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We report a combination of laser spectroscopy in molecular jets and quantum mechanical calculations to characterize the aggregation preferences of phenyl-β-D-glucopyranoside (β-PhGlc) and phenyl-β-D-galactopyranoside (β-PhGal) homodimers. At least two structures of β-PhGlc dimer were found maintaining the same intramolecular interactions of the monomers, but with additional intermolecular interactions between the hydroxyl groups. Several isomers were also found for the dimer of β-PhGal forming extensive hydrogen bond networks between the interacting molecules, of very different shape. All the species found present several CH•••π and OH•••π interactions that add stability to the aggregates. The results show how even the smallest change in a substituent, from axial to equatorial position, plays a decisive role in the formation of the dimers. These conclusions reinforce the idea that the small structural changes between sugar units are amplified by formation of intra and intermolecular hydrogen bond networks, helping other molecules (proteins, receptors) to easily read the sugar code of glycans.
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INTRODUCTION

Sugars are small carbohydrates which perform numerous roles in cells and tissues. For example, polysaccharides serve for the storage of energy and energy management and also play a key role as structural components [1, 2]. In this line, glucose plays a critical role in the energy metabolism of many living organisms [3]. Aside from this well-known role, carbohydrates are also the base of the immune system in eukaryotes. The cells produce a type of molecules called glycans, composed of a variable number of monosaccharides and attach them to lipids and proteins in the extracellular side of the cell membrane. The cells of the immune system examine these glycans and if their structure is not correct, an immune response is triggered. These glycans can contain a variable number of sugar units of different nature, giving rise to a huge number of possible combinations, although some may only differ in the orientation of a single hydroxyl substituent. Thus, on the one hand, the versatility of the monosaccharides enables the production of a complex code (the biological equivalent of a 512 bit password). But on the other hand, the receptor in the cell of the immune system must be able to recognize the changes in the sequence of the glycan. Apparently, this task is done with high efficiency, as minimal alterations on the sequence are easily recognized. Such is the case of the blood groups: having A or B blood group depends on the nature and type of a single sugar unit [4]. Monosaccharides may be found either in linear or cyclic forms [5]. When isolated, they may interconvert (almost freely) between those two forms. Depending on how they re-bond when they adopt their cyclic form, the substituent of carbon 1 can be in the axial or equatorial position, giving rise to the α/β anomers respectively. When the hydroxyl group on carbon 1 is attached to a more voluminous substituent, for example, when the monosaccharide is part of a glycan, the interconversion is not possible and the sugar is locked in a given anomer. Hence, the ability of the immune system to recognize the blood group means that it is selective toward the anomeric conformation of a single sugar unit of the glycan that constitutes the molecular I.D. This fantastic selectivity can only be due to a high complementarity, of the key and lock type, between the receptor and the polysaccharide. However, designing a protein that is so selective toward such a small change in the orientation of a single substituent has to be difficult, and there must be other factors that help the receptor to achieve such selectivity.

Following these observations, our group is engaged in the study at a molecular level of the mechanisms that amplify small structural modifications on a sugar unit until they completely alter their interactions with other molecules. We have demonstrated in previous studies [6] that the anomeric conformation of glucose bound to a voluminous group is transmitted through the whole molecule due to the formation of a cooperative hydrogen bond network that involves interactions between all the hydroxyl groups. Thus, the intramolecular hydrogen bonds act as an amplifier of the changes in the orientation of the anomeric substituent, which is at one of the ends of the network. Here, we explore if such mechanism also plays a role when the modification takes place in a different carbon atom, by forming the homodimers of glucose and galactose derivatives. These two monosaccharides, Scheme 1, differ in the position of the hydroxyl in carbon 4, which is in the equatorial position in glucose and in the axial position in galactose. As demonstrated in previous studies [7, 8], the hydroxyl groups of the monomers are connected by O-H···O interactions and a change in the position of one of them may have a big impact in the shape of the cooperative hydrogen bond network [6]. The question is if it also influences how two sugar units interact one with each other. Such a study is not an easy task, as it requires isolating the selected carbohydrates from any other molecule. Fortunately, supersonic expansions create a suitable environment for this purpose: the cold, controlled environment in the expansion enables probing complexes, isolated from any external interaction that may perturb them and facilitates using mass-resolved excitation spectroscopy (MRES) to fully characterize the non-covalent interactions that form the aggregates. In fact, this technique has already been successfully applied to the study of other systems of biological relevance, such as amino acids or peptides [7–21], neurotransmitters [22–28], anesthetics [29, 30], several mono-, di- and poly-saccharides [4, 6, 31–39] or even micelles [40–42]. In these systems, the addition of a chromophore with an optically accessible excited electronic state is required to probe the molecules. Thus, we added a phenyl ring to the anomeric carbon. Such addition also blocks the anomeric conformation and emulates the situation where a monosaccharide is attached to a more voluminous substituent similar to the sugar chain of a glycan.
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SCHEME 1. (Top) Phenyl-β,D-glucopyranoside (β-PhGlc) and (Bottom) Phenyl-β,D-galactopyranoside (β-PhGal). Note that the only difference between both monosacharides is the relative position of the O4H hydroxyl group.



