
Flexible and Rigid Non-glucose Cyclooligosaccharides: 

Synthesis, Structure, and Properties 

Habilitationsschrift

Dem Fachbereich Chemie der Technischen Universität Darmstadt 

für das Fachgebiet Organische Chemie vorgelegt von 

Stefan Immel 

Darmstadt, 2003 





Annotations

This thesis is divided into nine individual Chapters providing the original 

publications related to specific aspects of this work; all references are given within 

these publications. A short general introduction and a synopsis of the results have 

been added before the first Chapter. 

Acknowledgments 

This work has been conducted at the Clemens-Schöpf-Institut für Organische 

Chemie und Biochemie, Technische Universität Darmstadt, and is the result of 

sharing of ideas addressed by a number individuals over the past several years. 

Acknowledging specific individuals by name carries the risk of overlooking key 

contributors: however, it would be a gross oversight not to recognize at least a few 

individuals for their support, unwavering encouragement, advocacy, and many lucid 

and critical discussions and suggestions. Above all, I would like to acknowledge my 

mentor Prof. Dr. F. W. Lichtenthaler, as well as Prof. Dr. J. Brickmann and 

Prof. Dr. H. J. Lindner for their valuable advice and support. Highly appreciated are 

also the contributions that have emerged from international cooperations with 

Prof. Dr. T. Nakagawa and Prof. Dr. K. Fujita. Not mentioned individually, but not less 

valuable, I would like to thank all my coauthors of my publications for having 

contributed to this work. 

November 2003 STEFAN IMMEL





Table of Contents

Flexible and Rigid Non-glucose Cyclooligosaccharides: Synthesis, Structure, and Properties

Introduction 1

Synopsis 3

Chapter 1 - From Cyclodextrins to Amylose: Structures and Lipophilicity Patterns 19

Topography of the 1:1 α-Cyclodextrin - Nitromethane Inclusion Complex 21

T. Nakagawa, S. Immel, F. W. Lichtenthaler, and H. J. Lindner, Carbohydr. Res. 2000, 324, 141-146.

The Hydrophobic Topographies of Amylose and its Blue Iodine Complex 27

S. Immel and F. W. Lichtenthaler, Starch/Stärke 2000, 52, 1-8.

Chapter 2 - Per-2,3-anhydro-α-cyclomannin 35

Structure and Lipophilicity Profi le of 2,3-Anhydro-α-cyclomannin and its 37

Ethanol Inclusion Complex

S. Immel, K. Fujita, H. J. Lindner, Y. Nogami, and F. W. Lichtenthaler, Chem. Eur. J. 2000, 6, 2327-2333.

The 2,3-Anhydro-α-cyclomannin - 1-Propanol Hexahydrate: Topography, 45

Lipophilicity Pattern, and Solid-state Architecture

S. Immel, F. W. Lichtenthaler, H. J. Lindner, K. Fujita, M. Fukudome, and Y. Nogami,

Tetrahedron: Asymmetry 2000, 11, 27-36.

Chapter 3 - α-Cycloaltrin 55

Synthesis, Structure, and Conformational Features of α-Cycloaltrin: 57

a Cyclooligosaccharide with alternating 4C
1
 and 1C

4
 Pyranose Chairs

Y. Nogami, K. Nasu, T. Koga, K. Ohta, K. Fujita, S. Immel, H. J. Lindner, G. E. Schmitt, and F. W. Lichtenthaler,

Angew. Chem. 1997, 109, 1987-1991; Angew. Chem. Int. Ed. Engl. 1997,35, 1899-1902.

Solution Geometries and Lipophilicity Patterns of α-Cycloaltrin 61

S. Immel, K. Fujita, and F. W. Lichtenthaler, Chem. Eur. J. 1999, 5, 3185-3192.

Inclusion Complexes of Cycloaltrins 69

S. Immel, K. L. Larsen, unpublished results.

Chapter 4 - Mono-altro-β-cyclodextrin 73

Guest-induced Conformational Change in a Flexible Host: Mono-altro-β-cyclodextrin 75

K. Fujita, W.-H. Chen, D.-Q. Yuan, Y. Nogami, T. Koga, T. Fujioka, K. Mihashi, S. Immel, and F. W. Lichtenthaler, 

Tetrahedron: Asymmetry 1999, 10, 1689-1696.

Chapter 5 - Cyclofructins and Cyclogalactofuranosides 83

Cyclofructins with Six to Ten β(1→2)-linked Fructofuranose Units: Geometries, 85

Electrostatic Profi les, Lipophilicity Patterns, and Potential for Inclusion Complexation

S. Immel, G. E. Schmitt, and F. W. Lichtenthaler, Carbohydr. Res. 1998, 313, 91-105.

Conformations and Lipophilicity Profi les of some Cyclic β(1→3)- and β(1→6)-linked 101

Oligogalactofuranosides

H. Gohlke, S. Immel, and F. W. Lichtenthaler, Carbohydr. Res. 1999, 321, 96-104.

Chapter 6 - Cyclodextrin-derived Crown Acetals 111

Synthesis and Molecular Geometry of an Achiral 30-Crown-12 Polyacetal from 113 

α-Cyclodextrin

S. Immel, T. Nakagawa, H. J. Lindner, and F. W. Lichtenthaler, Chem. Eur. J. 2000, 6, 3366-3371.

Hydroxymethyl-substituted Crown Acetals with 35-C-14 and 40-C-16 Skeletal Backbones: 119

Synthesis and Molecular Geometries

S. Immel, F. W. Lichtenthaler, H. J. Lindner, and T. Nakagawa, Tetrahedron: Asymmetry 2001, 12, 2767-2774.

 I



II Table of Contents

Large-ring Crown Acetals from Cyclodextrins 127

T. Nakagawa, S. Immel, H. J. Lindner, and F. W. Lichtenthaler,

Proc. 10th Int. Symp. Cyclodextrins (Ed.: J. Szejtli), Mia Digital Publ., Ann Arbor, Michigan, 2000, pp. 18-23.

Flexible Non-glucose Cyclooligosaccharides 133

S. Immel, Proc. 10th Int. Symp. Cyclodextrins (Ed.: J. Szejtli), Mia Digital Publ., Ann Arbor, Michigan, 2000, pp. 24-31.

Chapter 7 - Rigidifi ed Bridged Cyclodextrins 141

Two Stereoisomeric 3I,2II-Anhydro-α-cyclodextrins: A Molecular Dynamics and 143

Crystallographic Study

S. Immel, K. Fujita, M. Fukudome, and M. Bolte, Carbohydr. Res. 2001, 336, 297-308.

The First Successful Crystallographic Characterization of a Cyclodextrin Dimer: 155

Effi cient Synthesis and Molecular Geometry of a Doubly Sulfur-bridged β-Cyclodextrin

D.-Q. Yuan, S. Immel, K. Koga, M. Yamaguchi, and K. Fujita, Chem. Eur. J. 2003, 9, 3501-3506.

Chapter 8 - Molecular Modelling of Saccharides 161

Atropdiastereoisomers of Ellagitannin Model Compounds: Confi guration, 163

Conformation, and Relative Stability of D-Glucose Diphenoyl Derivatives

S. Immel, K. Khanbabaee, Tetrahedron: Asymmetry 2000, 11, 2495-2507.

Metabolism of Sucrose and Its Five Linkage-isomeric α-D-Glucosyl-D-fructoses by 177

Klebsiella pneumoniae

J. Thompson, S. A. Robrish, S. Immel, F. W. Lichtenthaler, B. G. Hall, and A. Pikis,

J. Biol. Chem. 2001, 276, 37415-37425.

Metabolism of Sucrose and Its Five α-D-Glucosyl-D-fructose Isomers by 189

Fusobacterium mortiferum

A. Pikis, S. Immel, S. A. Robrish, and J. Thompson, Microbiology 2002, 148, 843-852.

Chapter 9 - Molecular Graphics 199

MolArch+ - Molecular Architecture Modelling Program 201

S. Immel, http://caramel.oc.chemie.tu-darmstadt.de/immel/.

Conclusion 211

Concluding Remarks 213

Appendix 215

List of Publications 217

Poster Presentations and Conference Contributions 221

Oral Presentations 223

Curriculum Vitae 225



n-5

O

OH

OH

HO

O

O

OH

HO

HO

O

O

OH

HO

OH

O O

HO

HO

OH

O

O

HO

OH

OH

O

O

O

HO

OH

OH

cyclodextrins

cyclo[D-Glcp α(1→4)]n

α-cyclodextrin
β-cyclodextrin
γ-cyclodextrin

(n = 6)
(n = 7)
(n = 8)

Flexible and Rigid Non-glucose Cyclooligosaccharides: 

Synthesis, Structure, and Properties 

Introduction

At present, the evaluation of molecular recognition processes represents one of 

the most challenging fields of research. Molecular interactions are vital to almost 

every phenomenon in the field of chemistry, biochemistry, and biology, and many of 

the fundamental principles still remain to be fully understood. Amongst these 

processes, receptor-substrate and host-guest recognition are of particular 

importance. The amylose-derived natural cyclodextrins (CDs), small cyclo-

oligosaccharides made up out of six or more α(1→4)-linked D-glucose residues, 

represent a prominent class of potential hosts to a wide range of small organic 

molecules. Their unique ability to include hydrophobic guest molecules into their 

hydrophobic central cavities in aqueous solution has been studied extensively and 

has led to numerous commercial applications in the field of e.g. pharmaceutics, 

cosmetics, drug stabilization and delivery, biotechnology, and environmental 

applications. Among the driving forces for the formation of these inclusion complexes 

are dipole-dipole interactions and - most notably - hydrophobic interactions caused 

by the H-3 and H-5 protons of the glucose units pointing towards the center of the 

cyclodextrin cavities. 

The molecular geometry of the cyclodextrins 

closely resembles truncated cone structures 

with the primary 6-CH2OH and the secondary 2- 

and 3-OH groups of the glucose moieties lined 

up on opposite sides of the macrocyclic torus. 

As evidenced by a large number of X-ray or 

neutron diffraction derived solid-state structures 

of α-, β-, and γ-cyclodextrins and their inclusion 

complexes, these host molecules adopt rather 

rigid conformations with respect to the almost 

perpendicular alignment of the glucose 

residues in relation to the mean-planes of the 

macrocycles. In general, only little or no 

conformational changes are observed within 

the hosts upon inclusion of potential guest 
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2 Flexible and Rigid Non-glucose Cyclooligosaccharides

molecules. Further evidence for the greatly limited flexibility of the cyclodextrins 

stems from numerous NMR and theoretical (molecular mechanics and dynamics) 

studies on these assemblies. If at all, only slight elliptical distortions to accommodate 

elongated or disc-shaped (aromatic) guests are observed in the cyclodextrin 

complexes. With very few exceptions, the energetically favorable rigid 4C1 chair 

geometries of the glucose units are retained in all structures reported. 

The molecular recognition abilities of the native cyclodextrins are greatly confined 

by their rigid Cn symmetrical structures, and, in general, the formation of inclusion 

complexes displays a significant degree of shape selectivity as the hosts are 

incapable of undergoing major conformational changes to adopt their shape towards 

guest molecules. This is of particular importance, as cyclodextrins have been treated 

as model structures for biomimetic recognition processes and enzyme models in the 

context of catalysis. However, when comparing the cyclodextrins with highly flexible 

structures such as enzymes a fundamental discrepancy becomes obvious: whereas 

enzymes recognize their substrates through conformational changes – which finally 

trigger the biological response – in an flexible induced-fit-type manner, the formation 

of inclusion complexes by cyclodextrins represents a rather rigid lock-and-key-type 

process. In general, cyclodextrins display little – if any – tendency to undergo 

significant conformational changes or to adapt their shape towards guest molecules. 

Therefore, in catalytic processes, cyclodextrins are rigid templates rather than flexible 

enzyme models, exerting their catalytic activity by bringing reactive groups and 

substrates in close proximity in the inclusion complexes. Chapter 1 of this work 

describes the molecular geometry of the yet unknown inclusion complex of 

α-cyclodextrin with nitromethane. In addition, the structures and conformational 

properties of cyclodextrins with increasing ring size are compared to the geometry of 

amylose, pointing out significant differences and similarities. 

In view of the obvious differences in molecular recognition by enzymes and 

cyclodextrins, it was of fundamental importance to develop flexible cyclodextrin hosts 

and study their inclusion complexes to obtain more realistic enzyme models. In this 

work, efforts directed towards the efficient synthesis of flexible cyclodextrin-derived 

molecular hosts are described along with their unequivocal structural and geometrical 

characterization in the solid-state, and in solution. In principle, the following 

approaches are appropriate to introduce conformational flexibility into the 

cyclodextrins:

• Per-O-alkylation or per-O-acylation introduces steric hindrance between the 

glucose residues, leading to more distorted structures of higher flexibility with 

increased ranges of accessible tilt angles between the constituent sugars. 

Simultaneously, the torus stabilization through intramolecular hydrogen bonds is 

reduced, or even totally eliminated. 
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• Deoxygenation of hydroxyl groups introduces flexibility through disruption of 

intramolecular hydrogen bonds (→ per-2,3-anhydro-α-cyclomannin, Chapter 2). 

• Transformation of the rigid glucose moieties into more flexible sugar residues 

such as α-D-altrose (→ cycloaltrins and mono-altro-cyclodextrins, Chapter 3 

and 4); or replacement of the pyranose rings by more flexible furanoid 

structures (→ cyclofructins and cyclogalactofuranosides, Chapter 5). 

• Cleavage of C-C-bonds in the constituent pyranoses generates highly flexible 

macrocycles (→ crown acetals, Chapter 6). 

In all cases listed above, the flexibility of the new cyclodextrin-derived hosts is 

expected to drive the corresponding mechanism of inclusion complexation towards a 

more flexible induced-fit-type process of molecular recognition. However, it is also 

important to study the effects of the opposite approach, i.e. introducing enhanced 

rigidity into the hosts. Within this work, two routes towards rigidified cyclodextrin 

derivatives are pursued (Chapter 7): 

• Intramolecular bridging between the constituent saccharide units leading to 

anhydro-cyclodextrins.

• Intermolecular bridging and generation of cyclodextrin dimers with the focus on 

short, single atom linkages between the macrocycles. 

For both approaches, examples are detailed in Chapter 7, and the molecular 

structures of new intra- and intermolecularly bridged cyclodextrin derivatives are 

outlined.

Synopsis 

In the sequel, brief outlines are provided for each of the Chapters in this work. All 

details and the corresponding references are given in the original publications 

included after this summary in Chapter 1 - 9. 

1. From Cyclodextrins to Amylose: Structures and Lipophilicity Patterns 

Although cyclodextrins have been crystallized from a wide range of organic 

solvents (e.g. methanol, dimethylformamide, and dimethyl sulfoxide) and were 

characterized by the solid-state structures of the corresponding solvate hydrates, 

nitromethane, a standard organic solvent as well as a reagent, has not been reported 

to complex with α-CD or any of the other cyclodextrins. In this context, suitable 

crystals for solid-state structural analysis were obtained by slow crystallization of 

α-CD from a 9:1 water–nitromethane solution. In the crystal structure of the α-CD – 

nitromethane pentahydrate complex, the comparatively unrestrained overall 

geometry of the α-CD host is stabilized through an almost complete ring of O-2···O-3 
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hydrogen bonds between five out of six adjacent glucose residues. The inclusion of 

nitromethane almost perpendicular to the molecular axis displays a counterbalance 

of hydrophobic effects and favorable antiparallel arrangement of dipoles, while the 

α-CD cavity itself is large enough to allow for excessive thermal motions of the guest 

and rotation of the nitro group. The ready preparation of the complex, and the 

subtleties of its molecular structure clearly demonstrate the ease with which water is 

expelled from the α-CD cavity by a co-solvent. 

For details see Chapter 1, publication: 

Topography of the 1:1 α-Cyclodextrin - Nitromethane Inclusion Complex. 
T. Nakagawa, S. Immel, F. W. Lichtenthaler, and H. J. Lindner,  
Carbohydr. Res. 2000, 324, 141-146. 

A molecular modelling study on the A- and VH-polymorphs of amylose based on 

fiber X-ray diffraction data was carried out, pointing out structural analogies to the 

cyclodextrins. Both amylose forms represent rod-shaped, left-handed helices of 

α(1→4)-linked D-glucose units. The A-form consists of parallel-stranded double 

helices with a pitch of approximately 21.4 Å; the structure of tightly twisted helices 

does not feature central cavities or channels that are accessible to the formation of 

inclusion complexes. On the other hand, the VH-polymorph is made up of single 

helices with six glucose residues per turn and an average axial spacing of 8.05 Å per 

turn. In this respect, the structure of VH-amylose strongly reminds that of 

α-cyclodextrin with an average torus height of 8.1 Å, for both structures the inner 

cavity or channel displays a diameter of 5.0 – 5.5 Å. VH-amylose does indeed form 

inclusion complexes with extended guest molecules such as fatty acids or long chain 

alcohols. In this study, the structure of the well-known, dark deep-blue colored 

iodine / iodide complex of amylose was compared to that of the corresponding 

complex formed by α-cyclodextrin in the solid-state. Although both complexes are 

comparable in terms of cavity size and axial spacing, the alternating head-to-head 

and tail-to-tail arrangement of the α-cyclodextrin units along a central axis results in 

distinctly different patterns in the distribution of the hydrophobicity regions on the 

surfaces of the molecular assemblies. 
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Based on molecular dynamics simulations in water, the structures of A-amylose 

are compared to structural motifs emerging in the solid-state structures of 

cyclodextrins with increasing ring size. Most notably, helical sub-structures with 

approximately six glucose units per turn seem to be the most predominant motif even 

in the geometries of the very large-ring cyclodextrins. 

For details see Chapter 1, publication: 

The Hydrophobic Topographies of Amylose and its Blue Iodine Complex. 
S. Immel and F. W. Lichtenthaler,  
Starch/Stärke 2000, 52, 1-8. 

2. Per-2,3-anhydro-α-cyclomannin 

The key-intermediate towards the synthesis of 

highly flexible cyclodextrin-derived artificial hosts 

turned out to be per-2,3-anhydro-α-cyclomannin. 

Chapter 2 details the straight forward synthesis of 

this compound starting from α-cyclodextrin in 

three convenient steps: protection of the 

6-CH2OH groups by tert-butyl-dimethylsilyl 

moieties is followed by one-step treatment with 

NaH / DMF and subsequent benzenesulfonation. 

This not only yields the selectively 2-O-sulfonated

α-cyclodextrin, but also concomitantly displaces 

the 2-sulfonyloxy groups by the vicinal 3-OH 

groups. Finally, deblocking of the primary hydroxyl groups yields the 

per-2,3-anhydro-α-cyclomannin in crystalline form and a total yield of about 48% over 

all steps. By precipitation from either aqueous ethanol or n-propanol, single crystals 

were obtained which allowed for an unequivocal structural characterization of this 

compound by X-ray crystal structure analysis. In each case, the corresponding 

ethanol or n-propanol complex was obtained in hydrated form. The macrocycles 

display an almost identical overall shape of approximate C6 symmetry, resembling 

six-pointed stars with the epoxide rings being directed towards the outside of the 

cyclomannins, pointing away almost perpendicular from the central molecular axis. In 

both crystal structures, the arrangements of the macrocycles in an alternating 

head-to-head, tail-to-tail, and head-to-tail type fashion is almost identical. However, 

the mode with which the ethanol or n-propanol guest molecules are included differs 

significantly from each other: whereas two ethanol molecules form hydrogen-bonded 

dimers between two adjacent cavities of their hosts, the included n-propanol is 

hydrogen bonded to the 6-CH2OH of the cyclomannins, and its alkyl chain faces the 

hydrophobic chain of an adjacent n-propanol in the molecular stacks formed in the 

crystal lattice. 
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Most characteristically, by formation of the six anhydro (epoxide) rings from the 

altogether 12 secondary hydroxyl groups of α-cyclodextrin, the distribution of 

hydrophilic and hydrophobic surface regions on the outside of both hosts is entirely 

reversed. Although the torus rim carrying the primary 6-OH groups of α-cyclodextrin

was less hydrophilic than the opposite rim made up by the secondary 2- and 3-OH 

groups, in the case of per-2,3-anhydro-α-cyclomannin this 6-CH2OH aperture is by 

far more hydrophilic; within this Chapter, consequences of this finding on the process 

of molecular recognition are discussed. 

The synthesis of per-2,3-anhydro-α-cyclomannin not only provided the key-

intermediate towards the efficient generation of highly flexible cyclodextrin-derived 

hosts – the cycloaltrins – but also for the first time the inclusion complexes of 

non-glucose cyclooligosaccharides have been obtained and unequivocally 

characterized by their solid-state structures. 

For details see Chapter 2, publications: 

Structure and Lipophilicity Profile of 2,3-Anhydro-α-cyclomannin and its Ethanol Inclusion Complex. 
S. Immel, K. Fujita, H. J. Lindner, Y. Nogami, and F. W. Lichtenthaler,  
Chem. Eur. J. 2000, 6, 2327-2333. 

The 2,3-Anhydro-α-cyclomannin - 1-Propanol Hexahydrate: Topography, Lipophilicity Pattern, and 
Solid-state Architecture. 
S. Immel, F. W. Lichtenthaler, H. J. Lindner, K. Fujita, M. Fukudome, and Y. Nogami,  
Tetrahedron: Asymmetry 2000, 11, 27-36. 

3. α-Cycloaltrin 

With the synthesis of per-2,3-anhydro-

α-cyclomannin, the first thoroughly flexible non-

glucose cyclooligosachharide α-cycloaltrin

became accessible through nucleophilic ring 

opening of all epoxide rings by water. The axial 

2- and 3-OH groups of the constituent 

α-D-altrose residues, as well as the axially 

disposed anomeric substituents leave these 

saccharide units highly flexible. Analysis of 

various solid-state structures of α-D-altrose 

derivatives, as well as detailed molecular 

dynamics studies and free-energy calculations 

on this sugar unit in aqueous solution, provided 

evidence for both 4C1 and 1C4 conformations of α-D-altrose having almost equal 

energies, and even intermediate OS2 skew-boat geometries become energetically 

accessible. Based on NMR investigations on α-cycloaltrin, neither of the above forms 

is realized exclusively, but surprisingly the chemically identical altrose residues adopt 

alternating arrangements of 4C1 and 1C4 structures in this macrocycle. Thus, the 
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shape of α-cycloaltrin is reduced from C6 to C3 rotational symmetry only. The NMR 

data provided evidence for the intramolecular presence of multiple altrose 

conformers, but not for an equilibrium between structures of the all-4C1 and all-1C4

type. α-Cycloaltrin displays dynamic exchange between [4C1 / 
1C4]3 and [1C4 / 

4C1]3

forms in (aqueous) solution with an activation barrier of approximately 35 kJ/mol at 

room temperature. 

Molecular dynamics simulations on α-cycloaltrin in solution, with additional 

constraints applied to certain torsion angles, shed some light on the mechanism of 

the process of conformational rearrangements: as one α-D-altrose unit is forced to 

interconvert from a 4C1 into a 1C4 geometry via intermediate OS2 ↔ 3,OB forms, 

neighboring altrose residues engage in conformational transitions of the type 
1C4 → OS2, too. Obviously, within the strait-jacket of the macrocyclic ring, the altrose 

can not be regarded separately, but conformational changes in any unit introduce 

rearrangements of the neighboring residues. In total, this process, once initiated, rolls 

around the macrocycle until finally all pyranose chair geometries are inverted. With 

this mechanism, the α-cycloaltrin represents the first example of a highly flexible 

cyclooligosaccharide, for which conformational transitions result in a pseudorotational 

type behavior: conformational exchange results in structures which simply seem to 

have emerged from a rotation of the initial geometry around its central axis. In this 

work, further new and unique examples on pseudorotational phenomena in 

cyclooligosaccharides are described (see Chapter 5, the cyclofructins, and Chapter 6 

on crown acetals and other flexible non-glucose cyclooligosaccharides). 
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The data on the solution conformation of α-cycloaltrin is further substantiated by 

the unique crystal structure of this compound, which displays the alternating 

succession of the two different altrose conformations in the environment of water 

included in the crystal lattice. The molecular geometries of α-cycloaltrin in the solid-

state and in solution closely resemble each other, the heavily hydrated X-ray-derived 

geometry obviously represents a frozen snapshot geometry of the solution state. In 

both cases, the molecular surface of this host displays no central cavity, but it is fully 

closed at the 6-CH2OH side of the macrocycles. 
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On the basis of these findings, α-cycloaltrin seemed not to be able to form 

inclusion complexes due to the lack of a central cavity. However, molecular dynamics 

simulations on α-cycloaltrin indicate the flexibility of this compound, with 

conformations being accessible which have central cavities and torus like shapes 

resembling the cyclodextrins. Indeed, the K1:1 association constants of α-cycloaltrin

and its larger ring homologs β- and γ-cycloaltrin with various para-substituted sodium 

benzoates have been determined by capillary electrophoresis. The data shows the 

formation of weak inclusion complexes by the cycloaltrins, with lowered stability and 

less pronounced shape selectivity for the inclusion of guest molecules than is 

observed for the cyclodextrins. Obviously, the data reflects the entropic penalty to be 

paid for the formation of cycloaltrin conformers featuring a central cavity to include 

the guest molecules. The next Chapter provides additional data and first unequivocal 

evidence on the induced-fit-type inclusion complexation by a flexible 

cyclooligosaccharide. 

For details see Chapter 3, publications: 

Synthesis, Structure, and Conformational Features of α-Cycloaltrin: a Cyclooligosaccharide with alternating 
4C1 and 1C4 Pyranose Chairs. 
Y. Nogami, K. Nasu, T. Koga, K. Ohta, K. Fujita, S. Immel, H. J. Lindner, G. E. Schmitt, and F. W. Lichtenthaler,  
Angew. Chem. 1997, 109, 1987-1991; Angew. Chem. Int. Ed. Engl. 1997,35, 1899-1902. 

Solution Geometries and Lipophilicity Patterns of α-Cycloaltrin. 
S. Immel, K. Fujita, and F. W. Lichtenthaler,  
Chem. Eur. J. 1999, 5, 3185-3192. 

Inclusion Complexes of Cycloaltrins. 
S. Immel, K. L. Larsen,
unpublished results.

4. Mono-altro-β-cyclodextrin 

Mono-altro-β-cyclodextrin, accessible from β-cyclo-

dextrin via configurational conversion of one of the glucose 

units into altrose, is shown to be a flexible host undergoing 

a distinct conformational change within its altropyranose 

geometry upon intracavity inclusion of adamantane-

1-carboxylate. The detailed analysis of the 1H NMR 

spectra in D2O at 35°C, and determination of all proton-

proton coupling constants within the α-D-altrose pyranoid 

ring upon titration of the host molecule with the 

adamantane guest reveals distinct changes in the coupling parameters. Correlation 

of the measured data with calculated coupling constants derived from molecular 

dynamics simulations on the host revealed evidence of a conformational transition of 

the altrose ring within the macrocycle upon inclusion complexation. In the free host, 

the altrose units preferably adopt a 1C4 chair geometry, whereas, in the complex, the 

conformational preferences are shifted towards the OS2 skew-boat form. 
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These results are further corroborated by a molecular dynamics and modelling 

study on the complex clearly revealing the cavity of the mono-altro-β-cyclodextrin

being most regularly round shaped in the case of the OS2 altrose geometry in the 

macroring. Obviously, the conformational transition in this sugar unit is triggered by 

the incorporation of the ball-shaped adamantane guest upon entering the cavity to 

form the inclusion complex. However, the complex stability is significantly lower than 

the corresponding complex formed by β-cyclodextrin.

O

O
OHHO

OH

6

Glu

-

+ CO2Na

=

1C4

O

O

OH

OHHO

6

Glu

OS2

In this respect, mono-altro-β-cyclodextrin represents the first example for the 

flexible induced-fit-type molecular recognition of guest molecules by a 

cyclooligosaccharide, rather than the rigid lock-and-key-type inclusion complexation 

common to the cyclodextrins. 

For details see Chapter 4, publication: 

Guest-induced Conformational Change in a Flexible Host: Mono-altro-β-cyclodextrin. 
K. Fujita, W.-H. Chen, D.-Q. Yuan, Y. Nogami, T. Koga, T. Fujioka, K. Mihashi, S. Immel, and F. W. Lichtenthaler,  
Tetrahedron: Asymmetry 1999, 10, 1689-1696. 

5. Cyclofructins and Cyclogalactofuranosides 

The comparatively rigid pyranoid units of the amylose-derived cyclodextrins are 

contrasted by furanoid monosaccharides which contain a certain degree of an 

inherent flexibility, and cyclooligosaccharides composed thereof should portray this 

flexibility in their molecular recognition patterns. In this context, cyclofructins and 

some cyclogalactofuranosides (see below) have been subjected to a molecular 

modelling study to assess their structures, geometries, and potential for inclusion 

complexation.

Cyclofructins derived from inulin with six (CF6) to ten (CF10) β(1→2)-linked 

fructofuranose units were analyzed using molecular dynamics and Monte-Carlo

simulations. It turned out, that the spiro-type anellation of fructofuranoses to a crown 

ether-type macrocyclic backbone renders these compounds highly flexible, although 
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cyclo[D-Fruf β(1→2)]n
(n = 6-10)

some significant and unique conformational trends are retained for the entire series 

of ring size homologs: none of the cyclofructins retains full rotational symmetry, but in 

all cases the molecular symmetry is partially broken by an alternating inclination (“up”

or “down”) of furanoid units in relation to the macroring. 

The discontinuous arrangement of the 

sugar units substantially lowers the strain 

energy of the cyclofructins, the energy-

minimum geometries of CF6, CF8, and CF10

exhibit Cn/2 rotational symmetry, while the 

odd-membered macrocycles, CF7 and CF9,

adopt C1 symmetry. Evidence for the 

relevance of the geometries obtained is 

derived from comparisons with the solid-

state geometry of CF6. Most notably, the 

cyclofructins represent another example of 

a cyclooligosaccharide with flexible units (or 

flexible linkages between the individual 

residues) displaying the conformational 

phenomenon of pseudorotation: structural rearrangements result in structures which 

appear to be rotated initial states only. Other examples along this vein are described 

in Chapter 3 (→ cycloaltrins) and Chapter 6 (→ crown acetals) of this work. 

The molecular geometries and surfaces calculated for the energy-minimum 

structures establish a disk-type shape for CF6, CF7, and CF8, whereas further ring 

enlargement to CF9 and CF10 leads to torus-shaped molecules with through-going 

cavities. Surface mapping of molecular lipophilicity patterns (MLPs) and the 

electrostatic potential profiles (MEPs) revealed crown ether-like properties of the 

cyclofructins, and a high potential for the complexation of metal cations. Both CF9

and CF10 display significantly hydrophobic central cavities accessible for the 

formation of inclusion complexes; studies towards the molecular recognition and 

inclusion of amino acids are described along with hydrophobic as well as electrostatic 

interactions in the complexes. 

For details see Chapter 5, publication: 

Cyclofructins with Six to Ten β(1→2)-linked Fructofuranose Units: Geometries, Electrostatic Profiles, 
Lipophilicity Patterns, and Potential for Inclusion Complex Formation. 
S. Immel, G. E. Schmitt, and F. W. Lichtenthaler,
Carbohydr. Res. 1998, 313, 91-105. 
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As demonstrated for the cyclofructins, furanoid rings display a higher 

pseudorotational mobility than their pyranoid counterparts, and cyclooligosaccharides 

composed of furanoid sugar units are apt to be more flexible in their macrocycle. The 

same applies to the synthetically accessible cyclogalactins composed of β(1→3)- and 

β(1→6)-linked galactofuranose units which are likely to represent highly flexible host 

molecules for the induced-fit-type molecular recognition of potential guest molecules. 

Due to the rather modest yields in their preparation, the molecular geometries of the 

cyclogalactofuranosides composed of β(1→3)- and β(1→6)-linked galactofuranose 

units, i.e. cyclo[D-Galf β(1→3)]n with n = 4 and 5, and cyclo[D-Galf β(1→6)]n with 

n = 3 and 4, and their capabilities to form inclusion complexes were investigated by 

means of molecular dynamics and Monte-Carlo simulations. The latter compounds 

feature a significantly increased degree of flexibility, not the last due the larger 

number of atoms contained in the intersaccharidic linkages. 

OH

OH
O

O

OHOH

O
O

HO

OH nn

cyclogalactofuranosides

cyclo[D-Galf β(1→6)]n
(n = 3,4)

cyclo[D-Galf β(1→3)]n
(n = 4,5)

1
6

13

The flexibility of the macrocyclic backbone strongly favors bent and asymmetrical 

conformations over round geometries. Generation of the molecular surfaces of the 

global energy-minimum structures reveal disk-type shapes for these hosts without 

through-going central cavities, yet distinct indentations close to the O-2/O-3-groups, 

respectively. The molecular lipophilicity patterns prove these surface dents to be 

hydrophobic for the β(1→6)-linked cyclogalactins, whereas their β(1→3)-linked 

counterparts display an inverse situation with a hydrophobic outer core structure. 

For details see Chapter 5, publication: 

Conformations and Lipophilicity Profiles of some Cyclic β(1→3)- and β(1→6)-linked Oligogalactofuranosides. 
H. Gohlke, S. Immel, and F. W. Lichtenthaler,  
Carbohydr. Res. 1999, 321, 96-104. 

6. Cyclodextrin-derived Crown Acetals 

An entirely different approach towards the generation of flexible macrocyclic hosts 

is demonstrated by the synthesis of cyclodextrin-derived crown acetals. Unlike crown 

ethers which have played a pivotal role in the development and understanding of 

supramolecular chemistry, cyclic compounds containing exclusively acetal oxygen 

atoms are rare and only a few examples have been reported so far; macrocycles of 

this type – as of now – are utter curiosities, and no attempts have been made 

previously to elucidate their structures and molecular geometries. A highly efficient 
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route towards the preparation of macrocyclic crown acetals derived from 

cyclodextrins is presented by the periodate oxidation and cleavage of the C-2 / C-3 

bonds of the glucose residues: periodation, in situ reduction of the resulting 

polyaldehydes, and subsequent per-O-acetylation afforded macrocyclic poly-

hydroxymethylene and poly-acetoxymethylene substituted macrorings as crystalline 

compounds in over-all yields of about 90%. Starting from α-, β-, and γ-cyclodextrins,

the crown acetals of the 30-crown-12, 35-crown-14, and 40-crown-16 type were 

obtained. The macrorings are made up from six, seven, and eight alternating 

meso-butanetetrol and glycolaldehyde units, and thus represent achiral compounds. 

O O

OR

RO OR

n

O

HO OH

O

OH

n

cyclodextrins crown acetals

(n = 6)
(n = 7)
(n = 8)

30-crown-12
35-crown-14
40-crown-16

1 14
3 2

6

5

26

5

3

4

R = H, Ac

α-cyclodextrin
β-cyclodextrin
γ-cyclodextrin

(n = 6)
(n = 7)
(n = 8)

Although these large-ring crown acetals are anticipated to be highly flexible in 

solution, detailed temperature dependent NMR analysis revealed them to be less 

flexible than expected: at low temperatures, two signal sets are observed for the ring 

protons, revealing asymmetric conformations to be predominant in solution. These 

results are fully corroborated by the X-ray-derived solid-state structures of all poly-

acetoxymethylene 30-crown-12, 35-crown-14, and 40-crown-16 acetals. In the 

crystalline state as well as in solution these macrorings preferentially adopt less 

symmetric conformations through an alternating succession of gauche and anti

geometries of the constituent meso-butanetetrol residues. Conformational exchange 

occurs with an activation barrier of about ∆G≠ ≈ 60 kJ/mol for the 30-crown-12 

hexaacetal, the 40-crown-16 octaacetals appears to be even more flexible. However, 

the odd-membered β-cyclodextrin-derived 35-crown-14 heptaacetals represents the 

most flexible ring within this series of ring homologs. 
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With these results, not only is it the first time that the structures and molecular 

geometries of very large-ring crown acetals have been unraveled and reported in 

detail, but the crown acetals also provide another vivid example of the phenomenon 



Synthesis, Structure, and Properties 13

of pseudorotation in large-ring macrocycles and cyclooligosaccharides: breaking the 

symmetry of the rings reduces their strain energy, and conformational 

rearrangements of chemically equivalent, yet, geometrically distinctly different sub-

units results in dynamic exchange processes. In all cases – i.e. for the cycloaltrins 

(Chapter 3), cyclofructins (Chapter 5), and the crown acetals (this Chapter) – the 

symmetry of the ring structures is halved, and even-membered rings appear to be 

less flexible than their next lower and higher odd-membered homologs. 
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The last original publication provided in this Chapter lists the “extended cavity”

cyclodextrins as an additional example of cyclooligosaccharides displaying the 

phenomenon of pseudorotation. 

For details see Chapter 6, publications: 

Synthesis and Molecular Geometry of an Achiral 30-Crown-12 Polyacetal from α-Cyclodextrin. 
S. Immel, T. Nakagawa, H. J. Lindner, and F. W. Lichtenthaler,  
Chem. Eur. J. 2000, 6, 3366-3371. 

Hydroxymethyl-substituted Crown Acetals with 35-C-14 and 40-C-16 Skeletal Backbones: 
Synthesis and Molecular Geometries. 
S. Immel, F. W. Lichtenthaler, H. J. Lindner, and T. Nakagawa,  
Tetrahedron: Asymmetry 2001, 12, 2767-2774. 

Large-ring Crown Acetals from Cyclodextrins. 
T. Nakagawa, S. Immel, H. J. Lindner, and F. W. Lichtenthaler,  
Proc. 10

th
 Int. Symp. Cyclodextrins (Ed.: J. Szejtli), Mia Digital Publ., Ann Arbor, Michigan, 2000, pp. 18-23. 

Flexible Non-glucose Cyclooligosaccharides. 
S. Immel,
Proc. 10

th
 Int. Symp. Cyclodextrins (Ed.: J. Szejtli), Mia Digital Publ., Ann Arbor, Michigan, 2000, pp. 24-31. 
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7. Rigidified Bridged Cyclodextrins 

The introduction of flexibility into the cyclodextrins described so far, is opposed by 

the approach to increase the rigidity of the macrocycles through intramolecular 

bridging between the glucose residues. Although regioselective epoxide ring opening 

of 2I,3I-(2IS)-anhydro-α-cyclodextrin through intramolecular attack of neighboring 

hydroxyl groups is expected to occur in the usual diaxial fashion to yield the 

altro-configured product, the diequatorial ring opening is observed exclusively. This 

approach yields 3I,2II-anhydro-α-cyclodextrin with a rigid glucopyranose-dioxane-

glucopyranose tricyclic ring system incorporated into the backbone of the 

macrocycle.

2I,3I-anhydro-(2IS)-α-cyclodextrin
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3I,2II-anhydro-α-cyclodextrin

Molecular dynamics simulations in water were used to analyze the conformations 

of 2I,3I-(2IS)-anhydro-α-cyclodextrin and both stereoisomers of the epoxide ring 

opening reaction. From these simulations, the observed gluco-configured product not 

only emerged as being thermodynamically more stable than the alternate 

altro-configured stereoisomer, but also being the favored product on geometrical 

considerations. Within the strait jacket of the macrocycle of 2I,3I-(2IS)-anhydro-

α-cyclodextrin, the intramolecular distances between the epoxide ring carbons and 

the hydroxyl groups of the adjacent glucose units, as well as their angle of attack 

obviously favors the unusual mode of ring opening. 

The solid-state structure of the 3I,2II-anhydro-α-cyclodextrin · 3 n-PrOH nona-

hydrate complex displays an inverted conicity of the macroring compared to the 

parent α-cyclodextrin, caused by contraction of the 2,3-OH side of the torus. In the 

environment of the crystal lattice, the three n-propanol molecules are distributed in 

the cavity of a dimeric unit of the host. Based on comparisons of the crystal structure 

with molecular dynamics simulations of this compound in water, the cyclodextrin 

derivative undergoes no significant conformational changes upon dissolution. 

For details see Chapter 7, publication: 

Two Stereoisomeric 3I,2II-Anhydro-α-cyclodextrins: A Molecular Dynamics and Crystallographic Study. 
S. Immel, K. Fujita, M. Fukudome, and M. Bolte,  
Carbohydr. Res. 2001, 336, 297-308. 
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In addition to the intramolecular bridging of cyclodextrins described above, 

intermolecular bridging represents an appropriate approach towards rigidified 

cyclodextrin dimers with extended cavities. Although cyclodextrin dimers and 

oligomers have been studied in the past, this work focuses on the option to introduce 

the shortest possible single-atom linkages between individual cyclodextrin units. In 

this context, β-cyclodextrin is transannularly disulfonylated at the 6A- and 

6B-positions, and then converted to the corresponding 6A,6B-diiodide and 

6A,6B-dithiol. Cross-coupling of the latter two species yields a single head-to-head 

coupled β-cyclodextrin dimer with two sulfur-linkers at adjacent 6-methylene carbons. 

Although this approach is likely to yield two stereoisomeric cis- and trans-coupled 

cyclodextrin dimers differing in the orientation of the macrorings relative to each 

other, only the latter trans-type (“aversive”) linked product was observed and 

obtained in crystalline form. 
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7

β-CD

6
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B S
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B'
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(trans)

6

6

6

6

β-CD dimer

NMR and X-ray analysis unequivocally revealed the type of linkage between both 

β-cyclodextrin rings in the new dimeric structure. For the first time, the solid-state 

structure of such a bridged cyclodextrin has been solved in the form of its hydrated 

methanol inclusion complex. The rather undistorted macrocycles feature almost 

parallel ring planes pointing away from each other, leaving the dimer with a 

“handcuff”-like appearance of approximate C2 symmetry, the rotational axis of 

symmetry passing through the hexagon described by the 6A-C-S-6A’-C and 

6B-C-S-6B’-C atoms. This “dimeric” host opens up the possibility to specifically form 

inclusion complexes with potential guest molecules of 1 : 2 stoichiometry. Moreover, 

the rather rigid linkage of this host molecule with two separated cavities may allow to 

study included guest molecules and their long-range interactions at well-defined 

distances.

For details see Chapter 7, publication: 

The First Successful Crystallographic Characterization of a Cyclodextrin Dimer: Efficient Synthesis and Molecular 
Geometry of a Doubly Sulfur-bridged β-Cyclodextrin. 
D.-Q. Yuan, S. Immel, K. Koga, M. Yamaguchi, and K. Fujita,  
Chem. Eur. J. 2003, 9, 3501-3506. 
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8. Molecular Modelling of Saccharides 

This Chapter describes molecular modelling studies on various saccharides not 

related to the concept of creating more flexible or rigidified molecular host-guest 

systems. However, the studies presented are of interest for evaluating the chemical, 

stereochemical, conformational as well as biological properties of low-molecular 

weight saccharides. 

Ellagitannins represent a class of polyphenolic natural products contained in 

higher plants, their common structural element being hexahydroxydiphenoyl (HHDP) 

substituted D-glucopyranosides with varying substitution patterns, and these tannin-

components exhibit a broad range of biological activities. The axially chiral diphenoyl 

units occur with specific configurations depending on the positions of attachment. In 

order to evaluate the effects determining the mode of chirality, a number of model 

compounds such as methyl 2,3-, 4,6-, 3,6-, and 2,4-O-diphenoyl β-D-gluco-

pyranosides were subjected to a molecular modelling study; for comparison the 

corresponding non-natural 4,6-O-diphenoyl β-D-galactoside was included in this 

work.
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On the basis of molecular mechanics and dynamics 

simulations, the 10- to 12-membered rings containing the 

diphenoyl residues are far less flexible than expected: the 

rather rigid ester linkages transfer the chiral information of 

the saccharide units specifically into the diphenoyl units, 

the chiral scaffold of the saccharides excerpts a strong 

atropdiastereoselective effect onto the diphenoyl 

moieties. For the 2,3- and 4,6-O-diphenoyl bridged 

glucosides the (S)-diphenoyl configuration is energetically 

highly preferred, whereas for the 3,6- and 2,4-O-linked diphenoyl glucosides the 

opposite (R)-configuration is favored. All the results are in full accord with the 

absolute configurations found in the natural products, and thus provide explanations 

for the observed chirality on the basis of geometrical reasons. Notably, for the 
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unknown 4,6-O-diphenoyl galactoside this effect is reversed, and the (R)-form is 

proposed to be more stable. 

For details see Chapter 8, publication: 

Atropdiastereoisomers of Ellagitannin Model Compounds: Configuration, Conformation, and Relative Stability of 
D-Glucose Diphenoyl Derivatives. 
S. Immel, K. Khanbabaee,  
Tetrahedron: Asymmetry 2000, 11, 2495-2507. 

