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Abstract

One of the more intriguing aspects of carbohydrate chemistry is that despite hav-

ing very similar molecular structures, sugars have very different properties. For in-

stance, there is a sensible difference in sweet taste between glucose and trehalose, even

though trehalose is a disaccharide comprised of two glucose units, suggesting a different

ability of these two carbohydrates to bind to sweet receptors. Here we have looked

at the hydration of specific sites and at the three-dimensional configuration of water

molecules around three carbohydrates (glucose, cellobiose, and trehalose), combining

neutron diffraction data with computer modeling. Results indicate that identical chem-

ical groups can have radically different hydration patterns depending on their location

on a given molecule. These differences can be linked with the specific activity of glu-

cose, cellobiose, and trehalose as a sweet substance, as building block of cellulose fiber,

and as a bioprotective agent, respectively.

Keywords: water; water-carbohydrate interactions; structure-function relation-

ship; neutron diffraction; computer modeling; sweet taste.

Introduction

Carbohydrates are among the most important naturally occurring biomolecules, with the

premier role in metabolism of all living species. These molecules also have a myriad of

other functions, working as bioprotective agents against dehydration and other environmental

pressures and are important to the food industry as well as being a potential source of fuels.

One of the more intriguing aspects of carbohydrate chemistry is that despite having

very similar molecular structures – which often only vary with respect to stereochemistry –

sugars have very different properties which affect their ability to bind to protein receptors.

For instance, there is a sensible difference in sweet taste between glucose and trehalose,1

even though trehalose is a disaccharide comprised of two glucose units (linked by an α −

1, 1-glycosidic bond). Further, the intermolecular hydrogen bonding between glycol OH
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groups, obviously present both in glucose and in trehalose, and the taste bud receptor site is

considered the primary mechanism for sweet taste response by humans2 and as such should

be sufficient to elicit sweet response,2 even though in practice it does not.

In the present work, we have considered the possibility that the different properties of

carbohydrates, namely their ability to interact with receptors and/or other proteins, might be

related to their different hydration shells. To tackle this issue, the hydration shell of glucose

in solution has been determined using neutron diffraction experiments, enhanced by isotopic

substitution (NDIS). Results are compared with the hydration shell of two disaccharides,

namely trehalose3 and cellobiose,4 which are both made up by two glucose units yet linked by

a different glycosidic bond. The rationale behind this approach is to compare the hydration

pattern of the same building block, namely a single glucose unit, in three different situations:

for glucose as a monomer, and when it is in two glucose-containing disaccharides with a

different glycosidic bond between the glucose monomers, namely an α− 1, 1-glycosidic bond

for trehalose and a β − 1, 4-glycosidic bond for cellobiose. Interestingly and relevant in

the present context, this latter carbohydrate is reported as tasteless. NDIS can measure

the hydrogen bonding of molecules in aqueous solutions on the atomic length scale and as

such is one of the premier techniques for structural determinations of hydrogen bonding in

hydrogen-containing solutions,5–8 including a number of biological molecules9–17 in aqueous

solutions. This is due, in part, to the fact that hydrogen and deuterium give a strong

yet different signal in a neutron diffraction pattern. H/D substitution techniques allow the

average structure and number of hydrogen bonding interactions to be assessed, with no need

for extrapolation of structure at the atomic scale from dynamical properties of the sample.

The NDIS experiments have been augmented by two different tools: Empirical Potential

Structure Refinement (EPSR)18 and ANGULA.19,20 EPSR is a computational technique

which has been explicitly designed to provide atomic scale detail for disordered systems, using

a set of NDIS data to constrain the 3-dimensional model of the solution in question.21–23

While EPSR does not necessarily provide the only possible interpretation of the structural
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data, it does provide a model that is consistent with the measured diffraction data. The

program ANGULA was used to characterize the position of neighboring water molecules

around the solute molecules - glucose, trehalose or cellobiose. The rationale behind such

a combined experimental and computer simulation approach is to reveal similarities and

differences between the local hydration of molecular sites and the hydration shells of glucose,

cellobiose, and trehalose, linking the hydrated structure of each solute, on the atomic length

scale, with its specific activity as a sweet substance, as building block of cellulose fiber, and

as a bioprotective agent, respectively.

