidine. Usually, 

this ring puckers either in an UP or DOWN fashion, where four out of five ring atoms, namely N, C, 

C, and C lie on a common plane and Cγ carbon is relaxed out of the plane. Figure 1 shows the Pro 

atoms and dihedrals definitions. The proline is UP puckered (U) when the Cγ atom and the carbonyl 

group lie on the same side of the above-mentioned plane. Conversely, if the Cγ atom and the carbonyl 

group are at the opposite sides with respect to that plane, the proline is DOWN puckered (D). 
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Figure 1. Definition of the atoms and torsional angles of a Pro within a polymeric structure. 

For an extensive analysis of the Pro side chain conformations, we have applied the pseudorotation 

concept, firstly adopted to characterize cyclopentane,52 but quickly employed to analyze heterocycles, 

such as furanose53 and pyrrolidine rings.15,54 It consists in only two variables defining the 

conformations of a five-membered heterocycle, i.e. the phase angle (P) and the ring amplitude (Q).15 

Following the definition in Ref 53: 

tan(𝑃) =
𝜒4+𝜒1−𝜒3−𝜒5

2∙𝜒2[sin(
𝜋

5
)+sin(

2𝜋

5
)]
 

𝑄 =
𝜒2

cos 𝑃
  

If 2<0 then 180° must be added to P.19 The five torsional angles can be calculated back from P and 

Q as follows 

𝜒𝑗 = 𝑄 cos (𝑃 +
4𝜋(𝑗−2)

5
)                                                                                                  (3) 

with j=1, 2, 3, 4, 5. 

Physically, Q represents the maximum value assumed by j, and P identifies the type of ring 

puckering. If P assumes values that are even multiples of 18° (0, 36°, 72°, …), the ring is puckered 

in the half chair conformation (H), while for odd multiples of 18° (18, 54°, …), it adopts an envelope 

conformation (E). Both conformations are degenerate in cyclopentane, but when hetero-atoms are 

introduced in the ring, the degeneration breaks down, and one or more minima come up. Although 

1), 2), and 3) are approximate equations, they correlate torsional angles within ±1° over the ranges of 

low energy conformations.  

In Figure 2, we report cyclopentane in the E and H conformations. In the E conformation, four atoms 

lie on the same plane and the remaining atom, which is out of plane, is labelled as C. In the H 

conformation, A and B are defined as the atoms not directly bonded to F, that is the atom crossed by 

the C2 axis. Moreover, in Figure 2, we report the pseudorotation pathway of a pyrrolidine ring: for 
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the odd (red line) and even (black line) multiples of 18° (e.g. E and H conformations) C, A and B 

atoms are reported, respectively. The A, B and C positions with respect to the C=O group are in 

superscript. 

 

Figure 2. On the left, five-membered homocycles in the H and E conformations with symmetry axis and mirror 

plane. On the centre, Pro molecule extracted from a PPII polymer, in an E conformation with D and U C atom, 
respectively. On the right, the pseudorotation pathway of a pyrrolidine ring (Q is radial and P is angular). 

 

The Pro Ring Pucker 

Initially, we have tested the performance of the HF-3c and HF-3c-027 as well as of the hybrid DFT-

D/VTZP//HF-3c-027 approach in computing the 2D-APES for the side chain of PRO in vacuum, see 

Figure 3. The results for the HF-3c show the coexistence of three stable ring conformations, i. e. A, 

B and C, Figure 3. The adoption of HF-3c-027 method does not change the minima positions only 

slightly affecting their relative stability. When SP-B3LYP-D*B3LYP-D*/VTZP//HF-3c-027 is 

computed, the shape of the energy surface changes radically. A new large and shallower minimum 

(D) assimilates the B and C minima leading to a 2D-APES with two wells only, as expected from 

CCSD(T)/CBS calculations.11 We compute the H C
U/C

D geometry (D state) 2.3 kJ∙mol-1 higher in 

energy than the E C
D (A state), see Figure 2. The SP-B3LYP-D* results are in good agreement with 

the wave-function reference method, e.g. CCSD(T)/CBS, see Table 1. The validity of the hybrid SP-

B3LYP-D* approach is confirmed also by the full B3LYP-D3ABC/BS2 method, that is here 

considered as a reference method for DFT approaches. The latter method combines both energy and 

geometry relaxation at the B3LYP level inclusive of the recent D3ABC dispersion scheme, with the 
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most BS2 accurate computational setup. Interestingly, the reference method maintains the same shape 

of the SP-B3LYP-D* energy surface, only slightly affecting the conformer relative stability. 

