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Abstract: We have determined by 1H NMR the association constants between a synthetic receptor, glycophane 1, 
and a series of 4-nitrophenyl and 2,4-dinitrophenyl glycosides (D-gluco, D-galacto, D-manno, D-xylo, L-arabino, and 
L-fuco) with axial and equatorial configuration at the anomeric center. The results indicate both a stabilization of 
the complexes due to the carbohydrate moieties and a stereoselectivity in the interaction. The equatorial glycosides 
are complexed with similar free energies of binding (~2.7 Kcal-mol-1), while in the axial glycosides the free energy 
of binding changes with the stereochemistry of the sugar (from 2.6 to 3.3 Kcal-mol-1)- In contrast, the complexes 
formed between a-cyclodextrin and the 4-nitrophenyl glycosides did not show either additional stabilization nor 
selectivity due to the carbohydrate moieties. Differential changes in the free energy of binding in the glycophane 
1—4-nitrophenyl glycosides complexes result from changes in the chemical nature of the substituents of the guest. 
The AG also changes with the orientation of the hydroxyl groups that are in contact with the receptor but do not 
necessarily participate in hydrogen bonding interactions. Molecular mechanics and dynamics calculations gave different 
geometries for the axial and equatorial glycosides which agree with the geometries expected based on the 1H NMR 
data. The results show that in our models lipophilic forces between carbohydrate surfaces mainly determine the 
stability of the association. Parallels are drawn between the forces involved in our models and those proposed for 
the biological associations of carbohydrates. 

Molecular recognition of carbohydrates is characterized, as 
it is the case with other biological molecules, by the confluence 
of many weak polar and nonpolar intermolecular forces. 
However, the understanding of the contribution of these forces 
in carbohydrate recognition is probably more intriguing due to 
their molecular complexity. Whereas two identical amino acids 
can only build a dipeptide, two monosaccharides can form up 
to 11 different disaccharides. Consequently, it is to be expected 
that the language used by carbohydrates to express the affinity 
and selectivity for their receptors be much more complicated 
than that used by amino acids or nucleic acids. 

The most important structural information about the inter
molecular forces involved in carbohydrate recognition comes 
from the crystal structure of complexes formed between 
oligosaccharides and lectins or antibodies1 and, more recently, 
from studies of glycolipid—glycolipid interactions.2 From these 
studies hydrogen bonding and lipophilic interactions have been 
proposed as responsible forces for specificity. The importance 
of aromatic side-chain/saccharide stacking in stabilizing protein— 
carbohydrate interactions has also been recognized. Important 
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questions to be answered are how polar and nonpolar groups 
of saccharides contribute to express affinity and selectivity and 
how these groups manage to strip the water molecules from 
between the reacting partners to make all the process energeti
cally favorable for both the carbohydrate and the water 
molecules. However, to answer these questions not only 
structural but also energetic information is required. 

Some time ago, Lemieux3 anticipated the importance of 
lipophilic interactions and differential solvation effects on 
amphiphilic surfaces in the stability and selectivity of carbo
hydrate interactions. In contrast, other authors4 have attributed 
the specificity and the driving energy for binding mainly to 
hydrogen bonding interactions. This paper attempts to address 
these questions using a model system to assess the role of the 
hydroxyl and lipophilic groups of a saccharide in the affinity 
and selectivity of their interactions in water. Recently, model 
receptors have been used in the study of the noncovalent 
interactions involved in carbohydrate recognition.5 Most of 
these studies have been based on the potentiality of the hydroxyl 
groups to form hydrogen bonds in apolar solvents. However, 
few of these studies have been carried out in water,5ck where 
carbohydrates are highly hydrated and their ability to form 
hydrogen bonds with the receptor has to compete with water. 
In this medium carbohydrates should be considered as am-
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phiphiles with disperse hydrophilic and lipophilic areas so that 
forces, other than hydrogen bonds, probably play a role in the 
stability and selectivity of the interaction.6 

We have recently used a model system constituted by a new 
type of receptors (glycophanes) and 4-nitrophenyl glycosides 
to study the binding of carbohydrates in water.7 The receptor, 
glycophane 1, (Chart 1) is constituted by a disaccharide, a,<x-
trehalose, and naphthalene molecules and may be considered 
as a cyclodextrin-cyclophane hybrid. Using this system we 
showed the existence of interactions in water between small 
saccharides, even though calorimetric evidences had previously 
suggested that this is an unfavorable process.8 Our preliminary 
results with glycophane 1 and 4-nitrophenyl a- and /3-gluco-, 
galacto-, and mannopyranosides showed evidence of both a 
stabilizing contribution due to the carbohydrate moieties and 
an a//3 stereoselectivity in the interaction. These effects were 
not observed in a different model system constituted by the PNP-
glycosides and a-cyclodextrin (aCD)7. We now have extended 
these studies in an attempt to understand the structural origin 
of the affinity and selectivity of this interaction and the 
contribution of the different polar and nonpolar groups of the 
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carbohydrate moiety. We have used glycophane 1 and a broad 
range of the 4-nitrophenyl glycopyranosides (PNP-GIy) of 
D-glucose (GIc), D-xylose (XyI), /V-acetyl-D-glucosamine 
(GIcNAc), D-galactose (Gal), L-arabinose (L-Ara), L-fucose (L-
Fuc), and D-mannose (Man) with axial and equatorial config
uration at the anomeric center (Chart 1). These substrates have 
been chosen because of their distinct configurations which 
allowed us to evaluate the influence of both the nature of the 
substituents and the stereochemistry of the saccharides on the 
strength and selectivity of the interaction. Moreover, the 
interaction of glycophane 1 and the 2,4-dinitrophenyl (DNP) 
glycosides of D-glucose, D-xylose, D-galactose, D- and L-
arabinose, and D- and L-fucose with equatorial configuration at 
the anomeric center has also been studied. Simultaneously, a 
comparative study between the complexes of a-cyclodextrin 
(aCD) and the 4-nitrophenyl glycosides and those of glycophane 
1 has been carried out to assess the selective character of the 
interaction in the case of 1 with the PNP-glycosides. Our results 
indicate that the stability of the complex is related to lipophilic 
interactions (van der Waals and desolvation forces) and that 
the orientation of the hydroxyl groups in the substrate influences 
the free energy of these interactions, even though these groups 
do not seem to be involved in hydrogen bonding with the 
receptor. 

