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SUMMARY

The macromolecular conformation of the constituent polysaccharides in lignocellulosic biomass
influences their supramolecular interactions, and therefore their function in plants and their
performance in technical products. The flexibility of glycosidic linkages from the backbone of
hemicelluloses was studied by evaluating the conformational freedom of the ¢ and y dihedral
angles using molecular dynamic simulations, additionally selected molecules were correlated
with experimental data by NMR spectroscopy. Three types of B-(1—4) glycosidic linkages
involving the monosaccharides (Glcp, Xylp and Manp) present in the backbone of
hemicelluloses were defined. Different di- and tetrasaccharides with combinations of such sugar
monomers from hemicelluloses were simulated and free energy maps of the ¢ - w space and
hydrogen bonding patterns were obtained. The glycosidic linkage between Glc-Glc or Gle-Man
(C-type) was the stiffest with mainly one probable conformation; the linkage from Man-Man or
Man-Glc (M-type) was similar but with an increased probability for an alternative conformation
making it more flexible, and the linkage between two Xyl-units (X-type) was the most flexible
with two almost equally populated conformations. Glycosidic linkages of the same type showed

essentially the same conformational space in both disaccharides and in the central region of
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tetrasaccharides. Different probabilities of glycosidic linkage conformations in the backbone of
hemicelluloses can be directly estimated from the free energy maps, which to a large degree
affect the overall macromolecular conformations of these polymers. The information gained
contributes to an increased understanding of hemicelluloses’ function both in the cell wall and in

technical products.

INTRODUCTION

Plant cell walls are complex and dynamic polymeric networks, which confer not only structural
stability to the cells, but also flexibility, permeability, signaling, and regulatory functions
(Carpita and Gibeaut, 1993; Carpita and McCann, 2000). Primary plant cell walls are synthesized
during cell growth and therefore have a dynamic, plastic and highly hydrated architecture.
Furthermore, primary cell walls consist of non-oriented cellulose microfibrils, which are mainly
interlocked by a matrix of hemicellulose and pectin polysaccharides and structural proteins. On
the other hand, secondary cell walls have a fully differentiated structure in multiple lamellae,
providing strength and rigidity to the plant woody tissues after cell growth. Secondary cell walls
have a larger content of oriented cellulose microfibrils, embedded in a matrix of hemicelluloses
and polyphenolic lignins, which contribute to the increased rigidity and hydrophobicity
(Cosgrove and Jarvis, 2012; Burgert and Keplinger, 2013).

Hemicelluloses represent about one third of plant cell walls and have as such great potential to
be used for new materials and applications replacing petroleum-based products. Hemicelluloses
can be a source to biofuel (Pauly and Keegstra, 2008), a variety of platform chemicals (Bozell
and Petersen, 2010), functional materials in oxygen barrier films and coatings (Hansen and

Plackett, 2008), stabilizers, thickeners, and nutritional prebiotics (Zhang, 2008). In order to
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technically use hemicelluloses we need extensive information about their properties which also is
of great importance for their biological function. This is still not fully understood for
hemicelluloses and in this study the goal is to increase the knowledge about how the structure of
these polysaccharides affects their properties and function in the cell wall.

Hemicelluloses are heterogeneous polysaccharides with a backbone built up by neutral hexoses
or pentoses connected through B-(1—4) glycosidic linkages in equatorial configuration, similarly
to cellulose (Figure 1a). However, unlike cellulose, hemicelluloses are decorated with different
chemical (e.g. acetyl groups) and glycosyl (neutral sugars and uronic acids) side-chain
modifications. Xyloglucan is the main hemicellulose in the primary cell wall of flowering plants,
with a polymeric backbone of D-glucopyranosyl units (as in cellulose) (Scheller and Ulvskov,
2010). On the other hand, xylans and glucomannans constitute the main hemicelluloses in woody
tissues. Xylans consist of a backbone of D-xylopyranosyl units, whereas the backbone in
glucomannans includes both D-mannopyranosyl and D-glucopyranosyl units (Timell, 1967;
Scheller and Ulvskov, 2010). The nature, degree and pattern of substitutions differ not only
amongst plant species, but also between tissues and developmental stages (Scheller and Ulvskov,
2010). When subjected to technical processing, native hemicelluloses in lignocellulosic biomass
usually lose side chain saccharide groups and substituents, which results in more linear
molecules with reduced molecular weight (Sjostrom, 1993; Jacobs and Dahlman, 2001).

Apart from the presence of side-chain decorations, the differences in backbone conformation
in hemicelluloses are of large importance for their biological and technical functionality. The
most important factor for the macromolecular conformation of hemicelluloses is the flexibility of
the backbone, which to a large extent is determined by the conformational freedom of the

glycosidic linkages (Widmalm, 2013). The conformation of the glycosidic linkage depends on
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the sugar residues present on each side of the linkage and is commonly expressed by two
dihedral angles denoted ¢ and y, which refer to the rotations around the two covalent C-O bonds
that form each glycosidic linkage (Figure 1c). There is typically an equilibrium between a few
stable and meta-stable conformations, which are primarily stabilized by stereoelectronic and
steric interactions, but could potentially also be influenced by hydrogen bonding between sugar
residues.