 

Figure 3. 2D-APES for the pyrrolidine ring of PRO computed with different methods. For all the 

computational methods, the down pucker conformation is found in the same APES region, namely A. Other 

stable conformers found in different position on the APES are named as B, C and D. The transition state 

between the A and D state is named as TS. See text for further details. 
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Table 1. Relative stability, E (kJ∙mol-1), amplitude and phase angles, Q and P respectively (in degrees), for 
the fully optimized, A, B, C and D, PRO conformers. The transition state (TS) energy between the A and D 

state is also reported. 

 E Q P 

HF-3c    

A 0  36.5  189.1  

B 5.8  35.1  3.4  

C 4.4  33.4  72.9  

HF-3c-027    

A 0 35.8  190.4  

B 5.1  34.5  2.1  

C 4.5  32.5 69.5  

aSP-B3LYP-D*    

A 0 39.6 195.5 

D 2.3 36.2 35.9 

TS 5.4 30.0 103.0 

B3LYP-D3ABC/BS2    

A 0 40.0 195.6 

D 2.6 37.6 26.3 

aTS 6.6 31.0 107.0 

bCCSD(T)/CBS//B3LYP/6-311G(d,p)11    

A 0 // c198.0 

D 2.2 // c18.0 

 

a The results are taken from the 2D-APES diagram. 
b The results include the core correlation energy and the relativistic effects. 
c See Ref 11 for further details. 

 

The effect of the Chain Length 

To evaluate the effect of increasing the length of the Pro chain on the pyrrolidine ring mobility, we 

have computed the 2D-APES of the trimer and the polymer, both in the PPII conformation. We have 

investigated the DDDDUD process at the HF-3c-027 and SP-B3LYP-D* levels of theory. From 

the SP-B3LYP-D*(see Figure 4), we deduced that increasing the length of the Pro chain lowers the 

pyrrolidine ring mobility. The TS energy for the ring flipping increases, i.e. from 5.3 kJ∙mol-1 to 7.6 

kJ∙mol-1 up to 8.0 kJ∙mol-1 for PRO, PRO3 and PPII cases, respectively, despite a moderate change 

in geometry (see Figure S1). Indeed, the TS for both PRO3 and PPII is in the E NUP conformation, 
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while for the PRO case is in the NUP/C
D conformation, see Figure 2. The energy difference between 

D/U conformers increases, e.g. from 2.3 kJ∙mol-1 to 4.3 kJ∙mol-1 up to 6.4 kJ∙mol-1 for PRO, PRO3 

and PPII, respectively (Figure S1). Moreover, the low energy area on the 2D-APES decreases, as the 

Pro chain length increases. The strong relation between side and main chain in iminoacids may 

explain this effect. The conformational freedom of the main chain is, not surprisingly, lower in a 

protein than in a free residue. Therefore, by increasing the length of the system, the main chain 

stiffens, and so does the pyrrolidine ring. 

The stable geometries of the side chain ring are very similar for both the trimer and the polymer at 

SP-B3LYP-D*. The ring geometry in the U polymer is strongly dependent on the dispersion scheme 

adopted to supplement the pure DFT method (vide infra). We noticed no pucker changes in the 

neighbouring Pro during the ring flipping. 

It has to be underlined that, even if the HF-3c-027 method gives reliable results for the PRO3 

molecule, it computes only one stable minimum for the PPII polymer. 

 

Figure 4. Comparison between the HF-3c-027 and the SP-B3LYP-D* methods 2D-APES for the DDDDUD 

process for PRO3 and PPII. 
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APES on the 2 Dihedral Angle 

As anticipated in the Computational Details, we have reduced the computational burden associated 

to the 2D-APES through the 1D energy scan only of the 2 dihedral angle. We first tested this 

approach for the PRO case at HF-3c level. Figure 5 shows the projection of the 1D path on the 2D-

APES, which closely matches the full APES features. The error on the energy calculated at the A, 

TS1, B, TS2, and C points is less than 0.01 kJ∙mol-1. As expected, the results for the 1D energy scan 

on the 1 dihedral angle only, show hysteresis due to the high-energy path followed on the 2D-APES.  

The same agreement is between 1D and 2D scans for the DDDUDD transition in PPII at SP-

B3LYP-D* (see Figure S2). For the polymeric case, we calculated a deviation within 0.1 kJ∙mol-1 on 

the energy between the 1D and 2D approaches.  