Linking the hydration of a sugar to its subsequent function could not only unveil the

link between structure and function of carbohydrates in solution, but it could also help to

unravel the biochemistry of sweet taste, a process that is yet to be fully understood.24 It is

relevant here to underline that to provide a full picture of the structure-function relationship

presented by carbohydrates in solution, dynamical aspects of carbohydrate-water interactions

and their implications in the sweetness reception should also be taken into consideration.

While a very large body of information is available in the literature on the dynamical aspects

of carbohydrate hydration (see for instance25,26 and references therein), nothing is available

on the sugar-sweet receptor dynamics of docking, possibly due to the lack of crystallographic

structure of the receptor-ligand complex.

Experimental and Data Analysis

Neutron diffraction experiments have been performed using the SANDALS neutron diffrac-

tometer, installed at the ISIS Facility (U.K.),35 on an isotopomeric series of glucose-water

solutions each at two concentrations corresponding to 1 solute molecule per 12.5 water

molecules (∼ 4.4 M), and to 1 solute molecule per 50 water molecules (∼ 1.1 M), at ambient

temperature and pressure (298 K, 1 bar). NDIS data for trehalose3 and cellobiose4 have

been already published. Glucose (C6H12O6) samples were purchased from Sigma-Aldrich
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and used without further purification. The sample list included fully hydrogenated and fully

deuterated glucose (labelled as H and D, respectively), along with partially deuterated glu-

cose samples, labelled H7 (all hydroxyl groups deuterated), and D7 with all hydrogen atoms,

but those in the hydroxyl groups, deuterated. To fully exploit the advantages of isotopic

substitution, a set of isotopically labelled glucose solutions were prepared (see Table 1).

Neutron diffraction data have been collected for the empty instrument, empty container and

vanadium standard, in order to normalize the data for all investigated samples to an absolute

scale. These data sets have been processed using the “Gudrun” suite of programs,27,28 which

performs corrections for multiple scattering, absorption, inelasticity effects, and scattering

from the samples. “Gudrun" also verifies that the measured scattered intensity is consistent

with sample density and composition.

Table 1. Isotopic composition of the seven glucose solutions samples measured by neutron
diffraction with isotopic substitution. The samples are labelled according to the format
“xx/solvent" or “xx/yy/solvent"; for instance, the label of the first sample, xx/solvent =
H7/D2O, indicates a glucose solution made with C6H7D5O6 in D2O, whose H/D composi-
tion is given by 42% D, 58% H, and 100% D2O. Similarly, sample label xx/yy/solvent =
D/H7/D2O indicates a glucose solution obtained by mixing C6D12O6 and C6H7D5O6 in D2O,
whose H/D composition is given by 71% D, 29% H, and 100% D2O, and so on. All samples
have been obtained by mixing H2O, D2O, C6H12O6, C6D12O6, C6H7D5O6, and C6H5D7O6

to obtain the desired solution concentration.

Sample label %D %H % D2O % H20
H7/D2O 42 58 100 0

D/H7/D2O 71 29 100 0
D/D2O 100 0 100 0

D7/D/HDO 79 21 50 50
HD/HDO 50 50 50 50
H/H2O 0 100 0 100
D7/H2O 58 42 0 100

The outputs of “Gudrun” are the total neutron-weighted interference differential cross

sections (IDCS) defined as

F (Q) =
∑
α

∑
β≥α

wαβ[Sαβ(Q)− 1] (1)
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where α and β label the atomic sites, Q is the magnitude of the change in the momentum

vector by the scattered neutrons, defined as Q = 4πsinθ/λ where 2θ represents the scattering

angle and λ the wavelength of scattered radiation. The functions

Sαβ(Q) = 4πρ

∫ ∞
0

r2(gαβ(r)− 1)
sinQr

Qr
dr, (2)

called partial structure factor (PSF), are the Fourier transforms of individual site-site radial

distribution function (RDF) gαβ(r), and ρ is the atomic number density of the solution.