Klebsiella pneumoniae – the first bacterial species identified in this respect – and 

Fusobacterium mortiferum utilize not only sucrose (D-fructofuranosyl-β(2→1)

α-D-glucopyranoside), but also its five linkage-isomeric α-D-glucosyl-D-fructoses

trehalulose α(1→1), turanose α(1→3), maltulose α(1→4), leucrose α(1→5), and 

palatinose α(1→6) as energy sources. Growth on the sucrose isomers induced the 

expression of proteins identified as an NAD+ and metal ion-dependent 6-phospho-

α-glucosidases not present in sucrose-grown cells; the corresponding genes have 

been identified, cloned, expressed, and characterized. The enzymes catalyzed the 

hydrolysis of a wide variety of 6-phospho-α-glucosides including the above sucrose 

isomers, but not sucrose 6-phosphate itself. 
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Based on conformational analysis and molecular dynamics simulations of the six 

disaccharides and their glucosyl 6-phosphates in aqueous solution, significant 

differences in molecular shape and lipophilicity potential between sucrose and its 

isomers have been identified. The results explain the enzymatic differences in 

selectivity on the basis of the substrate properties. 

For details see Chapter 8, publications: 

Metabolism of Sucrose and Its Five Linkage-isomeric α-D-Glucosyl-D-fructoses by Klebsiella pneumoniae.
J. Thompson, S. A. Robrish, S. Immel, F. W. Lichtenthaler, B. G. Hall, and A. Pikis,
J. Biol. Chem. 2001, 276, 37415-37425. 

Metabolism of Sucrose and Its Five α-D-Glucosyl-D-fructose Isomers by Fusobacterium mortiferum.
A. Pikis, S. Immel, S. A. Robrish, and J. Thompson,  
Microbiology 2002, 148, 843-852. 

9. Molecular Graphics 

All molecular graphics contained within this work have been generated using the 

self-written Molecular Architecture Modelling Program MolArch+. This program was 

developed for the purpose of simple automated analysis and 3D fitting of molecular 

structures, calculation of numerous geometry parameters, as well as providing the 

possibility to visualize organic and inorganic structures with different modes (wire 

models, capped-sticks, ball-and-stick models, CPK-type models). Solid-state crystal 

structures and packings (including thermal anisotropic ellipsoids and Hirshfeld 

surfaces), coordination polyhedra, molecular orbitals and surfaces with color-coded 

mapped properties, 3D grid and density data, and ribbon models of arbitrary 

(including non-protein) structures can be represented. Options are included to 

generate molecular animations for sets of molecular configurations along reaction 

coordinates or molecular dynamics simulations. MolArch+ is fully interfaced to import 

and export a large variety of different file formats, and to produce high-quality color 

models with the POVRAY (“Persistence of Vision”) ray-tracing program or any VRML

(“Virtual Reality Modelling Language”) viewing program. Chapter 9 gives an overview 

on the unique options provided by the MolArch+ software. 

For details see Chapter 9: 

MolArch
+
 - Molecular Architecture Modelling Program. 

S. Immel,
http://caramel.oc.chemie.tu-darmstadt.de/immel/.
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Chapter 1 

From Cyclodextrins to Amylose: Structures and Lipophilicity Patterns 
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Topography of the 1:1 α-Cyclodextrin - Nitromethane Inclusion Complex 
T. Nakagawa, S. Immel, F. W. Lichtenthaler, and H. J. Lindner, 
Carbohydr. Res. 2000, 324, 141-146.

The Hydrophobic Topographies of Amylose and its Blue Iodine Complex 
S. Immel and F. W. Lichtenthaler, 
Starch/Stärke 2000, 52, 1-8.
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Topography of the 1:1 �-cyclodextrin–nitromethane
inclusion complex�
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Abstract

Dissolution of �-cyclodextrin (�-CD) in 9:1 water–nitromethane smoothly generates the title compound, which
crystallizes as the pentahydrate in the orthorhombic space group P212121 with a=9.452(4), b=14.299(3), c=
37.380(10) A� , and Z=4. Its crystal structure analysis revealed the �-CD macrocycle in an unstrained conformation
stabilized through a ring of O-2···O-3� hydrogen bonds between five of the six adjacent glucose residues. The
nitromethane is located in the �-CD cavity in an orientation parallel to the plane of the macrocycle, and assumes two
sites of equal population with the nitro group in excessive thermal motion; the guest is held by van der Waals
contacts and C-H···O-type hydrogen bonds to the pyranose H-3 and H-5 protons. The packing of the macrocycles
in the crystal lattice is of cage herringbone-type with an extensive intra- and intermolecular hydrogen bonding
network. The ready formation of a nitromethane inclusion complex in aqueous nitromethane, and the subtleties of
its molecular structure amply demonstrate the ease with which water is expelled from the �-CD cavity by a more
hydrophobic co-solvent. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Various small organic molecules have been
shown to be readily included into the apolar
cavity of �-cyclodextrin (�-CD, Scheme 1),
such as methanol [2], dimethylformamide [3],
and dimethyl sulfoxide [4], and their topogra-
phies have been thoroughly characterized by
solid-state structures. Surprisingly, ni-
tromethane, a standard solvent as well as a

reagent, has not been reported to complex
with �-CD or any of the other cyclodextrins
[5,6]. Here we report on the ready preparation
of a 1:1 �-CD–CH3NO2 inclusion complex (1)
and its topography on its X-ray based
structure.

2. Results and discussion

The atomic numbering scheme and the
molecular structure of the �-CD–ni-
tromethane inclusion complex (1) are shown
in Scheme 1 and Fig. 1; some averaged geo-
metric parameters are listed in Table 1. The
nitromethane is incorporated into the central
cavity of the torus-shaped �-CD, and five

� Molecular modeling of saccharides, Part 23. For Part 22,
see Ref. [1].
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water molecules occupy interstitial positions
between the CD macrocycles in the crystal
lattice. The CD macrocycles are arranged in a
typical herringbone-type pattern in the crystal
environment (space group P212121, views
along the a and b axis are given in Fig. 2), as
is, for example, also found in the three �-CD
hydrate solid-state structures [7–9].

Conformation of the macrocycle.—As indi-
cated by the intersaccharidic �/� torsion an-
gles (cf. Table 1) and their rather small
fluctuations, the �-CD macrocycle in 1 adopts
its usual conical shape similar to the one
realized in a large variety of related complexes
[6,10,11]. The mean tilt angle � [11,12] of the
glucose units in relation to the macroring dis-
plays a slight rotation of the pyranoses with
their 6-OH sides towards the center of the
molecule (i.e., ��90°), leaving the opposite
2-OH/3-OH face as the wider opening of the
torus. All the 6-CH2OH groups point away
from the central axis of 1 (gg arrangements,
�� −70°). The glucose units are in the
rather rigid 4C1 conformation with standard
ring torsion angles �1−�6 around �55°,
and with typical Cremer–Pople ring pucker-
ing parameters [13,14]. The intersaccharidic
O-1 atoms are fairly coplanar (RMS deviation
of only 0.06 A� from the common least-squares
plane) and form a symmetrical hexagon with
nearly identical diagonal distances of 8.45�
0.2 A� .

Hydrogen bonding.—The comparatively un-
restrained overall geometry of the �-CD host

is stabilized through an almost complete ring
of O-2···O-3� hydrogen bonds between five out
of six adjacent glucose residues (cf. Fig. 3 and
Table 2, hydrogen bonds labeled 1–5); and no
other intramolecular hydrogen bonds are
formed. However, the solid-state geometry
displays an extensive three-dimensional hydro-
gen-bonding network between the �-CD, the
five water molecules of crystallization (Table
2, entries 6–11), and the symmetry-related
molecules in the crystal lattice (entries 12–30)
as is usually observed for carbohydrate crystal
structures [15]. All hydroxyl groups satisfy
their hydrogen-bonding requirements through
formation of two to three H-bonds, and all
water molecules are involved in three to four
H-bonds.

Geometry of the nitromethane inclusion.—
The nitromethane molecule is located in the
void of the �-CD macrocycle, with the methyl
group being disordered over two sites with
equal (50%) occupancy (Fig. 1), whereas the
corresponding two nitrogen positions coincide
in one fully occupied site. The oxygen atoms
of the guest display excessive thermal motions
(Fig. 1), indicating that the NO2 group is
statistically disordered; refinement of the
structure was approximated by six positions
over which the two oxygens are distributed
(33% occupancy of each site). Only four ‘rea-
sonable’ (in terms of bond angles) oxygen sites
are retained in the ball-and-stick type repre-
sentation of the complex, given in Fig. 4, with
the superimposed molecular contact surfaces
[16] visualizing the steric fit between the host
and guest molecule. Side-view cross-sectional
cuts through these surfaces (Fig. 4, bottom)
show both nitromethane sites to be shifted
away from the center of the �-CD torus to-
wards the wider opening (i.e., the 2-OH/3-OH
face). In either geometry, the nitromethane
C�N bond points almost perpendicular away
from the central axis of the complex. Obvi-
ously, the guest is held in the cavity by van
der Waals contacts to a circular array of the
pyranose hydrogens at C-3 and C-5. Although
the NO2 group is not involved in hydrogen
bonds with the hydroxyl groups of the host, it
does form hydrogen bonds of the O···H�C
type to the C-3 and C-5 protons, respectively;

Scheme 1. �-Cyclodextrin–nitromethane inclusion complex
(1); the �-(1�4)-linked glucose units are labeled A–F.
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Fig. 1. Molecular structure of the asymmetric unit of the �-CD–nitromethane inclusion complex (1) showing the heavy-atom 50%
probability ellipsoids; hydrogens are omitted for clarity (gray, C; red, O; blue, nitrogen and water-oxygens). The glucose units of
�-CD are labeled A–F (cf. Scheme 1), and the water molecules located at interstitial positions outside the macrocycle are termed
OW1�OW5. The nitromethane guest molecule shows excessive thermal motions and is disordered over two sites with equal
occupancies; the statistical disordering of the NO2 oxygen atoms is approximated by six atomic positions.
Fig. 2. Ball-and-stick models of the herringbone-type molecular packing in the crystal structure of 1, as viewed down the a (top,
1×2×1 unit cells) and b axis (bottom, 2×1×1 cells). The �-CD molecules are represented as solid colored ribbon models,
whereby blue colors correspond to the 2-OH/3-OH side of the macrocycles, yellow colors to the 6-OH face. The disordered
nitromethane molecules are visualized as CPK-models, and the unit cell boundaries are indicated by solid cyan lines.

for each NO2-oxygen position the shortest
O···H-3 and O···H-5 distances are in the range
of 2.48–2.82 A� .

3. Conclusions

The solid-state structure of the �-CD–ni-
tromethane pentahydrate complex shows that
the mode with which the guest molecule is
incorporated into the cavity results from a
balance of at least two effects contributing to

the stability of such assemblies; hydrophobic
effects conceivably favor the hydrophobic
methyl group pointing into the cavity, thereby
leaving the nitro group to stick out of the
�-CD torus at the opposite, hydrophilic rim,
whereas the antiparallel arrangement of
dipoles of host and guest would lead to the
opposite regioselectivity. The inclusion of ni-
tromethane almost perpendicular to the
molecular axis displays a counterbalance of
these effects, while the �-CD cavity itself is
large enough to allow for excessive thermal
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Table 1
Selected geometric parameters (mean values averaged over all
glucose units and root mean-square deviations) for the �-CD
macrocycle in 1

Intersaccharidic torsion angles (°)
107.4�4.8� (O-5�C-1�O-1�C-4�)
129.4�11.3� (C-l�O-1�C-4��C-3�)

Tilt angles
101.6�9.3� (°)

Pyranose torsion angles (°)
−68.8�7.3� (O-5�C-5�C-6�O-6)

57.6�2.3�1 (O-5�C-1�C-2�C-3)
�2 (C-l�C-2�C-3�C-4) −51.8�2.7

49.7�3.4�3 (C-2�C-3�C-4�C-5)
−50.8�3.3�4 (C-3�C-4�C-5�O-5)

58.2�1.6�5 (C-4�C-5�O-5�C-1)
−62.0�2.2�6 (C-5�O-5�C-1�C-2)

Cremer–Pople parameters
Q (A� ) 0.550�0.023

5.5�3.5� (°)
� (°) 50.4�29.7

Distances (A� )
O-1(A)�O-1(D) 8.32

8.62O-1(B)�O-1(E)
O-1(C)�O-1(F) 8.44

4. Experimental

Preparation of the �-cyclodextrin−ni-
tromethane complex.—To a stirred solution of
�-CD (2.49 g, 2.56 mmol) in water (25 mL)
was added dropwise nitromethane (3 mL), and
the reaction mixture was kept overnight in a
refrigerator. The colorless crystals formed
were collected by filtration and dried in a
desiccator over silica gel: 1.79 g (62%). A
second crop (0.70 g, 24%) was obtained from
the mother liquor on evaporation to about
one third of its volume, followed by saturation
with nitromethane. The crystals became
opaque at 90–100 °C and started browning at
�265 °C. [� ]D

22 +130° (c 0.91, water); [� ]D
22

+120° (c 0.90, water saturated with
CH3NO2); IR (KBr): NO2 asymmetric stretch-
ing vibration band at 1561 cm−1 and symmet-
ric band at 1381 cm−1; 1H and 13C NMR
spectra of the complex in [D6]Me2SO are of
little significance, as they showed only minor
chemical shift differences in comparison to
those of pure �-CD as well as nitromethane in
[D6]Me2SO, conceivably due to formation —
in part at least — of an �-CD–[D6]Me2SO
complex by displacement of the nitromethane
from the cavity. Anal. Calcd for C36H60O30·
CH3NO2·5 H2O (1123.96): C, 39.54; H, 6.55;
N, 1.25. Found: C, 39.61; H, 6.41; N, 1.10.

The complex is stable at room temperature,
yet loses nitromethane on heating to 110 °C in
vacuum (90% after 12 h).

motions of the guest and rotation of the nitro
group. The ready preparation of the complex,
and the subtleties of its molecular structure
presented here, amply demonstrate the ease
with which water is expelled from the �-CD
cavity by a co-solvent.

Fig. 3. Scheme of intra- and intermolecular hydrogen bonds in the solid-state structure of the �-CD–nitromethane pentahydrate
inclusion complex (1). The individual glucose residues are labeled A–F and the water molecules OW1�OW5, the numbers in italics
correspond to the indices given in Table 2; ‘open-ended’ lines indicate H-bonds formed between symmetry related positions. The
nitromethane guest molecule is not involved in the hydrogen-bonding pattern.
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Table 2
Hydrogen bonds in the solid-state structure of �-CD–nitromethane pentahydrate (1), listed for distances d(H···O)�2.5 A� and/or
d(O···O)�3.2 A� only; the water molecules are labeled OW1�OW5, the glucose labeling A–F and the indices given in italics in the
first column correspond to Fig. 3

Hydrogen bondNo. (cf. Fig. 3) d(H···O) (A� ) a d(O···O) (A� ) �(O�H···O) (°) a Symmetry

2.505 3.1771 152.4O(2A)H···O(3B) b
2.2952 3.030O(3C)H···O(2B) 172.5 b
2.308 2.932O(3D)H···O(2C) 143.13 b

O(2D)H···O(3E)4 2.192 2.899 159.9 b
O(3F)H···O(2E)5 2.217 2.949 172.0 b

2.755O(W1)···O(2E)6 b
7 2.803O(W3)···O(2C) b

2.669O(W2)···O(6B)8 b
O(W5)···O(6B)9 3.092 b
O(W5)···O(W2)10 2.683 b

2.658O(W4)···O(W2)11 b
2.136 2.86412 168.8O(6B)H···O(6E) c

2.834O(3B)···O(W1)13 c
O(W4)···O(6F)14 2.978 c
O(6A)H···O(2B)15 2.117 2.811 157.1 d

2.056 2.788O(3E)H···O(6F) 172.116 e
17 O(2B)···O(W2) 2.628 e

2.657O(2D)···O(W5)18 f
O(W1)···O(W4)19 3.008 f
O(6C)H···O(3D)20 2.200 2.820 142.3 g

2.967O(6C)···O(W3)21 g
2.341 2.92722 137.4O(6D)H···O(3C) h

2.780O(6E)···O(W3)23 h
O(6D)···O(W5)24 2.646 i
O(2A)···O(W4)25 2.852 j

2.262 2.833O(3A)H···O(6F) 135.126 k
2.36627 2.817O(3B)H···O(3F) 120.9 k
2.030 2.744O(2F)H···O(6A) 163.128 k

O(2A)···O(W1)29 3.196 l
30 2.200O(6F)H···O(3A) 2.833 144.3 l

a Hydrogen bond H···O distances and O�H···O angles omitted if hydrogen atoms were not located explicitly. Symmetry
operations: bx, y, z. cx, y+1, z. dx−1, y, z. ex+1, y, z. fx+1, y−1, z. g−x+1, y+1/2, −z+3/2. h−x+1, y−1/2, −z+3/2. i−x,
y−1/2, −z+3/2. jx+1/2, −y+3/2, −z+2.kx+1/2, −y+1/2, −z+2. lx−1/2, −y+1/2, −z+2.

Crystal structure determination.—Suitable
crystals for solid-state structural analysis were
obtained by slow crystallization from a 9:1
water–nitromethane solution. A colorless sin-
gle crystal, of dimensions 0.25×0.175×0.15
mm, was sealed in the presence of the mother
liquor in a thin glass capillary, and then
mounted on an Enraf–Nonius CAD-4 diffrac-
tometer with graphite-monochromated Mo K�
(	=0.71093 A� ) radiation: prisms, orthorhom-
bic, space group P212121 with a=9.452(4),
b=14.299(3), and c=37.380(10) A� , V=
5052.1(27) A� 3, Z=4, T=298(2) K, 
(Mo
K�)=0.126 mm−1, and Dx=1.465 Mg m−3.
A total of 5158 reflections were collected of

which 5004 were independent (Rint=0.1236).
The structure was solved by direct methods
using SHELXS-86 [17] and successive Fourier
difference synthesis. Refinement (on F2) was
performed by full-matrix least-squares method
with SHELXL-93 [18]. R(F)=0.0812 for 3270
reflections with I�2�I, �R(F2)=0.2762 for
5004 reflections with �=1/(�2(Fo

2)+
(0.1747P)2+12.1519P ; where P= (Fo

2+2F c
2)/

3. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were consid-
ered in calculated positions with the 1.2×Ueq

value of the corresponding atom; hydroxyl
protons on the cyclodextrin were treated as
idealized OH groups. Data reduction was
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Fig. 4. Topology of the �-CD–nitromethane inclusion com-
plex (1) with the water molecules located at the CD outside
left off for clarity. Top: Contact surfaces in dotted form with
a ball-and-stick model insert, viewed from the wider opening
(2-OH/3-OH side) of the truncated cone; oxygen and nitrogen
atoms are shaded. — Bottom: Side-view surface cross sec-
tions through the complex (2-OH/3-OH face at top); approx-
imate molecular dimensions are given in A� .

Road, Cambridge CB2 1EZ, UK (Fax: +44-
1223-336033 or e-mail: deposit@ccdc.cam.
ac.uk). Supporting information and additional
molecular representations will be provided on
the Internet in our graphics gallery at:
http://caramel.oc.chemie.tu-darmstadt.de/
immel/molcad/gallery.html.
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1 Introduction

Amylose, the unbranched portion of starch, is the classi-
cal example of a linear polysaccharide composed of several
thousand α(1 → 4)-linked D-glucose units, which adopts a
helical structure. Fig. 1 provides a common textbook pictori-
al representation of this structure [3].

Besides leaving open whether the helix includes a central
channel or not, this sketchy formulation of a single-stranded
helix does not correctly depict the molecular organization of
native amylose, since the two major amylose polymorphs A
and B are double helical assemblies [4–7]. Single helixes of
the type depicted above, with six glucose units per turn, are
only obtainable in the form of inclusion complexes with di-
methyl sulfoxide [8], n-butanol [9, 10], n-pentanol [10], or in
a dry (VA-amylose) or hydrated state (VH-form) [11–13] up-
on removing the organic solvents entrapped in these com-
plexes.

As the solid-state structures may be considered as
“frozen” molecular images of their solution conformations –

a presupposition that has yielded in the case of cyclodextrins
[14] and their inclusion complexes [15] – we have entered
the VH- [13] and A-type amylose [4, 5] as well as the amy-
lose-iodine complex [16, 17] into a detailed molecular mod-
eling study, comprising generation of their molecular
geometries, their contact surfaces, and – most relevant in
terms of understanding their inclusion capabilities – their
lipophilicity patterns. The results [2] are subject of this pa-
per.

2 Experimental

2.1 Molecular structures

The molecular models of the A- and VH-form of amylose
were generated from atomic coordinates obtained from X-
ray fiber diffraction [5, 13]. For A-amylose, two strands of
12 glucose units each were generated (two turns of the dou-
ble helix, ≡ 2 ⋅ C72H122O61), for VH-amylose and the amy-

Two polymorphs of amylose, the native double-helical A-form and the
single-stranded VH counterpart, as well as the amylose polyiodide com-
plex were subjected to a molecular modeling study. Based on their X-
ray diffraction-derived structures, the “solvent-accessible” contact sur-
faces were generated, onto which the computed molecular lipophilicity
profiles (MLPs) were projected in color-coded form, easily allowing to
locate hydrophobic and hydrophilic surface regions. Their detailed
analysis revealed the double-stranded A-form to be a rather compact
structure with an irregular distribution of hydrophilic and hydrophobic
regions over the entire outer surface, with the interior of the double he-
lix being inaccessible even for small molecules. By contrast, VH-amy-

The Hydrophobic Topographies of Amylose and its Blue Iodine
Complex[1, 2]

Stefan Immel and Frieder W. Lichtenthaler,
Darmstadt (Germany)

lose, in accord with its water solubility, has a pronouncedly hydrophilic
outside surface with an as distinctly hydrophobic channel. – In the dark-
blue amylose-polyiodide complex, the hydrophobic channel of the sin-
gle-helical VH-form serves as a well-ordered matrix for incorporation
and alignment of the iodine-iodide species to elaborate a linear polyio-
dide chain in a nearly perfect steric fit and in full complementarity of
hydrophobic regions of guest and host. Thus, the MLPs provide sub-
stantive credence to the view, that not only the amylose-iodine complex
formation is mediated to an essential degree by hydrophobic attractions
at the guest-host interface, but that the same factors determine the sta-
bility of this unique supramolecular assembly.

Keywords: Amylose; Starch-iodide complex; α-Cyclodextrin-iodide, Inclusion compounds; Hydrophobicity patterns

Fig. 1. Sketch representation of a left-handed, single-stranded helix of VH-amylose (left), adapted from [3], where incorrectly a right-handed helix
is depicted, and of α-cyclodextrin (right), which de facto represents a single turn of the amylose helix excised and re-connected by Bacillus ma-
cerans-derived enzymes (CGTases). The close analogy allows to consider VH-amylose as a tubular analog of the cyclodextrins.
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lose-iodine complex five single-stranded turns of altogether
30 glucose residues were used (≡ C180H302O151) resulting in
molecular dimensions of approximately 12 × 12 × 45 Å each.
The solid-state structure of the bis-α-cyclodextrin/lithium
triiodide-iodine octahydrate inclusion complex [29], i.e.
[C36H60O30]2 · LiI3 · I2 · 8 H2O was obtained from the
CCDF-Cambridge Crystallographic Data File (Refcode:
CYDXLI10). Hydrogen atoms not included in the molecular
structure determinations were positioned geometrically with
standard bond lengths rC–H = 1.08 Å and rO–H = 0.90 Å, tak-
ing intramolecular hydrogen bonding interactions between
spatially neighboring hydroxyl groups into account. All mol-
ecular parameters discussed within this study (cf. Tab. 1)
were re-calculated from these data sets.

2.2 Molecular surfaces and molecular lipophilicity
patterns (MLPs)

Calculation of the molecular contact surfaces [19] and the
corresponding MLPs was carried out by using the MOLCAD
[18, 24, 25] molecular modeling program, whereby the
MLPs were computed after removal of all iodine species and
for each molecule separately. Surfaces for the inclusion com-
plexes were generated for the guest and host molecules sep-
arately, and were subsequently reassembled to the complex;
surfaces of the amylose models were generated only for the
center sections of approx. 30 Å length each in order to ex-
clude “end”-effects for the polysaccharides. Cyclodextrin
cross-cut plots through the center of geometry were com-
puted from the intersection of a plane with the molecular
surfaces [19]; molecular plots were generated using the
MolArch+ program [49]. Visualization of the MLP surface
qualities was done by color-coded projection of the comput-
ed values onto these surfaces by applying texture mapping
[25], the surfaces of the iodine species were colored accord-
ing to the atomic types (pink), and no surfaces qualities are
mapped. Scaling of the molecular hydrophobicity patterns
was performed in relative terms for each molecule separate-
ly, and no absolute values are displayed.

3 Results and Discussion

3.1 Molecular geometries and hydrogen bonding
patterns of A- and VH-type amylose

The molecular models of A- [5] and VH-amylose [13]
were generated from their respective X-ray fiber diffraction
data, using five single helix turns (= 30 glucose units) for
VH-amylose, and two turns of the double helix for its A-form
(= two strands of 12 glucose units each). The resulting struc-
tures, each of approximately 12 × 12 × 45 Å in size, are
shown in Fig. 2 in ball-and-stick type representation, with
their molecular contact surfaces [18, 19] – closely resem-
bling the solvent (water) accessible surfaces [20] – molded
around the rear half, clearly revealing the distinct differences
of the two assemblies: a well-elaborated central channel in
the single-stranded VH-amylose, obviously capable of ac-
commodating guests of appropriate dimensions, versus the
double-helical A-form with its two strands so narrowly inter-
twined as to leave no interstitial space [21]. This basic dis-
similarity of the two forms is even more lucidly illustrated in
the projections along the helix axis (Fig. 3): VH-amylose has
an overall helix diameter of approximately 13.5 Å, a channel
of ≈ 5.4 Å width, and an axial pitch of ≈ 8.1 Å per turn, whilst
the double-helical A-form reveals a substantial increase of
the axial pitch (to 21.4 Å per double turn), requiring the helix

diameter to decrease to 10.3 Å, thereby eliminating any cen-
tral channel. Thus, it is easily understood, that the water of
crystallization in the solid-state A-form is only located on
places outside the helices.

Apart from strong van der Waals attractive forces that
must be an important factor for establishing the distinctly
different folding patterns – for the two intertwined single
strands of the A-form in particular – the elaboration of a spe-
cific hydrogen bonding network undoubtedly is another. A
computational assessment of the possible hydrogen bonding
contacts between the two strands in A-amylose and between
adjacent coils in the single-stranded VH-form gave the fol-
lowing picture: the A-form of amylose establishes various
hydrogen bond-mediated 2-O … O-6 contacts between glu-
cose units of different strands (Fig. 4, left) with O … H dis-
tances of 1.9–2.1 Å and O–H … O angles in the range of
140–160° (Tab. 1, entries A–D). In VH-amylose, however,
not only 2-O … O-6 hydrogen bonds between spatially close
glucose residues of the next spiral turn (Fig. 4, right entry
and Tab. 1) are materialized, but these are also cooperatively
strengthened by 2-O … O-3' hydrogen bonds between adja-
cent glucose units. The latter hydrogen bonds are – in agree-
ment with Jeffrey’s and Saenger’s systematic analysis of H-
bonding patterns in the crystal structures of carbohydrates
[22] energetically highly favorable [23] and, by conse-
quence, must be considered as an important factor in stabi-
lizing the helical structures in amylose.

3.2 MLP profiles of A- and VH-amylose

Since the formation of inclusion complexes of V-amylose
is closely related to hydrophobic interactions within the

Fig. 2. Molecular geometries of VH-type amylose (upper structure) and
A-amylose (lower entry) [21]. Both forms consist of rod-shaped, left-
handed helices of α(1 → 4)-linked glucose units with a uniform gauche-
gauche arrangement of all hydroxymethyl groups in relation to their
pyranoid rings. As VH-amylose (top) represents a single helix of 65-
symmetry, i.e. six glucose residues per left-handed turn, the model
comprises five such turns, corresponding to a molecular composition of
C180H302O151 (axial spacing ≈ 8.05 Å per turn). The two individual
strands of the double-helical A-form (bottom) of 21 symmetry (≡ 2 ·
C72H122O61, two turns with a pitch of ≈ 21.4 Å per turn and 12 glucose
units each) are colored blue and red, respectively, to facilitate identifi-
cation. To exclude “end”-effects for the finite polymer segments of ap-
proximately 45 Å length each, the yellow-colored and half-opened con-
tact surfaces (roughly equivalent to the solvent-accessible surfaces [19,
20], i.e. how closely water molecules can approach) are shown only for
the center sections of ≈ 30 Å length.
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channel, it was deemed important to get an anticipation of
the distribution of hydrophobic and hydrophilic regions on
the surfaces of the A- and VH-polymorphs by generation of
the respective molecular lipophilicity patterns (MLPs).
These MLPs [24] were calculated and mapped onto the cor-
responding molecular contact surfaces of Fig. 2 by using the
MOLCAD-program [18], and were visualized [24, 25] by
applying a color-code graded into 32 shades, ranging from
dark blue for the most hydrophilic surface regions to full yel-
low for the most hydrophobic areas.

As is apparent from the color-coded representations in
Fig. 5 – the half opened surface models in the lower picture
are particularly lucid in this respect – the hydrophobic char-
acteristics of the VH-amylose and the A-form differ signifi-
cantly. The latter exhibits an irregular distribution of hy-
drophobic and hydrophilic outer surface areas (Fig. 5, lower
models each), as contrasted by the pronouncedly hydrophilic
(blue) outside surface regions of VH-amylose (Fig. 5, top
models): the outside surface regions are intensely hy-
drophilic (blue) – in accord with its comparatively high sol-
ubility in water – while its center channel is decisively hy-
drophobic (yellow). This distinctive inside-outside separa-
tion of hydrophobic and hydrophilic domains obviously pre-
conditions the incorporation of iodide/iodine into the chan-

Fig. 4. Hydrogen bonding patterns (yellow lines) within the double he-
lices of A-type starch (left) and the single helical VH-type amylose
(right), calculated from the heavy atom positions of the crystal struc-
tures. The letters refer to different types of hydrogen bonds, of which
the geometry parameters are listed in Tab. 1.

Tab. 1. Calculated hydrogen bond geometries (distances and angles) for the A- and VH-form of amylose. The letters denote the different types of
H-bonds as marked in Fig. 4.

Compound Type of hydrogen bond Distances [Å] Angle [°]

(cf. Fig. 4) d (O ··· H) d (O ··· O) ϕ (O-H ··· O)

A-amylose A 2-OH ··· O-6a 2.08 2.93 158

B 6-OH ··· O-2a 2.08 2.93 157

C 2-OH ··· O-6a 1.90 2.75 156

D 2-OH ··· O-6a 1.91 2.65 139

VH-amylose E 3-OH ··· O-2b 1.94 2.84 177

F 2-OH ··· O-6c 1.95 2.78 154

a Interstrand hydrogen bonds.
b H-bond between adjacent glucose units.
c H-bond between glucose units in adjacent turns.

Fig. 3. Molecular surfaces (view along the helix axis) of VH-amylose
(top) and A-amylose (bottom), illustrating the molecular geometries of
Fig. 2 and their approximate molecular dimensions.
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nel as a successive linear chain of I2/I3
– molecules [16], or of

fatty acids [27] and a variety of other guests [8–10].

3.3 α-Cyclodextrin-iodine inclusions: models for the
blue amylose-iodine complex?

As α-cyclodextrin represents an enzymatically excised
and then re-connected single turn of the VH-amylose helix
(cf. Fig. 1) and, hence, may be considered a projection down
its helix axis, its capability to form inclusion complexes with
iodine [28] and polyiodide [29–31] may parallel that of amy-
lose and serve as a conjectural model for the well-known
deep-blue stained amylose-iodine-iodide complex. Accord-
ingly, the generation of the molecular lipophilicity profiles
and an assessment of the complementarity of the hydropho-

bic domains of guest (iodine) and host (α-CD) were consid-
ered relevant in this context.

Co-crystallization of α-CD with various polyiodides
yields dark-brown to dark-blue stained complexes, which
exhibit entirely different, infinite channel-type solid-state
structures with approximately linear alignments of the
polyiodide ions along the central axis [28–32]. Most notably,
the bis-α-cyclodextrin lithium pentaiodide octahydrate com-
plex (α-CD)2 · LiI3 · I2 · 8 H2O [29] comprises two crystallo-
graphically independent cyclodextrin units which are “fused
together” to a head-to-head dimer through an intense hydro-
gen bonding network between the secondary hydroxyl
groups of the two α-CD tori (Fig. 6). Into the resulting “dou-
ble cavity” formed by this assembly, the iodine atoms (four
ordered positions and one disordered) are embedded with
unequal iodine-iodine distances (mean value ≈ 3.1 Å). The
Li+ counter-ion is located outside this dimer assembly, hence
out of range of strong electrostatic interactions with the an-
ion [29].

Fig. 5. Hydrophobic topographies for the amylose fraction of starch
[21]: the MLP pattern (blue: hydrophilic surface regions, yellow: hy-
drophobic areas) on the contact surface of single-stranded VH-amylose
(upper structures each) is set against the parallel-stranded double-heli-
cal A-form (lower model, respectively). In both cases, fragments of ap-
proximately 45 Å length are shown, with the surfaces being depicted for
the center sections of the rod-shaped polymers only (≈ 30 Å, cf. Fig. 2).
The outside surface area of VH-type amylose is uniformly hydrophilic
(in conformity with its solubility in water) whereas the center channel is
as distinctly hydrophobic-predestined to incorporate equally hydropho-
bic guests such as iodine or fatty acids. By contrast, the double-helical
A-form of amylose, devoid of a center channel, exhibits an irregular
distribution of hydrophilic and hydrophobic regions over the entire sur-
face [26].

Fig. 6. Top: Ball-and-stick model and contact surface (in dotted form)
of the complex (α-CD)2 ⋅ LiI3 ⋅ I2 ⋅ 8 H2O, as it emerged from its X-ray
structure [29], with the water of crystallization removed for clarity. The
basic unit of this assembly consists of two α-CD’s forming a head-to-
head-dimer through an intense hydrogen bonding network between the
secondary 2- and 3-OH groups at their wider torus rims; the resulting
“double cavity” is filled with an almost linear iodine-triiodide chain
(represented by black balls in the center) with the counter-ion Li+ (small
sphere) located at the interstice. Bottom: Surface cross-section cut
through the center of the dimer assembly exposing the five iodine
atoms included.
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Generation of the MLPs of this complex and their color-
coded projection onto the contact surfaces given in Fig. 6
provides the picture in Fig. 7, illustrating the assembly of the
two α-CD macrocycles via their pronouncedly hydrophilic
(blue) 2-OH/3-OH-sides which entails the two end sites, car-

rying the primary hydroxyl groups, to be as distinctly hy-
drophobic (yellow). Accordingly, the pentaiodide chain is
packed into a channel-like “double cavity” with successive,
alternating hydrophobic and hydrophilic surface regions.

Thus, the bis-α-CD – pentaiodide unit, due to its “finite”
dimeric nature, provides only a limited analogy to the poly-
meric “infinite” amylose-iodine complex. However, when
taking into account the packing of these dimeric units in the
crystal lattice, a surprisingly close similarity emerges: infi-
nite stacks with the elaboration of a somewhat uneven nano-
tube into which a nearly linear, continuous polyiodide chain
is embedded as exemplified in Fig. 8. That this is material-
ized despite the alternating hydrophobic and hydrophilic
zones along these nanotube channels is a strong indication
for the pronounced proclivity of iodine or polyiodide species
to associate with suitable hosts to polymeric supramolecular
assemblies.

3.4 The amylose-iodine complex

The presence of iodine as well as iodide in aqueous solu-
tions of amylose is a mandatory prerequisite for the forma-
tion of the blue complex [17], and binding occurs in a coop-
erative way by slow formation of stable I11

3– nuclei inside
the helices and rapid linear propagation [33]. With increas-
ing iodide concentration the bluing species (polymeric unit
of approx. (C6H10O5)16.5 · I6 [34]) seems to change from I10

2–

to I8
2– and I6

2– [35], simultaneously shifting the maximum
absorption towards shorter wavelengths. The enthalpy of the
amylose-iodine interaction is rather large with –50 to –90 kJ
per mole molecular iodine bound [36]. All of these data give
evidence that the solid-state structure of the amylose-iodine
complex [16] (Fig. 9) is a useful model even for the solution

Fig. 7. Molecular lipophilicity patterns (MLPs) for the (α-CD) · LiI3 · I2

· 8 H2O complex [29] of which the water of crystallization has been re-
moved for clarity [21]. Left: View along the central channel axis, per-
pendicular to the α-CD mean planes. Right: Side-view models repre-
senting the hydrophobic topographies of the dimeric units. The location
of the lithium ion is indicated by the isolated pink ball at the lower, half-
opened models.

Fig. 8. Simplified illustration of the
nearly nanotube-like stacking of the
(α-CD)2-pentaiodide units in the
crystal lattice, thereby forming a
continuous linear poly-iodine/iodide
chain, an “endless” channel so to
say.

Fig. 9. Molecular geometry of the
VH-amylose with an “empty” chan-
nel (top, representation correspond-
ing to Fig. 5) and with the essentially
linear polyiodide chain (filled balls
in the center) embedded (bottom),
based on X-ray diffraction data [16]
and calculation of the “solvent-acces-
sible” contact surfaces [21].
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state: a nearly linear polyiodide chain with I ··· I-separations
of ≈ 2.91, 2.91 and 2.99 Å, respectively, with the fiber repeat
of the amylose helix (≈ 8.17 Å) slightly increased over that of
iodine-free VH-amylose (≈ 8.05 Å).

Generation of the contact surfaces of VH-amylose and its
polyiodine/iodide complex as depicted in Fig. 9, and the cor-
responding color-coded representation of the MLP profiles
in Fig. 10, impressively illustrates the pronouncedly hy-
drophobic central channel which serves as a matrix for in-
corporation and alignment of the iodine species. Superimpo-
sition of the amylose helix with the iodine chain and its
(pink-colored) contact surface (bottom structure of Fig. 10)
documents the sterically perfect correspondence. The ideal
guest-host complementarity not only manifests itself in a
perfect fit of an almost linear iodine/iodide chain in an equal-
ly linear channel – not infinite in length, but long enough to
include several consecutive polyiodide units but also in the
matching of their hydrophobic domains.

Thus, the MLP profiles provide substantive credence to
the view that amylose-iodine complex formation – to a very
substantial degree – is mediated by the operation of attrac-
tive hydrophobic forces at the guest-host interface and pro-
vides a major element for engendering the stability of this
unique supramolecular assembly.

4 Conclusion

The hydrophobic nature of the tubular channel in VH-
amylose and of the conical cavity in the cyclodextrins has
been postulated and de facto taken for granted ever since
their molecular structural features began to unravel about 60
years ago [37–39]. Yet still today, the “hydrophobic effect” –
even if one has agreed on the exact definition of the term
[40] – is an “elusive” entity; it can neither be quantified reli-
ably, nor can it be separated from the various other factors
involved in inclusion complex formation, such as guest-host
correspondence of steric features, minimization of dipole-di-

pole interactions, and compensation of entropic and en-
thalpic parameters associated with changes in solvation.

The computation and visualization of hydrophobic and
hydrophilic surface regions described here for amylose and
its iodine inclusion complex not only permits – for the first
time – a genuine and reproducible localization and differen-
tiation of these regions. As significant is that the importance
of complementary hydrophilic and hydrophobic surface do-
mains at the guest-host interface is imposingly verified, their
interplay thus being a decisive element in incorporation of
the guest into the host.

Finally, the insights provided by these novel views at
amylose – substantiated by similar results described else-
where on the cyclodextrins [14, 15, 41], cyclomannins [41],
cyclorhamnins [42], cycloaltrins [43–45], cyclogalactins
[41, 46], cyclofructins [47], and on sucrose [48] – may not
only provide a viable base for the preparation of new, useful
inclusion complexes of amylose, but also for the design of
new ensuing reactions towards a targeted exploitation of the
chemistry of starch.
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Abstract

As evidenced by its X-ray structural analysis, 2,3-anhydro-α-cyclomannin 6, a cyclooligosaccharide consisting
of six α-(1→4)-linked 2,3-anhydro-D-mannopyranose units, readily incorporates 1-propanol into its cavity such
that hydrophobic and hydrophilic surface regions of guest and host match at their interfaces. Together with water,
the macrocycle and its guest assemble into a unique solid-state architecture, featuring layers of head-to-head dimers
of the macrocycle with its guest, separated by equally distinct layers of water molecules, which are engaged in
an intense hydrogen bonding network with the 6-CH2OH and the propanol-OH groups. The overall guest–host
topography is thus reverse to that of the respective ethanol inclusion complex.1 © 2000 Elsevier Science Ltd. All
rights reserved.

1. Introduction

2,3-Anhydro-α-cyclomannin 6,2 a cyclooligosaccharide composed of six α-(1→4)-linked 2,3-
anhydro-D-mannopyranose units, is readily accessible from α-cyclodextrin via simple reaction
sequences, the key steps being — in the 6-t-butyldimethylsilyl-blocked α-CD 23 — the selective
sulfonation of the more acidic 2-OH and subsequent displacement of the 2-sulfonyloxy groups by the
vicinal 3-OH to elaborate the oxirane rings. Of the two protocols that have been advanced for this
conversion,4,5 the one allowing sulfonation and epoxide formation to proceed in a one-pot operation,
i.e. 2→5, appears to be preparatively more propitious (44% overall yield for 1→65) than the other
performing sulfonation (2→3) and generation of the oxirane ring (4→5) in separate operations (19% for
1→64) (Scheme 1).

∗ Corresponding author. E-mail: lemmi@sugar.oc.chemie.tu-darmstadt.de
† Part 26 of the series Molecular Modelling of Saccharides. For Part 25, see Immel et al.1
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Scheme 1. Key: (a) tBuMe2SiCl/imidazole, DMF, 75%;3 (b) TsCl/DMAP, pyridine, 55%;4 (c) BF3·Et2O, CHCl3, 51%;4 (d)
NaH/DMF, then C6H5SO2Cl, 64%;5 (e) K2CO3, MeOH, 90%;4 (f) Bu4NF, THF, 92%5

Thus, unlike other non-glucose cyclooligosaccharides with α-(1→4)-linked hexose units,6–8 2,3-
anhydro-α-cyclomannin is available in sufficient amounts to broadly study its molecular recognition
properties, and in particular its capability to form inclusion complexes. Indeed, when recrystallized
from aqueous ethanol, 6 was shown to accumulate as a hydrate with ethanol included in its cavity
(Fig. 1, left entries).1 The three crystal engineering entities — 6, ethanol, and water — assemble to a
unique superstructure in the solid-state, characterized by layers of head-to-head dimers of the macro-
cycle, stabilized by OH···OH hydrogen bonding between the cavity-included guest–ethanol molecules,
followed by layers of water. The crystal engineering operative is unusual in that the hydrophilic and
hydrophobic surface regions at the guest–host interface are non-complementary as the guest’s OH group
is placed at the hydrophobic, epoxide ring-carrying rim of the macrocycle.1 This behavior is strongly
contrasted by various inclusion complexes of the cyclodextrins of which the lipophilicity profiles have
been determined,9,10 as they reveal the guest–host matching of hydrophilic and hydrophobic surface
regions to be a decisive factor for the orientation of the guest in the cavity.

We wish to report here the peculiar finding that simply by enlarging the guest molecule by a CH2 group,
i.e. by including 1-propanol instead of ethanol into the cavity of 2,3-anhydro-α-cyclomannin, the self-
assembly of the three crystal engineering components — 6, 1-propanol, and water — leads to a distinctly
different solid-state architecture (Fig. 1, right entries), the guest now having the inverse orientation in
the cavity, i.e. one in which hydrophobic and hydrophilic surface areas at the guest–host interface are
complementary.