Results and Discussion 

The stability constants (K3) of the interaction in D2O between 
the glycophane 1 and the 4-nitrophenyl glycosides have been 
determined by 1H NMR. In each binding experiment, the host 
concentration was held constant, while the concentration of the 
guest was increased. Upon the addition of the guest, the 
aromatic and the H6 endo protons of the host shifted upfield (~0.3 
ppm), while the H-I and H-2 of the trehalose moiety moved 
downfield (~0.2 ppm). This pattern was the same in all cases, 
suggesting a similar binding geometry for all complexes. The 
induced chemical shifts by the /3-glycosides were always smaller 
than those induced by the a-glycosides. For comparative 
reasons, the K3 of the aglycon (PNP) as well as the l-(4-
nitrophenyl) glycerol (PNPG), a lineal chain saccharide, were 
also determined. 

The stability constants obtained at 30 0C and the correspond
ing free energy of binding (—AG) are given in Table 1. To 
calculate K3 values we have used the upfield chemical shift 
change of the aromatic Hb proton of the host versus the guest 
concentration.9 In all measurements the percent of saturation 
achieved was near 70%. All titration curves were carried out 
two or three times, and the values were reproducible within 
±0.1 kcal-mol-1 in AG. In order to draw conclusions from 
the Gibbs free energies of binding, we have estimated the error 
associated with these measurements. The maximum percent 
of error in the binding constants was estimated to be 20%, and 
the temperature error was ±1 0C. Thus, the calculated error 
for AG is ±0.1 kcal/mol. 

Binding Selectivity of Glycophane 1. The results shown 
in Table 1 reveal the following points: (1) All glycosides 
associate with the glycophane 1. The association constants in 
the equatorial series are all in the same range of magnitude (~2.7 
kcal-mol-1), while in the axial series range from 2.6 to 3.3 
kcal-mol-1, depending on the configuration of the sugar. (2) 
In all complexes a stabilizing contribution of the carbohydrate 
moiety to the binding was observed. This stabilization could 

(9) In our previous measurements titrations were followed by 1H NMR 
on the Hl and Hb resonances of 1. We now know that measurements on 
Hl gave considerable errors, and we have used in this work only 
measurements on Hb for the determination of K3. This is the origin of 
discrepancies between the values now given and those previously reported. 



11200 J. Am. Chem. Soc, Vol. 117, No. 45, 1995 Jimenez-Barbero et al. 

Table 1. Association Constants (K3, M ') and Free Energy of Binding (AG, kcal-mol ') of the Complexes between GIycophane 1 and the 
p-Nitrophenyl Glycosides, p-Nitrophenol, and !-(p-Nitrophenyl)glycerol in D2O at 303 K 

axial glycosides 

aGlc 
aXyl 
aGlc NAc 
aMan 
aGal 
/?LAra 
OLFUC 
PNP 
PNPG 

K3 

111 
155 
177 
162 
79 

166 
242 

13 
21 

- A G 

2.8 ± 0 . 1 
3.0 ± 0 . 1 
3.1 ± 0 . 1 
3.0 ± 0 . 1 
2.6 ± 0 . 1 
3.0 ± 0 . 1 
3.3 ± 0 . 1 
1.5 ± 0 . 1 
1.8 ± 0 . 1 

- A A G P N P " 

1.3 
1.5 
1.6 
1.5 
1.1 
1.5 
1.8 

0.3 

-AAGPNPG 4 

1.0 
1.2 
1.3 
1.2 
0.8 
1.2 
1.5 

equatorial glycosides 

,8GIc 
/SXyI 
/3GIcNAc 
/3Man 
/3GaI 
aLAra 
/3LFuc 

Ka 

98 
96 
96 
70 
91 
81 
99 

- A G 

2.7 ± 0 . 1 
2.7 ± 0 . 1 
2.7 ± 0 . 1 
2.6 ± 0 . 1 
2.7 ± 0 . 1 
2.6 ± 0 . 1 
2.8 ± 0 . 1 

- A A G P N P " 

1.2 
1.2 
1.2 
1.1 
1.2 
1.1 
1.3 

-AAGPNPG' ' 

0.9 
0.9 
0.9 
0.8 
0.9 
0.8 
1.0 

0AG glycosides — AG p-nitrophenol in kcal-mol '. 6AG glycosides — AG l-(p-nitrophenyl) glycerol in kcal-mol" 

Table 2. Association Constants (K11, M-1) and Free Energy of 
Binding (AG, kcal-mol-1) of the Complexes Formed between 
GIycophane 1 and 2,4-Dinitrophenyl Glycosides in D2O at 303 K 

