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Abstract.

Classical molecular dynamics simulations have been combined to quantum (DFT) calculations of
13C NMR parameters in order to relate the experimental spectrum of the double—helix form of the
amylose B-polymorph in highly crystalline conditions not only to its 3D structure but also to the
arrangement of atoms in the crystal lattice. Structures obtained from these simulations or from
geometry optimizations procedure at the DFT level have shown the presence of hydrogen bond
networks between sugars of the same helix or between residues of the two chains of the double
helix. '3C NMR parameter calculations have revealed the impact of such network on the chemical
shifts of carbon atoms. In addition, DFT calculations using periodic boundary conditions were
compulsory to highlight the presence of two types of sugar within the crystal sample. It allows us
to confirm theoretically, the experimental hypothesis that the existence of two distinct sugar types

in the NMR spectrum is a consequence of crystal packing.

Introduction.

Amylose, one of the major constituents of starch with amylopectin, is an essentially linear
polymer composed of glucose residues linked in [a-1—4] and is often used to model the crystalline
parts of starch. Most of the experimental structures are originated from X-ray diffraction studies'~
% and it is well known that it can adopt different helical conformations, depending on its
environment. The single helical structure called the V-polymorph, has been proven to encapsulate
guest molecules of various sizes, such as Iodine®, flavor molecules®’ or even fatty acids®!!. The
double helical structures are called A or B-polymorphs (Figure 1) depending on the crystal packing
conditions and are known to be present in highly crystalline material amongst starch. The method

of choice used for the study of amylose structure is *C solid-state NMR spectroscopy’-'%!2-14,



allowing to differentiate between these polymorphs. It is especially known that chemical shifts of
the C; and C4 carbon atoms are the most affected by the dihedral angles of the glycosidic linkage
(see Figure 1 for atom numbering and definition of angles). At the same time, chemical shift of
the other carbon atoms (C», C3, Cs and Ce) are mainly affected by the presence and the nature of

hydrogen bonds involving the hydroxyl groups and by the associated dihedral angles'>!®.
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Figure 1. (Left) 3D Structure of the B-type Amylose. (Right) Atom numbering and definition
of glycosidic dihedral angles ¢ = Os5-C1-O4’-C4’ and y = C;-04’-C4’-C3’.

If the general spectrum of the B-polymorph has been known for a long time, it is only since 2006
that the precise NMR spectrum assignment has been performed on a sample uniformly '3C labelled
and presenting a high crystallinity!”. Particularly, it reveals the presence of two different signals
for the Ci, C2, C4 and Cs carbons that witness the presence of two different glucose residues. This

observation of two different monomers characteristic of this amylose polymorph was related to the



crystal packing conditions. However, the link between the molecular structure and the environment
leading to two different NMR signatures remains unknown.

Theoretical studies of the structures of amylose have been undertaken but they are mainly based
on the use of classical molecular dynamics (MD). The development of force fields'® %’ dedicated
to carbohydrates has greatly facilitated such studies. They have helped to study changes in the

conformation of amylose in different environments?!??

, as well as the complexation process
occurring between fatty acids and amylose polymers of different degree of polymerization (DP)?*~
26 Computational studies using quantum chemical methods for the calculations of NMR
parameters have mainly been focused on relatively small systems?’. It is only recently that larger

systems have been studied, such as cellulose clusters?>C

or medium size amylose-lipids
complexes’!. In the past decades, ab initio or DFT-based quantum chemical approaches using the
Gauge Including Atomic Orbital (GIAO)*? method have been widely used for the calculations of
3C chemical shielding tensors. In the context of polysaccharides, these methods are especially
useful as they allow precise reproduction of experimental '*C chemical shifts and correlation
between 3D structural changes and evolution of chemical shielding tensors*’*!. However, if this
method behaves successfully in reproducing NMR parameters of molecular systems, important
effects due to packing conditions are missing if crystalline systems are considered. A common
way to circumvent this problem is to take into account long-range order effects using DFT
calculations within periodic boundary conditions (PBC). For the special case of carbon chemical
shielding tensor calculations, the Gauge Including Projected Augmented Wave (GIPAW)333* is

3336 or for

the method of choice that has already proved its robustness either for small molecules
bulk calculations®” . To the best of our knowledge, this method has never been used for the

calculation of NMR parameters of polysaccharides.



Here we present a study that relates '*C chemical shifts of the B-polymorph of amylose to its 3D
structure and its major interactions. We used a combination of DFT and classical molecular
dynamics calculations to generate structures for the theoretical computation of NMR parameters.
We show that the use of molecular methods is not sufficient to capture the main features of the
experimental 1*C chemical shifts, thus confirming that this effect is not due to structural differences
inside the complex. However, this computational study highlights the impact of the hydrogen bond
network (HBN) on the calculations of NMR parameters of such systems. As we refer to
experimental data obtained on a crystalline material, we have intensively used the GIPAW
methodology. It allowed us to differentiate between two different types of residue placed
alternately along each amylose chain and to link their position in the crystal to the two distinct
glucose NMR signals experimentally identified.

Methods.

