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Abbreviations

1D, 2D   one-, two-dimensional

Å   Ångström

AUS   adaptive umbrella sampling

C   Celsius

CAT   conformational analysis tools

CICADA channels in conformational space analyzed by driver approach

D   deuterium

D2O   deuterium oxide

Da   Dalton 

dHex   deoxyhexose

dHex-ol   deoxyhexitol

DMSO   dimethyl sulfoxide

EPS   exopolysaccharide

f   furanose

Gal   galactose 

gg   gauche-gauche (  = -60°)

GLC- MS gas-liquid chromatography - mass spectrometry

Glc   glucose

GRAS generally recognized as safe 

gt   gauche-trans (  = +60°)

Hex   hexose

HMBC   heteronuclear multiple-bond correlation

HSQC   heteronuclear single quantum coherence

HTMD   high-temperature molecular dynamics

K   Kelvin

J   coupling constant

L.   Lactococcus

LAB   lactic acid bacteria

Lb.   Lactobacillus

m/z ratio mass/charge

MALDI-TOF-MS matrix-assisted laser desorption / ionization time-of-flight mass spectrometry

MD   molecular dynamics

MM   molecular mechanics

MLEV composite pulse devised by M. Levitt

Me   methyl 7



MS   mass spectrometry

NMR nuclear magnetic resonance

NOE   nuclear Overhauser enhancement

NOESY nuclear Overhauser effect spectroscopy

p   pyranose

PMF   potential of mean force

ppm   parts per million

Rha   rhamnose

RI   refractive index

ROESY rotating-frame nuclear Overhauser enhancement spectroscopy

S. Streptococcus

TFA   trifluoroacetic acid

tg   trans-gauche (  = 180°)

TLC   thin layer chromatography

TOCSY total correlation spectroscopy

WEFT water-eliminated Fourier transform

  dielectric constant

  phi torsion angle

  psi torsion angle

  omega torsion angle

  chemical shift
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Chapter 1 

1. Introduction

More than thirteen centuries ago, the Nomad tribes which first came to Bulgaria

discovered a miraculous remedy against aging – yoghurt. These Nomad shepherds

preserved the milk obtained from cows, sheep and goats in containers made of certain parts

of animals, such as the skin or the stomach. Once warmed on the back of the shepherd, the

milk turned into a sour substance, which was called yoghurt. After long practice, the 

shepherds started using that sour substance for converting fresh milk into yoghurt.

The continuous migrations of the East European tribes contributed to the spreading

of yoghurt through the Mediterranean area. Later on, during the military campaigns of

Phaenicians, Egyptians, Greeks and Romans, yoghurt became commonly used in West

Europe. The first Arabian cooking books describe yoghurt preparation in several dishes.

For ages, historians also confirm the application of yoghurt in popular medicine. In the

chronicles of the Crusades, fermented milk appears to be responsible for the recovery from

illness of Francis I of France, thanks to a treatment based on yoghurt prescribed by a 

Jewish doctor from Constantinople. The information about fermented milk increases and

circulates through Europe. But hundreds of years passed before science revealed the 

mystery about the conversion of milk into yoghurt.

In the beginning of the twentieth century, the Russian microbiologist and Nobel

laureate Ilya Ilyich Mechnikov reported that aging may start from the action of harmful

bacteria in the intestines.1 These bacteria produce toxic substances causing arteriosclerosis.

However, one of the bacteria present in Bulgarian yoghurt attacks the harmful bacteria and

inhibits the aging effect. Mechnikov explained the longevity among Bulgarians by the daily

habit of eating yoghurt. At about the same time, the Bulgarian scientist Stamen Grigorov

discovered in 1905 that the souring of Bulgarian yoghurt is due to one rod-shaped

bacterium and one cocci-shaped bacterium.2 One year later, the German scientist Lafar 

confirmed the discovery.3 The bacterium was given the designation Lactobacterium

Bulgaricum – the Bulgarian lactic acid bacteria.

2. Lactic acid bacteria

Nowadays, it is known that lactic acid bacteria represent a wide group of Gram-

positive, anaerobic bacteria from different genera (Lactobacillus, Lactococcus,
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General Introduction

Streptococcus) producing lactic acid after fermentation of carbohydrates. They have high

nutritive requirements towards amino acids and vitamins, so they may grow only in media

rich of these substances. They are found usually in milk and dairy products but may be

isolated from vegetal or animal sources, e.g., leaves, fruit, intestinal tract, and fecal samples.

In the dairy industry, lactic acid bacteria, which carry the GRAS (Generally 

Recognized As Safe) status necessary for food ingredients, are used as starters to produce

fermentation products such as yoghurt, cheese or kefir under the culturing conditions. They

consume the carbohydrates of the fermenting products and produce lactic acid, which

reduces the pH of the medium. Furthermore, lactic acid bacteria produce a number of 

aromatic components such as acetaldehyde, ethyl acetate, and ethanol, which give the taste

and the smell to the dairy products and shape their diversity.

Lactic acid bacteria have been traditionally considered as probiotics due to the

large amount of health-beneficial effects they have on the organism. A probiotic is defined

as a living microorganism, used as food ingredient, with beneficial effects for human

health.4 Since lactic acid bacteria can survive in the stomach, they can increase the

intestinal flora and influence the health of the human organism: the lactic acid generated by

their metabolism reduces the pH of the medium and suppress the growth of pathogens, they

have a favorable effect on the plasmatic cholesterol and the triglycerides, lower the risk of 

arteriosclerosis and ischemic disease of the heart, quickly restore the gastro-intestinal

ecosystem after a prolonged antibiotic treatment in case of severe infectious enteric colitis

and constipation, strengthen the defensive powers of the organism, and have anti-

carconigenous and immune-stimulating effects.

Some of these properties can be attributed to the exopolysaccharides (EPSs)

produced by lactic acid bacteria, such as anti-tumor,5,6 anti-ulcer,7 immune-stimulating,8

and cholesterol-lowering activities.9

However, these EPSs have also interesting rheological properties that make them

suitable as food additives. The production of EPS is not limited to lactic acid bacteria, but it

is common in many organisms and EPSs have been extensively employed in food industry.

3. Microbial exopolysaccharides in food industry

Among biopolymers, polysaccharides are widely used in food industry, where they

have different applications. These polysaccharides may be obtained from plants (cellulose,
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starch, pectin), seaweeds (alginate, carrageenan), and bacteria (alginate, gellan, xanthan).

Microbial polysaccharides represent, thus, a small part of all the polysaccharides currently

used. Taking advantage of their interesting rheological properties, they are employed as

thickening or gelling agents. In addition, they can help in secondary processes, such as

emulsification, stabilization, suspension of particulates, encapsulation, control of 

crystallization, inhibition of syneresis (the release of water from processed foods), and film

formation.10,11 Although both Gram-positive and Gram-negative bacteria produce

exopolysaccharides with a large degree of variation in reference to composition, size, and

structure, most of the microbial polysaccharides used in food industry are produced by

Gram-negative bacteria. 

According to their composition, exopolysaccharides are classified into

homopolysaccharides (composed by only one type of monosaccharide) and

heteropolysaccharides (containing more than one type of monosaccharide).12 The

polysaccharide itself is originated from the polymerization of hundreds or thousands of an

oligosaccharide, called the repeating unit. The size of the repeating unit can vary from a

disaccharide to an octasaccharide.

Some examples among the polysaccharides most commonly used in food industry

are dextrans, regarding homopolysaccharides, produced by Leuconostoc mesenteroides,

Lactobacillus and Streptococcus species. With respect to heteropolysaccharides, xanthan,

produced by the Gram-negative, phytopathogenic bacterium Xanthomonas campestris, is

widely used in both food and non-food industry as thickener or viscosifier, due to its 

physical properties. Also acetan, produced by Acetobacter xylinum, and gellan, a group of

polysaccharides produced by Sphingomonas species, such as Sphingomonas paucimobilis,

have many applications in food industry.

The interest of many polysaccharides is due to the possibility of modifying their

structures by chemical methods to improve their rheological properties.13 However, since

these polysaccharides are always added from the external to the products, they are

considered as additives, which limits their use in a few food products.14 Taking into

account that some of them, like xanthan, acetan or gellan, are produced by non-GRAS

(Generally Recognized As Safe) bacteria, it would be interesting to find an alternative to

overcome these limitations.

This alternative may be represented by the exopolysaccharides produced by lactic

acid bacteria. These polysaccharides are produced in situ during several fermentations, to

12
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generate products like yoghurt, cheese, fermented cream and milk-based desserts.15 In

addition, they also influence the texture, body, stability, smoothness and mouth feel of

dairy products.16,17 Furthermore, lactic acid bacteria carry the GRAS status, which makes

them suitable for application in the food industry. From all these considerations, lactic acid

bacteria and their exopolysaccharides are attracting an increasing interest.

4. Exopolysaccharides produced by lactic acid bacteria

In the last years, the structures of many exopolysaccharides produced by lactic 

acid bacteria have been elucidated and the relationship between the structures and the

rheological properties has been investigated. Some extensive reviews have been published

about lactic acid bacteria EPSs.10,12,18,19,20,21

In general, EPSs produced by lactic acid bacteria are also classified into

homopolysaccharides and heteropolysaccharides. Heteropolysaccharides have usually a 

size from 10 kDa to >1000 kDa.22 Homopolysaccharides can be even larger23 and are

generally produced in larger amounts.24 The structure, as well as the molecular mass 

influences the rheological properties. Exopolysaccharide production is strain specific and

can be affected by environmental factors, such as the carbohydrate source, nitrogen source,

nature of the growth medium, carbon/nitrogen ratio of the culture medium, leading to

variations in the production, monosaccharide composition and molecular mass of the EPS

produced.25

Homopolysaccharides produced by lactic acid bacteria can be divided into four 

groups: -glucans (dextran, mutan, and alternan), -glucans, fructans (levan and inulin-

type), and galactans. All these homopolysaccharides have a main backbone with a different

degree of branching and linking sites, which are strain specific.26 The primary structures of 

homopolysaccharides produced by lactic acid bacteria are reported in Table 1. 

 Heteropolysaccharides show a higher degree of variation in reference to

monosaccharide composition, monomer ratio, molecular structure of the repeating unit and

molecular mass of the polysaccharide.10 The primary structures of heteropolysaccharides

produced by lactic acid bacteria characterized so far27,12,20 are listed in Table 2.
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Table 1. Structures of homopolysaccharides produced by lactic acid bacteria (LAB).
EPS Lactic acid bacteria Main backbone structure

-D-glucans

Dextran Leuconostoc mesenteroides ssp. mesenteroides (1 6)-linked -D-Glcp

Leuconostoc mesenteroides ssp. dextranicum

Pediococcus pentosaceus

Lactobacillus reuteri

Mutan Streptococcus mutans (1 3)-linked -D-Glcp

Streptococcus sobrinus

Alternan Leuconostoc mesenteroides ssp. mesenteroides alternating (1 3)- and 

(1 6)- linked -D-Glcp

-D-glucans Pediococcus spp. (1 6)-linked -D-Glcp

Streptococcus spp.

Lactobacillus spp.

Fructans

Levan Lactobacillus reuteri (2 6)-linked -D-Fruf

Streptococcus salivarius

Galactan Lactococcus lactis ssp. cremoris alternating (1 3)- and

/ (1 4)-D-Galp

Some of the structures described are very different, but in general the

heteropolysaccharides produced by lactic acid bacteria have a limited amount of structural

features. The repeating unit can vary from a tri- to an octasaccharide. Most of them are

composed exclusively of D-glucose, D-galactose and/or L-rhamnose, but in different ratios.

With less frequency, other monosaccharides may be present, such as N-acetyl-D-

glucosamine, N-acetyl-D-galactosamine, D-glucuronic acid, L-fucose, D-ribose, and D-

nononic acid, as well as some non-carbohydrate substituents like phosphate, pyruvyl, acetyl,

and glycerol groups. In some cases, coexistence of galactopyranosyl and galactofuranosyl

residues has been observed, indicating that some lactic acid bacteria are able to convert the

pyranose into the furanose form on the UDP level.77 In the structures having

galactofuranosyl residues, they adopt always the -anomeric configuration. Regarding the

linkages between the monosaccharides, for D-Glcp and D-Galp, there is a subtle preference

for the  anomer, while for L-Rhap there is a strong preference for the  anomer. In the few

14
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cases where a -L-Rhap is present, it is noteworthy that it is always 3-substituted and linked

(1 4) to a -D-Glcp.

Table 2. Primary structures of heteropolysaccharides produced by lactic acid bacteria (LAB).

Strain/Structure Refs.

Lactobacillus acidophilus LMG 9433 

-D-GlcpNAc
  1

  3
4)- -D-GlcpA-(1 6)- -D-Glcp-(1 4)- -D-Galp-(1 4)- -D-Glcp-(1

28

Lactobacillus brevisa, Lactobacillus sp. LM-17

-D-Glcp
   1

  6/2
6)- -D-Glcp-(1 2/6)- -D-Galp-(1 4)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1

29,30

Lactobacillus brevis ssp. G-77

-D-Glcp
 1

 2
6)- -D-Glcp-(1 6)- -D-Glcp-(1

31

Lactobacillus delbrueckii subsp. bulgaricus 291 

-D-Galp-(1 4)- -D-Glcp
   1

   6
4)- -D-Glcp-(1 4)- -D-Glcp-(1 4)- -D-Galp-(1

32

Lactobacillus delbrueckii subsp. bulgaricus EU23

-L-Rhap
1

3
2)- -L-Rhap-(1 4)- -D-Glcp-(1 3)- -L-Rhap-(1 4)- -D-Glcp-(1 4)- -D-Glcp(1

33

(continued on the next page)
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Table 2. (continued)

Lactobacillus delbrueckii subsp. bulgaricus NCFB 2074 

-D-Galp-(1 3)- -D-Glcp -D-Galp
   1  1

 3   6
4)- -D-Glcp-(1 3)- -D-Galp-(1

 2

 1
-D-Galp-(1 4)- -D-Glcp

34

Lactobacillus delbrueckii subsp. bulgaricus RR EU03, EU24, EU25, Lfi5

-D-Galp -D-Galp -L-Rhap
  1 1    1

3   4    3
2)- -D-Galp-(1  3)- -D-Glcp-(1 3)- -D-Galp-(1 4)- -D-Galp-(1

35,36,37

Lactobacillus helveticus 766

-D-Galf
      1

      3
 3)- -D-Glcp-(1 4)- -D-Glcp-(1 6)- -D-Glcp-(1 6)- -D-Galp-(1 6)- -D-Glcp-(1

38

Lactobacillus helveticus 2091

-D-Galp
         1

         6
6)- -D-Galp-(1 4)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 6)- -D-Glcp-(1

39

Lactobacillus helveticus Lb161

-D-Glcp -D-Glcp
      1  1

      3  3
4)- -D-Glcp-(1 4)- -D-Galp-(1 3)- -D-Galp-(1 2)- -D-Glcp-(1 3)- -D-Glcp-(1

40

(continued on the next page)
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Table 2. (continued).

Lactobacillus helveticus K16

-D-Galp
 1

 4
-D-Glcp-(1 2)- -D-Glcp

 1

 6
4)- -D-Glcp-(1 4)- -D-Glcp-(1 4)- -D-Galp-(1

41

Lactobacillus helveticus NCC2745
-D-Galp-(1 6)- -D-Glcp

  1

   6
3)- -D-Galp-(1 3)- -D-Galp-(1 6)- -D-Glcp-(1 3)- -D-Glcp-(1

42

Lactobacillus helveticus TN-4 and Lh59 
-D-Galp-(1 4)- -D-Glcp

 1

  3
3)- -D-Galp-(1 3)- -D-Glcp-(1 3)- -D-Glcp-(1 5)- -D-Galf-(1

43,44

Lactobacillus helveticus TY 1-2

-D-Galp-(1 4)- -D-Glcp
   1

   6
6)- -D-Glcp-(1 3)- -D-Glcp-(1 6)- -D-GlcpNAc-(1 3)- -D-Galp-(1

  4

  1
 ( -D-Galp)0.8

45

Lactobacillus kefiranofaciens WT-2BT

-D-Glcp
  1

  2
6)- -D-Glcp-(1 6)- -D-Galp-(1 4)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1

46

(continued on the next page)
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Table 2. (continued).

Lactobacillus paracasei (two strains)

-D-Galp
 1

  6
6)- -D-Galp-(1 3)- -L-Rhap-(1 4)- -D-Glcp-(1 4)- -D-GlcpNAc-(1

  3

   1
-L-Rhap

47

Lactobacillus paracasei 34-1
   sn-glycerol-3-phosphate

  3
3)- -D-GalpNAc-(1 4)- -D-Galp-(1 6)- -D-Galp-(1 6)- -D-Galp-(1

48

Lactobacillus rhamnosus C83, KL37C,A,D

3)- -D-Glcp-(1 2)- -D-Galf-(1 6)- -D-Galp-(1 6)- -D-Glcp-(1 3)- -D-Galf-(1

49,50

Lactobacillus rhamnosus GG (ATCC 53103)

-D-Galf
     1

     6
3)- -D-Galf-(1 3)- -D-Galp-(1 4)- -D-GlcpNAc-(1 3)- -L-Rhap-(1 3)- -D-Galp-(1

51

Lactobacillus rhamnosus RW-9595 M, R, ATCC9595 and RW-6541 M

HOOC       4
-D-Galp

H3C  6       1

 2
3)- -L-Rhap-(1 3)- -D-Glcp-(1 3)- -L-Rhap-(1 3)- -L-Rhap-(1 3)- -L-Rhap-(1 2)- -D-Glcp-(1

52,53

Lactobacillus sake 0-1
sn-glycerol- 3-phosphate 4)- -L-Rhap

   1

   3
4)- -D-Glcp-(1 4)- -D-Glcp-(1 3)- -L-Rhap-(1

   6  2

   1   (Ac)0.85

-D-Glcp

54

(continued on the next page)
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Table 2. (continued).