DNP glycosides K3 -AG -AAGDNP 

/?Glc 
/3XyI 
/3GaI 
oxAra 
aoAra 
/3LFUCO 

/?DFUCO 

DNP 

646 
939 
525 
745 

1200 
787 
780 
420 

3.9 ± 0 . 1 
4.1 ± 0 . 1 
3.8 ± 0 . 1 
4.0 ± 0 . 1 
4.3 ± 0 . 1 
4.0 ± 0 . 1 
4.0 ± 0 . 1 
3.6 ± 0 . 1 

0.3 
0.5 
0.2 
0.4 
0.7 
0.4 
0.4 

be estimated from the comparison of the AG values with those 
of the complexes formed between 1 and ^-nitrophenol (PNP) 
as well as with l-(4-nitrophenyl) glycerol (PNPG) (Table 1). 
(3) The magnitude of the stabilization was higher for the axial 
glycosides and was influenced by the stereochemistry of the 
sugar (from 1.1 to 1.8 kcal-mor') . The highest free energy of 
binding was observed for a LFuc with an additional stabilization 
of 1.8 kcal-mol-1 related to PNP and 1.5 kcal-mol-1 with 
respect to the glycerol derivative (PNPG). (4) The contribution 
of the carbohydrate to the stability of the binding in the case of 
the equatorial glycosides is similar for all of them and smaller 
than that of the axial glycosides. These results indicate some 
axial/equatorial selectivity of the glycophane 1. Finally, 
comparison of the chain saccharide PNPG complex with those 
of the pyranose derivatives shows the stabilizing effect of the 
pyranose ring related to a chain arrangement in a polyhydroxy 
compound. 

In the case of the 2,4-dinitrophenyl glycosides (DNP-GIy), 
only the equatorial isomers could be measured.10 Comparison 
of the AG values of the equatorial PNP-glycosides (Table 1) 
with those of the DNP-glycosides (Table 2) indicates a higher 
stability for the latter complexes. This increase is due to the 
major contribution of the aglycon, the 2,4-dinitrophenol (AGDNP 
3.6 kcal-mol-1), to the stability of the complexes. However, 
the contribution of the carbohydrate moiety to the stability of 
the complex is lower than that of the PNP-glycosides. This 
can be attributed to the existence of a smaller number of van 
der Waals contacts between both host and guest carbohydrate 
moieties in the DNP-complexes. In fact, the hindrance of the 
NC»2-group in ortho-position avoids a deep inclusion of the guest 
in the cavity. 

a-Cyclodextrin-PNP-Glycosides Binding. Even a smaller 
number of vdW contacts between host and guest carbohydrate 
moieties are to be expected in the complexes formed between 
aCD and the PNP-glycosides (Figure 1). A comparison of the 
results shown in Table 1 with those obtained for the complexes 
formed between aCD and the PNP-glycosides (Table 3) 
indicates that there is not additional stabilization due to the sugar 

(lO)Sharma, S. K.; Corrales, G.; Penades, S. Tetrahedron Lett. 1995, 
36, 5627-5630. 

Figure 1. Schematic representation of the complexes of (a) glycophane 
1-PNP-a-D-glucopyranoside and (b) a-cyclodextrin-PNP-a-D-glucopy-
ranoside based on CPK models. 

Table 3. Association Constants (K3, M
-1) and Free Energy of 

Binding (AG, kcal-mol-1) of the Complexes Formed between ot-CD 
and the p-Nitrophenyl Glycosides, p-Nitrophenol, and 
!-(p-Nitrophenyl)glycerol in D2O at 303 K 

axial 
glycosides 

aGlc 
aGal 
aMan 
/3LAra 
OLFUC 

PNP (pH3) 
PNPG 

K3 

129 
120 
170 
150 
137 
192 
122 

- A G 

2.9 ± 0 . 1 
2.8 ±0 .1 
3.0 ± 0 . 1 
3.0 ± 0 . 1 
2.9 ± 0 . 1 
3.11 ±0.03° 
2.9 ± 0 . 1 

equatorial 
glycosides 

/?Glc 
/3GaI 
/3Man 
aLAra 
/JLFUC 

K3 

83 
127 
122 
111 
106 

- A G 

2.6 ± 0 . 1 
2.9 ± 0 . 1 
2.8 ± 0 . 1 
2.8 ± 0 . 1 
2.8 ± 0 . 1 

" Binding constant calculated by calorimetry in H2O at 298 K. 

moiety in these complexes with respect to those between aCD 
and PNP as well as PNPG. Axial and equatorial glycosides 
have similar association constants, in contrast to the axial/ 
equatorial selectivity observed for glycophane 1. Furthermore, 
the stereochemistry of the sugar does not seem to influence to 
the same extent than in the case of 1 the free energy of binding 
(AG 2.8—3.0 kcal-mol-1 for all glycosides). These differences 
in complexing properties between glycophane 1 and aCD may 
be due to the different orientation of the interacting sugar 
surfaces. In the case of aCD, the carbohydrate moiety of the 
guest will remain mainly in contact with the bulk water during 
the interaction, while in the glycophane it will approach to the 
/3-face of the glucose units of the trehalose molecules (Figure 
1). This different approach makes van der Waals contacts 
between both host and guest carbohydrate faces possible in the 
glycophane system, thus favoring desolvation of both surfaces 
upon binding. Differences in van der Waals contacts due to 
the different relative orientation of the sugar and the aromatic 
ring in the axial and the equatorial PNP- glycosides may be the 
origin of the observed selectivity showed by glycophane 1 for 
these compounds. 