Classical molecular dynamics. Molecular dynamics simulations were performed using the
NAMD software*. The initial structure of the double chain of amylose has been constructed with
the leap program of the AMBER suite*! using geometrical input parameters corresponding to X-
ray crystallographic double helical structure of B-Amylose*>. Two independent chains of 20
residues were first generated resulting in helices with a distribution of dihedral angles phi (¢ = Os-
C1-04’-C4’) and psi (¢ = C1-04’-C4’-C3’) around 91.2° £ 3.5° and 91.8° + 3.2°, respectively. One
of these chains was then rotated by 180° around its principal axis of inertia using the Avogadro
software® in order to obtain a double helix close to the B-polymorph X-ray crystallographic
structure. The procedure for solvation and molecular dynamics was the same as recently
described®!. Amylose was solvated in a box of water such that it was placed at 20 A from the box

boundaries. A modified version of GLYCAMO6 force field?! and the TIP3P model were used for



the description of the amylose and the water molecules respectively. The production run was
carried out during 55 ns in the canonical ensemble (NVT) with atomic coordinates frame saved
every picosecond.

In order to analyze the dynamic of specific chemical groups, density maps have been calculated
regarding some specific dihedral angles (see Results and discussion section for details). These
plots were realized as follow: dihedral angles of interest were sampled each 10 ps. Then the
population of each couple of angles were classified in two-dimensional arrays with angles going
from 0° to 360° with a step of 0.6°. A probability density function was then calculated through the
use of the gaussian_kde module of the scipy python library**. The value of this function is depicted
through the color scale situated next to density maps.

Quantum chemical calculations — Molecular approach. All calculations were performed using
Gaussian09 suite of programs*’. Geometry optimisations and spectroscopic properties calculation
have been performed at the DFT level using B3LYP***” hybrid functional associated to the 6-
31G(d,p) basis set*®*. For the computation of isotropic chemical shielding, the GIAO method>°
has been employed for the numerous advantages it offers. Calculations of NMR parameters were
carried out considering a molecular approach. In a first case, '*C chemical shielding calculations
were performed using a full quantum chemical computational strategy, i.e., NMR calculations on
structures obtained by geometry optimisations. First, full geometry optimisation (optimisation of
all atomic positions) has been performed. In this special case, implicit solvent effects (water
solvent) were taken into account using the Integral Equation Formalism variant of the Polarizable
Continuum Model (IEFPCM?!). This was compulsory to maintain the 4 terminal residues in a
conformation close to the B-polymorph. The starting geometry was obtained from the “Centre de

Recherche sur les Macromolecules Végétales (CERMAV)” website’>*2. One double helix was



extracted from the crystallographic data set. It is made of two chains of six glucose residues.
Hydrogens of hydroxyl groups have been added with the automatic tool of the Avogadro
software®. It is well known that the nature and orientation of hydrogen bonds have an impact over
calculations of NMR parameters in the case of carbohydrate systems'>. If two consecutive glucose
residues are considered, two types of hydrogen bonds can be envisaged: On one hand the hydrogen
of the OsH hydroxyl group can interact with the oxygen of the O:H hydroxyl group of the
following glucose. On the other, the hydrogen of the O;H hydroxyl group can interact with the
oxygen of the OsH hydroxyl group of the previous glucose. Consequently, two starting structures
with different hydrogen bond network were considered for geometry optimisations. One (noted
HBN 1) is formed by hydrogen bonds between Hosz ™ and 02D, Ho,™™D and O™, Hoe™ and
05™*D, with n being the numbering of considered residues of one chain and m being the numbering
of residues composing the other chain (Figure 2A). The other (noted HBN 2) is formed by
hydrogen bonds between Hoe ™ and O,V and Ho,™"D and O;™ (Figure 2B). In addition to full
geometry optimisation procedure, constrained geometry optimisations have also been undertaken
to keep the crystallographic position of heavy atoms, as the NMR experimental data refer to a
crystalline material. Under these conditions, only the positions of the hydrogen atoms have been
optimized for the two different hydrogen bond networks.

In a second stage, because it is known that molecular dynamics have an impact on structures and
spectroscopic parameters’!, calculations of NMR parameters have been performed on 100
structures extracted from the molecular dynamics trajectory. To avoid border effects, 24 residues
over 40 have been selected in the middle part of B-amylose in order to obtain two chains of 12
residues folded in a double helix fashion. The 4 terminal residues have been completed with

hydrogen atoms linked either to the O4 or the O; oxygen atoms.



Figure 2. A) Hydrogen bond network 1 (HBN 1) B) Hydrogen bond network 2 (HBN_2). The

two structures presented are resulting from geometry optimizations of all the atoms positions.

In order to determine theoretical chemical shifts, it is necessary to calculate the difference
between nuclear shielding of a probed nucleus and the one of the same nucleus in a reference
compound (TMS for *C NMR spectroscopy). To achieve this, it is necessary to calculate the
chemical shielding of the reference at the same theoretical level as that used to calculate the
chemical shielding of the sample. In our case, because several theoretical levels have been used,
this procedure is not the most relevant. Instead, we have plot experimental isotropic chemical shift
as a function of calculated isotropic chemical shielding. Linear fitting of this plot allows us to
extract the slope and the intercept which are used to calculate the theoretical chemical shifts. The
slope of this linear correlation allows correcting our data from weakness of the theoretical model
(mainly absence of environment effects) and the intercept corresponds to the reference shielding

used to transform chemical shielding into chemical shift.