The present study aims to evaluate how the conformational properties of the B-(1—4)
glycosidic linkages between backbone sugar units vary in different hemicelluloses. We have
identified three different types of linkages that are found in the backbone of hemicelluloses, each
of them with a specific hydrogen bonding pattern (Figure 1b). The type C linkage involves a
Glcp entity as the sugar containing the anomeric carbon in the glycosidic linkage and can be
stabilized by hydrogen bonds on two sides of the glycosidic linkage simultaneously. Type M also
has two possible hydrogen bonds; however, a change of conformation is expected to be
necessary to change between hydrogen bonding possibilities (HB1 and HB2), due to the presence
of a Manp unit as the sugar containing the anomeric carbon. Finally, the type X linkage can be
found between Xylp units and can only be stabilized by one hydrogen bond.

Molecular Dynamics (MD) simulations have been used previously to study conformational
properties of glycosidic linkages in oligosaccharides (Campen et al., 2007; Peric-Hassler et al.,
2010; Zaccheus et al., 2012; Wang et al., 2013) although hemicelluloses were not specifically
targeted. Here, we use MD to study different disaccharides and tetrasaccharides mimicking the
possible sugar combinations from the backbone of glucomannan, xylan and xyloglucan. The
simulations are compared to effective proton-proton distances and transglycosidic J coupling

constants determined by NMR experiments. From the simulations, the free energy space of the
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glycosidic linkages is calculated to assess their conformational freedom, which is further
discussed in terms of properties of plant cell wall polysaccharides from a technical and a

biological perspective.

RESULTS AND DISCUSSION

As hemicelluloses are large polymeric macromolecules, they are not computationally effective to
simulate. Therefore, small model systems (Table 1) are more appropriate for our interest in
specific details of the glycosidic linkage conformation and hydrogen bonding.

The simulated structures were [-cellobiose (present in xyloglucan and glucomannan, but also
cellulose), B-mannobiose (glucomannan), B-xylobiose (xylan) and B-(1—4)-linked D-glucose and
D-mannose, one with glucose and one with mannose as the reducing end (glucomannan). Model
tetrasaccharides were studied as well, with main focus on the central glycosidic linkage. These
were [-mannotetraose, P-cellotetraose, B-xylotetraose and three combinations of tetraoses
consisting of B-(1—4)-linked D-glucose and D-mannose, always with mannose as reducing and
non-reducing end groups and the two middle sugar units were different combinations of glucose
and mannose. Due to the interest in hydrogen bonding possibilities, allobiose and allotetraose,
which have an axial hydroxyl group at the C3 position, were also simulated. Moreover, o-
cellobiose was modelled for comparison with NMR data. In Table 1 information about all

simulated saccharides is compiled.

Analysis of disaccharide conformations

The free energy maps of the dihedral angles ¢ and y for the three types of glycosidic linkages are

presented in Figure 2. The two-letter codes refer to the model compounds listed in Table 1. Each
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map is divided into four main regions: 1, 2, 3 and 4. Additionally, region 3 is divided into two

3™ is the non-exo-anomeric region (Asensio et al., 2000) and 3 corresponds to

parts where
anti-p conformation (Landersjo et al., 1997). Region 1 is the anti-y region (Dabrowski et al.,
1995), and the minimum in region 4 is referred to as syn conformation (Dixon et al., 2003). For
XX, region 4 is divided into two parts: 4™ and 47, where the latter contains syn. A larger
populated area in the energy map represents a higher flexibility of the glycosidic linkages. As
shown in Table 1, GG and GM can be classified as being of glycosidic linkage type C, MM and
MG of type M and XX of type X. Furthermore, data for the total probabilities of (p,y) being
found in each of the four regions are presented in Table 2. Standard errors were obtained from
block averaging the data over 10 blocks of 5 ns each.

As expected, there was no significant difference between the free energy maps of structures
with the same glycosidic linkage type. The free energy map for a-GG can be seen in Figure S1
(supporting information). The three different types of glycosidic linkages show similar
topologies, albeit with some local differences. Region 4 is by far the most populated for all
disaccharides investigated with a probability ranging between 93.1 to 97.4%, followed by region
3 (1.7 to 5.6%). The conformational space of both GG and MG are in agreement with earlier
work using the GROMOS 45A4 force field (Peric-Hassler et al., 2010; Wang et al., 2013). The
difference in probability between region 3 and 4 is large, which is also reflected in the difference
between the corresponding free energies, which are 6.4 to 9.4 kJ mol” (the lowest value
corresponds to type M and the highest to type X). Free energy maps of glycosidic linkages of
type C and M are the most similar, but the minimum in 3 is more populated for type M

compared to type C. Type X shows two almost equally populated minima in region 4, and the
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minimum in 3% is not as well-defined and populated for XX as for the other disaccharides. This
is not surprising since xylose, in contrast to the other studied sugar units, is a pentose.

The AA glycosidic linkage does not correspond to any of the hypothesized glycosidic linkage
types and does not exist in hemicelluloses. This disaccharide was evaluated because of the
different orientation of the hydroxyl group on the C3 position which is expected to hinder the
formation of HB1 (as defined in Figure 1b). Despite this, the free energy map is quite similar to
type C and type M, although a slightly larger flexibility in y is allowed compared to both C and
M. Moreover, for AA the anti-g region (3) is more populated than the anti-y (region 1), which

is the opposite compared to the other disaccharides.

Assessment of the simulated systems by NMR experiments

Both J couplings and effective proton-proton distances can readily be calculated from an MD
trajectory. The J couplings from the MD simulations were calculated according to corresponding
equations in Sdwén et al. (2010) for the disaccharides that were compared to NMR data. The J
couplings from both literature and the NMR analysis are comparable to the ones obtained from
the simulations; see the 3JCH comparison in Table 3, and 3JCC values in Table S1.