Influence of the Nature and Orientation of the Substitu-
ents on Binding Selectivities. The deeper encapsulation of C1, 
C2, and C5 of the pyranose ring of the guests in the complexes 
with 1 should result on a major influence of the nature of the 
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substituents and the configuration of the sugars at these positions 
on the binding. Comparison of the different free energies of 
binding resulting by changing the substituents at these carbons 
will give information about the role of the hydroxyl groups at 
these positions. 

Substitution of the hydroxymethyl group at C5 in the axial 
gluco derivative (aGlc) by hydrogen to give the corresponding 
glycoside with xylo configuration (cxXyl) increases the binding 
in 0.2 kcal-mol-1 (Table 1). An increase of 0.3 kcal'mol-' in 
the binding is observed by substitution of the OH-group at C2 
by the less polar acetamide group to give the a-D-glucosamine 
derivative (aGlcNAc). A similar effect is observed by changing 
the equatorial by the axial orientation of the OH-2 (AAGoMan-
aGic 0.3 kcal-mol~'). In contrast, the same changes in the 
equatorial series (fi GIc — /3 XyI, /3 GIc — /3 GIcNAc, 0 GIc 
—* /3 Man) do not influence the AG values of binding. The 
same trend is observed for the galacto series. Comparison of 
the binding of aGal with the fi-L-arabino derivative (/?LAra) 
indicates that the CH2OH group at C5 has a destabilizing effect 
of 0.4 kcal'mol-1, whereas no change is observed on going from 
/3GaI to oxAra. Evidence for higher contribution to the binding 
by apolar substituents was also obtained from the comparison 
of the binding of aGal with the corresponding 6-deoxy-
derivative with L-configuration (i.e., the a-L-fiico derivative; 
AAGaLFuc-aGai = 0.7 kcal'mol-1). 

Clearly, these results show that the presence of a hydroxy
methyl group at position 5 in the axial derivatives has a 
destabilizing effect. The above results also suggest that the 
equatorial hydroxyl group at position 2 has a similar destabiliz
ing effect since substitution by H or acetamide groups increases 
the binding. This trend was not found in the equatorial 
glycosides, indicating a different geometry for axial and 
equatorial complexes. 

We have tried to assess the tridimensional structure of the 
complexes on the basis of the intermolecular NOEs observed 
for the different geometries. In all complexes, significant NOEs 
were found between the aromatic protons of the host and those 
of the guests, indicating the inclusion of the aromatic ring of 
the guest within the cavity of the host (Figures 1—3 in 
supporting information.). In addition, for aJVIan, short average 
sugar—sugar intermolecular interproton distances were deduced 
from NOE and ROESY experiments (Figure 4 in supporting 
information. Nevertheless, given the dynamic nature of the 
complex and the small NOEs involved, unambiguous conclu
sions on the structure of the complexes could not be extracted 
from the NOE alone. Attempts to crystallize both complexes 
in order to assess the geometries also failed. At this point, 
molecular modeling studies were performed to complement the 
above results on the interacting geometries of axial and 
equatorial complexes. 

Molecular Modeling. Studies began determining possible 
structures of the free host. The conformational analysis of the 
isolated host was performed by a Monte Carlo (MC) approach 
as described in the Experimental Section. Ten different 
conformers were found within a steric energy difference of 12 
kJ-mol-1. Assuming that entropy difference among these 
conformers is negligible, the respective population of these 
conformers, calculated from a Boltzmann distribution function, 
is indicated in Table 4 in the supporting information. 

Several characteristics are common to these conformers. AU 
glucose units adopt the 4Ci chair conformations, and the 
glycosidic linkages can be described by torsion angles (<&/<£, 
ca. 70°) which are in agreement with the exo-anomeric effect'' 

(11) Lemieux, R. U.; Koto, S.; Vorsin, D. Anomeric effect. Origin and 
Consequences; ACS Symposium Series; American Chemical Society: 
Washington, DC, 1979; Vol. 87, pp 17-29. 
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Figure 2. Stereoview of the global minimum calculated for glycophane 
1. 

(Table 4 in supporting information). Independently of the MC 
protocol which was employed, all the hydroxymethyl groups 
adopt either gauche-gauche or gauche-trans conformations. 
Thus, no alternative trans-gauche conformation was found, in 
agreement with the expectations for glucose lateral chains. For 
the ten conformers, geometries with four, three, or two hy
droxymethyl groups in orientation gt was found. The global 
minimum (Figure 2) shows the four hydroxymethyl groups with 
gt conformation. This minimum was also the structure most 
frequently found in the MC search, independently of the protocol 
used. It can also be observed that, although, some conformers 
present an appropriate cavity for complexation of an aromatic 
guest molecule, other local minima would not permit complex
ation to occur, since the cavity is blocked (Figure 5 in supporting 
information). 

Molecular dynamics simulations performed using the global 
minimum as starting geometry indicated that this conformation 
is fairly stable (supporting information). No variation in the 
glycosidic linkages nor the hydroxymethyl groups was observed. 
Only small oscillations around the starting values were detected 
(ca. ±15° for the hydroxymethyl groups and ±10° for the 
glycosidic linkages). Larger variations were observed for the 
linkages involving 06-CAr and 06-C6. 