Quantum chemical calculations - periodic boundary conditions. Periodic DFT calculations
were carried out using the Vienna ab initio simulation package VASP>*°°. The code uses the full-
potential projector augmented wave (PAW) framework®’>®. Exchange-correlation effects have

been approximated using the Perdew-Burke-Ernzerhof (PBE) functional®

and completed by
Grimme D3 scheme® to account for van der Waals forces. A kinetic-energy cut-off of 500 eV was
found to be sufficient to achieve a total-energy convergence within several meV, considering a k-
point sampling of (2x2x3) for the structure’s optimization, in conjunction with a Gaussian
smearing with a width of 0.05 eV (See Figure S1). Force convergence criteria have been set to
0.01 eV/A on each relaxed atom. Periodic calculations of nuclear shielding have been performed
within the GIPAW approach®*** as implemented in the VASP package®!, using a gamma only
(1x1x1) k-point grid for the integration of the Brillouin zone, since the use of denser grids has a
very limited impact on the result’s accuracy. Indeed, as an example, a difference of less than 1
ppm is observed when a (2x2x3) k-point grid is used (data not shown). For these calculations, the
molecular system consisted in a 3D cell constituted with two left-handed, parallel-stranded double
helices. The cell parameters (hexagonal space group with a=b=18.5 A and ¢=10.4 A) and atomic
coordinates (252 atoms) were obtained and generated according to the X-ray crystallographic

structure*. As in the previous molecular case, theoretical shieldings were transposed into chemical

shifts using the parameters of the linear correlation between theoretical and experimental data.

Results and Discussion.

Standard molecular approach. In a first attempt to reproduce carbon experimental chemical
shifts of the B-type double helix structure of amylose, calculations have been performed using a
standard approach, i.e., spectroscopic parameters calculated on optimized geometry of isolated

molecular system (see computational details). To account for dynamical effects on spectroscopic



parameters, carbon chemical shielding averaged over a set of structures extracted from molecular
dynamics have also been considered.

All values obtained for each selected dihedral angle are displayed in tables S1 - S3 for geometry
optimisations and in table S4 and S5 for MD simulations. From a structural point of view, the
average value of selected dihedral angles was calculated along the glucose chains and, when
necessary, along the MD simulation. This was done to identify the hydrogen bond networks and

the structural features of amylose chains in B-polymorph.

OptusN 1 OptusN 2 Optusn_1(H) Optusn 2(H)
05-C1-04’-Cy’ 94.7+4.6 95.3+6.1 84.0+0.1 84.0£0.1
Ci1-04’-C4’-C3’ 97.8+6.1 94.7+4.0 942 £0.1 942 £0.1

C4-C5-Cs-O¢ 48.6 £ 8.7 57.7+£3.0 59.6 £8.2 59.6 £8.2
C1-C2-02-Ho2 2279+25.4 27.3+3.8 278.8+1.7 43.1+£5.2
C2-C3-0O3-Hos 188.7+9.3 307.7£3,6 202.3+£12.2 300.1 £7.7
Cs-Cs-O6-Hos 2849 +39 154.3 £ 8.7 2843 +2.3 140.2 +4.8

Table 1. Selected averaged dihedral angles (degrees) of the full optimisations resulting in the
HBN_1 (Optu Bn1) and in the HBN_2 (Optu_sn2) structures and of the optimisations restrained to
hydrogens resulting in the Opty_gni1(H) and in the Opty n2(H)) structures. Os-Ci-O4-Cy> and C;-
04-C4-C3: are the ¢ and y angles (see Figure 1 for atom numbering), respectively. See Figure 1

for the definition of the hydrogen bond networks HBN 1 and 2.

Regarding the angles that characterise the anomeric bond (Tables 1 and S1), the optimised ¢
angles are on average 10° larger than in the crystallographic structure, while the corresponding
angles y are almost not affected. In the case of MD simulation (Tables S4 and S5), even if these
two angles are close to the crystallographic ones, the ¢ angles have a higher dynamic range with

standard deviations that are systematically larger than the y angles. According to this, it appears
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that the nature of the hydrogen bond network has little influence on the values of these glycosidic
dihedral angles. The same conclusion can be reached for the dihedral angles around the Cs-Ce
bonds (Table 1), all glucose residues mainly adopting a gg conformation as already observed
experimentally either on crystal structure®® or by mean of 'H NMR spectroscopy®.

The dihedral angles associated to the hydrogen atoms of the three hydroxyl groups obviously
correspond to structural features that can be used to differentiate the two hydrogen bond networks.