Lactococcus lactis subsp. cremoris SBT 0495, NIZO B40, ARH74, ARH53, ARH84,
ARH87

-D-Galp-(1 phosphate
   1

   3
 4)- -D-Glcp-(1 4)- -D-Galp-(1 4)- -D-Glcp-(1

   2

   1
-L-Rhap

55,56,57,58

Lactococcus lactis subsp. cremoris NIZO B39 

-D-Galp-(1 4)- -D-Glcp
     1

     4
3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1 3)- -D-Glcp-(1

59

Lactococcus lactis subsp. cremoris NIZO B891 

-D-Galp-(1 4)- -D-Glcp6Ac0.5
 1

 6
4)- -D-Glcp-(1 4)- -D-Galp-(1 4)- -D-Glcp-(1

60

Streptococcus macedonicus Sc136

-D-Galf-(1 6)- -D-Glcp-(1 6)- -D-GlcpNAc
   1

   3
4)- -D-Galp-(1 4)- -D-Galp-(1 4)- -D-Glcp-(1

61

Streptococcus thermophilus EU20

-L-Rhap
                                                                             1

                                                                             2
6)- -D-Galp-(1 6)- -D-Galp-(1 3)- -L-Rhap (1 4)- -D-Glcp-(1 6)- -D-Galf-(1 6)- -D-Glcp-(1

62

(continued on the next page)
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Table 2. (continued)

Streptococcus thermophilus CNCMI 733, 734, 735, IMDO 01, 02, 03, NCFB 859, Sfi6, Sfi
20, LY03, EU21 

-D-Galp
 1

 6
3)- -D-Galp-(1 3)- -D-Glcp-(1 3)- -D-GalpNAc-(1

63,62,36,64,65,
66,67

Streptococcus thermophilus MR-1C
-D-Galp-(1 6)- -D-Galp L-Fuc

1   1

4   3
2)- -D-Galp-(1 3)- -D-Galp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1

68

Streptococcus thermophilus Sfi12

-D-Galp
     1

     4
3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1 3)- -D-Glcp-(1

69

Streptococcus thermophilus Sfi39, SY89, SY102, CH101, STD 

-D-Galp
   1

   6
3)- -D-Glcp-(1 3)- -D-Glcp-(1 3)- -D-Galf-(1

69,62,36,20,70,
71

Streptococcus thermophilus THS

-D-Galp-(1 4)- -D-Glcp-(1 6)- -D-Glcp
   1

   4
3)- -D-Galp-(1 4)- -D-Glcp-(1

72

Streptococcus thermophilus OR 901, Rs, Sts, ST111 

-D-Galp-(1 6)- -D-Galp
  1

  4
3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1 3)- -D-Galp-(1

73,74,71

(continued on the next page)
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Table 2. (continued)

Streptococcus thermophilus S3

-D-Galf2Ac0.4
   1

   6
3)- -D-Galp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

75

Streptococcus thermophilus  8S
4)- -D-Galp-(1 2)- -D-Ribf-(1 4)- -D-Galp-(1 4)- -D-Glcp-(1 7')-Sug-(1-4)- -D-GalpNAc-(1

  Sug = 6-O-(3',9'-dideoxy-D-threo-D-altro-nononic acid-2'-yl)- -D-Glcp

76

a no strain specified

All these structures, with two exceptions, are branched and have very

similar backbones. Six Lactobacillus strains, four Lactococcus strains and two

Streptococcus strains have a lactosyl unit in the main chain. In Lb. helveticus, the backbone

can have either a lactose fragment, or a -D-Glcp-(1 3)- -D-Glcp unit.

Some EPSs have main chains that differ only in one residue. That is in the case of

the EPSs produced by L. lactis ssp. cremoris B39, S. thermophilus Sfi12 and S.

thermophilus OR901, Rs, Sts, MR-1C and S3. These EPSs have a pentameric backbone

consisting of the 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-

(1 3)-Hexp, the fifth residue being an -D-Glcp in Lb. lactis ssp. cremoris B39 and S.

thermophilus Sfi12, -D-Galp in the EPS of S. thermophilus OR901, Rs, Sts and MR-1C, 

and -D-Galp in the case of S. thermophilus S3. Further analogies can be found here,

leading to the occurrence of some EPSs with identical repeating units. That is the case of 

the EPS produced by S. thermophilus OR901, Rs and Sts.

Other examples of EPSs having the same main chain include the EPSs produced

by Lb. delbrueckii ssp. bulgaricus 291 and Lb. helveticus K16, which have the same main

chain that is identical to the EPS produced by L. lactis B891. The main chain of the EPS of

Lb. brevis, Lb. helveticus 2091 and Lb. kefiranofaciens WT-2BT are also identical.

The side chains show also some structural analogies. The EPSs produced by six

Lactobacillus strains, three Lactococcus lactis ssp. cremoris strains and one Streptococcus

strain have a lactose fragment linked to the main chain. Many side chains terminate with -

D-Galp, and L-Rhap is often the branching point in Streptococcus EPSs.
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The lactic acid bacteria which produce these similar EPSs, although being very

distant, have been tried to be grouped by genetic typing, but with no results so far.36,62

5. Technological applications of LAB EPSs 

The most extended application of EPSs produced by lactic acid bacteria is related

to the texture of yoghurt.78 It is generally accepted that lactic acid bacterial EPSs influence

the rheological properties of stirred yoghurt.79-81 The most conclusive studies to this respect

are related to the influence of the molar mass and the chain stiffness on the viscosifying

properties of the EPS. For EPSs with the same repeating unit, the higher the molar mass,

the higher the posthumus viscosity and the more viscous the EPS.74 The chain stiffness has

an influence in the viscosifying properties. It has been reported82 that the EPS produced by

Lb. sake 0-1 has an average molar mass in the same range of that of xanthan gum, but a 

higher viscosity. Although it is difficult to establish connections between polysaccharide

structures and chain stiffness, some general features can be distinguished. Monosaccharides

connected by ( 1 4) bonds result in stiffer chains than ( 1 4) or ( 1 3) bonds.83

Branches and side groups also influence stiffness. The removal of terminally linked

galactosyl residues, on side chains of EPSs produced by L. lactis ssp. cremoris B39 and

B891, resulted in a decrease of the chain stiffness and, consequently, the thickening

efficiency.84 The special branching pattern of the repeating unit of the EPS produced by Lb.

helveticus K16 could also explain its high viscosity in aqueous solution.41 In addition, the

presence of charges, such as the negative charge provided by the phosphate group of EPSs

produced by Lb. sake 0-1,54 or L. lactis ssp. cremoris B40,57 may cause, depending on the

ionic strength, an increase in the intramolecular repulsion forces in the chain, leading thus

to an increase of the hydrodynamic volume and the intrinsic viscosity. However, the low

production levels of EPSs from lactic acid bacteria limit their potential as thickening agents.

These bacteria seem more appropriate as functional starters. Being GRAS organisms, lactic

acid bacteria can be added to the food and produce the EPS in situ, providing a natural

product with improved rheological properties.
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6. Biological applications of LAB EPSs

Lactic acid bacterial EPSs are also interesting for their role in beneficial effects of

fermented milk products.78 It has been postulated that the healthy-promoting effects of

lactic acid bacteria are related to the biological activity of the EPSs they produce.

Most of the investigations on the effect of lactic acid bacterial EPSs on human

health refer to interactions with the immune system and to anti-tumor activity. In the first

case, it has been reported that they enhance some immunological functions such as 

proliferation of T-lymphocytes85 or macrophage activation and induction of cytokine

production.86 In relation with anti-tumor activity, the EPS produced by Lb. delbrueckii ssp.

bulgaricus OLL 1073R-1 has been shown to have host-mediated anti-tumor activity,87 as

well as the EPS produced by L. lactis ssp. cremoris KVS 20.88 For the last one, it was also

shown that the EPS increased the B-cell dependent mitogenic activity.89 All these studies

have been carried out in vitro or by injecting the material into mice. In vivo, it has been

reported90 that oral administration of the water-soluble EPS (KGF-C) from kefir grains

retarded tumor growth, probably induced via T-cell and not B-cell participation, which 

makes necessary further research in this topic.

While the use of lactic acid bacteria as probiotics in functional foods is currently

extended, the use of LAB EPSs as prebiotics has not been reported yet, despite the

beneficial effects they have been shown to have. A prebiotic is a non-digestible food

ingredient that influences beneficially the host by selectively stimulating the growth and/or

activity of a limited number of bacteria in the colon, improving host health.91 The main

limitation for the use of lactic acid bacterial EPSs as prebiotics relays on the lack of

protection exerted for the gastrointestinal track, as simulated in vitro,92 and their low

degradation by gastrointestinal microorganisms, in vivo92 and in vitro.93 In the last case, it

was reported that the EPSs produced by S. thermophilus Sfi39 and Sfi12 were degraded,

but not the EPSs produced by L. lactis ssp. cremoris B40, Lb. sake 0-1, S. thermophilus

Sfi20 and Lb. helveticus Lh59. As an attempt to correlate the degradation with the structure

of the polymer, it was suggested that the size and composition of the side chain could

influence the accessibility of the EPS to degradative enzymes. Both S. thermophilus Sfi39

and Sfi12 EPS had a single -galactosyl residue as side chain, which would make them

more biodegradable than the EPSs from Lb. sake 0-1 and L. lactis ssp. cremoris, which

bear two residues, one of them charged (phosphate) and one uncharged. More recently, it
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has been reported that the EPSs isolated from vilii, produced by Lactococcus strains, as 

well as EPSs produced by probiotic strains, decrease the adherence of the probiotic

Lactobacillus rhamnosus GG strain to the gastrointestinal track, with no effect on the

adhesion of pathogens.94,95

7. Structural analysis of EPSs

The structure elucidation of a polysaccharide involves the determination of the

monosaccharide composition (including the absolute and anomeric configurations), the

linkage pattern (location of the glycosidic bonds) and the ring size of the constituting

monosaccharides, so that a sequence for the repeating unit can be established. In the case of 

polysaccharides bearing non-carbohydrate substituents, their nature and location must also 

be determined. The whole structural determination can only be done by using several

techniques, such as gas-liquid chromatography (GLC), mass spectrometry (MS) and NMR

spectroscopy.

The isolation of the EPS currently involves centrifugation of the culture medium,

followed by dialysis and lyophilization,96 or precipitation with acetone or

ethanol.28,38,48,54,69,97 A detailed review has been published about different methodologies

employed to isolate and purify bacterial EPSs.21 Purification of the EPS can be done by

several methods, such as anion-exchange chromatography or gel-permeation

chromatography.28,32,38,43,54,59,60,75,76

The identification of the monosaccharides constituting the repeating unit of the

polysaccharide requires its complete depolymerization by solvolysis and further

derivatization, with subsequent analysis by GLC-MS.98 The absolute configurations (D or L)

of the monosaccharides are determined by conversion of enantiomers into diastereoisomers

by using a chiral reagent, with subsequent separation and analysis by GLC. A common

procedure involves the generation of O-trimethylsilyl derivatives of (-)-2-butyl glycosides,

prepared by methanolysis of the polysaccharide followed by butanolysis.99,100

The linkage pattern is determined by methylation analysis. The free hydroxyl

groups of the EPSs are methylated98 and the permethylated polysaccharide is

depolymerized by acid hydrolysis, yielding partially methylated monosaccharides, which 
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are reduced with sodium borodeuteride and acetylated at the free hydroxyl groups

remaining, prior to analysis by GLC-MS.98

To establish the sequence of the repeating unit, NMR spectroscopy is very useful

and sometimes it is possible to assign the whole sequence of the polysaccharide through the

NMR spectra recorded for the native polysaccharide. The 1D 1H spectrum of a 

carbohydrate101 gives information about the number of monosaccharides forming the chain,

and the stereochemistry of the glycosidic linkages (  or ). The 1D 1H spectrum can also

reveal the presence of modified residues, such as amino- or deoxysugars, as well as

additional ring substituents such as acyl, alkyl, acetal, or N-acetyl groups. 2D homonuclear

experiments complete the information obtained from the 1D spectra. 2D TOtally Correlated

SpectroscopY (TOCSY) experiments are used to assign the proton resonances of a single

monosaccharide spin system. Via 2D Nuclear Overhauser Effect SpectroscopY (NOESY),

and 2D Rotating-frame nuclear Overhauser Effect SpectroscopY (ROESY) experiments, it

is possible to obtain information about linkages between monosaccharides. The carbon

resonances can be found by performing 2D Heteronuclear Single-Quantum Coherence

Spectroscopy (HSQC) experiments. Finally, 2D Heteronuclear Multiple-Bonds Correlation

Spectroscopy (HMBC) experiments are useful to establish the sequence of

monosaccharides via long-range 1H-13C connectivities. Several different approaches in

NMR spectroscopy for the structural determination of carbohydrate chains have been 

published.102,103

However, frequently the repeating unit cannot be established unambiguously only

from these data, due to poor resolution of the spectra or to a relatively large repeating unit.

To overcome this problem, a partial depolymerization of the polysaccharide can be

performed. The oligosaccharides generated, once separated and purified, can give

information about the sequence and nature of the glycosidic bonds.

There are many strategies to carry out the partial depolymerization of a

polysaccharide. The final choice will always depend on the polysaccharide under study. A

very common procedure consists of performing a mild acid hydrolysis.32,38,54 There are also

more specific methods, such as enzymatic degradations or specific chemical

degradations.104 Among the latter, the periodate oxidation protocol  is widely used, cleaving

vicinal diols thereby generating  aldehydes. Further reduction of the aldehydes to alcohols, 

followed by mild acid hydrolysis, yields one or more oligosaccharides, which will give

partial information about the repeating unit. In every case, the oligosaccharides produced

25



Chapter 1 

after partial depolymerization are characterized by identifying the monosaccharides they

are composed of, and the linkage pattern as well as the sequence, in an analogous way as

for the native polysaccharide, but now also including advanced MS technologies.

8. Conformational analysis

8.1. General characteristics

Conformational analysis of carbohydrates is a very important complementary

feature to their structural determination. On one hand, it can be useful to fully assign

signals in the NMR spectra, solve ambiguities or even discard possible structures with the

aid of data about interatomic distances. On the other hand, it allows to predict the 

conformational behaviour of the molecule in solution and also when it interacts with other

biomolecules. Several reviews have been reported about the conformational analysis of

carbohydrates.105-107

The flexibility of an oligo- or polysaccharide is based on the range of values that 

may be adopted by its torsional angles. Each monosaccharide has also its own flexibility,

due to subtle variations in the lengths and angles of bonds, but for a carbohydrate chain, it

is the conformation of the glycosidic linkages that plays a key role in the whole

conformation of the chain. To this end, glycosidic linkages are defined by two dihedral

angles,  and . In the case of a (1 6) linkage, an additional angle, , must be defined

(Figure 1).

The value of the  torsion angle is largely influenced by the exo-anomeric effect108

and leads to a preferred value for  of -60° for -D structures, and +60° for -D structures. 

The  torsion angle is determined mainly by steric interactions and hydrogen bonding

between residues and with the solvent. For (1 6) linkages, there are three possible

staggered conformations around the exocyclic hydroxymethyl group that can lead to three

different values of the  torsion angle: gauche-gauche (gg), gauche-trans (gt) and trans-

gauche (tg). The determining effect over the three conformations is the orientation of O-6

with respect to the substituent at C-4 (axial or equatorial). The overall gg:gt:tg relative

proportions are estimated to be approximately 2:4:2 for galactopyranosides (with an axial

4-hydroxyl group) and 6:4:0 for glucopyranosides (with an equatorial 4-hydroxyl
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group),109-111 due to the gauche effect.112 Repulsive interactions take place between O-4 and

O-6. Together with the gauche effect, the Hassel-Ottar effect,113 based on charge repulsion

between two electronegative substituents in axial position, and solvent-derived effects, such

as hydrogen bond formation-break and solvatation, can influence the relative proportion of

the three staggered rotamers.
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Figure 1. Representation of the torsional angles ,  and  in (a) -D-Glcp-(1 4)- -D-Glcp; (b) -D-Glcp-

(1 6)- -D-Glcp. The indicated dihedral angles are  =  (H1A-C1A-OxB-CxB),  =  (C1A-OxB-CxB-HxB) and  = 

 (O6B-C6B-C5B-O5B), as used in this thesis. 

The orientation of the secondary hydroxyl groups must also be taken into account,

especially when working in vacuo or with low dielectric constants. The most representative

orientations are those providing the highest number of hydrogen bonds around the pyranose

ring. There are two orientations, clockwise (c) and anti-clockwise (r), according to the

direction to which the O-H vectors of the hydroxyl groups are pointing with respect to the

carbohydrate ring.
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8.2. NMR spectroscopy in conformational analysis

Conformational analysis of oligo- or polysaccharides requires experimental data, 

which are the basis and complement to a molecular modelling study. Although X-ray

crystallography provides precise information, it does not reflect carbohydrate flexibility,

and some conformations coexisting in solution may be neglected. In addition,

crystallization of carbohydrates is difficult, due to the inherent flexibility of the glycosidic

linkages.

NMR spectroscopy becomes then an alternative and is widely used as a tool in

conformational analysis. The main difference with respect to X-ray crystallography is that

NMR data represent a time-averaged conformation of all the conformations existing in

solution.

The nuclear Overhauser effect (NOE) is the major source of conformational

information. The intensity of a NOE cross-peak between two atoms is directly related to the

distance between them ( r-6), although some factors may influence the intensity of the

signal, such as the degree of flexibility of the molecule, relaxation with other adjacent

protons, intermolecular relaxation and quadrupolar relaxation.

In general, the NOE signal given by atoms separated by more than 4 Å is too

weak to be observed. Both intra- and inter-residue NOE cross-peaks can be observed, of

which the inter-residue NOE connectivities are important in the conformational analysis of

glycosidic bonds. A problem of NOE data arises from the average character of the

measurements. A certain distance between two atoms can be in the NOE range for an

ensemble of conformations. To define more precisely the conformation of the linkage,

more NOE distances are necessary to reduce the number of regions fulfilling all the NOEs.