MATERIALS AND METHODS

Experimental Methods

Briefly, the experimental system consists of a modified time of flight mass spectrometer equipped with a laser desorption/ionization (LDI) source attached to a pulsed valve (Series 9, General Valve Inc.), a Nd/YAG-pumped dye laser (Fine Adjustment Pulsare Pro-S), an OPO system (LaserVision) to generate light in the IR region and electronics for synchronization and data collection and handling. Ar was used as a carrier gas at a backing pressure of 10 bar. A complete description of the experimental system and of the sample preparation protocol can be found in Usabiaga et al. [6].

For the one color REMPI experiments the desorption laser was fired ~200 μs after the valve opening, so the sample was picked up by the jet. Approximately 200 μs later, the UV laser was fired, producing a signal proportional to the concentration of the molecules. Scanning the laser while the signal produced was monitored allowed us to record the electronic excitation spectrum of the monomers and their aggregates, depending on the mass-channel selected.

For the IR experiments, an additional IR laser was fired, approximately 50 ns before the UV laser. If the IR laser was resonant with a vibrational transition of the species, a dip in the UV signal was produced. Thus, scanning the IR laser while monitoring the signal from the UV laser allowed us to record the mass-resolved IR spectra of the species in the beam. A webcam inside the vacuum chamber enabled a precise alignment of the ablation laser and to monitor the sample at any moment, enhancing the overall performance of the experimental set up.

Theoretical Methods

A critical aspect of this study was to ensure that the conformational landscape was thoroughly explored, as small, chemically non-significant changes in the relative orientation of the interacting molecules, may result in shifts in the IR bands that may derive in incorrect assignments of the experimental spectra. Therefore, to ensure that no important structures were left out, the same computational procedure already tested successfully for similar systems was used [6, 40–42]. It consisted of three stages. First, an automated exploration of the intermolecular potential energy surface was carried out using fast molecular mechanics methods (MMFFs) and two search algorithms: the “Large scales Low Mode” (which uses frequency modes to create new structures) and a Monte Carlo-based search, as implemented in Macromodel (www.schrodinger.com). In a second stage, the structures were inspected using chemical intuition, looking for alternatives which implicate small rotations or changes in the relative position of functional groups. In this way, a large number of structures were obtained, some of them being redundant. Therefore, to compact them into a more manageable number without losing information, they were passed to a clustering algorithm that grouped them into families. Representative structures of each family were then chosen to be subjected to full optimization at the M06-2X/6-311++G(d,p) calculation level as implemented in Gaussian 09 [43], which has proven to yield accurate results for similar systems. A normal mode analysis highlighted the validity of the optimized structures as true minima and also yielded the zero-point energy (ZPE). Thus, the energy values given in this work include the ZPE correction. The basis set superposition error was also estimated using the counterpoise procedure of Boys and Bernard [44].

Finally, the entropy and the Gibbs free energy was calculated for each optimized structure in the 0-700 K interval using the output from the Gaussian calculations and the tools supplied by the NIST (http://www.nist.gov/mml/csd/informatics_research/thermochemistry_script.cfm). A detailed explanation of the procedure can be found in Usabiaga et al. [6].

The calculated structures were named as S-n, where S = β-PhGlc, β-PhGal, (β-PhGlc)2 or (β-PhGal)2 and n = 01, 02, 03… etc., starting from the global minimum at 0 K, i.e., without taking into account the effect of the temperature and using only ΔH. All the calculated structures can be found in Figures S1 to S10 of the Supplementary Material and a list of their energetics can be found in Tables S1 to S4.

