Understanding the abundance of the rare sugar B-D-allose
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The conformational landscape of B-D-allose, a rare sugar, has been
investigated using laser ablation in combination with high-
resolution rotational spectroscopy. Altogether, three species are
identified, exhibiting a counter-clockwise intramolecular hydrogen
bond network. The effect of epimerization on the main
aldohexose is also studied and, despite the main conformers being
very similar, the position of the hydroxyl groups in allose allows
for the formation of considerably stronger intramolecular
hydrogen bonds than in glucose: this could explain the low
abundance of g-D-allose in nature.

Carbohydrates are an important class of biomolecules that
perform numerous roles in living organisms.! For example,
they serve for the storage of energy and energy management,
and play a key role as structural components.2 The building
blocks of carbohydrates are the monosaccharides, the simplest
sugar form. There are more than 50 types of monosaccharides
on Earth, each one with characteristic and extraordinary
properties.3* Among them, glucose is an aldohexose that
deserves a special mention due to being the most abundant
monosaccharide, playing a pivotal role in many processes
essential to life,>® such as in the energy metabolism of many
living organisms?!. Along with glucose, galactose and mannose
are the three aldohexoses that commonly occur naturally. On
the other side of the monosaccharide spectrum, other
aldohexoses are scarce and known as 'rare sugars',” with D-
allose being one of the most representative one. It is the C3
epimer of glucose and has been isolated from the leaves of the
Rubropyl Protea, an African bush.® Curiously, D-allose is
perceived with an intensely sweet taste similar to glucose.?10
Two chiral isomers of glucose and allose are possible, of
which only D-glucose and D-allose occur naturally.1l As shown
in Figure 1, D-allose only differs from the archetypal D-glucose
in the hydroxyl group at the Cs; position. An X-ray diffraction
study?2 shows that crystalline D-allose exists only in the B-

o Grupo de Espectrocopia Molecular (GEM), Edificio Quifima, Laboratorios de
Espectroscopia y Bioespectroscopia, Unidad Asociada CSIC, Parque Cientifico UVa,
Universidad de Valladolid, 47011, Valladolid, Spain. E-mail: iker.leon@uva.es

Electronic Supplementary Information (ESI) available. See

DOI: 10.1039/x0xx00000x

pyranose form (Figure 1a) with a #C; chair configuration where
the hydroxymethyl group is at the energetically favoured
equatorial position. Surprisingly, while our body metabolizes
D-glucose, D-allose does not, making it a good candidate as an
ultra-low calorie sweetener.%10 Furthermore, while cellulose,
an unbranched polymer of B-D-glucose, is among the most
abundant organic compounds in the biosphere,!3 B-D-allose
rarely exists in nature. The comparison between D-glucose and
D-allose is therefore very interesting, as the variation in the
position of a single OH group (see Figure 1) results, not only in
molecules with different biological properties, but also in their
natural abundance.

Properties of biomolecules are tightly related to their
structure. A mandatory step is thus the three-dimensional
determination of their structure at a molecular scale.’* To
date, the structure of D-allose has solely been investigated in
the condensed phase,1215-18 gnd there is no precise
information about the intrinsic structures of D-allose. A
powerful method to shed some light on such questions is to
study the species free from external perturbation, using an
experimental technique that allows structural characterization.
Rotational spectroscopy is ideal in this mean. It is one of the
most accurate spectroscopic techniques to determine the
structure of molecules, which, under supersonic expansions,
can be used to unequivocally identify the conformations of the
molecule without any interference with the environment.19.20
Combined with laser ablation, it allows for overcoming the
thermolability of biomolecules.1421 Altogether, it enables the
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Fig. 1 Chemical structures of B-D-allose and B-D-glucose.
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Fig. 2 (a) Haworth projection of B-D-allose. (b) *C; chair conformation.