Scalar coupling constants give also important information for conformational

analysis. The coupling constants involving vicinal atoms, connected by three bonds, can be

used to determine the value of the corresponding torsional angle through the Karplus

equation:114

3J( ) = A cos2  + B cos  + C

In this equation, is the torsional angle and the constants A, B and C are

experimentally determined and depend on each particular case.115
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Via 3JCH measurements, the torsional angles involved in a linkage can be

determined.116 The angle  in (1 6) linkages can be obtained via 3JHH couplings.117

However, like the NOE data, scalar coupling constants are limited to short range.

8.3. Molecular modelling

The computer simulation of molecules with a large number of atoms, performing

ab initio calculations, is possible, but very time consuming, due to the large number of

orbitals involved. For this reason, empirical Molecular Mechanics (MM) and Molecular

Dynamics (MD) calculations are employed.

Molecular Mechanics (MM) calculates the energy of a molecule using a force field,

which is a potential energy function depending on the coordinates of the individual atoms.

It contains different terms to describe the bonds, angles, torsions, van der Waals

interactions, etc. Once the energy of the molecule is calculated, a minimization of the

potential energy is carried out. The starting geometry is modified by several iterations until

it reaches a close minimum. For carbohydrates, the dihedral angles  and  (and , for

(1 6) linkages) are rotated in small increments from 0° to 360° and the energy of the

resulting structures is minimized. In principle, it is not possible to know whether this is the

global minimum or not, because the final result of the minimization is closely related to the

chosen starting geometry. There are two ways to overcome this problem, depending on the

way to generate the starting structures: deterministic methods (Systematic Grid Search)

explore homogeneously the whole conformational space and the energy of all possible

conformers is calculated. However, when dealing with a large number of torsions to

analyze, although the whole conformational space is covered, the number of starting

geometries that should be generated would be extraordinarily high. Stochastic methods

(Metropolis Monte Carlo,118 CICADA119) apply a search algorithm that concentrates on the

low-energy conformations, providing a good representation of the conformational

behaviour of the molecule.

Another way to perform a conformational search is via Molecular Dynamics

simulations. This method describes the motion of a molecule according to classical motion

equations, such as the Newton equation. The molecule is subjected to a potential energy

generated by the force field. The initial speed of the atoms are taken from a Maxwell-

Boltzmann distribution at a given temperature. It is also possible to add a term to the
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equation describing the Brownian motion, and allowing to control fluctuations in the

temperature (Langevin equation). This would constitute the stochastic dynamics method.

As a consequence of the motion, the energy barriers between minima can be

overcome and the molecule may experience a transition from one conformation to the other,

which can be determined in time. The dynamic properties of the molecule can thus be

studied via molecular dynamics simulations. Furthermore, it is possible to explicitly

include the solvent in the calculations. Therefore, Molecular Dynamics simulation in 

explicit solvent represents a good approach to analyze the structural and conformational

characteristics of the molecule, provided by NMR data. The internet portal “Dynamic

Molecules” (freely available at www.md-simulations.de/manager/) uses publicly available

software in an interactive way to set up, perform and analyze Molecular Dynamics

Simulations.120

Different approaches have been used in the literature to model EPSs produced by

lactic acid bacteria. One example of investigation of the three-dimensional structure of

EPSs produced by lactic acid bacteria is the in vacuo prediction of helical structures for the

EPS produced by Lactobacillus sake 0-1.121 Relaxed residue calculations were performed

on each of the five constituting disaccharide fragments of the EPS and further CICADA

calculations were carried out on hexa- and octasaccharide structures, providing an

ensemble of conformational minima, which were extrapolated to regular polysaccharide

structures. A second example is the modelling of the structure of the EPS produced by 

Lactobacillus helveticus 766 in aqueous solution.122 Based on molecular mechanics

calculations (MM) of the constituting disaccharide fragments in vacuo, adaptive umbrella

sampling (AUS) of the potential-of-mean-force (PMF) was performed over the low-energy

conformations to obtain rotamer populations of glycosidic torsional angles of

oligosaccharide fragments in solution, giving as a result the most probable conformations

for the repeating units of the EPS. After carrying out molecular dynamics (MD)

simulations on the repeating units of the EPS, the different repeating unit conformations

were used as building blocks for the generation of oligo- and polysaccharide structures.

More recently, the conformations of the EPSs produced by Lb. helveticus Lh59 and S.

macedonicus Sc136 have been studied and compared,123 to establish relationships between

the nature of the side chain and the thickening properties of the EPS. From the relaxed

energy maps generated for each of the constituting disaccharide linkages of the repeating

unit, the most probable conformations in solution were obtained after performing adaptive
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umbrella sampling (AUS) of the potential-of-mean-force (PMF) over the low-energy

conformations in vacuo. From these data, polymer chains were built and subjected to MD

simulations. The influence of the side chain on the stiffness of the overall structure was

studied by calculating the persistence length, a measure of the extensiveness of a 

polysaccharide,124 which was statistically derived from 1000 polysaccharide structures

composed of 100 repeating units each. 

9. Aim and outline of this thesis 

This thesis focuses on the elucidation of the primary and three-dimensional

structures of the neutral EPSs produced by two strains of Lactobacillus delbrueckii ssp.

bulgaricus, namely LBB.B26 and LBB.B332.

Traditionally, Lb. delbrueckii ssp. bulgaricus strains are used in combination with

Streptococcus thermophilus strains to produce yoghurt.125 There is a symbiosis between 

both lactic acid bacteria, and they grow faster being together than separated. Consequently,

the fermentation time is reduced. Lb. delbrueckii ssp. bulgaricus has a higher proteolytic

activity, releasing amino acids to the medium. These amino acids serve as growth

stimulants for S. thermophilus, especially valine, for which it has a strong affinity.

However, an increase of yoghurt acidity stimulates the growth of Lb. delbrueckii ssp.

bulgaricus, which tolerates acidity better than S. thermophilus. The formic acid originated

from S. thermophilus metabolism also serves as growth factor for Lb. delbrueckii ssp.

bulgaricus. In addition, Lb. delbrueckii ssp. bulgaricus confers taste and aroma to yoghurt,

while S. thermophilus is responsible for the texture of yoghurt.

Since the EPSs produced by lactic acid bacteria have interesting physical

properties, knowing the structure is important to establish relationships between the

structures and the physical properties. Furthermore, the current information about

beneficial effects of lactic acid bacterial EPSs on human health may be complemented with

the knowledge of the structures.

Chapter 2 describes the primary structural determination of the neutral EPS

produced by Lb. delbrueckii ssp. bulgaricus LBB.B26. Monosaccharide and linkage

analyses were carried out to elucidate the composition and substitution pattern of the EPS.

In addition, NMR spectroscopy experiments were performed on the native polysaccharide 
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and on an oligosaccharide obtained from a partial acid hydrolysis carried out on the native

EPS.

In Chapter 3, the three-dimensional structure of the EPS described in Chapter 2 is

studied by means of computational modelling and NMR spectroscopy. The probability of

occurrence of helical motifs is discussed, as well as the conformational features of the EPS.

Chapter 4 focuses on the structure of the neutral EPS produced by Lb. delbrueckii

ssp. bulgaricus LBB.B332. To complete the information obtained via monosaccharide and

linkage analyses, and NMR studies performed on the native EPS, the polymer was

subjected to a periodate oxidation protocol, and the resulting product was characterized.

Chapter 5 reports the molecular modelling of the EPS described in Chapter 4,

exploring the conformational properties of the polysaccharide in aqueous solution.
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Chapter 2 

Abstract

The neutral exopolysaccharide produced by Lactobacillus delbrueckii ssp. 

bulgaricus LBB.B26 in skimmed milk was found to be composed of D-glucose and D-

galactose in a molar ratio of 2:3. Linkage analysis and 1D/2D NMR (1H and 13C) studies

performed on the native polysaccharide, and on an oligosaccharide obtained from a partial 

acid hydrolysate of the native polysaccharide, showed the polysaccharide to consist of

branched pentasaccharide repeating units with the following structure: 

-D-Glcp
  1

   6
3)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1

Inmaculada Sánchez-Medina, Gerrit J. Gerwig, Zoltan L. Urshev, and Johannis P.

Kamerling,

Carbohydr. Res. (2007), in press, doi:10:1016/jcarres.2007.06.014
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Structure of a neutral EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B26

2.1. Introduction

Microbial exopolysaccharides (EPSs) are widely used in the food industry as viscosifying,

stabilizing, gelling or emulsifying agents, due to their characteristic physical and 

rheological properties.1-3 In this context, a growing interest has developed in the use of

EPSs produced by lactic acid bacteria which carry the GRAS (Generally Recognized As

Safe) status. To gain a better insight into the relationship between the structures of EPSs

and their physical/rheological properties, structural studies are currently performed on EPSs

produced by different species of lactic acid bacteria, such as Lactobacillus, Lactococcus,

and Streptococcus species.

Lactobacillus delbrueckii ssp. bulgaricus strains are usually applied in

combination with S. thermophilus strains as commercial yoghurt starters. Over the years, 

several EPSs produced by Lb. delbrueckii ssp. bulgaricus have been characterized, being

mainly composed of Glc and Gal4-7 or of Glc, Gal, and Rha.8-11

Here, we report on the structure determination of the neutral EPS produced by Lb.

delbrueckii ssp. bulgaricus LBB.B26 in skimmed milk.

2.2. Results and discussion

Isolation, purification, and composition of the exopolysaccharide

The neutral EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B26 was isolated via

absolute ethanol precipitation of the trichloroacetic acid-treated culture medium, and

further purified by anion-exchange chromatography on DEAE-Trisacryl Plus M. Its

average molecular mass was determined by gel filtration chromatography on Sephacryl S-

400 HR to be 1.3 x 106 Da. 

Quantitative monosaccharide analysis, including absolute configuration

determination, of the EPS revealed D-Glc and D-Gal in a molar ratio of 1.0:1.8. Methylation

analysis (Table 1) showed the presence of terminal Glcp, 4-substituted Glcp (or 5-

substituted Glcf), 3-substituted Galf, 3-substituted Galp, and 3,6-disubstituted Galp in a

molar ratio of 1.0:1.1:1.0:1.4:0.8, suggesting a branched, pentameric repeating unit.
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According to NMR experiments (vide infra), the monosubstituted Glc residue is in the

pyranose ring form.

The 1D 1H NMR spectrum of the EPS (Figure 1) showed five major signals in the

anomeric region (  4.5-5.5), supporting a pentasaccharide repeating unit. The

monosaccharide residues in the EPS were arbitrarily named from A to E, according to

decreasing chemical shift values of their anomeric protons. Taking into account the

chemical shift as well as the value of the coupling constant for each anomeric signal,

residue A (  5.245, 3J1,2 < 2 Hz ) was identified as furanose ring with  configuration (vide

infra), residue C (  4.977, 3J1,2 3.4 Hz) as pyranose ring with  configuration, and residues

D (  4.682, 3J1,2 7.3 Hz) and E (  4.537, 3J1,2 7.2 Hz) as pyranose rings with

configuration. Due to the shape of the signal, the value of 3J1,2 for residue B (  5.165) could

not be determined exactly, but considering the chemical shift of the anomeric proton, it was

assigned as pyranose ring with  configuration (vide infra).

Table 1. Methylation analysis data of Lactobacillus delbrueckii ssp. bulgaricus LBB.B26 neutral EPS and

oligosaccharide 3.

Partially methylated alditol acetate TR
a Structural

feature
Molar ratio 

EPSb
Molar
ratio 3b

2,3,4,6-Tetra-O-methyl-1,5-di-O-acetylglucitol-1-d 1.00 Glcp-(1 1.0 1.2

2,5,6-Tri-O-methyl-1,3,4-tri-O-acetylgalactitol-1-d 1.18 3)-Galf-(1 1.0 -

2,3,6-Tri-O-methyl-1,4,5-tri-O-acetylglucitol-1-d 1.21 4)-Glcp-(1 1.1 0.9

2,4,6-Tri-O-methyl-1,3,5-tri-O-acetylgalactitol-1-d 1.23 3)-Galp-(1 1.4 1.7

2,4-Di-O-methyl-1,3,5,6-tetra-O-acetylgalactitol-1-d 1.51 3,6)-Galp-(1 0.8 -

2,3,4-Tri-O-methyl-1,5,6-tri-O-acetylgalactitol-1-d 1.32 6)-Galp-(1 - 1.0

a GLC retention times relative to 2,3,4,6-tetra-O-methyl-1,5-di-O-acetylglucitol-1-d on EC-1.
b Calculated from peaks areas, not corrected by response factors.
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C

-D-Glcp
   1

   6
3)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1

B E D A

Figure 1. 500-MHz 1D 1H NMR spectrum of the neutral EPS produced by Lactobacillus delbrueckii ssp.

bulgaricus LBB.B26, recorded in D2O at 27 ºC.

Partial acid hydrolysis and analysis of the pentasaccharide repeating unit

Partial acid hydrolysis of the native EPS yielded a complex mixture of oligosaccharides,

which was fractionated on Bio-Gel P-4, affording fractions 1-4 (Figure 2). As checked by 

1D 1H NMR and TLC analyses (data not shown), fraction 1 contained non-degraded EPS 

and high-molecular-mass fragments, fraction 2 a mixture of oligosaccharides larger than

pentasaccharides, fraction 3 a pure pentasaccharide, and fraction 4 a mixture of

trisaccharides. In the context of this study, only fraction 3 has been analyzed in detail.
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1 2 3 4

RI
detection

1 2 3 4

VeVo Retention time (h)

Figure 2. Bio-Gel P-4 elution profile of partially acid hydrolyzed EPS, monitored by refractive index detection. 

The MALDI-TOF mass spectrum of fraction 3 (Figure 3) showed a single

[M+Na]+ pseudomolecular ion at m/z 851.6, corresponding with Hex5. Monosaccharide

analysis gave a composition of D-Glc and D-Gal in a molar ratio of 2:3. Methylation

analysis (Table 1) gave evidence for the occurrence of terminal Glcp, 4-substituted Glcp, 3-

substituted Galp and 6-substituted Galp in a molar ratio of 1.2:0.9:1.7:1.0, suggesting a

linear pentasaccharide structure. In view of the established oligosaccharide structure (vide

infra), it is clear that, if -elimination had occurred (peeling, due to the 3-substituted

reducing Gal unit), it was only to a small extent.

In the 1D 1H NMR spectrum of 3 (Figure 4), six anomeric signals were found at 

5.290 (residue A , 3J1,2 3.0 Hz),  5.146 (residue B, 3J1,2 3.6 Hz),  4.979 (residue C, 3J1,2

3.6 Hz),  4.720/4.704 (residue D /D , 3J1,2 7.0 Hz),  4.641 (residue A , 3J1,2 7.9 Hz), and 

 4.541 (residue E, 3J1,2 7.3 Hz). Considering the chemical shifts and the coupling constants

observed, residues B and C were identified as pyranose ring forms with  configuration,

while residues D and E were assigned as pyranose ring forms with  configuration. Residue

A /A  represents the reducing end of the oligosaccharide. The twinning observed for the

anomeric signal of residue D is due to the influence of the /  configuration of residue A.
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Structure of a neutral EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B26

Figure 3. MALDI-TOF mass spectrum of oligosaccharide 3, obtained via partial acid hydrolysis of EPS.

The 1H chemical shifts of oligosaccharide 3 (Table 2) were assigned by means of

2D TOCSY (mixing times, 40-150 ms), NOESY (mixing time, 1 s), and 1H-13C HSQC

experiments. The TOCSY spectrum (150 ms) of oligosaccharide 3 is shown in Figure 5,

together with the NOESY spectrum. The 1H-13C HSQC spectrum is shown in Figure 6.

Starting points for the interpretation of the spectra were the anomeric signals of the residues

A -E. Comparison of TOCSY spectra with increasing mixing times allowed the

assignment of the sequential order of the chemical shifts belonging to the same spin system.

The TOCSY A  H-1 track ( 5.290) showed cross-peaks with A  H-2,3,4. On the A  H-4

track the cross-peak with A  H-5 was found, and on the A H-5 track the resonances for

A H-6a,b. The TOCSY B H-1 track ( 5.146) allowed the observation of cross-peaks with

B H-2,3,4,5; via the B H-5 track the cross-peaks with B H-6a and 6b were found

(confirmed by 1H-13C HSQC). On the TOCSY C H-1 track (  4.979), resonances for C H-

2,3,4,5,6a,6b were observed (confirmed by 1H-13C HSQC). Following the TOCSY D H-1

track (  4.720/4.704), the cross-peaks with D H-2,3,4,5,6b were detected (confirmed by 1H-
13C HSQC), whereas the D H-6b track revealed the D H-6a resonance (confirmed by 1H-
13C HSQC). The TOCSY A  H-1 track (  4.641) showed cross-peaks with A  H-2,3,4, and

the chemical shifts of A  H-5 and H-6a,b were deduced from 1H-13C HSQC experiments.

Finally, on the TOCSY E H-1 track (  4.541) cross-peaks with E H-2,3,4 were found; the

resonances for E H-5 and H-6a,b followed from 1H-13C HSQC experiments.
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C

-D-Glcp
   1

   6
-D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)-D-Galp

B    E  D  A 

Figure 4. 500-MHz 1D 1H NMR spectrum of oligosaccharide 3, recorded in D2O at 27 ºC.

The typical H-2,3,4 spin systems seen on the TOCSY H-1 tracks of the residues A,

B, and E, with downfield chemical shift values for their H-4 signals (3J3,4 3 Hz, 3J4,5 < 1

Hz), indicated a galacto-configuration for each of these residues; the TOCSY results of the

residues C and D are in agreement with a gluco-configuration.

The 13C chemical shifts of oligosaccharide 3 were assigned (Table 2) by using 2D
1H-13C HSQC experiments (Figure 6), whereas a 2D 1H-13C HMBC spectrum revealed the
1JC-1,H-1 coupling constants. Based on their C-1 chemical shifts and 1JC-1,H-1 coupling

constants, the residues B (Gal;  96.5; 172 Hz) and C (Glc;  98.9; 172 Hz) occur in -

pyranosyl form, and the residues D (Glc; 104.6; 162 Hz) and E (Gal; 103.8; 164 Hz) in

-pyranosyl form.12
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Figure 5. 2D TOCSY (mixing time, 150 ms) and NOESY (mixing time, 1 s) spectra of oligosaccharide 3, recorded

in D2O at 27 °C. Cross-peaks belonging to the same scalar-coupling network are indicated near a dotted line

starting from the corresponding diagonal peaks; TOCSY: B1 corresponds to the diagonal peak of residue B H-1; 

B2 refers to a cross-peak between B H-1 and B H-2, etc.; NOESY: B1 corresponds to the diagonal peak of residue

B H-1; B1,2 refers to an intra-residue cross-peak between B H-1 and B H-2, and B1,E4 indicates an inter-residue

connectivity between B H-1 and E H-4, etc.