RESULTS

REMPI

The spectroscopy of the monomers was first characterized by Simons and coworkers [45, 46] and later reinvestigated by our group, together with similar modified monomers [6] so it is well known. These studies conclude that the conformational landscape of β-PhGlc presents three stable isomers at the conditions of the molecular expansion. These structures are collected in Figure 1 and show that the structural differences between them lie in the orientation of the hydroxymethyl group, that can either point toward the aromatic ring, join the intramolecular hydrogen bond network or adopt an intermediate orientation. Such structural differences result in small but identifiable shifts in the S1←S0 transition [6] as can be seen in Figure 2. Likewise, β-PhGal also presents several conformers with the global minimum being very similar in both systems. On the other hand, the effect of the epimerization at C4 is already present by changing the conformational energetic ordering: for example, β-PhGal-02 is of the same type as β-PhGlc-03 but it is relatively more stable in β-PhGal.
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FIGURE 1. Most stable conformational isomers of β-PhGlc and β-PhGal, together with their relative stability in kJ/mol. Computational level M06-2x/6-311++G(d,p). The dotted blue lines highlight the O-H···O interactions.
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FIGURE 2. One-color REMPI spectra of β-PhGal, β-PhGlc, (β-PhGal)2 and (β-PhGlc)2. The arrows indicate the wavelengths probed to record the IR spectra.



Figure 2 shows the REMPI spectrum of the homodimers. Their formation resulted in broad absorptions, as expected for such complicated systems. However, no strong shift in the electronic absorption was observed, pointing to similar aggregation energies in the two electronic states implicated in the transition. The absence of discrete transitions in the electronic spectra complicates the study, as it hampers the use of double resonance techniques (UV/UV hole burning) to unveil the presence of several conformational isomers of each aggregate. Instead, the broad absorptions were probed with the UV laser to record the IR/UV double resonance spectra, looking for changes in the shape of the IR spectrum, as it will be shown below.

Ground State IR Spectroscopy of (β-PhGlc)2 in the 2800–3800 cm−1 Region

Despite the absence of discrete features in the REMPI spectrum, it is possible to extract important vibrational information from the system by tuning the laser to different wavelengths and recording the IR spectra (an illustrative example is shown in Figure S7). Figure 3 shows the most meaningful experimental IR spectra recorded tuning the UV laser at 36694, 36739, and 36743 cm−1, together with the predicted spectra for the five most stable computed structures. As can be seen, the shape of the IR spectrum changes depending on the wavenumber probed by the UV laser, indicating that at least two different isomers contribute to the REMPI spectrum. In order to assign the structural candidates, the experimental IR spectra and the predicted IR spectra for the computed structures need to be compared. The experimental spectrum shows some key regions, which give powerful structural information: the bands around ~3650 cm−1 are due to the stretches of the OH moieties with weak interactions (probably only intramolecular interactions). The peak shifts to the red as the interaction of the involved group gets stronger. Thus, the bands between 3450 and 3550 cm−1 are due to the stretching modes of those OHs involved in moderate-strong interactions. Finally, those peaks in the 2850 and 3100 cm−1 interval are due to the CH stretching modes. As expected, the number of bands and shoulders in the experimental spectra is larger than the number of predicted bands for a single isomer, confirming that several conformational isomers were formed in the expansion. The two most stable isomers (see the Discussion section) are required at least to reproduce the experimental trace, but the presence of the third most stable isomer, (β-PhGlc)2-03, cannot be ruled out. Other structures are energetically very high and are not expected to be populated enough or they can isomerize into the most stable structures. An example is shown in Figure S8: isomers 04 and 05 are structurally related to the more stable isomers 01 and 02, and therefore, they are expected to relax into the more stable structures. All the computed isomers can be found in the Supporting Information.
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FIGURE 3. IR spectra of (β-PhGlc)2 and the predicted spectra for the most stable structures, calculated at M06-2X/6-311++G(d,p). The spectrum was obtained probing the indicated transitions. Correction factors of 0.938 and 0.953 for OH and CH stretching modes respectively were employed to account for the anharmonicity. The arrows highlight possible relaxation of less favorable isomers into deeper minima. The colors in the experimental IR spectrum at 36743 cm−1 indicate which bands/absorptions could be assigned to the different predicted bands. The dashed line indicates the baseline.