The individual PSFs are weighted in Eq. 1 by wαβ = cαcβbαbβ(2 − δαβ), where cα and cβ

are the concentrations of the α and β nuclei, and bα and bβ are their scattering lengths,29

respectively.

Thus, each experimental IDCS is a linear combination of many PSF of the individual

site-site radial distribution functions. In liquids with a small number of distinct atoms,

like H2O, by measuring an array of different isotopically labeled samples, it is possible to

directly extract all of the pair correlation functions from the experiment, giving a direct

assessment of the hydrogen bonding present in the measured liquid. However, in more

complex samples, like those investigated in the present report, it is not possible to isotopically

label every atomic site. For this reason, we employ a simulation-assisted procedure that

has been developed to convert IDCS data to real space, and extract a whole set of radial

distribution functions. This is called empirical potential structure refinement (EPSR)18,30

and is similar in principle to the methods routinely used in crystallography, which attempt

to systematically refine a structural model to give best overall agreement with the diffraction

data. Moreover, it should be noted that the larger is the number of isotopic contrast samples

measured, the larger the number of constraints for the EPSR procedure. EPSR is required

to fit all of the data sets, ensuring a physically reasonable model which is consistent with a

set of measured diffraction data at the appropriate density and composition of each sample.

Glucose in solution (at ambient pressure and temperature) undergoes mutarotation to give

a 36:64 mixture of the anomers α−D-glucose and β−D-glucose, respectively. To reproduce
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the experimental sample, our EPSR simulation box contains both glucose anomers at a

ratio of 1α/1.8β that closely resembles a glucose solution at the anomeric equilibrium.9 The

number of water molecules in the box and the box size is determined by the experimental

sample concentration and density. As shown in Fig. 1, the measured diffraction data and

the EPSR fits are in very good agreement; this ensures that the simulation box is indeed a

good model of the real sample.
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Figure 1: Color Online. The measured differential cross section of the 4.4 M glucose solution
with different isotopic substitutions, as listed in Table 1. The solid black lines are the
measured data, the red solid lines are the EPSR fits, and the dotted lines are the residuals.
EPSR fits of similar quality have been obtained for all samples examined.
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A set of EPSR configurations, all of which are consistent with the experimental data,

has been analysed using the program ANGULA. This tool has been recently applied to un-

derstand the hydration of small biomolecules giving an unprecedented level of detail.31,33,34

Two types of analysis were preformed in the current work using ANGULA – namely nearest

neighbor hydration of the -OH groups20 and whole molecule analysis32 In order to produce

the nearest neighbor hydration, spatial density maps (SDM) around the hydroxyl and hy-

droxymethyl groups for the three sugars, orthonormal coordinate systems were assigned to

one -OH and one -CH2OH group for glucose, cellobiose and trehalose. The distribution

of the center of mass of the nearest neighbor water molecules, defined as the oxygen, was

plotted relative to the center of mass of the orthonormal coordinate systems to each group.

This procedure was performed for 5000 snapshots of the cellobiose and trehalose EPSR sim-

ulation boxes as well as 1500 snapshots of the glucose simulation, such that the aggregate

nearest neighbor water molecule distribution was plotted via a spatial density map.31,33,34

In addition, whole molecule analysis (WMA) to determine the most probable hydration

around the entire molecule was also performed.32 In this analysis the center of mass of any

molecule within a chosen distance range from any atom of a central molecule can be ex-

tracted. WMA was performed for a distance range of 0 – 4Å for water molecules around

the sugar molecules, enabling the aggregate distribution of water around these sugars to be

plotted. In order to generate the normalized distribution of molecules around the sugars

(gs(r) - the whole molecule surface RDF) - the probability distribution of the distances of an

oxygen atom of water to the closest atom of the sugar molecules have been calculated. In a

similar manner to the site-site radial distribution functions, gs(r) approaches infinity as the

radius increases. This function has been normalized using the asymptotic behavior of the

calculated probability distribution function which is related with the surface of ’sheets’ of

hydration around the sugar molecules. It should be emphasized that he calculated gs(r) does

not have radial symmetry, and as a result it is not possible to calculate a radial distribution

function for the surface by dividing to 4πr2.