Although the NMR data are averaged among the different 
forms present in solution, they satisfactorily agree with the 
computational MM3* calculations, in particular regarding the 
glycosidic linkage orientation and the conformational equilib
rium of the hydroxymethyl groups. The 1H- and '3C-NMR 
spectra of the host indicated a fast conformational equilibrium 
in the NMR chemical shift time scale, since only one set of 
signals was observed for each kind of proton and carbon. A 
medium size NOE (from ROESY and NOESY experiments) 
between the anomeric proton of a glucose moiety and H-5 of 
the contiguous residue indicates the exo-anomeric orientation1' 
of the glycosidic linkages. In addition, the average coupling 
constants between H-5 and H-6er,do and H-6eXo (2.3 and 5.4 Hz, 
respectively), confirm that there is an ~ 1:1 equilibrium between 
the gg and gt forms. Also the trivial NOEs between the aromatic 
protons and between these protons and H-6endo were found. The 
only discrepancy between the NMR data and molecular dynam
ics simulations affects the lack of transitions between the gg 
and gt orientations of the glucose lateral chains during the MD 
simulation. Nevertheless, this lack of transitions is not unusual, 
since it has been already reported for sugars.12 Much longer 
simulation times seem to be necessary to account for these 
transitions in a quantitative way.'3 

Molecular Modeling of the Complexes. The guests a- and 
/3-PNP-gluco- and mannopyranosides were docked to the 
glycophane host as described in the experimental part. Although 
all the conformations found for the free host show two different 
faces, only one side of the cavity produced energetically 
acceptable complexes, independently of either the a,/3 config
uration or the nature (manno, gluco) of the sugar. This 
energetically favorable host—guest orientation maximizes the 

(12) Kroon-Batenburg, M. J.; Kroon, J. Biopolymers 1990, 29, 1243-
1248. 

(13) Brady, J. W.; Schmidt, R. K. / Phvs. Chem. 1993, 97, 958-966. 
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Figure 3. Stereoview of the calculated global minima structures for 
the complexes, (a) 1-CtGIc and b) 1-/SGIc. 

interactions between both host and guest carbohydrate moieties. 
Two different conformations were found for every complex 
within a range of 12 ld-mol"'. The two major conformations 
differ in the orientation of one hydroxymethyl group of the 
receptor. Therefore, and according to the calculations, it is 
possible to form stable complexes having either the gg or gt 
conformations of the lateral chains. The change of one 
hydroxymethyl group from gt to gg orientation does not 
substantially modify the geometrical features of the complexes. 
A stereoview of the global minima conformers for the a- and 
P-gluco complexes is given in Figure 3. The corresponding 
torsion angles are similar to those of the free host. 

The conformational stability of the complexes was also tested 
by MD simulations (Figure 6 in supporting information). The 
complexes are perfectly stable during the whole 500 ps 
simulation. Although the aromatic PNP ring is within the cavity, 
there are still significant fluctuations of the torsion angles, in 
particular, those involving the conexion of 0-6 to C-6 and to 
the naphthalene rings (ca. ±25°). On the other hand, the 
glycosidic linkages and the lateral chains are slightly more 
restricted in the complexes than in the isolated host. It is 
interesting to note that the lateral chains of the guest present 
transitions between their corresponding gg and gt orientations. 

The global minima structures of the l-aMan and l'/3Man 
complexes are represented in Figure 4. The two structures 
explain the 1H NMR observed upfield shift for the aromatic 
and H6endo protons and the downfield shift for the anomeric 
proton of the host upon complexation of all the guests. The 
model geometries show that in both a- and /3- complexes the 
aromatic ring and the region around the anomeric centre (Cl, 
C2, C5, and C6) are deep in the cavity originating vdW contacts 
between trehalose and mannose moieties. Besides the expected 
aromatic—aromatic interaction, vdW contacts between the 
naphthalene and the sugar moieties are also present. 

The calculated geometries also show clearly the different 
orientation of the axial and equatorial glycopyranosides within 
the cavity. As a consequence a higher number of vdW contacts 
below 3.7 A are established with the axial glycosides than with 
the equatorial derivatives. These differences are also observed 
in the calculated geometries for the a- and fi-gluco complexes. 
But the most striking differences between both geometries are 
the orientation of the hydroxyl groups of the guest within the 
cavity. In the 1-aGlc complex OH2, OH3, OH4, and OH6 of 
the glucose ring present vdW contacts below 3.7 A with the 
hydrophobic patch CH1-CH2-CH4-CH6 of the trehalose 
moiety. Hydrogen bonding interactions could be also estab
lished between OH2 and OH6 of the guest and OH2 of the 
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Figure 4. A view of the calculated global minima structures for the 
complexes (a) l-aMan and (b) l'/JMan. 
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Figure 5. Van't Hoff plot for 1-o.Glc (O) and 1-/3GIc (D) complexes. 

trehalose moiety, while in the 1-/3GIc complex all the hydroxyl 
groups are directed to the bulk water, and no contacts with the 
trehalose moiety are present (Figure 3). Differences in the 
orientation of the hydroxyl groups in the 1-aMan and l*/3Man 
complexes (Figure 4) could also explain the differences observed 
in their free energy of binding (AAGaMan-/?Man 0.4 kcal*mol-1). 
In the aMan complex OH2 and OH4 are in contact with bulk 
water, while OH3 and OH6 present vdW contacts with the 
lipophilic surface of the trehalose moiety. As it was the case 
of the aGlc complex, an intermolecular hydrogen bond between 
OH6 of the guest and OH2 of the trehalose moiety could be 
established, while in the /?Man complex only the OH2 group is 
directed to the hydrophobic CH1-CH2-CH4-CH6 patch of 
the trehalose moiety, the rest of the hydroxyl groups being bound 
to water. Thus, these calculated geometries are consistent with 
the differences in free energy of binding experimentally 
observed for axial and equatorial complexes. 