Ground State IR Spectroscopy of (β-PhGal)2 in the 2800–3800 cm−1 Region

Similar to the previous case, it is possible extract important vibrational information from the REMPI spectrum in Figure 2 by tuning the laser to different wavelengths. The IR spectra shown in Figure 4 was recorded tuning the UV laser at 36720.2 and 36855.5 cm−1. The predicted spectra for the four most stable computed structures are also shown for comparison. Unfortunately, the spectroscopy of this system is significantly more complex: instead of the presence of bands and shoulders, the OH stretches group into a single, unstructured absorption that extends through the 3400–3650 cm−1 region. Comparison with the computational predictions explains the apparent lack of structure of the spectrum: against what was observed for (β-PhGlc)2, the OH stretches of the spectra predicted for the different (β-PhGal)2 isomers are spread along approximately the same region than in the experimental trace. Assuming that more than one isomer is contributing to the experimental trace, the computed spectra would be in good agreement with the experimental spectrum. In this case, it is only possible to estimate a lower limit for the number of isomers formed: no single conformer is able to solely reproduce the whole absorption in the 3400–3650 cm−1 region and therefore at least two species would be required to build the experimental spectrum, but the presence of additional species cannot be ruled out. Figure S5 of the supplemental material shows the structure of the species whose spectra appear in Figure 4, together with all the calculated structures and their predicted IR spectra.
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FIGURE 4. IR spectra of (β-PhGal)2 and the predicted spectra for the most stable structures, calculated at M06-2X/6-311++G(d,p). The spectrum was obtained probing the transitions at 36722.2 and 36855.5 cm−1 shown in Figure 1. Correction factors of 0.938 and 0.953 for OH and CH stretching modes respectively were employed to account for the anharmonicity. The dashed line indicates the baseline.



DISCUSSION

Stability of the Assigned Structures

Both, β-PhGlc and β-PhGal dimers are very challenging systems from an experimental point of view. They are large systems, which are not easily obtainable even by laser ablation methods; they have a low formation propensity and hence, they yield a weak signal; their formation dynamics during the expansion are extremely complicated, resulting in an unstable signal. Furthermore, their spectroscopy is very challenging: aside from the possible large change in geometry and large number of modes, which complicates the REMPI spectra, the IR spectra are very congested and the S/N ratio is not as high as in other systems. Such difficulties hamper proposing a univocal assignment and only, thanks to a joint theory and experimental study it is possible to extract some relevant conclusions.

Additional evidence favoring the assignment proposed is the study of the relative Gibbs free energy of the computed species (Figure 5). Clearly, there are three isomers of (β-PhGlc)2 that are very close in stability in the temperature interval of our expansion (around 150–200 K). Isomers (β-PhGlc)2-01 and (β-PhGlc)2-02 are almost isoenergetic and they should be the most abundant species. Comparison between the Gibbs free energy of binding for those three species shows that isomers (β-PhGlc)2-01 and (β-PhGlc)2-02 are also the most tightly bound. Altogether, one would expect to have mainly isomers (β-PhGlc)2-01 and (β-PhGlc)2-02 in the molecular expansion, in good agreement with the experimental results shown in Figure 3. The most relevant structures are represented in Figure 6.
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FIGURE 5. (A) Relative Gibbs free energy of the 10 most stable (β-PhGlc)2 computed species; (B) Relative Gibbs free energy of binding of the same species; (C) Relative Gibbs free energy of the 10 most stable (β-PhGal)2 computed species; (D) Relative Gibbs free energy of binding of the same species. All values in kJ/mol and obtained from the structures computed at the M06-2X/6-311++G(d,p) level.
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FIGURE 6. Assigned structures of (β-PhGlc)2 and (β-PhGal)2. Isomer (β-PhGal)2-11 was also included for comparison. Relative stability and binding energy values, in brackets, in kJ/mol. All calculations performed at M06-2X/6-311++G(d,p) level. The dotted blue lines highlight the O-H···O interactions. The green and red arrows point the direction of the hydrogen bond networks.



Regarding (β-PhGal)2, the energetic situation is more interesting: the global minimum is conformer (β-PhGal)2-01, but conformer (β-PhGal)2-06 is favored by entropy and becomes almost isoenergetic at the temperature of the beam. The presence of both conformers also explains all the features in the IR spectrum confirming the detection of these two conformers. A third specie, conformer (β-PhGal)2-02, is slightly higher in energy and its formation in the expansion could not be ruled out. Nevertheless, its population should be low.

When the relative Gibbs free energy of binding is taken into account, conformer (β-PhGal)2-11 comes also into play, presenting a binding energy very similar to the global minimum. Actually, both conformers, (β-PhGal)2-06 and (β-PhGal)2-11, present very similar structures (Figure 6), and the only difference between them is the orientation of the hydrogen bond network, that points in the opposite direction in conformer (β-PhGal)2-11. In principle, the abundance of the monomer's conformer upon which the complex is based must be very small and it is unlikely that the aggregation energy can produce the isomerization into the least stable isomer and therefore, we can rule out the presence of isomer (β-PhGal)2-11 in the expansion.