Taking into account published 13C chemical shift data of (methyl) aldosides,13 and 

the methylation analysis data of oligosaccharide 3, residue C could be identified as the

terminal -Glcp residue. The downfield chemical shifts of A  C-3 ( C-3 80.6; -D-Galp, C-

3 70.2) and A  C-3 ( C-3 83.7; -D-Galp, C-3 73.8) demonstrated residue A to represent the

3-substituted Galp residue. In a similar way, the downfield chemical shift of B C-6 ( C-6

67.2; -D-Galp1Me, C-6 62.2) allowed the identification of residue B as 6-substituted -

Galp, the downfield chemical shift of D C-4 ( C-4 -D-Glcp1Me, C-4 70.6) residue D
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as 4-substituted -Glcp, and the downfield chemical shift of E C-3 ( C-3 78.2; -D-

Galp1Me, C-3 73.8) residue E as 3-substituted -Galp.

Figure 6. 2D 1H-13C HSQC spectrum of oligosaccharide 3, recorded in D2O at 27 ºC. B1 corresponds to the

cross-peak between B H-1 and B C-1, etc.

Finally, the determination of the sequence of the monosaccharide residues within

the pentasaccharide was established through the assignment of the inter-residue cross-peaks

in the 2D NOESY spectrum (Figure 5). On the NOESY C H-1 track, inter-residue cross-

peaks with B H-6a,6b were found, indicating a C(1 6)B linkage. The NOE cross-peaks

between B H-1 and E H-3,4 gave evidence for a linkage between B and E, and in view of

the methylation analysis / 13C NMR data for residue E (vide supra), it was concluded that a 

B(1 3)E linkage is present. On the E H-1 NOESY track, inter-residue cross-peaks were

found with D H-3,4. Taking into account the methylation analysis / 13C NMR data for

residue D (vide supra), the linkage was assigned as E(1 4)D. On the D H-1 track inter-

residue NOESY connectivities were detected with A  H-3,4, and combined with the

methylation analysis / 13C NMR data for residue A  (vide supra), a D(1 3)A  linkage

was established. The observed intra-residue NOE cross-peaks were in accordance with the

assigned anomeric configurations. The relevant long-range couplings in the 1H-13C HMBC

spectrum confirmed the sequence established from the NOESY data (data not shown).
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Combination of the structural information as presented above allowed structure 3

to be formulated as a linear pentasaccharide with the following sequence:

C

-D-Glcp
1

6
-D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)-D-Galp

B E D A

2D NMR spectroscopy of the native polysaccharide

The complete assignment of the 1H and 13C chemical shifts of the native EPS (Table 2) was

carried out by means of 2D TOCSY (mixing times, 40-200 ms), NOESY (mixing time, 150

ms), and 1H-13C HSQC experiments. The TOCSY spectrum (200 ms) of the EPS  is shown

in Figure 7, together with the NOESY spectrum. The 1H-13C HSQC spectrum is shown in 

Figure 8. Starting points for the interpretation of the spectra were the anomeric signals of 

the residues A-E. Comparison of TOCSY spectra with increasing mixing times allowed the

assignment of the sequential order of the chemical shifts belonging to the same spin system.

The TOCSY A H-1 track (  5.245) showed cross-peaks with A H-2,3,4, whereas

on the A H-2 track the cross-peaks with A H-5,6a,b were found. The TOCSY B H-1 track

(  5.165) revealed cross-peaks with B H-2,3,4,5,6a; via the B H-5 track the cross-peak with

B H-6b was detected (confirmed by 1H-13C HSQC). On the TOCSY C H-1 track (  4.977)

cross-peaks with C H-2,3,4,5,6a,6b were found. The TOCSY D H-1 track (  4.682)

allowed the identification of the cross-peaks with D H-2,3,4,5 (confirmed by 1H-13C

HSQC), whereas the D H-5 track revealed the resonances for D H-6a,6b. Finally, on the

TOCSY E H-1 track (  4.537) cross-peaks with E H-2,3,4 were shown; the resonances for

E H-5,6a,6b followed from 1H-13C HSQC experiments.
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Table 2. 1H and 13C NMR chemical shiftsa of EPS and oligosaccharide 3, recorded in D2O at 27 ºC. 3J1,2 and 1JC-

1,H-1 coupling constants are included in parentheses.

Residue Proton EPS 3 Carbon EPS 3

3)- -D-Galf-(1 H-1 5.245

(<2)

- C-1 110.5 (177) -

A H-2 4.39 - C-2 80.9 -

H-3 4.31 - C-3 85.6 -

H-4 4.21 - C-4 83.2 -

H-5 3.97 - C-5 71.5 -

H-6a 3.69 - C-6 63.8 -

H-6b 3.69 -

3,6)- -D-Galp-(1 H-1 5.165

(n.d.)

- C-1 96.5 (173) -

B H-2 3.98 - C-2 68.2 -

H-3 4.06 - C-3 78.0 -

H-4 4.19 - C-4 70.2 -

H-5 4.27 - C-5 76.4 -

H-6a 3.84 - C-6 67.0 -

H-6b 3.71 -

-D-Glcp-(1 H-1 4.977

(3.4)

4.979 (3.6) C-1 99.0 (173) 98.9 (172)

C H-2 3.56 3.57 C-2 72.3 72.4

H-3 3.69 3.71 C-3 74.4 74.2

H-4 3.43 3.436 C-4 70.6 70.5

H-5 3.71 3.72 C-5 72.9 72.9

H-6a 3.87 3.87 C-6 61.5 61.6

H-6b 3.77 3.77

4)- -D-Glcp-(1 H-1 4.682

(7.3)

4.720/4.704

(7.0)

C-1 102.9 (163) 104.6 (162)

D H-2 3.37 3.449 C-2 73.7 74.1

H-3 3.70 3.70 C-3 75.3 75.2

H-4 3.71 3.73 C-4 79.4 79.2

H-5 3.65 3.62 C-5 75.8 75.6

H-6a 4.02 3.97 C-6 61.0 60.9

H-6b 3.85 3.87

(continued on the next page)
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Table 2. (continued)
3)- -D-Galp-(1 H-1 4.537

(7.2)

4.541 (7.3) C-1 103.9 (161) 103.8 (164)

E H-2 3.70 3.69 C-2 70.6 70.5

H-3 3.79 3.78 C-3 78.3 78.2

H-4 4.18 4.185 C-4 65.9 65.8

H-5 3.74 3.74 C-5 76.1 76.1

H-6a 3.79 3.82 C-6 62.1 62.0

H-6b 3.79 3.82

3)- -D-Galp H-1 - 5.290 (3.0) C-1 - 93.2 (172)

A H-2 - 3.99 C-2 - 68.4

H-3 - 3.99 C-3 - 80.6

H-4 - 4.265 C-4 - 69.9

H-5 - 4.123 C-5 - 71.1

H-6a - 3.78 C-6 - 62.0

H-6b - 3.78

3)- -D-Galp H-1 - 4.641 (7.9) C-1 - 97.2 (n.d.)

A H-2 - 3.66 C-2 - 71.9

H-3 - 3.81 C-3 - 83.7

H-4 - 4.206 C-4 - 69.4

H-5 - 3.74 C-5 - 75.8

H-6a - 3.78 C-6 - 62.0

H-6b - 3.78

6)- -D-Galp-(1 H-1 - 5.146 (3.6) C-1 - 96.5 (172)

B H-2 - 3.88 C-2 - 69.3

H-3 - 3.97 C-3 - 70.3

H-4 - 4.072 C-4 - 70.3

H-5 - 4.402 C-5 - 69.8

H-6a - 3.87 C-6 - 67.2

H-6b - 3.73
aIn ppm relative to the signal of internal acetone at  2.225 for 1H, and in ppm relative to the signal of external [1-
13C] glucose ( C-1 92.9) for 13C.

According to the assigned spin systems, with characteristic downfield chemical

shifts for H-4, residues B and E were shown to have the galacto-configuration: residue B

corresponds with -D-Galp and residue E with -D-Galp (vide supra). The TOCSY results

of residues C and D were in agreement with a gluco-configuration: Residue C corresponds
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to a terminal -D-Glcp unit (upfield chemical shift value of H-4), whereas residue D could

be assigned as a -D-Glcp residue (characteristic upfield shift of H-2).14 Finally, taking into

account the methylation analysis / 13C NMR data, residue A was assigned as a -D-Galf

unit.

Evaluation of the C-1 chemical shifts and the 1JC-1,H-1 coupling constants, deduced

from 2D 1H-13C HMBC measurements, confirmed that residues B (Gal;  96.5; 173 Hz) 

and C (Glc;  99.0; 173 Hz) occur in -pyranosyl form, and residues D (Glc;  102.9; 163

Hz) and E (Gal,  103.9; 161 Hz) in -pyranosyl form.12 The 1JC-1,H-1 value for residue A

(177 Hz) is indicative of a furanose ring, although it gives no information about the

anomeric configuration of the residue.13 However, a comparison of the C-1 chemical shift

values of residue A (  110.5), -D-Galf1Me (  109.9), and -D-Galf1Me (  103.8)13

allowed the assignment of the -configuration for residue A.

Taking into account published 13C chemical shift data of methyl aldosides,13 and 

the methylation analysis data of the EPS, residue A was assigned as 3-substituted -Galf

(downfield shift of A C-3, C-3 85.6; -D-Galf 1Me, C-3 78.4). In addition, residue B was

assigned as 3,6-disubstituted -Galp (downfield shift of B C-3, C-3 78.0; downfield shift of

B C-6, C-6 67.0; -D-Galp1Me, C-3 70.5, C-6 62.2), residue C as terminal -Glcp, residue

D as 4-substituted -Glcp (downfield shift of D C-4, -D-Glcp1Me, C-4 70.6), and

residue E as 3-substituted -Galp (downfield shift of E C-3, C-3 78.3; -D-Galp1Me, C-3

73.8).

The determination of the sequence of the monosaccharide residues within the

repeating unit of the EPS could be achieved through the assignment of the inter-residue

cross-peaks in the 2D NOESY spectrum (Figure 7) and the relevant long-range couplings

in the HMBC spectrum (Table 3). Inspection of the NOESY spectrum showed on the C H-

1 track a NOE connectivity with B H-6b, suggesting a C(1 6)B linkage. The inter-residue

NOE cross-peaks between B H-1 and E H-3,4 gave evidence for a linkage between B and E.

Considering the methylation analysis / 13C NMR data for residue E (vide supra), a

B(1 3)E linkage is indicated. The observed NOESY cross-peak between E H-1 and D H-

4 supported an E(1 4)D linkage. Furthermore, the D H-1,A H-2,3 NOESY connectivities,

together with the methylation analysis / 13C NMR data for residue A (vide supra),

established the D(1 3)A linkage. Finally, from the NOESY cross-peaks between residue

A H-1 and B H-3,4, and taking into account the methylation analysis / 13C NMR data for
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residue B (vide supra), the A(1 3)B linkage was identified. This confirmed residue B to

be the branching point of the pentasaccharide repeating unit of the polysaccharide. The

absence of inter-residue NOE cross-peaks involving signals of residue C other than C H-1,

confirmed the identification of C as the only component of the side chain. The observed

intra-residue NOE cross-peaks were in accordance with the assigned anomeric

configurations.

Figure 7. 2D TOCSY (mixing time, 200 ms) and NOESY (mixing time, 150 ms) spectra of EPS, recorded in D2O at 

27 ºC. Cross-peaks belonging to the same scalar-coupling network are indicated near a dotted line starting from

the corresponding diagonal peaks; TOCSY: A1 corresponds to the diagonal peak of residue A H-1; A2 refers to a 

cross-peak between A H-1 and A H-2, etc.; NOESY: A1 corresponds to the diagonal peak of residue A H-1; A1,2 

refers to an intra-residue cross-peak between A H-1 and A H-2, and A1,B3 indicates an inter-residue connectivity 

between A H-1 and B H-3, etc

.
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Figure 8. 2D 1H-13C HSQC of EPS, recorded in D2O at 27 ºC. A1 corresponds to the cross-peak between A H-1 

and A C-1, etc. 

Combining the various data of the EPS analysis, supported by the structural determination

of the generated pentasaccharide fragment, shows that the polysaccharide is composed of 

the following pentasaccharide repeating unit: 

C

-D-Glcp
  1

  6
3)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1

B E D A

The finding of a repeating unit as the major product in the partial acid hydrolysis

of the EPS is in accordance with the known lability of a Galf-(1 x) linkage. Critical 

evaluation of the monosaccharide analysis of the EPS (the Glc content seems to be

somewhat lower than 2), its methylation analysis (the peak ratio suggests a somewhat too

high content of 3-substituted and a somewhat too low content of 3,6-disubstituted Galp),

and its 1D 1H NMR peak pattern (additional small signals in the anomeric region), may
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suggest that some underglucosylation (5%) of the main chain, yielding a linear structure, is 

present.

Table 3. Long-range 1H-13C couplings found in the HMBC spectrum for the anomeric signals of the residues of 

EPS.

Residue H-1/C-1 Connectivities Residue

A 5.245 85.6 A C-3 

83.2 A C-4 

78.0 B C-3 

110.5 4.06 B H-3 

B 5.165 78.0 B C-3 

96.5 3.79 E H-3 

C 4.977 74.4 C C-3 

72.9 C C-5 

67.0 B C-6 

99.0 3.84 B H-6a 

D 4.682 85.6 A C-3 

102.9 4.31 A H-3 

E 4.537 79.4 D C-4 

103.9 3.71 D H-4 

A: 3)- -D-Galf-(1  ; B: 3,6)- -D-Galp-(1  ; C: -D-Glcp-(1  ; D: 4)- -D-Glcp-(1  ; E: 3)- -D-

Galp-(1

Final remarks

Galactofuranosyl residues have been found together with galactopyranosyl residues in the

structures of some EPSs produced by lactic acid bacteria, like Lb. helveticus TN-4 and

Lh59,15,16 Lb. helveticus 766,17 Lb. rhamnosus C83,18 KL37C,19 and GG,20 S. macedonicus

Sc136,21 S. thermophilus Sfi39,22 S3,23 EU20,24 SY89,25 and SY102.25 The coexistence of

the furanosyl and pyranosyl residues suggests that these bacteria must have a mechanism

for converting the pyranose into the furanose form.26 However, none of the structures of the
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EPSs produced by Lactobacillus delbrueckii ssp. bulgaricus reported so far contain

galactofuranosyl residues.

2.3. Experimental

Production, isolation and purification of the exopolysaccharide. The Lb. delbrueckii ssp.

bulgaricus LBB.B26 strain, isolated from home-made yoghurt, was obtained from the LBB 

collection of LB Bulgaricum Plc. (Sofia, Bulgaria). An aliquot of an activated bacterial

culture was used to inoculate 1 L of sterile (121 ºC, 7 min) reconstituted skimmed milk

powder in H2O (10% w/v; Merck, Darmstadt, Germany), and the strain was grown during

24 h at 42 ºC. After incubation, proteins were removed from the culture medium by adding

80% (w/v) trichloroacetic acid (150 mL/L) and subsequent centrifugation at 10,000 g for 10

min. After discarding the pellet, the EPS in the supernatant was precipitated with 3 volumes

of absolute ethanol overnight at – 18ºC, and collected by centrifugation at 10,000 g for 10

min. A solution of the pellet in 40 mL hot distilled water (90 ºC) was extensively dialyzed

for 72 h against distilled water at 4 ºC, then lyophilized. The freeze-dried sample was

redissolved in 50 mM sodium phosphate buffer, pH 6.0, and an aliquot (1 mL; 3-10 mg of

carbohydrate) was applied to a C16/20 column (Pharmacia Biotech, Uppsala, Sweden),

packed with the weakly basic anion exchanger DEAE-Trisacryl Plus M (Sigma Aldrich

Chemie GmbH, Taufkirchen, Germany). The neutral EPS was eluted with 50 mM sodium

phosphate buffer, pH 6.0 (40 mL), at a flow rate of 0.5 mL/min, monitored at 280 nm with

a UV-1 detector (Pharmacia Fine Chemicals, Uppsala, Sweden). The fractions containing

the neutral EPS were pooled, desalted by dialysis against distilled water during 48 h at 4 ºC,

and lyophilized.