In order to better evaluate the forces involved in this 
association accurate values of enthalpy, entropy, and heat 
capacity would be required. We are now engaged in a study 
by calorimetry of the complexes formed between the PNP-
glycosides and aCD, but unfortunately the low solubility of 
glycophane 1 in water did not allow until now the calorimetric 
study with this system. Although the enthalpy and entropy 
values obtained from van't Hoff analysis may be only ap
proximated, we have carried out this analysis for the complexes 
formed between glycophane 1 and 4-nitrophenyl a- and /3-D-
gluco derivatives. 1H NMR spectra were recorded at 298, 303, 
308, and 313 K which results in AH = -4.8 and TAS = -1.9 
kcal-mol-1 for the axial glycoside and AH = —4.1 and TAS = 
— 1.4 kcal-mol-1 for the equatorial analogue at 298 K (Figure 
5). These values are similar to those found for monosaccharide 
associations to lectins14 and to those reported for apolar guest 
associations with cyclophanes.15 In these cases, it has been 
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observed that the enthalpy of binding is more negative than the 
free energy of binding. These values show also a higher 
enthalpy of binding for the axial glycosides.16 

In conclusion, all these results show that in our models 
differential changes in the free energy of binding result from 
changes in the chemical nature (polar/apolar) of the substituents 
in the guest and/or in the orientation of hydroxyl groups that 
are in contact with the receptor but do not necessarily participate 
in hydrogen bonding interactions. In contrast, changes in 
hydroxyl groups that are farthest from the receptor do not 
influence the free energy of binding. These effects, similar to 
those found for the binding of modified oligosaccharides by 
lectins,17 can arise from changes in both the vdW contacts 
between the OH groups and the lipophilic surfaces of the 
receptor and/or in the hydration forces involved in the solvation/ 
desolvation18 of the complementary amphiphilic surfaces of the 
sugars.6a 

This paper constitutes an attempt to establish a link between 
the molecular structure and the free energy of a carbohydrate-
carbohydrate interaction in water. It has been shown that in 
our glycophane—PNP-glycosides model system, lipophilic forces 
between carbohydrate surfaces mainly determine the stability 
of the association. In contrast, in the aCD-PNP-glycoside 
system neither additional stabilization nor selectivity due to the 
presence of the carbohydrate were observed. We would like 
to stress that these results indicate, as anticipated by Lemieux, 
that "the main driving force for complex formation likely occurs 
when the adjacent complementary nonpolar surfaces come 
together"19 and also agree with the suggestion by Hakomori 
that "complementarity of two interacting carbohydrates could 
be based on hydrophobic interactions between the respective 
hydrophobic surfaces".2a It follows then that the role of the 
hydroxyl groups in a carbohydrate is not only significantly 
related to the formation of hydrogen bonding interactions but 
also to the strengthening of the lipophilic interactions. The 
orientation of the hydroxyl groups can influence this strengthen
ing modulating the shape of the complementary amphiphilic 
surfaces thus favoring the vdW contacts and assisting the release 
of high-energy water molecules from around these surfaces. This 
assessment is at the heart of the long standing debate concerning 
the importance of hydrogen bonding interactions versus lipo
philic and hydration effects in the association of carbohydrates 
in aqueous solution.4,63,20 In this regard, it would be of interest 
to mention the recent works by Kahne et al. concerning the 
role of the oligosaccharide in the chromomycin A3—Mg2+ 

complex21 and the influence of hydrogen bonding in the 

(14) (a) Schwarz, F. P.; Puri, K. D.; Bhat, R. G.; Surolia, A. J. Biol. 
Chem. 1993, 268, 7668-7677. (b) Acharya, S.; Patanjali, S. R.; Sajjan, S. 
U.; Gopalakrishnan, B.; Surolia, A. J. Biol.Chem. 1990,265, 11586-11594. 

(15) (a) Stauffer, D. A.; Barrans, R. E., Jr.; Dougherty, S. A. J. Org. 
Chem. 1990, 55, 2762-2767. (b) Diederich, F.; Smithrud, D. B.; Sanford, 
E. M.; Wyman, T. B.; Ferguson, S. B.; Carcanague, D. R.; Chao, I.; Houk, 
K. N. Acta Chem. Scand. 1992, 46, 205-215. 

(16) For an interesting discussion about the energetic contributions on 
protein—carbohydrate interactions, see: Toone, E. J. Curr. Opin. Struct. 
Biol. 1994, 4, 719-728 and references therein. 

(17) (a) Lemieux, R. U.; Du, M-H.; Spohr, U. / Am. Chem. Soc. 1994, 
116, 9803-9804. (b) Du, M.-H.; Spohr, U.; Lemieux, R. U. Glycoconjugate 
J. 1994, 11, 443-461. 