Aggregation Preferences of (β-PhGlc)2 and (β-PhGal)2

In previous studies, we concluded that the β anomer of glucose and its derivatives, methyl/phenyl-β-D-glucopiranose, form very stable aggregates with the β anomer of other glucose derivatives, due to their ability to adopt a symmetric structure, in which the hydroxymethyl substituent of each molecule integrates in the hydrogen bond network of the interaction partner. The most stable structure found for (β-PhGlc)2 follows the same pattern and the structure arranges in such a way that the two aromatic rings are stacked and the glucose units interact with each other. However, there is an important difference: for (β-PhGlc)2 there are at least another two stable isomers with arrangements in which each sugar unit interacts with the aromatic ring of the other molecule breaking such a symmetry (see Figure 6). Compared to the other systems, (β-PhGlc)2 minimizes the difference between the global minimum with a stacked configuration (ring-ring/sugar-sugar interactions) and those with sugar-ring interactions. Therefore, the preferences of β anomers of glucose for forming the symmetric aggregates is lost in a great manner and we are able to observe at least one representative structure of each configuration.

Comparison with the structures found for (β-PhGal)2 shows a very different conformational landscape: all three structures are of the sugar-ring interaction type and they present extensive hydrogen bond networks. The structure of the global minimum of (β-PhGal)2 is very similar to that of the third most stable conformer of (β-PhGlc)2, but the enantiomeric difference in the position of the OH makes those structures more favorable due to an extra OH•••π interaction which further stabilizes the dimer. In the second detected structure of (β-PhGal)2, all the OH moieties but one are involved in a single network that jumps from one molecule to the other, resembling a spiral stairway. The (β-PhGal)2 structures show an arrangement more based on intermolecular interactions, while (β-PhGlc)2 structures are more based on intramolecular interactions with few intermolecular interactions. Another relevant information is that the binding energy of all three isomers of (β-PhGal)2 presented in Figure 6 is a ~10% higher than for the (β-PhGlc)2 species.

The above results confirm the importance of epimerization. Comparison between the structures of non-modified β-Glc and β-Gal sugars shows that epimerization at C4 modifies their conformational behavior [8]. For the modified sugars, which can be taken as highly approximated systems to sugar units locked inside a glycan, this locking alters the conformation of the monomers, particularly for the β-PhGal species. Furthermore, such a different behavior of the hydroxyl intramolecular hydrogen bond network of the monomers is amplified in the dimers: the subtle an apparently unimportant change in the position of an OH group not only affects the resulting conformational preferences, but also how the monomers interact with other sugars in their surrounding giving completely different structures with significantly different binding energy. It is interesting how a small difference between twin molecules, such as those in Scheme 1, manifests as huge biological consequences: different structural arrangements means different shape and contact points for the receptors to bind or being recognized; different intra- and inter-molecular interactions are the key of molecular selectivity and (macro)molecular evolution, as they will show different phase and state transition points, different activity, different mobility, different solubility, different pH, or even different morphology and electronic density when interacting with highly sensitive receptors. Applying this point of view to all the biologically relevant molecules, the amount of information that can be encoded using sugar units is astronomic. It seems very difficult to image complex life without organic molecules and their high versatility.

CONCLUSIONS

In this work, we combine mass-resolved laser spectroscopy in supersonic expansions and quantum mechanical calculations to model the interactions of phenyl-β-D-glucopyranose and phenyl-β-D-galactopyranose dimers. At least two isomers were detected for both clusters. The most stable structures of phenyl-β-D-glucopyranose shows a competition between those structures with ring-ring/sugar-sugar interactions and those with sugar-ring interactions. Conversely, the most stable structures of phenyl-β-D-galactopyranose dimer show only structures with sugar-ring interactions. The (β-PhGal)2 structures show an arrangement more based on intermolecular interactions, while (β-PhGlc)2 structures are more based on intramolecular interactions with few intermolecular contacts. The effect of epimerization at C4 is amplified in the dimers and changes the conformational behavior so drastically that it should have important biological consequences. The binding energy of the detected phenyl-β-D-galactopyranose dimers is 10% higher than those of phenyl-β-D-glucopyranose dimers. This new information reinforces the idea that small structural changes between sugar units are amplified by formation of intra and intermolecular hydrogen bond networks that help other molecules (proteins, receptors) to easily read the sugar code of glycans.
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