Molecular mass determination. The average molecular mass of the EPS was determined

by gel filtration chromatography on a Sephacryl S-400 HR C16/100 column (Amersham

Pharmacia Biotech, Uppsala, Sweden), calibrated with dextran standards (Mw 1800, 750,

410, 150, 50, and 25 kDa; Fluka Chemie GmbH, Buchs, Switzerland), using 50 mM

phosphate buffer, pH 6.0, containing 150 mM NaCl as eluent. The flow rate was 0.2

mL/min and the fraction size was 2 mL. The carbohydrate content of each fraction was

determined by the phenol/sulfuric acid assay.27
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Monosaccharide analysis. Oligo/polysaccharide was subjected to methanolysis

(methanolic 1 M HCl; 18 h, 85 ºC). The resulting mixtures of methyl glycosides were

trimethylsilylated (1:1:5 hexamethyldisilazane-trimethylchlorosilane-pyridine; 30 min,

room temperature), then quantitatively analyzed by GLC as described.28 In addition, the

absolute configurations of the monosaccharides were determined by GLC analysis of the

trimethylsilylated (-)-2-butyl glycosides.29,30 For both analyses, the identities of the

monosaccharides were confirmed by gas-liquid chromatography/mass spectrometry (GLC-

MS).28

Methylation analysis. Samples (native EPS or oligosaccharide) were permethylated

using methyl iodide and solid sodium hydroxide in dimethyl sulfoxide as described

previously.31 After hydrolysis with 2 M TFA (2 h, 120 oC), the partially methylated

monosaccharides were reduced with NaBD4. Conventional work-up, comprising

neutralization and removal of boric acid by co-evaporation with methanol, followed by

acetylation with 1:1 pyridine-acetic anhydride (30 min, 120 ºC) yielded mixtures of

partially methylated alditol acetates, which were analyzed by GLC-MS.28

Gas-liquid chromatography and mass spectrometry. Quantitative GLC analyses were

performed on a Chrompack CP9002 gas chromatograph, equipped with an EC-1 column

(30 m x 0.32 mm, Alltech, Deerfield, IL) using a temperature program of 140-240 oC at 4
oC/min and flame-ionization detection. GLC-MS analyses were carried out on a

GC8060/MD800 system (Fisons instrument, Interscience; 70 eV), using an AT-1 column

(30 m x 0.25 mm, Alltech) at the same temperature program.28

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-

TOF-MS) experiments were performed using a Voyager-DE PRO mass spectrometer

(Applied Biosystems, Foster City, CA) equipped with a nitrogen laser (337 nm, 3 ns pulse

width). Positive-ion mode spectra were recorded using the reflectron mode and delayed

extraction (100 ns). The accelerating voltage was 20 kV with a grid voltage of 75.2%; the

mirror voltage ratio was 1.12, and the acquisition mass range 500-3000 Da. Samples were

prepared by mixing on the target 1 L oligosaccharide solution with 1 L 2,5-

dihydroxybenzoic acid (10 mg/mL) in 50% aqueous acetonitrile as matrix solution.
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Partial acid hydrolysis. The polysaccharide (50 mg) was treated with 0.2 M 

trifluoroacetic acid (25 mL) for 1 h at 100 ºC. The progress of the hydrolysis was checked

by TLC (Merck Kieselgel 60 F254 sheets; 2:1:1 n-butanol-acetic acid-water; orcinol-

sulfuric acid staining). After lyophilization, the residue was fractionated on a Bio-Gel P-4

column (90 x 1.5 cm), eluted with 10 mM NH4HCO3 at a flow rate of 3 mL/min at room

temperature, monitored by differential refraction index detection (LKB Bromma 2142

Differential Refractometer). The collected fractions were lyophilized and subjected to

analysis.

NMR spectroscopy. Resolution-enhanced 1D/2D 500-MHz NMR spectra were recorded

in D2O on a Bruker DRX-500 spectrometer (Bijvoet Center, Department of NMR

Spectroscopy) at a probe temperature of 27 oC for oligosaccharides and polysaccharides.

Prior to analysis, samples were exchanged twice in D2O (99.9 atom% D, Cambridge

Isotope Laboratories, Inc., Andover, MA) with intermediate lyophilization, and then 

dissolved in 0.6 mL D2O. Chemical shifts are expressed in ppm by reference to internal

acetone (  2.225) for 1H and/or to the -anomeric signal of external [1-13C]glucose ( C-1

92.9) for 13C. Suppression of the HOD signal was achieved by applying a WEFT pulse 

sequence for 1D experiments32 and by a pre-saturation of 1 s during the relaxation delay for

2D experiments.33 2D TOCSY spectra were recorded using an MLEV-17 mixing

sequence34 with spin-lock times of 40-200 ms. 2D NOESY experiments were performed

with a mixing time of 150 ms for the polysaccharide and 1 s for the oligosaccharide.

Natural abundance 2D 1H-13C HSQC and HMBC experiments were recorded with and

without decoupling, respectively, during acquisition of the 1H FID. Resolution

enhancement of the spectra was performed by a Lorentzian-to-Gaussian transformation or

by multiplication with a squared-bell function phase shifted by /(2.3) for 2D spectra, and

when necessary, a fifth order polynomial baseline correction was performed. All NMR data

were processed using in-house developed software (J.A. van Kuik, Bijvoet Center, Utrecht

University).
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Abstract

The conformational properties of the neutral exopolysaccharide produced by

Lactobacillus delbrueckii ssp. bulgaricus LBB.B26 have been studied by NMR

measurements and molecular modelling. The exopolysaccharide, with an average

molecular mass of 1.3 x 106 Da, was previously determined to consist of pentasaccharide

repeating units with the following structure: 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-

Galf-(1 3)-[ -D-Glcp-(1 6)-] -D-Galp-(1 . Adiabatic maps were generated for each

of the constituting disaccharide fragments of the repeating unit. In addition, free energy

maps were obtained for each of the disaccharide fragments in an extended repeating unit.

The values of the global energy minima provided by these maps were used to build a

polymer chain. The occurrence of helical motifs in the polysaccharide was investigated.

The polysaccharide was shown to have a random coil structure, without stable helical

motifs.

Inmaculada Sánchez-Medina, Martin Frank, Claus-Wilhelm von der Lieth, and

Johannis P. Kamerling,

Manuscript in preparation.
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3.1. Introduction

Nowadays, exopolysaccharides (EPSs) produced by lactic acid bacteria are broadly explored

as potential alternatives to polysaccharides used so far in food industry. Their interesting

physical and rheological properties make them suitable as thickening, viscosifying or

stabilizing agents.1 In addition, lactic acid bacteria carry the GRAS (Generally Recognized

As Safe) status, and they can produce the EPS in situ, contributing to the texture of the final

product. In recent years, the primary structures of EPSs produced by several strains have

been elucidated.2 However, their secondary and tertiary structures can help to understand

better the structure-physical properties relationship. A combination of computational studies

with NMR data obtained from the polysaccharide generates information about the three-

dimensional structure of the polymer. Several lactic acid bacterial EPSs have been subjected

to conformational analysis, and molecular modelling studies were carried out in the gas

phase3 as well as in solution.4,5

Here, we report on the three-dimensional structure of the neutral EPS produced by

Lactobacillus delbrueckii ssp. bulgaricus LBB.B26 in skimmed milk. Via gas-liquid

chromatography and mass spectrometry experiments, together with 1D and 2D NMR 

(TOCSY, NOESY, ROESY, and HSQC) studies, the EPS has been shown to be composed

of branched repeating units with the following structure:6

 C 

-D-Glcp
   1

   6
3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1 3)- -D-Galp-(1

E D A  B

Relaxed residue calculations using the MM3 force field were performed for each of

the constituting disaccharide elements of the EPS. In addition, free energy maps were 

obtained for each of the disaccharide linkages of an extended repeating unit. From the 

energy minima provided by the free energy maps, a repeating unit was built up and further a 

polymer chain. The occurrence of helical motifs in the polymer was studied.
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3.2. Results and discussion

Adiabatic maps of disaccharide methyl glycosides

Via a systematic search, the whole conformational space of glycosidic bonds can be

explored, and  values of glycosidic linkages that represent local energy minimum

conformations can be determined. However, due to the combinatorial explosion, a simple

relaxed systematic search for even two glycosidic linkages would require already to 

minimize more than 100000 generated conformations (search in steps of 20°: 18x18x18x18).

An adiabatic search, where various orientations of the exocyclic groups need to be taken

into account as well, would be simply not feasable for a polysaccharide. Therefore, the

repeating unit of the EPS of Lb. delbrueckii ssp. bulgaricus LBB.B26 was split into

disaccharide fragments, and an adiabatic map was calculated for each of these fragments in

order to determine the low energy conformations (local minima) for each disaccharide. In

Figure 1, the adiabatic maps of the disaccharide fragments E-D, D-A, A-B, B-E, and C-B as

methyl glycosides are presented; ,  data are tabulated in Table 1.

Regarding the E1 D4 linkage (Figure 1Aa), two minima were found at ,  values

of +40º,0º and +30º,-50º, respectively, having approximately the same energy. As the energy

barrier between these minima is about 0.5 kcal/mole, a rapid interconversion between them

can be expected. A third minimum of a higher energy is located at ,  coordinates of

+30º,+180º. An even higher energy conformation (about 3 kcal/mole above the global

minimum) was observed at ,  coordinates of +180º,0º. The map for the D1 A3 fragment

(Figure 1Ba) showed the global minimum with ,  values of +40º,+40º. Two local minima

were found at about the same , but at different  dihedral angles, namely, at +20º,-50º and

+40º,+160º, the second minimum being higher in energy. For the A1 B3 linkage (Figure

1Ca), the global minimum was found at ,  coordinates of +30º,-50º, while a second

minimum was observed with ,  values of +40º,+30º. The B1 E3 linkage (Figure 1Da)

showed a major minimum at ,  -35º,-35º, together with a local minimum, 1 kcal/mole

higher in energy, at ,  -30º,+50º. The  torsional angle remains thus centered around -30º.

In the case of the C1 B6 linkage (Figure 1Ea), besides the  and  angles, also the  angle

must be taken into account. While there is a major minimum at ,  -40°,+180° (Figure 1Ea),
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three possible minima were found for (Figure 1Ee) corresponding to the gg (-60°), gt

(+60°), and tg (+180°) conformations. The global energy minimum corresponds to a 

combination of , ,  coordinates at -40°,+180°,+60°. Two more minima at  -30º were

found with values of +90° and -60º, but they are about 2 kcal/mole higher in energy.

Free energy maps derived from molecular dynamics simulation of the repeating unit 

Next to systematic search methods, an alternative approach to explore the conformational

space of oligosaccharides is based on high-temperature MD simulations.7 The influence of

not directly connected residues on the accessible conformational space of a glycosidic

linkage can be determined by comparing disaccharide maps with maps generated for the

complete oligosaccharide using MD.

Free energy maps were derived from population analysis (applying the Boltzman

law) of a MD trajectory (30 ns/ 700 K) of the extended repeating unit of the polymer, having

the sequence E-D-A-[C-] B-E-D-OMe (Figure 1); ,  data are tabulated in Table 1. The

map for the E1 D4 disaccharide fragment (Figure 1Ac) showed the global minimum at

,  coordinates of +40º,0º, together with a second minimum with ,  values of +30º,-40º.

The energy barrier between both minima is approximately 1 kcal/mole, making this linkage

quite flexible. In addition, a third minimum was found with ,  angles of +30º,+180º,

however, this conformation was higher in energy. Regarding the D1 A3 linkage (Figure

1Bc), one major minimum was observed at  +40º,+40º. The local minimum found in the

corresponding adiabatic map with values of +20º,-50º was also present. The A1 B3

linkage (Figure 1Cc) presented a higher flexibility in the free energy map, as compared with

the adiabatic map. The global minimum (  +40º,-40º) and the local minimum

( +40º,+30º) showed an energy barrier of approximately 0.5 kcal/mole, allowing the

interconversion of the corresponding ensembles of conformations. For the B1 E3 linkage

(Figure 1Dc), the global minimum was found at  values of -30º,-30º, while a second 

minimum was observed at ,  coordinates of -20º,+40º. Finally, the C1 B6 linkage

(Figure 1Ec) revealed only one minimum with  angles of -50º,+180º, whereas the gt

conformation (+60°) is the preferred orientation for  (Figure 1Ef-g).
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Table 1. Values representing local  minima at 300 K, obtained from adiabatic maps of the disaccharide methyl 

glycosides of the repeating unit of the EPS of strain LBB.B26, and free energy maps derived from population

analysis of a MD trajectory (30ns/ 700 K) for each of the elements of the extended repeating unit of the EPS of 

strain LBB.B26. 

Linkage Minima ,

Systematic Search)

,

(Free energy maps)

-D-Galp-(1 4)- -D-Glcp

E1 D4

a

b

c

d

+40°,0°

+30°,-50°

+30°,+180°

+180°,0°

+40°,0°

+30°,-40°

+30°,+180°

-D-Glcp-(1 3)- -D-Galf

D1 A3

a

b

c

+40°,+40°

+20°,-50°

+40°,+160°

+40°,+40°

+20°,-50°

-D-Galf-(1 3)- -D-Galp

A1 B3

a

b

+30°,-50°

 +40°,+30°

+40°,-40°

+40°,+30°

-D-Galp-(1 3)- -D-Galp

B1 E3

a

b

-35°,-35°

-30°,+50°

-30°,-30°

-20°,+40°

-D-Glcp-(1 6)- -D-Galp

C1 B6

a

b

c

-40°,+180°

-30°,+90°

-30°,-60°

-50°,+180°

In addition to the MD simulation at 700 K with restrained rings, two unrestraint 30

ns MD simulations at 300 K and 400 K were performed, on the same oligosaccharide

sequence, using the “Dynamics Molecules” Web service8 (Tinker/MM3, gas phase,

dielectric constant 4). It turned out that the results for the torsional angles of the energy

minima were very similar to those obtained for the 700 K simulation and the adiabatic maps.

Furthermore, the occurrence of hydrogen bonds was studied at 300 K. Figure 2a presents a

hydrogen bond matrix, including the probability for finding a hydrogen bond between each 

donor-acceptor pair. Figure 2b shows two selected snapshots of the MD simulation,

containing different hydrogen bonds. Structure I has hydrogen bonds between D O-2 and B

HO-2, and between E O-2 and D HO-6. In structure II, three hydrogen bonds are observed,

namely, between D O-5 and B HO-4, between D HO-6 and B O-4, and between C HO-3 and 

D O-6. In principle, furanose rings can occur in both envelope and twist conformations with
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very similar energy,9 and usually a mixture of conformations is present in solution. However,

structures I and II show the same 3E conformation for the furanose ring A (North non-planar

form on the pseudorotational cycle), being in agreement with the intra-residue NOE cross-

peaks found for this residue (A H-1,A H-2, A H-1,A H-3 (weak), A H-2,A H-3, and A H-

3,A H-4). To get further support for the occurring conformation(s) of the furanose ring, a 

comparison of the 1JC-1,H-1 and 1JC-2,H-2 values of the -D-galactofuranosyl unit A with those

of methyl -D-mannopyranoside and methyl -D-allopyranoside, having fixed 4C1

conformations, was carried out.10,11,12 The H-1, H-2 diequatorial orientation in methyl -D-

mannopyranoside is similar to the H-1, H-2 quasi diequatorial orientation in the 3E

conformation of unit A (North non-planar form). However, the H-1, H-2 diaxial orientation

in methyl -D-allopyranoside is similar to the H-1, H-2 quasi diaxial orientation in the E3

conformation of unit A (South non-planar form). The coupling constant values 1JC-1,H-1 =177

Hz and 1JC-2,H-2 =151 Hz for unit A, obtained from a 1H-13C HMBC spectrum (data not

shown), fit those of methyl -D-mannopyranoside (171.0 and 148.5 Hz, respectively), but

not those of methyl -D-allopyranoside (163.4 and 143.8 Hz, respectively), in accordance

with a North conformer.11 Among all the conformations of the North region of the

pseudorotational cycle, both 3E (envelope) and 3T2 (twist) are in agreement with the NOE

data. In a previous study on the conformation of the furanose ring of the galactose residue in

polysaccharides,12 it was found that the puckering of the furanose ring was located in the

Northwest region of the pseudorotational cycle. According to the intra-residue NOE data

available (A H-1,A H-2, A H-1,A H-3, and A H-1,A H-5), both 1E and 1T2 conformations

were suggested. An ensemble of interconverting conformations during MD simulations has

also been reported.5
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A -D-Galp-(1 4)- -D-Glcp
c E1D4

B

a b

c
a

b

a
b

D1A2
D1A3

c d

a b
b
a d

dcc
E1B4

ab

-D-Glcp-(1 3)- -D-Galf
D1A3
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C -D-Galf-(1 3)- -D-Galp
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b
a

ba

dc A1B3
A1B4

ba
D -D-Galp-(1 3)- -D-Galp

B1E3

a
b
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a
b B1E4

B1E3
c
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Figure 1. MM3 adiabatic iso-energy contour plots at 300 K of the disaccharide methyl glycosides (a), together

with the representation of the conformer with the lowest energy (b), free energy maps derived from population

analysis of a MD trajectory (30 ns/ 700 K) for each of the disaccharide elements in an extended repeating unit of 

the EPS (c), and distance mapping (d) projected on a free energy map from (c) for each of the 5 constituting

disaccharides of the EPS. A, -D-Galp-(1 4)- -D-Glcp; B, -D-Glcp-(1 3)- -D-Galf; C, -D-Galf-(1 3)- -D-

Galp; D, -D-Galp-(1 3)- -D-Galp; E, -D-Glcp-(1 6)- -D-Galp (e, MM3 adiabatic iso-energy contour plots

c

a

d

b

a
E -D-Glcp-(1 6)- -D-Galp

C1B6

b  pro-R

c pro-S

a
C1B6a (pro-R) 
C1B6b (pro-S) 

E

e

tggg gt
gffree energy profiles

gg gt tg
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for  and considering the three possible conformations of the  angle (gg, gt, tg); f, free energy profiles of 

and , derived from a MD simulation (30 ns/ 700 K) of an extended repeating unit of the EPS; g, free energy map 

of  and  with centered at -30º, derived from a MD simulation (30 ns/ 700 K) of an extended repeating unit of 

the EPS (gg, gauche-gauche; gt, gauche-trans; tg, trans-gauche). Iso-energy contours have been plotted at 

regular intervals of 1 kcal/mole up to 10 kcal/mole above the global minimum in each map. The codes a, b, c

represent the energy minima, a being the global energy minimum and b, c, d local minima (see Table 1). Note the 

change in the scale for the maps in (c) and (d).

Figure 2. Hydrogen bond matrix (a) and graphical representations (bI and bII) of a polysaccharide fragment with 

the sequence E-D-A-[C-]B-E-D, in two different conformations stabilized by hydrogen bonds. The two snapshots

are taken from a MD simulation at 300 K out of 30000 structures. Hydrogen bonds are indicated with arrows. The

red squares correspond to intra-residue hydrogen bonds. Note that in the overall matrix, hydrogen bond 1 has a

very low probability.