8



Results and discussion

Figure 2 shows the spatial density maps for water around a selected -OH group (represen-

tative of all other similar groups on the glucose ring) for the three carbohydrates (top row)

compared with the SDMs for hydration about a selected hydroxymethyl group ( -CH2OH)

for the three carbohydrates (bottom row). These SDMs represent the nearest neighbor hy-

dration shells around specific sites on the solute molecules which have been extracted from

the EPSR simulation box using the program ANGULA. Full details of the procedure re-

quired to calculate these SDMs are described elsewhere in the literature.31 In both panels,

the oxygen atom of either -CH2OH or -OH groups is at the origin of the reference frame,

with its hydrogen along the z−axis, and the carbon atom just below the xy−plane in the

negative x− direction.
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glucose -CH2OH

 cellobiose -OH trehalose -OH

 cellobiose -CH2OH  trehalose -CH2OH

Figure 2: Color Online. TOP row. Spatial density function (SDMs) for nearest neigh-
bor water molecules around the hydroxyl group (-OH) on glucose, cellobiose and trehalose.
BOTTOM row: SDMs for water around the hydroxymethyl group (-CH2OH) on glucose,
cellobiose and trehalose. In each case, the surrounding shells show the regions where the
probability of finding a nearest neighbor water molecule is higher than 50%. In addition, for
each SDM both cut throughs and heatmaps are shown to emphasize the highest probability
location for water molecules in each closest hydration shell. While the shells show the top
50% of molecules, the cut throughs show the total number of molecules, averaged over the
number of snapshots. The cut throughs are taken through the origin, i. e. the oxygen atom,
and are subsequently displaced by 5Å to the back for better visibility.
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The surrounding density clouds in the SDMs indicate the regions where the probability of

finding the nearest neighbor water molecule around the central oxygen atom, is higher than

50%. These shells predict the first nearest neighbor water (from the -OH hydrogens in each

case) to these groups throughout the simulation and as such do not represent a particular

distance range. A comparison between the SDMs, both for the hydroxymethyl and hydroxyl

group, shows that the nearest neighbor water molecules are in a much more well defined

location for both cellobiose and glucose compared with trehalose where the surrounding

solvent shell is much broader. This is further supported by the cut-throughs in Fig. 2 which

show a higher density of nearest neighbor waters directly on top of these group (in the

+z direction) for both glucose and cellobiose compared with the same for trehalose which

shows water distributed more broadly in a cap of density around these hydroxyl motifs. This

suggests that both glucose and cellobiose form strong, directional hydrogen bond between

the terminal hydrogen and the water oxygen, while an almost uniform hydration shell, at

larger distances from the central oxygen, is found for trehalose, suggesting the presence of

weakly hydrogen bonded water molecules. Distances of nearest neighbor water molecules

from the the -OH and -CH2OH site can be obtained looking at Figure 3. This figure shows

the nearest neighbor radial distribution functions for the OSOW correlations for the selected

hydroxyl and the hydroxymethyl groups for the SDMs shown in Fig. 2 (red line) for each

sugar, where OS is the oxygen atom on the solute molecule, either that of the hydroxyl