investigations of the intrinsic nature of biomolecules, including
carbohydrates. For example, the studies of D-glucose and D-
galactose were carried out using high-resolution Fourier
transform microwave spectroscopy (FTMW) in conjunction
with laser vaporization methods conducted in supersonic
expansions.2223 Interestingly, the study of the C; epimerization
effect in D-glucose shows that there are four stable
conformers for a-D-glucopyranose and B-D-
glucopyranose, with the most stable conformers stabilized by
stereoelectronic hyperconjugative forces due to the gauche
effect.22 For a-D-galactose, the results show how the
epimerization at C,; drastically changes the conformational
behaviour.2! Therefore, the same methodology should work
for studying the C; epimerization effect in glucose and allose.
With this goal in mind, in this work, we chose to study the
conformational behaviour of D-allose and compare the results
with those previously obtained for D-glucose. It could allow us
to answer several key questions: what should the effect of
epimerization on the conformational behaviour of B-D-glucose
and B-D-allose be? How does it affect the formation of the
intramolecular hydrogen bonding networks? Do the
intramolecular forces have any influence on their natural
abundances? To answer these questions, in the following we
present a rotational spectroscopic study of B-D-allose. As we
will show, despite the main conformers of B-D-glucose and -
D-allose are very similar, the position of the hydroxyl groups in
allose allows for the formation of considerably stronger
intramolecular hydrogen bonds than in glucose. This could be
the key to explain the low and high abundances of beta-D-
allose and B-D-glucose in nature, respectively.

As shown in Figure 2, allose can adopt different
configurations depending on the orientation of the
hydroxymethyl group. A total of 33 stable structures of B-D-
allose were obtained using the computational approach
discussed in the Supplementary Information (SI). All the
structures and relevant parameters are collected in Figure S2
and Tables S1-S2 of the Supporting Information. Among them,
eight structures are below 1000 cm! relative to the global
minimum. The eight most stable structures have a %C; ring
configuration, which confers them higher stability.
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Fig. 3 Broadband CP-FTMW rotational spectrum of B-D-allose in the 4-8 GHz
frequency region. Bottom: inset of the CP-FTMW spectrum showing selected

rotational transitions ascribed to the three detected rotamers.

Interestingly, the six most stable conformers have a
counterclockwise intramolecular hydrogen bond network
between the hydroxyl groups, while the clockwise

arrangement is energetically less stable. Among the six most
stable structures, the structures differ in the orientation of the
hydroxymethyl group, with those positioned towards the
molecule (structures G-g+/cc/t, G+g-/cc/t, and Tg+/cc/t), being
800 cm more stable than those with the hydroxymethyl
group pointing outwards due to the extra hydrogen bond. Only
the three most stable structures are expected to be populated
enough in a supersonic expansion.20.24-26

In a second step, we used LA-CP-FTMW
spectrometers21.27.28 tg obtain the microwave spectrum of B-D-
allose in the 4-14 GHz frequency range (details of the
experimental procedure are given in the Sl). As can be seen in
Figure 3, the broadband rotational spectrum consists of
several rotational lines, suggesting the presence of several
conformers. We first removed the spectral signatures of
known photofragmentation products?® and turned our
attention to the calculated spectroscopic parameters of the
most energetically-stable conformers. All the low-lying
conformers are prolate asymmetric tops with relatively high
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Table 1. Experimental and calculated spectroscopic parameters for B-D-allose.

Experimental Theory / MP2/6-311++G(d,p)
I 11 111 G-g+/ce/t | Gt+g-/ec/t | Tgt/ec/t
Al 1267.54158(31)[el | 1230.06990(42) | 1457.052(17) 1273.5 1232.9 1466.4
B 810.31204(19) 796.28806(22) | 721.77324(78) 813.3 801.0 723.4
C 559.37787(22) 530.88028(14) | 526.66014(67) 562.0 533.8 529.6
A7 0.0150(12) - - - - -
| al Observed Observed Observed 3.0 2.8 33
| us| Observed Observed Not observed 1.6 1.5 0.2
| el Observed Not observed Not observed 2.2 0.4 0.4
ol 10.8 16.8 15.1 - - -
Nl 141 77 24 - - -
AE - - - 0 103 243
AEzpg® - - - 0 76 290
AGH - - - 0 45 320