Geometry optimizations including all atoms or restrained to hydrogens do not have a drastic
impact on the values of the characteristic dihedral angles for each hydrogen bonds network (Tables
1, S2 and S3). According to the description of each hydrogen bond network (Figure 2), regions of
the configuration space can be highlighted. HBN 1 can be associated to the dihedral angles C;-
C2-02-Hoz, C2-C3-03-Hos and Cs-Cs-Og-Hos ranging from 200° to 280°, 180° to 215° and 280° to
290°, respectively. For HBN 2, another region of the configuration space is characterized with
dihedral angles ranging from 25° to 50°, 290° to 310° and 135° to 165° for C;-C2-O2-Hoz, C2-Cs-
03-Hos and Cs-Cs-Os-Hos, respectively. The average values of the three dihedral angles were
obtained while excluding the values of the residues 1, 2, 3 and 1° for the C-C>-O2-Ho2 and C»-Cs-
O3-Hos angles and 6, 4°, 5* and 6’ for the Cs-Cs-Os-Hos (see details in Table S4). In our initial
model, these particular hydroxyl groups have no residues facing them. Their conformations are
therefore not representative of hydrogen bonding networks. For the MD simulations, the density
maps between the dihedral angles Ci-C2-O2-Hox™™" and C>-C3-03-Ho3™ and the dihedral angles
Cs5-C6-06-Hos™ and C;-C2-02-Hoo™ (Figure 3) show maximum density values for Ci-C2-O,-
Hoo™1), C2-C3-03-Hos™ and Cs-Ce-O6-Hoe™ around 80°, 275° and 145°, respectively. Despite
substantial differences with the static quantum chemical structures (Table 1), these values are

closer to the representative angles of the hydrogen bond network HBN 2. Furthermore, in the
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density map, the Cs-Cs-Os-Hos dihedral angle values only are representative of the HBN 2
network (Table 1) attesting the formation of the Hos™ -+-O,™") hydrogen bond (Figure 2B, Figure
3A). This may indicate that this network is mainly present during the molecular dynamic
simulation. The presence of a second maximum on the C;-C2-O2-Hox™" and Cz-C3-O3-Hoz™
density map at 170° and 190° may be an indicator, to a lesser extent, of the presence of the HBN 1
network. Yet, if it attests the formation of Ho3™---0>*! hydrogen bonds (Figure 2B), the location
of the C1-C2-O2-Hoz at 170° prevents the formation of Ho™V:+-O¢™ hydrogen bond which is a
characteristic of HBN 1. The presence of a non-negligible population of C>-C3-O3-Hos located
around 190° (Figure 3B) associated to Ci-C2-O2-Ho> located around 170° proves, however, the

ability of the system to start forming the HBN 1 network according to our simulation conditions
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C20,™) and Cs-Cs-O6-Hog of residue m (noted Cs06™). B) Density map for the couple of
dihedral angles C,-C3-O3-Hos of residue n (noted C303™) and C;-C2-O2-Hos of residue n+1 (noted

C20,"Y). Angles are given in degrees.

Based on this analysis of conformational properties, molecular dynamics simulations of isolated

B-type double helix of amylose indicate that even if one hydrogen bond network (HBN 2) is
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mainly present, the second might also exist. The existence of these two hydrogen bond networks
might be responsible for the two distinct sets of chemical shifts observed by NMR experiments'’
and that indicate the existence of two types of sugars within the polymer.

Using all the previously described molecular structures, '*C chemical shift calculations were
carried out (theoretical chemical shielding given in Tables S6 and S7 for optimised HBN 1 and 2
structures) and compared to experimental chemical shifts (Table S8). Correlation between
theoretical and experimental data has failed to distinguish two sugars, as expected from
experiment. Indeed, according to the distribution of the chemical shift values for each carbon (see
Tables S6 and S7), no specific pattern has appeared that can allow to highlight two different sugars.
As a consequence, the average chemical shieldings have been calculated for each carbon and
compared to experiment. For C;, C3, Cs and Cé, all residues have been considered for the average
estimates while, in the case of C; and Cs, carbons attached to a hydroxyl group (sugars at the
extremities of each chain) have not been taken into account. This set of 6 mean values of carbon
chemical shielding was finally compared to the carbon chemical shifts characterizing one of the 2
types of glucose (noted Sugar 1 and 2) identified experimentally. Linear correlations between
theoretical and experimental data have been performed and chemical shifts have been determined
using the slope and the intercept of each linear fit (data reported in Tables 2 and S8). Finally, the
root mean square differences (RMSD) have been calculated in order to give another criterion of
computational accuracy. For each correlation, results (R* and RMSD) are given in Table 2. In

addition, errors relative to experience are displayed in Figure 4.
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Sugar 17 Optusn 1 Optuen 2 Optusn 1 Optusw 2 Mol. Dyn.
(H only) (H only)
Cl 99.3 98.9 (+ 1.2) 98.4(£0.7) | 985(x0.7) 98.9 (+ 0.9) 98.3(0.4)
2 71.3 70.4 (+ 0.6) 721 (*06) | 67.1(*03) 69.6 (+ 0.3) 73.6(+0.5)
C3 75.1 713 (=12) 739 & 1.6) | 77.6(*0.8) 76.6 (+ 1.1) 72.3(+0.3)
C4 72.6 76.1 (+ 1.8) 743 1.1) | 73.6(*03) 73.1 (£ 0.6) 74.4(x0.7)
Cs 69.8 70.9 (+ 1.1) 71311 | 69.4@12) 69.8 (+ 1.2) 71.0(x0.5)
C6 61.3 61.8(+12) 505%07) | 63.1@13) 61.4 (1.3) 59.7(+0.5)
R? 0.965 0.987 0.965 0.994 0.974
RMSD 2.2 1.4 2.2 0.9 1.9
Sugar 27 Optusn_1 Optuen 2 Optusn 1 Optusn 2 Mol. Dyn.
(H only) (H only)
Cl 100.2 1001 12) | 99507 | 99.50.7) 99.9(+0.9) | 99.5(+0.4)
C2 72.1 70.9 (+ 0.6) 727%06) | 67.6*03) 702*03) | 742*0.5)
C3 75.1 71.9 (+ 1.2) 745 16) | 783 *08) 772 1.1) | 72.9(*03)
C4 74.3 76.7 (+ 1.8) 749 1.1) | 74207 73.7@06) | 75.1(*0.7)
C5 70.2 715 (+ 1.1) 718@&1.1) | 700@12) 70312) | 71.5=05)
C6 61.3 62212 | 59807 | 63617 618(x13) | 60.00.5)
R? 0.976 0.993 0.958 0.990 0.984
RMSD 1.8 1.0 2.4 1.2 1.5