Distance analysis

The 2D NOESY spectrum (mixing time, 150 ms) of the EPS is shown in Figure 3. In Table

2, the experimental distances, obtained from the integration of the inter-residue NOE cross-

peaks and the corresponding calculated distances, derived from the energy minima in the

free energy maps of the disaccharide elements in the extended repeating unit with the

sequence E-D-A-[C]-B-E-D are presented. The experimental distances were used as guiding

limits for the distance mapping. In Figure 1 (parts d) the distance mapping is presented

E C

a b I A BD C

E D

DEB
A

1

5

2
E3

acceptor

4
52 b II

D
donor
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whereby the free energy maps, obtained from 30 ns MD simulations at 400 K, are plotted as

background information.

   Regarding the E1 D4 linkage (Figure 1Ad), as expected for a lactose fragment,

the distance between E H-1 and D H-4 fully agrees with the  and  angles of the global

minimum. The experimental distance (2.46 Å) is in agreement with the distance range

comprised by the global minimum area (calculated value, 2.32 Å).

Figure 3. 2D NOESY spectrum (mixing time, 150 ms) of EPS, recorded in D2O at 300 K. Cross-peaks belonging

to the same scalar-coupling network are indicated near a dotted line starting from the corresponding diagonal

peaks; A1 corresponds to the diagonal peak of residue A H-1; A1,2 refers to an intra-residue cross-peak between

A H-1 and A H-2, and A1,B3 indicates an inter-residue connectivity between A H-1 and B H-3, etc. 

With respect to the D1 A3 linkage (Figure 1Bd), the experimental distance

between D H-1 and A H-3 (2.80 Å) remains always within the NOE range for the global

energy minimum found in the adiabatic map, also in agreement with the calculated distance

of 2.76 Å. The simultaneous observation of the D H-1,A H-3 and D H-1,A H-2 NOE cross-

peaks would correspond to a conformation with  angles of about +60º,+20º. The 

experimental distance between D H-1 and A H-2 was found to be 3.04 Å, in agreement with

the data provided by the distance mapping (calculated distance, 3.10 Å). 

Regarding the A1 B3 linkage (Figure 1Cd), the distance range between A H-1

and B H-3 covers the global minimum area (calculated value, 2.30 Å); the experimental

value of 2.50 Å is in agreement with these data. The experimental and calculated distances

of 3.17 Å and 2.73 Å, respectively, between A H-1 and B H-4 fulfill the  and  torsions in

the global minimum area. The simultaneous occurrence of both NOEs would correspond to

a conformation with ,  values of +50º,-40º.
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Table 2. Calculated and experimental inter-proton distances for the extended repeating unit of the neutral EPS

produced by Lactobacillus delbrueckii ssp. bulgaricus LBB.B26. The calculated distances were obtained from the

extended repeating unit built up from the energy minima provided by the free energy maps for each of the

disaccharide linkages. The experimental distances were obtained from the cross-peak integrals in the 2D NOESY

spectrum.

Atom pair Calculated
distance (Å)

Experimental distance
(Å)

E H-1, D H-4 2.32 2.46

D H-1, A H-3 2.76 2.80

D H-1, A H-2 3.10 3.04

A H-1, B H-3 2.30 2.50

A H-1, B H-4 2.73 3.17

B H-1, E H-3 2.58 2.53

B H-1, E H-4 2.24 2.60

C H-1, B H-6b (pro-S) 2.40 2.44

For the B1 E3 linkage (Figure 1Dd), the experimental distance between B H-1

and E H-3 of 2.53 Å accords the and  angles for the global minimum, and is in

agreement with the corresponding calculated value (2.58 Å). The experimental distance

between B H-1 and E H-4 of 2.60 Å is in good agreement with the global minimum area,

which comprises a distance range of about 2.10-2.90 Å (calculated value of the global

minimum is 2.24 Å). A conformation with , values of -30º,-30º would fulfill both NOE 

distances.

Regarding the C1 B6 linkage (Figure 1Ed), according to the literature,13 B H-6a

was named pro-R and B H-6b was named pro-S. The experimental distance (2.44 Å)

between C H-1 and B H-6b (pro-S) fullfills the global energy minimum area and agrees

with the calculated value of 2.40 Å. According to the information provided by the distance

mapping, no strong NOE cross-peak would be observed between C H-1 and B H-6a (pro-R).

The absence of a NOESY cross-peak between C H-1 and B H-6a (pro-R) in the NOESY

spectrum (Figure 3), confirmed this finding.

Polysaccharide chain building

A polysaccharide chain consisting of 12 repeating units + an extension of 2 

monosaccharides (62 monosaccharides) was built with the polysaccharide-building option
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included in the CAT program.14 From the free energy maps of the extended repeating unit 

(Figure 1 parts c), the local minima for each of the glycosidic torsions were determined.

Three energy minima were found for the -D-Galp-(1 4)- -D-Glcp (E1 D4) linkage , 

two local minima were found for the -D-Glcp-(1 3)- -D-Galf (D1 A3) linkage, as well

as for the -D-Galf-(1 3)- -D-Galp (A1 B3) and the -D-Galp-(1 3)- -D-Galp

(B1 E3) linkages, and one minimum was found for the -D-Glcp-(1 6)- -D-Galp

(C1 B6) linkage, which makes in total 3x2x2x2x1 = 24 theoretically stable conformations

for each repeating unit. This means that a chain of 12 repeating units can adopt

theoretically 2412 different unique conformations. Considering the same combination of

local minima (aaaaa, abaaa, etc.) for each repeating unit, it is possible to build highly

ordered structures, which can form helical motifs. Figure 4 shows a helical structure built

up with the global energy minima  values of the free energy maps of the extended

repeating unit (Table 2), in agreement with the NOE data, for each of the constituting

disaccharides of the EPS. 

In Figure 5, some representative examples of statistical chains are shown. These

chains were generated by randomly varying the values of  and  among the angles of the

energy minimum for each of the glycosidic bonds. The structure adopted no extended

helical folds. In some cases, the polymer chain folds back and, in other cases, it adopts a

more linear structure.

From all the results obtained, it can be concluded that the exopolysaccharide tends 

to adopt a more random coil structure, with no stable extended helical motifs (only local

helical motifs are built).

Conclusion

The conformational properties of the neutral exopolysaccharide produced by Lactobacillus

delbrueckii ssp. bulgaricus LBB.B26 have been studied by a combination of NMR and

molecular modelling. Adiabatic and free energy maps have been generated for each of the

disaccharides of the repeating unit of the polysaccharide. A quite high flexibility was

observed, mainly due to the the flexibility shown by the -D-Galf-(1 3)- -D-Galp and -

D-Galp-(1 3)- -D-Galp linkages (see Figure 1Cd and 1Dd). The other linkages were

shown to have a major conformation, together with a second minimum, which was usually
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much less populated. From these data, an extended repeating unit of the polysaccharide was 

built, taking the global energy minimum as the starting point for the glycosidic linkages.

Figure 4. Helical structure built up with the  values in agreement with the NOE data of the global energy 

minima obtained from the free energy maps for each of the constituting disaccharide linkages of the EPS. The

polysaccharide chain consists of twelve repeating units.

Figure 5

Figure 5. Representative examples of statistical chains generated from a polysaccharide fragment consisting of 

twelve repeating units, with randomly selected conformations from the energy minima of each of the glycosidic 

linkages.
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The inter-residue NOE cross-peaks found for the polysaccharide were compared to the

calculated interatomic distances for the corresponding atoms, fitting in most of the cases 

with the torsion angles area defined by the global energy minima of the free energy maps.

With the aid of intra-residue NOEs, the furanose ring puckering could be defined as an

envelope (3E) or twist conformation (3T2), both in the North region of the pseudorotational

cycle. After these studies, statistical polysaccharide chains were built and the occurrence of 

helical structures was investigated. The polysaccharide showed a tendency to form random

coil structures.

3.3. Experimental

Exopolysaccharide of Lb. delbrueckii ssp. bulgaricus LBB.B26. The primary structure of 

the EPS of Lb. delbrueckii ssp. bulgaricus LBB.B26 has been recently elucidated, and the

NOE data have been used in this study.6

Nomenclature. The dihedral angles of the glycosidic linkages of a general disaccharide

fragment A(1 x)B are defined as  = (H1A-C1A-OxB-CxB), and  = (C1A-OxB-CxB-

HxB). In the case of the (1 6) linkage, the third glycosidic torsion is defined as  = 

(O6B-C6B-C5B-O5B).

Systematic Search. Adiabatic maps were generated from systematic search performed for

each of the glycosidic linkages constituting the repeating unit of the polysaccharide. The 

orientation of the OH groups was not fixed during minimization; the exocyclic  torsions

were varied systematically in 120º steps (gg/gt/tg), and the torsions were changed in

10º steps. The search was done in four dimensions using CAT; 11664 structures were

generated and further minimized using the TINKER program with MM3 (2000) as force

field. The dielectric constant was set to 4 and the ring torsions were constrained to the value

in the starting structure to avoid ring inversion. For each  combination, the lowest

energy value found was used to construct the adiabatic map.

Molecular Dynamics. Conformational maps for the glycosidic torsions were derived

from high-temperature molecular dynamics (HTMD) simulations. The maps were obtained
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using the “Dynamic Molecules” Web-service,8,15 which allows to setup, run, and analyse

MD simulations of oligosaccharides in the gas phase using a Web browser. The 

disaccharides corresponding to each of the glycosidic bonds of the repeating unit, as well as 

the oligosaccharides corresponding to the repeating units, were built with the SWEET II

program,16 which is interfaced by the MD-portal. SWEET II takes the extended IUPAC

code as input and makes reasonable 3D coordinates of the structure that can be used as

starting point for the HTMD simulations.

The simulation temperature was set to 700 K and 400 K to allow the system to

overcome easily energy barriers and populate the accessible conformational space within the

simulation period of 30 ns as completely as possible. The rings were restraint during the

simulation at 700 K to avoid ring inversion. To analyze hydrogen bonding an MD

simulation at 300 K was performed also. The MM3(96) force field as implemented in the

TINKER suite17 was used with a dielectric constant  of 4. The geometry optimization of 

this force field18,19,20 takes into account stretching, bending, stretch-bending, torsional, and

dipolar contributions, as well as van der Waals interactions. In total, 30000 snapshots were

saved and analyzed for each simulation.

Hydrogen bond analysis. Hydrogen bond analysis was performed using CAT. A 

geometric criterium was used for the definition of a H-bond: H-Acceptor distance < 2.5 Å;

Donor-H-Acceptor angle > 120°.

Distance mapping. Minimized disaccharides representing each linkage served as input

structures for the distance mapping using CAT. The  torsions were varied systematically

in steps of 10° and for each generated  combination the H-H distances of interest were

calculated. This results in ‘distance maps’ where the values represent the x and y axis

and the distance values are plotted as contours. Because usually more than one distance

needs to be displayed in one plot only the upper and lower limit contours for a distance are

displayed. The limits are set based on the measured NOE values  (e.g. NOE distance +/- 0.3

Å). Free energy maps derived from a 30 ns MD simulations at 400 K, with no restraints on

ring torsions, were used as background for the distance mapping.
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Polysaccharide building. From the conformational minima found by the Molecular

Dynamics calculations, helices were generated using the polysaccharide-building option 

included in the CAT program,14 consisting of 12 repeating units, an extension of 2

monosaccharides and an O-methyl group (62 monosaccharides). It is assumed that

monosaccharides separated by more than a repeating unit are not in close spatial proximity

and, therefore, will not influence significantly the conformational flexibility of the

disaccharide linkages. From the free energy maps, the values of  and  corresponding to

the local minima were used as template values to build up the polymer chain. Highly

ordered chains were built by using the same set of torsions for the whole chain. A total of

200 statistical chains were generated by randomization of the glycosidic bonds along the

chain, by choosing randomly a local minimum (set of ,  ( ) values) and taking into

account its probability.

NMR spectroscopy. A resolution-enhanced 500-MHz 2D NOESY NMR spectrum of the

EPS (mixing time, 150 ms) was recorded in D2O on a Bruker DRX-500 spectrometer

(Bijvoet Center, Department of NMR Spectroscopy) at a probe temperature of 300 K.21

Prior to analysis, the sample was exchanged twice in D2O (99.9 atom% D, Cambridge

Isotope Laboratories, Inc., Andover, MA) with intermediate lyophilization, and then

dissolved in 0.6 mL D2O. Chemical shifts are expressed in ppm by reference to internal

acetone (  2.225) for 1H. Suppression of the HOD signal was achieved by applying a pre-

saturation of 1 s during the relaxation delay.22 Resolution enhancement of the spectrum was

performed by multiplication with a squared-bell function phase shifted by /(2.3), and

when necessary, a fifth order polynomial baseline correction was performed. All NMR data

were processed using in-house developed software (J.A. van Kuik, Bijvoet Center, Utrecht

University).

NOESY cross-peak intensities are directly proportional to cross relaxation when

mixing times are chosen within the linear region of the initial build-up (<150 ms).23 In this

case, inter-proton distances (r) are calculated using the relationship rij/r0  (a0/aij)1/6, whereby

a0 and aij correspond to the cross-peak integrals. The intra-residue distance of 2.5 Å between

-Glcp H-1 and H-2 was used as a reference for distance calibration.24
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Abstract

The neutral exopolysaccharide produced by Lactobacillus delbrueckii ssp.

bulgaricus LBB.B332 in skimmed milk was found to be composed of D-glucose, D-

galactose, and L-rhamnose in a molar ratio of 1:2:2. Linkage analysis and 1D/2D NMR (1H

and 13C) studies carried out on the native polysaccharide as well as on an oligosaccharide

generated by a periodate oxidation protocol, showed the polysaccharide to consist of linear

pentasaccharide repeating units with the following structure: 

3)- -D-Glcp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

Inmaculada Sánchez-Medina, Gerrit J. Gerwig, Zoltan L. Urshev, and Johannis P.

Kamerling,

Submitted
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4.1. Introduction

Microbial exopolysaccharides (EPSs) produced by lactic acid bacteria are attracting an 

increasing interest to the food industry. Their particular physical and rheological properties,

which make them suitable as viscosifying, stabilizing, gelling or emulsifying agents,1 in 

combination with the GRAS (Generally Recognized As Safe) status of EPS-producing

lactic acid bacteria, make EPSs promising as a new generation of food thickeners. To 

unravel the relationship between their structure and physical properties, structural studies

have been performed on EPSs produced by different species of lactic acid bacteria, such as

Lactobacillus, Lactococcus, and Streptococcus genera.2

Lactobacillus delbrueckii ssp. bulgaricus strains are used in combination with S.

thermophilus strains as commercial yoghurt starters. Several EPSs produced by Lb.

delbrueckii ssp. bulgaricus have been characterized, being mainly composed of Glc and 

Gal3-6 or of Glc, Gal, and Rha.7-10

Here, we report on the structure of the neutral EPS produced by Lb. delbrueckii

ssp. bulgaricus LBB.B332 in skimmed milk.

4.2. Results and discussion

Isolation, purification and composition of the exopolysaccharide

The neutral EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B332 was isolated via

absolute ethanol precipitation of the trichloroacetic acid-treated culture medium, and

further purified by anion-exchange chromatography on DEAE-Trisacryl Plus M. Its

average molecular mass of 1.3 x 106 Da was determined by gel-filtration chromatography

on Sephacryl S-400 HR.

Quantitative monosaccharide analysis, including absolute configuration

determination, of the EPS gave D-Glc, D-Gal, and L-Rha in a molar ratio of 1.0:2.0:2.1.

Methylation analysis (Table 1) showed the presence of 3-substituted Glcp, 3-substituted

Galp, 2-substituted Galp (coeluting with the 3-substituted Galp in the gas chromatogram),

2-substituted Rhap, and 3-substituted Rhap, in a molar ratio of 0.8:1.8:1.0:0.8, suggesting a 

repeating linear pentasaccharide with all residues in the pyranose ring form.
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3)- -D-Glcp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

D C E B A

Figure 1. 500-MHz 1D 1H NMR spectrum of the neutral EPS produced by Lactobacillus delbrueckii ssp.

bulgaricus LBB.B332, recorded in D2O at 78 ºC.

The 1D 1H NMR spectrum of the EPS (Figure 1) showed five major equimolar

signals in the anomeric region (  5.0-5.5), supporting a pentasaccharide repeating unit. The

constituting monosaccharide units in the EPS were arbitrarily named from A to E,

according to decreasing chemical shift values of their anomeric protons. Their  values

suggest the occurrence of -configurations only. The spectrum presents one high-field

signal at 1.307, arising from the methyl groups of two Rha residues.
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Table 1. Methylation analysis data of Lactobacillus delbrueckii ssp. bulgaricus LBB.B332 neutral EPS and

oligosaccharide TRI.

Partially methylated alditol acetate TR
a Structural

feature
Molar
ratio
EPSb

Molar
ratio
TRIb

3,4-Di-O-methyl-1,2,5-tri-O-acetylrhamnitol-1-d 0.92 2)-Rhap-(1 1.00 -

2,4-Di-O-methyl-1,3,5-tri-O-acetylrhamnitol-1-d 0.94 3)-Rhap-(1 0.83 0.7

2,3,4,6-Tetra-O-methyl-1,5-di-O-acetylglucitol-1-d 1.00   Glcp-(1 - 1.0

2,4,6-Tri-O-methyl-1,3,5-tri-O-acetylglucitol-1-d 1.18 3)-Glcp-(1 0.81 -

2,4,6-Tri-O-methyl-1,3,5-tri-O-acetylgalactitol-1-d 3)-Galp-(1 1.1

3,4,6-Tri-O-methyl-1,2,5-tri-O-acetylgalactitol-1-d
}1.23

2)-Galp-(1
}1.83

-

a GLC retention times relative to 2,3,4,6-tetra-O-methyl-1,5-di-O-acetylglucitol-1-d on EC-1.
b Calculated from peak areas, not corrected by response factors.