2. Results and discussion

2,3-Anhydro-α-cyclomannin 6, when recrystallized from aqueous 1-propanol, accumulated as its 1-
propanol inclusion complex of which the X-ray analysis, invited by the high crystallinity of the product,
revealed it to be a hexahydrate. The geometry of the complex (Fig. 1, right entries) unfolds a high degree
of regularity, with the backbone of the macrocycle best approximated by six-fold rotational symmetry
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Fig. 1. Comparison of the inclusion complexes of 2,3-anhydro-α-cyclomannin 6 with ethanol1 (left) and 1-propanol (right),
clearly showing the inverse orientation of the guests in the macrocyclic cavity. Top: solvent-accessible surfaces in dotted
form, with the oxirane rings pointing towards the front and the 6-CH2OH groups to the rear; disordered atomic positions
and water molecules of crystallization have been left off for clarity. Center: single surface slice through the complexes to
visualize the opposite mode of inclusion of ethanol and 1-propanol (approx. molecular dimensions in Å; the 6-CH2OH groups
point downward). Bottom: superimposed surfaces cross-section cuts obtained from stepwise 10° rotation around the center of
geometry (only one ball-and-stick model of the guest molecule is shown)

(C6). All epoxide rings are lined up on the larger aperture of the cone-shaped molecule with their oxygens
directed towards the outside of the macro-ring. The overall shapes of the macrocycle and the hexose
residues are almost identical to the geometry realized in the ethanol complex;1 some geometry parameters
are listed and compared for both inclusion complexes in Table 1. On the basis of the Cremer–Pople
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ring puckering parameters,11 the pyranose rings invariably adopt OH5 half-chair conformations with
very small fluctuations in the endo- and exo-cyclic torsion angles. In the propanol complex, the 6-
CH2OH groups adopt gauche–trans and gauche–gauche conformations with statistical weights of 2:4. As
illustrated by the solvent-accessible surface (Fig. 1) and, more lucidly, by the space-filling model (Fig.
2, left) and the side-view plots, the propanol guest is fully immersed into the host, with its OH group
located next to the six CH2OH groups at the narrow opening of the conically shaped cavity.

Table 1
Cremer–Pople ring puckering parameters,11 pyranose conformations, and some selected torsion angles
in the crystal structure of the 2,3-anhydro-α-cyclomannin–1-propanol complex (6·PrOH·6H2O) as

compared to those of the corresponding ethanol complex (6·EtOH·3.5H2O)1

In the crystal lattice, the 2,3-anhydro-α-cyclomannin–propanol inclusion complex forms architectu-
rally intricate layered structures: two guest–host macrocyclic units are ‘fused together’ to head-to-head
dimers with the wider, oxirane ring-bearing sides facing each other, and each of these dimeric units is
separated by a layer of water molecules (Fig. 3). Table 2 lists a selection of intermolecular non-hydrogen-
bonding distances between heavy atoms of the crystal components, indicating the close contacts between
the macrocycles in each layer, and particularly between the O-2 and C-2 atoms of stacked 2,3-anhydro-
α-cyclomannins. The guest is held in the cavity by van der Waal’s contacts to the host’s O-1, 3-CH, and
5-CH groups, and the C-2 and C-3 atoms of two symmetry related 1-propanol molecules in the dimer
approach each other to about 2.8–2.9 Å (cf. Table 2).

The crystal structure is characterized by an intense network of intermolecular hydrogen bonding inte-
ractions between the 6-hydroxyls of the macrocycle, 1-propanol, and water, with only one intramolecular
H-bond of the 6-OH···O-6 type being realized; Table 3 gives a list of these hydrogen bonds and Fig.
4 provides a schematic drawing of the three-dimensional network of interactions which determine the
crystal architecture. Most notably, the 1-propanol guest is not engaged in hydrogen bonding to the
pyranose 6-CH2OH groups, but forms a distinct H-bond towards a water molecule (labeled OW4 in
Fig. 4).

In this respect, the crystal structure of the 6·PrOH complex is entirely different to the one observed
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Fig. 2. Left: solid-state molecular geometry of the 2,3-anhydro-α-cyclomannin–1-propanol complex (6·PrOH·6H2O) in
space-filling (CPK) form and as a ball-and-stick model. The inclusion complex is shown perpendicular (top) and parallel
(bottom) to the ring plane of the macrocycle (water molecules of crystallization are omitted for clarity). Right: anisotropic
thermal 50% probability ellipsoids for all non-hydrogen atoms (water oxygens in blue; the 1-propanol oxygen is hidden behind
the disordered carbon atoms of the guest) in the asymmetric unit of the crystal structure

Fig. 3. Left: in the crystal lattice, the 2,3-anhydro-α-cyclomannin–1-propanol hexahydrate forms three layers of head-to-head
arranged dimers, i.e. a total of six stacked macrocycles per unit-cell in the direction of the c-axis of the trigonal space group
P3212 (view down the b-axis). The crystal water molecules (shown as blue spheres) likewise form distinct layers alternating
with those of dimeric macrocycles, this unique crystal engineering obviously being effected by an intense hydrogen-bonding
texture with the primary 6-OH groups of the macrocyclic host and the 1-propanol-OH. Right: section cut, illustrating in more
detail the intricate assembly of the three crystal engineering components
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Table 2
Selected intermolecular (non-hydrogen bonding) heavy atom distances in solid-state structure of the
2,3-anhydro-α-cyclomannin–1-propanol complex (6·PrOH·6H2O); labeling of the mannose units

corresponds to Fig. 4, additional parameters on host–water distances are listed in Table 3

for the respective ethanol inclusion compound (cf. Fig. 4, bottom left), which displays a hydrogen bond
between the ethanol molecules trapped inside the dimeric cavity.

The unique packing features become more comprehensible on analyzing the molecular lipophilicity
patterns (MLPs) of guest and host. Their generation with the MOLCAD program12 and their visualization
by projection onto the contact surface of Fig. 2 in color-coded form13 results in Fig. 5, clearly showing the
macrocycle to have its most hydrophobic (yellow) areas at the wider, oxirane ring-carrying opening of the
torus, obviously due to the 2-H and 3-H ring protons of the sugar units forming its rim. The hydrophilic
(blue) domains are centered on the opposite side around the 6-hydroxyl groups. Thus, the lipophilicity
distribution in 6 is strikingly different from that manifested in the native cyclodextrins,9,14 where the
wider 2-OH/3-OH side of the respective macrocycles is distinctly hydrophilic versus the pronouncedly
lipophilic domains at the opposite, narrower 6-CH2OH side and inside the cavity.

3. Conclusion

The solid-state structure of the 2,3-anhydro-α-cyclomannin–1-propanol hexahydrate detailed here, and
the respective ethanol inclusion complex unraveled previously,1 provide unique examples of the subtle
intricacies operative in the crystal engineering. The three components involved — a cyclooligosaccharide,
an alcohol, and water — self-assemble to substantially different superstructures by enlarging the alcohol
component to be enclosed in the cavity by as little as one CH2 group (cf. Fig. 4, bottom part). Obviously
due to the fact that 1-propanol can fill out the hydrophobic, oxirane-carrying section of the macrocycle’s
cavity better than ethanol (cf. Fig. 1), it is included in such a way that hydrophobic and hydrophilic
surface regions match at the guest–host interface (Fig. 5). The smaller ethanol occupies the cavity
in an inverse way, whereby the non-complementarity in non-polar guest–host interactions is coun-
terbalanced by the establishment of hydrogen-bonding between the cavity-inserted ethanol-OHs. The
factors underlying this enthralling interplay of steric, polar, and non-covalent interactions between such
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Table 3
Hydrogen bond patterns in the solid-state structure of the 2,3-anhydro-α-cyclomannin–1-propanol
complex (6·PrOH·6H2O), listed for distances d(H···O)<2.5 Å and/or d(O···O)<3.5 Å only; the
water molecules are labeled OW1–OW6, the mannose labeling A–F and the indices given in italics in

the first column correspond to Fig. 4

structurally incomparable crystal engineering components as water, a non-glucose cyclooligosaccharide,
and a suitable guest are being further studied with the aim to eventually understand their intricacies.

4. Experimental

2,3-Anhydro-α-cyclomannin 62 was prepared in a three-step procedure from α-cyclodextrin 1 invol-
ving protection of its six primary hydroxyl groups by the t-butyl-dimethylsilyl group (1→23), followed
by per-sulfonation at O-2 with benzenesulfonyl chloride/NaH in DMF (→5), and tetrabutylammonium
fluoride-promoted desilylation.5 A 30 mg sample of the resulting product — presumably the methanol
inclusion compound due to its precipitation from methanol1 — was suspended in 1 mL of 2:1 water:1-
propanol, followed by brief warming to 60°C to effect dissolution, filtration through a membrane filter
(TOSOH, H-13-2), and subsequent standing of the filtrate at ambient temperature for several days.
This resulted in the generation of well-formed crystals having m.p. 267°C (decomp.) and [α]D

20=+83
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Fig. 4. Top: schematic drawing of the hydrogen-bonding pattern in the 2,3-anhydro-α-cyclomannin–1-propanol hexahydrate
crystal structure. The pyranose residues are labeled A–F and the water positions OW1–OW6. The numbers in italics correspond
to the indices given in Table 3; ‘open-ended’ dashed lines indicate H-bonds formed between symmetry-related positions. The
cavity-inserted 1-propanol-OH forms a single hydrogen bond to a water molecule (OW4), yet none to the host’s 6-CH2OH
groups. Bottom: comparative sketch of the opposite directional modes with which ethanol (left1) and 1-propanol (right) are
embedded into the macrocyclic cavity, resulting in distinctly different interactions with the respective water layers

(c 0.3, DMSO). The analytical sample, vacuum dried over P2O5 for 1 d, analyzed for the dihydrate
C36H48O24·C3H7OH·2 H2O (960.86): calcd. C, 48.75; H, 6.29; found C, 48.55; H, 6.20.

The prismatic crystal used for the X-ray structure analysis, of the dimensions 0.25×0.25×0.1
mm, turned out to be a hexahydrate: C36H48O24·C3H7OH·6 H2O, Mr=1032.95, trigonal, space group
P3212, a=b=14.105(2), c=41.787(6) Å, V=7199(18) Å3, Z=6, ρ=1.402 g cm−1, µ(MoKα)=0.080 mm−1,
T=293(2) K. A total of 5018 reflections were collected on an Enraf–Nonius CAD-4 diffractome-
ter using graphite-monochromated MoKα (λ=0.71093 Å) radiation, of which 4761 were independent
(Rint=0.1004). The structure was solved by direct methods (SHELXS-9715) and successive Fourier
difference syntheses. Refinement (on F2) was performed by full-matrix least squares method with
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Fig. 5. Molecular lipophilicity patterns (MLPs) of the 2,3-anhydro-α-cyclomannin−1-propanol inclusion complex: the relative
hydrophobicity of guest and host was mapped in color-coded form onto their individual contact surfaces, with the colors ranging
from dark blue (most hydrophilic areas) to yellow–brown (hydrophobic domains). Computation and scaling of the MLPs was
done separately for the guest and host, followed by reassembly of the complex. Left: view onto the wider opening of the
macrocycle with the six oxirane rings, displaying the hydrophobic (yellow) side. The front-opened version (center) with the
ball-and-stick model insert exposes the distinctly hydrophilic (blue) rear side bearing the 6-CH2OH groups. Right: MLP of one
head-to-head dimeric unit, ‘fused together’ via their hydrophobic oxirane ring-carrying faces; in the crystal lattice these dimers
assemble in horizontal layers that are enclosed on either of their hydrophilic ‘tails’ by layers of water

SHELXL-97.15 R(F)=0.0817 for reflections with I≥2σI, ωR(F2)=0.2822 for all 4761 reflections with
ω=1/(σ2(Fo

2)+(0.1584 P)2+0.00 P, where P=(Fo
2 +2Fc

2)/3. All non-hydrogen atoms except for the 1-
propanol carbon atoms were refined anisotropically, 1-propanol was refined as a rigid body molecule;
hydrogen atoms on the 2,3-anhydro-α-cyclomannin were considered in calculated positions with the
1.2×Ueq value of the corresponding bound atom. All hydroxyl groups were treated as idealized HO
groups, the hydroxyl proton of 1-propanol was subsequently positioned geometrically.

Crystallographic data for the 6·1-propanol hexahydrate have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-138832. Copies of the data can
be obtained free of charge on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (+44) 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk).

5. Computational details

Calculation of the molecular contact surfaces and the respective hydrophobicity potential profiles
(MLPs) was performed using the MOLCAD molecular modeling program.12,13 Scaling of the MLP
profiles was performed in relative terms (most hydrophilic to most hydrophobic surface regions) and
no absolute values are displayed. Molecular Graphics were generated using MolArch+.16
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Inclusion Complexes of Cycloaltrins 

S. Immel and K. L. Larsen, unpublished results.

The formation of inclusion complexes by the α-,[1] β-,[2] and γ-cycloaltrins[3] with 

various para-substituted sodium benzoates and the corresponding 1:1 association 

constants were determined by capillary electrophoresis[4] according to the protocol 

previously described for the measurement of stability constants for complexes 

formed by cyclodextrins of varying ring size.[5] The electrophoresis capillary was filled 

with the sodium benzoates and the cycloaltrins were injected as the analyte; the 

mobility of the macrocycles was monitored as a function of benzoate concentration 

and the formation of the complexes was detected by UV absorbance (Table 1, 

method 1). Table 1 lists the corresponding K1:1 complex formation constants obtained 

by non-linear regression along with their standard deviations, respectively. For 

comparison, the association constants between α- and γ-cyclodextrin and the 

benzoate guest molecules were determined by the same method. In addition, Table 1 

lists stability constants for α-, β-, and γ-CD complexes determined by an inverse 

protocol of the capillary electrophoresis (method 2).

For the stabilities of the inclusion complexes formed by the native cyclodextrins – 

despite some minor discrepancies emerging from the two different methods listed in 

Table 1 – these data show a clear correlation between the size of the para-

substituent of the guest benzoate and the association constant of the complex 

formed. With increasing size of the substituent F < Cl < Br < I the stability of the 

complexes of the cyclodextrins increases, irrespective of the ring size of the host 

macrocycle. For β- and γ-cyclodextrin, this also applies to para-tert-butyl benzoate, 

which forms complexes that are more stable than with any of the para-halogenated

benzoates. In this context, the central cavity of α-cyclodextrin seems to be too small 

to fully accommodate the tert-butyl group, which results in a decreased stability of the 

complex formed between the smallest of the native cyclodextrins with the sterically 

most demanding host molecule. The complexes formed by α- and β-cyclodextrin

exhibit complex formation constants of similar order of magnitude, whereas the 

complexes of γ-cyclodextrin are generally significantly weaker than those formed by 

β-cyclodextrin. The most stable complex, obviously, is formed between β-cyclodextrin

and para-tert-butyl benzoate. 

α-cyclodextrin
β-cyclodextrin
γ-cyclodextrin

(n = 6)
(n = 7)
(n = 8)

n

O

OH

OH

HO

O

α-cycloaltrin
β-cycloaltrin
γ-cycloaltrin

(n = 6)
(n = 7)
(n = 8)

n

O

OH
OH

OH O

=

COO-Na+

X

X = -F, -Cl,- Br, -I, -tert-Bu K1:1



70 α-Cycloaltrin

Table 1: Association constants K1:1 [l mol-1] between α-, β-, and γ-cycloaltrins or cyclodextrins and 

various para-substituted benzoates (X = -F, -Cl, -Br, -I, and -tert-Bu) determined by capillary 

electrophoresis using different procedures. – Method 1: The capillary was filled with buffers containing 

various concentrations of benzoate derivatives and the various macrocycles was injected as analyte.

The mobility of the macrocycles was monitored as a function of benzoate concentration. – Method 2:

The capillary was filled with buffers containing various concentrations of cyclodextrin and the

benzoate derivatives were injected as analyte. The mobility of the benzoate derivatives was monitored

as a function of cyclodextrin concentration. – All association constants were obtained by non-linear

regression with standard deviations given in parenthesis; “large” and “small” indicates association 

constants that are, respectively, too large or too small to be assessed by this method. 

host (method 1) X = -F X = -Cl X = -Br X = -I X = -tert-Bu

α-cycloaltrin 14.9(0.9) “small” 7.9(1.1) 12.0(0.6) 20.6(1.7) 

β-cycloaltrin 14.4(1.3) 11.1(3.4) 10.3(0.6) 9.5(0.8) 16.5(1.6) 

γ-cycloaltrin 14.8(2.6) 8.1(0.9) 9.1(1.0) “small” 16.6(1.9) 

α-cyclodextrin 21.4(0.8) “large” “large” “large” 102.6(4.5) 

γ-cyclodextrin 6.1(0.8) 8.9(1.5) 16.4(2.0) 46.6(7.6) 80.4(4.3) 

host (method 2) X = -F X = -Cl X = -Br X = -I X = -tert-Bu

α-cyclodextrin 11.9(0.9) 129.3(1.9) 370.2(10.7) 780.4(86.8) 71.7(13.1) 

β-cyclodextrin 36.8(3.6) 139.5(9.6) 236.2(7.6) 608.8(20.6) 7304.8(103.9)

γ-cyclodextrin 0.6(2.0) 6.9(1.4) 12.6(1.3) 30.2(1.3) 93.4(1.6) 

In contrast to the cyclodextrins, the cycloaltrins display, in all cases, quite low 

stability constants K1:1 ranging only form 8 to 20 l mol-1. There also seems to be no 

obvious effect of ring size of the cycloaltrin host. From the data presented in Table 1, 

it can be concluded that the most stable complexes are formed with para-tert-butyl

benzoate, the same guest molecule that forms the most stable complexes with the 

cyclodextrins. However, curiously the weakest complex former of the para-

halogenated benzoates (para-fluoro benzoate) with the native CD seems to be the 

best for the cycloaltrins, and again no effect of cycloaltrin macrocycle size can be 

detected. Yet, it is noteworthy, that with the para-fluoro, para-chloro, and para-bromo

benzoates, the cycloaltrin complexes are more stable or comparable to the 

complexes formed by γ-cyclodextrin.

In total, the data presented seems to suggest that the inclusion complexes formed 

by the cycloaltrins are based on weak unspecific interactions. The selectivity of the 

cycloaltrins with respect to the size and shape of the guest molecules is less 

pronounced than for the cyclodextrins of the same ring size. This may be interpreted 

in terms of the increased conformational flexibility of the cycloaltrins, which seem to 
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be able to accommodate their shape towards a greater range of guest molecules 

than the cyclodextrins are. On the other hand, the rather low absolute association 

constants also reflect a significant entropy penalty to be paid upon the formation of 

inclusion complexes by the cycloaltrins.

All the data presented suggests two entirely different mechanisms for the 

formation of inclusion complexes: whereas the cyclodextrins follow the rather rigid 

lock-and-key-type mechanism of complex formation, the cycloaltrins are of 

significantly higher flexibility. The formation of complexes by cycloaltrins is best 

described by the flexible induced-fit mechanism which implies considerable 

geometrical flexibility of the host, along with its conformational adaptation towards 

potential guest molecules. Further evidence for this hypothesis is derived from the 

formation of inclusion complexes by mono-altro-β-cycloaltrin[6] described in the next 

Chapter of this work. 
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Abstract

Mono-altro-β-cyclodextrin 1, a β-cyclodextrin with one of the seven glucose units being configurationally
changed to an altrose, is shown to be a flexible host undergoing a distinct conformational change within its
altropyranose geometry upon intracavity inclusion of adamantanecarboxylate, thus representing an induced-fit
model of binding rather than one following the rigid lock-and-key type pattern. © 1999 Elsevier Science Ltd.
All rights reserved.

1. Introduction

In the common cyclodextrins, the six (α-CD), seven (β-CD), and eight α(1�→4)-linked glucose units
(γ-CD)2 are ‘locked up’ in a strait-jacket type belt,3–5 so that their macrocycles exhibit remarkable
structural rigidity: the glucopyranose rings inevitably adopt the energetically favorable 4C1 chair form,
and the very limited rotational movements about the interglucosidic links, at best, allow one glucose
unit to rotate out of the tilt of the others.5,6 This pronounced rigidity even persists on inclusion-complex
formation with a large structural variety of guests, since no significant guest-induced conformational
changes have ever been observed.7 Accordingly, the formation of inclusion complexes by α-, β- and γ-
CD closely corresponds to Emil Fischer’s classic lock-and-key concept for enzyme specificity,8 i.e. to the
insertion of a lipophilic key into an equally lipophilic cyclodextrin molecular lock. Although this process
is overly static, it has nevertheless been extensively exploited towards ‘artificial enzymes’ or enzyme

∗ Corresponding authors. E-mail: fujita@net.nagasaki-u.ac.jp and fwlicht@sugar.oc.chemie.tu-darmstadt.de
† Part 20 of the series Molecular Modeling of Saccharides. Part 19.1
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models.9 On the other hand, however, there is overwhelming evidence that the majority of enzymes
act in an ‘induced fit’ fashion,10,11 implying the induction of significant conformational changes in the
enzyme upon ‘docking’ of the substrate — a dynamic process essential for the catalytic groups to assume
the required transition state geometry. Hence, if low molecular weight cyclodextrins are to be realistic
enzyme models, flexibility has to be introduced into their macrocycles so that they can mimic the dynamic
induced-fit mode of action rather than the stationary lock-and-key approach.

With these considerations in mind, we have undertaken a study of the inclusion complexation
properties of cyclodextrins in which one,12,13 two,14 or essentially all glucose units15–17 — by inversion
of their configuration at C-2 and C-3 — have been converted into altropyranose residues, which have been
shown by calculation18 and NMR evidence19 to be conformationally flexible within the 4C1�OS2�1C4

pseudorotational itinerary (Fig. 1). As a result we report here on the inclusion of adamantane-1-
carboxylate into mono-altro-β-cyclodextrin 1, representing — to the best of our knowledge — the first
example of a guest-induced fit into a cyclooligosaccharide host.

Figure 1. Schematic representation of mono-altro-β-cyclodextrin 1 with its altropyranoid unit in 4C1, OS2, and 1C4 conforma-
tion, respectively, and its adamantanecarboxylate inclusion complex 2 in which the altrose residue is induced to preferentially
adopt the OS2 form

2. Results and discussion

Mono-altro-β-CD 1,2 readily accessible from β-CD in a 3-step sequence,13,20 shows distinct NMR
signals for all of its protons (Fig. 2) from which the altrose hydrogens and their couplings could be
identified either directly (H-1, H-5, J1,2), or by use of H–H COSY, homo-decoupling and 1D–HOHAHA
techniques (H-2–H-4, J2,3–J4,5). Comparison of the coupling constants thus determined with those
calculated for α-D-altropyranoid rings in idealized 4C1, OS2, and 1C4 conformations clearly reveals the
altrose portion in 1 to essentially be in an OS2�1C4 equilibrium with an approximate 2:1 preponderance
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Figure 2. 500 MHz 1H NMR spectra of mono-altro-β-cyclodextrin 1 (top), and of its adamantanecarboxylate inclusion complex
2 (bottom, 90% binding) in D2O at 35°C. The altropyranose ring hydrogens are marked

of the 1C4 form. The exact positioning of the equilibrium between the three forms can most readily
be inferred from the triangle representation in Fig. 3 (top entry), where the experimental coupling
constants exhibit a best fit at a composition of 61% 1C4, 31% OS2, and 8% 4C1 form — not surprising
as the coupling constants found for 1 and those calculated for the 4C1 form (cf. Table 1) are indeed
drastically different. That the 4C1 conformation is substantially under-represented in this equilibrium
may be rationalized on the fact that it extends its axially oriented 3-OH into the interior of the mono-
altro-β-CD cavity, thereby causing steric hindrance as well as an interruption of the prevailing intra- and
intermolecular hydrogen bond patterns.

For an assessment of the overall molecular shape of 1, its cavity dimensions, and its potential for
the formation of inclusion compounds, the molecular contact surface was generated (Fig. 4) as well as
its molecular lipophilicity profile (Fig. 5), based on MD simulations in water. Accordingly, the altrose
residue of 1 in water invariably adopts the OS2 geometry (top pyranose unit in Fig. 4), entailing a solvent-
accessible surface in slight elliptical distortion with a distinct cavity. In that, the overall shape of 1 closely
resembles that of β-CD,21 hence, should be capable of serving as host for guests featuring the adamantane
moiety, as these represent perfect fits for β-CD.22 This prediction can also be made on the basis of
the close similarity of the molecular lipophilicity patterns of β-CD21 and 1 (Fig. 5), as both exhibit a
distinctly hydrophilic (blue) 2-OH/3-OH face vs. a hydrophobic (yellow) 6-CH2OH side.

Indeed, adamantane-1-carboxylate, which forms a 1:1 inclusion complex with β-CD with the guest
fully inserted into its cavity,22 is capable of intracavity complexation by 1: upon addition to a D2O
solution of 1, the NMR signals of the altroside portion of 1 gradually change with respect to both chemical
shifts and coupling constants. H-5 is shifted upfield by as much as 0.3 ppm (cf. Fig. 2), a substantial
shielding by the guest, indicating this ring hydrogen is now being directed towards the interior of the
cavity (rather than to the outside as in the preferred 1C4 form of the ‘empty’ host 1). Following this shift
by NMR titration provided an association constant for 2 of 839 M−1.

As distinct as the guest-induced chemical shifts are the changes in the JHCCH coupling constants of the
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Figure 3. Triangular comparison of experimentally determined altropyranose ring couplings J1,2, J2,3, J3,4 and J4,5 (cf. Table 1)
with those calculated for three-component equilibrium mixtures of the 4C1, OS2, and 1C4 forms. Contours signify the root
mean-square deviation (i.e. the error σ) between experimental data and those calculated for the three forms as a function of
equilibrium composition, the contour minimum corresponding to the best fit attainable for the distribution of the individual
conformers; contour levels are given in hertz within the range 0.25–4.5 Hz. The ‘empty’ mono-altro-β-CD (1, top triangle) has
its best fit at σmin=0.21 Hz, corresponding to an equilibrium composition of the altropyranose conformations of 61% 1C4, 31%
OS2, and 8% 4C1, i.e., in practical terms, to the presence of OS2 and 1C4 forms in a 1:2 proportion. In the inclusion complex 2
(bottom triangle), the equilibrium is substantially shifted towards the OS2 form (top triangle corner), σmin=0.61 Hz implying an
equilibrium composition of 12% 4C1, 80% OS2, and 8% 1C4 form (i.e., the OS2 form outweighs the others by 4:1)

altrose residue, most notably the doubling of J4,5 (from 3.5 to 7.0 Hz, cf. Table 1), while the others are
influenced less extensively (J3,4 from 3.5 to 4.6 Hz) or not at all (J2,3). Comparison of the couplings found
for 2 with those of the individual idealized altropyranose conformers (Table 1) clearly points towards the
OS2 form as the predominant geometry, or in terms of the triangle representation of the equilibrium
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Table 1
Vicinal 1H–1H coupling constants calculated for an α-D-altropyranoid ring in idealized 4C1, OS2, and
1C4 conformations as compared to those found for mono-altro-β-CD 1 and its adamantanecarboxylate

inclusion complex 2

Figure 4. Ball-and-stick model of mono-altro-β-CD (1) with the solvent-accessible surface superimposed in dotted form (left);
the structure represents the mean geometry obtained from molecular dynamics simulations on 1 in water and subsequent
energy minimization. In contrast to the glucose units (all 4C1), the altropyranose ring (top unit) adopts a OS2 conformation;
all pyranose rings are aligned almost perpendicular to the macrocycle mean-plane. The central cavity of 1 is only slightly
elliptically distorted, and thus able to accommodate round shaped guest molecules like the adamantane carboxylate. On the
right, the side-view cross-section cuts through the surface display the effective extension of the macrocycle and its cavity, with
approximate molecular dimensions in Å

mixture to a composition of 12% 4C1, 80% OS2, and 8% 1C4 (cf. Fig. 3). Hence, in essence, intracavity
inclusion of adamantanecarboxylate into mono-altro-β-CD results in a significant conformational change
within the altrose portion, such that the 1C4 form predominating the equilibrium mixture in the ‘empty’
host is induced in the inclusion complex to shift to the OS2 conformation which outweighs others by a
factor of 4:1.

In summary, recourse to flexibility-modified cyclodextrins offers highly attractive lipophilic hosts for
mimicking the dynamic induced-fit mode of enzyme action and thus has high potential for the design of
realistic artificial enzymes. To this end, further inclusion complexation studies with the various di-altro-
cyclodextrins14 and the highly flexible cycloaltrins with six,15 seven,16 and eight17 α(1�→4)-linked altrose
units are presently being pursued and shall be reported on in due course.
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Figure 5. MOLCAD program-generated molecular lipophilicity patterns (MLPs) of 1: the relative hydrophobicity on the
molecular surface of 1 is visualized using a color-code ranging from dark blue (most hydrophilic areas) to yellow-brown (most
hydrophobic regions). On the left, the intensively hydrophilic (blue) side of the macrocycle carries the 2-OH/3-OH groups; the
half-opened surface with the ball-and-stick model insert displays the hydrophobic (yellow) surface regions around the 6-CH2OH
groups. The right picture provides the side-view MLP of 1, with closed and bisected surface representations exposing the shape
and lipophilic characteristics of the central cavity as well as the most hydrophobic molecular regions around the primary 6-OH
groups

3. Experimental

The NMR measurements were performed on a JEOL JNM A-500 spectrometer equipped with standard
additions for H–H COSY homo-decoupling and HOHAHA techniques, whose application was necessary
for determining in 1 the chemical shifts for the altrose ring protons H-2, H-3, H-4, and one of the H-6, as
well as J2,3, J3,4 and J4,5. For the inclusion complex 2, only the chemical shift and J1,2 of the anomeric
altrose proton can directly be extracted from the 1H NMR spectrum; all other data (cf. Fig. 2 and Table 1)
required recourse to H–H COSY and HOHAHA techniques as well as NOE experiments (irradiation with
H-1).

The measurements of chemical shift changes as a function of concentrations (so-called NMR titrations)
for determination of the association constant K followed standard methodology.24

Calculation of the molecular contact surfaces and the respective hydrophobicity potential profiles
(MLPs) was performed using the MOLCAD25,26 molecular modeling program and its texture mapping
option.27 Scaling of the MLP profiles was performed in relative terms (most hydrophilic to most
hydrophobic surface regions); no absolute values are displayed.
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Abstract

The conformational features of cyclooligosaccharides composed of �-(1�3)- and �-(1�6)-linked galactofuranose
units, i.e., cyclo [D-Galf�-(1�3)]n with n=4 (1) and 5 (2), and cyclo [D-Galf �-(1�6)]n with n=3 (3) and 4 (4), were
investigated by means of Monte Carlo simulations. The flexibility of the macrocyclic backbone strongly favors bent
and asymmetrical conformations over round geometries. Generation of the molecular surfaces of the global
minimum-energy structures reveals disk-type shapes for 1–4 without through-going central cavities, yet distinct
indentations close to the O-2/O-3 groups, respectively. The molecular lipophilicity patterns prove these surface dents
to be hydrophobic for the �-(1�6)-linked cyclogalactans 3 and 4, whereas their �-(1�3)-linked counterparts display
an inverse situation with a hydrophobic outer core structure. © 1999 Elsevier Science Ltd. All rights reserved.

Keywords: Oligogalactosides, cyclic; Cyclodextrin analogs; Cyclogalactofuranosides

1. Introduction

The starch-derived cyclodextrins with six,
seven, and eight �-(1�4)-linked glucopyra-
nose units have enjoyed a preeminent position
in supramolecular chemistry as their capabil-
ity to form inclusion complexes and, hence, to
function as enzyme models has contributed
substantially to our understanding of molecu-
lar recognition processes in general, and en-
zyme reactions in particular [2]. Their
macrocycles are characterized by a remarkable
structural rigidity, such that they are capable

of mimicking the classic lock-and-key concept
of enzyme specificity [3] rather than the more
realistic induced-fit mode [4], which entails
guest-induced conformational changes toward
a transition state geometry.

Several options have been realized — by
synthetic means invariably — to introduce
flexibility into the common, overly rigid cy-
clodextrins. Thus, the �-(1�4) linkup of the
glucopyranose residues has been changed to
�-(1�6) [5] and �-(1�6) [6] connections,
thereby ‘elongating’ the intersaccharidic link
from a singular oxygen to an O�CH2 joint;
unfortunately, the respective cyclooligosaccha-
rides have only been characterized as their
benzyl ethers [5] or peracetates [6] and, except
for a dimer [7], hardly any information is
available on the conformation of their macro-
cycles [5b]. Configurational inversion of the
glucose-2-OH in the cyclodextrins, resulting
(formally) in the cyclomannins [8], had little

� Molecular modeling of saccharides, Part 22. For Part 21,
see Ref. [1]. — Presented in part at the 9th International
Symposium on Cyclodextrins, Santiago de Compostela,
Spain, May 1998, Abstract 2-P-4.

* Corresponding author. Tel.: +49-6151-162-376; fax: +
49-6151-166-674.

E-mail address: fwlicht@sugar.oc.chemie.tu-darmstadt.de
(F.W. Lichtenthaler)
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effect on the flexibility of the macrocycles, as
the 4C1 geometry of the pyranoid rings is rigid
enough to be retained [9] — a state that also
holds for the cyclorhamnins [10,11] and for
cyclooligosaccharides with alternating L-
rhamnose and D-mannose units [12].

The first non-glucose cyclooligosaccharides
with substantial macrocyclic flexibility proved
to be those containing altrose residues, i.e.,
cyclodextrins in which the configuration at
C-2 and C-3 has been inverted: mono-altro-�-
cyclodextrin undergoes conformational
changes in its altrose moiety upon inclusion of
adamantane-carboxylate [13], and the cycloal-
trins composed of six [14], seven [15], and
eight [16] �-(1�4)-linked D-altropyranose
units are thoroughly flexible, adopting a vari-
ety of macrocyclic conformations in solution
[1].

As furanoid rings display a higher pseu-
dorotational mobility than their pyranoid
counterparts, cyclooligosaccharides composed
of furanoid sugar units are apt to be more
flexible in their macrocycle. This expectation,
however, has not materialized in the inulin-
derived [17] cyclofructins; their six, seven, or
eight �-(1�2)-linked fructofuranose units are
spiro-anellated onto a crown-ether backbone
thereby conferring rigidity on their macrocy-
cles [18]. By contrast, the cyclogalactans com-
posed of �-(1�3)-, �-(1�5)-, and
�-(1�6)-linked galactofuranose units
(Scheme 1) — in fact the first non-glucose
cyclooligosaccharides prepared synthetically
[19] — are likely to provide larger macro-

cyclic flexibility, not only due to the higher
pseudorotational mobility of the furanoid
rings, but as a consequence of, in the �-(1�
6)-linked species in particular, the larger num-
ber of atoms bridging the furanose residues
and the steric strain imposed by the respective
macrocyclic assemblies.

Due to the rather modest yields in their
preparation by cycloglycosylation of tritylated
1,2-O-(1-cyano)ethylidene derivatives of D-
galactofuranose [19], neither the molecular ge-
ometries of these cyclogalactans nor their
capabilities to form inclusion complexes were
investigated. In view of their potential to func-
tion as flexible hosts in molecular recognition
processes, we have initiated a molecular mod-
eling study, for which we selected, as exam-
ples, the tetra- and pentamer of the
�-(1�3)-cyclogalactofuranosides 1 and 2,
and, due to their higher flexibility, the trimer
(3) and tetramer (4) of the �-(1�6)-type
analogs (Scheme 2).

2. Results and discussion

Conformational analysis of �-D-galactofura-
nose.—Since comparatively few furanoid ring
systems of pentoses and hexoses have been
analyzed in detail — D-ribose, 2-deoxy-D-ri-
bose [20], D-arabinose [21], D-fructofuranose
[22], and D-psicose [23] are notable examples
— a pre-condition for elaborating the molecu-
lar geometries of furanoid cyclogalactans was
a detailed conformational assessment of their
building unit, i.e., �-D-galactofuranose itself.
The adiabatic energy potential surface of the
ring conformations of �-D-galactofuranose,
determined using the PIMM91 force field [24],
reveals a single, broad energy minimum in the
western part of the pseudorotational turntable
within the 4T3 � 4E � 4T0 � E0 region for the
furanose rings (cf. Fig. 1). This distinct prefer-
ence for the western part of the Cremer–Pople
parameter [25] plot (q/� plane) is obviously
due to the opposite tendency of the bulky
exocyclic substituent at C-4 and the anomeric
OH to occupy pseudoequatorial and pseu-
doaxial orientations towards the ring,
respectively.Scheme 1.
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Scheme 2.

The three �-D-galactofuranose structures in
the CCDF data file [26], i.e., compounds 5
[27], 61 [28], and 71 [29] (Scheme 3), have
1T0 � 1E � 1T2 geometries. Thus, the confor-
mational preference of the furanoid ring in the
highly O- and C-substituted galactose deriva-
tives 5–7 with different anomeric substituents
is only slightly shifted from the 4E global
minimum for the unsubstituted �-D-galacto-
furanose (Fig. 1) — a reasonable agreement
between in vacuo force-field calculations and
crystal structure results.

Further supportive evidence for the rele-
vance of the in vacuo geometries calculated
can be derived [30] from the 1H NMR 3JH�H

coupling constants of 31 �-D-galactofura-
nose derivatives2 described in the literature

[27–31], as the majority (22) of their furanoid
solution geometries fall into the
4E � 4T0 � E0 � 1T0 range, i.e., into the west-
ern part of the pseudorotational itinerary
within 10 kJ/mol above the force-field-derived
global energy minimum depicted in Fig. 1.
This congruence of computational and 1H
NMR-derived data attests to the relevance of
the furanoid geometries obtained by either of
the two methods.

Molecular geometries of the cyclooligogalac-
tosides 1–4.—For generation of the macro-
cyclic geometries of 1–4, a pre-optimized
galactofuranose unit was used to construct
various symmetrical and asymmetrical starting
structures, which were then subjected to con-
formational analysis using Monte Carlo and
Random Walk techniques [32] to search for
the global energy minimum of each com-
pound. An adapted corner-flipping procedure
[33] was used to effectively vary the ring ge-
ometries of the furanose units as well as of the
macrocyclic backbone without breaking bonds

1 The furanoid ring conformation for 6 is incorrectly given
as 4E in Ref. [28]; the ring geometry of 7 was reconstructed
from Ref. [29] due to missing 3D-coordinates in the database.

2 A detailed discussion and conformational evaluation of
these �-D-galactofuranose derivatives on the basis of the
coupling patterns (mainly in CDCl3, yet some in D2O, ace-
tone-d6 and pyridine-d5) is contained in Ref. 31.
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Fig. 1. Left: Adiabatic energy map of �-D-galactofuranose as a function of the Cremer–Pople parameters [25] — i.e., the
puckering amplitude q and the phase angle � — calculated by molecular mechanics using the PIMM91 [24] force field. The
bold-faced square marks the global energy minimum corresponding to the conformation displayed underneath (4E form slightly
distorted towards the 4T0 geometry), the structures to the left represent the furanose conformations within the 4T3 � E0 range of
the pseudorotational turntable. The solid-state conformations of 5–7 are indicated by the solid points on the energy potential
surface. Right: a 3D plot of the relative Boltzmann distribution of conformers calculated for T=300 K, indicating finite
conformer probabilities within the 10 kJ/mol level.

in the different rings. From these extensive
procedures, the global minimum-energy struc-
tures for the cyclogalactans emerged as 1E for
the preferred furanose geometry of the �-(1�
3)-linked species 1 and 2, versus the 4T3 envel-
ope form for the �-(1�6) analogs 3 and 43.
Although the furanose ring shapes in 1–4
appear to be high in energy as they are located
approximately +15 kJ/mol above the global
minimum of the �-D-galactofuranose energy
potential surface (Fig. 1), these structures
reflect the different types of substitution of the
five-membered rings [free furanose versus �-
(1�3)- and �-(1�6)-linkages] (Fig. 2). In
toto, the experimental (solid-state structures
and NMR) and computational data both
point towards preferred furanose geometries
in the western part of Fig. 1.

The high flexibility of the furanoid rings,
most notably in the �-(1�6)-linked species in

3 and 4 with four torsion angles involved,
leads to structures of low symmetry being
favored with increasing ring size of the macro-
cycles. The energy-minimum geometries of 1–
4 displayed in Fig. 3 show that the small ring
homologs 1 and 3 retain symmetry as much as
possible (C4 and C3, respectively), but 2 and 4
prefer C1 (asymmetric) and C2-type structures.

In the case of 3, and to a lesser extent in 4,
the conformational symmetry is only retained
through favorable intramolecular hydrogen
bonding interactions of the 3-OH···O-6 and
5-OH···O-4� type. As in aqueous solutions,
these effects are expected to become less im-
portant, conceivable conformational equilibria
are likely to be shifted towards asymmetric
forms.

Scheme 3.

3 The 3D structures can be viewed at http://
caramel.oc.chemie.tu-darmstadt.de/immel/3Dstructures.html;
MOLCAD graphics are available at http://caramel.oc.chemie.
tu-darmstadt.de/immel/molcad/gallery.html.
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Fig. 2. Schematic representation of the furanose geometries
calculated for cyclogalactofuranosides 1–4: 1E conformation
for the �-(1�3)-linked cyclooligosaccharides 1 and 2 vs. 4T3

form for the �-(1�6) analogs 3 and 4.

A different situation prevails for the �-(1�
6)-cyclogalactosides 3 and 4 (Fig. 4, bottom):
the type of intersaccharidic linkage, their in-
creased flexibility, and the altered orientation
of the furanoid rings in relation to the macro-
cycle cause an inverse alignment of hy-
drophilic and hydrophobic surface regions. As
the 5-OH groups are directed towards the
central surface dents, they provide a hy-
drophilic environment that is augmented by
the 3-OH groups, whereas on the back the
close alignment of the O-4 ring atoms con-
tributes to the slightly less hydrophilic regions.
The most hydrophobic surface areas of 3 and
4 are situated on the outer edge of the macro-
cycles, and are made up by the C1H, C3H, and
C5H�C6H2 fragments.

In sum, this molecular modeling study of
the furanoid cyclogalactans 1–4 provides reli-
able insights into their molecular architecture,
such that they not only lack round geometries
— the circular shapes depicted in the chemical
formulae for 1–4 are grossly misleading —
but also central cavities with which to form
inclusion complexes similar to those given by
the cyclodextrins. At most, the formation of
loose sandwich-type adducts is conceivable.
The larger homologs of the �-(1�6)-cyclo-
galactosides, however — from the hexamer
on, presumably — should be capable of
adopting a plethora of macrocyclic conforma-
tions in solution, including some with a
through-going cavity, from which a guest may
select the one most suited for its inclusion.
Thus, these galactofurano-cyclooligosaccha-
rides are apt to evolve into attractive flexible
models for mimicking the dynamic induced-fit
mode of molecular recognition, once they be-
come accessible on a scale to study their
supramolecular properties.

3. Experimental

All calculations were carried out using the
PIMM91 force-field [24] program with exter-
nal conformational search algorithms [35],
which has been shown [36] to accurately re-
produce anomeric and exoanomeric effects. A
dielectric constant of =1.0 was used for all
calculations without the implicit incorporation

The molecular contact surfaces computed
for 1–4 as well as the corresponding surface
cross-section cuts (cf. Fig. 3), provide evidence
for the disk-type shapes of these macrocycles
with small puckering amplitudes (i.e., out-of-
plane deviations of ring atoms between the
furanose units) of less than 0.5 A� along their
backbones. The surface models not only dis-
play the effective steric extensions of these
molecules and their lack of central cavities to
form inclusion complexes, but also allow the
mapping of their lipophilicity patterns in
color-coded form, as has already proved use-
ful in earlier studies to assess the properties of
cyclodextrins [34] and related compounds [11].