The distances between protons of the sugar residues of a glycosidic linkage are dependent on
conformational preferences such as syn- and anti-conformations with respect to the dihedral
angles ¢ and w. In GG severe spectral overlap of H3, H4 and HS5 of the reducing end glycosyl
residue significantly hampers determination of the HI1’-H4 distance across the glycosidic
linkage. It has, however, been possible to determine this distance in methyl B-cellobioside (Me
GG) using a site-specifically deuterated isotopomer analogue of the compound resulting in rgp pa

~ 2.2 A. For a-GG it was possible to obtain the corresponding distance by a 1D STEP-NOESY
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NMR experiment, in conjunction with a regular 1D NOESY experiment to acquire a reference
cross-relaxation rate (Figure 3).

Table 4 shows the proton-proton distances from the NMR experiments. In both the a- and B-
anomeric forms of GG, the interglycosidic distance H1’-H4 is slightly longer as deduced from
the MD simulation than determined with NMR, possibly due to overestimation of populations in
non-exo-anomeric or anti-y conformations. The corresponding simulated interatomic distance in
XX 1s longer than for GG, which is supported by the experimental NMR data, albeit in this case
the presence of antiperiplanar conformations for XX may be underestimated in the simulations.
Most importantly though, the transglycosidic H1’-H4 distances are similar between NMR
experiments and MD simulations for the different compounds tested, and, furthermore,

simulations capture the differences between the C and X type of linkages.

Hydrogen bonding in disaccharides

Three possible hydrogen-bonding positions in the glycosidic linkage (HB1 = O5’---H-O3, HB2a
= 02’-H’---06, HB2b = 02’---H-O6) have been considered (Figure 1b) and their respective
probabilities in regions 3 and 4 are shown in Figure 4. Representative structures showing the
conformations and hydrogen bonding possibilities in each free energy minima for GG, MM and
XX is shown in Figure 5. In region 4, (4” in the case of XX) HB1 is common for all
disaccharides, except for AA. On the other hand, HB1 did not occur in region 3 and instead HB2
was present for all structures in this region. Molecules with a glycosidic linkage of type C (GG
and GM) attain both HB1 and HB2 in region 4. The probability of the two hydrogen bonds to be
present at the same time was 11% for GG. Since the individual probabilities of HB1 and HB2

were 54% and 18% respectively, and their product becomes 10%, this indicates that, in region 4,
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the two hydrogen bonds form independently of each other. Type C linkages rarely visit region 3,
but when it does, the probability for HB2 is about 20-30%. Type M linkages (MM and MG) only
attain HB1 in region 4 while they exhibit a significantly higher probability of HB2 in region 3
than the other disaccharides. Thus, these molecules may form hydrogen bonds of both type HB1
and HB2, but not at the same time as a consequence of having the hydroxyl group on C2’ axially
oriented. Finally, AA attains fewer hydrogen bonds across the glycosidic linkage compared to
the other structures, as expected.

The hydrogen bonding follows the same pattern in all simulated glycosidic linkages of the
same type. Data on hydrogen bonding across all glycosidic linkages in both di- and

tetrasaccharides can be found in Table S2.

Ring conformations
An analysis of the pyranose ring conformations was conducted by calculating the pseudo-
dihedral angles a; (C4-O5-C2-Cl), a, (0O5-C2-C4-C3) and a3 (C2-C4-O5-C5) (Pickett and
Strauss, 1970; Rao et al., 1998). This showed that the main conformation for all glucose and
mannose units was the *C; chair, which is as expected (Angyal, 1968). For the xylose units in
XX the 4C1 chair dominated although the presence of inverted chair conformations, 1C4, was
significant; 12.7% for the reducing sugar and 18.3% for the non-reducing sugar, which,
assuming a two-state model, gives an energy difference between the two conformers of 4.7 kJ
mol™ and 3.7 kJ mol™ respectively.

The energy difference between *C; and 'Cy in aqueous solution is significantly lower in xylose
than in hexopyranoses, however, not as low as what was found here. Literature values end up

between 9 to 10 kJ mol™ (Angyal, 1968; Mayes et al., 2014), which indicate a population in 'C,
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of 2-3%. In fact, this correlates well with experimental NMR 3JHH coupling constants in the
xylopyranose residues of XX (Figure S2, Table S4), which become nearly identical to the ones
previously determined for 2-naphthyl B-D-xylopyranoside (Siegbahn et al., 2011), showing that
the *Cy conformer is by far the dominating one (> 90%). The fact that the energy difference
between ‘C, and the inverted chair conformation 'Cy is too low appears to be a shortcoming of
the present force field. At present, there are no published studies that mention this, and further
investigations into this matter are probably called for.

The ring conformation may, in some cases, affect the glycosidic conformation (Plazinski and
Drach, 2015; Plazinski et al., 2016a; Plazinski et al., 2016b). To investigate this, the free energy
map of xylobiose was decomposed into four parts, each of one corresponding to a different
combination of ring conformations (Figure 6). Since the locations and relative depths of the
minima were the same in all cases, we conclude that the ring conformation has only a negligible

effect on the glycosidic linkage.

Analysis of tetrasaccharides

Figure 7 and Table 2 display the free energy maps and population statistics of the central
glycosidic linkages in tetrasaccharides, which show essentially the same behavior as their
corresponding disaccharide. Also the glycosidic linkages connected to the reducing and non-
reducing end of tetrasaccharides show similar population statistics (Table S3). Just as for the
disaccharides, region 4 is the most populated, for all bond types, with probabilities between 91.1
to 98.5%. The differences in populations that can be observed compared to the disaccharides are

that 3 is even less populated for the central glycosidic linkage in the tetrasaccharides, and for
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MMMM and GGGG the population in region 1 increased by roughly a factor of two. However,
based on the standard errors in the populations, these differences are not statistically significant.