Table 2. Corrected values of averaged theoretical chemical shifts (ppm). Correlation coefficient
and RMSD (ppm) between the corrected averaged theoretical chemical shifts and the experimental
chemical shifts of Sugar 1 and Sugar 2. Optusn 1, Optusn 2 or Optusn 1 (H only), Optusn 2 (H
only) refer to geometry optimisations on all atoms or restrained to hydrogen atoms for the HBN 1
and HBN 2 structures, respectively. Mol. Dyn. refers to calculation performed on structures
extracted from molecular dynamics simulations. Errors (standard deviations) are given in

parenthesis.
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Figure 4. Relative errors (ppm) for each carbon atom of the glucose unit in comparison with Sugar
1 (left) and Sugar 2 (right). Red: Optusn_1. Yellow: Optusn 2. Light blue: Optusn 1(H only). Dark
blue: Optusn 2(H only). Green: Mol. Dyn..Optusn 1, Optusn 2 or Optusn 1 (H only), Optusn 2 (H
only) refer to geometry optimisations on all atoms or restrained to hydrogen atoms for the HBN 1
and HBN 2 structures, respectively. Mol. Dyn. refers to calculation performed on structures

extracted from molecular dynamics simulations.

Among all calculations, the HBN_2 structure appears to be the best if correlation coefficient and
RMSD are considered (Figure 4 — yellow bars). It has been shown recently that the addition of
dynamical effects by means of molecular dynamic simulations can improve the calculation of
NMR spectra®!. Therefore, this approach was applied to a B-polymorph model of 2 x 20 residues
(see computational details). Adding dynamical effects was not sufficient to allow the
differentiation of two specific sugars (Table S8). As previously done, linear fits of the average
values were performed with either Sugar 1 or Sugar 2 experimental values (Table 2 — “Mol. Dyn.”
column and Figure 4 - Green bar). Despite a correct correlation with the Sugar 1 and Sugar 2
experimental values (R? =0.974 and 0.984, RMSD= 1.9 and 1.5 ppm, respectively), introduction
of dynamical effects did not allow to improve the previous NMR parameters calculated on

optimized geometries. Because the relative atomic positions may have a significant impact on the
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value of chemical shifts and may allow to discriminate two types of sugars within the B-type
amylose, calculation of NMR parameters has been considered on the geometry obtained
experimentally. In this case, solely the positions of hydrogen atoms have been optimised because
their position is neither well defined experimentally nor defined at all in the case of hydroxyl
groups. As previously observed, keeping the heavy atoms frozen to their crystallographic positions
does not allow to differentiate two types of sugar regarding '*C chemical shifts (Table S7).
However, while the structure associated to the HBN 1 network presents a poor correlation with
the experimental values (Table 2 “Optusn 1(H)”, R?=0.965 and 0.958, RMSD=2.2 and 2.4 ppm for
Sugar 1 and Sugar 2, respectively), the other one, associated to the HBN 2 network gives best
results (Table 2 “Optusn 2(H)”, R*=0.994 and 0.990, RMSD=0.9 and 1.2 ppm for Sugar 1 and
Sugar 2, respectively). Even if this last structure seems to be in better agreement with experiment
than the other one, it doesn’t manage to reproduce correctly all individual carbon chemical shifts
(in particular for C; and C3 with relative errors between 1.5 and 2 ppm in absolute value).
Furthermore, the fact that the correlation is good with the two types of sugar remains also
questionable.

At this stage of our study, two conclusions can be underlined: 1) Despite a good overall
correlation between calculated values and experimental ones, molecular methods are not sufficient
to clearly discriminate two types of sugar in such systems. Thus, this difference may not be
explained neither by a dynamical effect nor an intrinsic structural effect. 2) The hydrogen bond
network inside one double helix has a non-negligible impact on the calculation of NMR
parameters. Here, molecular methods suggest that the HBN_2 structure is responsible for the
experimental chemical shift as far as there is no packing effect. Thus, the packing effect observed

experimentally has to be somehow considered in the NMR calculation to allow this differentiation.
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Periodic boundary conditions approach. Experimentally, it has been postulated that the presence
of two NMR signals for glucose residues is due to a packing effect in the B-polymorph amylose
crystal'7*2. The complete attribution, realised by Rondeau-Mouro ef al., has been done on a highly
crystalline material. In order to take this periodicity property into account, the determination of the

theoretical NMR parameters was carried out under PBC using the GIPAW method.