Molecular lipophilicity patterns (MLPs).—
Besides the steric demands in 1–4, their hy-
drophobic characteristics are of major interest
to evaluate their properties. In Fig. 4, the
corresponding MLPs were computed and
mapped in color-coded form onto the contact
surfaces of Fig. 3. Most remarkably, these
graphics reveal a fundamental difference in
the distribution of hydrophilic and hydropho-
bic surface areas for both classes of the �-(1�
3)- and �-(1�6)-linked cyclogalactans. In the
former case, i.e., 1 and 2 (Fig. 4, top), the
surface is significantly indented in the center
without elaborating ‘through-going’ central
cavities. Due to their association with the
O1�C2H�C3H fragments of the galactofura-
nose moieties, these surface dents are remark-
ably hydrophobic, whereas O-4 and the side
chain 5-OH and 6-OH groups render the op-
posite molecular sides much more hydrophilic.
Most notably, the outer rim of the disk-
shaped molecules carrying the 2-OH hydrox-
yls is predominantly hydrophilic.
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Fig. 3. Global minimum-energy structures of the cyclogalactofuranosides 1–4 with their contact surfaces in dotted form;
intramolecular hydrogen bonding interactions are indicated by bold dots. All structures are displayed perpendicular to the
macrocycles with the O-2/O-3 sides facing the viewer. In addition, surface cross-section plots are shown with approximate
molecular dimensions in A� ; cross-cuts were obtained from the intersection of molecular surfaces with a rotating plane (360° in
steps of 10°) perpendicular to the mean macro-ring planes, and superimposed.
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Fig. 4. MOLCAD program-generated molecular lipophilicity patterns (MLPs) projected onto the contact surfaces of the �-(1�3)-
(top: 1 and 2) and �-(1�6)-linked cyclogalactofuranosides (bottom: 3 and 4). The color code was adapted to the range of relative
hydrophobicity calculated for each molecule, ranging from dark-blue for the most hydrophilic areas to full yellow corresponding
to the most hydrophobic surface regions. The orientation of all models is such that the O-2/O-3 atoms face the viewer (cf. Fig.
3), whereas the furanoid ring oxygens (O-4) are directed toward the rear; the half-opened models on the bottom each visualize the
molecular orientation as well as the surface properties of the rear side.
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of solvent models. A pre-optimized galacto-
furanose unit was assembled to various sym-
metrical and asymmetrical starting structures
of the cyclogalactofuranosides 1–4, which
were then subjected to conformational analy-
sis using Monte Carlo and Random Walk
simulations [32]. An adapted corner-flapping
procedure [33] was used to effectively vary the
ring geometries of the furanose units as well as
the macrocyclic backbone without breaking
bonds in the different rings; all exocyclic tor-
sion angles (�OH and �CHOH�CH2OH
groups) were treated as flexible. Proper sam-
pling of the conformational space was ensured
by converging global minimum-energy struc-
tures and molecular parameters. For the
global minimum-energy structures obtained,
the molecular contact surfaces [37], cross-sec-
tion cuts (Fig. 3) [35], and lipophilicity pat-
terns (MLPs, Fig. 4) [38] were computed;
color-coded representations were generated
using the MOLCAD [38] modeling program.
Color-coded projection of the MLPs onto the
corresponding contact surfaces was done by
applying texture mapping strategies [39], using
a two-color code graded into 32 shades, rang-
ing from dark-blue for the most hydrophilic to
yellow for the most hydrophobic areas. Scal-
ing of the MLP profiles was performed in
arbitrary units and in relative terms for each
molecule separately (from most hydrophilic to
most hydrophobic surface regions); no abso-
lute values are displayed. Color graphics were
photographed from the computer screen of a
Silicon-Graphics workstation.
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Abstract—An oxidation/reduction sequence readily converts �- and �-cyclodextrin into hydroxymethyl-substituted crown acetals
with 35-C-14 and 40-C-16 skeletal cores. X-Ray analysis of their well crystallizing peracetates reveals the 40-membered ring of the
�-CD derived octaacetal to mould into an undulated four-loop structure with alternating gauche and anti-conformations of the
eight meso-butanetetrol units, the overall shape resembling a four-leaf clover. In the �-CD derived, 35-membered crown
heptaacetal, six of the seven glycolaldehyde/butanetetrol segments are lined up in alternating gauche/anti arrangements with the
seventh, uneven unit inserted in gauche orientation. In solution, however, the macrocycles are highly flexible as evidenced by their
1H and 13C NMR spectra, which at 300 K show only one set of signals for the respective -CHR-CHR-O-CHR-O- units
(R=CH2OH or CH2OAc). © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Macrocycles exclusively containing acetal oxygens, and
hence, deserving the designation crown acetal,2 are rare,
the presently known examples being limited to systems
with one3 or two4 formaldehyde/alkanediol acetal units,
i.e. containing only two or four oxygens in the ring.5

Cycloacetals with a higher number of ring oxygen
atoms, albeit never considered as such, happen to be
the products generated by periodate oxidation of cyclic
oligosaccharides. The polyaldehydes derived from �-,
�-, and �-cyclodextrin6 de facto constitute macrocycles
with 30-crown-12, 35-crown-14, and 40-crown-16 skele-
tal backbones, yet have eluded unequivocal structural
characterization due to their manifold possibilities of
elaborating cyclic acetals, hemiacetals and hemialdals.
Of the products ensuing from borohydride reduction,
the �- and �-cyclodextrin-derived polyhydroxymethyl-
30-C-12 and 35-C-14 crown acetals 1 and 3 have been
prepared,7,8 yet only the 30-membered ring of the well-
crystallizing peracetate of 1, i.e. 2, has yielded to an
X-ray analysis, unveiling the macrocycle to be molded
into an undulated three-loop core with a unique order

of succession of the -CHR-CHR-O-CHR-O- units:
alternating gauche and anti-conformations of the meso-
butanetetrol portions and consecutive disposition of the
glycolaldehyde–acetoxymethyl groups above and below
the mean-plane of the backbone.8 In solution, however,
the macrocycle is highly flexible,8 providing a suitable
host for mimicking the induced-fit mode of molecular
recognition9—rather than the rigid lock-and-key-type
mechanism10—as the host can sterically adapt to a
guest to be bound and incorporated. In continuation of
our studies towards the generation of flexible hosts11 to
probe the induced-fit mode of guest inclusion, we here
wish to report on the equally unique molecular
geometries for the �- and �-CD-derived crown acetals 4
and 6.

2. Results and discussion

Periodate oxidation of �- and �-CD was performed on
a preparative scale (5–10 g) by keeping their aqueous
solutions with a three molar excess of oxidant at 0–4°C
for 5–7 days. The resulting CD–polyaldehydes obtained
as chromatographically uniform powders, were sub-
jected directly to reduction with NaBH4 in methanol,
yet the polyhydroxymethyl-substituted crown acetals 3
and 5 are preferably isolated the well-crystallizing per-
acetates 4 and 6, respectively, obtainable with yields in
the 80–90% range based on �- and �-CD. Subsequent

* Corresponding author. Tel.: +49-6151-16 5277; fax: +49-6151-16
6674; e-mail: lemmi@sugar.oc.chemie.tu-darmstadt.de

† Part 29 of the series Molecular Modeling of Saccharides. For Part
28, see Ref. 1.
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Zemplén deacetylation (NaOMe/MeOH) then smoothly
afforded the respective polyols, i.e. the heneicosa-
(hydroxymethyl)-35-crown-14 heptaacetal 3, and its
homolog, the tetraicosa-(hydroxymethyl)-40-crown-16
octaacetal 5, both in crystalline form. None of the
crown acetals prepared showed any rotational value,
which was to be expected, as the butanetetrol units
generated from the CDs by the periodation–reduction
sequence have erythro configuration and erythritol is a
meso compound (Scheme 1).

Unlike the hydroxymethyl-substituted crown acetals 3
and 5, which as of now, only gave crystals unsuitable
for X-ray analysis, their peracetates 4 and 6 did,
straightforwardly unravelling their molecular
geometries (cf. Fig. 1).

In the �-CD-derived 40-C-16 octaacetal 6, the 40-mem-
bered macrocycle is molded into four loops with the
eight acetoxymethyl groups of the glycolaldehyde acetal
units pointing alternatingly above and below the undu-
lated mean-plane of the macrocyclic backbone. Simi-
larly, the eight meso-butanetetrol units adopt
alternating gauche- and anti-arrangements of their two
acetoxymethyl groups (Fig. 1, top right). In this, the
molecular arrangement is reminiscent of the folding of
the �-CD-derived 30-C-12 analog 2, in which the 30-
membered ring is organized into three loops (Fig. 1, top
left). Insertion of two further -CHR-CHR-O-CHR-O-
groupings (with R=CH2OAc) into the three looped
30-membered ring of 2 simply results in the elaboration
of a fourth loop.

In the case of the �-CD-derived crown heptaacetal 4,
having seven, i.e. an uneven number of butanetetrol/
glycolaldehyde segments, six of these units are lined up
in alternating gauche/anti arrangements with the sev-
enth residue being inserted into the macrocycle in

gauche conformation (Fig. 1, top center); obviously
incorporation of the ‘uneven’ butanetetrol unit in an
anti-geometry would result in two successive anti-dis-
posed glycol fragments inflicting considerable strain
into the macrocycle.

The center row of Fig. 1 displays a single unit cell for
the solid-state structures of 2, 4, and 6 with a colored
representation of the Hirshfeld surfaces12 of each
molecule. These surfaces are roughly equivalent to the
solvent accessible surfaces13 for each molecule, yet for
crystal lattices they are obtained as non-overlapping
molecular surfaces arising from partitioning of the crys-
tal space according to the volume occupied by each
molecule. The front opened forms with ball-and-stick
models inserted display the unit cell of 2 (Fig. 1, center
left) to contain two molecules of the 30-C-12 hexa-
acetal, both molecules being symmetry-related with
each other (Z=2, space group Pn) through a sliding
mirror plane. Obviously, the achiral compound 2
adopts two mirror image conformations with alternat-
ing (+)-gauche/anti (yellow Hirshfeld surface) and (−)-
gauche/anti (orange) arrangements, respectively. Similar
conditions are observed in the structures of 4 and 6
(space groups P� and C2/c) in which four molecules per
unit cell were established: in the case of 4, two symme-
try independent molecules are correlated with their
mirror image conformers through symmetry operations
(Fig. 1, center), whilst for 6 (Fig. 1, center right) all
four molecules are symmetry related in the crystal
lattice (pair wise mirror image conformers). In particu-
lar, the ribbon models of Fig. 1 (bottom row) display
the mode of stacking of the individual macrorings in
the solid-state structures.

Unlike the 30-C-12 crown acetal 2, which crystallized
from 95% ethanol as such, both the 35-C-14 and 40-C-
16 homolog obtained in crystalline form from the same

Scheme 1. Synthetic access to large ring crown acetals with repetitive C-C-O-C-O- fragments in their skeletal backbones: �-, �-,
and �-cyclodextrin-derived hydroxymethyl substituted analogs composed of six, seven, and eight consecutive D-erythrose/glyoxal
or—upon hydride reduction—meso-butanetetrol/glycolaldehyde segments.
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Figure 1. Solid-state structures of the 30-C-12 (2, left), 35-C-14 (4·H2O, center), and 40-C-16 (6·H2O, right) polyacetal peracetates.
In the top row, all -CH2OAc ring substituents and hydrogen atoms have been removed for visualization, the semi-transparent
ribbon models are colored according to the alternating (+)-gauche (yellow) and anti (blue) conformations of the constituting
meso-butanetetrol residues. The center entries display a single unit cell for each structure with the non-overlapping Hirshfeld
surfaces indicating the crystal volumes occupied by each molecule. Symmetry related mirror image conformations of the achiral
compounds with alternating (+)-gauche/anti and (−)-gauche/anti meso-butanetetrol units are labelled by yellow and red surface
colors, respectively. The bottom row ribbon models show the mode with which water molecules (blue spheres) are incorporated
into the crystal lattice of 4 and 6: whilst in 4 the water occupies interstitial positions between the macrocycles (center row), in 6
each water molecule is fully included into a 40-C-16 octaacetal host (right row).

solvent, incorporated one water molecule per macrocycle
(rather than ethanol) into the crystal lattice. Whilst in 4
the four water molecules per unit cell (blue surfaces and
blue spheres in Fig. 1) occupy interstitial places between
the macrocycles (in Fig. 1, center, only two of the four
water molecules are visible, the others being covered by
the surfaces of front crown-acetals), the water of crystal-
lization is fully immersed into the macrocyclic hosts of
6, occupying almost the center of geometry of the 40-C-16
octaacetals in an inclusion complex type fashion, de facto
filling their entire inner space.

A detailed plot of the ring geometries of 4 and 6 is provided
by Fig. 2, in which selected meso-butanetetrol residues

have been labelled according to their conformation about
the central C�C bond. Whilst the ‘even’ membered
40-C-16 octaacetal 6 allows for an fully alternating
gauche/anti succession of the repeating unit within the
ring, the ‘uneven’ 35-C-14 heptaacetal features two
neighboring gauche residues in the macrocycle.

2.1. Solution geometries

The quite elaborate, well-organized structures found for
the solid-state do not survive on dissolution in water in
the case of the hydroxymethyl substituted crown acetals
3 and 5, or in organic solvents such as chloroform for
the peracetates 4 and 6. As clearly evidenced by their 1H
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Figure 2. Comparison and ball-and-stick models of the solid-state ring conformations of the 35-C-14 heptaacetal and 40-C-16
octaacetal peracetates 4 and 6. For visualization of the macrorings all ring carbon atoms are colored yellow, all hydrogen atoms
and the acetyl groups of the substituents were left off for clarity. Representative meso-butanetetrol units are labeled according to
their conformation (+)-gauche and anti ; note the two consecutive (+)-gauche-oriented residues in the structure of the ‘uneven’
35-membered ring of 2 on the left.

and 13C NMR spectra, as of now measured only at
27°C (300 K), the macrocyclic crown acetals are highly
flexible. Thus, for each, i.e. 3 and 5 in D2O, 4 and 6 in
CDCl3), only one averaged set of signals is observed for
the seven resp. eight -CHR-CHR-O-CHR-O- units: 5
Hz triplets for H-2 and doublets for the CH2-protons of
the glycolaldehyde acetal groups, 9–9.5 Hz triplets for
H-4/H-5, and, invariably, the butanetetrol-4- and 5-
CH2OH protons as the AB part of an ABX system,
with X being H-4 and H-5; the same holds for the 13C
NMR signals, showing three distinct resonances for the
core carbons of the macrocycles, which could be
unequivocally assigned on the basis of CH-decouplings.
By consequence, in solution the 35-C-14 and 40-C-16
crown acetals are highly flexible macrocycles in which
the seven resp. eight monomeric -CHR-CHR-O-CHR-
O- units (with R=CH2OAc), strung together to 35- and
40-membered cycles, are fully equilibrated and, hence,
identical when observed in NMR time scale.

In turn, this high flexibility predisposes the crown
acetals to adapt their conformation to guests for incor-
poration in a guest–host relationship and thus meet our
aims for acquiring flexible hosts to study the induced-fit
mode of molecular recognition. The peracetylated
crown acetals 4 and 6, as evidenced by Fig. 1 (mid-cen-
ter and center right), display a distinct affinity to water,
incorporating one molecule per macrocycle even when
crystallized from 95% ethanol. The inclusion behavior
of the crown acetals 3 and 5, featuring 21 resp. 24
highly hydrophilic hydroxymethyl groups around the
macrocycle, is different. The 35-C-14 heptaacetal 3
exhibits a distinct predilection for alcohols forming, on
the basis of 1H and 13C NMR evidence, 1:1 complexes
with ethanol or n-propanol when crystallized from

these solvents. Fig. 3, depicting the surprisingly simple
1H NMR spectrum of 3·n-PrOH in D2O gives ample
proof of 1:1 complex. The type of binding though, i.e.
whether the guest sits inside or outside the cavity—in
D2O it may be even in solution—must await X-ray
analysis of the crystals, which as of now have not been
obtained in a suitable form.

By contrast, the 40-crown-16 octaacetal 6 has no ten-
dency at all to incorporate low molecular weight alco-
hols when crystallized therefrom, conceivably because
its cavity can entertain only larger, possibly more
hydrophobic guests. Investigations along this vein are
presently being performed.

3. Experimental

3.1. General methods

Melting points were determined on a Bock Monoskop
apparatus and are uncorrected. High-resolution mass
spectra (ESI-MS) were recorded on Varian MAT 311
and MAT 212 spectrometers. 1H and 13C NMR spectra
were recorded on a Bruker Avance 500 instrument at
500 and 125 MHz at 300 K, respectively; 13C NMR
were proton decoupled. Chemical shifts are given in
ppm relative to tetramethylsilane (CDCl3) and sodium
2,2,3,3-tetradeutera-3-trimethylsilylpropionate (D2O) as
internal standards. Elemental analysis were determined
on a Perkin–Elmer 240 elemental analyzer. Analytical
thin-layer chromatography (TLC) was performed on
precoated Merck plastic sheets (0.2 mm silica gel 60
F254) with detection by UV (254 nm) and/or spraying
with H2SO4 (50%) and heating.
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Figure 3. 1H NMR spectrum (500 MHz in D2O) of the 35-C-14 heptaacetal 3 obtained after dissolution of a sample of 3
previously crystallized from n-propanol. Besides a single time-averaged set of signals observed for the seven repeating units of 3,
the n-propanol resonances show the formation of a 1:1 inclusion complex.

3.1.1. X-Ray structures. Suitable crystals of cycloacetals
4 and 6 were analyzed on a Siemens CCD three-circle
diffractometer with graphite-monochromated Mo K�
(	=0.71073 A� ) radiation. The structures were solved by
direct methods (SHELXL-97) and successive Fourier
synthesis. Refinement (on F2) was performed by the
full-matrix least-squares method with SHELXL-97.14

All non-hydrogen atoms were refined anisotropically;
hydrogen atoms were considered in calculated positions
with the 1.2 Ueq value of the corresponding bound
atom. Experimental details of the structure determina-
tions are summarized in Table 1.

Crystallographic data (excluding structure factors) for 4
and 6 have been deposited with the Cambridge Crystal-
lographic Data Centre as supplementary publication
no. CCDC-143712 and CCDC-143713. Copies of the
data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,
fax: (+44) 1223 336-033, or e-mail: deposit@ccdc.cam.
ac.uk.

3.1.2. Computational details. Calculation of the molecu-
lar Hirshfeld surfaces12 and generation of molecular
graphics was performed using the MolArch+ program.15

3.2. Heneicosa-(acetoxymethyl)-35-crown-14 heptaacetal
416,17

�-Cyclodextrin (7.39 g, 6.5 mmol) was added with
stirring to a cooled (0–5°C), aqueous solution of NaIO4

(13.9 g, 65 mmol, in 400 mL) and the clear solution was
kept at 0°C in a dark ice-box for 7 days, whereafter
TLC revealed a single spot (Rf=0.75 in 2:2:1 nBuOH/

MeOH/H2O) of the respective tetradeca-aldehyde in
one of the various hemiacetal and/or hemialdal hydrate
forms possible. Then 1,2-ethanediol (1.09 mL, 19.5
mmol) was added with stirring to decompose excess
NaIO4 and the mixture was kept at 0°C overnight. An
aqueous BaCl2 solution (6.86 g, 32.9 mmol, in 30 mL)
was then stirred into the mixture resulting in a precipi-
tate, followed by evaporation of the filtrate to dryness
in vacuo. The residue was suspended in dry MeOH (60
mL), kept in a refrigerator overnight, the solids were
filtered off upon addition of charcoal, and the filtrate
was evaporated to dryness in vacuo at �35°C. This
procedure was repeated twice to give a white powder
(8.4 g), which was dissolved in MeOH/water (100 mL,
3:1). Upon cooling (�0°C), NaBH4 (2.0 g) was added
with stirring and the mixture was kept at rt overnight.
Addition of acetone (20 mL) to destroy the excess
reagent, neutralization with cation exchange resin (IR-
120, H+ form), evaporation to dryness, and several
co-evaporations of the residue with absolute MeOH left
polyol 4 as a colorless solid which was dissolved in a
mixture of pyridine (100 mL) and Ac2O (50 mL), and
kept overnight at rt. Subsequent evaporation to dryness
in vacuo at 40°C, followed by co-evaporation with
toluene (3×50 mL) afforded a syrup which was dis-
solved in hot EtOAc, treated with charcoal, filtered,
and evaporated to dryness. The residue crystallized on
dissolution in 95% EtOH and addition of small
amounts of EtOAc to afford 11.62 g (88%) of 4 as
colorless plates of mp 109–111°C; [� ]D22 0.0 (c 2, CHCl3);
lit.:7a mp 106–107°C, 11% yield. ESI-MS: m/z 2053.2
(M+Na+). 1H NMR (CDCl3): � 5.14 (t, 7H, J=5.1 Hz,
2-H), 4.47 (d, 14H, J=9.5 Hz, 4-H, 5-H), 4.12 (broad
28H-m, AB part of an ABX system, 4-CH2, 5-CH2),
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4.03 (d, 14H, J=5.1 Hz, 2-CH2), 2.09 (s, 42H,
14AcCH3), 2.05 (s, 21H, 7AcCH3). 13C NMR (CDCl3):
� 169.5 (AcCO), 99.5 (C-2), 74.7 (C-4, C-5), 63.5
(2-CH2), 62.7 (4-CH2, 5-CH2), 19.6 and 19.7 (AcCH3).
Anal. calcd for C84H126O56·H2O17 (2049.9): C, 49.22; H,
6.29. Found: C, 49.34; H, 6.21.

Crystals suitable for X-ray analysis were obtained by
slow crystallization of 4 from 95% EtOH containing a
small amount of EtOAc; crystal data are summarized in
Table 1.

3.3. Heneicosa-(hydroxymethyl)-35-crown-14 hepta-
acetal 316

3.3.1. 1:1 Complex with 1-propanol (3·n-C3H7OH). To a
solution of 4 (5.00 g, 2.46 mmol) in absolute MeOH
(125 mL) were added a few drops of 2N methanolic
NaOMe and the mixture was stirred at rt overnight.
After neutralization with IR-120 (H+ form) the solution
was evaporated to dryness in vacuo, and the residue
was crystallized from 1-PrOH: 2.54 g (86%) of colorless
plates of mp 145–157°C. ESI-MS: m/z 1172.1 (M+Na+).
1H NMR (D2O): � 5.06 (t, 7H, J=4.9 Hz, 2-H), 4.06
(m. 14H, X-part of an ABX-system, 4-H, 5-H), 3.86
(dd, 14H, J=3.0 and 12.2 Hz, 4-CH2

A, 5-CH2
A), 3.78

(dd, 14H, J=4.8 and 12.2 Hz, 4-CH2
B, 5-CH2

B), 3.66
(d, 14H, J=4.9 Hz, 2-CH2), 3.56 (t, 2H, J=7.4 Hz,
EtCH2O), 1.55 (sext., 2H, J=7.4 Hz, MeCH2CH2O),
0.89 (t, 3H, J=7.4 Hz, PrCH3). 13C NMR (D2O): �
101.6 (C-2), 77.4 (C-4, C-5), 62.7 (EtCH2O), 62.2 (2-
CH2), 59.7 (4-CH2, 5-CH2), 23.7 (MeCH2CH2O), 8.7
(PrCH3). Anal. calcd for C42H84O35·C3H7OH (1209.2):
C, 44.70; H 7.67. Found: C, 44.65; H, 7.78.

3.3.2. 1:1 Complex with ethanol (3·EtOH). An aqueous
solution of 3·PrOH (0.85 g in 20 mL) was evaporated
to dryness at 50°C in vacuo and the residue was sub-
jected to another two evaporations from water. The
resulting powder was crystallized from ethanol to yield
0.74 g (87%) of colorless plates exhibiting an unusually
wide melting range of 125–157°C without decomposi-
tion, undoubtedly due to release of ethanol on melting;
lit.7b mp 125–132°C for a sample believed to be 3, but
obtained by crystallization from ethanol. 1H NMR
(D2O): � 5.07 (t, 7H, J=4.8 Hz, 2-H), 4.6 (m, 14H,
X-part of an ABX system, 4-H, 5-H), 3.86 and 3.77
(two dd for the AB part of an ABX system, 14H each,
4-CH2 and 5-CH2), 3.67 (d, 14H, 2-CH2), 3.64 (q, 2H,
EtCH2), 1.19 (t, 3H, EtCH3). 13C NMR (D2O): � 105.4
(C-2), 80.8 (C-4, C-5), 65.9 (2-CH2), 63.4 (4-CH2, 5-
CH2). Anal. calcd for C42H84O35·C2H5OH (1195.2): C,
44.22; H, 7.59. Found: C, 44.98; H, 7.50.

3.4. Tetraicosa-(acetoxymethyl)-40-crown-16 octaacetal
616

To a stirred and cooled (0–5°C) aqueous solution of
NaIO4 (12.95 g, 60.5 mmol, in 400 mL) �-cyclodextrin
(7.14 g, 5.5 mmol) was added and the clear solution was
kept at 0°C in a dark ice-box for 5 days whereafter
TLC revealed a single spot (Rf=0.75 in 2:2:1 nBuOH/
MeOH/H2O). Then, 1,2-ethanediol (0.92 mL, 16.5
mmol) was added with stirring to decompose excess
NaIO4 and the reaction was worked up in a manner
analogous to that described above for the periodation
of �-CD. The respective polyaldehyde was obtained as
white powder (8.32 g). Subsequent reduction with
NaBH4 (2.0 g) and acetylation with pyridine/Ac2O (2:1,
150 mL) as described for the acquisition of 4 from
�-CD gave a syrup that gradually crystallized on titra-
tion with EtOH/EtOAc and was isolated on standing
overnight at ambient temperature: 10.6 g (82%) as
colorless plates of mp 143.5–145°C; [� ]D22 0.0 (c 2,
CHCl3). ESI-MS: m/z 2345.1 (M+Na+). 1H NMR
(CDCl3): � 5.16 (t, 8H, J=4.9 Hz, 2-H), 4.49 (dd, 16H,

Table 1. Crystal data and structure refinement for the
crown acetal per-O-acetates 4 and 6

4·H2OCompound 6·H2O

C84H126O56·H2OEmpirical formula C96H144O64·H2O
2340.132049.87Formula weight

173(2)Temperature (K) 293(2)
Wavelength (A� ) 0.71073 0.71073
Crystal system Triclinic Monoclinic

P�Space group C2/c
Unit cell dimensions

17.140(2)a (A� ) 36.654(3)
b (A� ) 23.284(3) 12.219(1)

26.374(3) 30.577(3)c (A� )
97.50(1)� (°) 90
97.28(1)� (°) 116.41(2)
97.41(1)� (°) 90
10237(2) 12265.4(19)Volume (A� 3)
4 4Z

1.2671.330Dcalcd (g cm−1)
0.1010.106Absorption

coefficient (mm−1)
F(000) 49594344
Crystal size (mm) 0.33×0.22×0.10 0.55×0.40×0.35
� Range (°) 1.24–27.300.79–27.53

−21�h�21; −46�h�46;Limiting indices
−29�k�30; −15�k�15;

−39�l�39−33�l�32
Reflections collected 92760 77665

12680 (Rint=0.0493)Independent 39750 (Rint=0.0942)
reflections

Absorption EmpiricalEmpirical
correction

0.9761 and 0.9628Max. and min. 0.9927 and 0.9767
transmission

Full-matrixRefinement method Full-matrix
least-squares on F2 least-squares on F2

Data/restraints/ 12680/14/75639750/66/2671
parameters

1.3841.071Goodness-of-fit on
F2

Final R indices R1=0.1463;R1=0.1305;
wR2=0.2569 wR2=0.4019[I�2�(I)]a

R1=0.2578;R indices (all data) R1=0.2436;
wR2=0.3170 wR2=0.4648

Largest difference 0.859 and −0.2810.916 and −0.392
peak and hole
(e A� −3)

a For 4: w=1/[�2(Fo
2)+(0.1165P)2+15.8740P ; for 6: w=1/[�2(Fo

2)+
0.2000P)2+0.0000P, where P=(Fo

2+2Fc
2)/3.



Chapter 6 125

S. Immel et al. / Tetrahedron: Asymmetry 12 (2001) 2767–2774 2773

J=9.4 and 1.3 Hz, 4-H, 5-H, X-part), 4.13 and 4.09
(16H, dd and 16H-m, 4-CH2 and 5-CH2 as an ABX
system), 4.00 (d, 16H, J=5.0, 2-CH2), 2.08 (s, 48H,
4-AcCH3, 5-AcCH3), 2.05 (s, 24H, 2-AcCH3). 13C
NMR (CDCl3): � 170.4 and 170.3 (AcCO), 101.0 (C-2),
76.3 (C-4, C-5), 64.7 (2-CH2), 63.9 (4-CH2, 5-CH2),
20.7 and 20.6 (AcCH3). Anal. calcd for C96H144O64·
H2O17 (2340.1): C, 49.27; H, 6.29. Found: C, 49.29; H,
6.26.

Crystals for X-ray analysis were obtained by slow
crystallization of 6 from 95% EtOH containing a small
amount of EtOAc; crystal data are summarized in
Table 1.

3.5. Tetraicosa-(hydroxymethyl)-40-crown-16 octaacetal
516

Zemplén deacetylation of 6 (2.00 g, 0.85 mmol) was
carried out in a similar manner described above for
(4�3). Crystallization from 1-PrOH afforded colorless
needles (1.00 g, 89%) of mp 163–165°C. ESI-MS: m/z
1335.3 (M+Na+). 1H NMR (D2O): � 5.07 (t, 8H, J=4.5
Hz, 2-H), 4.07 (broad m, 16H, X-part of an ABX-sys-
tem, 4-H and 5-H), 3.83 and 3.78 (two dd of an AB
system, 16H each, 4-CH2 and 5-CH2), 3.67 (d, 16H,
2-CH2). 13C NMR (D2O): � 105.7 (C-2), 81.1 (C-4,
C-5), 65.7 (2-CH2), 63.1 (4-CH2, 5-CH2). Anal. calcd
for C48H96O40 (1313.3): C, 43.90; H, 7.36. Found: C,
43.65; H, 7.44.
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LARGE-RING  CROWN  ACETALS  FROM  CYCLODEXTRINS 
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ABSTRACT

Periodate oxidation followed by borohydride reduction readily converts α-, β-, and 
γ-cyclodextrin into crown acetals with 30-C-12, 35-C-14, and 40-C-14 skeletal 
backbones and a hydroxymethyl group at each of the carbon atoms. Isolated as their 
crystalline peracetate (1 -3) or as such (4 - 6) in yields of 82-92 %, X-ray structures 
revealed their unique molecular geometries: the 30-membered ring in α-CD-derived 1

adopts a three-looped, undulated shape with alternating gauche and anti conformations 
of the six meso-butanetetrol units, and above / below positioning of the six 
glycolaldehyde acetoxymethyl groups. Key structural features of the γ-CD-derived
40-membered macrocycle with 16 ring oxygens are a four-looped, clover-leaf type 
shape in similarly undulated form. In solution though, the macrocycle 1 is highly 
flexible showing one set of NMR signals (1H and 13C) at high temperature (∼80 °C), and 
distinct broadening at ambient temperature, whilst the signals fall into two sets at -
60 °C, indicating a "freezing out" of the solid state molecular geometry. 

1. INTRODUCTION 

Macrocycles exclusively containing acetal oxygens, and, hence, deserving the 
designation crown acetal,[1] are rare, the presently known examples being limited to 
systems with two formaldehyde/alkanediol acetal units, i. e. containing four oxygens in 
the ring.[2] Cycloacetals with a higher number of ring oxygen atoms, albeit never 
considered as such, happen to be the products generated by periodate oxidation of cyclic 
oligosaccharides. The polyaldehydes derived from α-, β-, and γ-cyclodextrin[3]

constitute macrocycles with 30-crown-12, 35-crown-14, and 40-crown-16 skeletal 
backbones, yet have eluded unequivocal structural characterization, conceivably due to 
the manifold possibilities of elaborating cyclic acetals, hemiacetals and hemialdals. Of 
the products ensuing from borohydride reduction and subsequent acetylation,[4] only the 
per-acetoxy methyl 30-C-12 crown acetal 1 and its 35-C-4 analog 2 have been prepared 
− in yields of 0.6 and 11 %[4a] for the three steps from α- and β-CD, respectively − and 
fairly well characterized, yet the sparse NMR data given provided no indications as to 
their molecular geometries. 
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Our past interest in the generation of flexible cyclooligosaccharide hosts[5] to mimic the 
induced-fit mode of enzyme action[6] rather than Emil Fischer's classical static lock-and-
key concept[7] has now led us to preparatively satisfactory syntheses for the α-, β- and 
γ-CD-derived crown acetals 1-6 in crystalline form each, their unequivocal 
characterization and an exploitation of their conformational features via X-ray and 
NMR.
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2. MATERIALS AND METHODS 

Preparation. Periodate oxidation of α-, β-, and γ-CD was performed on a preparative 
scale (5-10 g) by keeping their aqueous solutions with a 3 molar excess of oxidant at 
0-4 °C for 5-11 d. The resulting CD-polyaldehydes obtained as chromatographically 
uniform powders, were directly subjected to reduction with NaBH4 in aqueous 
methanol, yet the polyhydroxymethyl-substituted crown acetals 4, 5 and 6 are 
preferably not isolated at this stage, because peracetylation with acetic 
anhydride/pyridine provides the well-crystallizing peracetates 1-3, isolable in yields in 
the 80-90 % range based on the CDs. Subsequent Zemplén deacetylation 
(NaOMe/MeOH) then smoothly affords the respective polyols, i. e. the 
octadecakis(hydroxymethyl)-30-crown-12 hexaacetal 4,[8] and its 35-crown-14 and 
40-crown-16 analogs 5 and 6.[8] Selected data for 1 - 6:

1: mp 171-173 °C, 92 % yield over 3 steps from α-CD (lit.[4a] mp 162-164 °C, 0.6 %), 
ESI- MS 1763.5 (M + Na+).

2: mp 109-111 °C, 88 % from β-CD, ESI-MS 2053.6 (M + Na+).

3: mp 143.5-145.5 °C, 82 % from γ-CD, ESI-MS 2343.2 (M + Na+).

4: mp 200-203 °C, 84 % from 1, ESI-MS 1007.6 (M + Na+).

5: mp 145-157 °C (cryst. from n-PrOH), 80 % from 2, ESI-MS 1171.4 (M + Na+).

6: mp 163-165 °C, 85 % from 3, ESI-MS 1335.6 (M + Na+).

X-Ray Structures. Details on the X-ray analysis of the α-CD-derived 1 are published 
elsewhere[9]; see also CCDC 143 715. − Crystallographic data for 3: C96H144O64 • H2O,
Mr = 2340.18 g mol-1, monoclinic, space group C2/c, a = 36.654(3), b = 12.219(1), 
c = 30.577(3) Å, β = 116.41(2), V = 12265.4(19) Å3, Z = 4, ρ = 1.266 g cm-1,
µ(MoKα) = 0.101 mm-1, crystal dimensions 0.55 x 0.40 x 0.35 mm, T = 293(2). Of 
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77665 reflections collected on a Siemens CCD diffractometer, graphite-monochromated 
MoKα (λ = 0.71073 Å) radiation, 12680 are independent (Rint = 0.0493). The structure 
was solved by direct methods (SHELXS-97[10]) and successive Fourier synthesis. 
Refinement (on F2) was performed by full-matrix least squares method with SHELXL-
97.[10]

R(F) = 0.1463 for reflections with I ≥ 2σI, ωR(F2) = 0.4648 for all 12680 
reflections (ω = 1/[σ2(Fo

2)+(0.2000P)2+0.0000P); where P = (Fo
2+2Fc

2)/3). All non-
hydrogen atoms were refined anisotropically; hydrogen atoms where considered in 
calculated positions with the 1.2 Ueq value of the corresponding bound atom. 
Crystallographic data (excluding structure factors) for 3 have been deposited with the 
Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-
143 713. 
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Figure 1.  Solid-state topography of the octadecakis(acetoxymethyl)-30-crown-12 hexaacetal 1 in 
conventional formula drawing (upper left) and in ball-and-stick representation with the hydrogen atoms 
and 18 acetyl residues omitted for clarity (upper right): The meso-butanetetrol units alternating in gauche

and anti-conformation versus above / below succession of glycolaldehyde acetal groups. The ribbon 
models (bottom entries) amply illustrate the three-looped shape (bottom left) and its undulatory form 
(bottom right) with the yellow/blue-coloring of the braid signifying the twist of the backbone. [11]
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3. RESULTS AND DISCUSSION 

None of the crown acetals prepared showed any rotational value, which was to be 
expected, as the butanetetrol units generated from the CDs by the periodation-reduction 
sequence have erythro-configuration and erythritol is a meso-compound. An X-ray 
analysis of the α-CD-derived 30-crown-12 hexaacetal 1

[9] revealed the 30-membered 
macrocycle to be molded into three loops with six acetoxymethyl groups of the 
glycolaldehyde acetal units pointing alternatingly above and below the mean-plane of 
the macrocyclic backbone; the six meso-butanetetrol units are similarly alternating 
between gauche- and anti-arrangements for the two acetoxymethyl groups and, hence, 
O−C−C−O−torsion angles (Figure 1). Although the 30-crown-12 macrocycle of 1 is 
anticipated to be quite flexible in solution, both temperature dependent 1H[9] and 
13C NMR patterns in CD2Cl2 and C2D2Cl4, respectively (cf. Figure 2), point towards the 
over-all shape of the solid-state conformation being largely retained in these solvents. 
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Figure 2. 13C NMR spectral patterns of 1 in dependence of temperature, recorded in CD2Cl2 (T = +24 to 
-90 °C) and C2D2Cl4 (24 - 100 °C). At 100 °C there is only one set of carbon atoms indicating full 
flexibility of the macrocyclic core with fast interconversions of any individual conformations; 
coalescence is observed at about room temperature whilst at -90 °C each of the signals is doubled, 
consistent with the notion that the solid-state geometry of 1 with its alternating gauche / anti

arrangements of the six butanetetrol units and the above / below positioning of the glycolaldehyde 
acetoxymethyl groups has been "frozen out". 
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Preliminary X-ray structural data on the γ-CD-derived tetracosakis(acetoxymethyl)-
40-crown-12 octaacetal 3 showed the 40-membered ring to have an undulated four-loop 
structure (cf. Figure 3), not unlike the shape of a four-leaf clover. For the 35-C-14 
analog 2, comprising seven meso-butanetetrol / glycolaldehyde acetal units, we 
envisage its conformational features to resemble that of 1 with the "uneven" unit 
inserted in gauche-orientation into the alternating gauche / anti-arrangements, because 
two successive anti-disposed glycol fragments would enter considerable strain into the 
macrocycle. 

Unequivocal evidence for inclusion compounds of the crown acetals 1 - 6, as of now, is 
not available, yet the unusually broad melting range of the β-CD-derived 5, when 
crystallized from n-propanol (145-157 °C), and the 1H NMR in D6-DMSO, which 
reveals the presence of one equivalent of n-propanol, is strongly indicative of the 
product being a 1:1 complex 5 ⋅ n-PrOH. Whether the guest though sits inside the 
35-C-14-macrocycles cavity or is only associated to hydroxymethyl substituents 
remains to be established. 

Figure 3.  X-ray-derived molecular geometry of the γ-CD-derived tetracosakis(acetoxymethyl)- 
40-crown-16 octaacetal 3 in ball-and-stick representation, illustrating the four-looped clover-leaf type 
structure and its distinctly waved form.[11]
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ABSTRACT

Despite lack of torus stabilization through interresidue hydrogen bonds, 
per-2,3-anhydro-α-cyclomannin adopts almost C6 symmetrical conformations in the 
solid-state structures of its ethanol and 1-propanol inclusion complexes. Thoroughly 
flexible cyclooligosaccharides are obtained from incorporation of α-D-altropyranose
residues into the macroring: mono-altro β-cyclodextrin displays an "induced-fit" type 
complexation of adamantane 1-carboxylate, and α-cycloaltrin (α-CA) is characterized 
by an alternating sequence 4C1 / 

1C4 altrose geometries. Analysis of the conformational 
properties of α-CA reveals a mechanism of global pseudorotational motions in the 
macrocycle. Similar effects are observed in highly substituted cyclodextrin derivatives, 
as well as in cyclofructins, and CD-derived large ring crown acetals. 

1. INTRODUCTION 

The rather static "lock-and-key"[1] type formation of inclusion complexes by 
cyclodextrins (CDs) is caused by their rigid, truncated-cone type structures, which — at 
least for α-, β-, and γ-CD — generally undergo only minor structural changes upon 
incorporation of guest molecules.[2] To mimic biological "induced-fit"[3] type 
mechanisms of inclusion, the strait-jacket of the macrocycles has to be released, and 
some flexibility needs to be introduced into the host molecules. Of the various 
possibilities to affect such modifications, substitution of OH-groups on both the 
secondary and/or primary face of the CDs increases their flexibility through steric 
hindrance and repulsion between neighboring substituents, often also implying a 
lowered torus stabilization through disruption of the ring of interresidue 2-O ... O-3' 
hydrogen bonds.[4] Thoroughly flexible cyclooligosaccharides are also generated from 
exchange of the rather stiff α-D-glucose residues against more flexible pyranose units 
such as α-D-altrose,[5,6] or by per-iodate oxidation of the C-2 - C-3 bonds as 
demonstrated by the CD-derived large ring crown acetals.[7,8] This account describes 
some conformational properties of various flexible non-glucose cyclooligosaccharides. 
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2. RESULTS AND DISCUSSION 

2.1 Per-2,3-anhydro-α-cyclomannin (1)

Per-2,3-anhydro-α-cyclomannin 1
[5,9] is readily available from α-CD in a straight-

forward four-step sequence of reactions, implying protection of the primary 6-OH 
groups and base-induced activation of the 2-OH groups, followed by epoxide ring 
formation and deprotection.[5]
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When crystallized from aqueous ethanol or 1-propanol, 1 accumulates as the ethanol[10]

or 1-propanol[11] 1 : 1 inclusion complex, respectively, with varying amounts of 
co-crystallized water. X-Ray solid-state structural analysis reveals both crystal 
structures to be isomorphic (both trigonal, space group P3212, Z = 6); Figure 1 displays 
segments of the structures. In both complexes, the cyclomannin hosts are stacked in an 
alternating head-to-head and tail-to-tail like fashion along the c-axis, forming layers of 
complex dimers through the epoxide ring carrying faces of the macrocycles. These 
dimeric units are embedded between layers of water molecules, which in turn form a 
hydrogen bonding network with the primary 6-OH groups.[10,11]

Ethanol and 1-propanol are included with opposite regioselectivities: the two ethanol 
molecules entrapped in the cavity of a dimeric unit of the complex form a hydrogen 
bond between their hydroxyl groups.[10] In the 1-propanol complex, the hydroxyl groups 
of the guest molecules form hydrogen bonds towards water molecule in the layer around 
the 6-OH groups, and the two propyl side chains face each other.[11] Obviously, ethanol 
is not large enough to fully occupy the cavity of 1 while forming ethanol - water 
hydrogen bonds, thus leading to the elaboration of a guest-guest hydrogen bond rather 
than leaving a hydrophobic void in the cavity. The 1-propanol guest fills the cavity more 
effectively, and allows for hydrophobic contacts between the alkyl chains in the cavity. 

Without introducing steric hindrance, the six epoxide rings in 1 block the formation of 
2-O ... O-3' interresidue hydrogen bonds, leaving the torus less stabilized than in the 
CDs. However, the two inclusion complexes of 1 display very little variations in the 
almost C6 symmetrical macrocyclic ring conformations of the host molecules. This may 
be — at least in part — attributed to the still rather rigid conformations of the 
2,3-anhydro mannoside residues, which invariably adopt OH5 pyranose ring geometries. 
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Figure 1.  Segments of the crystal structures of the per-2,3-anhydro-α-cyclomannin (1) ethanol[10] (left) 
and 1-propanol[11] inclusion complex (right). Both isomorphic structures feature stacks of head-to-head 
oriented hosts, separated through layers of water molecules (blue spheres). The two guest molecules 
entrapped in the cavity of a complex dimer are displayed as CPK-type models; the opposite mode of 
inclusion of ethanol and 1-propanol is indicated by the schematic plots. 
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Figure 2.  Calculated free energy profile ("potential of mean force", CHARMM) of α-D-altrose in 
aqueous solution (explicit incorporation of solvent water molecules) as a function of the pyranose ring 
conformation; energies are given in kcal/mol. Conformations were driven along the reaction coordinate 
λ = 0.0 → 1.0 through two constrained pyranose ring torsion angles Θ1 (O5-C1-C2-C3) and Θ4

(C3-C4-C5-O5); the hysteresis in the forward and backward direction of λ indicates the error in energy.
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Figure 3. Left:  Schematic representation of the "induced-fit" type formation of the inclusion complex 
between mono-altro-β-cyclodextrin (2) and adamantane-1-carboxylate. The altropyranoid unit is 
conformational flexible in the free host, although the 1C4 form is slightly preferred over the 4C1 and OS2

forms. This equilibrium is significantly shifted towards the OS2 form upon inclusion of the guest. Right:

Molecular models of 2 (top row: free host) and its adamantane-1-carboxylate complex (bottom), with the 
corresponding molecular surfaces superimposed; the altrose units in the macrorings are colored blue, 
respectively. Of the 4C1,

OS2, and 1C4 forms, only the OS2 geometry features an almost symmetrical round 
cavity which is able in include the ball-shaped adamantane guest without major steric hindrance.

2.2 Mono-altro-β-cyclodextrin (2)

More flexible than glucopyranose rings or the above 2,3-anhydro mannopyranose are 
altrose residues, which are synthetically accessible via diaxial-opening of the epoxide 
precursors. It is well established that the 4C1 and 1C4 α-D-altropyranose chair and 
anti-chair conformations are highly flexible.[12] Figure 2 gives the calculated free-
energy profile for the  4C1

OS2 / 
3,OB 1C4 pathway of α-D-altrose: both chair and 

anti-chair geometries are almost equal in energy, whilst the intermediate OS2 / 
3,OB

forms are slightly less stable.[13]

In the case of mono-altro β-CD (2), NMR titrations yielded all proton-proton coupling 
constants of the altropyranose rings in the free host, as well as in its adamantane 
1-carboxylate inclusion complex.[14] Analysis of these values as a function of the altrose 
conformations displays a highly characteristic "induced-fit" type inclusion complex 
formation: the slightly preferred 1C4 altrose ring geometry in free 2 is shifted towards a 
OS2 skew-boat form in the complex.[14] As indicated in Figure 3, only the intermediate 
skew-boat form features a round-shaped cavity, which is able to accommodate the ball-
shaped guest molecule without steric hindrance. 