The ring conformations of the sugar units in the tetrasaccharides were generally similar to the
disaccharides, and for all mannose and glucose units the main conformation was 4C1. For the two
outer xylose units in B-xylotetraose *C; dominated but also a significant fraction of 'C, was
observed. Moreover, 1C4 even dominated in the two central sugar units of xylotetraose. As
previously discussed for xylobiose the high population of the inverted chair for xylose units is
likely an artifact of the present force field parameters. Nevertheless, the observation that 'C,
increases in sugar residues that were part of a larger molecule was observed in a previous study
(Plazinski et al., 2016b) where it was suggested that this was caused by steric interactions
between residues.

The hydrogen bonding over the glycosidic linkages in the tetrasaccharides (Figure 5) show
essentially the same behavior as what is observed for the disaccharides of the same bond type.
Still, one significant difference is that XX attained much more HB1 compared to XX-XX, but
comparing with the outer glycosidic linkages in XXXX (Table S2) the amount of HB1 varies a
great deal within the tetrasaccharides (23% in the reducing end, 7% in the middle, and 11% in

the non-reducing end).

The role of environment for intramolecular hydrogen bonding

Wood in growing trees with a typical moisture content of 50% contains approximately one third
of water, one third of air, and one third solid material. It is not possible to simulate the
saccharides in an environment that accurately replicates the natural environment for

hemicelluloses; still, given the large fraction of water in plant cell walls, it is not unreasonable to
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instead consider aqueous solution. Another obvious advantage from using aqueous systems is
that simulations can be readily validated using solution state NMR.

Previous simulations of saccharides in water show only negligible effect from hydrogen
bonding on the conformation of glycosidic linkages (Peric-Hassler et al., 2010; Wang et al.,
2013). This is due to that when an intramolecular hydrogen bond is broken, it can be
immediately replaced by a hydrogen bond to a water molecule, which, from an energetic point of
view, is just as favorable. This observation is supported by our data by the fact that allobiose and
allotetraose, which has only limited possibility of forming hydrogen bonds of type HB1, show
almost identical free energy maps for their glycosidic linkages as for linkages of both type C and
M (Figure 2 and Figure S1). However, in another study where disaccharides were simulated in
vacuum it was clear that hydrogen bonding caused a stabilization of the glycosidic linkages
(Campen et al., 2007). In that study the free energy difference between region 4 and region 1 for
a-cellobiose was calculated to 14.4 kJ mol'. Here, the corresponding free energy difference was
10.2 kJ mol™, i.e., significantly reduced. It is important however to point out that different force
fields were used in those two cases.

One common plant polysaccharide that only contains glycosidic linkages of type C is cellulose,
which in is predominantly found as crystalline or semi-crystalline aggregates. Although their
assembly is driven by hydrophobic forces (Bergenstrdhle et al., 2010) the crystal structure is
determined by an intricate network of intra- and intermolecular hydrogen bonds (Nishiyama et
al., 2002). Removal of these bonds results in complete rupture of the crystal structure, to a large
extent accompanied by relaxation of the glycosidic linkages (Wohlert et al., 2012). This shows
that in a water free environment, hydrogen bonds will indeed stabilize glycosidic linkage

conformation, and even collectively force them into energetically strained conformations.
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It seems obvious that hydrogen bonding is highly dependent on the environment and a
hemicellulose molecularly dissolved in water is probably less restricted by intramolecular
hydrogen bonds than a hemicellulose that is entrapped in cell wall assemblies with limited

humidity.

Conformations of polysaccharide chains

To get an idea of what effect the glycosidic dihedral angles would have on the conformation of a
longer hemicellulose chain, structures containing ten sugar residues with ¢ and y at their most
probable values were generated (Figure 8, upper panel). The resulting xylan, mannan and glucan
chains all formed elongated, twisted structures. The sum ¢ + w can be used to characterize the
conformation of a chain (Mazeau et al., 2005; French and Johnson, 2009), with, in the IUPAC
definition, ¢ + w = 300°/420° being indicative of a right/left-handed, 3;-fold helical screw, and ¢
+ = 360° giving a 2;-fold helical screw.

The most favored conformation for type C and M is found in region 4 with ¢ + y = 400°,
corresponding to an elongated screw, which can be seen in both the glucan and mannan chains
(Figure 8).

Linkages of type X are found with the highest probability in region 4™, closely followed by
region 47 which have ¢ + y ~ 440° and ¢ + y ~ 380° respectively. The later results in an
elongated screw, similar to a 2;-fold helical screw, while the conformation from region 4% forms
a screw more like a left-handed 3;-fold helix. The energy barrier between these two states
(4(+)/4(')) is only about 1.5 kJ mol™! which indicates that the conformation of xylan molecules in
solution is reversible and that these conformations can be interchangeable depending on

surrounding environment.
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Another interesting observation is that the glycosidic linkage conformation from region 1 for
all glycosidic linkage types generates a bend of approximately 90°, as well as the uncommon
region 3" (Figure 8, lower panel). The probability for any of these bends is generally low and
around 1% for studied structures (Table 2). However, hemicellulose chains usually have a DP >
100 and therefore these bends are of statistical relevance since only one bend creates a major
change of direction for the polymer. An inverted chair conformation is also expected to have a
similar effect on the direction of the molecules. Although extremely rare in both glucose and
mannose, it occurs in xylose with a non-negligible probability as discussed previously, and may

thus be of significant importance for the macromolecular conformation of xylan.