As in our previous analysis on molecular systems, two types of conformation have been
considered to model the two hydrogen bonds networks (HBN 1 and HBN 2) previously
highlighted. For PBC calculations, geometry optimizations were performed considering the entire
set of atoms. In this case, constrained geometry optimizations restrained to hydrogen atoms have
not been considered because PBC induce crystal packing constraints. According to the 3D
structure (Figure 5), two pseudo-axis of third (rotation- translation axis 31) and sixth (rotation-
translation axis 61) order rotational symmetry determine the repartition of each helix within the
crystal. One double helix has three close neighbors distributed according to the third order
rotational axis. Thus, two populations of residues can be differentiated along amylose chains
regarding their positions inside the crystal (Figure 5). One type of sugar is located at the interface
between two amylose double helices (sugar in blue color in Figure 5 and noted sugarinterface) While
the other corresponds to sugars that point toward the sixth order rotational axis (sugar in orange
color in Figure 5 and noted sugarsoivent). These last sugars are in contact with structural water
molecules that have been characterized in the solvent channel within the crystal structure®. It is
know that the hydrogen bonding interaction of water molecules with hydroxyl groups attached to
glucose moieties can have an impact on the values of '*C chemical shifts!®**. However, these water

molecules have not been taken into account in our calculations, considering the difficulty to
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unambiguously place their hydrogen atoms. The principal dihedral angles for both structures and

optimization strategies are presented in Table 3.

Figure 5. Up: Localisation of sugarinterface (blue) and sugarsoivent (orange) in the extended crystal
mesh. In the crystal unit, Cs is the rotation-translation axis 3; and the inertial axis of a double-

helix, Cs is the rotation-translation axis 6; and director axis of the crystal solvent channel.
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HBN 1 HBN 2 HNB 3 HNB 4

81.7 90.8 87.4 79.7
05-C1-04’-C4’

90.6 88.9 82.8 92.9

97.8 96.4 92.8 95.7
Ci1-04’-C4’-C53’

94.5 98.0 97.4 96.6

51.4 54.9 57.3 59.2

C4-Cs5-Cs-Og

67.9 60.5 62.2 61.1

249.8 33.5 281.3 267.7
C1-C2-0O2-Hop2

247.5 120.1 288.7 265.2

192.1 294.9 313.6 189.3
C>-C3-03-Hoz

177.5 308.1 300.6 292.8

17.4 129.3 16.9 14.3
Cs5-Cs-O6-Hos

280.5 147.0 290.0 295.1

Table 3. Selected averaged dihedral angles (degrees) of the full optimisations, using PBC,
resulting in the HBN 1, HBN 2, HBN 3 and HBN_4 structures (See text for details). Os-Ci-Og-
Cs and Ci-O4-Cy-Cs> are the ¢ and y angles, respectively. For each angle, the first value
corresponds to the sugarinterface, the second to the sugarsovent. In bold, dihedral angle values out of

range of values defined by molecular approach.

As for the molecular approach, the nature of the hydrogen bond network has little influence on
the values of the dihedral angles that defined the conformation around the Cs-Ce¢ bonds (mainly gg
type). For the glycosidic angles ¢ and v, a similar conclusion is reached, even if a difference of
10° is observed for the ¢ angle of the residue at the interface when one goes from HBN 1 to
HBN 2 (81.7° to 90.8°, respectively). When other structural parameters are considered, two sets
of values are obtained for all dihedral angles reflecting this differentiation between residues.

Moreover, if compared with the previous hydrogen bond networks (molecular approach-HBN 1,
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characterised by C1-C2-O2-Hoo, C2-C3-0O3-Ho3, Cs-Cs-Os-Hos ranging from 200° to 280°, 180° to
215° and 280° to 290°; molecular approach-HBN 2, characterised by Ci-C2-O2-Hopz, C2-C3-O3-
Hos, Cs-Cs-Os-Hos ranging from 25° to 50°, 290° to 310° and 135° to 165°), while there are
similarities for dihedral angles, the ones resulting from PBC calculations present differences

(Figure 6 and Table 3) due to interactions between helices.

HBN_1

0,™ 0,0 4

O RUEY 0,0

04D

03(,1) 02(|+1)
0,0 - 0, 0,0 1
0,0 A 0D 0,0
Oglk-D) Ogk-D)

HBN_3 HBN_4

Figure 6. Details of HBN 1, HBN 2, HBN 3 and HBN 4 structures resulting from full geometry

optimisations in periodic boundary conditions.

In the case of HBN 1, difference between the two types of sugar is observed for the dihedral
angle around the Cs-Og bonds, while for HBN 2, this difference is observed for the conformation
around the C>-O; bond. In both cases, the difference in dihedral angle values is around 90 degrees.
This can be related to the formation of slightly different hydrogen bond networks compare to

molecular approach. The HBN 1 is now formed by hydrogen bonds between Hox™ and Oe™ ),
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Hos™ " and 02, Hoo® and O¢*-V, with m and n referring to residues of different chains situated
in the same double helix, k and 1 referring to residues of different chains situated in another double
helix (Figure 6 HBN 1). The hydrogen bonds formed between Ho3™ P and O ™! °r D are
conserved along the helix with no variation dependent on the position of the considered residue.
The HBN 2 is formed by hydrogen bonds between Hos*" and 02", Hoo® and O™, Hoe™ !
and 0™, Ho,™P and 03", Ho3™ and O3© (Figure 6 HBN_2). In the latter case, the O3 of
sugarssolvent are only hydrogen bond donor (Figure 6 HBN_2, O3™) whereas O3 of sugarsinterface are
acceptors of two hydrogen bonds (Figure 6 HBN 1, O3®). Thus, HO3 hydroxyl groups can be
differentiated in the HBN 2 from sugarinterface t0 Sugarsovent Using their intrinsic number of
hydrogen bonds. This differentiation is not possible in the HBN 1 structure.