2.3 α-Cycloaltrin (3)

In the solid-state, α-Cycloaltrin (α-CA, 3)[5] surprisingly adopts a structure comprising 
an alternating sequence of 4C1 and 1C4 pyranoid chair conformations (Figure 4), leaving 
the molecule of disk-type shape with a central indentation only rather than a through-
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going cavity.[5] At ambient temperatures, the 1H (800 MHz) and 13C (200 MHz) NMR 
spectra in D2O show one set of signals for the time-averaged, C6 symmetrical structure 
of 3 only, yet at 4 °C broadened 13C signals C-4 and C-5 are indicative for dynamic 
conformational equilibria in α-CA in aqueous solution.[6,15]

1H NMR (500 MHz) data in CD3OD / D2O (9 : 1) at -80 °C display a split set of signals, 
which is consistent with the solid-state structure of 3 as the major form prevailing also 
in solution.[16] Although standard molecular dynamics (MD) simulations of α-CA (3) in 
aqueous solution proved to be to slow to monitor conformational transitions in the 
altrose units of the macrocycle, we have used constrained MD techniques to simulate 
the dynamics of 3 in water.[6] From these calculations, it can be derived that any single 
conformational transition in the altrose residues induces subsequent conformational 
changes in neighboring units in the macroring. The geometry variations in the pyranose 
units induce adjacent residues to follow suit within the strait-jacket of the macrocycle, 
inducing a "rolling-around" of conformational transitions along the macrocycle.[6]
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Figure 4.  Molecular geometry of α-CA (3) in the solid-state:[5] the altropyranose rings adopt 4C1 and 1C4

conformations in an alternating sequence, rendering the molecule with three-fold rotational symmetry 
(C3). On the right, the asymmetric 4C1 / 

1C4 disaccharide unit of 3 is rendered as a CPK-type model. 

2.4 Local versus Global Pseudorotation in Cyclooligosaccharides 

In solution, the alternating [ 4C1 / 1C4 ]3 structure of α-CA (3) with its symmetry reduced 
to C3 represents only a limiting structure in a complex conformation equilibrium.[6]

Thermal motions lead to an exchange between [ 4C1 / 1C4 ]3 and [ 1C4 / 4C1 ]3 forms in a 
"jelly-fish"-like fashion with an activation barrier of about 8.5 kcal/mol (Figure 5).[16]

The transition between both forms cannot occur instantaneously, but must necessarily 
involve multiple intermediate altropyranose conformations such as OS2 forms, as well as 
different macrocyclic shapes, such as the all-OS2 form of 3, conceivably. The over-all 
process is a stereoisomerization of α-CA (3) resulting in a structure that appears to have 
been produced by simple rotation of the entire initial molecule by 60° around its central 
axis. This mechanism of "global pseudorotation" of the entire macrocycle of α-CA is 
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inseparably correlated with local motions in the altrose residues and their 
chair / anti-chair transitions ("local pseudorotation"). In total, the symmetry of α-CA is 
lowered from C6 to C3, and only time-averaged data accounts for the 1H and 13C NMR 
spectra of 3 at room temperatures. 

The concept of global pseudorotation is not only applicable to α-CA, but is also mani-
fested in a number of structurally diverse flexible cyclooligosaccharides (cf. Figure 5). 
A force-field based molecular modeling study of the "extended cavity" α-CD
derivatives of Wenz et al.[17] indicates that these compounds cannot adopt C6

symmetrical structures due to steric hindrance between neighboring glucose units. 
Instead, the substituted glucopyranoses are alternatingly tilted "inward" and "outward"
in relation to the central molecular axis (Figure 5), and any exchange must involve 
successive contra-rotatory movements of neighboring units in the over-all process of 
"global pseudorotation". Similar effects are observed for the corresponding β- and γ-CD
derivatives, too. 

O

OH

O
HO

O

OH

OH
O

O

O

O
OH

HO
O

O

OH

O
HO

OH
O

O

HO

HO

OH

OH

HO

HO
OH

HO

HO

C   /  C
4

41
1

3

O

HO
HO

OH
O

O

OH

OHOH
O

O
HO

OH

HO
O

O
HO

OH
HO

O

O
OH

OH

OH
O

O

HO

HO

O
OH

1
23

4
5

6

6

O

O

O

O

OH

OCH3H3CO

R R

R =
R,R =

 -CH3
-[CH2]4-

C4
1

C1
4 C4

1

C1
4

C4
1C1

4

C1
4

C4
1 C1

4

C4
1

C1
4C4

1

HOOH

O

H

H
O

H
O

OH

gauche

anti

RR

O

O

R

R

R

O

O

R

R

R

O

R

O
O

R

O

R

R

O

O

R

R

R

O

O

R

R

R

anti

gauche

3

3''

HO

OH

O
H

H

O

H
OOH

inward

outward

inward

outward

C   /  C
4

41
1

3

Fujita, Nogami et al. Wenz et al. Uchiyama et el. Nakagawa et al. 

α-cycloaltrin "extended cavity"
cyclodextrins 

α-cyclofructin 30-C-12 crown acetal 
R = -CH2OH, -CH2OAc

Figure 5.  Schematic representation of the "global pseudorotation" observed for various flexible cyclo-
oligosaccharides: none of the compounds listed above adopts fully C6 symmetrical structures, yet in all 
cases symmetry is lowered to C3 by either alternating pyranose ring geometries, alternating "inward" and 
"outward" tilting of individual monosaccharide units, or alternating "anti" and "gauche" disposition of 
ring torsion angles. Although initiated through different "local" molecular motions, in any case above, 
structures of the [AB]3-type undergo interconversion to [BA]3- geometries through a process of "global 
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The solid-state structure of α-cyclofructin[18] also displays C3 symmetry, the β(1→2)
spiro-type anellation of the fructofuranose residues to the 18-crown-6 backbone is 
characterized by an alternating "inward / outward" inclination of the furanose rings 
relative to the macrocycle. In each case the 3-OH groups of the three "inward" directed 
units form an homodromic cycle of hydrogen bonds in the center of the molecule 
(Figure 5). Indeed, a detailed molecular modeling study on cyclofructins composed of 
six to ten fructofuranose units displayed analogous conformational properties to be 
maintained throughout the entire series.[19]

The large-ring crown acetals[8] derived from the CDs via periodate oxidation, fit into the 
same scheme of "global pseudorotational" effects: conformational transitions involve 
interconversions of the alternatingly "anti" and "gauche" disposed meso-butanetetrol
units in the macroring.[8]

3. CONCLUSION 

Introducing flexibility into macrocyclic compounds seems to simultaneously lower the 
symmetry of preferred low-energy conformations in the solid-state as well as in 
solution. For the four compounds listed in Figure 5, symmetry is invariably reduced 
from C6 to C3 through alternating local geometry parameters such as pyranose ring 
conformations, tilting of monosaccharide residues, and ring torsion angles. The 
mechanism of "global pseudorotation" accounts for the dynamic conformational 
exchange phenomena observed for these compounds, and their time-averaged 
symmetrical structures in solution. Presently we are looking forward to study the 
dynamics of these exchange processes in greater detail. 
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Abstract

Regioselective epoxide ring opening of 2I,3I-(2IS)-anhydro-�-cyclodextrin (1) through intramolecular attack of
hydroxyl groups of neighboring glucose rings occurs in diequatorial fashion to yield 3I,2II-anhydro-�-cyclodextrin (3)
with a rigid glucopyranose–dioxane–glucopyranose tricyclic ring system, the usual diaxial opening and the
gluco/altro-configurated stereoisomer 2 cannot be detected. Molecular dynamic simulations in water were used to
analyze the conformations of 1–3 and the stereochemical implications of this reaction. Due to the contracted 2,3-OH
side of the torus, 3 features an inverted conicity compared to the parent �-cyclodextrin. A crystallographic study on
the bis-3·3 n-PrOH nonahydrate not only displays little variations between the solid-state and solution geometries of
3, but also provides a molecular picture of a unique inclusion complex in which three n-propanol molecules are
distributed in the cavity of a dimeric unit of 3 (monoclinic, space group P21, a=14.257(1), b=22.623(2),
c=16.644(1) A� , �=104.82(1)°, all 19278 reflections with I�2�(I) yield R(F)=0.1017). © 2001 Elsevier Science
Ltd. All rights reserved.

Keywords: 2I,3I-(2IS)-Anhydro-�-cyclodextrin; 3I,2II-Anhydro-�-cyclodextrin; Molecular dynamics; Crystal structure; n-Propanol
inclusion complex

1. Introduction

Cyclodextrin (CD) 2,3-manno-epoxides2–10

are highly useful intermediates in the course of
chemical transformations of the backbone
structure of these macrocycles.11,12 In general,

epoxide ring opening occurs highly selectively
through nucleophilic attack in a trans-diaxial
type fashion at C-3, offering versatile synthetic
routes towards, e.g., per-3-deoxy-cycloman-
nans,13 mono-altro-CDs,14–16 di-altro-CDs,17

and cycloaltrans (�-, �-, and �-‘cycloal-
trin’),18–22 although the alternative diequato-
rial ring opening at C-2 has also been
observed to occur to a lesser extent for various
sulfur- and nitrogen-containing nucleophiles.23

It therefore may be surmised, that intramolec-
ular variations of this reaction proceed with
similar stereo- and regioselectivity. In the case
of 2I,3I-(2IS)-anhydro-�-CD (1), the in-

� Molecular modeling of saccharides, Part 30. For Part 29,
see Ref. 1.

* Corresponding author. Tel.: +49-6151-165277; fax:
+49-6151-166674.

E-mail address: lemmi@sugar.oc.chemie.tu-darmstadt.de
(S. Immel).

† X-ray analysis, solution, and refinement.
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Scheme 1. Competing pathways (a) and (b) for the intramolecular ring opening of the mono-epoxide of �-cyclodextrin 1 through
attack of neighboring hydroxyl groups (along pathway (b) the labeling of the sugar units changes).

tramolecular attack on the epoxide can in-
volve either the 2II-OH or 3VI-OH group of
the adjacent glucose residues (cf. Scheme 1).
Along pathway (a), the trans-diaxial type
opening leaves the pyranoid ring I with altro-
configuration, whereas the alternative reaction
path (b) generates a glucopyranoid ring I
(diequatorial epoxide opening). Unexpectedly,
the base-induced formation of the 1,4-dioxane
ring exclusively proceeds via pathway (b), i.e.
1�3, the formation of 2 was not observed.24

As an interpretation of this finding, it was
brought forth that the trans-diaxial opening of
the epoxide is sterically hindered by the
macrocyclic structure of the CD derivative.24

Although flexible CD derivatives or non-glu-
cose cyclooligosaccharides25 receive interest in
mimicking the induced-fit type molecular
recognition16 by enzymes,26 a study on the
binding ability of methyl orange towards a
number of CDs with deformed cavities indi-
cated that the higher homolog of 3, i.e. 3I,2II-
anhydro-�-CD (4) is the only candidate
amongst the compounds studied to exhibit
stronger binding (by about a factor of 2.8 at
10 °C) than �-CD itself.27 In this context of
rigidified, lock-and-key type28 hosts with in-
creased affinity towards guest molecules, we
here report on the molecular structures and
conformations of the compounds involved in
the formation of 3I,2II-anhydro-CDs, based on
a molecular modeling study in conjunction
with a crystallographic analysis of 3.

2. Results and discussion

Although compounds 2 and 3 result from
different regioselectivities in the course of
epoxide ring opening, both are in fact
stereoisomers rather than regioisomers due to
the symmetry of the macrocycle. In 2, a cis–
cis type junction of a glucopyranoid ring and
an altropyranose is realized via a central 1,4-
dioxane ring (cf. Scheme 2). As altrose itself
exhibits considerable intrinsic flexibility in
which the ring adopts either a 4C1 chair or an

Scheme 2. Molecular configurations and possible conforma-
tions of 3I,2II-anhydro-�-cyclodextrin: trans-diaxial epoxide
ring opening (1�2, pathway (a) in Scheme 1) conceivably
results in two conformers with the altropyranose residue I
adopting either the 4C1 (2a) or 1C4 (2b) geometry. Through
the alternative pathway (b) both pyranose rings retain gluco-
configuration (1�3). The central dioxane ring of each com-
pound is highlighted by shading.
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Table 1
Cremer–Pople puckering parameters (Q, �, and �),37,38 ring conformations, and tilt angles �39 for the pyran and dioxane rings
of 1–3 (MD-derived averages with root-mean-square deviations in parentheses)

Configuration Q (A� ) a � (°) a � (°) a,bRing ConformationCompound Tilt � (°) c

1 mannoI 0.557(33) 50.9(5.4) 353(10.0) OH5 (�OE) 100(12)
gluco 0.620(29) 14.9(5.4)II–VI d 38(24.3) 4C1 94(12)

I2a altro 0.588(29) 19.2(4.9) 356(18.1) 4C1 97.4(6.7)
dioxane 0.759(37) 87.4(2.9) 136.3(5.5) O4,C4B 56.7(5.3)

gluco 0.613(30) 14.0(5.2)II 316(26.2) 4C1 30.4(4.8)
III–VI d gluco 0.625(29) 15.1(5.9) 36(26.0) 4C1 86(15)

altro 0.575(33) 171.5(4.8)2b 190(74.0)I 1C4 56.0(6.2)
0.547(30) 156.2(5.1)dioxane 187(16.5) O3CO4��C4HO4 67.7(6.0)

II gluco 0.597(31) 16.2(5.8) 331(25.5) 4C1 59.2(6.1)
gluco 0.624(29) 16.5(5.9)III–VI d 43(21.4) 4C1 88.0(9.2)
gluco 0.647(28) 6.4(3.2)I 37(65.9)3 4C1 68.3(5.7)

0.589(29) 171.7(3.8) 242(51.4)dioxane O3CO4�
e 70.9(5.3)

gluco 0.618(30) 10.8(4.6)II 342(36.3) 4C1 50.2(5.1)
III–VI d gluco 0.623(29) 15.4(5.0) 40(21.2) 4C1 89(12)

a Ring numbering scheme for pyranoses: O-5�C-1�C-2�C-3�C-4�C-5; dioxane rings: O-4�C-4�C-3�O-3�C-2��C-1�.
b For ��0° (4C1) and ��180° (1C4), the parameter � becomes insignificant.
c Angle between the least-squares best-fit mean plane of the macrocycle (defined by all intersaccharidic O-4 atoms) and the mean

plane of the pyranose or dioxane rings; values of ��90° indicate inward tilting of the C-2 and C-3 side of the pyranoses.
d Combined averages for all unmodified glucopyranose rings in the macrocycle.
e O3CO4�	O3CO4	C1�CC3.

inverted 1C4 chair geometry with almost equal
energies,20–22,25,29 two different conformers 2a
and 2b need to be considered. In contrast, the
tricyclic pyran–dioxane–pyran system in 3
features a rigid cis–trans type linkage, allow-
ing for standard chair conformations of all
six-membered rings. Similar arrangements are
observed in the class of spectinomycin antibi-
otics and related compounds.30

Molecular dynamic simulations.—A detailed
conformational analysis of the structures of
2a, 2b, and 3 was carried out using indepen-
dent molecular dynamic (MD) simulations
with the explicit incorporation of water as the
solvent (cf. Section 4); for comparison, their
common precursor 1 was also included in this
study. In each case, constant temperature
(T�300 K) and constant pressure (P�1 bar)
MD trajectories of 1 ns length were generated
on periodic boxes (truncated octahedron)
filled with the solute and a total of 609 TIP3-
type water molecules, using CHARMM31,32 and
a force-field adapted to properly treat carbo-
hydrate structures.33,34 The MD-derived mean-
solute structures, their thermal-displacement
ellipsoids, as well as solvent-accessible
surface35,36 models of typical solution snap-

shot geometries are displayed by Fig. 1. Not
unexpectedly, all macrocyclic structures are
characterized by rather limited flexibility of
their backbones, with only the 2-OH, 3-OH,
and 6-CH2OH groups undergoing significant
torsional transitions. In particular, neither
MD run on conformers 2a and 2b displays
any interconversion between these forms, both
apparently being too rigid to equilibrate on
the MD time scale.

Particular emphasis was put on the analysis
of the pyranose and dioxane ring portions of
1–3 in terms of their geometries and their
relative alignments. Table 1 gives a detailed
listing of their Cremer–Pople puckering
parameters37,38 for all six-membered rings. The
combined averages over all glucopyranoses
(rings II–VI in 1, and III–VI in 2a, 2b, and 3)
correlate with their generally favored 4C1 con-
formations (� less equal approx. 16°), signifi-
cant deviations are only observed for the
anhydro-residues. Due to the epoxide, the ring
I in 1 (Fig. 1, center row, left) adopts a typical
OH5 half-chair geometry (slightly distorted to-
wards an OE envelope), which agrees well with
previous crystallographic studies on inclusion
complexes of 2,3-per-anhydro-�-cycloman-
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nan6,7 and other related sugar epoxides40 con-
tained in the Cambridge Crystallographic
Database.41,42

As was already deduced from the formula
drawing of Scheme 2, the cis–trans linked
tricyclic system in 3 consists of rigidly anel-
lated, almost relaxed chair-type rings even for
the center dioxane portion. Significant distor-
tions of the dioxane ring are observed for 2a
and 2b with the ring I of the altropyranose
residue adopting either the 4C1 (ideal values of
��0°) or 1C4 (��180°) form. In 2a, the
cis–cis-type junction forces the center ring
into a strained boat form, simultaneously
transferring some energy into distortions of
the altrose ring I as evidenced by the rather
large value of ���=19.2°. Most notably, a
similar boat conformation was found for the
center dioxane ring in the X-ray structure of
cyclobis-(1�2)-�-D-glucopyranosyl perac-
etate.43 For 2b, the close spatial proximity of
both axially disposed H-2I (altrose) and H-3II

(glucose) protons (Fig. 1) pointing towards
each other excerpts considerable strain on the
center dioxane ring, which is therefore flat-
tened (lowest puckering amplitude Q of all
rings) and distorted towards a half-chair.

The overall molecular shape of cyclodex-
trins is characterized by the tilt angle � formed
between both the plane of the macrocycle and
the ring plane of each sugar unit.39 In general,
the glucose units of unmodified CDs and their
inclusion complexes are slightly tilted with
their 6-CH2OH groups pointing towards the
central molecular axis, and thus the 2- and
3-OH groups form the wider opened aperture
of these truncated cone-type structures.39,44,45

A similar trend is observed for 1 as evidenced
by tilt angles larger than 90° (cf. Table 1).
However, the strait-jacket of the 3I,2II-anhy-
dro linkage in 2 and 3 leads to a considerable
contraction along this torus rim: the un-
modified glucose residues (rings III–VI) are
aligned almost perpendicular to the macror-
ing, whereas the rings I and II, as well as the
center dioxane unit, display severe misalign-
ments with pronouncedly decreased and in-
verted inclinations. The effects of very low tilt
angles on the backbone structures of 1–3
become particularly evident from the solid-
surface models given in Fig. 1: of all struc-
tures, both conformers 2a and 2b exhibit the
most asymmetrically distorted over-all shapes.

The relative stabilities of the conformers 2a
and 2b and their stereoisomer 3 are expressed
in the MD-derived averages of the total ener-
gies of the simulation system, a cautious anal-
ysis made possibly by identical simulation
parameters (i.e. equal temperature, pressure,
box size, number of water molecules, constant
set of force-field parameters, long simulation
periods), despite the lack of direct conforma-
tional transitions in either unconstrained (free)
or constrained (chemical or structural pertur-
bation) form. From the plot of the total ener-
gies (Ekin+Epot) of the MD systems given in
Fig. 2, 3 turns out as the energetically most
favorable structure, whereas 2a and 2b appear
to be—within the limits of error—about 28
and 64 kJ/mol higher in average total energy.
As deduced above, the main reasons for these
relative stabilities seem to originate from
strain within the cis–trans (3) versus cis–cis
(2a, 2b) type linkages in the tricyclic system
and their alignments in the macrocycle.

Obviously, 3 is the thermodynamically most
favored product emerging from intramolecu-
lar ring opening of the epoxide in 1. An

Fig. 2. Time series of total energies during the MD simula-
tions of 1, 2a, 2b, and 3 in periodic boxes (truncated octahe-
dron) filled with 609 H2O molecules (all box sizes approx.
33.5�0.1 A� , �T�=295.3 K, �P�=1 bar), respectively, plot-
ted as running averages smoothed over 100 configurations (5
ps) each. Negative times (�= −100−0 ps) indicate the equi-
libration phase, followed by a total data acquisition period of
1 ns. The average energies and the corresponding root-mean-
square fluctuations of the energies during the sampling simu-
lation are indicated by the dotted lines and the error bars on
the left. Besides indicating the completed equilibration of all
MD systems, the two conformers 2a and 2b appear to be 27.8
and 64.0 kJ/mol less stable than their stereoisomer 3.
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Fig. 3. Probability distributions of intramolecular distances
between epoxide ring carbon atoms C-2I and C-3I and neigh-
boring hydroxyl oxygen atoms O-3VI and O-2II as obtained
from MD simulations of 1 in water. The distribution of d1

(C-2I···O-3VI, solid line and circles) is significantly shifted
towards lower distances as compared to d2 (C-3I···O-2II,
dashed line and squares), apparently favoring intramolecular
attack of the 3VI-OH group (1�3) over the 2II-OH hydroxyl
(1�2) onto the epoxide. For comparison, the distributions d3

and d4 of the C-2�···O-3 and C-3···O-2� interresidue distances
averaged over all neighboring unmodified glucose portions
were included (triangles and dotted lines).

The CD hosts are stacked in parallel
columns in an alternating head-to-head and
tail-to-tail fashion. The n-propanol guest
molecules are all located within the almost
linear, nano-tube like channels formed by the
columnar CD arrangement, whereas the water
molecules are located without exception on
interstitial positions outside of the macrocy-
cles. As evidenced by their rather large dis-
placement ellipsoids (Fig. 4, top left), the
guest molecules retain some considerable de-
gree of disorder even at low temperatures. As
is typically observed for glucopyranose
residues, all 6-CH2OH groups on the CD
hosts are twofold disordered over gauche–
gauche (gg) and gauche–trans (gt) orienta-
tions, the former being favored over the latter
by a ratio of 7.67:4.33 (calculated from the
occupancy factors of all 12 O-6 positions in-
cluded in the asymmetric unit).

The crystal architecture displays an inten-
sive three-dimensional hydrogen bonding net-
work, in which all hydroxyl groups and water
molecules are involved; a schematic drawing is
given in Fig. 5 and some distances are listed in
Table 2. From the different types of hydrogen
bonds observed—i.e. CD···CD intramolecular
(O-3�···O-2) and intermolecular H-bonds,
CD···water, water···water, CD···n-propanol
and n-propanol···n-propanol—it is obvious
that the guest molecules are not hydrogen
bonded to any of the water molecules, but are
shielded by their macrocyclic hosts from the
water positions in the crystal environment. Of
the three n-propanol contained in the asym-
metric unit of the lattice, one is twofold H-
bonded to O-2 and O-3� of the
anhydro-glucopyranose portion of one
molecule 3 (hydrogen bonds labeled 14 and 15
in Fig. 5 and Table 2). The remaining two
n-propanol face each other in a head-to-head
like arrangement interacting through their hy-
droxyl groups (H-bond no. 16); a detailed plot
of this configuration is provided in Fig. 5 by
the slices through the corresponding molecu-
lar surfaces. Obviously, the tube-like cavity of
a dimeric unit of 3 in the crystal lattice is
perfectly able to accommodate the three guest
molecules n-PrOH with their arrangement be-
ing determined through the necessity to satisfy
their hydrogen bonding requirements.

indication that 3 is also the kinetically pre-
ferred product of this reaction can be deduced
from the comparison of intramolecular dis-
tances between the epoxide ring carbon atoms
and neighboring hydroxyl oxygens suitable for
attack: the probability distributions plotted in
Fig. 3 display significantly shorter distances
between the epoxide carbon C-2I and O-3VI

(�d1�=3.59(34) A� ) as compared to C-3I and
O-2II (�d2�=3.93(32) A� ), favoring the reac-
tion 1�3 rather than 1�2. That this effect is
indeed caused by the OH5 ring conformation
of the 2,3-anhydro-manno-epoxide unit within
the macrocycle is displayed by the rather
equal and uniform distances C-2�···O-3 and
C-3···O-2� between all unmodified glucose
units (�d3���d4��3.62 A� ).

Crystallographic analysis.—Precipitation of
3 from aqueous n-propanol yielded crystals
suitable for X-ray analysis, and thus allows
comparison of its solid-state structure with the
MD-derived conformation in solution. The
low-temperature (T=173 K) structure analy-
sis revealed a composition of bis-(3I,2II-anhy-
dro)-�-cyclodextrin (3)·3 n-PrOH·9 H2O of
the block-shaped, monoclinic crystals with
space group P21 (cf. Fig. 4).
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As the most characteristic feature of 3, its
ribbon model displays the significant contrac-
tion along the front aperture of the torus
carrying the 2- and 3-OH groups. The unusual
conicity of this CD derivative expresses itself
in rather low tilt angles � for the 3I,2II-anhy-
dro-ring system (��60°, cf. Table 3), in con-
trast to unmodified CDs where the 6-CH2OH
side invariably represents the narrower open-
ing (��100°)39 of these truncated cone struc-
tures. As was already deduced for the MD
derived geometry of 3, the pyranose and diox-

ane rings adopt standard chair conformations
within their rather rigid link-ups (cf. Cremer–
Pople parameters37,38 listed in Table 3). In-
deed, both independently derived structures of
3 for the crystal and solution state feature
identical over-all shapes, their backbones
(heavy atoms including all substituents except
the O-6 atoms) being superimposable with
average deviations in their atomic positions of
less than 0.1 A� . Obviously, the crystal confor-
mation of 3 undergoes no significant changes
upon dissolution in water.

Fig. 4. Solid-state structure of 3I,2II-anhydro-�-cyclodextrin (3). Top left: Molecular geometry and 50% thermal ellipsoids of the
asymmetric unit ([3]2·3 n-PrOH·9 H2O); for clarity, the water oxygen atoms are colored dark blue and the n-propanol guests are
displayed in yellow (oxygens) and cyan (carbon atoms). Top right: Single complex extracted from the asymmetric unit, the
semi-transparent ribbon-model shows the distorted conicity of the host molecule (blue, ring side carrying the 2- and 3-OH groups;
yellow, 6-CH2OH) with the n-propanol guest (CPK model) centered along its central axis (view perpendicular to the ring plane
of 3). Bottom left: Crystal lattice (1·2·2 unit cells, view down the a-axis) made up of columnar head-to-head and tail-to-tail stacked
anhydro-CDs (ribbon models) including almost linear and parallel assemblies of n-propanol guest molecules (CPK models); the
guest–host arrangement being surrounded by water molecules (blue spheres) in the crystal. Bottom right: Section extracted from
the lattice, displaying in detail the alignment of three guest molecules in a dimeric unit of 3. For all ball-and-stick type models
of 3 only the preferably occupied configurations of all disordered 6-CH2OH groups were retained for the graphics.



150 Rigidifi ed Bridged Cyclodextrins

S. Immel et al. / Carbohydrate Research 336 (2001) 297–308304

F
ig

.
5.

Sc
he

m
e

of
in

tr
a-

an
d

in
te

rm
ol

ec
ul

ar
hy

dr
og

en
bo

nd
s

in
th

e
so

lid
-s

ta
te

st
ru

ct
ur

e
of

th
e

bi
s-

(3
I ,2

II
-a

nh
yd

ro
)-

�-
C

D
–

3·
n

-p
ro

pa
no

l
no

na
hy

dr
at

e
in

cl
us

io
n

co
m

pl
ex

(l
ef

t)
.

T
he

in
di

vi
du

al
gl

uc
os

e
un

it
s

w
it

hi
n

th
e

as
ym

m
et

ri
c

un
it

ar
e

la
be

le
d

I–
V

I
an

d
I�

–
V

I�
,

th
e

w
at

er
m

ol
ec

ul
es

O
W

1
–

O
W

9,
th

e
nu

m
be

rs
in

it
al

ic
s

co
rr

es
po

nd
to

th
e

in
di

ce
s

gi
ve

n
in

T
ab

le
3.

O
n

th
e

ri
gh

t,
a

la
rg

er
se

gm
en

t
of

th
e

cr
ys

ta
l

(f
ou

r
as

ym
m

et
ri

c
un

it
s)

di
sp

la
ys

th
e

na
no

-t
ub

e
lik

e
en

vi
ro

nm
en

t
of

st
ac

ke
d

C
D

ho
st

s
in

to
w

hi
ch

th
e

n
-p

ro
pa

no
l

gu
es

t
m

ol
ec

ul
es

ar
e

em
be

dd
ed

(w
at

er
m

ol
ec

ul
es

om
it

te
d

fo
r

cl
ar

it
y)

.
T

he
su

rf
ac

e
sl

ic
es

ar
e

gi
ve

n
fo

r
th

e
in

di
vi

du
al

m
ol

ec
ul

es
,

ba
ll-

an
d-

st
ic

k
ty

pe
m

od
el

s
w

it
ho

ut
hy

dr
og

en
s

ar
e

sh
ow

n
fo

r
n

-p
ro

pa
no

l
on

ly
,

th
e

C
D

su
rf

ac
es

ar
e

in
di

ca
te

d
by

sh
ad

in
g;

do
tt

ed
lin

es
in

di
ca

te
hy

dr
og

en
bo

nd
s

be
tw

ee
n

th
e

gu
es

t
m

ol
ec

ul
es

.



Chapter 7 151

S. Immel et al. / Carbohydrate Research 336 (2001) 297–308 305

Table 2
Hydrogen bonds in the solid-state structure of bis-3·3 n-PrOH·9 H2O, listed for acceptor···donor distances�3.2 A� ; the water
molecules are labeled OW1–OW9, the glucose labeling I–VI, I�–VI�, and the indices given in the first column correspond to
Fig. 5

Distance Symmetry Distance Symmetry

CD–CD intramolecular : CD–water :
2.7531 aO(3VI)···O(2I) 17 O(6III�)···O(W4) 2.826 a

2 O(2IV)···O(3III) 2.988 a 18 O(2IV�)···O(W3) 2.721 a
2.905 a 19O(2V)···O(3IV) O(2V�)···O(W9)3 2.700 a
2.789 a 204 O(4I)···O(W5)O(3VI�)···O(2I�) 3.013 b
2.865 a 21O(3II�)···O(2III�) O(6I)···O(W2)5 2.626 b
2.776 a 22 O(3V)···O(W1)6 2.847O(3III�)···O(2IV�) b
2.815 a 23 O(6V)···O(W6) 2.993 bO(3IV�)···O(2V�)7

O(6VI)···O(W2) 2.70924 bCD–CD intermolecular :
8 2.946O(2I)···O(2VI�) b 25 O(6I�)···O(W2) 2.222 b

2.842 b 26O(3II)···O(3V�) O(6II�)···O(W6)9 2.903 b
2.855 b 2710 O(6II�)···O(W8)O(2I)···O(3VI�) 2.811 b
2.858 c 28O(2I�)···O(2VI) O(2VI�)···O(W3)11 2.817 d
2.619 d 29 O(6IV�)···O(W8) 2.515 f12 O(6I�)···O(6IV)
2.498 e 30 O(6II)···O(W4) 2.926 gO(6III�)···O(6VI�)13

O(3III)···O(W1) 2.87931 gCD–propanol :
2.787 a 32 O(3IV)···O(W9)14 2.827O(2I�)···O(1P) h
2.766 a 33 O(6VI�)···O(W6) 2.800 IO(3II�)···O(1P)15

O(3VI)···O(W7) 2.81634 jpropanol–propanol :
O(2P)···O(3P)16 3.156 b water–water :

35 O(W1)···O(W3) 2.754 k
36 O(W4)···O(W8) 2.082 b
37 O(W7)···O(W9) 2.726

Symmetry operations: (a) x, y, z. (b) x, y, z−1. (c) x, y, z+1. (d) x−1, y, z. (e) x+1, y, z. (f) −x, y+1/2, −z−1. (g) −x, y+1/
2, −z−2. (h) −x, y−1/2, −z−2. (i) −x−1, y+1/2, −z−1. (j) −x−1, y−1/2, −z−2. (k) −x, y−1/2, −z−1.

Table 3
Selected geometry parameters (Cremer–Pople ring puckering parameters Q/�/�,37,38 and pyranose tilt angles �39) computed for
the solid-state geometry of bis-3·3 n-PrOH·9 H2O; values are listed for both 3I,2II-anhydro-�-CD molecules separately (unit 1 and
2), except for the combined averages for all eight unmodified glucose residues; see also Table 1 and the comments given there

RingCompound Configuration Q (A� ) � (°) � (°) Conformation Tilt � (°)

Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2 Unit 1 Unit 2

gluco 0.563 0.587 1.9 3.83 189.8I 274.4 4C1 64.8 69.0
dioxane 0.568 0.551 170.4 173.5 243.4 259.0 O3CO4� 67.8 69.9

gluco 0.535 0.544 16.5 12.2 297.8 294.5 4C1II 53.9 52.4
gluco 0.557(11) 6.2(1.3)III–VI a 62(18) 4C1 97.6(6.2)

a Combined averages for all unmodified glucopyranose rings in both molecules of 3 with standard deviations in parentheses.

3. Conclusions

Although intramolecular opening of epox-
ide 1 by the 3-OH of a neighboring glucose
unit occurs in an unexpected diequatorial
fashion to afford 3 in high yield, MD calcula-
tions reveal 3 to be the favored product when
comparing the average total energies of the

stereoisomers 2a, 2b, and 3 in simulated water
boxes. Provided that atomic distances are a
decisive factor for the regioselectivity of epox-
ide opening, 3 also turns out to be the kineti-
cally preferred product. The over-all
molecular shape of this rigid CD derivative, as
evident from its solid-state structure, not only
undergoes little changes upon dissolution in
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water retaining its unusual conicity caused by
the contracted tricyclic pyran–dioxane–pyran
ring system, but also provides a picture of an
inclusion complex of 3 with n-propanol.

4. Experimental

Molecular dynamics simulations.—The
starting geometries of 1, 2a, 2b, and 3 were
generated by editing the solid-state geometry
of �-CD46 and subsequent single-point energy
minimization. All MD simulations starting
from these structures were carried out using
CHARMM31,32 with a force-field particularly
adapted for the treatment of carbohy-
drates33,34 and explicit incorporation of water
as the solvent. Each compound was centered
in a periodic box (truncated octahedron) filled
with pre-equilibrated TIP3-type water, yield-
ing—after removal of the solvent molecules
that overlap with the solute—simulation sys-
tems including 609 water molecules, respec-
tively. After full-lattice energy minimizations,
all boxes were slowly heated from 0 to 300 K
within a 15 ps MD time frame, and subse-
quently equilibrated for an additional 85 ps;
the final MD data were sampled using simula-
tions of 1 ns in each case, molecular configu-
rations were saved every 50 fs for analysis
purposes. All MD runs were carried for con-
stant pressure (Pref=1 atm, isothermal com-
pressibility 4.63×10−5 atm−1, pressure
coupling constant �P=5 ps) and constant
temperature (Tref=300 K, temperature cou-
pling constant �T=5 ps, allowed temperature
deviation �T= �10 K) conditions (NPT
ensemble) using the following simulation

parameters: timestep �t=1 fs (leap-frog inte-
grator, all X�H bond lengths were constrained
using the SHAKE protocol47), dielectric con-
stant =1.0, cut-off distance for long-range
interactions 12 A� , cut-off radius for images in
atom lists 13 A� ; for some specific parameters
recalculated from the MD trajectories see
Table 4.

For each MD time series, the mean solute
geometry was obtained by 3D fitting of all
configurations (heavy atoms only, excluding
CH2OH-oxygen atoms); the best-fit models
from this procedure were selected as represen-
tative molecular geometries in aqueous solu-
tion (Fig. 1, center and bottom row). The
corresponding atomic anisotropic thermal dis-
placement ellipsoids (cf. Fig. 1, top row) were
obtained from diagonalization of the displace-
ment tensor calculated from all atomic dis-
placement vectors (for each atom, the
eigenvectors and the root of the eigenvalues of
this tensor yield the principal axis of the ther-
mal ellipsoid and the root-mean-square
atomic displacements along these directions).48

Crystal structure of bis-(3 I,2 II-anhydro)-�-
cyclodextrin ·3 n-PrOH ·9 H2O.—A mixture of
60 mg of 3, 100 �L of water and 100 �L of
n-propanol was heated up to 90 °C to give a
clear solution and then filtered through a
membrane filter PTFE (pore size, 0.5 �m;
TOSOH). The filtrate was sealed and allowed
to stand at rt for 1 week to yield colorless,
block-shaped crystals with parameters as fol-
lows: Mr=1126.04 g/mol, monoclinic, space
group P21, a=14.257(1), b=22.623(2), c=
16.644(1) A� , �=104.82(1)°, V=5189.7(7) A� 3,
Z=4, �=1.414 g/cm, 
(Mo K�)=0.126

Table 4
Selected MD simulation parameters recalculated from the time series (all MD systems include 609 H2O molecules, Mtot=11926.42
g/mol) with standard deviations in parentheses

T [K] Etot (kJ/mol) Ekin Box sizeErel Density �Epot (kJ/mol)Compound Volume
(A� 3) b(kJ/mol) a(kJ/mol) (A� ) (g/cm3)

295.2(5.3) −20,281(41) 4863(88)1 −25,143(98) 33.47(6) 18,740(135) 1.057(8)
−21,237(14)295.3(5.3) 1.057(8)2a 18,726(142)33.46(9)27.9−26,101(107)4864(88)

1.056(8)18,747(141)33.47(6)2b 64.0295.2(5.3) −26,063(100)4863(88)−21,200(35)
295.3(5.3) −21,264(34)3 4864(87) −26,129(96) 0.0 33.47(9) 18,747(129) 1.056(7)

a Relative total energies for the 3I,2II-anhydro-�-cyclodextrins 2a, 2b, and 3 only.
b Volume= (box size)3/2.0 for the truncated octahedron.
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mm−1, crystal dimensions 0.5×0.4×0.15
mm, T=173(2) K. Of 29,184 reflections col-
lected on a Siemens CCD three-circle diffrac-
tometer using graphite-monochromated Mo
K� (	=0.71073 A� ) radiation, 19,278 are inde-
pendent (Rint=0.0585); � range of data collec-
tion 1.27–28.01°, completeness to �=28.01°
82.4%, limiting indices h : −16�15, k :
−28�29, and l : −16�21. The structure
was solved by shake and bake methods49 and
successive Fourier synthesis. Refinement (on
F2) was performed by full-matrix least-squares
method (19,278 reflections, 18 restraints, 1403
independent parameters).50 R(F)=0.1017 for
reflections with I�2�(I), wR(F2)=0.2193 for
19,278 reflections (w=1/[�2(Fo

2)+
(0.1337P)2+4.1868P); where P= (Fo

2 +2F c
2)/

3); R(F)=0.2205 and wR(F2)=0.2966 for all
reflections. The final goodness-of-fit on F2

equals 1.005, the largest difference peak and
hole of electron density are +0.503 and
−0.296 e A� 3, respectively. All bond length
and angles fall within normal ranges for car-
bohydrate structures.

All 6-CH2OH groups on both cyclodextrin
units are twofold disordered over the gauche–
gauche (gg, torsion angle � O5�C5�C6�O6 ap-
prox. −60°) and the gauche–trans (gt,
�� +60°) orientation, with the former being
favored over the latter by a ratio of 7.67:4.33
based on relative occupancy factors. All non-
hydrogen atoms (except of one n-propanol
molecule and eight of the 12 O-6 position with
lower occupancy) were refined anisotropically,
hydrogen atoms were positioned geometrically
and considered in calculated positions with
the 1.2Ueq value of the corresponding bound
atom. The ribbon models of 3 (Fig. 4) were
computed by connecting the centers and nor-
mal vectors of the least-squares best-fit mean
planes of all pyranose rings (without sub-
stituents) via cubic splines.48

5. Supplementary material

Crystallographic data (excluding structure
factors) for the structure in this paper have
been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publi-
cation no. CCDC-168467. Copies of the data

can be obtained, free of charge, on application
to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, (fax: +44-1223-
336033 or e-mail: deposit@ccdc.cam.ac.uk or
www: http://www.ccdc.cam.ac.uk).
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The First Successful Crystallographic Characterization of a Cyclodextrin
Dimer: Efficient Synthesis and Molecular Geometry of a Doubly
Sulfur-Bridged �-Cyclodextrin**

De-Qi Yuan,[b] Stefan Immel,*[a] Katzutaka Koga,[b] Masatoshi Yamaguchi,[c] and
Kahee Fujita[b]

Abstract: -Cyclodextrin is transannu-
larly disulfonylated at the 6A- and 6B-
positions, and then converted to the
corresponding 6A,6B-diiodide and 6A,6B-
dithiol. Cross-coupling of the latter two
species yields a single head-to-head-
coupled -cyclodextrin dimer 5 with
two sulfur linkers at adjacent 6-methyl-
ene carbons. NMR and X-ray analysis

revealed the trans-type (™aversive∫)
linkage of both -cyclodextrin units. In
the solid-state structure of 5 ¥ 5MeOH ¥
23H2O, the undistorted cyclodextrin

macrocycles feature almost parallel ring
planes pointing away from each other,
leaving 5 with a ™handcuff-like∫ appear-
ance of approximate C2 symmetry. This
work represents the first successful crys-
tallographic study on a cyclodextrin
dimer.

Keywords: cross-coupling ¥ cyclo-
dextrins ¥ molecular structure ¥
sulfide-bridges ¥ X-ray diffraction

Introduction

Exciting achievements have been witnessed with cyclodex-
trins (CDs) as artificial hosts in many of the most actively
pursued research fields, such as drug delivery systems,
molecular sensing technologies, biomimetic recognition, and
catalysis.[1] However, the recognition ability of native CDs is
greatly confined by their Cn symmetry and limitations in
cavity size, shape, flexibility, and hydrophobicity. Bridging two
or more CD units together provides a promising way to alter
both the binding ability and guest selectivity. In the pioneering
works, Tabushi synthesized a doubly bridged -CD dimer with
two ethylenediamine spacers,[2] and Fujita found that the two
CDmoieties of disulfide-bridged -CD could cooperate in the
binding of ethyl orange, yielding an association constant about

220 times that of -CD.[3] Breslow et al. demonstrated that the
same CD dimer selectively bound appropriate ™ditopic
guests∫ almost as strongly as antigen ± antibody binding.[4]

Large varieties of CD dimers have been synthesized in which
two CD units are linked on either their primary or secondary
face by single or double linkers ranging from single atoms to
oligopeptide segments.[5] Heterodimers,[6] -trimers,[7] and
-tetramers[8] have also been reported. The cis forms of doubly
bridged CD dimers were found to bind appropriate guests
with very high affinities and shape selectivities.[9] Nolte et al.
demonstrated that, depending on the nature of linkers, CD
dimers can bind tetrakis(sulfophenyl)porphyrin to form 1:1
syn-, syn-/anti-, and 2:2 (crossed double-zigzag-type) com-
plexes.[10] CD dimers were found to have sequence-selective
binding ability toward peptides and to disrupt protein
aggregation.[11] Catalytic functionalities within the linker or
on the rims of a dimer may result in strong catalysis. For
example, the LaIII complex of a bipyridyl-bridged -CD dimer
has been used to significantly enhance the hydrolysis of
phosphodiesters,[12] thiazolio-appended CD dimers were used
to promote benzoin condensation,[13] Se�Se-bridged CD
dimers were used to effect glutathione peroxidase-like
activity,[14] CD-sandwiched metalloporphyrin has been used
to catalyze the epoxidation of alkene,[15] metalloporphyrin-
based CD tetramers have been used to demonstrate site-
specific oxidation of steroids,[16] and -carotene[17] and, quite
recently, EDTA�CeIV-bridged CD dimers have been used to
amplify luminol chemiluminescence,[18] among many others.