Significance of backbone flexibility for the ultrastructure of lignocellulosic biomass and
properties of technical hemicelluloses

The previously described conformations of the glycosidic linkage (Figure 8) could explain why
hemicelluloses can interact with cellulose crystals, i.e., by hydrogen bonding of polysaccharide
hydroxyl groups and van der Waals interactions between the hemicellulose and cellulose, and at
the same time act as a cross linker between polymers through covalent and non-covalent
interactions in lignocellulosic biomass (Somerville et al., 2004; Cosgrove and Jarvis, 2012;
Salmén, 2015). From our modeling results for the hemicellulose backbones with different
glycosidic linkage types, preferred elongated chain configurations can be adopted that will favor
interactions with cellulose microfibril surfaces. In addition, stiffer chains will also suffer smaller
entropic penalties from the restrictions on chain mobility inferred by an interface, which also will
favor adsorption to cellulose. Different statistically significant glycosidic linkage configurations

can co-exist in the same hemicellulosic chain, which enable intramolecular regions with long
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elongated screw conformations that could interact with the surfaces of cellulose microfibrils,
together with specific local bends that would change the orientation of the hemicellulose chains.
This observation is in agreement with the structural models established for xyloglucan in primary
cell walls (Pauly et al., 1999; Cosgrove, 2005; Park and Cosgrove, 2012), where an individual
xyloglucan molecule can act as a polymeric anchor to bind two adjacent cellulose microfibrils. A
similar behavior was reported for xylan (Busse-Wicher et al., 2014), where interactions with both
cellulose and other cell wall components were hypothesized to occur through combination of 2;-
fold and 3;-fold helical screws, respectively. As previously stated the energy needed for
transition between these two Xxylan conformations 1is rather low, so interchangeable
configurations could be attained depending on the environment.

Although side chain substituents play a significant role in hemicelluloses, backbone
configuration can be envisaged as the vertebral spine that modulates the main associative events
between hemicelluloses and other lignocellulosic polymers. Xyloglucans have a large diversity
of side chains, which may be involved in modulating the interactions with other cell wall
components and with signaling events. It has been shown that both the backbone and side chain
groups in xyloglucan are contributing to the interaction with cellulose microfibrils (Zhang et al.,
2011). Side substituents can modulate xyloglucan backbone conformation from a putative
twisted to planar form which influences the supramolecular interaction with cellulose
microfibrils (Levy et al., 1991; Levy et al., 1997). Other similar MD studies pointed out that
xyloglucans with smaller side chains, (Figure la) which have a larger contribution of the
backbone conformation on the overall macromolecular conformation, can adopt flat local
orientations interacting better with cellulose microfibrils (Hanus and Mazeau, 2006; Zhao et al.,

2014).

This article is protected by copyright. All rights reserved.



The reason for the diversity in hemicellulose composition in different plants is not clear,
although previous works suggested that the glucomannans might interact closer with cellulose in
wood than xylans do (Akerholm and Salmén, 2001). The present study has shown that glycosidic
linkages of type M exhibit similar rigidity as type C, whereas type X exhibits more flexibility.
This could in part explain why glucomannans should interact better with cellulose than xylan,
since the chain of glucomannan should be stiffer and therefore easier to adsorb to cellulose.
Furthermore, comparing linkage type C with type M the latter shows an increased population of
non-exo-anomeric conformation and is therefore more flexible, which indicates that a higher
content of glucose in glucomannans should give a higher stiffness of the chain. Here it is
interesting to note that glucomannan in hardwoods generally has a higher content of glucose than
in softwoods, but they occur in much lower amounts (Timell, 1967). The higher glucose content
in hardwood glucomannans may give a stronger affinity to cellulose, and therefore it might be
sufficient with lower amounts to provide the crosslinking support required in such tissues.

The observation that glucomannans interacts better with cellulose than xylan has also been
proposed in the literature for technical wood (Clayton and Phelps, 1965). Wood processing
(kraft/soda pulping, hot water extractions and sulphite pulping) causes changes to the structure of
hemicelluloses, resulting in “technical hemicelluloses” with an increased linearity, a reduced
presence of side chain saccharide groups and substituents, a decreased molar mass, and increased
hydroxyl functionality (Enkvist et al., 1957; Sjostrom, 1977; Johansson and Samuelson, 1977;
Sjostrom, 1993). The technically modified hemicelluloses (suggested structures are presented in
Figure S3) thus resemble the models in this study from a view-point of hydrogen bonding
possibilities and linearity, although the molar masses differ significantly. In fact, in earlier

works, ivory nut mannan has been used as a model to study the recrystallization phenomena of
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glucomannan onto cellulose (Chanzy et al., 1978). Such recrystallizations are well known to
enhance pulp yields, and an increased fraction of glucomannan has also been shown to increase
the pulp’s strength properties (Salmen and Lindstrom, 2015). Furthermore, differences in
flexibility between technical glucomannans and xylans may influence their potential in different
types of applications of purified or partly purified hemicelluloses, as in barrier films or

composites (Hartman et al., 2006; Escalante et al., 2012; Oinonen et al., 2013).