It has been demonstrated in monosaccharide systems that the number and nature of hydrogen
bond formed on a C; carbon have a direct impact on the calculated chemical shift of carbons Ci+1
and Ci.1"°. As a consequence, chemical shieldings have been calculated for the sugar carbon atoms
in the crystal structures using PBC and compared to experiment. First, two populations of residues
were differentiated in terms of chemical shielding (Figure S2) for both HBN 1 and HBN 2
geometrically optimized structures. One is associated to sugars located at the interface between
double-helices (sugarinerface) While the other corresponds to the other family of sugar facing the
solvent channel (sugarsolvent). This observation seems to confirm the experimental hypothesis about
the differentiation of two sugars due to crystal packing. The next question is whether these two
sets of 1°C chemical shieldings (Sugarinterface and sugarsoivent) calculated for the HBN structures can
be directly associated to the two sets of experimental data (Sugar 1 and Sugar 2). Using the 4
possible combinations ([sugarinterface, SUZaTsolvent] VS [sugar 1, sugar 2] for the geometrical structures

HBN 1 and 2, see Table S9), it was not possible to find a global correlation (i.e., using
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simultaneously the 12 experimental carbon chemical shifts) between the theoretical and
experimental data. The best correlations are displayed in Table 4 and Figure 7 (R? =0.985-986;
RMSD=1.4 ppm). On the basis of the structures HBN 1 and HBN 2 that we have defined, it is
not then possible to associate directly the structural position of sugar (facing a double helix or
solvent) with one type of sugar identified experimentally. However, if we consider the relative
errors associated with the twelve carbon chemical shifts (Figure 7), we observe that the sugarinterface
with HBN 1 hydrogen bonds (Figure 7a Sugar 1, blue bars) presents lower absolute values ( < 1.5
ppm) than when they are involved with HBN_2 hydrogen bonds (Figure 7a Sugar 2, red bars, <3.2
ppm). On the contrary, sugarsivent presents smaller absolute relative error values in the HBN 2
structure (Figure 7a Sugar 1, red bars) than in HBN 1 structure (Figure 7a Sugar 2, blue bars) with
maximum at 1.9 ppm compared to 3.6 ppm, respectively. These results suggest that one
homogeneous hydrogen bond orientation replicated along the entire amylose chains does not form
a viable model for the calculation of NMR parameters of such complexes. Because fast exchange
between the two hydrogen bond networks can be present, dynamical effects must be somehow
taken into account. In order to statically model the latter, the averaging of chemical shifts has been
considered. Mean values have been calculated for each carbon by averaging chemical shifts of
HBN 1 and HBN_2. Comparison with experimental data shows that the new sets of 12 chemical
shifts (average 1 and average 2 in Table 4) substantially improved our theoretical results with
excellent correlation coefficient (R?=0.994) and RMSD (< 1 ppm). In addition, the errors are more
evenly distributed over all carbons with values below 2 ppm (Figure 7b). However, the
discrimination between sugarinterface and sugarsolvent Temains impossible (see for example all C;

values for average 1 and 2 in Table 4). This average of HBN 1 and HBN 2 can be considered as
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a static model of a synchronous dynamic of both hydrogen bond networks, i.e., the whole hydrogen

bond network moves from HBN 1 to HBN 2.

Exp.” HBN_1 HBN_2 average 1 | average 2 HBN_3 HBN_4
C1 (993 992 100.0 99.5 99.5 99.7 99.2
c2|713 709 71.2 71.2 73.2 722 74.0
c3|7sa 757 | £[744 |2 |735 g 751 | 2738 cg 749 | 2
Sugar 1 g £ 5 E 5 £
c4|m26 [739 |F [745 |& [7a1 | E [734 |2 [716 |F |23 |¢
c5[69.8  |70.0 70.5 71.1 70.6 70.6 69.1
Cc6 (613 [598 61.0 60.7 60.5 61.9 61.4
c1 [100.2 [985 99.4 99.5 99.5 100.1 100.1
c2 |21 753 715 73.2 71.2 73.9 70.2
c3l|75a |58 | 2715 | £ 52 | 2|35 | £150 |21 | £
0 a3 ) a 0 a3
Sugar 2 = 5 5 5 B 2
Cca|743 [724 | € [743 |2 |734 | € [781 |E [734 | ¢ |743 | %
cs (702|708 72.4 70.6 71.1 69.0 71.6
c6 (613 603 61.9 60.5 60.7 61.5 61.4
R? 0.986 0.985 0.994 0.994 0.994 0.991
RMSD 1.4 1.4 0.9 0.9 0.9 1.1

Table 4. Best calculated chemical shifts (ppm) for HBN 1, HBN 2 HBN 3 and HBN 4

theoretical structures after correction with experimental data using the coefficients of the linear

interpolation (experiment vs theory, see methods). Chemical shifts (average 1 and 2) obtained

after averaging of sugarinterface OT SUgarsolvent chemical shieldings of HBN 1 and HBN 2 optimized

structures and correction with experimental data using the coefficients of the linear interpolation

are also calculated. R? and RMSD (in ppm) are given in order to indicate an estimation of errors.
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Figure 7. Relative errors (ppm) resulting from the best theory/experiment correlations for (a)
HBN 1 (Blue) and HBN 2 (Red), (b) for average 1 (Blue) and average 2 (Red) and (c) HBN 3

(Blue) and HBN 4 (Red).