(top row), or the hydroxymethyl group, (bottom row) and OW is the water oxygen. In this

figure the RDFs for the total radial distribution functions, calculated from ANGULA, which

encompasses the normalized distribution of all the water molecules around these particular

groups are also shown (black line) as a comparison. Nearest neighbor water oxygen is located

at about 2.8Å from OS for both glucose and cellobiose -OH and -CH2OH groups, while the

distance between OS and OW for trehalose is slightly larger (about 3Å), for both its hydroxyl

and hydroxymethyl sites. This confirms the presence of relatively weaker hydrogen bonded

water molecules around these specific groups of trehalose, as noted above.
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Figure 3: Color Online. Site-site correlation between the nearest neighbor water oxygen,
Ow, and the oxygen atom of the solute, OS, hydroxyl (top row, red line) and hydroxymethyl
group (bottom row, red line). Radial distribution functions for the OS-OW interactions for
the hydroxyl and hydroxymethyl groups for the SDMs shown in Fig. 2 are shown as a black
line. The closest water oxygens for glucose and cellobiose are located about 2.8Å away from
the solute hydroxyl and hydroxymethyl sites, a distance compatible with strong hydrogen
bonding. The closest water oxygens around trehalose are located instead at about 3.0Å
away from both -OH and -CH2OH groups, suggesting relatively weaker hydrogen bonding.12



The distance between water molecules and the central solute molecule is shown in Figure

4. This plot reports the distribution function of water molecules around the “surface" of

a solute. To calculate gsurface(r) we have taken the minimum distance between the oxygen

atom of water and any atom of the solute molecule. This plot reveals that the closest water

molecules for glucose and cellobiose are located about 1.8Å away from the solute surface,

a distance compatible with hydrogen bonding between hydroxymethyl and hydroxyl groups

and the solvent. Conversely, the closest water molecules around trehalose are located at

about 2.5Å away from the solute surface, a distance too large to suggest strong hydrogen

bonding between the solute and the solvent. All these observations are consistent with

directional hydrogen bonding between glucose (or cellobiose) and the water molecules within

its first hydration shell, while a much less directional hydrogen bonding pattern is found

between trehalose and water molecules, suggesting a larger positional disorder and weaker

bond strength.
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Figure 4: The distance between water molecules and the central solute molecule. This plot
reports the distribution function of water molecules around the “surface" of a solute. It
reveals that the closest water molecules for glucose and cellobiose are located about 1.8Å
away from the solute surface, a distance compatible with hydrogen bonding between hy-
droxymethyl and hydroxyl groups and the solvent. Conversely, the closest water molecules
around trehalose are located at about 2.5Å away from the solute surface, a distance too
large to suggest strong hydrogen bonding between the solute and the solvent.
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The three-dimensional arrangement of water molecules around the entire solute molecule

has been obtained with ANGULA32 and is shown in Figure 5. The SDMs have been calcu-

lated for glucose, cellobiose, and trehalose over the distance range 0 – 2.28Å at 37% of the

maximum probability. These highlight the most probable positions of all the water molecules

around the three different solutes. As expected, the hydration patterns of glucose and cel-

lobiose are not only quite similar, but are also consistent with the spatial density functions

discussed above (Figure 2) showing the arrangement of water molecules around specific so-

lute groups. In particular, the probability of finding a first neighbor water molecule around

glucose and cellobiose is high close to the hydroxymethyl and hydroxyl groups, and low

close to the oxygen atom and other sites on their rings. Notably, the hydration shell around

one -OH site of glucose overlaps with that of a neighbor -OH site, resulting in a somewhat

broader water density cloud compared to those of cellobiose.
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Figure 5: Color Online. The three-dimensional arrangement of water molecules around
the entire solute molecule. These spatial density maps have been calculated for glucose,
cellobiose, and trehalose over the distance range 0 – 3.5Å at 37% probability.
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In contrast, the hydration pattern of trehalose is significantly different. We recall that

this is the only of the three molecules to rotate freely around the glycosidic linkage and the

commercially available trehalose commonly crystallizes as a dihydrate, and in solution two

“structural" water molecules bridging between its two rings were previously observed.3 The

SDM presented here for trehalose is consistent with this observation. These water molecules

are likely those located between the two trehalose rings (Fig. 3 and Fig. 4). However, looking

at this SDM it would not be correct to state that trehalose is hydrophobic but rather that

trehalose is not involved in a large number of hydrogen bonding interactions with water

compared with glucose or cellobiose and that its solubility is likely due to the presence

of these “structural’ waters around the glycosidic bond. It is interesting to notice that

trehalose is about 6 times more soluble than cellobiose, suggesting that hydrogen bonding is

not essential in describing solubility of a given carbohydrate.