In conclusion

The present study uses MD computer simulations of selected di- and tetrasaccharides in
aqueous solution to show that the conformational flexibility of the backbone in hemicelluloses to
a large degree depend on the glycosidic linkages, which can be categorized as belonging to three
different types depending on its monomeric neighbors. The most flexible one is type X (found in
xylan) with two almost equally probable conformations. Type C (found in cellulose,
glucomannan, and xyloglucan) is, as expected, the stiffest with primarily syn conformation while
type M (found in glucomannan) is similar to type C but with an increased population of non-exo-
anomeric conformation, which makes it more flexible. The difference between these three
glycosidic linkage types can be connected to properties of the hemicellulose backbone. The
results partially explains how the probable conformations of the backbone glycosidic linkages
make it possible for hemicelluloses to interact with different types of wood polymers and act as a
cross-linker in the cell wall. Our findings that glucomannan has a stiffer backbone than xylan can
also explain why the interaction between glucomannan and cellulose are stronger than the
interaction between xylan and cellulose (Clayton and Phelps, 1965; Akerholm and Salmén,

2001) since the stiffer structure allows stronger binding to cellulose by hydrogen bonding and
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van der Waals interactions, and from a smaller decrease in chain entropy upon adsorption. The
NMR analysis corroborates the simulated systems, with one exception; xylose residues attain a
larger fraction of the 'Cy chair during the simulation compared to the real systems. This did not
however affect the conformational space of the glycosidic linkage.

The effect of hydrogen bonding for stabilization of the glycosidic linkage conformation is
limited in water solution, but may be of importance in the more complex environment of the cell
wall.

The information gained about the flexibility of backbone glycosidic linkages in hemicelluloses
contributes to an increased understanding of their function both in the cell wall and in technical
products. In this context, disaccharides are judged to be good models for studying the behavior
of a single glycosidic linkage also in polymers since no significant differences were observed
between the conformational spaces of a glycosidic linkage in a disaccharide and the central
glycosidic linkage in a tetrasaccharide. This means that the results presented here constitutes a

good model for future simulations of polymer chains using e.g. coarse grain methods.

EXPERIMENTAL PROCEDURE

Molecular dynamics (MD) simulations

MD simulations of the molecules presented in Table 1 were performed using GROMACS 5.0.4
(Hess et al., 2008; Abraham et al., 2015) employing the GLYCAMO6 (Kirschner et al., 2008)
force field for carbohydrates and the TIP3P (Jorgensen et al., 1983) model for water. Molecules
were built using the leap module in AMBER (Case et al., 2015); thereafter the topologies were
converted to GROMACS format using ACPYPE (Sousa da Silva and Vranken, 2012).

Disaccharides and tetrasaccharides were all simulated as a single molecule in aqueous solution
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using a fully periodical box. For the disaccharides a 3x3x3 nm’ box containing about 860 water
molecules was used. For tetrasaccharides a dodecahedral box containing 1560 water molecules
was employed.

Each run was carried out for 50 ns, at 1 atm pressure, and at a temperature of 300 K, using a
leap-frog integrator with a 2 fs basic time step. The pressure was held constant by the Parrinello-
Rahman barostat (Parrinello and Rahman, 1981) and the temperature was controlled by the Nosé-
Hoover algorithm (Nosé, 1984; Hoover, 1985). Replica Exchange Molecular Dynamics (Sugita
and Okamoto, 1999) was used at 12 different evenly spaced temperatures ranging from 300 K to
366 K (in 6 K increments) with attempts to exchange between neighboring replicas at every 10
steps for improved sampling.

Lennard-Jones interactions used a straight cutoff at 1.2 nm. For electrostatic forces the Particle
Mesh Ewald (PME) summation (Darden et al., 1993; Essmann et al., 1995) with a 1.2 nm real
space cutoff was applied. To keep bonds at their equilibrium values P-LINCS (Hess, 2008) was
used for the saccharides and SETTLE (Miyamoto and Kollman, 1992) for water. According to
the GLYCAM convention, no scaling was applied for 1-4 interactions.

Free energy maps of the (¢,i) dihedral space were constructed by recording the ¢ and
dihedral angles every ps in the 50 ns simulation and calculating their probabilities, which were
converted to free energies by Boltzmann inversion. The contour plots were constructed with a
grid spacing of 5° and with contour levels at every 1.5 kJ mol”'. The maximum energy represents
conformations that never are attained, and this maximum level was set to 19.5 kJ mol"l, but
represents energies above 19.5 kJ mol™. The hydrogen bonds were analyzed with the gmx hbond
tool in GROMACS and the default geometrical criteria: the distance between the donor and

acceptor r < (0.35 nm and the hydrogen-donor-acceptor angle < 30°.
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Molecular graphics were made with VMD (Visual Molecular Dynamics) (Humphrey et al.,

1996).