Undoubtedly, three-dimensional structural information on
the CD oligomers is very important for understanding the
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process of molecular recognition by CD dimers.[19] Unfortu-
nately, we know surprisingly little about the spatial structures
of CD oligomers in spite of the many efforts directed to their
synthesis and properties. We do not even have enough
knowledge to make a convincing judgment on the most
fundamental aspects of the large host molecules: do the two or
more CD cavities distort or not upon being bridged? How are
they spatially arranged? In the following we report a highly
efficient synthesis of a new -CD dimer with two very short
sulfur linkers and its unequivocal structural characterization
through NMR analysis. Single-crystal X-ray-diffraction anal-
ysis was employed for the first time to obtain structural
information on a CD dimer and it successfully afforded a clear
image of the solid-state structure of the doubly sulfur-bridged
-CD dimer.

Results and Discussion

The synthetic approach to the doubly bridged CD dimer is
depicted in Scheme 1. -CD was selectively activated by
employing the ™looper×s walk∫ method.[20] Treatment of -CD
with 4,6-dimethoxy-1,3-benzenedisulfonyl chloride in dry
pyridine afforded the 6A,6B-capped CD 1,[21] whose yield is
clearly dependent on the molar ratio of capping reagent to
CD. Utilization of the capping reagent in 50% excess ensured
a good yield of the capped product 1, usually ranging from 30
to 40%. Compound 1 was converted to the corresponding
6A,6B-diiodide 2 by stirring a mixture of 1 and KI in DMF at
80 �C. Treatment of 1 with thiourea in DMF gave the

thiouronium salt 3 in 79% yield. This was treated with
0.25� aqueous NaOH, and the generated 6A,6B-dithiol 4 was
collected by precipitation with acetone. The crude 6A,6B

dithiol 4 was used in the following reaction without further
purification. Reaction of the dithiol 4 and diiodide 2 was
carried out in DMF in the presence of Cs2CO3 at room
temperature and under an argon atmosphere. Reversed-phase
chromatography of the reaction mixture afforded the doubly
bridged -CD dimer 5 in 19% yield. The FAB-MS spectrum
showed the molecular peak [M�] at m/z� 2266.1, consistent
with the expected structure of a doubly bridged -CD dimer
with two sulfur linkers (calcd C84H136O66S2

� : 2266.2).
In principal, two isomeric head-to-head -CD dimers may

be formed in the course of the cross-coupling reaction, with
either a cis-type linkage across the glucose 6A,6B�- and 6B,6A�-
positions, or alternatively a trans connection of the 6A,6A� and
6B,6B� type. Both isomers retain C2 symmetry, yet differ
substantially in their molecular shapes: the cis isomer is
expected to adopt a compact, occlusive geometry (™clam-
shell∫),[9] whereas the trans compound should be character-
ized by an extended, aversive appearance (™loveseat∫).[9]

However, NMR spectra of the isolated product indicate the
presence of only a single isomer, the alternative form was not
recognized from the fractions of column chromatography.

Both the 1H and 13C NMR spectra of 5 (Figure 1) maintain
the basic pattern of -CD, the weaker signals shifted out from
the normal ones are related to the modified sugar residues.
Partial assignment of the spectra based on 2D COSY experi-
ment reveals only two sorts of functional glucosides; this
confirms the C2 symmetry of the dimer. Both of them

demonstrated significant up-
field shifts for their methylene
geminal protons (up to the
range of 2.75 ± 3.25 ppm), a
moderate upfield shift for H-4
and small to moderate down-
field shifts for H-5, but trivial
shifts for H-1, H-2and H-3. The
13C NMR spectrum demonstrat-
ed remarkable upfield shifts for
C-6, small upfield shifts for C-5,
and downfield shifts for C-4 of
the modified sugar units. This
chemical shift pattern is in good
agreement with the replace-
ment of the primary hydroxyl
groups by alkyl thiols. Apart
from the modified units, no
other glucosides showed mean-
ingful shifts. These observations
suggest that no apparent distor-
tion should have occurred in the
hydrophobic cavities of the
doubly bridged CD dimer.

The assignment of the bridg-
ing mode (cis- or trans- with
respect to the ring containing
both linkers) of the dimer is
attempted by using NMR tech-

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3501 ± 35063502

Scheme 1. Synthesis of the doubly bridged -CD dimer 5. a) 1.5 equiv 4,6-dimethoxy-1,3-benzenedisulfonyl
chloride, dry pyridine, 40 �C, 2.5 h. b) KI, DMF, 80 �C, 4.5 h. c) Thiourea, DMF, 90 �C, 20 h. d) 0.25� aqueous
NaOH, 90 �C, 10 min; NaBH4, RT, 10 min. e) Cs2CO3, DMF, Ar gas, RT, 66 h.
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niques. In the cis structure, each sulfur atom bridges the ™A∫
glucoside of one CD moiety and ™B∫ glucoside of another,
that is, the two sorts of modified sugar residues are correlated
by one sulfur atom. This correlation is expected to be probed
by the HMBC (heteronuclear multiple bond correlation)
method.[22] In the trans isomer, each sulfur connects one pair
of equivalent sugar residues, thus no HMBC signals are
expected to appear between the two sorts of modified sugar
residues. As shown in Figure 2, no cross-signals were observed
between the two sorts of modified methylene groups; this
suggests a trans structure for dimer 5. This assignment is
confirmed by the result of single-crystal X-ray diffraction.

Figure 2. HMQC and HMBC spectra of 5 (only the modified methylene
part is shown for clarity). No HMBC crossed islands appeared between 6a
and 6b; this suggests a trans-structure for 5.

Solid-state structure analysis of 5 : Single crystals of 5 were
obtained after chromatographic purification as described
above. Low-temperature X-ray analysis revealed a crystal
composition of 5 ¥ 5MeOH ¥ 23H2O, the molecular and crystal
structures are displayed in Figure 3, unequivocally establish-
ing the trans-type linkage of the -CD moieties and the
approximate C2 symmetry of 5. The -CD dimers are packed
in a herringbone-like fashion forming individual cavities that are
blocked by adjacent CD rings and thus do not form tube-like
channels. The -CD cavities are partially filled with four and
five water molecules of crystallization, the other water
molecules and methanol fill interstitial positions between

the macrocycles. All hydroxyl
groups and oxygen atoms par-
ticipate in the formation of a
three-dimensional hydrogen-
bonding network in the crystal
lattice.

For the dimeric -CD unit a
few relevant geometry descrip-
tors are listed in Table 1, a
comprehensive list of atomic
coordinates and all bond length
and angles–all of which are
within standard ranges for or-
ganic compounds–may be ob-
tained from the data deposited
with the Cambridge Crystallo-
graphic Data Centre (see Ex-

perimental Section). The molecular geometry of 5 is charac-
terized by an almost coplanar alignment of the C6A-S-C6A�

and C6B-S-C6B� fragments within the sulfur linkages, with the
shape of an elongated planar hexagon. Within this linkage, the
O6-C5-C6-S dihedral angles invariably adopt (�)-gauche
arrangements, yet the calculated values for the C5-C6-S-C6�
torsion angles differ significantly at both positions (approx.
75� and �130�, cf. Table 1).

Both linked -CD-rings feature almost parallel mean ring
planes with a relative inclination of only 2.9� ; the centers of
the two cavities being 13.6 ä apart. The geometries of the -
CD units are within the usual ranges observed for these
compounds and their complexes[24, 25] (tilt angles �[25] of the
glucose residues in relation to the macroring of approx. 105�,
ring diameters of about 9.9 ä). As evidenced by their
Cremer± Pople parameters[26] Q, �, and �, all glucose units
adopt standard 4C1 chair conformations (Q� 0.563� 0.018 ä,
�� 4� 2�, � is not significant). Out of the total of ten
6-CH2OH groups six adopt gauche ± trans (gt) arrangements
with O5-C5-C6-O6-torsion angles of ��� 60�, the remaining
four are in gauche ± gauche (gg) orientations (��� 60�) and

Chem. Eur. J. 2003, 9, 3501 ± 3506 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3503

Figure 1. 1H and 13C NMR spectra of -CD dimer 5 (D2O, CH3CN int.).

Table 1. Selected geometry parameters for the dimeric -CD unit as
calculated from the solid-structure of 5 ¥ 5MeOH ¥ 23H2O.

Linkage A±A� B±B�

torsion angles [�] O5-C5-C6-S � 45.7 � 68.9
C5-C6-S-C6� � 128.1 75.5
C6-S-C6�-C5� � 133.6 76.1
S-C6�-C5�-O5� � 44.5 � 67.2

CD unit I II
tilt angle[a] � [�] 103� 8 104� 9
ring diameter[b] r [ä] 9.86� 0.26 9.85� 0.47
ring puckering[c] d [ä] 0.12� 0.06 0.06� 0.03
inclination[d] [�] 2.9 2.9

[a] Angle between the least-squares best-fit mean plane of the macrocycle
(defined by all intersaccharidic O4 atoms) and the mean plane of the
pyranose rings (atoms O5 and C1�C5); values of �� 90� indicate outward
tilting of the C2 and C3 side of the glucoses; parameter averaged over all
glucose residues. [b] Average O4�O4��� separations within the CD macro-
cycles. [c] Average deviation of all O4�atoms of the CD macrocycles from
planarity. [d] Angle between the least-squares best-fit mean ring planes (all
O4 atoms) of both linked -CD units.
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no disorder was observed. The linked CDmacrocycles feature
almost identical over-all shapes, their backbones being super-
imposable with an average deviation of only 0.22 ä in their
atomic positions (non-hydrogen atoms except for all O6
atoms).

Conclusion

A short and efficient synthesis of a new -CD dimer has been
presented, in which two -CD units are connected in a head-
to-head fashion with a very short sulfur linker. Of the two
isomers expected to emerge from the cross-coupling reaction,
only the trans-type compound was isolated while the cis-type
compound was not detected. X-ray analysis unequivocally
established the trans-type linkage of the CD moieties of 5 in a
zigzag shape. The molecular geometry of 5 is characterized by

an almost parallel arrangement of the mean ring planes of the
two undistorted CD rings fused together through an elon-
gated planar hexagon consisting of the C6A-S-C6A� and C6B-S-
C6B� fragments within the sulfur linkages. The trans dimer
opens up the possibility of specifically forming inclusion
complexes with potential guest molecules of 1:2 stoichiom-
etry. Moreover, the rather rigid linkage and the ™handcuff-
like∫ shape of the dimeric host molecule with two separated
cavities may allow included guest molecules and their long-
range interactions at well-defined distances to be studied.

Experimental Section

General : -CD was obtained from the Japan Maize Products Co. Ltd. and
used without further purification. 4,6-Dimethoxy-1,3-benzenedisulfonyl
chloride was synthesized by chlorosulfonation of 1,3-dimethoxybenzene.[27]

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3501 ± 35063504

Figure 3. Solid-state structure of 5 ¥ 5MeOH ¥ 23H2O. Top left: Molecular geometry and anisotropic 50% probability ellipsoids for the non-hydrogen atoms
of the asymmetric unit; for clarity the water oxygen atoms are colored blue. Top right: Front- and side-view ball-and-stick-type models displaying the sulfur
linker between the two -CD units. The ribbon model (the black edge of which corresponds to the side of the CDs carrying the secondary 2- and 3-OH groups,
while the yellow rim corresponds to the primary 6-CH2OH groups) clearly shows the trans-relationship between both CD rings. Bottom left: As represented
by their yellow contact-surfaces,[23] the -CD-dimers are stacked in the crystal lattice in a herringbone-like fashion (1 ¥ 3 ¥ 1 unit cells, viewed down the c-axis).
Bottom right: The stacks of CDs are arranged in layers as indicated by alternating red and yellow surfaces (2 ¥ 1 ¥ 2 unit cells, view down the b-axis); each -CD
cavity is occupied by four or five water molecules, the rest of the waters of crystallization and the methanol molecules occupy interstitial positions between
the macrocycles; water molecules (blue spheres) and methanol are represented as CPK-type solid spheres.
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Pyridine and DMF were dried over 4 ä molecular sieves. Other solvents
and chemicals were of reagent grade and used as received from commercial
sources. Reversed-phase column chromatography was performed on a
Merck prepacked Lobar column (LiChroprep¾ RP-18, Size B or C). NMR
spectra were recorded on a Varian Unity plus 500 spectrometer, and D2O
was used as solvent. Chemical shifts were referenced to acetonitrile
(internal standard, �H� 1.98 ppm, �C� 1.70 ppm). FAB-MS spectra were
recorded on a JEOL JMS-HX110 spectrometer.

6A,6B-(4,6-dimethoxy-1,3-benzenedisulfonyl)-�-cyclodextrin (1): 4,6-Di-
methoxy-1,3-benzenedisulfonyl chloride (2.50 g, 9.23 mmol) was added to
a solution of -CD (6.33 g, 5.58 mmol) in dry pyridine (500 mL). The
mixture was stirred at 40 �C for 2.5 h. After the reaction had been quenched
by adding water (5 mL), the solvent was removed in vacuo. The residue was
taken into 10% aqueous MeOH solution (1 L) and filtered, and the filtrate
was then subjected to reversed-phase Lobar column chromatography with
gradient elution from 10 ± 40% aqueous methanol (1 L for each). The
20 mL fractions containing the capped CD were combined and evaporated.
Lyophilization of the residue afforded the desired product 1 (2.52 g, 32%).

6A,6A�:6B,6B�-bis(thia)-bis(6A,6B-dideoxy-�-cyclodextrin) (5): KI (3.90 g,
23.5 mmol) was added to a solution of the capped CD 1 (3.19 g, 2.29 mmol)
in dry DMF, and the resultant mixture was stirred at 80 �C for 4.5 h. After
removal of the solvent in vacuo, the residue was taken into 35% aqueous
MeOH solution and filtered. Chromatography of the filtrate on a reversed-
phase Lobar column with gradient elution from 10 ± 40% aqueous
methanol (1 L for each) gave 6A,6B-diiodo--CD 2 (2.31 g, 75%).

Alternatively, the capped CD 1 (0.5 g, 0.36 mmol) was treated with
thiourea (0.55 g, 7.2 mmol) in DMF at 90 �C for 20 h. The product was
precipitated with acetone (0.2 L) and purified by Lobar column chroma-
tography. Eluting the column with a gradient from 100% H2O± 10%
aqueous MeOH (1 L for each) yielded the 6A,6B-dithiouronium salt 3
(0.44 g, 79%). This (0.15 g, 0.10 mmol) was dissolved in aqueous NaOH
solution (0.25�, 2.5 mL) and stirred at 90 �C for 10 min. The solution was
cooled down to RT, and NaBH4 (25 mg, 0.66 mmol) was added. Ten
minutes later, the reaction solution was acidified to pH 3 with 1�HCl while
being cooled with ice-water bath, then acetone (300 mL) was added to
precipitate the dithiol 4. The crude dithiol 4 was dried in vacuo, taken into
DMF (6 mL), and filtered. Diiodide 2 (0.15 g, 0.11 mmol) and cesium
carbonate (0.13 g, 0.4 mmol) were added to the filtrate. The mixture was
degassed, stirred at RT for 66 h under argon, neutralized with 1� HCl
followed by addition of acetone (300 mL) to precipitate the CD species.
Chromatography of the precipitate on a reversed-phase Lobar column
(gradient elution from 100% H2O to 40% aqueous MeOH, 1 L for each)
gave the pure CD dimer 5 (41 mg, 19% based on engaged dithiouronium
salt 3 or 16% based on the capped CD 1). FAB-MS: m/z : 2266.1 [M�]
(calcd 2266.2 for C84H136O66S2

�). 1H and 13C NMR are given in Figure 1.
Cooling the NMR sample solution (30 mg in 0.6 mL D2O, CH3CN as
internal standard) to 5 �C yielded single crystals suitable for X-ray
diffraction.

Solid-state structure of 5 ¥ 5MeOH ¥ 23H2O : A suitable single crystal of 5
with dimensions 0.52� 0.24� 0.16 mm was sealed in a tube and subjected
to X-ray analysis on a Siemens CCD three-circle diffractometer with
graphite-monochromated radiation MoK� (
� 0.71073 ä) at low temper-
ature T� 100(2) K. The electron density of the solvent in the crystal lattice
was approximated through molecules of water and methanol. Analysis of
the structure and the hydrogen-bonding network in the crystal lattice
yielded 23 additional water molecules and five molecules of methanol
(presumably from chromatographic purification) per dimeric -CD unit.
Structure parameters were determined as follows: Mr� 2840.61 gmol�1

(C84H136O66S2 ¥ 5CH3OH ¥ 23H2O), monoclinic, space group C2, a�
35.557(2), b� 12.3387(5), c� 31.543(2) ä, � 115.272(4), V�
12514.3(12) ä3, Z� 4, �� 1.508 gcm�1, 	(MoK�)� 0.167mm�1, F(000)�
5888, � range 0.71 ± 25.31�, with limiting indices �42�h� 42, �14�k�
14, and �37� l� 37. Of the 72505 reflections collected 22474 were
independent (Rint� 0.0740). The structure was solved by direct methods
(SHELXS-97)[28] and successive Fourier synthesis. Refinement (on F2) was
performed by the full-matrix least-squares method with SHELXL-97.[28]

R(F)� 0.0823 for 18524 reflections with I� 2�(I), �R(F 2)� 0.2382 for all
22474 reflections (�� 1/[�2(F 2

o	 � (0.1670P)2 � 23.4030P)]; in which P�
(F 2

o � 2F 2
c 	/3). All non-hydrogen atoms (except for one methanol oxygen

atom) were refined anisotropically (reflections 22474/parameters 1663/

restraints 6). Hydrogen atoms were considered in calculated positions with
the 1.2Ueq value of the corresponding bound atom.

CCDC-190090 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).

Molecular graphics were generated by using the MolArch� program.[30]
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PHOSPHO-�-GLUCOSIDASE*

Received for publication, July 11, 2001, and in revised form, July 24, 2001
Published, JBC Papers in Press, July 25, 2001, DOI 10.1074/jbc.M106504200

John Thompson‡§, Stanley A. Robrish‡, Stefan Immel¶, Frieder W. Lichtenthaler¶, Barry G. Hall�,
and Andreas Pikis**‡‡

From the ‡Microbial Biochemistry and Genetics Unit, Oral Infection and Immunity Branch, NIDCR, National Institutes
of Health, Bethesda, Maryland 20892, the ¶Institut für Organische Chemie, Technische Universität Darmstadt, D-64287
Darmstadt, Germany, the �Biology Department, University of Rochester, Rochester, New York 14627-0211, the **Vaccine
and Therapeutic Development Section, Oral and Infection and Immunity Branch, NIDCR, National Institutes of Health,
Bethesda, Maryland 20892, and the ‡‡Department of Infectious Diseases, Children’s National Medical Center,
Washington, D. C. 20010-2970

Klebsiella pneumoniae is presently unique among bac-
terial species in its ability to metabolize not only sucrose
but also its five linkage-isomeric �-D-glucosyl-D-fructo-
ses: trehalulose, turanose, maltulose, leucrose, and pal-
atinose. Growth on the isomeric compounds induced a
protein of molecular mass � 50 kDa that was not present
in sucrose-grown cells and which we have identified as
an NAD� and metal ion-dependent 6-phospho-�-glucosi-
dase (AglB). The aglB gene has been cloned and se-
quenced, and AglB (Mr � 49,256) has been purified from
a high expression system using the chromogenic p-nitro-
phenyl �-glucopyranoside 6-phosphate as substrate.
Phospho-�-glucosidase catalyzed the hydrolysis of a
wide variety of 6-phospho-�-glucosides including malt-
ose-6�-phosphate, maltitol-6-phosphate, isomaltose-6�-
phosphate, and all five 6�-phosphorylated isomers of su-
crose (Km � 1–5 mM) yet did not hydrolyze sucrose-6-
phosphate. By contrast, purified sucrose-6-phosphate
hydrolase (Mr � 53,000) hydrolyzed only sucrose-6-phos-
phate (Km � 80 �M). Differences in molecular shape and
lipophilicity potential between sucrose and its isomers
may be important determinants for substrate discrimi-
nation by the two phosphoglucosyl hydrolases. Phos-
pho-�-glucosidase and sucrose-6-phosphate hydrolase
exhibit no significant homology, and by sequence-based
alignment, the two enzymes are assigned to Families 4
and 32, respectively, of the glycosyl hydrolase superfam-
ily. The phospho-�-glucosidase gene (aglB) lies adjacent
to a second gene (aglA), which encodes an EII(CB) com-
ponent of the phosphoenolpyruvate-dependent sugar:
phosphotransferase system. We suggest that the prod-
ucts of the two genes facilitate the phosphorylative
translocation and subsequent hydrolysis of the five �-D-
glucosyl-D-fructoses by K. pneumoniae.

The discovery in 1964 of the phosphoenolpyruvate-depend-

ent sugar:phosphotransferase system (PEP:PTS)1 by Roseman
and colleagues (1) is a landmark in our understanding of car-
bohydrate dissimilation by microorganisms. Since the initial
description of this multi-component system in Escherichia coli,
the PEP:PTS has been established as the primary route for the
transport and concomitant phosphorylation of a wide variety of
sugars by bacteria from both Gram-negative (2, 3) and Gram-
positive genera (4, 5). In many species, including Bacillus sub-
tilis, Lactococcus lactis, Streptococcus mutans, Escherichia coli,
and Klebsiella pneumoniae (6, 7), sucrose is accumulated via
the PTS simultaneously with phosphorylation at C-6 of the
glucopyranosyl moiety of the disaccharide. Intracellularly, su-
crose-6-phosphate (sucrose-6-P) is hydrolyzed by sucrose-6-
phosphate hydrolase (8, 9) to glucose-6-phosphate and fructose,
which are then fermented via the glycolytic pathway to yield
primarily lactic acid.

The structures of sucrose, its five isomeric �-D-glucosyl-D-
fructoses (trivially designated trehalulose, turanose, maltu-
lose, leucrose, and palatinose), and some related �-linked di-
saccharides are depicted in Fig. 1. In contrast to the many
reports of sucrose fermentation, there are few references to the
utilization of the isomeric glucosyl-fructoses by microorgan-
isms (12). This fact is of particular relevance to oral biology in
light of the associative role(s) of sucrose and streptococcal spe-
cies in the etiology of dental caries (13, 14). Sucrose is the
precursor for glucan synthesis that facilitates attachment of S.
mutans to the tooth surface; subsequent fermentation of the
disaccharide to lactic acid initiates the demineralization of
tooth enamel. In this context, isomers of sucrose attract atten-
tion as potential substitutes for dietary sucrose (15–17) be-
cause they are about half as sweet as sucrose, are not metab-
olized (noncariogenic), and, in the case of palatinose and
leucrose, are produced on an industrial scale (18, 19). From the
limited information available, one might reasonably conclude
that the isomers cannot be translocated by the membrane-
localized transporter EII(CB) of the sucrose-PTS or that intra-
cellular sucrose-6-P hydrolase is unable to hydrolyze the phos-

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBankTM/EBI Data Bank with accession number(s) AF337811.
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1 The abbreviations used are: PEP:PTS, phosphoenolpyruvate-
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phorylated PTS products.
Our interest in these issues stemmed from a survey of di-

saccharide utilization by K. pneumoniae that revealed excellent
(and unexpected) growth of this organism on all five isomers of
sucrose (12). Furthermore, although organisms grown previ-
ously on a particular isomer readily metabolized sucrose and
all other isomers, cells of K. pneumoniae grown previously on
sucrose fermented only sucrose (12). Comparative analyses of
proteins in various cell extracts (by two-dimensional PAGE)
revealed high level expression of a specific polypeptide (molec-
ular mass � 50 kDa) during growth on the isomers, but this
protein was not induced by growth of the organism on sucrose.
These observations provided the first indication that for K.
pneumoniae, the initial steps in metabolism of sucrose, and
those of its analogs, might be separable and distinct. In the
present study we have identified two adjacent genes (aglA and
aglB) in K. pneumoniae that encode a membrane-localized
transport protein of the PTS (EIICB, or AglA) and a nucleotide
(NAD�) plus metal-dependent phospho-�-glucosidase (AglB),
respectively. Together, these proteins facilitate the phosphoryl-
ative translocation and subsequent hydrolysis of the five
�-linked isomers of sucrose.

To facilitate the comparison of the properties of sucrose-6-P
hydrolase with those of AglB, the genes encoding the two pro-
teins (scrB (7) and aglB, respectively) have been cloned, and
both enzymes have been purified from high expression sys-
tems. Recently, we prepared trehalulose-6�-P, turanose-6�-P,
maltulose-6�-P, leucrose-6�-P, and palatinose-6�-P in substrate
quantity (12), and the availability of these novel compounds
permitted the determination of the substrate specificities of
highly purified AglB and sucrose-6-P hydrolase. Remarkably,
sucrose-6-P hydrolase, which by sequence-based alignment is
assigned to Family 32 of glycosyl hydrolases, hydrolyzed only
sucrose-6-P. In contrast AglB, which belongs to Family 4, cat-
alyzed the cleavage of the five isomeric 6�-phosphoglucosyl-
fructoses. In this paper, a comparative assessment of confor-
mational, overall shape and polarity features of sucrose-6-P
and its isomeric disaccharide-6�-phosphates is given, providing
insight into the molecular basis for substrate discrimination by
the two phosphoglucosyl hydrolases.

EXPERIMENTAL PROCEDURES

Materials—Carbohydrates were obtained from the following sources:
trehalulose from Südzucker, Mannheim/Ochsenfurt, Germany; maltu-
lose and isomaltose from TCI America; leucrose from Fluka; and pa-
latinose from Wako Chemicals. Sucrose, turanose, and other high pu-
rity sugars were purchased from Pfanstiehl Laboratories. Maltitol,
NADP�, trehalose-6-P, p-nitrophenyl �-D-glucopyranoside (pNP�Glc),
and PEP were obtained from Sigma. Phosphorylated derivatives treha-
lulose-6�-P, sucrose-6-P; turanose-6�-P, maltulose-6�-P, leucrose-6�-P;
palatinose-6�-P, maltose-6�-P, isomaltose-6�-P, and maltitol-6-P were
prepared in this laboratory by PEP:PTS activity in permeabilized (pal-
atinose-grown) cells of K. pneumoniae (12). The chromogenic substrate
pNP�Glc6P was prepared by selective phosphorylation of pNP�Glc
with phosphorus oxychloride in trimethyl phosphate containing small
proportions of water (20). Glucose-6-phosphate dehydrogenase/hexoki-
nase (EC 1.1.1.49; EC 2.7.1.1), and phosphoglucose isomerase (EC
5.3.1.9) were from Roche Molecular Biochemicals. Ultrogel AcA-44 and
TrisAcryl M-DEAE were from Sepracor.

Growth of K. pneumoniae ATCC 23357—The organism was grown at
37 °C in 1-liter bottles, each containing 800 ml of the medium defined by
Sapico et al. (21) supplemented with 0.4% (w/v) of the appropriate
sugar. After growth to stationary phase, the cells were harvested by
centrifugation (13,000 � g for 10 min at 5 °C) and washed twice in 25
mM Tris-HCl buffer (pH 7.5) containing 1 mM MgCl2. The yield was �2
g wet weight of cells/liter.

Electrophoresis Procedures—SDS-PAGE was carried out in the
Novex XCell Mini-Cell system (Invitrogen). Novex NuPage (4–12%)
Bis-Tris gels and MES-SDS running buffer (pH 7.3) were used together
with Novex Mark 12TM protein standards, and proteins were stained
with Coomassie Brilliant Blue R-250. For Western blots, proteins were

transferred to nitrocellulose membranes using NuPage transfer buffer
and SeeBlueTM prestained standards. The Amersham Pharmacia Bio-
tech Multiphor flat-bed electrophoresis unit, precast Ampholine PAG
plates (pH range, 3.5–9.5) and broad range standards were used for
electrofocusing experiments.

Analytical Methods—During purification, the activity of AglB in
column fractions was detected by hydrolysis of the chromogenic sub-
strate, pNP�Glc6P. The specific activity of the enzyme was determined
in a discontinuous assay that contained in 2-ml: 0.1 M Tris-HCl buffer
(pH 7.5), 1 mM MnCl2, 0.5 mM NAD�, and 1 mM pNP�Glc6P. After the
addition of the enzyme preparation, samples of 0.25 ml were removed at
20-s intervals (over a 2-min period) and immediately injected into 0.75
ml of 0.5 M Na2CO3. The A400 nm of the yellow solution was measured,
and rates of pNP formation were calculated by assuming a molar
extinction for the p-nitrophenoxide anion � �18,300 M�1 cm�1. One unit
of AglB activity is the amount of enzyme that catalyzes the formation of
1 �mol of pNP min�1. Two-dimensional polyacrylamide gel electro-
phoresis (PAGE) and protein microsequencing were carried out by
Kendrick Laboratories, Inc. and by the Protein Chemistry Core Facility,
Columbia University, NY, respectively. The mass of AglB was deter-
mined by electrospray in an HP1100 mass spectrometer, and the se-
quence of N-terminal amino acids was determined with an ABI 477A
protein sequencer (Applied Biosystems Inc.) with an on-line ABI 120A
phenylthiohydantoin analyzer. Protein concentrations were determined
by the BCA protein assay kit (Pierce). The procedure for immunodetec-
tion of AglB with polyclonal antibody to MalH from F. mortiferum has
been described previously (20).

Cloning and Characterization of a Region Encoding the aglA and
aglB Genes of K. pneumoniae ATCC 23357—Initially, using the unfin-
ished genome sequence of K. pneumoniae (Washington University Ge-
nome Sequencing Center, St. Louis, MO) and our own sequence data
later, five primer sets were designed to amplify, clone, and characterize
the DNA fragment encoding genes aglA and aglB of K. pneumoniae
ATCC 23357. The five primer sets were constructed as follows: KP1F-
KP1R, 5�-GCCAGTTTTTTCTCTCCTGGTAGC-3� and 5�-GCATAT-
TACGAAAGACGGYCCAGC-3�; KP2F-KP2R, 5�-CCCTACGAGTTGT-
TACATGAGGATTTC-3� and 5�-CCCCCAATGACCACAAACG-3�;
KP3F-KP3R, 5�-GGCTGGACCGTCTTTCGTAATATG-3� and 5�-TTCG-
AGTTACCGTGCAGGGCAAAG-3�; KP4F-KP4R, 5�-CGCTTGGGTGT-
GGGTTACAC-3� and 5�-GCCGTGGTTTTACCTCGTGC-3�; KP5F-
KP5R, 5�-CCCTGATCCTGCGTCTGAACC-3� and 5�-GTTAGCCAGC-
GAA AAGCGG-3�.

The components of the amplification mixtures (100 �l) were: 5 units
of Pfu DNA polymerase (Stratagene, La Jolla, CA), 1� buffer provided
by the manufacturer, 20 mM each of the four DNTPs, 100 ng of DNA,
and 250 ng of each primer. Amplifications were carried out in a thermal
cycler (PerkinElmer 9600, PerkinElmer Life Sciences). After an initial
2-min denaturation at 95 °C, the mixtures were subjected to 30 cycles of
amplification. Each cycle consisted of 1 min denaturation at 95 °C, 1
min annealing at 58 °C, and extension at 72 °C for 2 min/kilobase of
insert. These were followed by a 10-min runoff at 72 °C. The PCR
products were purified (QIAquick PCR purification kit, Qiagen) and
ligated into pCR-Blunt vector (Invitrogen, Carlsbad, CA). After trans-
formation into E. coli TOP 10 competent cells, colonies were selected on
LB agar plates containing 50 �g/ml kanamycin.

Cloning of the K. pneumoniae ATCC 23357 aglB Gene in E. coli—For
amplification of the gene aglB, two primers were synthesized from the
nucleotide sequence shown in Fig. 4: forward primer KPBF, 5�-CCCAC-
CATGGGAGGCAGTATCATG-3� (the aglB sequence, base pairs
2001–2015, is in bold face, and the NcoI site is underlined); reverse
primer KPBR, 5�-CCCAGAATTCTTAATGCAGCTCAGG-3� (the se-
quence complementary to the downstream region of aglB, base pairs
3321–3335, is in bold face, and the EcoRI site is underlined). PCR
amplification was performed using high fidelity Pfu DNA polymerase.
The amplified 1.3-kilobase DNA fragment was digested with restriction
endonucleases (NcoI and EcoRI), electrophoresed through 1% agarose
gel, and purified (QIAquick gel extraction kit). The fragment was li-
gated into the similarly digested (NcoI-EcoRI) high expression vector
pSE380 (Invitrogen) to form pAP-16. (In this construct, the aglB gene is
under control of the powerful trc hybrid promoter, which is also regu-
lated by the lacO operator and the product of the lacIq gene. Because
the plasmid also carries lacI, expression of aglB is strongly repressed in
the absence but is fully induced in the presence of isopropyl-�-D-thio-
galactopyranoside (IPTG)). Plasmid pAP-16 was transformed into com-
petent cells of E. coli TOP 10 (Invitrogen), and transformants were
selected on LB agar containing 150 �g/ml ampicillin.

DNA Sequence Analysis—DNA fragments cloned in pCR-Blunt vec-
tor were sequenced by the dideoxynucleotide chain termination method
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using the Sequenase 7-deaza-dGTP sequencing kit (U. S. Biochemicals,
Cleveland, OH), and [�-35S]deoxyadenosine triphosphate was used for
labeling. For all clones, both strands of DNA inserts were sequenced.
The MacVector sequence analysis package (Version 7.0, Genetics Com-
puter Group, Madison, WI) was used to compile, edit, and analyze the
results.

Growth of Cells and Preparation of Extract Containing AglB—E. coli
TOP 10 (pAP-16) was grown at 37 °C in LB medium containing ampi-
cillin (150 �g/ml) to a density A600 nm � 0.4 units. IPTG (0.5 mM) was
then added to the culture, and growth was continued for 3 h. The
culture was harvested by centrifugation (13,000 � g for 10 min at 5 °C),
and the cells (� 2.1 g wet weight/liter) were washed by resuspension
and centrifugation from 25 mM Tris-HCl buffer (pH 7.5) containing 1
mM MnCl2 and 0.1 mM NAD� (designated TMN buffer). Washed cells
(�38 g) were resuspended in 80 ml of TMN buffer, and the organisms
were disrupted (at 0 °C) by 2 � 1.5-min periods of sonic oscillation in a
Branson instrument (model 350) operating at �75% of maximum
power. The extract was clarified by centrifugation (180,000 � g for 2 h
at 5 °C), and the high-speed supernatant was transferred to sacs and
dialyzed overnight against 4 liters of TMN buffer.

Purification of AglB

The enzyme was purified by low pressure chromatography, and all
procedures were performed in a cold room.

Step 1: TrisAcryl M-DEAE (Anion Exchange) Chromatography—Di-
alyzed high-speed supernatant (�85 ml) was transferred at a flow rate
of 0.8 ml/min to a column of TrisAcryl M-DEAE (2.6 � 14 cm) previously
equilibrated with TMN buffer. Nonadsorbed material was removed by
washing with TMN buffer, and AglB was eluted with 800 ml of a linear,
increasing concentration gradient of NaCl (0–0.3 M) in TMN buffer.
Fractions (8 ml) were collected, and AglB activity was revealed by the
intense yellow color formed upon addition of fraction samples (4 �l) to
microtiter wells containing 100 �l of pNP�Glc6P assay solution. Frac-
tions with the highest activity (22–26) were pooled and concentrated to
19 ml by pressure filtration (Amicon PM-10 membrane, 40 psi). Ammo-
nium sulfate crystals (1.9 g) were added slowly with stirring to a
concentration of 0.75 M.

Step 2: Phenyl-Sepharose CL-4B (Hydrophobic) Chromatography—
The � 20 ml solution from step 1 was transferred (flow rate 0.5 ml/min)
to a column of phenyl-Sepharose CL-4B (2.6 � 14 cm) equilibrated with
TMN buffer containing 0.75 M (NH4)2SO4. Nonadsorbed protein(s) were
eluted, and then 500 ml of a decreasing, linear gradient of (NH4)2SO4

(0.3–0 M) in TMN buffer was passed through the column. Fractions of 5
ml were collected, and AglB was recovered primarily in fractions 45–60.
These fractions were pooled and concentrated by Amicon filtration to
�9 ml.

Step 3: Ultrogel AcA-44 (Molecular Sieve) Chromatography—Approx-
imately 3 ml of preparation from step 2 was applied at a flow rate of 0.15
ml/min to a column of Ultrogel AcA-44 (1.6 � 94 cm) previously equil-
ibrated with TMN buffer containing 0. 1 M NaCl. Fractions of 2.1 ml
were collected, and those containing maximum AglB activity (50–53)
were pooled. (This procedure was repeated with the remaining 2 �
�3-ml portions of concentrate from phenyl-Sepharose chromatogra-
phy). AcA-44 chromatography yielded a total of �24 ml of highly puri-
fied AglB (3 mg/ml; specific activity 4.15 units/mg).

Kinetic Analysis and Substrate Specificity of AglB—A continuous
spectrophotometric assay was used for substrate specificity studies and
determination of kinetic parameters for AglB. This indirect glucose-6-P
dehydrogenase/NADP�-coupled assay monitors formation of glucose-
6-P during the AglB-catalyzed hydrolysis of substrates. The standard
1-ml assay contained: 0.1 M HEPES buffer (pH 7.5), 1 mM MgCl2, 1 mM

MnCl2, 1 mM NAD�, 1 mM NADP�, 1 mM substrate (6�-P isomer of
sucrose, or phospho-�-glucoside), and 2 units of glucose-6-P dehydro-
genase/hexokinase. Reactions were initiated by addition of 15 �l (45 �g)
of AglB preparation, and the increase in A340 nm was recorded in a
Beckman DU 640 spectrophotometer. Initial rates were determined
using the kinetics program of the instrument, and a molar extinction
coefficient � � 6, 220 M�1 cm�1 was assumed for calculation of NADPH
formed (equivalent to glucose-6-P liberated). In kinetic analyses the
concentration range of substrate was usually 0.2–4 mM, and kinetic
parameters were determined from Hofstee plots with an Enzyme Ki-
netics program (dogStar software, Version 1.0c). The products of turan-
ose-6�-P hydrolysis (glucose-6-P and fructose) were determined by in-
clusion of 5 mM ATP and 2 units of phosphoglucose isomerase in the
assay.

Cloning of the Sucrose-6-P Hydrolase Gene (scrB) from K.
pneumoniae

The scrB gene was amplified from K. pneumoniae genomic DNA
using the low-error-rate FailSafeTM polymerase (Epicentre). In the for-
ward primer (5�-GGCCATGGCGCTCTCTCTGACGCTGAA-3�), base
pairs 3119–3137 of the K. pneumoniae scrYAB operon (GenBankTM

accession number X57401) are bolded, and the NcoI site is underlined.
In the reverse primer (5�-GGGGGTCGACTACGCGTTTGGTTT-
TCATCA-3�), base pairs 4587–4606 of scrYAB are bolded, and the SalI
site is underlined. The amplicon was digested with NcoI and SalI and
ligated into similarly digested pProEX Hta (Life Technologies, Inc.),
and the recombinant plasmid(s) was transformed into E. coli K12 strain
DH5�-E (Life Technologies, Inc.). Ampicillin-resistant transformants
were selected, and the scrB genes of four plasmids containing inserts of
approximately the correct size were sequenced. All shared the following
differences from the published (7) scrB coding sequence: 991C3T,
1006G3T, 1249C3T, 1270C3T, 1549C3T, 1552A3G, 1675G3A,
1699T3C, 1738G3A (numbering as in pScrBLong). All of these dif-
ferences are silent, and one plasmid was chosen and designated
pScrBLong.

Growth of E. coli DH5�E (pScrBLong) and Expression of
Sucrose-6-P Hydrolase

The organism was grown in LB medium containing 200 �g/ml am-
picillin. At A600 nm � 0.5, IPTG was added (1 mM) and growth was
continued for � 4 h. Cells were harvested and washed with 25 mM

HEPES buffer (pH 7.5) as described earlier. The yield was �2.9 g wet
weight of cells/liter.

Purification of Sucrose-6-P Hydrolase

Briefly, the purification of sucrose-6-P hydrolase was as follows. A
high-speed supernatant was prepared, after resuspension and sonica-
tion, of 10 g of E. coli DH5�E (pScrBLong) resuspended with 20 ml of 25
mM HEPES buffer (pH 7.5). The dialyzed preparation was applied to a
column of TrisAcryl M-DEAE, and after washing with the same buffer,
sucrose-6-P hydrolase was eluted with an increasing gradient of NaCl
(0–0.5 M). Fractions with sucrose-6-P hydrolase activity were pooled,
concentrated to 8 ml, and then mixed gently with 30 ml of 0.1 M MES
buffer (pH 5). Precipitated material was removed by centrifugation, and
the clarified solution was applied to a column of phosphocellulose P-11
(Whatman) previously equilibrated with 0.1 M MES buffer (pH 5).
Nonadsorbed proteins were removed, and sucrose-6-P hydrolase was
eluted with the same buffer containing an increasing concentration of
potassium phosphate buffer (0–0.1 M, pH 7). Active fractions (eluted
at � 50 mM Pi) were pooled and concentrated. sucrose-6-P hydrolase
was purified to homogeneity by passage of this solution through an
AcA-44 gel filtration column previously equilibrated with 50 mM

HEPES buffer, pH 7.5, containing 0.1 M NaCl. Concentration of active
fractions yielded about 22 mg of sucrose-6-P hydrolase of specific activ-
ity 12.5 units/mg (with 10 mM sucrose as substrate in the assay; see
below).

Sucrose-6-P Hydrolase Assay

Sucrose-6-P is the natural substrate for sucrose-6-P hydrolase, but
the enzyme also hydrolyzes sucrose when the disaccharide is present at
high concentration. Because of the limited availability of sucrose-6-P,
the parent sugar was used as substrate during purification of sucrose-
6-P hydrolase, and the glucose-6-P dehydrogenase/hexokinase-NADP�-
coupled assay measured glucose formed by sucrose hydrolysis. The 1-ml
assay contained: 0.1 M HEPES buffer (pH 7.5), 1 mM MgCl2, 1 mM

NADP�, 1 mM ATP, 10 mM sucrose, 2 units of glucose-6-P dehydrogen-
ase/hexokinase, and enzyme solution. One unit of sucrose-6-P hydrolase
activity is the amount of enzyme that catalyzes the formation of 1 �mol
of glucose/min.

Computational Methods

A conformational analysis of all disaccharides and their 6�-phos-
phates was carried out using a molecular dynamics (MD) simulations,
i.e. CHARMM (22, 23), with a force field particularly adapted for the
treatment of carbohydrates (24, 25), with the explicit incorporation of
water as the solvent. The starting structures used were derived either
from the corresponding x-ray-based solid-state geometries of sucrose
(26, 27), �-p-turanose (28), �-p-leucrose (29), �-f-palatinose (30), �,
�-trehalose (31), �-p-maltose (32, 33), and maltitol (34, 35) or from
compounds of similar backbone structure found in the Cambridge Crys-
tallographic Database (www.ccdc.com.ac.uk) (36, 37). Any water mole-
cules present in the crystal structures were removed. For compounds
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that equilibrate between different anomeric or ring (pyranoid or
furanoid) forms, only the most predominant tautomer was considered,
i.e. the 6�-phosphates of �-p-trehalulose, �-p-turanose, �-p-maltulose,
�-p-leucrose, �-f-palatinose, �-p-maltose, and �-p-isomaltose. Each
compound was centered in a periodic box (truncated octahedron, box
size � 33.5 Å) filled with pre-equilibrated TIP3 (transferable intermo-
lecular potential-3) water molecules, yielding (after removal of the
solvent molecules that overlap with the solute) simulation systems
including 643 (disaccharides) or 641 (disaccharide phosphates) water
molecules, respectively. In the latter series, two NH4

� counterions were
added at random positions within 6 Å around the glucose-6-CH2OPO3

2�

groups. After full lattice energy minimization, all boxes were slowly
heated from 0 to 300 K within 15 ps of MD simulation and were
subsequently equilibrated for an additional 85 ps; the final MD data
were sampled using simulations of 1 ns in each case; molecular config-
urations were saved every 100 fs for analysis purposes. All MD runs
were carried for constant pressure (Pref � 1 atm, isothermal compress-
ibility 4.63 � 10�5 atm�1, pressure coupling constant �P � 5 ps) and
constant temperature (Tref � 300 K, temperature coupling constant �T

� 5 ps, allowed temperature deviation �T � � 10 K) conditions (NPT
ensemble (constant number of molecules, constant pressure, and con-
stant temperature)) using the following simulation parameters: time
step �t � 1 fs (leapfrog integrator, all X–H bond lengths were con-
strained using the SHAKE protocol), dielectric constant � � 1.0, cut-off
distance for long range interactions 12 Å, cut-off for images in atom lists
13 Å. The following averages were recalculated from the final MD runs
(standard deviations are in parentheses): disaccharides: temperature
	T
 � 296(5) K, box size 33.66(8) Å, volume 	V
 � 19060(145) Å3,
density 	�
 � 1.039(8) g cm�3; disaccharide 6�-phosphates: tempera-
ture 	T
 � 296(5) K, box size 33.59(5) Å, volume 	V
 � 18950(130)
Å3, density 	�
 � 1.049(8) g cm�3. For each MD time series a mean
solute geometry was obtained by three-dimensional fitting of all config-
urations (heavy atoms only, excluding CH2OH oxygen atoms); the best-
fit models from this procedure were selected as representative molecu-
lar geometries in aqueous solution (Fig. 9, 10). For a comparison, the
conformation of all glucosyl-6�-CH2OH groups were set to gauche-trans
(gt, torsion angle O5�–C5�–C6�–O6� � � �60°). Solvent-accessible sur-
faces (38) and color-coded molecular lipophilicity patterns (MLPs) (39,
40) were generated using the MOLCAD modeling program (41, 42).2

RESULTS

Growth of K. pneumoniae on Sucrose and Its Isomers—Re-
cently (12) we reported the growth of K. pneumoniae on sucrose
and its five isomeric �-D-glucosyl-D-fructoses (see Fig. 1 for
structures). Additionally, we showed that organisms grown
previously on a particular isomer readily fermented sucrose as
well as each of the �-D-glucosyl-D-fructoses, whereas sucrose-
grown cells, surprisingly, metabolized only sucrose (12). Exam-
ination of the protein composition of the various cell extracts by
two-dimensional PAGE revealed high level expression of one
specific polypeptide (molecular mass �50 kDa) during growth
on either of the five sucrose isomers (e.g. palatinose and mal-
tulose, Fig. 2) and in fact on related disaccharides such as
maltose, isomaltose, maltitol (for formulae, see Fig. 1), and
even methyl-�-D-glucopyranoside (data not shown). Signifi-
cantly, the �50-kDa protein was not detectable in an extract
prepared from sucrose-grown cells (Fig. 2).