Periodate oxidation and analysis of the trisaccharide TRI

The material obtained after periodate oxidation11 of the EPS and subsequent dialysis was

subjected to monosaccharide analysis, showing D-Glc, D-Gal, and L-Rha in a molar ratio of

1.0:1.0:1.1, which indicated the loss of one Gal and one Rha residue with respect to the

native EPS. After reduction with NaBH4 and dialysis of the sample, monosaccharide

analysis confirmed the presence of equimolar amounts of D-Glc, D-Gal, and L-Rha. The

degraded, but still polymeric material was subjected to mild acid hydrolysis (0.5 M TFA,

80 ºC), showing after 30 min a major TLC band in the trisaccharide region; fractionation on 

Bio-Gel P-2 yielded a main fraction, denoted TRI. MALDI-TOF-MS (Figure 2) of TRI

showed a [M+Na]+ pseudomolecular ion at m/z 510.67, together with a [M+K]+ ion at m/z

527.16, corresponding with Hex2dHex (M = 488.17 Da). According to the periodate

oxidation protocol, after mild acid hydrolysis an additional glyceraldehyde group should be

attached to the reducing end. The absence of this group, as indicated by MALDI-TOF-MS,

is caused by the acid lability of the rhamnosyl glyceraldehyde linkage under acidic

conditions. A similar situation has been previously reported.12
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0.00E+00

1.00E+02

2.00E+02
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m/z

[M+K] + 527.16

[M+Na] + 510.67

Figure 2. MALDI-TOF mass spectrum of oligosaccharide TRI, obtained via periodate oxidation of EPS.

Monosaccharide analysis of TRI demonstrated Hex2dHex to be built up from D-

Glc, D-Gal and L-Rha. Linkage analysis (Table 1) showed the presence of terminal Glcp, 3-

substituted Galp, and 3-substituted Rhap, in a molar ratio of 1.0:1.1:0.7, in accordance with 

a linear trisaccharide structure.

MALDI-TOF-MS analysis of NaBH4-reduced TRI showed [M+Na]+ and [M+K]+

pseudomolecular ions at m/z 513.33 and 529.03, respectively, corresponding with

Hex2dHex-ol (M = 490.19 Da). Monosaccharide analysis revealed Glc, Gal, and Rha-ol in a

molar ratio of 0.9:1.0:1.0, whereas methylation analysis, following a

methanolysis/trimethylsilylation protocol, indicated the presence of terminal Glcp, 3-

substituted Galp, and 3-substituted Rha-ol in a molar ratio of 1.0:1.3:0.6. 1D 1H NMR

analysis showed two anomeric signals, i.e. terminal Glc D H-1 at  5.120 (3J1.2 3.9 Hz) and

Gal C H-1 at  5.264 (3J1.2 3.5 Hz). The combined results establish the following structure

for the trisaccharide-alditol:

-D-Glcp-(1 3)- -D-Galp-(1 3)-L-Rha-ol

D   C  E
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In order to generate supporting NMR data on the trisaccharide level for the NMR

analysis of the EPS, TRI was investigated in high detail. The 1D 1H NMR spectrum of TRI

(Figure 3) showed four major signals in the anomeric proton region at  5.188 (residue C ,
3J1,2 3.9 Hz),  5.162 (residue C , 3J1,2 3.9 Hz; residue E , 3J1,2 < 1 Hz),  5.141 (residue D,
3J1,2 3.9 Hz), and  4.877 (residue E , 3J1,2 < 1 Hz). Taking into account the  values of

residues D and C, combined with the methylation analysis data, the -pyranose

configuration is assigned for both units. Residue E corresponds to the reducing Rha unit.

Splitting of C into C  and C  is observed as a consequence of the linkage between C and E.

-D-Glcp-(1 3)- -D-Galp-(1 3)-L-Rhap

D C    E

Figure 3. 500-MHz 1D 1H NMR spectrum of oligosaccharide TRI, recorded in D2O at 27 ºC.

The 1H chemical shifts of all protons of TRI (Table 2) were obtained by means of

2D TOCSY (mixing times, 40-100 ms), ROESY (mixing time, 300 ms), and 1H-13C HSQC

experiments. The TOCSY spectrum of TRI with a mixing time of 100 ms is shown in

Figure 4, together with the ROESY spectrum. The 1H-13C HSQC spectrum is shown in
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Figure 5. Starting points for the interpretation of the spectra were the anomeric signals of 

residues C , C , D, E and E and the methyl signals of rhamnose residues E and E .

Comparison of TOCSY spectra with increasing mixing times allowed the assignment of the

sequential order of the chemical shifts belonging to the same spin system.

Figure 4. 2D TOCSY (mixing time, 100 ms) and ROESY (mixing time, 300 ms) spectra of the oligosaccharide TRI,

recorded in D2O at 27 ºC.  The CH3 signals were observed at 1.30 and 1.32 ppm, but were not included in the

picture. Cross-peaks belonging to the same scalar-coupling network are indicated near a dotted line starting from

the corresponding diagonal peaks; TOCSY: D1 corresponds to the diagonal peak of residue D H-1; D2 refers to a

cross-peak between D H-1 and D H-2, etc.; ROESY: D1 corresponds to the diagonal peak of residue D H-1; D1,2

refers to an intra-residue cross-peak between D H-1 and D H-2, and D1,C4 indicates an inter-residuel

connectivity between D H-1 and C H-4, etc. 

The characteristic spin system seen on the TOCSY H-1 track of residue D (H-

2,3,4,5,6a,6b) indicated a gluco-configuration, whereas those found on the TOCSY H-1

tracks of residues C  and C  (H-2,3,4) a galacto-configuration. Note the typical upfield

positions of Glc H-2 and H-4, and the typical downfield position of Gal H-4. The finding of

only one cross-peak (H-2) on the TOCSY H-1 tracks of both residue E  and E  is in 
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agreement with a rhamno-configuration. In both cases a correlation with the related upfield

CH3 signal is detected.

 The 13C resonances of TRI (Table 2) were determined by interpretation of the 1H-
13C HSQC spectrum (Figure 5), whereas a 2D 1H-13C HMBC spectrum revealed the 1JC-1,H-1

coupling constants. The 1JC-1,H-1 values of 171 Hz for Galp C and Glcp D confirmed their

configuration.13

Figure 5. 2D 1H-13C HSQC  spectrum of the oligosaccharide TRI, recorded in D2O at 27 ºC.  The CH3 signals

were observed at 1.30/17.1 and 1.32/17.1 ppm, but were not included in the picture. D1 corresponds to the cross-

peak between D H-1 and D C-1, etc.

By comparison of the 13C chemical shifts of residues C , C , D, E and E  with

those of (methyl) aldosides,14 going for typical downfield shifts, the occurrence of a 

terminal -Glcp D unit (compare with -D-Glcp1Me), a 3-substituted -Galp C unit (C C-

3,  79.4; -D-Galp1Me, C-3  70.5), and a 3-substituted -Rhap E unit (E  C-3,  79.8; -

L-Rhap, C-3 71.1; E  C-3,  82.0; -L-Rhap, C-3 73.8) could be verified.14
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Table 2. 1H and 13C NMR chemical shiftsa of EPS, recorded in D2O at 78 ºC, and oligosaccharide TRI, recorded 

in D2O at 27 ºC. 3J1,2 and 1JC-1,H-1 coupling constants are included in parentheses.

Residue Proton EPS TRI Carbon EPS TRI

2)- -D-Galp-(1 H-1 5.458 - C-1 99.4 (179) -

A H-2 3.98 - C-2 75.6 -

H-3 4.05 - C-3 70.5 -

H-4 4.07 - C-4 71.1 -

H-5 4.30 - C-5 72.1 -

H-6a 3.78 - C-6 62.3 -

H-6b 3.78 -

2)- -L-Rhap-(1 H-1 5.239 - C-1 101.5 (172) -

B H-2 4.09 - C-2 79.5 -

H-3 3.92 - C-3 71.4 -

H-4 3.51 - C-4 73.6 -

H-5 3.84 - C-5 70.5 -

CH3 1.307 - CH3 17.7 -

3)- -D-Galp-(1 H-1 5.196 5.162/5.188

(3.9)

C-1 96.8 (172) 100.2/100.0

(171)

C H-2 4.05 4.06/4.01 C-2 68.1 71.4

H-3 4.06 4.01/4.06 C-3 76.2 79.4

H-4 4.27 4.26 C-4 67.1 70.3

H-5 4.19 4.21 C-5 71.9 75.2

H-6a 3.77 3.75 C-6 62.3 65.4

H-6b 3.77 3.75

3)- -D-Glcp-(1 H-1 5.154 - C-1 96.7 (174) -

D H-2 3.74 - C-2 71.4 -

H-3 4.00 - C-3 80.3 -

H-4 3.68 - C-4 71.5 -

H-5 4.00 - C-5 73.2 -

H-6a 3.86 - C-6 61.9 -

H-6b 3.79 -

(continued on the next page)
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Table 2.  (continued)
3)- -L-Rhap-(1 H-1 5.042 - C-1 103.1 (170) -

E H-2 4.29 - C-2 68.1 -

H-3 3.90 - C-3 76.8 -

H-4 3.59 - C-4 71.8 -

H-5 3.77 - C-5 70.5 -

CH3 1.307 - CH3 17.7 -

-D-Glcp-(1 H-1 - 5.141 (3.9) C-1 - 100.2 (171)

D H-2 - 3.59 C-2 - 76.2

H-3 - 3.80 C-3 - 77.6

H-4 - 3.46 C-4 - 74.2

H-5 - 3.96 C-5 - 76.6

H-6a - 3.85 C-6 - 65.0

H-6b - 3.78

3)- -L-Rhap H-1 - 5.162 (<1) C-1 - 98.5 (170)

E H-2 - 4.15 C-2 - 72.0

H-3 - 3.90 C-3 - 79.8

H-4 - 3.56 C-4 - 75.2

H-5 - 3.93 C-5 - 73.1

CH3 - 1.299 C-6 - 17.1

3)- -L-Rhap H-1 - 4.877 (<1) C-1 - 98.3 (n.d.)

E H-2 - 4.17 C-2 - 72.2

H-3 - 3.72 C-3 - 82.0

H-4 - 3.48 C-4 - 74.8

H-5 - 3.46 C-5 - 76.7

H-6a - 1.322 CH3 - 17.1

aIn ppm relative to the signal of internal acetone at  2.225 for 1H, and in ppm relative to the signal of external [1-
13C] glucose ( C-1 92.9) for 13C.

Finally, sequence analysis data followed from inter-residue ROESY cross-peaks

(Figure 4) and 1H-13C HMBC long-range couplings. The D(1 3)C linkage is reflected by

the ROESY cross-peaks D H-1/C H-3,4 and the 1H-13C HMBC connectivity observed

between D C-1 and C  H-3. The C(1 3)E linkage fits the ROESY cross-peaks C  H-

1/E  H-2,3 and C  H-1/E  H-2,3. A 1H-13C HMBC connectivity between C  C-1 and E

H-3, found in the HMBC spectrum, confirms this linkage.
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Taking together all information obtained, the structure of TRI can be formulated

as:

-D-Glcp-(1 3)- -D-Galp-(1 3)-L-Rhap

D C   E

2D NMR spectroscopy of the native polysaccharide

The complete assignment of the 1H and 13C chemical shifts of the native EPS (Table 2) was

made by means of 2D TOCSY (mixing times, 40-100 ms), NOESY (mixing time, 150 ms),

and 1H-13C HSQC experiments. The TOCSY spectrum (100 ms) of the EPS is shown in

Figure 6, together with the NOESY spectrum. The 1H-13C HSQC spectrum is shown in 

Figure 7. Starting points for the interpretation of the spectra were the anomeric signals of 

the residues A - E, and the methyl signals of the Rha residues B and E. Comparison of

TOCSY spectra with increasing mixing times allowed the assignment of the sequential

order of the chemical shifts belonging to the same spin system.

 The TOCSY A H-1 track (  5.458) showed cross-peaks with A H-2,3,4. The

resonances for A H-5,6a,6b were found in the HSQC spectrum. Using the TOCSY B H-2

track, found via the B H-1 track (  5.239), the resonances for B H-3,4,5,CH3 were detected.

The TOCSY C H-1 track (  5.196) revealed the cross-peaks with C H-2,3,4,5, whereas on

the C H-5 track the cross-peak with C H-6a,b was found. The TOCSY D H-1 track (

5.154) showed cross-peaks with D H-2,3,4. The assignment of the D H-5,6a,6b resonances

was made via the 1H-13C HSQC spectrum. Finally, via the TOCSY E H-1 track (  5.042)

the E H-2 track was found, which showed the cross-peaks with E H-3,4,5,CH3.

As is evident from the TOCSY results, residues B and E, with the short H-1 tracks

(only H-2 is seen) and the typical H-6 signals for 6-deoxyhexoses, represent the Rha

residues. The TOCSY results for residue D indicate a gluco-configuration, whereas the spin 

systems of residues A and C, with downfield positions of H-4, are in agreement with a

galacto-configuration.
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Figure 6. 2D TOCSY spectrum (mixing time, 100 ms) and NOESY spectrum (mixing time, 150 ms) of EPS,

recorded in D2O at 78 ºC.  The CH3 signals were observed at 1.31 ppm, but were not included in the picture.

Cross-peaks belonging to the same scalar-coupling network are indicated near a dotted line starting from the

corresponding diagonal peaks; TOCSY: D1 corresponds to the diagonal peak of residue D H-1; D2 refers to a

cross-peak between D H-1 and D H-2, etc.; NOESY: D1 corresponds to the diagonal peak of residue D H-1; D1,2

refers to an intraresidual cross-peak between D H-1 and D H-2, and D1,C4 indicates an interresidual connectivity

between D H-1 and C H-4, etc.

Evaluation of the C-1 chemical shifts (Table 2; Figure 7) and the 1JC-1,H-1 coupling

constants, deduced from 2D 1H-13C HMBC experiments, confirmed that all residues occur

in -pyranosyl form:13 residue A/Gal,  99.4, 1JC-1,H-1 179 Hz; residue B/Rha,  101.5, 1JC-

1,H-1 172 Hz; residue C/Gal,  96.8, 1JC-1,H-1 172 Hz; residue D/Glc,  96.8, 1JC-1,H-1 174 Hz;

and residue E/Rha,  103.1, 1JC-1,H-1 170 Hz. The relatively high 1JC-1,H-1 value of residue A

has been reported previously for 2-substituted monosaccharides,12,15,16 and is probably due 

to the 2-substitution. Note that the -anomeric configuration of the two Rha residues
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follows also from a comparison of the chemical shifts of their H-5 atoms (B H-5,  3.84; E

H-5, 3.77) with those of -L-Rhap1Me (H-5,  3.66) and -L-Rhap1Me (H-5,  3.39).17

Figure 7. 2D 1H-13C HSQC spectrum of EPS, recorded in D2O at 78 ºC.  The CH3 signals were observed at 

1.31/17.7 ppm, but were not included in the picture. D1 corresponds to the cross-peak between D H-1 and D C-1,

etc.

Taking into account published 13C chemical shift data of methyl aldosides,14 and 

the methylation analysis data of the EPS (Table 1), residue A was assigned as 2-substituted

-Galp (downfield shift of A C-2,  75.6; -D-Galp1Me, C-2 69.2), residue B as 2-

substituted -Rhap (downfield shift of B C-2,  79.5; -L-Rhap1Me, C-2 71.0), residue C

as 3-substituted -Galp (downfield shift of C C-3,  76.2; -D-Galp1Me, C-3 70.5), residue

D as 3-substituted -Glcp (downfield shift of D C-3,  80.3; -D-Glcp1Me, C-3 74.1), and

residue E as 3-substituted -Rhap (downfield shift of E C-3,  76.8; -L-Rhap1Me, C-3

71.3).

96



Structure of a  neutral EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B332

Table 3. Long-range 1H-13C couplings found in the HMBC spectrum for the anomeric signals of the residues of 

the EPS.

Residue H-1/C-1 Connectivities Residue

A 5.458 80.3 D C-3 

72.1 A C-5

70.5 A C-3 

99.4 4.00 D H-3

B 5.239 79.5 B C-2 

75.6 A C-2 

71.4 B C-3 

70.5 B C-5 

101.5 3.98 A H-2

C 5.196 76.8 E C-3 

76.2 C C-3 

71.9 C C-5

96.8 3.90 E H-3 

D 5.154 80.3 D C-3 

76.2 C C-3

73.2 D C-5 

E 5.042 79.5 B C-2 

76.8 E C-3 

70.5 E C-5 

68.1 E C-2 

103.1 4.29 E H-2

4.09 B H-2

A: 2)- -D-Galp-(1  ; B: 2)- -L-Rhap-(1  ; C: 3)- -D-Galp-(1  ; D: 3)- -D-Glcp-(1  ; E: 3)- -L-

Rhap-(1

The establishment of the sequence of the monosaccharide residues within the

repeating unit of the EPS was made by the assignment of the inter-residue cross-peaks in 

the 2D NOESY spectrum (Figure 6) and the relevant long-range couplings in the HMBC

spectrum (Table 3). Inspection of the NOESY spectrum showed on the E H-1 track an

inter-residue cross-peak with B H-2, indicating a E(1 2)B linkage. On the B H-1 NOESY
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track, a connectivity was found between B H-1 and A H-2, leading to the assignment of a

B(1 2)A linkage. The inter-residue A H-1,D H-3 connectivity supports the occurrence of

a A(1 3)D linkage. The observed NOESY cross-peaks between D H-1 and C H-3,4,

combined with the methylation analysis / 13C NMR data for residue C (vide supra)

demonstrated a D(1 3)C linkage. Finally, the inter-residue connectivity C H-1/E H-3

allowed the assignment of the C(1 3)E linkage. The observed intra-residue NOE

connectivities were in accordance with the assigned anomeric configurations.

Interestingly, two more interresidual cross-peaks were detected in the NOESY

spectrum, namely, A H-1/B H-5 and B H-1/E H-5, of importance for future conformational

studies of the EPS. 