NMR spectroscopy

Disaccharide samples were xylobiose obtained from Carbosynth, Berkshire, UK; mannobiose
from Megazyme, Wicklow, Ireland; and cellobiose from Aldrich, Beerse, Belgium. The samples
were prepared in 5 mm NMR tubes in D,O, pD = 6, with a sample concentration of 84 — 92 mM.
NMR experiments were carried out at 300 K on a 600 MHz Bruker AVANCE III spectrometer
equipped with an inverse detection probe. The proton-proton cross-relaxation rate for the H1-H2
pair in o-cellobiose was measured using 1D lH,lH-NOESY experiments (Stott et al., 1997) and
that of H4-H1' employed a 1D lH,lH-STEP-NOESY experiment (Hu et al., 2004; Pendrill et al.,
2013). In all cases, selective excitation was achieved by single or double PFGSE modules
utilizing 50 ms r-SNOB or i-SNOB-2 shaped pulses for the NOESY experiment and 50 — 65 ms
r-SNOB shaped pulses for the STEP-NOESY experiment. The strengths of the first and second
gradient pairs were 15% and 40%, respectively, of the maximum (55.7 G cm™) for the NOESY
experiments. For the STEP-NOESY, the strengths of the gradients were set to 10% or 6.5% for
the first and 45% or 15% for the second excitation, respectively. Due to the spectral overlap of
the H4 resonance in o-cellobiose with those of H3 — H5 in B-cellobiose (Roslund et al., 2008),
the resonance from H1 in the former was selectively excited and magnetization transferred to H4
using a 3.8 kHz DIPSI-2 spin lock with a duration of 140 ms prior to selective excitation of H4.
In the STEP-NOESY experiments, zero-quantum coherences were suppressed using the scheme
devised by (Thrippleton and Keeler, 2003) where a 30 — 50 ms adiabatic Chirp pulse with a

bandwidth of 20 kHz was applied together with a gradient pulse with 3% of the maximum
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power. In the NOESY experiment a 20 ms adiabatic Chirp pulse with a bandwidth of 40 kHz was
used in combination with a gradient pulse at 6% of the maximum power. In the NOESY as well
as the STEP-NOESY experiments, eight cross-relaxation delays between 80 — 400 ms were
collected for each of the excited spins. A spectral width of 6 ppm was sampled using 16k data
points and 512 transients were averaged. The repetition time was 8 — 10 s, 1.e., in all cases longer
than 5xT1. Prior to Fourier transformation, the FIDs of the 1D experiments were zero-filled to
262k points and multiplied by an exponential line-broadening function of 2 Hz. Baseline
correction was performed prior to integration which used the same integration limits for all
experiments within a series. The areas of relevant peaks were divided by the area of the inverted
peak and least-square fitted to a first order function yielding the cross-relaxation rate constant.
The measurements of transglycosidic *Jey coupling constants (Rundlof et al., 1998) were
carried out using one-dimensional long-range (IDLR) experiments essentially as devised by
Nishida et al. (Nishida et al., 1995; Nishida et al., 1996) employing BC site-selective excitation
with a Gaussian shaped pulse of 80 — 250 ms duration. The delay used for suppression of 'Jcy
was set to (145 Hz)_1 and the time of the delay between excitation and coherence transfer, for
evolution of the long-range coupling, was set by using a nominal values of 8 — 16 Hz; an
acquisition time of 3 s, 4096 — 6144 transients and 32 — 64k data points were used. Zero-filling
was performed to 256k data points and an exponential line-broadening function, Ib = 0.6 Hz, was
employed. Subsequently, the *Joy coupling constants were extracted by the J doubling

methodology (del Rio-Portilla et al., 1994) implemented in-house by a MATLAB script.
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TABLES

Table 1. All simulated oligosaccharide structures.

Abbrev. Systematic notation Common name {;;lfage
GG B-D-Glc-(1—-4)-B-D-Glc B-Cellobiose C

MM B-D-Man-(1—4)-B-D-Man B-Mannobiose M

XX B-D-Xyl-(1—4)-pB-D-Xyl B-Xylobiose X

GM B-D-Glc-(1—4)-B-D-Man C

MG B-D-Man-(1—4)-B-D-Glc M
o-GG B-D-Glc-(1—4)-0-D-Glc a-Cellobiose C

AA B-D-All-(1—4)-B-D-All B-Allobiose

GGGG B-D-Glc-(1—4)-B-D-Glc-(1—4)-B-D-Gle-(1—4)-B-D-Glc B-Cellotetraose CCC
MMMM | B-D-Man-(1—4)-B-D-Man-(1—4)-B-D-Man-(1—4)-B-D-Man B-Mannotetraose MMM
XXXX B-D-Xyl-(1—4)-B-D-Xyl-(1—-4)-B-D-Xyl-(1—>4)-B-D-Xyl B-Xylotetraose XXX
MGGM | B-D-Man-(1—4)-B-D-Glc-(1—4)-B-D-Glc-(1—4)-B-D-Man MCC
MGMM | B-D-Man-(1—4)-B-D-Glc-(1—4)-B-D-Man-(1—4)-B-D-Man MCM
MMGM | B-D-Man-(1—4)-B-D-Man-(1—4)-B-D-Glc-(1—4)-3-D-Man MMC
AAAA B-D-All-(1—4)-B-D-All-(1—4)-3-D-All-(1—4)-B-D-All B-Allotetraose
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Table 2. Probabilities [%] of different conformational states of the di- and tetrasaccharide

glycosidic linkages.

Linkage | g cture 1 2 3 3 | 30 4 49 | 40
type

C GG 07 ©3) ] 00 | 19 02| 19| 01 [973 (04

C GM 04 O] 00 | 21 O] 21 | 00 | 974 (02

M MM 1.1 (04) | 00 | 58 (04| 56 | 01 | 931 (0.7)

M MG 06 (03)| 00 | 52 (04| 51 | 01 |92 (04

X XX 12 (03)] 00 | 1.7 (02| 14 | 03 | 971 (03) | 534 | 437

AA 02 O | 00 | 28 (03)] 24 | 05 [ 970 (0.3)

C GG-GG |15 07| 00 | 20 (2] 20 | 00 |95 (0.7

M MM-MM |25 (13)]| 00 | 57 02| 57 | 01 | 917 (1.2

X XX-XX |04 ©D| 00 | 12 1) ] 1.7 | 00 | 985 (02) | 493 | 49.1
C MG-GM | 1.6 (0.9) | 00 | 25 (03)] 25 | 00 | 959 (0.8)

C MG-MM | 14 (09 | 00 | 23 (0.1)| 23 | 00 | 963 (0.9

M MM-GM |37 (15 | 00 | 47 (07| 47 | 01 [916 (15

All values are rounded to one decimal. Numbers in parenthesis are the standard errors.