Identity of the Protein Induced during Growth on Sucrose-
Isomeric Glucosyl-fructoses—Proteins from a duplicate two-di-
mensional PAGE gel of maltulose-grown cell extract were
transferred by Western blot to a polyvinylidene difluoride
membrane. Microsequence analysis provided the following se-
quence for the first 25 residues from the N terminus of the
highly expressed �50-kDa protein: MKKFSVVIAGGGSTFTP-
GIVLMLLA. A BLAST (43) search of the nonredundant protein
data bases with this sequence as probe revealed 91 and 82%
identity, respectively, with the N termini of an unusual 6-phos-
pho-�-glucosidase (EC 3.2.1.122), previously purified from Fu-
sobacterium mortiferum (MalH (44)) and B. subtilis (GlvA (45)).

Phospho-�-glucosidase activity is readily detected by the in-
tensely yellow p-nitrophenolate (pNP) anion released upon hy-
drolysis of pNP�Glc6P. This chromogenic substrate was rap-
idly hydrolyzed by extracts of cells grown on the glucosyl-
fructoses and other �-glucosides, but essentially no activity was
detectable in the extract from sucrose-grown cells (Table I).
Western blots performed with antibody raised against phos-
pho-�-glucosidase from F. mortiferum (20) revealed a striking
correlation between the amount of induced immunoreactive
protein of �50 kDa (Fig. 3) and the hydrolytic activities of the
various extracts (Table I). The protein induced during growth
on the five �-D-glucosyl-D-fructoses was thus identified as
phospho-�-glucosidase.

Cloning and Sequence Analysis of the Agl Region of K. pneu-
moniae—Although suggestive, the available data (Figs. 2 and 3
and Table I) did not establish a functional role for phospho-�-
glucosidase in dissimilation of the five �-D-glucosyl-D-fructoses
by K. pneumoniae. Recently, we demonstrated the PEP-de-
pendent phosphorylation of the five sucrose isomers via the
PTS activity of palatinose-grown cells of K. pneumoniae, and
trehalulose-6�-P, turanose-6�-P, maltulose-6�-P, leucrose-6�-P,
and palatinose-6�-P were prepared in 20–50-mg amounts (12).
To determine whether these derivatives were hydrolyzed by
AglB, it was first necessary to purify this enzyme. To this end,
aglB, the gene encoding the phospho-�-glucosidase, and an
adjacent upstream gene, aglA, were cloned and sequenced. Fig.
4 shows the �3.5-kilobase pair nucleotide sequence containing
the two genes (aglA and aglB) of the alpha-glucoside utilization
region of the K. pneumoniae genome. The aglA gene comprises
a coding sequence of 1,619 nucleotides commencing with an
ATG codon at position 394 and terminating with a TGA (stop)
codon at position 2014. This open reading frame encodes a

2 The major part of the MOLCAD program is included in the SYBYL
package of TRIPOS Associates, St. Louis, MO.

FIG. 1. Chemical formulae and established abbreviations (10)
of sucrose, its five linkage isomeric glucosyl-fructoses, and of
some related disaccharides (R � H) and their respective mono-
phosphates (R � PO3

2�), invariably carrying their phosphate
ester groups attached to the glucosyl-C-6. For the reducing disac-
charides, only the tautomeric form predominating in solution (10, 11) is
depicted. The nonreducing sucrose-6-P is the singular substrate for the
sucrose-6-P hydrolase, whereas all others are hydrolyzed by the 6-phos-
pho-�-glucosidase described herein.
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polypeptide of 540 residues (calculated Mr � 58,373) that con-
tains fused C and B domains characteristic of a membrane-
localized EII(CB) transport protein of the PTS (46). The aglA
gene is preceded by a potential ribosome-binding site (GAGGA)
centered �11 nucleotides from the start codon. The aglA stop
codon overlaps the Met start codon of aglB. The latter gene
extends from nucleotide 2013 and terminates with a TAA codon
at position 3333. Translation of aglB predicts a polypeptide of
440 amino acids (calculated Mr � 49,256), in which residues
138–169 display the signature pattern of Family 4 glycosyl
hydrolases (47, 48):3 PX(S/A)(W/T)(L/I/V/M/F)2(Q/N)X2NPX4(T/
A)X 9,10(K/R)X(L/I/V)(G/N)XC. From the alignment shown in
Fig. 5, it is clear that AglB exhibits homology with phospho-�-
glucosidases from other species including MalH from F. mor-

tiferum (75% identity), GlvA from B. subtilis (72%), and trun-
cated GlvG from E. coli (77%), respectively.

Purification of Phospho-�-glucosidase (AglB) from E. coli
TOP(pAP-16)—Cells of E. coli TOP(pAP-16) produced high lev-
els of an IPTG-inducible protein with an estimated Mr � 50
kDa as expected for the full-length polypeptide encoded by aglB
(Fig. 6A, lane 1). This protein cross-reacted with phospho-�-
glucosidase antibody (Fig. 6B, lane 1), and the cell extract
catalyzed the immediate hydrolysis of pNP�Glc6P. AglB was
purified by conventional low-pressure chromatography, and to
stabilize the enzyme, 0.1 mM NAD� and 1 mM Mn2� ion were
included in all buffers. Throughout the four-stage procedure,3 On line at www.expasy.ch/cgi-bin/lists?glycosid.txt.

FIG. 2. Analysis by two-dimensional
PAGE of proteins in extracts pre-
pared from cells of K. pneumoniae
grown on various disaccharides. The
white circles indicate the induced �50-
kDa phospho-�-glucosidase (AglB) in or-
ganisms grown previously on either malt-
ose, palatinose, or maltulose. This protein
was not detectable (white arrow) in the
extract prepared from sucrose-grown cells
of K. pneumoniae. Approximately 50 �g of
protein was applied per gel, and polypep-
tides were visualized by silver staining.
Prior to electrophoresis, tropomyosin (1
�g) was added to each sample as an IEF
internal standard. This protein (black ar-
rowhead) migrates as a doublet with the
lower polypeptide spot �33 kDa and pI �
5.2.

TABLE I
Hydrolysis of p-nitrophenyl �-D-glucopyranoside 6-phosphate by

extracts prepared from cells of K. pneumoniae grown on different
sugars

Growth sugar Rate of pNP�Glc6P hydrolysisa

Maltulose (�,1–4)b 0.256 (100)c

Palatinose (�,1–6) 0.214 (84)
Leucrose (�,1–5) 0.202 (79)
Trehalulose (�,1–1) 0.160 (63)
Methyl-�-D-glucoside 0.119 (46)
Turanose (�,1–3) 0.096 (38)
Maltitol 0.073 (29)
Maltose 0.031 (12)
Sucrose 0.002 (	1)
Cellobiose 0.002 (	1)
Galactose NDd

Trehalose ND
Glucose ND

a �mol pNP�Glc6P hydrolyzed min�1 mg protein�1.
b Compounds in boldface are sucrose isomers.
c Values in parentheses � rate as % activity in maltulose extract.
d ND, no detectable activity.

FIG. 3. Western blot showing the sugar-specific induction and
cross-reactivity of the �50-kDa protein (AglB) with antibody
raised against purified MalH (phospho-�-glucosidase) from F.
mortiferum (20). Extracts were prepared from cells of K. pneumoniae
grown on the indicated sugars, and approximately 15 �g of protein was
applied per lane. Note the absence of immunoreactive protein in su-
crose-grown cells. Stds., standards.
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the purification of AglB was monitored by enzymatic assay
(Table II), SDS-PAGE (Fig. 6A), and immunoblot methods (Fig.
6B). Approximately 70 mg of electrophoretically pure enzyme
was obtained from �38 g wet weight of cells. Although purified
in reasonably active form, AglB was progressively inactivated
throughout the purification, and the specific activity of the final
preparation (4.2 units/mg) was only �3-fold higher than that of
the original dialyzed cell extract (1.2 units/mg).

Properties of AglB—The molecular weight of AglB deter-
mined by electrospray/MS (Mr 49,254) was within two units of
the theoretical weight average Mr of 49,256 deduced from the
amino acid sequence encoded by aglB. However, in the final
stage of purification, AglB emerged from the AcA-44 gel filtra-
tion column in a volume suggestive of a protein of molecular
mass � 100 kDa. Cross-linking studies also revealed the for-
mation of a similarly sized product after incubation of the
enzyme with various homo-bifunctional imidoesters (Fig. 6C,
lanes 2–4). It appears likely that in solution AglB exists as a
catalytically active homodimer. Analytical electrofocusing re-
vealed two species (Fig. 6D, lane 2) having estimated pI values

of 5.4 and 5.6 that agreed fairly well with the theoretical pI
(5.69) deduced from the amino acid composition of AglB. The
homogeneity of the purified enzyme was confirmed by the un-
ambiguous determination of the first 26 residues from the N
terminus, MKKFSVVIAGGGSTFTPGIVLMLLAN. This se-
quence was precisely that deduced by translation of aglB and,
importantly, was in perfect agreement with that of the polypep-
tide induced during growth of K. pneumoniae on the sucrose-
isomeric glucosyl-fructoses (Fig. 2).

Cofactor, Metal Ion Requirements, and Substrate Specificity
of AglB—Phospho-�-glucosidases MalH and GlvA from F. mor-
tiferum (20, 44) and B. subtilis (45), respectively, exhibit re-
quirements for nucleotide (NAD�) and divalent metal ion
(Mn2�, Co2�, or Ni2�) for activity. AglB exhibited similar re-
quirements and, in the absence of these cofactors, was unable
to hydrolyze pNP�Glc6P (Table III). Inclusion of NAD� in the
assay elicited substrate cleavage, but enzyme activity in-
creased 3–6-fold upon further addition of Mn2�, Co2�, or Ni2�.
Other divalent metal ions tested, including Mg2�, Ca2�, and
Zn2�, were either without effect or were inhibitory. The activity

FIG. 4. Nucleotide sequence of the Agl region of K. pneumoniae. This �3.5-kilobase DNA fragment contains genes aglA and aglB that
encode an EIICB transport protein of the PEP:PTS and an NAD� plus metal-dependent 6-phospho-�-glucosidase, respectively. A potential
ribosomal binding site (RBS) preceding aglA is underlined. The deduced amino acid sequences are shown below the nucleotide sequence in
single-letter code. The N-terminal amino acid sequence of AglB obtained by Edman degradation is boxed. The positions of primers KPBF and KPBR
used for PCR amplification of aglB are indicated by arrows above the nucleotide sequence.
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of AglB was optimal at �36 C° in either 0.1 M Tris-HCl or
HEPES buffers (pH 7.5) containing 0.1 mM NAD� and 1 mM

Mn2� ion. In the presence of requisite cofactors, AglB hydro-
lyzed all 6-phospho-�-D-glucosides tested including all phos-
phorylated isomers of sucrose. The kinetic parameters for each
substrate are presented in Table IV. There was no detectable
cleavage of the corresponding nonphosphorylated compounds.
Importantly, sucrose-6-P itself was not hydrolyzed by AglB nor
was it an inhibitor of enzyme activity. Studies with turanose-
6�-P (Table V) established that, as for the chromogenic analog
(pNP�Glc6P), the same cofactors were required for the hydrol-
ysis of this PTS product. Throughout the time course of the
experiment, the 1:1 stoichiometry between [glucose-6-P:fruc-
tose] confirmed these two metabolites as the only reaction
products from AglB-catalyzed hydrolysis of turanose-6�-P.

Purification and Substrate Specificity of Sucrose-6-P Hydro-
lase—AglB readily hydrolyzed the five 6-phosphoglucosyl-fruc-
toses, whereas sucrose-6-P, remarkably, was not a substrate
for this enzyme. It was of interest, to determine whether su-
crose-6-P hydrolase would exhibit the converse specificity with
respect to potential substrates. sucrose-6-P hydrolase was pu-
rified from E. coli DH5�E (pScrB Long) as described under
“Experimental Procedures.” The four-stage procedure (Fig. 7)
provided 20–30 mg of electrophoretically pure sucrose-6-P hy-
drolase with an estimated molecular mass of �53 kDa by
SDS-PAGE (Fig. 7, lane 4), which was in agreement with the
molecular weight of 52,708 deduced by translation of the scrB
gene (ref. 7 and Swiss Protein Database accession no. P27217).
The mass of sucrose-6-P hydrolase determined experimentally
by electrospray mass spectroscopy (Mr 52,581) was about 127
mass units lower than the calculated massav. Except for the
absence of methionine at the N terminus, microsequence anal-
ysis confirmed exactly the predicted sequence of the first 28

residues of the polypeptide SLPSRLPAILQAVMQGQPQAL-
ADSHYPQ. Sucrose-6-P hydrolase catalyzed the hydrolysis of
sucrose and sucrose-6-P at comparable rates (Vmax.sucrose �
31.2 � 1.1; Vmax.S6P � 40.4 � 2.3 �mol hydrolyzed min�1

mg�1). However, the affinity of the enzyme for the phosphoryl-
ated disaccharide (Km S6P � 85.3 � 15.1 �M) was 
200-fold
greater than for sucrose (Km sucrose � 20.3 � 1.9 mM). There was
no detectable hydrolysis (at 1 mM) of any of the phosphorylated
isomers of sucrose, and sucrose-6-P hydrolase failed to hydro-
lyze other phospho-�-glucosides including maltose-6�-P and
trehalose-6-P.

Conformational Analysis of Sucrose-6-P and Disaccharide-
6�-phosphates—Insight into the remarkable discrimination of
sucrose-6-P hydrolase and phospho-�-glucosidase for their sub-
strates was provided by conformational analysis of these phos-
phorylated compounds using molecular dynamics simulations.
Sucrose and sucrose-6-P differ from other disaccharides not
only by the fact that they are nonreducing (the two sugar units
are linked through their anomeric centers) but by the prede-
termined orientation of the glucose and fructose portions to-
ward each other. In the solid state, the two sugars are confor-
mationally fixed by two intramolecular hydrogen bonds (Fig. 8
and Refs. 26, 27, 50, 51). On dissolution of the disaccharide in
water, these bonds are replaced by an H2O molecule bridging
glucosyl-O-2 and fructosyl-O-1 through hydrogen bonding (Fig.
8, center, and Ref. 52), to yield an overall conformation close to
that in the crystalline state. The molecular geometry of su-
crose-6-P in water, which emerges from a nanosecond molecu-
lar dynamics simulation in a truncated octahedron box contain-
ing 641 water molecules, again is very similar to that of sucrose
in the crystal and in aqueous solution (Fig. 8, right), so that a
water bridge of the Glc-2-O� � �H2O� � �O-1-Fru is likewise to be
inferred. A comparison of the molecular geometry of sucrose-
6-P in water with the geometries of the nine disaccharide-6�-
phosphates reveals their distinctly different molecular shapes.
Unlike sucrose-6-P, which by virtue of the intramolecular wa-
ter bridge between glucose and fructose assumes a remarkably
compact conformation in solution, the nine disaccharide-6�-
phosphates lack any interaction of this type and hence invari-
ably adopt a more extended, longish molecular geometry. These
differences in molecular shape are emphasized by juxtaposition
of the solvent-accessible surface of sucrose-6-P (Fig. 9, top) with
those of the nine disaccharide-6�-phosphates shown superim-
posed in Fig. 9 (bottom).

DISCUSSION

Transport and Hydrolysis of Sucrose and Its Isomers by K.
pneumoniae—Circumstantial evidence indicated that the
transport and dissimilation of the five O-�-linked isomers of
sucrose by K. pneumoniae occurred by a route different from
the PTS-sucrose-6-P hydrolase route used for sucrose itself
(12). For example, sucrose-grown cells failed to metabolize any
of the isomers, and the PEP:PTS activity of cells grown on a
particular isomer (e.g. palatinose) catalyzed the phosphoryla-
tion of all other isomers. Importantly, growth of K. pneumoniae
on the five �-D-glucosyl-D-fructoses induced a high level expres-
sion of a polypeptide (molecular mass � 50 kDa) that was not
present in organisms grown on sucrose. In this study, the gene
(aglB) that encodes the induced protein has been cloned and
sequenced, and the protein itself (AglB) has been identified as
an NAD� and metal-dependent phospho-�-glucosidase. The
gene aglB lies adjacent to a second gene, aglA, which encodes
an EII(CB) component of the PEP:PTS (46). It is our contention
that together, AglA and AglB facilitate the phosphorylative
translocation and subsequent cleavage of phosphorylated iso-
mers of sucrose (and related �-glucosides) by K. pneumoniae.

Properties of sucrose-6-P hydrolase and Phospho-�-glucosi-

FIG. 5. Comparative alignment of the sequence of AglB from K.
pneumoniae with 6-phospho-�-glucosidase(s) from F. mor-
tiferum 25557 (MalH (Fusmr), Swiss Protein Database accession
no. O06901); B. subtilis 168 (GlvA (Bacsu), SwissProt identifier
P54716) and E. coli K-12 MG1655 (GlvG, truncated (Eco) Ref. 49,
Swiss Protein Database accession no. P31450). The bold overline
at the N terminus indicates a probable NAD�-binding domain, and the
DND motif is highlighted. Catalytically important glutamyl residues
are boxed, and conserved residues are indicated by asterisks. Residues
representing the signature motif for Family 4 glycosyl hydrolases
(Swiss Protein Databank; Prosite name, PS01324 (48)) are indicated by
the shaded overline.
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dase (AglB)—In some of their properties, sucrose-6-P hydrolase
and AglB show similarity. For example they are of comparable
(monomer) size, they are exacting for the glucose-6-P moiety of
their substrates, and both exhibit poor or no affinity for non-
phosphorylated disaccharides. However, in their amino acid
sequences, cofactor requirements, and assignments to different
families of the glycosyl hydrolase superfamily, sucrose-6-P hy-
drolase and AglB are quite different. The amino acid sequence
of sucrose-6-P hydrolase (deduced from the scrB gene (7)) has
essentially no homology with that of AglB, and by the amino
acid-based sequence classification of Henrissat (47), AglB and
sucrose-6-P hydrolase are assigned to Families 4 and 32, re-
spectively, of the glycosyl hydrolase superfamily (48).3 Sucrose-
6-P hydrolase has no cofactor requirements, whereas AglB is
dependent upon both NAD� and divalent metal ion (Mn2�,
Ni2�, or Co2�) for catalytic activity (Table III). Indeed, these

cofactor requirements for AglB were predicted by virtue of the
extraordinarily high sequence identity between the putative
polypeptide encoded by aglB and those of the Family 4 phos-
pho-�-glucosidases shown in the multiple alignment in Fig. 5.
The role(s) for NAD� and metal ion have not been established,

FIG. 6. Determination of the Mr, pI, and structural composition of AglB by analytical PAGE. A, purification and Mr estimate of AglB.
Samples from each stage of purification were denatured, resolved by SDS-PAGE, and stained with Coomassie Brilliant Blue R-250. Lane 1,
high-speed supernatant; lane 2, TrisAcryl M-DEAE; lane 3, phenyl-Sepharose Cl-4B; and lane 4, Ultrogel AcA-44. B, Western blot of a duplicate
gel of panel A showing cross-reaction of AglB with MalH antibody. Stds, standards. C, cross-linking of AglB subunits to the dimeric state by
treatment with: lane 1, no agent; lane 2, dimethyladipimidate; lane 3, dimethylpimelimidate; and lane 4, dimethylsuberimidate. D, determination
of the pI of AglB by analytical electrofocusing (lane 2).

TABLE II
Summary of the purification of AglB (phospho-�-glucosidase) from E. coli TOP 10 (pAP-16)

Purification step Total protein Total activity Specific activity Purification Yield

mg unitsa units/mg -fold %

Dialyzed high-speed supernatant 2304 2815 1.22 1 100
TrisAcryl M-DEAE 618 1743 2.82 2.3 62
Phenyl-Sepharose CL-4B 174 715 4.12 3.4 25
AcA-44 72 299 4.15 3.4 11

a Units expressed as �mol of pNP�Glc6P hydrolyzed min�1.

TABLE III
NAD� and metal ion requirements for activity of AglB

(phospho-�-glucosidase)
The purified enzyme had been dialyzed against 25 mM Tris-HCl

buffer (pH 7.5).

Addition to assaya Specific activityb

No additions NDc

� NAD� 0.35
� Mg2� 0.01
� NAD� � Mg2� 0.32
� Ni2� 0.11
� NAD� � Ni2� 0.59
� Co2� 0.26
� NAD� � Co2� 1.01
� Mn2� 0.25
� NAD� � Mn2� 1.35

a The 2-ml assay solution contained 50 mM Tris-HCl buffer (pH 7.5).
When required, appropriate divalent metal ion (1 mM) and NAD� (0.5
mM) were included. Phospho-�-glucosidase (60 �g) was added, and after
2 min of preincubation at 25 °C, pNP�Glc6P was added to a final
concentration of 1 mM. Hydrolysis of substrate (i.e. formation of pNP)
was followed as described under “Experimental Procedures.”

b Expressed as �mol of pNP�Glc6P hydrolyzed min�1 mg enzyme�1.
c ND, no detectable activity.

TABLE IV
Substrate specificity and kinetic parameters of purified AglB

(phospho-�-glucosidase) from Klebsiella pneumoniae
Compounds in bold face are sucrose isomers.

Phospho-�-glucoside Km Vmax

mM �mol mg�1 min�1

Trehalulose-6�-P (�,1–1) 1.23 � 0.10 0.89 � 0.03
Turanose-6�-P (�,1–3) 1.68 � 0.26 2.41 � 0.19
Maltulose-6�-P (�,1–4) 1.20 � 0.12 1.15 � 0.05
Leucrose-6�-P (�,1–5) 5.63 � 1.24 0.85 � 0.13
Palatinose-6�-P (�,1–6) 2.42 � 0.39 0.90 � 0.08
Maltose-6�-P 3.08 � 0.49 1.31 � 0.13
Isomaltose-6�-P 4.48 � 1.00 1.55 � 0.23
Maltitol-6-P 0.82 � 0.23 1.87 � 0.21
Trehalose-6-P 1.16 � 0.30 0.31 � 0.03
pNP�Glc6P 0.05 � 0.01 2.42 � 0.25

TABLE V
Product stoichiometry and requirement(s) for NAD� and Mn2� ion for

hydrolysis of turanose-6�-P by AglB (phospho-�-glucosidase)
The 1-ml reaction mixture contained 1 �mol of turanose-6�-P. For

composition of the reaction, details of sampling, and enzymatic analy-
ses, see “Experimental Procedures.”

Reaction time
NAD� and Mn2� presenta NAD� and Mn2� omitted

Glucose-6-P Fructose Glucose-6-P Fructose

min

0 NDb ND ND ND
2 0.32c 0.32 0.03 0.03
5 0.57 0.53 0.05 0.05

10 0.87 0.85 0.07 0.07
15 0.95 0.91 0.10 0.08
20 1.00 0.94 0.11 0.10

a NAD� and Mn2� were both present at a concentration of 1 mM.
b ND, not detectable.
c Numerical values indicate �mol of glucose-6-P and fructose formed.
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and it is presently unclear whether these cofactors play cata-
lytic and/or structural roles in AglB and related enzymes of
Family 4 (44, 45, 53, 54). Results obtained from site-directed
mutagenesis of the phospho-�-glucosidase (GlvA) in B. subtilis
(45) suggest that residues close to the N terminus comprise the
NAD�-binding domain (see, Fig. 5). Glycosyltransferases com-
prise a superfamily of Mn2�-dependent enzymes (55) that use
UDP-glucose, UDP-galactose, and related compounds as sub-
strates for modification (via glycosylation) of a wide variety of
biological molecules in both prokaryotes and eukaryotes. Most,
if not all, members of this large family contain a conserved
motif D(X)D that participates in the substrate recognition/
catalytic process by interaction of the aspartyl residues with
the ribose moiety of the nucleotide or via coordination with
Mn2� ion (56). Interestingly, this motif is also present in AglB
and in other phospho-�-glucosidases, and the conserved DND
residues lie adjacent to the putative NAD�-binding domain of
these enzymes (Fig. 5). Furthermore, site-directed substitution
at the first aspartic residue of this motif (D41G and D41E) in
GlvA results in loss of hydrolytic activity (45). These findings

plus the fact that the D(X)D motif is conserved in other mem-
bers of Family 4 (see Fig. 4 in Ref. 45) may indicate a role for
the two acidic residues in Me2� ion-binding in AglB and related
glycosyl hydrolases.

Substrate Discrimination by Sucrose-6-P Hydrolase and
6-Phospho-�-glucosidase—Sucrose-6-P and its five phosphoryl-
ated linkage isomers have recently been prepared and charac-
terized by 1H and 13C NMR spectroscopy (12). The availability
of these derivatives in substrate amount permitted specificity
and kinetic analyses to be carried out with highly purified
sucrose-6-P hydrolase and AglB. These studies establish un-
equivocally that sucrose-6-P hydrolase hydrolyzes only sucrose-
6-P to form glucose-6-P and fructose. The specificity of sucrose-
6-P hydrolase for its single substrate (sucrose 6-phosphate) is
noteworthy because it suggests that their reciprocal molecular
recognition (as a prerequisite to fission of the intersaccharidic
linkage to glucose-6-P and fructose) is unique, not even toler-
ating minor changes in the linkup of the two sugars, as for
example those realized in the five isomeric glucosyl-fructoses.
In contrast, the 6-phospho-�-glucosidase (AglB), which is in-

FIG. 7. SDS-PAGE of samples from each stage of purification of
sucrose-6-P hydrolase from E. coli DH5�E (pScrBLong). Lane 1,
high-speed supernatant; lane 2, TrisAcryl M-DEAE; lane 3, phospho-
cellulose P-11; and lane 4, Ultrogel AcA-44 gel filtration chromatogra-
phy. Stds, standards.

FIG. 8. Preferred molecular geometries of sucrose in the solid
state (left) characterized by two intramolecular hydrogen
bonds (26, 27, 50, 51) and in water (center), shown here with the
water molecule bridging glucosyl-O-2 and fructosyl-O-1 through
hydrogen bonding (52). The conformation of sucrose-6-phosphate
emerging from a 1000-ps MD simulation in a box containing 641 water
molecules (right) is so similar to that of sucrose in water that a Glc-2-
O� � �H2O� � �O-1-Fru water bridge is likewise inferred. The dotted con-
tours refer to the solvent-accessible surface into which ball-and-stick
models have been inserted; for easier comparison, the glucosyl moiety is
kept in the same orientation.

FIG. 9. Solvent-accessible surface of sucrose-6-P in front-
opened form with ball-and-stick model insert (top) as set
against those of the nine other disaccharide-6�-phosphates (bot-
tom) superimposed on each other with the �-D-glucose-6-P por-
tion (left half) kept in the same orientation. The slender form of
the fructose moiety of sucrose-6-P (top, right half) renders the shape of
the molecule different; notably it is more compact than that of the other
disaccharide-6-phosphates.
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duced by growth of K. pneumoniae on the five glucosyl-fructo-
ses, appears to be less specific and is tolerant of a considerable
variation in both the structure and size of the O-linked agly-
cone. Indeed, the NAD� and metal ion-dependent phospho-�-
glucosidase hydrolyzed not only the 6�-phosphoglucosyl-fructo-
ses but also the phosphorylated derivatives of related �-linked
disaccharides such as maltose-6�-P, isomaltose-6�-P, and malti-
tol-6-P. Remarkably, AglB was unable to hydrolyze sucrose-
6-P. Explanations for enzyme specificity and substrate discrim-
ination must reside in the molecular geometries and polarities
of the individual disaccharide phosphates and/or in the three-
dimensional structures of the two enzymes. Presently, only a
structural model based on threading methods has been pro-
posed for those enzymes (including sucrose-6-P hydrolase) that
by sequence-based alignment are assigned to Family 32 of
glycosyl hydrolases (57). Moreover, only a preliminary x-ray
analysis has been reported for one enzyme member (GlvA from
B. subtilis, (58)) of Family 4, to which AglB is assigned. Thus,
we were led to probe the substrates with respect to structure,

molecular shape, and polarity for clues to understanding the
specificity of the two phosphoglucosyl hydrolases. From the
markedly different molecular geometries of the phosphorylated
disaccharides in solution (Figs. 8–10), one might reasonably
assume that shape recognition (by the respective binding do-
mains) may be an important determinant of enzyme specificity.
Another and conceivably more significant contribution to sub-
strate discrimination may originate from differences in the
distribution of hydrophobic and hydrophilic regions over the
contact surfaces of the disaccharide phosphates. In eliciting the
sweetness response, for example, sucrose is believed to dock
onto the taste bud receptor protein via its hydrophobic region
(59), which, on the basis of the calculated MLP profiles, encom-
passes the entire outer surface side of the fructose moiety (51,
59). The same docking procedure is expected for sucrose-6-
phosphate at the active site of sucrose-6-P hydrolase, inasmuch
as the MLP profile of sucrose and its 6-phosphate (Fig. 10, top
center) are essentially the same, i.e. a pronounced hydrophilic
6-phosphoglucosyl part (blue areas) facing a distinctly hydro-
phobic (yellow) fructose portion. Fig. 10 shows the MLPs of
sucrose-6-P and its five isomeric 6�-phosphoglucosyl-fructoses
in the fully closed (upper portion) and in the front-side-opened
form with ball-and-stick model inserts (lower portion). The
MLP patterns of the five 6�-phosphoglucosyl-fructoses, albeit
having essentially identical hydrophilic (blue) glucose-6-P
halves, clearly differ from sucrose-6-P with respect to the
shape, intensity, and distribution of their hydrophobic (yellow)
surface domains (Fig. 10). These may perhaps be the major
factors that prevent docking of the isomeric phosphates at the
sucrose-6-P binding site of sucrose-6-P hydrolase and, con-
versely, that preclude binding of sucrose-6-P to the active site
of phospho-�-glucosidase.

Conclusion—This study and our earlier paper (12) are the
first reports of bacterial growth on the five isomers of sucrose.
However, genetic units similar to the Agl region of K. pneu-

FIG. 10. Molecular lipophilicity patterns (MLPs) of sucrose-6-P
(top center entry) and its five isomeric 6�-phosphoglucosyl-fruc-
toses in fully closed and front-side-opened form with ball-and-
stick model inserts. The relative hydrophobicity portraits were
mapped in color-coded form onto their individual contact (solvent-ac-
cessible) surfaces with the colors ranging from dark blue (most hydro-
philic areas) to yellow-brown (hydrophobic domains).

FIG. 11. Comparison of the Agl region of K. pneumoniae (this
paper; GenBankTM accession no. AF337811) with homologous
regions of E. coli (Glv region (49)), F. mortiferum (Mal region;
GenBankTM accession no. U81185 (44)), and B. subtilis (Glv oper-
on; GenBankTM accession no. D50543 (60)). Genetic elements are
drawn to scale. Functionally equivalent genes are shown by the same
types of arrows, and the numbers in parentheses indicate the number of
residues encoded by the gene.
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moniae are present in the genomes of B. subtilis, F. mortiferum,
and E. coli (Fig. 11). The phospho-�-glucosidase(s) of these
species are clearly homologous (Fig. 5), and the PTS trans-
porter (AglA) has extensive homology with GlvC of B. subtilis,
MalB of F. mortiferum, and Glv(CB) of E. coli. The gene orga-
nization is similar in the three Gram-negative species, but for
B. subtilis (Gram-positive) the gene order is reversed and a
gene glvR, which encodes a regulatory protein, separates the
phospho-�-glucosidase and PTS genes (60, 61). Our recent find-
ing that F. mortiferum can also grow on the sucrose isomers4

suggests that genes homologous to aglA and aglB may be
prerequisites for bacterial growth on these compounds. Paren-
thetically, it may be noted that neither of these genes has been
found during sequencing of the S. mutans genome, and these
deficiencies may explain the inability of this organism to me-
tabolize the sucrose isomers.
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Fusobacterium mortiferum utilizes sucrose [glucose-fructose in α(1�2) linkage]
and its five isomeric α-D-glucosyl-D-fructoses as energy sources for growth.
Sucrose-grown cells are induced for both sucrose-6-phosphate hydrolase (S6PH)
and fructokinase (FK), but the two enzymes are not expressed above
constitutive levels during growth on the isomeric compounds. Extracts of cells
grown previously on the sucrose isomers trehalulose α(1�1), turanose α(1�3),
maltulose α(1�4), leucrose α(1�5) and palatinose α(1�6) contained high levels
of an NADM plus metal-dependent phospho-α-glucosidase (MalH). The latter
enzyme was not induced during growth on sucrose. MalH catalysed the
hydrolysis of the 6�-phosphorylated derivatives of the five isomers to yield
glucose 6-phosphate and fructose, but sucrose 6-phosphate itself was not a
substrate. Unexpectedly, MalH hydrolysed both α- and β-linked stereomers of
the chromogenic analogue p-nitrophenyl glucoside 6-phosphate. The gene
malH is adjacent to malB and malR, which encode an EII(CB) component of the
phosphoenolpyruvate-dependent sugar:phosphotransferase system and a
putative regulatory protein, respectively. The authors suggest that for F.
mortiferum, the products of malB and malH catalyse the phosphorylative
translocation and intracellular hydrolysis of the five isomers of sucrose and of
related α-linked glucosides. Genes homologous to malB and malH are present in
both Klebsiella pneumoniae and the enterohaemorrhagic strain Escherichia coli
O157:H7. Both these organisms grew well on sucrose, but only K. pneumoniae
exhibited growth on the isomeric compounds.

Keywords : phospho-α-glucosidase, sucrose isomers, sucrose-6-phosphate hydrolase,
Klebsiella pneumoniae, Escherichia coli O157:H7

INTRODUCTION

Manybacterial species, includingKlebsiella pneumoniae
(Sprenger & Lengeler, 1988; Titgemeyer et al., 1996),
Bacillus subtilis (Fouet et al., 1987), Lactococcus lactis
(Thompson & Chassy, 1981; Thompson et al., 1991;
Rauch & deVos, 1992), Fusobacterium mortiferum
(Thompson et al., 1992), Escherichia coli (Schmid et al.,
1988) and Clostridium beijerinckii (Tangney et al., 1998;
Reid et al., 1999) translocate sucrose simultaneously

.................................................................................................................................................

Abbreviations: FK, fructokinase; G6P, glucose 6-phosphate; G6PDH,
glucose-6-phosphate dehydrogenase; HK, hexokinase; 4-MU-α-G6P, 4-
methylumbelliferyl α-D-glucopyranoside-6-phosphate; PEP:PTS, phospho-
enolpyruvate-dependent sucrose :phosphotransferase system; pNP-α-
G6P, p-nitrophenyl α-D-glucopyranoside 6-phosphate; pNP-β-G6P,
p-nitrophenyl β-D-glucopyranoside 6-phosphate; S6PH, sucrose-6-
phosphate hydrolase.

with phosphorylation at C-6 of the glucosyl moiety via
the phosphoenolpyruvate-dependent sucrose :phospho-
transferase system (PEP:PTS) (Meadow et al., 1990;
Postma et al., 1993). Sucrose 6-phosphate is hydrolysed
intracellularly by sucrose-6-phosphate hydrolase (S6PH)
to yield glucose 6-phosphate and fructose, which are
further metabolized via the glycolytic pathway. The
multi-component sucrose–PEP:PTS and S6PH are also
expressed by oral streptococci, including Streptococcus
mutans (St Martin & Wittenberger, 1979; Slee &
Tanzer, 1979) and Streptococcus sobrinus (Chen &
LeBlanc; 1992) and dietary sucrose is fermented prim-
arily to lactic acid. By its demineralizing action upon
tooth enamel, this organic acid initiates or contributes
to the aetiology of dental caries (Loesche, 1986; Van
Houte, 1994).

The linkage between the two component sugars of
sucrose, i.e. d-glucose and d-fructose, can be modified to

0002-5214 � 2002 SGM 843



190 Molecular Modelling of Saccharides

A. Pikis and others

.................................................................................................................................................................................................................................................................................................................

Fig. 1. Molecular formulae of sucrose and its five isomeric α-d-glucosyl-D-fructoses, in both free and phosphorylated
forms.

yield five isomeric compounds (Fig. 1) that trivially are
designated trehalulose, turanose, maltulose, leucrose
and palatinose (Lichtenthaler & Ro� nninger, 1990;
Lichtenthaler et al., 1991; Immel & Lichtenthaler, 1995).
Until recently (Thompson et al., 2001a), there were no
reports of the bacterial utilization of the five sucrose
isomers. Indeed, the inability of mutans streptococci to
metabolize these comparatively sweet disaccharides
suggests their use as non-cariogenic substitutes for
dietary sucrose (Ooshima et al., 1983, 1991; Ziesenitz et
al., 1989; Minami et al., 1990; Peltroche-Llacsahuanga
et al., 2001). In light of these reports, we were surprised
to discover that K. pneumoniae readily utilized all five α-
d-glucosyl-d-fructoses as energy sources for growth
(Thompson et al., 2001a, b), and that the enzymes
encoded by the sucrose (scr) operon (Titgemeyer et al.,
1996) did not participate in dissimilation of these
compounds. Remarkably, the sucrose isomers and
structurally related α-glucosides (including maltose,
isomaltose, maltitol and methyl α-d-glucoside) are first
translocated by an α-glucoside-specific EII(CB) transport
protein, and the accumulated 6-phospho-α-d-glucosides
are hydrolysed by a metal-requiring, NAD+-dependent
phosphoglucosyl hydrolase belonging to family 4 of the
glycosylhydrolase superfamily (Henrissat, 1991). In K.
pneumoniae, the genes for the EII(CB) transport protein
(aglA) and the phospho-α-glucosidase (aglB) lie ad-
jacent, and are chromosomally encoded (Thompson
et al., 2001b).

Fusobacteria are Gram-negative anaerobic rods that are
usually described as weakly or asaccharolytic, and most
species, including Fusobacterium nucleatum, use amino
acids as fermentable energy sources (Robrish et al.,
1987; Robrish & Thompson, 1990). The products of
metabolism (acetic, butyric and propionic acids) may
penetrate periodontal tissue, thereby contributing to the
aetiology of gingivitis and periodontal disease. In
contrast to other species, F. mortiferum ferments an
extraordinarily wide variety of carbohydrates (Robrish
et al., 1991). Previously, in studies of maltose metab-
olism in F. mortiferum, we cloned and expressed a gene
(malH) whose deduced sequence exhibits � 75%
residue identity with the phospho-α-glucosidase of K.
pneumoniae (Thompson et al., 1995; Bouma et al.,
1997). In the present report, we show that the gene
adjacent to malH (designated malB) also encodes a
putative EII(CB) protein that is � 60% identical with
AglA of K. pneumoniae. Coincident with our studies,
publication of the complete genome sequence of ent-
erohaemorrhagic E. coli O157:H7 (Perna et al., 2001)
also revealed two adjacent genes with extensive homo-
logy to those found in K. pneumoniae. It was of interest,
therefore, to determine whether possession of these
genetic elements would also permit growth of F.
mortiferum and E. coli O157:H7 on the five isomers of
sucrose. Our findings are summarized in this com-
munication. Additionally, we describe the purification,
and some unexpected properties, of the phospho-α-
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glucosidase (MalH) that catalyses the hydrolysis of
phosphorylated sucrose isomers in F. mortiferum.

METHODS

Materials and reagents. Sucrose isomers were obtained from
the following sources : trehalulose, Su� dzucker, Mannheim�
Ochsenfurt ; turanose, Pfanstiehl Laboratories ; maltulose,
TCI America; leucrose, Fluka; palatinose, Wako Chemicals.
Other sugars and glucosides were purchased from Sigma and
Pfanstiehl Laboratories. Phosphorylated derivatives were
biosynthesized via the PEP:PTS of permeabilized (palatinose-
grown) cells of K. pneumoniae and were purified by Ba�+�
ethanol precipitation, ion-exchange and paper chromato-
graphy (Thompson et al., 2001a). The chromogenic and
fluorogenic substrates p-nitrophenyl α-d-glucopyranoside 6-
phosphate (pNP-α-G6P), p-nitrophenyl β-d-glucopyranoside
6-phosphate (pNP-β-G6P) and 4-methylumbelliferyl α-d-
glucopyranoside-6-phosphate (4-MU-α-G6P) were prepared
by selective phosphorylation (at C6-OH) of the parent
glucosides with phosphorus oxychloride in trimethyl phos-
phate containing small proportions of water (Thompson et
al., 1995). Glucose-6-phosphate dehydrogenase (G6PDH, EC
1.1.1.49) and hexokinase (HK, EC 2.7.1�1) were purchased
from Boehringer Mannheim, and Ultrogel AcA-44 and Tris-
Acryl M-DEAE from Sigma.

Bacterial strains and culture media. K. pneumoniae ATCC
23357, E. coli O157:H7 (EDL 933) and F. mortiferum
ATCC 25557 were obtained from the American Type
Culture Collection. K. pneumoniae and E. coli O157:H7
were grown in a medium of the following composition (per
litre) : Na

�
HPO

�
, 7�1 g; KH

�
PO

�
, 1�5 g; (NH

�
)
�
SO

�
, 3 g ;

MgSO
�
.7H

�
O, 0�1 g; FeSO

�
.7H

�
O, 5 mg. Filter-sterilized

sugars were added to autoclaved media (pH 7�4) to a final
concentration of 4 g per litre. Cells of K. pneumoniae were
grown in standing cultures, but E. coli O157:H7 was grown
with vigorous aeration on a rotary shaker (� 250 r.p.m.). E.
coli PEP43(pCB4.11) was grown with aeration in Luria–
Bertani (LB) medium supplemented with 50 µg kanamy-
cin ml−�. F. mortiferum was grown anaerobically (GasPak,
BBL) in a medium comprising (per litre) : Tryptone (Difco),
17 g; Protease Peptone (Difco), 3 g; Na

�
HPO

�
, 2�5 g; NaCl,

5 g; final pH 7�3.

DNA sequence analysis. Automated DNA sequencing incor-
porating Big Dye terminators was used to sequence malB, and
an adjacent upstream gene (malR), directly from genomic
DNA of F. mortiferum. From data previously reported by
Bouma et al. (1997), a reverse primer 1R1 (5�-AACTCT-
CTCTAACTTGTGGTACTGAAAGTC-3�) was designed to
obtain initial sequence information. Subsequent data were
obtained by the primer synthesis and the chromosomal
‘walking’ technique. PCR primers were designed for sequ-
encing of the second strand, and for amplification (from
genomic DNA) of the fragment encoding the two genes by use
of Taq DNA polymerase. The amplicon was cloned into the
TOPO TA cloning vector (Invitrogen). All sequencing was
performed by BioServe Biotechnologies (Laurel, MD, USA),
and the MacVector 7.0 sequence analysis package (Genetics
Computer Group, Madison, WI, USA) was used to assemble
and analyse the data.