We have used a combination of neutron diffraction experiments with isotopic substitution,

computer simulation, and a new analysis tool to study the water-solute interactions at the

atomic scale for three carbohydrates, namely glucose, cellobiose, and trehalose. Using this

approach, possible connections between the hydration shells of each carbohydrate and their

specific function could be obtained, as discussed in the following.

Starting with glucose, its ability to elicit sweet response has been attributed to the

presence of a “functional structure" (AH-B-X, or “glucophore") being compatible with a

complementary tripartite AH-B-X site in the taste bud receptor.36 According to this model,

the AH site is a H-bond donor, the B site an H-bond acceptor, while X is an hydrophobic

site. As a consequence, it has been suggested that sweetness originates from loose and

temporal forces, such as hydrogen bonds, between sugars and taste receptors in a steric

specific way.2,37 At the present state of knowledge, this theory might appear too simplistic

to explain all the observations; nevertheless, the tripartite AH-B-X concept, or its evolution

called Multipoint Attachment theory,38 has had its merits as a unifying criterion and proved

useful in rationalizing structure-sweetness relationships in diverse classes of compounds After
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40 years, the theory based on the presence of a glucophore structure still appears to be the

best explanation for the ligand binding chemistry that induces sweet taste response, and

it is also consistent with prevailing sweet taste transduction hypotheses.39 Remarkably, the

role of water in sweet taste chemoreception has been almost totally neglected, if exception

is made for a macroscopic description of the sweetness of different sugar solutions in terms

of viscosity of sugar solutions, apparent specific volume, and apparent molar volume.1,37,40,41

While it is not clear how to relate these macroscopic quantities to the different sweetness

of different sugars, it is likely that taste effects are mediated by water and the solution

properties of carbohydrate molecules therefore give clues to the possible mechanisms of taste

chemoreception.37

A sensible step forward in our comprehension of the sweet taste came when computer

modeling42 described the AH-B-X functional structure in terms of hydrophobicity potential

profiles,43,44 suggesting the role of water-mediated interactions between the sweet substance

and the receptor.42 In this scenario, water affinity of specific sugar sites and sugar molecule

overall hydration should play an important role as they control the fitness between a given

carbohydrate and the receptor, along with the activity in the receptor microenvironment,40

even though the details of these interactions are still to be elucidated. At this stage, it would

be fair to conclude that glucose is sweet because has the right structure to interact either

directly, or indirectly (water-mediated) with the receptor. We have shown at the atomic

length scale that glucose hydroxyl and hydroxymethyl sites (that can act as both hydrogen

bond donor and acceptor, AH and B sites), do hydrogen bond with water; the hydrophobic

site (X site, oxygen in the ring) completes the glucose glucophore. In this context, it is

tempting to associate the possibility of the B site (-OH) to act both as a H-bond acceptor

(through its O atom) with a receptor H atom (for instance that of a -NH group) and as

a donor through its H atom with a nearest neighbor water molecule with the broad water

density cloud shown in Fig. 5 The only issue still open is whether its hydrogen bonding with

the receptor is direct or water mediated. Clearly, glucose can do both. In this context, it is
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important to mention the findings of recent studies on the characterization of the binding site

for the dipeptide sweetener aspartame,45 and other low molecular weight sweet compounds.46

It was found that all these ligands interact with the sweet taste receptor through salt bridges,

hydrogen bonds, and hydrophobic interactions, and that two water molecules may play an

important role in sweetener binding by forming hydrogen bond bridges between the sweetener

and the receptor.45 Unfortunately, the binding mode of sugars, such as sucrose, could not

be determined.46

Cellobiose is a disaccharide made up by two glucose units (linked by a β− 1, 4-glycosidic

bond).4 At the atomic length scale, the spatial density maps of water around its hydroxyl and

hydroxymethyl sites (Fig. 2), and the SDM of water around the entire cellobiose molecule