Table 3. *Joy coupling constants for the four disaccharides that were studied by NMR

spectroscopy.
0-GG GG MM XX

NMR (3.95°[4.01° | (3.97)* [4.1]° | 4.19 {4.32}* | NMR ?4275]“ (4.16}
3 .
Jur.ca MD average | 4.05 4.02 3.71 MD average 3.97

MD reg. 3% | 2.94 2.90 1.58 MD reg. 4° 4.18

MD reg. 4 4.06 4.04 3.84 MD reg. 4% | 3.82

NMR (5.0 [5.0° | nd. [53] n.d. NMR n.d. [5.1]"
31 na MD average | 5.58 5.65 5.75 MD average 4.69

MD reg. 3V | 5.02 5.06 5.13 MD reg. 4° 5.28

MD reg. 4 5.58 5.65 5.77 MD reg. 4% | 4.14

Heteronuclear scalar coupling constants in Hz. Values in () are from literature, [] are for
literature values on the corresponding methyl cello- or xylobioside, and {} are NMR values for
the reducing end o-anomeric form of the disaccharide. *(Bell et al., 2013), b(Hatcher et al.,
2011), “(Rundlof et al., 1998), ‘a-MM, ®0-XX, "(Hricovini et al., 1990)
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Table 4. Comparison between averaged atom distances obtained with NMR and MD

simulations.
Compound rar s MD? v Ol Ha Fret MD* Ot ref pair®
o-GG 2.30 2.23 8.6° 2.37 6.0 H1,H2
Me a-GG* [2.29] [13.9] [2.40] [9.8] [H1,H2]
Me GG* 2.29" [2.19] [8.9] [2.54] [3.7] [H2,H4]
XX 2.39 2.61 6.6 2.64 6.1 H1,H5,,
XX 2.64 6.6 2.85 4.2 H1,H3
Interatomic distances are in A and cross-relaxation rates in x10”s™. Literature values are in [].
*Averaged over the MD simulation according to: 1 /rii-alc = (ri;‘s)l/ 6. and " according to:

rii"pt = Tyef (Ores/0i j)1/6 . °*STEP-NOESY, ¢ (Larsson et al., 2004), ¢ (Hatcher et al., 2011), ‘MD
simulation of B-D-Glc-(1—4)-B-D-Glc (GG).

FIGURE LEGENDS

Figure 1. a) General structures of relevant wood polysaccharides. a.1) cellulose, a.2) O-acetyl-
galacto-glucomannan, a.3) xyloglucan, a.4) arabino-4-O-metylglucurono-xylan. Structures a.l),
a.2) and a.4) are adapted from (Timell, 1967), and structure a.3) from (Ebringerova et al., 2005).
b) The three studied glycosidic linkages defined as type C, M and X. c¢) Definition of the
dihedral angles of the glycosidic linkage: ¢ = O5’-C1°-04-C4; gy = H1’-C1’-04-C4; ¢ = C2’-
C1’-04-C4; w = C1’-04-C4-C3; yy = C1°’-04-C4-H4; ycs = C17-04-C4-C5. The definition for
@ and y are according to [IUPAC and these are mainly used within this study, additionally ¢y,
ocy, wuand ;- are used for the J coupling calculations according to Karplus-type relationships

(Sawén et al., 2010) where @pos = @, and w3 = w.

Figure 2. Free energy maps of disaccharides. The global minimum of the energy in each map is

-1 . .. . . .
anchored zero kJ mol™ and each map is divided into four main regions.
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Figure 3. Schematic of the STEP-NOESY experiment for measuring the cross-relaxation rate
between H4 and HI' in o-GG; selective excitation of H1 (1), followed by isotropic mixing
transfers magnetization to H4, which then can be selectively inverted (2), for subsequent cross-
relaxation to HI1' (bottom). 'H,'"H-NOE buildup curves for a-GG obtained at a 600 MHz
spectrometer frequency employing the PANIC approach (Macura et al., 1986; Hu and
Krishnamurthy, 2006), in which —I/I; vs. tix are plotted. The cross-relaxation rates are obtained
from the slopes of the fitted data; reference distance H1-H2 (filled squares) and H4-H1' (filled

triangles) (top).

Figure 4. Hydrogen bonding probability for the modelled disaccharides and tetrasaccharides.

Normalized with the probability for each structure to be in the respective region.

Figure 5. Conformations of three disaccharides. Structures of GG, MM and XX corresponding
to the three energy minima of each structure. The numbers in parenthesis represent the
instantaneous (@,y) coordinates in the corresponding free energy map. Hydrogen bonds are

represented by the dashed lines.

Figure 6. Free energy maps of XX with different chair conformations. The percentage present on

each map is corresponding to the probability for that combination of ring conformations.

Figure 7. Free energy maps of tetrasaccharides. The global minimum of the energy in each map
is set to zero kJ mol™ and each map is divided into four main regions in the same way as for the

disaccharides.

Figure 8. Generated ten unit oligosaccharides with probable conformations at the glycosidic

linkages. The structures on the lower row contain glycosidic linkages from two regions. The
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notation X/Y means that 8 out of 9 linkages have a conformation from region X and one from

region Y.
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