Metabolism of sugars by washed cells of F. mortiferum. To
maintain anaerobic conditions, centrifuge tubes were flushed
with a gas mixture (5% CO

�
, 5% H

�
, 90% N

�
, by vol.) prior

to harvesting of the sucrose-grown cells (5000 g for 10 min at
5 �C). The supernatant fluid was discarded, and the cell pellet

was resuspended as quickly as possible in 30 ml anaerobically
prepared wash solution [50 mM potassium phosphate buffer
(pH 7) containing 1 mM MgCl

�
]. After centrifugation, the

washed cells were resuspended in 5 ml wash buffer, and the
mixture was maintained at 0 �C under anaerobic conditions
until required. For studies of disaccharide utilization, the
washed cells (equivalent to 30 mg total cell protein) were
added to 10 ml of wash buffer containing the desired sugar
(sucrose or isomer) at a final concentration of 10 mM. The cell
suspensions were incubated at 37 �C in 100 ml serum bottles
filled with anaerobic gas and, at intervals, 1 ml samples were
withdrawn by insertion of a gas-flushed tuberculin syringe
through the butyl rubber cap. The cells were removed by
filtration through Millex-GS filter units (0�22 µm pore size ;
Millipore) and filtrates were collected. Samples were heated
in 1 M HCl for 1 h at 100 �C, cooled, and neutralized with
1 M KOH. Glucose (equivalent to disaccharide remaining)
was determined by the ATP–G6PDH�HK–NADP+ coupled
enzyme assay.

Preparation and analysis of F. mortiferum extracts. Cells of F.
mortiferum grown on the different sugars were harvested from
400 ml anaerobic culture. The cell pellets (� 1–2 gwet weight)
were resuspendedwith 3 vols 25 mMTris�HCl buffer (pH 7�5)
containing 0�1 mM NAD+ and 1 mM MnCl

�
(designated

TNM buffer). The cells were disrupted by sonication at 0 �C
(6�15 s bursts in a Branson instrument, model 185), and
centrifuged at 14000 r.p.m. for 20 min at 5 �C in an Eppendorf
bench-top instrument. The clarified supernatantswere assayed
for S6PH, FK and phospho-α-glucosidase activities.

Enzyme assays. The activities of S6PH, FK and phospho-α-
glucosidase (with disaccharide phosphate substrates) were
determined from the formation of glucose, fructose 6-
phosphate and G6P, respectively, in the appropriate reaction
mixture. Production of the three metabolites was coupled to
the enzymic reduction of NADP+ (measured as A

���
), and

rates were determined in a Beckman DU 640 recording
spectrophotometer. In all calculations, a molar absorption
coefficient (ε) of 6220 M−� cm−� was assumed for NADPH.

S6PH. This enzyme catalyses the hydrolysis of both sucrose
6-phosphate (to G6P and fructose) and sucrose (to glucose
and fructose), albeit with significantly different K

m
for the

two compounds (0�1 mM and � 100 mM, respectively ; see
Thompson et al., 1992). Because of the limited supply of
sucrose 6-phosphate, sucrose was used as substrate for
the spectrophotometric assay of S6PH in cell extracts.
The standard 1 ml assay contained: 0�1 M potassium phos-
phate buffer (pH 7�2) ; 50 mM sucrose ; 5 mM ATP; 10 mM
MgCl

�
; 1 mM NADP+, � 3 U each of G6PDH�HK, and cell

extract.

FK. Activity was determined in a similar mixture to that used
for S6PH, containing 10 mM fructose as substrate, 3 U
G6PDH and 5 U phosphoglucose isomerase.

Phospho-α-glucosidase (MalH). Activity was determined by two
methods in which either chromogenic analogues or phos-
phorylated disaccharides served as substrates. Cofactors
NAD+ and Mn�+ were included in both reaction mixtures.
Throughout the purification of MalH, enzyme activity was
determined in a discontinuous assay with pNP-α-G6P and
pNP-β-G6P as substrates. The 2 ml reaction mixture (at 37 �C)
contained: 50 mM Tris�HCl buffer (pH 7�5) ; 0�5 mM NAD+ ;
1 mM MnCl

�
; and 0�5 mM of the chromogenic substrate.

After enzyme addition, samples (0�25 ml) were removed at
intervals throughout a 3 min period of incubation, and were
immediately added to 0�75 ml 0�5 M Na

�
CO

�
solution con-

taining 0�1 M EDTA to stop the reaction. The A
���

was
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Fig. 2. Structural organization of the
putative α-glucoside operons of: F. morti-
ferum (GenBank accession number U81185) ;
E. coli O157:H7 (yidP, GenBank AAG58886;
glvA, GenBank AAG58885; glvG, GenBank
AAG58884) and K. pneumoniae (GenBank
AF337811). The numbers below the arrows
are predicted amino acid residues, with
calculated molecular masses (Da) of the
encoded polypeptides in parentheses. Dotted
lines indicate incomplete sequence for
aglR of K. pneumoniae.

measured, and the amount of pNP formed (substrate hydro-
lysed) was calculated from the molar absorption coefficient
of the yellow p-nitrophenolate anion, ε � 18300 M−� cm−�. A
continuous NADP+-coupled assay was used to measure G6P
formed by MalH-catalysed hydrolysis of phosphorylated
disaccharides. The assay mixture contained in 1 ml: 0�1 M
HEPES buffer (pH 7�5) ; 1 mM MgCl

�
; 1 mM MnCl

�
; 1 mM

NAD+ ; 1 mM NADP+ ; 2 mM disaccharide phosphate, 3 U
G6PDH and purified MalH (35 µg protein).

Purification of MalH from E. coli PEP43(pCB4.11). A 2�2 kb
Sau3AI chromosomal DNA fragment of F. mortiferum that
includes the malH gene and its promoter has previously been
cloned and the enzyme has been expressed from plasmid
pCB4.11 (Bouma et al., 1997). This plasmid was transferred by
electroporation to E. coli PEP43 ∆cel ∆(bgl–pho) leu metA or
B his rpsL lacZ∆4680 lacY+ arbT+ Tn10 : :bglA dTn10

cam
: :

ebgA5100 ebgR+ L532 (B. G. Hall, Biology Department,
University of Rochester, NY, USA, laboratory collection). E.
coli PEP43 expresses no phospho-β-glucosidases because the
cel and bglGFB operons have been deleted, bglA is disrupted
by Tn10 and the asc operon is cryptic.

Cells of E. coli PEP43(pCB4.11) (� 25 g wet weight) were
resuspended with 40 ml TNM buffer, and the organisms were
disrupted by 2�1�5 min sonication with a Branson model 350
instrument. The preparation was clarified by ultracentrifug-
ation (180000 g for 2 h at 5 �C), and the supernatant fluid
was dialysed against 4 litres of TNM buffer. The dialysed
material was transferred (� 0�6 ml min−�) to a column of
TrisAcryl M-DEAE (2�6�10 cm) that had been equilibrated
with TNM buffer. The column was washed to elute non-
adsorbed material, and then MalH activity was eluted with
500 ml of a linear, increasing concentration gradient of NaCl
(0–150 mM) in TNM buffer. Fractions of 5 ml were collected,
and those containing highest MalH activity (54–65 inclusive)
were pooled and concentrated in an Amicon pressure cell
to � 3 ml. The concentrated sample was transferred
(0�15 ml min−�) to an Ultrogel AcA-44 gel filtration column
(1�6�94 cm; linear fractionation range, 10–130 kDa) pre-
viously equilibrated with TNM buffer containing 0�1 M NaCl.
Fractions of 2 ml were collected, and tetrameric MalH
(� 200 kDa) was eluted at the void volume of the column.
Fractions that contained a single protein by SDS-PAGE (47–50,
inclusive) were pooled, and concentrated to yield � 5 mg

purified MalH [specific activity 2�9 µmol pNP-α-G6P hydro-
lysed min−� (mg protein)−�].

Analytical methods. Protein concentrations were determined
by the BCA protein assay (Pierce). The Novex X-Cell system
was used for both native (nonreducing) and SDS-PAGE. For
SDS-PAGE experiments, precast NuPage (4–12%) Bistris gels
and MES-SDS running buffer (pH 7�3) were used with Novex
Mark 12 protein size standards. Proteins were stained with
Coomassie brilliant blue R-250. Electrophoresis of cell
extracts under nonreducing conditions was carried out at
10 �C in Tris�glycine (4–20%) precast gels from Novex, with
Tris�glycine (pH 8�3) supplemented with 1 mM MnCl

�
and 0�1 mM NAD+ as the running buffer. For detection of
phospho-α-glucosidase activity, the gel was immersed in 30 ml
of a solution that contained 25 mM Tris�HCl buffer (pH 7�5) ;
1 mM MnCl

�
; 0�1 mM NAD+ and 0�1 mM 4MU-α-G6P. After

� 5 min incubation, the gel was photographed under long-
wave UV light with Ektopan Kodak film (2 min exposure with
a green filter). For Western blot analysis, proteins in the cell
extracts together with pre-stained markers (SeeBlue from
Novex), were first separated by SDS-PAGE and then trans-
ferred to a nitrocellulose membrane. Immunodetection of
phospho-α-glucosidase was performed with polyclonal anti-
body to MalH from F. mortiferum as described previously
(Thompson et al., 1995). Molecular dynamics simulations and
procedures for the determination of solvent-accessible surfaces
have been described previously (Immel & Lichtenthaler, 1995;
Thompson et al., 2001b).

RESULTS

Gene organization in F. mortiferum, K. pneumoniae
and E. coli O157:H7

The genes that constitute the putative α-glucoside
operons, and their organization in the three bacterial
species, are shown in Fig. 2. In K. pneumoniae, adjacent
chromosomal genes aglA and aglB encode, respectively,
an EII(CB) transport protein and phospho-α-gluco-
sidase. These proteins promote the phosphorylative
translocation and hydrolysis of sucrose isomers by this
organism (Thompson et al., 2001a, b). The partial
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Table 1. Enzyme activities in extracts prepared from cells of F. mortiferum grown
previously on various carbohydrates

Growth sugar Enzyme specific activity†

Phospho-α-glucosidase‡ FK§ S6PH�

Trehalulose* 11�6 2�6 2�2
Sucrose nd 26�3 63�4
Turanose* 3�5 0�7 1�9
Maltulose* 3�4 1�6 1�6
Leucrose* 12�7 2�4 6�5
Palatinose* 3�2 1�2 4�0
Glucose nd 2�1 nd

Fructose nd 1�0 3�6
Maltose 8�5 3�1 2�8
Methyl α-d-glucoside 23�9 nd 2�8

* Sucrose isomers.

†The same cell extracts were used for the assay of the three enzyme activities ; values are means of two
separate assays. nd, No detectable activity.

‡nmol pNP-α-G6P hydrolysed min−� (mg protein)–�.

§nmol fructose phosphorylated min−� (mg protein)−�.

� nmol sucrose hydrolysed min−� (mg protein)−�.
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Fig. 3. Studies of the metabolism of sucrose and two of its
isomers by sucrose-grown cells of F. mortiferum. Washed cells
were resuspended, under anaerobic conditions, in buffered
solution containing the disaccharides at an initial concentration
of 10 mM. Samples were removed at intervals and residual
disaccharide was determined by the enzymic assay of glucose
produced by acid hydrolysis. �, Sucrose; �, turanose; �,
palatinose.

sequence of the regulatory gene, aglR, was compiled
from our own work, together with data obtained from
the Washington University (St Louis) sequencing project
of the K. pneumoniae genome (http:��genome.wustl.
edu). The recently published genome sequence of
enterohaemorrhagic E. coli O157:H7 (Perna et al.,
2001) revealed the same organization of the three genes
(designated yidP, glvA and glvG) as described for K.
pneumoniae. The amino acid sequence deduced from

Table 2. Expression of S6PH and FK during growth of K.
pneumoniae on different sugars

Growth sugar Enzyme specific activity

FK† S6PH‡

Trehalulose* 69 289

Sucrose 103 247

Turanose* 64 342

Maltulose* 54 170

Leucrose* 51 184

Palatinose* 87 289

Maltose 15 29

Trehalose 3 nd

Melibiose 9 18

Cellobiose 2 6

Maltitol 1 3

Glucose nd 2

Methyl α-d-glucoside 1 nd

Galactose 8 6

nd, No detectable activity.

* Sucrose isomers.

†nmol fructose phosphorylated min–
� (mg protein)−�.

‡nmol sucrose hydrolysed min−� (mg protein)−�.

yidP of E. coli O157:H7 predicts a polypeptide of 238
residues that exhibits 91% overall identity with the 233
residues deduced by translation of the incomplete gene
aglR of K. pneumoniae. At their N-termini, the products
of aglR and yidP contain a helix–turn–helix (HTH)
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Fig. 4. Demonstration by PAGE of the expression, in situ activity, and purification of phospho-α-glucosidase (MalH) from
F. mortiferum. (A) Immunodetection of MalH expression during growth of F. mortiferum on different sugars, by Western
blotting using polyclonal antibody to MalH. Note the absence of immunoreactive polypeptide (� 50 kDa, arrow) in the
extract from sucrose-grown cells. (B) Zymogram demonstration of MalH activity in cell extracts by hydrolysis (arrow) of
the fluorogenic substrate 4MUαG6P. Again, note the absence of fluorescence in the lane containing the extract from
sucrose-grown cells. (C) Purification and determination of the molecular mass of MalH. Samples from each of the three
stages of purification were denatured, and polypeptides were resolved by SDS-PAGE: lane 1, dialysed high-speed
supernatant; lane 2, TrisAcryl M-DEAE; lane 3, purified MalH (molecular mass � 50 kDa) obtained by AcA-44 gel filtration
chromatography. The asterisks in panel A indicate sucrose isomers.

motif that assigns the two proteins to the GntR family of
transcriptional regulators. The complete sequence of the
phospho-α-glucosidase gene (malH) of F. mortiferum,
together with a partial sequence for the gene (malB),
were described in an earlier report (Bouma et al., 1997).
The entire sequences for malB, and the upstream gene
(malR), have now been obtained by chromosome
‘walking’ (GenBank accession no. U81185). Translation
of malR predicts a 106-residue polypeptide that shows
extensive homology with the 13 members of the
UPF0087 family of regulatory proteins.

Sequence alignment of phospho-α-glucosidase and
EII(CB) proteins

Alignment of the amino acid sequences predicted for the
phospho-α-glucosidase(s) and EIIs reveals a high degree
of similarity among these proteins (data not shown).
MalH from F. mortiferum exhibits � 75% residue
identity with the phosphoglucosyl hydrolase(s) from E.
coli O157:H7 and K. pneumoniae. The EII(CB) trans-
port protein of F. mortiferum (MalB) shows � 60%
amino acid identity throughout its length with GlvA and
AglA in E. coli O157:H7 and K. pneumoniae, re-
spectively. For the two enteric species, phospho-α-gluc-

osidase and EII(CB) proteins exhibit overall identities of
89% and 81%, respectively. By sequence-based align-
ment (Henrissat, 1991) and signature pattern (P-
X-[SA]-X-[LIVMFY](2)-[QN]-X(2)-N-P-X(4)-[TA]-
X(9,10)-[KRD]-X-[LIV]-[GN]-X-C), the three phospho-
α-glucosidases can be assigned to family 4 of glycosyl-
hydrolases (see http:��www.expasy.ch�cgi-bin�lists?
glycosid.txt and http:��afmb.cnrs-mrs.fr��cazy�
CAZY�index.html). By their composition and modu-
lar structure, proteins MalB, GlvA and AglA, can be
assigned to the EIIGlc/Scr family of PTS transporters
(Lengeler et al., 1994; Lanz & Erni, 1998).

Growth studies with F. mortiferum, K. pneumoniae
and E. coli O157:H7

Growth studies were performed to determine if poss-
ession of the putative operons would permit growth of
the three organisms on sucrose isomers and other α-
glucosides. Both K. pneumoniae and F. mortiferum
showed excellent growth on all sugars tested, including
glucose, fructose, methyl α-glucoside, maltose, maltitol,
sucrose and all five α-d-glucosyl-d-fructoses. E. coli
O157:H7 grew well on glucose, fructose, maltose and

848



Chapter 8 195

Metabolism of sucrose isomers by F. mortiferum

sucrose, but the pathogen was unable to grow on methyl
α-glucoside, maltitol or any of the sucrose isomers.

Enzyme expression during growth of F. mortiferum
on sucrose and its isomers

S6PHand ATP-dependent fructokinase (FK) are induced
by growth of F. mortiferum on sucrose (Robrish et al.,
1991; Thompson et al., 1992). Because sucrose and its
isomers comprise the same hexose moieties, it was of
interest to determine whether sucrose-grown cells of F.
mortiferum would also metabolize the isomeric com-
pounds. As expected, sucrose-grown cells readily ferm-
ented sucrose, but there was no detectable metabolism
of the five isomers, including palatinose and turanose
(Fig. 3). Furthermore, whereas sucrose-grown cells of F.
mortiferum contained high levels of S6PH and FK
activity (Table 1), after growth on the isomers, the
activities of the two enzymes were not significantly
greater than the constitutive levels found in glucose- or
fructose-grown cells. These findings contrast markedly
with the high levels of S6PH and FK that are expressed
during growth of K. pneumoniae on the isomeric
compounds (Table 2).

Phospho-α-glucosidase (MalH) is expressed during
growth of F. mortiferum on sucrose isomers

From the results of fermentation studies and enzymic
analyses (Fig. 3 and Table 1, respectively), it was evident
that that dissimilation of the sucrose isomers by F.
mortiferum was via a route that was separate from that
encoded by the scr regulon. Because previous studies
with K. pneumoniae (Thompson et al., 2001a) showed
that growth on the sucrose isomers induced high-level
expression of phospho-α-glucosidase (AglB), the various
cell extracts of F. mortiferum were accordingly assayed
for phospho-α-glucosidase (MalH) activity (Table 1).
Extracts prepared from organisms grown previously on
the sucrose isomers and other α-glucosides (e.g. maltose
and methyl α-glucoside) readily hydrolysed pNP-α-G6P
(Table 1). However, there was no detectable hydrolysis
of the chromogenic analogue by similarly prepared
extracts from organisms grown on glucose, fructose
or sucrose. The results of a Western blot (Fig. 4A),
performed with polyclonal antibody to MalH, con-
firmed expression of the phospho-α-glucosidase (mole-
cular mass � 50 kDa) during growth on sucrose isomers
and other α-glucosides. Significantly, the immuno-
reactive protein (MalH) was not detectable in either
sucrose- or glucose-grown cell extracts. The data
presented in Fig. 4(B) established the co-identity of the
immunoreactive polypeptide and the enzymically active
protein. In this experiment, samples of the various cell
extracts of F. mortiferum were electrophoresed under
non-denaturing conditions, prior to in situ staining for
phospho-α-glucosidase activity using the fluorogenic
substrate 4-MU-α-G6P. The zymogram (Fig. 4B) yielded
three significant results : (i) the intensely fluorescent
aglycone (4-methylumbelliferone) was generated only

Table 3. Cofactor requirements for the hydrolysis of
chromogenic substrates pNP-α-G6P and pNP-β-G6P by
purified MalH from F. mortiferum
.................................................................................................................................................

Assay composition and procedures are described in Methods.
NAD+, metal ions and chromogenic substrates were present at
1 mM final concentration. Hydrolysis rates, expressed as µmol
pNP formed min−� (mg protein)−�, are the means of two
determinations. nd, No detectable activity.

Additions to assay Activity with chromogenic analogue:

pNP-α-G6P pNP-β-G6P

None nd nd

NAD+ 0�11 0�08
Mn�+ 1�61 1�19
NAD+�Mn�+ 2�91 1�56
NAD+�Mg�+ 0�39 0�16
NAD+�Ni�+ 0�51 0�54
NAD+�Co�+ 1�47 2�28

by those extracts that contained the immunoreactive
protein (MalH); (ii) formation of a single zone of
fluorescence (at the same migration distance in the gel)
provided evidence for only one species of phospho-α-
glucosidase in the extracts, and (iii) absence of fluo-
rescence in lane 2 was consistent with the inability of F.
mortiferum to express MalH during growth on sucrose.

Purification, cofactor requirements, and substrate
specificity of MalH

The data presented thus far (although suggestive), did
not establish a functional role for MalH in dissimilation
of the α-d-glucosyl-d-fructoses by F. mortiferum. Clear-
ly, it was necessary to purify MalH, and demonstrate
hydrolysis of either free or phosphorylated derivatives
of the isomers by the enzyme. To this end a plasmid
(pCB4.11) containing the cloned malH gene under its
own promoter (Bouma et al., 1997) was transformed
into E. coli strain PEP43. Importantly, the latter strain is
deficient in all phospho-β-glucosidase activities, and
an extract of these cells is unable to hydrolyse the
chromogenic substrate pNP-β-G6P. Unexpectedly, after
expression of MalH in E. coli PEP43(pCB4.11), the
resultant cell extract caused the hydrolysis of both pNP-
α- and pNP-β-G6P. Hydrolysis of both compounds was
observed throughout purification of MalH (Fig. 4C),
and the same cofactors (divalent metal ion and NAD+)
were required for cleavage of both chromogenic sub-
strates by electrophoretically pure enzyme (Table 3). We
conclude that a single protein (MalH) is responsible for
the hydrolysis of the two stereomers, pNP-α-G6P and
pNP-β-G6P. Studies of substrate specificity revealed that
neither purified MalH, nor extracts prepared from cells
of F. mortiferum grown previously on the isomers, were
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Table 4. Hydrolysis of phosphorylated sucrose isomers
by MalH from F. mortiferum
.................................................................................................................................................

Assay procedures are described in Methods. Phosphorylated
compounds were present at a concentration of 2 mM. Enzyme
activity is expressed as µmol G6P formed min−� (mg protein)−� ;
values are means of two determinations. nd, No detectable
hydrolysis.

Disaccharide phosphate in assay Specific activity

Trehalulose-6�P* 0�15
Sucrose-6P nd

Turanose-6�P* 0�68
Maltulose-6�P* 0�40
Leucrose-6�P* 0�08
Palatinose-6�P* 0�11
Maltose-6�P 0�15
Cellobiose-6�P† nd

Gentiobiose-6�P‡ nd

* Sucrose isomers.

†Cellobiose : 4-O-β-d-glucopyranosyl-d-glucopyranose.

‡Gentiobiose : 6-O-β-d-glucopyranosyl-d-glucopyranose.

able to hydrolyse the free (non-phosphorylated) forms
of the isomeric compounds (data not shown). However,
the 6�-O-phosphorylated derivatives of the five α-d-
glucosyl-fructoses were hydrolysed by MalH (Table 4),
albeit at a rate considerably slower than that determined
for the α-linked chromogenic substrate, pNP-α-G6P.
Significantly, sucrose 6-phosphate itself was not a
substrate for MalH, and the enzyme also failed to
hydrolyse β-O-linked phosphorylated disaccharides
such as cellobiose 6�-phosphate and gentiobiose 6�-
phosphate (Table 4).

DISCUSSION

Here we report the metabolism of sucrose isomers by F.
mortiferum, and provide insight into the enzymic and
genetic basis for growth on these isomers. Presently, F.
mortiferum and K. pneumoniae are the only organisms
known to ferment the five α-d-glucosyl-d-fructoses.
Earlier we showed that MalH from F. mortiferum
hydrolysed maltose 6�-phosphate (Thompson et al.,
1995), and now we provide evidence for the cleavage of
the phosphorylated isomers of sucrose by this enzyme.
The phospho-α-glucosidase gene (malH) is adjacent to
the gene malB, whose now completed sequence predicts
a polypeptide that in size, domain structure, and
conserved motifs (GITE and CATRLR) is characteristic
of an EII(CB) transporter of the PEP:PTS. Genes malB
and malH are homologous to aglA and aglB, re-
spectively, of K. pneumoniae. We suggest that the poly-
peptides encoded by these genetic elements are required
for growth of F. mortiferum and K. pneumoniae on the
isomers of sucrose and related α-glucosides, including
maltose. A common feature of these genetic units is the
absence of a gene encoding a third (and usually sugar-
specific) protein (EIIA) that is required for operation of

all PTS systems. Interestingly, both sucrose :PTS and
trehalose :PTS operons in Bacillus subtilis also lack the
expected EIIA genes and, for these systems, it is believed
that EIIAGlc can serve as substitute (Sutrina et al., 1990;
Dahl, 1997). A similar cross-complementation may also
occur between the EIIAGlc and EII(CB) proteins of F.
mortiferum and K. pneumoniae to yield a functional α-
glucoside:PTS in these species.

Proteins encoded by the scr operons of K. pneumoniae
and F. mortiferum are expressed during growth of both
organisms on sucrose (Sprenger & Lengeler, 1988;
Thompson et al., 1992). Hydrolysis of sucrose 6-
phosphate by S6PH yields G6P and fructose, and for K.
pneumoniae, fructose is believed to be the inducer of the
scr operon (Jahreis & Lengeler, 1993). Hydrolysis of the
phosphorylated isomers by AglB of K. pneumoniae also
yields G6P and fructose, and formation of the latter
ketohexose is consistent with the high levels of S6PH
and FK present in cells grown on the isomers (Table 2).
Surprisingly, similar studies with F. mortiferum showed
that, for this organism, growth on the isomeric com-
pounds did not induce significant expression of either
S6PH or FK (Table 1). These findings explain why these
cells were unable to metabolize sucrose, and ad-
ditionally, the data point to sucrose 6-phosphate
(rather than fructose) as the likely inducer of the scr
operon in F. mortiferum.

Substrate specificity and hydrolysis of chromogenic
substrates by MalH

MalH is an oligomeric protein comprising four identical
subunits (molecular mass � 50 kDa) that, by sequence-
based alignment, is assigned to family 4 of the glyco-
sylhydrolase superfamily. As reported for other mem-
bers of this unusual family, MalH is inherently unstable
and Mn�+ and NAD+ are prerequisite cofactors for
activity (Nagao et al., 1988; Thompson et al., 1998,
1999; Raasch et al., 2000). Whether the nucleotide and
metal ion fulfil catalytic or structural functions has not
been ascertained for any member of family 4. Phos-
phorylation at O-6 of the glucosyl moiety of the isomers
is necessary for substrate cleavage, and MalH is unable
to hydrolyse the corresponding non-phosphorylated
compounds. MalH is also exacting with respect to the α-
O linkage of its PTS-derived substrates (see below) and,
because there is no detectable hydrolysis of β-O-linked
stereomers such as cellobiose 6�-phosphate and gen-
tiobiose 6�-phosphate (Table 4), the enzyme may reas-
onably be classified as a phospho-α-glucosidase. In this
context, it is not clear why MalH should hydrolyse both
pNP-α-G6P and pNP-β-G6P with comparable efficiency
(Table 3). Co-purification of MalH with a phospho-β-
glucosidase resident in the host (E. coli PEP43) can be
discounted because of gene inactivation or crypticity,
and analysis of the final preparation by SDS-PAGE
provided evidence for only a single polypeptide. That
the same cofactors should also be required for catalysis
is further evidence that the same enzyme hydrolyses
both α- and β-forms of the chromogenic compound(s).
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Unlike the phosphorylated sucrose isomers (where G6P
is linked to a fructose moiety), the essential G6P moiety
of the chromogenic substrates is attached to p-nitro-
phenol. Perhaps the aromatic aglycone exerts an effect
(electron-withdrawing?) upon the O-linkage such that
α�β conformation is no longer a determinant of substrate
specificity. It is of comparative interest to note that
cellobiose-6-phosphate hydrolase (CelF) from E. coli is
also a member of glycosylhydrolase family 4 (Thompson
et al., 1999). In contrast to MalH, this NAD+- and
metal-dependent phospho-β-glucosidase hydrolyses
only pNP-β-G6P.

Molecular basis for substrate recognition by MalH

Sucrose 6-phosphate and its phosphorylated isomers are
not commercially available, but all of these derivatives
were recently prepared in our laboratory (Thompson et
al., 2001a). Studies of substrate specificity showed that
whereas MalH hydrolysed all of the phosphorylated
isomers, the enzyme failed to hydrolyse sucrose 6-
phosphate itself. Insight into the molecular basis for this
remarkable discrimination among potential substrates
was gained by molecular dynamics simulations, which
revealed the probable solution-state geometries of the
various disaccharide phosphates (Thompson et al.,
2001b). Molecular dynamics simulations and determina-
tion of solvent-accessible surfaces indicate pronounced
conformational differences between sucrose 6-phos-
phate and its five isomeric 6�-phosphates. By virtue of an
interresidue water bridge between Glc-2-O�H

�
O�O-

1-Fru, both sucrose and sucrose 6-phosphate assume a
compact, globular shape in solution (Immel & Lichten-
thaler, 1995; Thompson et al., 2001b). This water
bridge is not present in the 6�-phosphoglucosyl-fructoses
and, in consequence, the phosphorylated isomers adopt
a more linear (extended) molecular geometry. The speci-
ficity of MalH for the isomeric phosphates presumably
reflects recognition by the enzyme’s binding domain of
both the shape and the molecular lipophilicity potential
of the contact surfaces of these particular molecules
(Thompson et al., 2001b).

Conclusions

Both F. mortiferum and K. pneumoniae readily meta-
bolize the five isomers of sucrose. In contrast, E. coli
O157:H7 (which grows well on sucrose) failed to grow
on any of the isomeric compounds. These results were
surprising, because this enterohaemorrhagic strain has
three genes (yidP, glvA and glvG) whose organization
and deduced amino acid sequences are virtually identical
to those of aglR, aglA and aglB, respectively, in K.
pneumoniae. Although contrary to expectation, the
results obtained for E. coli O157:H7 were nevertheless
important. First, the data established for E. coli
O157:H7 (as for the other species), that the sucrose-
PTS�S6PH pathway is neither induced by, nor does it
provide a route for dissimilation of, sucrose isomers.
Secondly, the data indicate that possession of genes
encoding α-glucoside-specific EII(CB) and phospho-α-

glucosidase (while necessary), may not be entirely
sufficient for dissimilation of α-d-glucosyl-d-fructoses
by micro-organisms.
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MolArch+ - Molecular Architecture Modelling Program 

S. Immel, http://caramel.oc.chemie.tu-darmstadt.de/immel/. 

Many of the experimental and molecular modelling studies described in the 

preceding Chapters of this work required highly specific, computer-assisted tools for 

processing and visualizing molecular data. For this purpose, the preliminary 

Molecular Architecture Modelling Program MolArch+[1] has been developed for 

analyzing geometries of molecular structures and generating high-quality color 

graphics and animations. Main emphasis has been put on the possibility to 

automatically process large numbers of structure files and molecular configurations 

without the need to manually intervene at each step. The basic idea was to provide 

tools for the efficient and fast visualization, particularly including the animation of 

molecular ensembles from pre-computed data for the purpose of scientific and 

educational presentations. 

Besides basic graphical representations, MolArch+ was designed to visualize at 

low-cost advanced objects such as atomic ellipsoids, non-protein ribbon models, 

molecular surfaces, and 3D-grid based properties with modes that are not available 

with other programs, or which have only become available latter with expensive 

commercial applications. In an effort to not copy computational procedures such as 

molecular mechanics (MM) and molecular dynamics (MD), MolArch+ provides 

interfaces or shared file formats for data exchange with numerous applications used 

for molecular modelling (structure generation and optimization) and crystallography. 

Although numerous programs for the computation of molecular properties are 

available for UNIX and LINUX operating systems, there is still a need for visualization 

software on these computers. Of particular importance was the use of highest-quality 

color graphics provided by external ray-tracing programs without restrictions on the 

resolution of the final graphics. All display parameters and settings used by MolArch+

had to be user-definable in order to provide a highly versatile visualization tool. 

This Chapter briefly describes the options offered by MolArch+ software package 

(current version v7.50 24.Nov.2003), and provides some examples of various types 

of molecular graphics that can be generated.[1]

Technical Notes 

The MolArch+ program is written almost completely in FORTRAN with some minor 

parts in C, containing about 125,000 lines of source code. The program was 

designed for LINUX computer systems and was tested on RedHat and SuSe

distributions of this operating system (releases 7.x or latter), but may also be used 

with other LINUX distributions; it has also been exported to SGI (IRIX) and IBM (AIX)

machines. MolArch+ only features a very simple graphics display based on the 
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VOGLE (“Very Ordinary Graphics Library”) interface without graphical menus, but a 

powerful command line. All commands and options may be entered in abbreviated 

form via this command line, or may be specified directly on the controlling shell 

console. The advantages of this design are full batch processing capabilities and the 

possibility to automatically carry out recurring tasks on large ensembles of molecular 

structure files. 

Supported File Types and External Modules 

Molecular structures, and related objects may be imported or exported by 

MolArch+ through a large variety of different file formats. The following list provides 

an overview on the most important file types supported (file name extensions in 

parenthesis):

• Protein Data Bank
[2] (PDB) files as the most commonly used file type for molecular structures. 

• Files used by the force-field programs PIMM
[3] (EIN, OPT), MacroModel

[4] (OUT, MAC), 

CHARMm
[5] (RST, DCD), and HyperChem

[6] (HIN). 

• Crystallographic Information Files
[7] (CIF) and ShellX

[8] (INS) data files of solid-state structures 

of organic and inorganic compounds. 

• Crystal structure data files exported from the data base maintained by the Cambridge 

Crystallographic Data Centre
[9] (CCDF, FDAT file type); file type used by the crystallographic 

programs Conquest
[10] and Mercury.[11]

• Spartan
[12] and Gaussian

[13] output files (including atomic charges); for Gaussian 3D-grid and 

density properties (electron densities, molecular orbitals, potential data, etc.) can be imported 

from the cube grid files (CUB). 

• Various MolArch
+ specific file formats for molecular structures, surfaces, related objects, and 

script (batch) processing files. 

MolArch+ also includes interfaces to the following external programs and modules: 

• Interface to the force-field program PIMM
[3] for the energy optimization of geometries of organic 

structures. 

• MolCont
+[14] program for 2D- and 3D-contouring for orthogonal and polar coordinate data sets. 

• MolSurf
+[15] script for the generation of Hirshfeld- (crystal packing)[16] and Connolly-type (contact 

and solvent-accessible)[17] molecular surfaces and surface mapped properties; molecular 

surfaces can be triangulated by modified procedures based on algorithms described by 

Brickmann et al.[18]

• MolGrid
+[19] program for the generation adiabatic energy potential surfaces by the method of 

“prudent ascent”[20] using the force-field program PIMM.

• MolSymm
+[21] program and external module[22] for the analysis of molecular symmetry, symmetry 

elements, and point groups. 

• XFarbe
[23] program for the visualization of 2D-data sets; external module for finding maxima, 

minima, and saddle points on energy potential surfaces; external modules used by MolArch
+ for 

generating molecular geometries along reaction coordinates. 

• GnuPlot
[24] program for scientific plotting of data sets. 

The programs MolCont+ and MolSymm+ are directly interfaced to MolArch+; the 

other programs mentioned may be used separately to process data. 
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Geometry Analysis Options 

The MolArch+ program may be used for the analysis of a wide range of geometry 

parameters of molecular structures which are listed below: 

• Standard interatomic distances and bond lengths, angles, torsion angles, as well as virtual 

angles and torsions between vectors. 

• Puckering amplitudes of rings relative to least-squares (LSQ) best-fit mean ring planes and out-

of-plane deviations. 

• Tilt angles[25] between rings and LSQ-planes; flip angles[26] for out-of-plane deviations. 

• Cremer-Pople parameters[27] for five-[28] and six-membered[29] rings (including the automatic 

detection of cyclopentane, cyclohexane, furanoid, and pyranoid ring conformations). 

• J
3
H-C-C-H

[30] and J3
C-O-C-H

[31] NMR coupling constants. 

• Automatic detection of Cahn-Ingold-Prelog (R/S) stereo descriptors for tetrahedral centers, 

bond-orders (single, double, triple, and quadruple bonds), aromaticity (for rings), and of 

hydrogen-bonds and their geometry parameters (including symmetry descriptors for crystal 

structures). 

• Molecular shape parameters such as mean-radius of rings, radius of gyration, circularity and 

asphericity[16] (for both molecular structures and surfaces). 

• Molecular connectivity indices[32] (χ) of various order. 

• Least-squares 3D-fitting[33] and superimposition of series of molecules or molecular fragments 

(sub-structures) with different weighting schemes. 

Most geometry parameters can be manipulated and reset to user defined values 

(distances, angles, torsions, tilt and flip angles, puckering, etc.) in the structure 

editing section of MolArch+; atom types and names can be changed. All methods 

related to molecular geometries (analysis and manipulation) can be applied to single 

molecules or series of molecular configurations with the option of automated 

averaging of data sets. Most notably, MolArch+ offers the possibility to simultaneously 

manipulate or analyze and average geometry parameters of similar or identical 

(symmetry related) molecular fragments in automated procedures. 

Visualization and Molecular Graphics 

All molecular graphics contained within this work have been generated using 

MolArch+. Although MolArch+ features a simple graphics display only, the program is 

fully interfaced to produce highest-quality color models with the POVRAY

(“Persistence of Vision”)[34] ray-tracing program or any VRML (“Virtual Reality 

Modelling Language” for 3D molecular models)[35] viewing program. The latter option 

is of particular use in the process of presenting 3D-structures on the internet with the 

possibility of rotating and modifying these options on the client side. A large number 

of different viewing modes is available, and almost all display parameters may be 

modified via user specific settings. Figure 1 provides a overview on the various 

modes of visualization that are available with MolArch+; many more examples can be 

found in the original publications in the preceding Chapters of this work. 
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(a) (b) 

(c) (d) 

Figure 1 (continued on the next pages). Various examples for original molecular graphics generated using 
MolArch

+; all models were finally rendered using the POVRAY ray-tracing program. – (a) Basic modes for the 
representation of structures (wire, capped-stick, ball-and-stick, and CPK-type models of pyridine); – (b) Labeling 
of selected geometry parameters in molecular structures (distances, angles, and virtual torsion angles of a 
β-turn mimeticum); – (c) Symmetry elements (center of inversion i, mirror planes, Cn rotary and Sn rotary 
reflection axes) for molecular geometries ([Fe(Pyr)6)]

2+, point group Th); – (d) Transition state modelling with 
semi-transparent bonds (Diels-Alder reaction of cyclopentadiene with acetylene dicarboxylic acid dimethyl ester); 
– (e) Molecular geometry and coordination polyhedra of organometallic structures (trigonal-bipyramids and 
pentagonal-pyramids in the structure of PtRh4(CO)4(Cp*)4); – (f) Inorganic solid-state structures and coordination 
polyhedra (tetrahedrons and octahedrons for CuInOPO4); – (g) Anisotropic thermal ellipsoids of crystal 
structures (X-ray structure of per-2,3-anhydro-α-cyclomannin methanol hydrate); – (h) Crystal structures 
including transparent Hirshfeld surfaces visualizing the mode of molecular packing (two unit cells for the low-
temperature solid-state structure of acetylene); – (i) Molecular surfaces with color-coded mapped properties 
(molecular electrostatic potential of benzene); – (j) Clipped surfaces (benzene, surface clipped at iso-contour 
values of the electrostatic potential); – (k) Solid iso-electron-density models of molecular orbitals (HOMO of 
salicylic acid computed using Gaussian); – (l) Transparent models of molecular orbitals (LUMO of salicylic acid, 
the transparency was adjusted according to the computed electron density); – (m+n) Ribbon models (structure 
of T3R3 human insulin and bacterial ribonuclease P RNA with solid-ring representation of the base pairs); – (o)
Visualization of 3D-grid based densities and properties of molecules using transparent iso-density contours 
(molecular dynamics derived relative water densities around α-cyclodextrin providing a view on the hydration 
shell of this compound in aqueous solution); – (p) Display of grid properties and potentials with excluded 
volumes defined by molecular surfaces (electrostatic potential of salicylic acid); – For additional examples see all 
Figures in the preceding Chapters of this work or the MolArch

+ website.[1]
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(e) (f) 

(g) (h) 

(i) (j) 

Figure 1 (continued from previous page). (continued on next page)
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(k) (l) 

(m) (n) 

(o) (p) 

Figure 1 (continued from previous page). 
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Among the possibilities offered by MolArch+ are the following modes of 

visualization:

• Organic and inorganic molecular structures with different modes of display (wire-, capped-, 

ball-and-stick-, and CPK-type molecular models), including the visualization of bond orders 

(single to quadruple bonds) and aromaticity (ring type visualization instead of successions of 

double bonds; Fig. 1a). 

• Selected bond distances, angles, torsions, planes, and other geometry descriptors (Fig. 1b). 

• Symmetry elements of molecules (center of inversion i, mirror planes σ, Cn rotary and Sn rotary 

reflection axes; Fig. 1c). 

• Transition state geometries with transparent bonds (Fig. 1d). 

• Coordination polyhedra including tetrahedrons, octahedrons, cubes, dodecahedrons, 

icosahedrons, truncated icosahedrons, prisms, pyramids (square, pentagonal, and hexagonal), 

and trigonal bi-pyramids (Fig. 1e-f). 

• Atom types (labels) and names, as well as atom mapped (color-coded) properties. 

• ORTEP
[36] style thermal isotropic and anisotropic ellipsoids (Fig. 1g). 

• Crystal structures including unit cells (Fig. 1h). 

• Molecular surfaces (Connolly-, solvent-accessible-, and Hirshfeld-type surfaces) in dotted and 

solid form with various modes of color-coded display of surface related (mapped) properties, 

surfaces can be colored, sliced, and clipped independently, including the possibility to display 

transparent or opaque surface models (Fig. 1h-j). 

• Molecular and atomic (schematic) orbitals (Molden
[37] style display; Fig. 1k-l). 

• Ribbon models of arbitrary (including non-protein) structures (Fig. 1m-n). 

• 3D-grid and density data (Fig. 1o-p). 

Options are included to generate series of molecular images for large sets of 

molecular configurations along reaction coordinates or molecular dynamics 

simulations, offering the possibility to generate animations on chemical reactions, 

molecular dynamics, and molecular recognition processes. 

The command line interface and the batch-processing capabilities make MolArch+

a highly versatile tool for the visualization, animation, and automated geometry 

analysis of a wide range of molecular scenarios. The MolArch+ website includes 

additional archives of molecular graphics generated in the course of the studies 

described in this work. In addition, a variety of educational courses with MolArch+

generated graphics and animations on this site are aimed at basic and advanced 

students of organic chemistry. Examples include the structure, symmetry, and 

chirality of organic molecules; animations on various basic reaction mechanisms of 

organic chemistry are provided (Cope and Claisen-rearrangement and degenerate 

versions thereof, Diels-Alder reactions, sigmatropic ring-opening and ring-closure 

mechanisms, SN1 and SN2 reaction, bromination of alkenes, and various 

conformational rearrangements; see also Fig. 2). 

In total, MolArch+ is a highly useful program for the analysis and visualization of 

molecular structures for scientific and educational purposes.[1]
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Figure 2. Examples for MolArch
+ generated graphics on the MolArch

+ website.[1] The top entry presents 
supporting graphics and information on current research projects (molecular geometries of cyclodextrin-derived 
crown acetals, for details see Chapter 6 of this work); on the bottom a webpage providing additional information 
on lectures for students is shown (MolArch

+ animations for the mechanism of the racemization of [8]helicene). 
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Concluding Remarks 

Within this work, new approaches towards the introduction of flexibility into 

macrocycles starting from cyclodextrins have been demonstrated: the synthesis and 

structural evaluation of non-glucose cyclooligosaccharides such as the cycloaltrins, 

mono-altro-cyclodextrins, cyclofructins, cyclogalactofuranosides, and notably the 

crown acetals. The properties of these compounds have been evaluated in detail and 

the effects of the increased flexibility on the formation of inclusion complexes have 

been studied. Multiple examples of macrocycles displaying the phenomenon of 

pseudorotation were evaluated, clearly demonstrating that lowering the symmetry 

results in favorable conformations of molecular hosts, that are accessible for 

inclusion complexation. In contrast to the rather rigid cyclodextrins and their static 

lock-and-key-type host-guest chemistry, the flexible hosts have unequivocally been 

shown to display a vivid, dynamic induced-fit-type formation of inclusion complexes. 

The studies on flexible host-guest systems are complemented by approaches 

towards artificially rigidified hosts such as the intra- and intermolecularly bridged 

cyclodextrins.

Additional molecular modelling studies were directed towards the evaluation of the 

chemical and biological properties of some saccharides, amply demonstrating 

reasons for the atropdiastereoselectivity found in ellagitannins, as well as providing 

explanations for the enzyme substrate specificity observed in bacterial strains of 

Klebsiella pneumoniae and Fusobacterium mortiferum.

The experimental studies were supported by multiple molecular modelling 

investigations, which required the development of tools for the automated analysis 

and visualization of the data. With MolArch+, a software solution has been created 

that not only supplements many existing tools used in computational chemistry, but 

also provides access to graphics in unsurpassed quality and resolution. In this work, 

the usefulness of high-quality visualizations have been demonstrated for scientific 

and educational purposes. 

The combination of experimental and computational studies presented in this work 

provides a series of principally new insights in the wide field of carbohydrate 

chemistry.
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