A, B, and C represent the rotational constants (in MHz); A, is the quartic centrifugal distortion constant (in kHz); us, up, and . are the electric dipole moment
components (in D); PIRMS deviation of the fit (in kHz). [INumber of measured transitions. [9IRelative energies (in cm1) calculated at MP2 level respect to the global

minimum. [elRelative energies (in cm™) calculated at MP2 respect to the global minimum, taking into account the zero-point energy (ZPE). (IGibbs energies (in cm)

calculated at MP2 and 298 K. lelStandard
values of the electric dipole moment component u, (see Table
S1). For this reason, our conformational search focused on
locating the set of characteristic a-type R-branch transitions,
which are separated approximately B+C. The assignment of the
first rotamer, rotamer |, was straightforward due to the
intense a-type R-branch transitions that were fitted using a
rigid The generated rotational
constants allowed us to expand the assignments to the b- and
c-type transitions. A total of 141 transitions were finally
assigned: 65 a-type, 29 b-type, and 25 c-type R-branch
transitions; other 22 Q-branch transitions were also included.
The resulting rotational constants of rotamer | are collected in
Table 1, while the list of the measured frequencies can be
found in Table S3 of the supporting information.

After assigning all the rotational lines belonging to the first
rotamer, looked for other candidates. Another two
rotamers were identified using the same procedure described
above for rotamer |. 77 transitions, including a- and b-types,
were measured for rotamer Il, while only 24 a-type rotational
The transitions

rotor Hamiltonian.30-32

we

transitions were observed for rotamer Ill.
measured for rotamers Il and Il are contained in Tables S4 and
S5, respectively. In addition, the experimentally obtained
spectroscopic parameters for each species are listed in Table 1.

The assignment of each rotamer is straightforward. As can
be seen in Table 1, there is a good correspondence between
the experimental rotational constants of rotamer | with those
calculated for the G-g+/cc/t structure. The selection rules
further confirm the assignment as the dipole moment in the
three axes have a significant value, and all types of rotational
Similarly, the experimental
rotational constants and selection rules of rotamer Il are in
good agreement with those of the G+g-/cc/t structure. Finally,

transitions were observed.
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error in

parentheses in units of the last digit.
the rotational constants of rotamer Ill, which are radically
different from the other two rotamers, along with the
observance of only c-type transitions, are in good agreement
with the predicted values of the Tg+/cc/t structure. We note
how the calculated rotational constants agree very well with
the experimental values. We calculated the scale factors by
dividing the experimental constants by the

calculated ones. Scale factors ranging from 1.002 to 1.006

rotational

brings the predicted values of the rotational constants into
coincidence with the experimental ones.33:34

We also estimated the relative population of the detected
conformers based on the intensities of the rotational
transitions and the predicted dipole moments. We found that
the G-g+/cc/t and G+g-/cc/t structures have a similar
abundance (50% and 40%, respectively), while the Tg+/cc/t
structure is only about a 10%. These results are in good
agreement with the estimated abundances using the relative
energies.

Once the conformers have been identified, the main
intramolecular interactions can be analyzed. The structures of
the three experimental conformers of B-D-allose are shown in
Figure 4 (Tables S6 to S8 collect their cartesian coordinates). As
previously stated, the three conformers of B-D-allose anomer
present a “C; arrangement due to the presence of
intramolecular interactions between the OH groups, which
behave as bifunctional entities, acting as proton donors or
proton acceptors. This cooperative hydrogen bonding network
observed for all shapers is arranged counterclockwise and is
made up of the series O4H (eq) > OsH (ax) = OzH (eq) > O:H
(eq). The three detected conformers, which are also the three
most stable structures, only differ in the orientation of the
CH,OH group.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a) Three-dimensional structures of the three observed conformers of B-D-allose showing the cooperative intramolecular hydrogen-bonding networks. (b) A

comparison with the observed structures of B-D-glucose?2. The distances are given in A.

Once the conformers have been identified, the main
intramolecular interactions can be analyzed. The structures of
the three experimental conformers of B-D-allose are shown in
Figure 4 (Tables S6 to S8 collect their cartesian coordinates). As
previously stated, the three conformers of B-D-allose anomer
present a 4C; arrangement due to the presence of
intramolecular interactions between the OH groups, which
behave as bifunctional entities, acting as proton donors or
proton acceptors. This cooperative hydrogen bonding network
observed for all shapers is arranged counterclockwise and is
made up of the series O4H (eq) > OszH (ax) = OzH (eq) - O:H
(eq). The three detected conformers, which are also the three
most stable structures, only differ in the orientation of the
CH,0H group.