(Fig. 5) are both quite similar to those of the single glucose unit with strong and directional

hydrogen bonds. As found for glucose, both rings of cellobiose have a low water density region

located near the ring oxygen (Fig. 5). The obvious question is why cellobiose is not sweet,

given its ability to form a similar hydrogen bond pattern with water, and possibly with the

sweet receptor? The analysis proposed by Lichtenthaler and Immel,44 indicated a sensible

folding of the two glucose units to assume the right glucophore structure required by the

AH-B-X model. The presence of a strong intramolecular H-bond found in cellobiose4 might

reduce its flexibility and prevent docking of this carbohydrate in the sweet receptor bud.

To prove that cellobiose is tasteless for this reason, it would be interesting to investigate an

aqueous solution of lactose (sweet), whose structure is almost identical to that of cellobiose

but with only one hydroxyl group flipped (with respect to the ring plane) compared to

cellobiose, and with a relatively weaker intramolecular H-bond between the two glucose

units. Clearly, the rigidity of cellobiose makes it good as a building block of cellulose fibers.

Trehalose is a disaccharide made up by two glucose units (linked by a α− 1, 1-glycosidic

bond), different from the glycosidic bond usually present in many sweet carbohydrates.47

At the atomic level, the spatial density maps of water around trehalose hydroxyl and hy-

droxymethyl sites are quite different from that of the same sites of glucose and cellobiose
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(Fig. 2), as discussed above. It is important to notice the striking difference between the

SDM of water around glucose (or cellobiose) or around trehalose (Fig. 5). We have already

commented on this difference, but let us discuss its implications for trehalose sweet response

and for its specific role as a bioprotective agent.47 The fact that trehalose is not able to form

strong and directional hydrogen bonds with water, but rather coordinates water molecules

at a relatively larger distance and with a relatively reduced degree of directionality compared

to glucose (or cellobiose), suggests that water-mediated hydrogen bonding between a sugar

and the receptor is a relevant requirement for sweet response. It is reasonable to assign

the observed differences to the different type of bond between the two glucose units of tre-

halose. In comparison with the usual β − 1, 4-glycosidic bond, the different linkage between

the two glucose units of trehalose results in a configuration likely not compatible with the

AH-B-X model, and, at the atomic level, in a totally different ability to interact with water

molecules, possibly due to a rearrangement of the molecular orbitals on the rings. The low

water affinity of trehalose might leave room to trehalose-trehalose interactions, resulting in

a disordered matrix at low water content, that could explain the still unclear ability of this

disaccharide to form glassy phases with an unusually high glass transition temperature.48–54

As a consequence, trehalose can efficiently act as a bioprotective agent against dehydration

by trapping residual water molecules in the glassy matrix and/or limiting water loss from

biomaterials.

Conclusions

In summary, we have shown that careful analysis of the hydration shell, at the atomic length

scale, can unveil issues and provide information related to the link between structure and

function of three carbohydrates, namely, glucose, cellobiose, and trehalose. We found that

that identical chemical groups can have radically different hydration patterns depending

on their location on a given molecule. Moreover, the same glucose unit, present in all
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carbohydrates investigated, has a different overall hydration if it is in solution as a single

molecule or paired with an other glucose units but with different glycosidic bond. The

observed difference between the overall hydration of the carbohydrates investigated might

explain their different sweetness, as ligand size and its ability to interact trough hydrogen

bonds with the microenvironment of the receptor could play an important role in sweet

chemoreception. The possibility that these interactions are mediated by water molecules,

bridging between the ligand and the receptor, could be an important feature in solvent

recognition processes, and can have general relevance, as similar water mediated functions

have been proposed from atomic scale investigations into the hydration shell of the peptide

glutathione,17 and the GPG peptide,16 both model systems for protein folding and solvent

accessibility.
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