An asynchronous dynamic can be envisaged for which only the hydrogen bond network of one
type of sugar is modified (either sugarinterface OF SUgarsolvent). 10 confirm this hypothesis, we
constructed two other hydrogen bond networks: The first, noted HBN 3, presents HBNs for the
sugarinterface aNd sugarsolvent close to HBN 2 and HBN 1, respectively. The second, noted HBN 4
on the contrary, presents HBNs for the sugarinterface and sugarsolvent close to HBN 1 and HBN_2,
respectively. The two resulting structures were subjected to geometry optimization and chemical
shieldings were calculated and compared to experiment (see Table 4). The carbon skeletons do not
show specific alteration for the two new considered structures if ¢, v and dihedral angles around
Cs-Ce are considered (Table 3). Concerning the hydrogen bond networks, only the dihedral angles
around Ce-Os can discriminate the two sugars (interfacial and facing to solvent) for HNB 3 while
for HNB 4, dihedral angles around Cs-Og and C3-Os allow to differentiate the two positions. As
already described in the previous paragraphs, these reflect difference of hydrogen bonding between
helices both in intra and inter double-helix, within the crystal lattice and can be at the origin of
different chemical shifts repartition calculated for these structures.

For HBN 3 and HBN 4 structures, global correlation of NMR chemical shielding has been

envisaged by correlating at the same time sugarinterface With sugar 1 and sugarsolvent With sugar 2 or
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the opposite (Table S10). The best correlations are displayed in Table 4. For HBN 3, the best
results are obtained by assigning chemical shifts of sugarinterface and sugarsolvent to Sugar 1 and 2
respectively, while for HBN 4 the opposite has been found, sugarinterface and sugarsolvent being
correlated to Sugar 2 and 1, respectively. Even though several little errors remain (Figure 7c error
< 1.8 and 2.7 ppm for HBN 3 and 4 structures, respectively), these values yield also a very good
agreement compared to experiment. The corresponding correlation coefficients (0.994 and 0.991)
together with RMSD around 1 ppm calculated using the whole set of chemical shifts are a proof
of this correctness. However, for one of these structures, Sugar 1 is attributed to sugars at the
interface between double-helices while for the other, the same experimental sugar is attributed to

sugars facing the solvent channel.

Conclusions.

In conclusion, we demonstrate that it is possible to achieve qualitative good agreement between
experiment and theoretical '>C NMR chemical shifts in the case of a highly crystalline sample of
the Amylose B-polymorph. To do so, it is necessary to correctly model the chemical environment
using calculations at the DFT level within periodic boundary conditions. This was necessary to
confirm, for the first time, the experimental hypothesis that the presence of two types of sugar in
the NMR spectrum is a consequence of crystal packing.

However, neither of the theoretical structures allow us to discriminate the assignment of NMR
spectra with respect to the position of the sugars. It is necessary to remember that no water
molecules are included in our calculations, especially those that have been characterised in a
specific channel created by the six double-helices distributed around the C¢ pseudo axis. These

water molecules are crucial for the crystal structure of the B-polymorph of amylose** and
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obviously may play an important role in the evaluation of '*C NMR chemical shifts. They may
create new dynamic hydrogen bonds with the hydroxyl groups of the residues located in this
channel and thus influence the value of chemical shielding of carbons C,, C3 and Cs. Because the
position of the hydrogen atoms of water is not characterised by X-ray scattering, it is impossible
to correctly model these molecules in our computational strategy without resorting to ab initio

molecular dynamics, which is outside the scope of this study.

Supporting Information.

The supporting information is available free of charge. Table S1: ¢ and y angles after geometry
optimizations and for the crystal structure; Table S2: Selected dihedral angles for full (all atoms)
geometry optimizations; Table S3: Selected dihedral angles for constrained (Hydrogen atoms only)
geometry optimizations; Table S4: ¢ and y angles averages extracted from MD simulation; Table
S5: Selected dihedral angles averages extracted from MD simulation; Table S6: Chemical
shielding obtained for full (all atoms) geometry optimizations methods; Table S7: Chemical
shielding obtained for constrained (hydrogen atoms only) geometry optimizations method; Table
S8: Molecular approach. Experimental chemical shift and average theoretical chemical shielding
used for theory vs experience comparison and parameters of the linear fit; Table S9: Periodic
Boundary conditions approach. Experimental chemical shift and theoretical chemical shielding
used for theory vs experience comparison; Table S10: Periodic Boundary conditions approach.
Experimental chemical shift and theoretical chemical shielding used for theory vs experience
comparison; Figure S1: Energy difference as a function of k-points grid sampling. Figure S2:
Carbon chemical Shielding obtained after GIPAW calculations on HBN 1 and HBN 2 optimized

structures;
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