 

 

Figure 5. APES for the PRO side chain at the HF-3c level of theory. Dots represent the energy path on the 2D 

APES computed through 1 and 2 scans. 

 

The Effect of Dispersion Scheme and Functional 
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With the simplified 1D approach, we have compared the effect of different dispersion schemes for 

the DDDUDD process in the PPII polymer. On the HF-3c-027 1D-APES optimized geometries, 

we have calculated single point energies at the B3LYP level and at B3LYP-D*, B3LYP-D3 and 

B3LYP-D3ABC level, see Figure 6. The dispersion free B3LYP energies exhibit a very deep minimum 

for the UDD conformer with a E (EUDD-EDDD) of 2.2 kJ∙mol-1. The inclusion of dispersion 

contribution to the energy clearly destabilizes the UDD conformation, filling the well of the pure 

electronic calculation and leading to a rather flat energy profile in the region of the UDD state. The 

E is 6.5 kJ∙mol-1 and 5.8 kJ∙mol-1 for the SP-B3LYP-D* and SP-B3LYP-D3 methods, respectively. 

The contribution of the ABC correction to the D3 energy is irrelevant. The destabilization effect due 

to the dispersion energy contribution on the U pucker is unrelated to the periodicity of the model. In 

PRO case, the dispersion energy flattens and destabilizes the U state region of the APES (Figure S3). 

The same destabilization effect appears in the PRO3 system (see Table S2). The flattening of the 

APES on the UDD region causes the variation of the minimum position. The SP-B3YLP-D* predicts 

a minimum in 2 = ~21° with P = 50° while the SP-B3LYP-D3 methods gives 2 = ~37° with P = 

13°. Interestingly, the B3LYP calculation confirms the position of the UDD SP-B3LYP-D3 

minimum. From high resolution X-ray structure analysis on the Protein DataBank,15,24 we expected 

two minima on the APES, with values of P for U Pro of 12° and a 2 of ~37°. To investigate on this 

point, also the PBE functional coupled with the D2 dispersion scheme is tested. It computes the UDD 

region of the APES either with a minimum at 2= ~20° or with two almost degenerate minima (see 

Figure S5). Overall, the D3 scheme excels in accounting for dispersion interactions in PPII polymers 

compared to D2 and D* schemes. It is worth noting, that this effect is due only to the adopted 

dispersion scheme and not on the geometry optimization method (see Figure S5). 

Moreover, we have investigated the effect of the chosen DFT functional on the energy. The SP-

B3LYP-D3ABC and SP-PBE-D3ABC 1D-APES exhibit similar energy profiles, see Figure S6. The TS 

and minima occur at the same position, and the energetic only differs by no more than 1 kJ∙mol-1. Full 

geometry optimization confirms the agreement between B3LYP-D3ABC and PBE-D3ABC. The 

geometries on the DDDUDD path show agreement between the HF-3c-027 and B3LYP-D3ABC 

methods. In details, the main torsional angles on the minima positions change by 3.3° on average 

between the HF-3c-027 and B3LYP-D3ABC methods. The deviation between B3LYP-D3ABC and 

PBE-D3ABC is 0.6° on average (see Figures S4 and S6). The effectiveness of the simplified 1D-APES 

2 scan is confirmed for different methods by virtue of the projections on the P/Q surface (see Figure 

S2). 
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a) 

 

b) 

 

Figure 6. DDD UDD APES on the 2 variable: a) energy differences for the SP-B3LYP-X level with three 
different dispersion schemes, i.e. X= D*, D3 or D3ABC; b) dispersion energy contributions only for X=D*/D3 
of the a) SP-B3LYP-X curves. In b), the left y-axis is for the D3/D* reference energy, the right y-axis is for 

the contribution due to the three-body dispersion ABC term. 
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Energy Path from DDD to UUU 

We have explored all the possible conformations of the PPII polymer by computing the energy path, 

e.g. 1D-APES on 2, from DDD towards UUU conformer, Figure 7. Figure 8 shows the 

conformational state stabilities and TS energies at the SP-PBE-D3ABC, SP-B3LYP-D3ABC, PBE-

D3ABC, B3LYP-D3ABC, HF-3c and HF-3c-027 levels. Our results demonstrate that by increasing the 