(18) For important contributions about the role of water in biological 
associations, see: (a) Rand, R. P. Science 1992, 256, 618. (b) Ernst, J. A.; 
Clubb, R. T.; Zhon, H.-X.; Gronenborn, A. M.; Clore, G. M. Science 1995, 
267, 1813-1817. (c) Chervenak, M. C.; Toone, E. J. J. Am.Chem.Soc. 1994, 
116, 10533-10539. (d) Rand, R. P.; Fuller, N. L.; Butko, P.; Francis, G.; 
Nicholls, P. Biochemistry 1993, 32, 5952-5929. (e) Robinson, C. R.; Sligar, 
S. G. J. MoI. Biol. 1993, 234, 302-306. 

(19) Lemieux, R. U. Explorations with Sugars: How Sweet it was; 
American Chemical Society: Washington, DC, 1990; p 145. 

(20) Carver, J. P. Pure Appl. Chem. 1993, 65, 763-770. 

aggregation of glycosylated bile acids.22 These systems have 
some similarities in their behavior with our model systems. In 
all of them an interaction is additionally stabilized by the 
presence of a carbohydrate moiety. In the first case21 the 
stabilization of a dimer complex is attributed to the presence 
of a sugar-aromatic chromophore (chromomycinone) interaction. 
In the other case, hydrogen bonding interactions are invoked 
as the origin of the lower critical micelle concentration observed 
in glycosylated versus nonglycosylated bile acids.22b We 
suggest that the increase in aggregation observed in the 
glycosylated bile acids may be also due to not only hydrogen 
bond formation between the sugar moieties but also lipophilic 
carbohydrate—carbohydrate interactions, similar to those ob
served in our model systems. This observation is also supported 
by the crystal structure of these bile acids,22a where, in addition 
to the intermolecular hydrogen bond formation between oppos
ing sugars, the contacts between nonpolar carbohydrate surfaces 
are maximized. These results, along with our results, strongly 
support the ideas developped by Lemieux about the forces 
involved in the molecular recognition of carbohydrates. 

Experimental Section 

General Methods. NMR spectra were recorded on Varian spec
trometers. Chemical shifts in D2O were referenced to external DMSO 
(2.5 ppm) in a coaxial tube. Glycophane 1 was prepared as published.7 

The p-nitrophenyl glycosides were obtained from commercial sources 
(Sigma and Aldrich) except the p-nitrophenyl a-D-xylopyranoside 
(aXyl) which was synthesized using a procedure developed in our 
laboratory. The 2,4-dinitrophenyl glycosides were also prepared by 
us.10 

Binding Studies. A stock solution for the host (0.09 mM) was 
prepared by dissolving the host in D2O. Stock solution for the guests 
(10—25 mM) were prepared from the stock solution of the host in order 
to have a constant concentration of the host during the titration. Binding 
constants were determined by adding in portions via microsyringe a 
solution of guest to a solution of host. The 1H NMR spectrum of each 
solution was recorded, and the chemical shifts of the singlet of Hb of 
the host obtained at nine different host:guest concentration ratios was 
used in an iterative least-squares fitting procedure.23 The temperature 
was kept constant at 303 ± 1 K. 

Computation Procedure. All calculations were performed in a 
Silicon Graphics workstation with the MM3* force field as integrated 
in MACROMODEL v4.5.24 The MM3* program differs from the 
regular MM325 in the treatment of the electrostatic term, since it employs 
charge—charge instead of dipole—dipole interacions. Studies began 
by determining possible host structures. The initial structure was 
obtained from an MM3* minimization using the MACROMODEL 
program and the GB/SA solvation model described by Still and co
workers.26 The starting geometry was built by setting the glycosidic 
torsion angles of the trehalose moieties, <£ and <£', defined as H-I'-
C-I'-O-l'-C-l, and H-1-C-l-O-l'-C-1', close to the e*o-anomeric 
position, ca. 60°, since this orientation has been shown to be strongly 
predominant for trehalose and trehalose derivatives.27 The conformation 
of the lateral chains was set to gauche-gauche, which corresponds to 

(2I)SiWa, D. J.; Kahne, D. E. J. Am. Chem. Soc. 1993, 115, 7962-
7970. 

(22) (a) Cheng, Y.; Ho, D. M.; Gottlieb, C. R.; Kahne, D. J. Am. Chem. 
Soc. 1992, 114, 7319-7320. (b) Venkatesan, P.; Cheng, Y.; Kahne, D. J. 
Am. Chem. Soc. 1994, 116, 6955-6956. 

(23) Wilcox, C. S.; Coward, M. D. Tetrahedron Lett. 1986, 27, 5563-
66. We thank Prof. Wilcox for the kindly providing of the HOSTEST-
program. 

(24) Mohamadi, F.; Richards, N. G. L; Guida, W. C; Liskamp, R.; 
Canfield, C; Chang, G.; Hendrickson, T.; Still, W. C. J. Comput. Chem. 
1990, / / , 440-467. 

(25) Allinger, N. L.; Yuh, Y. H.; Lii, J. H. J. Am. Chem. Soc. 1989, 
/ / / , 8551-8566. 

(26) Still, W. C; Tempczy, K. A.; Hawley, R. C; Hendrickson, T. J. 
Am. Chem. Soc. 1990, 112, 6127-6129. 

(27) Dowd, M. K.; Reilly, P. J.; French, A. D. J. Comput. Chem. 1992, 
13, 102-114. 