We now proceed to analyze the effect of epimerization. As
previously stated, both the C; and C; epimerizations have
some notorious changes: for the C; epimerization an extra
conformer is observed in a-D-glucopyranose,?2 while for the C4
epimerization it drastically changes the conformational
behaviour by altering the abundances of the most stable
conformers, as well as the main intramolecular forces that
stabilizes them.2! Figure 4 compares the intramolecular
hydrogen bond distances for the detected conformers of B-D-
allose and B-D-glucose. Interestingly, the comparison, a priori,
seems to indicate that both structures behave similarly: for

4| J. Name., 2012, 00, 1-3

both molecules, three stable conformers have been detected.
They all present a cooperative intramolecular network
involving the O4H (eq) - OsH (eq) > O3H (eq) = O:H (eq)
functional groups, and the relative population of the two most
stable structures is about 45% each, while the third conformer
is a minor species (about 10% of the relative population). Thus,
a first impression is that epimerization at C; does not have any
significant influence. There are, however, some important
differences between both epimers. The conformers of B-D-
glucose exhibit weaker intramolecular hydrogen bonds than
those of B-D-allose. This is due to all hydroxyl groups being in
an equatorial arrangement and therefore in alternate
positions, enlarging the non-covalent bond distances,?2.23.35 the
O4H (eq) > OsH (eq) > O;H (eq) hydrogen bond distances
decrease about 0.2 A when going from B-D-glucose to B-D-
allose. In order to evaluate the strength of the intramolecular
hydrogen bonds within each sugar, we carried out a
computerized numerical analysis and graphic user-assisted
interpretation of the electronic density (p) and its derivatives
using the NClplot program.3637 The results are collected in
Figure 5. There is indeed a relatively strong cooperative
hydrogen bond network for B-D-allose in contrast to B-D-
glucose, which shows very weak non-covalent interactions for
the O4H->03H and O3H->0;H intramolecular interactions.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Top: the non-covalent interactions of the most stable conformer (G-g+/cc/t) of B-D-allose and B-D-glucose. Bottom: the unbranched polymer of B-D-glucose

occurs through the linkage of B(1->4) D-glucose units. The responsible hydroxyl functional groups (OsH and O4H) that have a strong intramolecular hydrogen bond in

B-D-allose but weaker in B-D-glucose are encircled.

One exciting outcome of the differences in the
intermolecular interactions of allose and glucose is related to
their biological function. As explained earlier, cellulose is an
unbranched polymer of B-D-glucose, and it is among the most
abundant organic compounds in the biosphere, while B-D-
allose barely exists in nature. But why has evolution selected
the former as the most abundant organic polymer on Earth?
One possible interpretation could be that it is due to their
differences in the strength of the intramolecular interactions
discussed above: the cellulose polysaccharide requires the
construction of a linear chain of several hundred to many
thousands of B(1->4) linked D-glucose units (see Figure 5);
because this covalent bond happens through the O4H hydroxyl
group of the anomeric C; carbon, the formation of such
polysaccharides should be statistically more favorable if the
O4H is easier to attack. In B-D-glucose, the hydrogen bond is
considerably weaker than in B-D-allose, and thus the energetic

This journal is © The Royal Society of Chemistry 20xx

cost to polymerize the former should be considerably lower as
it requires breaking a weaker bond.

In summary, the combination between laser ablation and
rotational spectroscopy has allowed us to identify the
conformational preferences of the B-D-Allose carbohydrate
unequivocally. Three conformers have been identified and
show a cooperative network of hydrogen bonds (O4H (eq) =
OsH (ax) = OzH (eq) = O:H (eq)) in a counterclockwise (cc)
arrangement. The three conformers only differ in the
orientation of the hydroxymethyl group. The effect of
epimerization on the C3 atom has also been investigated by
comparing the results of B-D-allose and B-D-glucose. Despite
the main conformers being very similar, the cooperative
hydrogen bond network in allose is considerably stronger than
that in glucose. This could be the reason why cellulose, an
unbranched polymer of B-D-glucose, is among the most
abundant organic compounds in the biosphere, while B-D-
allose is scarce.
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