U Pro content in the polymer chain, the overall stability decreases (Table S3). The only exception is 

the UUU state, which is slightly more stable than the UUD state at the PBE-D3ABC level only. The 

trend in the relative stabilities agrees between single point and full geometry optimization 

calculations, with an energy up-shift within 2 kJ∙mol-1. In contrast with the good results for SP-DFT-

D methods, pure HF-3c methods performs poorly. Indeed, the UDD conformers is predicted as 

unstable, and the UUD and UUU states are at least 10 kJ∙mol-1 less stable with respect to the DFT-D 

approach. Even though HF-3c-027 is unreliable on the energies, we found a very good agreement 

between SP-B3LYP-D3ABC and B3LYP-D3ABC geometries for all considered PPII conformers. In 

particular, the Pro stable puckering states are fully consistent between the full DFT-D optimization 

and SP methods, see Table S4, and largely agree with the experimental results on Pro ring pucker in 

biological systems.4 Regarding the main chain torsional angles, as expected, the results show a 

progressive reduction of the  from -77° to -56° and of the  angle from 160° to 132° moving from 

DDD to UUU state, respectively. The  trend parallels the results for the B3LYP/6-31G* relaxed 

Pro6 geometries, as reported in Ref 55. In the molecule, the reported average  values are 153° and 

126° for the DDD and UUU cases, respectively. Conversely, the angle for the B3LYP relaxed 

hexamer moves from -72° to -66° on average. This trend is slightly different with respect to our results 

and this may be due to the periodic nature of our model. During the DDDUUU transition 

oscillates of ±5° around 174°, which is close to the ideal trans peptide bond of 180°, see Figure 

S10. Although the small hysteresis on the UUDUUU path, Figure S9, for all ring flipping, the TS 

states are always in an E NUP conformation (Table S4). 

Interestingly, the length of the unit cell shortens as the Pro ring puckers in the U fashion. The B3LYP-

D3ABC method computes a length of the unit cell of 9.12 Å, 8.96 Å, 8.77 Å and 8.61 Å for the DDD, 

UDD, UUD and UUU conformers, respectively. The PBE-D3ABC gives similar trend with unit cell 

length slightly longer, e.g. 9.16 Å, 8.98 Å, 8.79 Å and 8.62 Å, respectively. At room temperature, the 

all DOWN state is the most populated for both B3LYP-D3ABC and PBE-D3ABC methods with a 

Boltzmann distribution of the 80% and 60%, respectively. If we keep a Pro ring fixed in the U 
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puckering, the population of the UDD, UUD and UUU states at RT will be almost equal for PBE-

D3ABC. Moving from the UDD to the UUU states will result in almost no energy change and a 

reduction of the unit cell length of ~4%. Therefore, the above data shows that the U pucker of a Pro 

in PPII system enhances the flexibility of the polymer chain at RT. 

Assuming a first order reaction for the ring conformation interconversion, we calculated the half-life 

between puckering states, t1/2. In the equations (3) and (4), we used the electronic energy E instead of 

the rigorous free Gibbs energy, G: 

𝑡1/2 =  
0.69

𝑘(𝑇)
 

𝑘(𝑇) =
𝑘𝑏𝑇

ℎ
𝑒−(𝐸𝑇𝑆−𝐸𝑅)/𝑅𝑇  

Our results show a t1/2 for a DU pucker change of 3-10 ps, depending on the process, within the 

range of the experimental observed values of 1-30 ps. 

 

Figure 7. Views along the polymer chain of the B3LYP-D3ABC relaxed structures of the PPII conformers. 
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Figure 8. Energy ranking for the PPII polymer conformations. Lines are included to guide the reader eyes 

only. Transition state energies (TS) for all the process are reported. The UDD conformer is unstable at the HF-

3c and HF-3c-027 levels (missing symbol). 

 

Conclusions 

 

In this work, we have investigated the sensitivity to the computational approach of the energetic and 

geometrical features of the proline ring (pyrrolidine) belonging to simplified models of the collagen 

protein, i.e. the proline monomer, trimer and polymer. The focus of the work is on the accurate 

prediction of the conformational flexibility of the five-membered heterocycle pyrrolidine ring for the 

above models. Following the standard nomenclature, the ring usually puckers either in an UP or 

DOWN fashion, where four out of five ring atoms lie on a common plane and Cγ carbon is relaxed 

out of the plane. The ring is UP puckered (U) when the Cγ atom and the carbonyl group lie on the 
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same side of the N, C, C, and Cplane while it is DOWN puckered (D) when they are at the opposite 

side. Within the DFT approach, we tested the ability of GGA PBE and the hybrid B3LYP functionals, 

supplemented with the D2 and D3 empirical dispersion corrections to predict the adiabatic potential 

energy surface of the pyrrolidine ring for each collagen model. Moreover, the results obtained by the 

application of the recently proposed cost-effective HF-3c method and our variant HF-3c-027, which 

improves over HF-3c for the structure prediction of a rather extended set of molecular crystals, were 

contrasted with the DFT results.  