11204 /. Am. Chem. Soc, Vol. 117, No. 45, 1995 Jimenez-Barbero et al. 

an CD angle (H-5-C-5-C-6-0-6) ca. 180°. This conformation as well 
as that of the gauche-trans (60°) has been shown to be preferred for 
glucose hydroxymethyl groups both in solution and in the solid state.28 

The elevated number of torsions in the host (16) prompted us to choose 
a Monte Carlo (MC) approach for the conformational search of all 
possible host conformers. One of the bonds between one naphthalene 
moiety and the 0-6 atom of its corresponding glucose moiety was 
chosen as the ring closure bond. The glucose moieties were left at 
their stable 4Ci chair conformations. First, a global search using 2200 
MC steps was performed: each Monte Carlo step began with the 
starting geometry of the previous1 step. A number of torsions between 
2 and 13 were randomly selected for modification at each MC step. 
After each MC step, the resultant geometry was minimized using 5000 
gradient conjugate steps. Structures were tested for duplication 
according to a least square criterion (0.4 A) and to the Numbering 
System Rotation implemented in Macromodel for highly symmetric 
molecules. In addition, the torsion angles of the accepted structures 
were further examined visually. An energy window of 50 kj-mol"1 

was used as criterion to accept a given conformation. After elimination 
of the repeated minima, the accepted conformations were saved for 
subsequent analysis. Second, five different geometries, randomly 
chosen from the set of accepted structures, were submitted to 
independent MC global searches. For every starting geometry, 1000 
MC steps were performed. The other criteria remained the same. Third, 
seven geometries representing the seven possible combinations of 
orientations of the hydroxymethyl groups, were taken as starting 
structures for different local searches. Since two conformations, 
gauche-gauche (gg) and gauche-trans, (gt) are preferred for the 
hydroxymethyl groups, and there are four of these groups in the host, 
one could think of 24 = 16 possible combinations. However, the 
number of possibilities is reduced to seven, due to the symmetry of 
the molecule. For every starting geometry, 500 MC steps were carried 
out. The lateral chains were left at their initial conformation. The 
number of torsions randomly varied were between 2 and 9. Thus, 
10 700 MC steps were performed in total. The global searches provided 
412 conformers, while the seven local searches provided 621 conform
ers. Before comparing the structures obtained from the different 
pathways, a criterion of 12 kJ/mol over the global minimum was 
established to select the final set of conformers. Thus, 27 conformers 
were selected. After fitting and comparison of the structures obtained 
from the independent MC searches, this number was reduced to ten. 
These conformations are numbered from 1 to 10 starting at the global 
minimum in increased order of energy. The global minimum confor
mation was found 35 times during the protocol, while conformers 3, 
6, and 7 were found 8, 7, and 20 times respectively. All the other 
conformers were found less than 5 times. The torsion angles for these 
conformations are given in the supporting information. 

The global minimum was extensively minimized and, then, its 
conformational stability was checked using 500 ps of molecular 
dynamics simulations (MD) by using the MM3* force field. The Shake 
option29 to fix C-H bonds was employed during the simulation, and 
the temperature was kept fixed at 300 K by coupling to a temperature 
bath.30 Trajectory frames were saved every 0.5 ps. 

Docking Studies. Docking of a- and /5-p-nitrophenyl glucopyra-
nosides and mannopyranosides to the glycophane host was performed 
by using the MACROMODEL v4.5 package. Initially, the four guest 

(28) Bock, K.; Duus, J. P. J. Carbohydr. Chem. 1994, 13, 513-543. 
(29) Van Gunsteren, W. F.; Berendsen, H. J. C. MoI. Phvs. 1977, 34, 

1311-1327. 
(30) Berendsen, H. J. C; Postma, J. P. M.; van Gunsteren, W. F.; De 

NoIa, A.; Hack, J. R. /. Chem. Phys. 1984, 81, 3684-3690. 

molecules were extensively minimized using the MM3* program, with 
the aromatic ring oriented as to satisfy the eyro-anomeric effect, given 
by $ angle (H-I-C-l-O-1-Ar) of ca. 60° for/3-glycosides and -60° 
for a-glycosides. The ten minima found in the previous analysis for 
the isolated host molecule were then used to dock the different 
substrates, according to the following protocol: First, every substrate 
was docked manually into the cavity and the complex was extensively 
minimized. Since the cavities of all ten conformers of the host present 
two different faces, calculations for the two modes of substrate entry 
into the host cavity were performed. Second, 100 MC steps for the 
host—guest molecule were carried out, with random translation and 
rotation of the guest around the cavity. Limits between 0 and 2 A and 
between 0 and 15° were used for translation and rotation, respectively. 
In all cases, those complexes which had a steric energy difference of 
12 kJ/mol over the corresponding global minimum were not considered 
for subsequent analysis. 

Apart from the calculations which employed the GB/SA solvent 
model,26 two different dielectric constants, e = 1 and e = 10 D, were 
used for additional in vacuo calculations to test the possibility of 
overestimation of hydrogen bond formation. Indeed, more than twofold 
different conformers were generated when employing e = 1 D than 
for the other cases. The analysis of these complexes (6=1) allowed 
us to deduce that many of them were unrealistic and showed distorted 
geometries. Nevertheless, all the complexes deduced when using e = 
10 D were also present when using the GB/SA solvation model, or € 
= 1. Therefore, only the geometries obtained with € = 10 D were 
finally considered. The conformational stability of the global minima 
found for the four different host-guest complexes was checked by 
performing independent 500 ps MD simulations, as described above 
for the free host. No constraints were used to mantain the guest inside 
the cavity. The average enthalpy at 300 K was estimated from these 
simulations. 
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