The main findings of our work are the following: 

i) Dispersion interactions are of fundamental importance in determining the relative 

stabilities between different proline pucker conformers. We found the UP state 

systematically destabilized only when dispersion interactions are explicitly included in the 

calculations. This is an important point, as many computational works in the literature 

lack to account for dispersion interactions, which we proved crucial for the correct 

conformational behaviour. 

ii) The HF-3c method is unreliable in computing the puckering for proline containing 

systems. In most of the cases, the shape of the HF-3c adiabatic potential energy surface as 

well as the conformer stability ranking is significantly different from the reference DFT-

D values. 

iii) Despite the poor results for the plain HF-3c method, the B3LYP-D*/VTZP//HF-3c-027 

approach has proven to be a cost-effective method whose results are in full agreement 

with those of the B3LYP-D*/VTZP//B3LYP-D*/VTZP calculations, with a significant 

reduction of the computational cost. 

iv) Calculated energies of the different conformers at the PBE and B3LYP levels were within 

few kJ∙mol-1 to each other, showing the moderate effect of the hybrid functional in this 

topic. Therefore, considering that GGA functionals in CRYSTAL14 are about 2-3 times 

faster than hybrid functionals, we recommend PBE as the method of choice to deal with 

large collagen models. As for the empirical dispersion schemes, we suggest to use the D3 

scheme, which showed to be more consistent and reliable than the D2 or D* schemes. The 

role of three-body as in D3ABC proved to be inessential. 

v) In agreement with previous work,19 we confirmed the adoption of one single ring dihedral 

angle (2) as a fast alternative to scan the ring adiabatic potential energy surface. 

vi) We showed that the effect of the UP puckering within the PPII polymer is to increase its 

flexibility. This is in agreement with the recent study on the collagen protein by Chow et 
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al.25 in which they showed that a Pro followed by a Hyp, which is always UP puckered, 

has a frustrated puckering conformation leading to an enhanced protein flexibility. 

Therefore we demonstrated that the Pro frustration in collagen may be related only to the 

UP pucker geometry of Hyp and not to  hydroxylation. 

From a purely computational perspective, the proven reliability of the cost-effective DFT-D//HF-3c-

027 approach paves the way to more challenging investigations, already under study in our laboratory. 

One is ab-initio simulation of the hybrid organic/inorganic PPII/HAP interface as a model of the 

collagen/hydroxyapatite interface, crucial for bone mineralization processes; the other deals with the 

design of more realistic collagen models, such as a Gly-Pro-Hyp triple helix polymers. Despite the 

promising results obtained at HF-3c-027 level, limitations are also apparent. For instance, the 

Gaussian nature of the HF-3c-027 model chemistry does not allow molecular dynamics calculations 

to be efficiently performed, like for the plane-wave DFT standard code incarnation. Even for DFT 

Hamiltonian, transition state structures are hardly characterized for constrained search variable, as in 

the case of the pyrrolidine ring. We, however, believe that the development of smart and 

computationally cheap methods like HF-3c, grounded on the rigour of quantum mechanics, will in 

the near future be competitive with classical force fields, especially for the study of the bio-organic 

molecules/inorganic surfaces interaction, which are critical for the present classical force fields.    

 

Supporting Information 

Basis set details, Details for the calculation of the energy path from the DDD to the UUU conformer, 

models energetic at the SP-B3LYP-D* level (Figure S1), projection of the fully optimized 1D-APES 

(Figure 2 and Table S1), effect of dispersion on PRO (Figure S3) and PRO3 APES (Table S2), 

geometry and energy of the DDD UDD reaction at different level of theory (Figure S4-7), geometry 

and energy of the DDD UUU reaction at the SP-DFT level (Figure S8 and S10, Table S3 and S4), 

projection of the 1D-APES on 2 dihedral angle onto the 2D for the DDDUUU reaction paths 

(Figure S9). 

This information is available free of charge via the Internet at http://pubs.acs.org/. 
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