Combining the various data of the EPS analysis, supported by the structural

determination of the generated trisaccharide fragment, demonstrates the polysaccharide to 

be built up from the following pentasaccharide repeating unit:

3)- -D-Glcp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

D C E B A

Final remarks

The structure established for the EPS of Lb. delbrueckii ssp. bulgaricus LBB.B332 shows

some similarities with other branched EPSs produced by S. thermophilus12,15,18,19,20 and 

Lactococcus lactis ssp. cremoris16 strains. All these EPSs have the same pentameric

backbone consisting of a 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-

Galp-(1 3)-Hexp-(1  sequence, differing in the fifth residue: an -D-Glcp unit in the

case of Lactococcus lactis ssp. cremoris B39,16 S. thermophilus Sfi12,19 and Lb. delbrueckii

ssp. bulgaricus LBB.B332; an -D-Galp unit in the case of S. thermophilus Rs,15 Sts,15 OR

90118 (three identical repeating units), and MR-1C;20or a -D-Galp unit in the case of S.

thermophilus S3.12 Furthermore, they also keep the fourth position of the 3-substituted -L-

Rhap unit as the branching point, with the exception of the EPS of S. thermophilus S3,

which has it at the sixth position of the 3-substituted -D-Galp. However, more variations

are found in the structure of the side chains. They can vary from single -D-Galp19 or -D-

Galf12 units to disaccharides such as -D-Galp-(1 4)- -D-Glcp16 or -D-Galp-(1 6)- -D-
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Galp.15,18 The latter is also found in the EPS of S. thermophilus MR-1C, together with a

second side chain, consisting of a L-Fuc unit.20 This could mean that these bacteria have a 

very similar pathway for the biosynthesis of their corresponding EPSs.

4.3. Experimental

Production, isolation and purification of the exopolysaccharide. The Lb. delbrueckii

ssp. bulgaricus LBB.B332 strain, isolated from home-made yoghurt, was obtained from the

LBB collection of LB Bulgaricum Plc. (Sofia, Bulgaria). An aliquot of an activated

bacterial culture was used to inoculate 1 L of sterile (121 ºC, 7 min) reconstituted skimmed

milk powder in H2O (10% w/v; Merck, Darmstadt, Germany), and the strain was grown

during 24 h at 42 ºC. After incubation, proteins were removed from the culture medium by

adding 80% (w/v) trichloroacetic acid (150 mL/L) and subsequent centrifugation at 10,000

g for 10 min. After discarding the pellet, the EPS in the supernatant was precipitated with 3

volumes of absolute ethanol overnight at – 18 ºC, and collected by centrifugation at 10,000

g for 10 min. A solution of the pellet in 40 mL hot distilled water (90 ºC) was extensively

dialyzed for 72 h against distilled water at 4 ºC, then lyophilized. The freeze-dried sample

was redissolved in 50 mM sodium phosphate buffer, pH 6.0, and an aliquot (1 mL; 3-10 mg

of carbohydrate) was applied to a C16/20 column (Pharmacia Biotech, Uppsala, Sweden),

packed with the weakly basic anion exchanger DEAE-Trisacryl Plus M (Sigma Aldrich

Chemie GmbH, Taufkirchen, Germany). The neutral EPS was eluted with 50 mM sodium

phosphate buffer, pH 6.0 (40 mL), at a flow rate of 0.5 mL/min, monitored at 280 nm with

a UV-1 detector (Pharmacia Fine Chemicals, Uppsala, Sweden). The fractions containing

the neutral EPS were pooled, desalted by dialysis against distilled water during 48 h at 4 

ºC, and lyophilized.

Molecular mass determination. The average molecular mass of the EPS was determined

by gel filtration chromatography on a Sephacryl S-400 HR C16/100 column (Amersham

Pharmacia Biotech, Uppsala, Sweden), calibrated with dextran standards (Mw 1800, 750,

410, 150, 50, and 25 kDa; Fluka Chemie GmbH, Buchs, Switzerland), using 50 mM

phosphate buffer, pH 6.0, containing 150 mM NaCl as eluent. The flow rate was 0.2
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mL/min and the fraction size 2 mL. The carbohydrate content of each fraction was

determined by the phenol-sulfuric acid assay.21

Monosaccharide analysis. Oligo/polysaccharide was subjected to methanolysis

(methanolic 1 M HCl; 18 h, 85 ºC). The resulting mixtures of methyl glycosides were

trimethylsilylated (1:1:5 hexamethyldisilazane-trimethylchlorosilane-pyridine; 30 min,

room temperature), then quantitatively analyzed by GLC as described.22 In addition, the

absolute configurations of the monosaccharides were determined by GLC analysis of the

trimethylsilylated (-)-2-butyl glycosides.23,24 For both analyses, the identities of the

monosaccharides were confirmed by gas-liquid chromatography/mass spectrometry (GLC-

MS).22

Methylation analysis.  Samples (native EPS or oligosaccharide) were permethylated

using methyl iodide and solid sodium hydroxide in dimethyl sulfoxide as described

previously.25 For the work-up two protocols were followed. On one hand, the

permethylated material was methanolyzed and analyzed as trimethylsilylated methyl

glycosides by GLC-MS (monosaccharide analysis protocol, see above). On the other hand,

the permethylated material was hydrolyzed with 2 M TFA (2 h, 120 oC), and the partially

methylated monosaccharides obtained were reduced with NaBD4. Conventional work-up,

comprising neutralization and removal of boric acid by co-evaporation with methanol,

followed by acetylation with 1:1 pyridine-acetic anhydride (30 min, 120 ºC) yielded

mixtures of partially methylated alditol acetates, which were analyzed by GLC-MS.22

Gas-liquid chromatography and mass spectrometry. Quantitative GLC analyses were 

performed on a Chrompack CP9002 gas chromatograph, equipped with an EC-1 column

(30 m x 0.32 mm, Alltech, Deerfield, IL) using a temperature program of 140-240 oC at 4
oC/min and flame-ionization detection. GLC-MS analyses were carried out on a

GC8060/MD800 system (Fisons instruments, Interscience; 70 eV), using an AT-1 column

(30 m x 0.25 mm, Alltech) at the same temperature program.22

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry

(MALDI-TOF-MS) experiments were performed using a Voyager-DE PRO mass

spectrometer (Applied Biosystems, Foster City, CA) equipped with a nitrogen laser (337

nm, 3 ns pulse width). Positive-ion mode spectra were recorded using the reflectron mode
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and delayed extraction (100 ns). The accelerating voltage was 20 kV with a grid voltage of

75.2%; the mirror voltage ratio was 1.12, and the acquisition mass range 500-3000 Da.

Samples were prepared by mixing on the target 1 L oligosaccharide solution with 1 L of

2,5-dihydroxybenzoic acid (10 mg/mL) in 50% aqueous acetonitrile as matrix solution.

Periodate oxidation. To a solution of polysaccharide (30 mg) in 0.1 M NaOAc buffer

(35 mL; pH 3.9), NaIO4 was added to a final concentration of 50 mM, and the mixture was

kept in the dark for 5 days at 4 ºC. Excess of periodate was destroyed by the addition of

ethylene glycol (2 mL) after which the solution was dialyzed against tap water. Then, the 

oxidized polysaccharide was reduced with NaBH4 (2 h; 20 ºC), neutralized with 4 M

HOAc, dialyzed against tap water, and lyophilized. The obtained material was subsequently

hydrolyzed (0.5 M TFA; 30 min, 80 ºC), the progress of the hydrolysis being checked by

TLC (Merck Kieselgel 60 F254 sheets; 2:1:1 n-butanol-acetic acid-water; orcinol/sulfuric

acid staining). After concentration, the residue was fractionated on a Bio-Gel P-2 column

(60 x 1.5 cm), eluted with 10 mM NH4HCO3 at a flow rate of 3 mL/min at room

temperature, while monitored by differential refraction index detection. The sugar-

containing fraction was lyophilized. Part of the material was directly used for structural

analysis. The other part was reduced with NaBH4 (2 h; 20 ºC), neutralized with 4 M HOAc,

and purified by Bio-Gel P-2.

NMR spectroscopy. Resolution-enhanced 1D/2D 500-MHz NMR spectra were recorded

in D2O on a Bruker DRX-500 spectrometer (Bijvoet Center, Department of NMR

Spectroscopy) at a probe temperature of 27 oC for the oligosaccharide and 78 ºC for the

polysaccharide. Prior to analysis, samples were exchanged twice in D2O (99.9 atom% D,

Cambridge Isotope Laboratories, Inc., Andover, MA) with intermediate lyophilization, and

then dissolved in 0.6 mL D2O. Chemical shifts are expressed in ppm by reference to 

internal acetone (  2.225) for 1H and/or to the -anomeric signal of external [1-13C]glucose

( C-1 92.9) for 13C. Suppression of the HOD signal was achieved by applying a WEFT pulse

sequence for 1D experiments26 and by a pre-saturation of 1 s during the relaxation delay for

2D experiments.27 2D TOCSY spectra were recorded using an MLEV-17 mixing

sequence28 with spin-lock times of 40-100 ms. 2D ROESY experiments were performed at

a mixing time of 300 ms for the oligosaccharide; 2D NOESY experiments were performed
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with a mixing time of 150 ms for the polysaccharide. Natural abundance 2D 1H- 13C HSQC

and HMBC experiments were recorded with and without decoupling, respectively, during

acquisition of the 1H FID. Resolution enhancement of the spectra was performed by a 

Lorentzian-to-Gaussian transformation or by multiplication with a squared-bell function

phase shifted by /(2.3) for 2D spectra, and when necessary, a fifth order polynomial

baseline correction was performed. All NMR data were processed using in-house

developed software (J.A. van Kuik, Bijvoet Center, Utrecht University).
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Chapter 5 

Abstract

The conformational properties of the neutral exopolysaccharide (EPS) produced by 

Lactobacillus delbrueckii ssp. bulgaricus LBB.B332 have been investigated by NMR

spectroscopy and molecular modelling. The EPS, with an average molecular mass of 1.3 x

106 Da, has been previously shown to be composed of pentasaccharide repeating units, with

the primary structure 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-

(1 3)- -D-Glcp-(1 . In the calculations, relaxed maps of each disaccharide linkage of the

polysaccharide provided energy minima that were used as starting points to build up the

repeating unit and further the polysaccharide chain. The polymer chain, in agreement with 

the NOE data, showed no helical motifs.

Inmaculada Sánchez-Medina, Martin Frank, Claus-Wilhelm von der Lieth, and

Johannis P. Kamerling,

Manuscript in preparation.
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5.1. Introduction

Bacterial exopolysaccharides (EPSs) are receiving an increasing interest from the food 

industry, where they are employed as gelling, viscosifying or stabilizing agents.1 For this

purpose, the primary structures of EPSs produced by several strains have been elucidated.2

In order to gain insight into structure-physical properties relationships, further studies must

be carried out to determine their secondary and tertiary structure. This can be achieved

through computational studies that can be correlated with NMR data obtained from the

polysaccharide. Examples of investigations in vacuo of the three-dimensional structure of

polysaccharides include the prediction of helical structures for the EPS produced by 

Lactobacillus sake 0-1,3 and the conformational analysis of the cell wall polysaccharide

produced by Streptococcus mitis J22.4 Examples of the conformational analysis in aqueous

solution of lactic acid bacterial EPSs are the modelling of the structures of the EPSs

produced by Lb. helveticus 766,5 Lb. helveticus Lh59,6 and S. macedonicus Sc136.6

Here, we report on the three-dimensional structure of the neutral EPS produced by

Lb. delbrueckii ssp. bulgaricus LBB.B332 in skimmed milk. A combination of gas-liquid

chromatography and mass spectrometry techniques, and 1D/2D NMR (TOCSY, NOESY,

HSQC) studies, allowed to determine the following composition for the repeating unit of

the EPS:7

3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1 3)- -D-Glcp-(1

 C E B A D

In order to explore the conformational space of a polysaccharide, traditionally the

repeating unit is split up into its constituting disaccharides, creating the corresponding

methyl glycosides, and a systematic search is performed on each of the disaccharide

fragments. In the present study, adiabatic maps using the MM3 force field have been

calculated for each of the constituting disaccharide methyl glycosides of the EPS. In 

addition, free energy maps for each linkage that were derived from MD simulations of the 

complete repeating unit, have been calculated. These maps take into account the influence

of not directly connected residues. The conformational minima found in these maps were
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used to build up a 3D structure of the repeating unit, which was taken as starting point for

building up the polysaccharide and to explore the conformational properties of the polymer

chain in aqueous solution.

5.2. Results and discussion

Adiabatic maps of disaccharide methyl glycosides

Adiabatic maps of the disaccharide fragments C-E, E-B, B-A, A-D, and D-C of the EPS of

Lb. delbrueckii ssp. bulgaricus LBB.B332 give information on the maximal accessible

conformational space of the glycosidic linkages, and are shown in Figure 1. ,  data are 

tabulated in Table 1. In a complete polysaccharide, the accessible conformational space can 

be reduced, e.g. through interaction with not directly connected residues.

Table 1. Values representing local minima at 300 K, obtained from adiabatic maps of the disaccharide methyl

glycosides of the repeating unit of the EPS of strain LBB.B332, and free energy maps for each of the elements of

the extended repeating unit of the EPS of strain LBB.B332.

Linkage Minima
,

Systematic search
,

Free energy maps

-D-Galp-(1 3)- -L-Rhap a -30º,-40º -30º,-30º

C1 E3 b -30º,+50º

-L-Rhap-(1 2)- -L-Rhap a +30º,+30º +40º,+30º

E1 B2 b +30º,-50º +30º,-40º

-L-Rhap-(1 2)- -D-Galp a +30º,-40º +40º,+30º

B1 A2 b +40º,+10º -40º,-40º

-D-Galp-(1 3)- -D-Glcp a -30º,+40º -30º,+40º

A1 D3

-D-Glcp-(1 3)- -D-Galp a -40º,+50º -30º,-50º

D1 C3 b -40º,-40º -30º,+40º

After inspection of the area enclosed in the 1 kcal/mole contour line of the

different potential energy surfaces of the glycosidic linkages, for the C1 E3 linkage

(Figure 1Aa), the global minimum was observed at  values of -30°,-40°; a second

minimum was found at coordinates of -30°,+50°, and an energy barrier of 3 kcal/mole.

A higher energy conformation (5 kcal/mole) was found with the same value for the
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torsion angle, but at +180° for the  torsion. In the case of the E1 B2 linkage, there are

two minima at ,  values of +30º,+30º and +30º,-50º, respectively, separated by a low

energy barrier of about 0.6 kcal. Such a barrier is below the average (kinetic) thermal

energy at room temperature and can therefore be crossed very easily. The adiabatic map

obtained for the E1 B2 linkage (Figure 1Ba), resembles closely the results found by

conformational analysis performed on this disaccharide,8 using cross-relaxation rates, scalar
3JCH couplings, and residual dipolar couplings, as measured by NMR spectroscopy. For the

B1 A2 linkage, the minimum was observed at ,  values of +30°,-40° with a 1 kcal/mole

plateau at about +40°,+10°. In the adiabatic map of this linkage (Figure 1Ca), a higher

energy conformation (4 kcal/mole) was observed with a angle of +30° and a  angle of 

+160°. In the case of the A1 D3 linkage (Figure 1Da), one major minimum was found

with  values of -30°,+40°, making this disaccharide linkage less flexible. A high energy

conformation was also observed with a torsion angle  of -30° and  of +180º. Regarding

the D1 C3 linkage (Figure 1Ea), two major minima were detected at values of -

40°,+50° and -40°,-40°, respectively, the first one being more populated. A third minimum

was found at  coordinates of -30°,+160°, as a high energy conformation (5 kcal/mole),

and being less populated.

Free energy maps derived from molecular dynamics simulation of the repeating unit 

Free energy maps were derived from population analysis (applying the Boltzman law) of a 

MD trajectory (30 ns/ 400 K) of the disaccharide methyl glycosides and the results were

essentially very similar to those derived from the adiabatic maps (data not shown). Then,

free energy maps were calculated for the extended repeating unit of the polymer, having the

sequence C-E-B-A-D-C-OMe. The results, shown in Figure 1, are very similar as before.

For the C1 E3 linkage (Figure 1Ac), only one minimum was observed, in the global

minimum area found in the systematic search with a  value of -30º and a  value of -30º,

but with a broader area, covering the area of the second minimum from the adiabatic map

(  -30º,+50º). The E1 B2 linkage (Figure 1Bc) showed again the highest flexibility

among all the glycosidic linkages. The torsion angle  remains centered around +30º and

spans from -60º to +60º. Additionally, a high energy conformation was found with  around

+20º and  at +180º.
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180

120

Figure 1. MM3 adiabatic iso-energy contour plots of the disaccharide methyl glycosides (a), together with the

representation of the conformer with the lowest energy (b), free energy maps for each of the disaccharide elements

in an extended repeating unit of the EPS (c), and distance mapping (d) projected on a free energy map from (c) for

each of the 5 constituting disaccharides of the EPS. A, -D-Galp-(1 3)- -L-Rhap; B, -L-Rhap-(1 2)- -L-Rhap;

C, -L-Rhap-(1 2)- -D-Galp; D, -D-Galp-(1 3)- -D-Glcp; E, -D-Glcp-(1 3)- -D-Galp. Iso-energy contours

have been plotted at regular intervals of 1 kcal/mole up to 10 kcal/mole above the global minimum in each map.

The codes a, b, c represent the energy minima, a being the global energy minimum and b, c local minima (see

Table 1). Note the change in the scale for the free energy maps in (c) and (d).

For the B1 A2 linkage (Figure 1Cc), the free energy map showed a shift of the

global minimum from ,  +30º,-40º to +40º,+30º, probably due to the influence of residue

D. Interestingly, the A1 D3 linkage seems to be not influenced by this effect (see below).

A second minimum for the B1 A2 linkage appears at ,  -40º,-40º. A high energy

conformation at  coordinates of +30º,+150º also appears. In the case of the A1 D3

linkage (Figure 1Dc), the global minimum was detected with values of -30º,+40º, as 

well as a high energy conformation with  values of -30º,+180º, reproducing the results

obtained from the adiabatic map. For the D1 C3 linkage (Figure 1Ec), one major

minimum was found but not at -40º,+50º, as in the adiabatic map, but at -30º,-50º, thus in

the area of the second adiabatic map minimum. The area of this global minimum in the free
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energy map is also broad, with no energy barrier with the second minimum (  -30º,

+40º), giving as a result a higher flexibility for this linkage.

Distance analysis

The analysis of interatomic distances, obtained from NOE measurements, in terms of

glycosidic bond conformations has been previously described.9,10 For oligosaccharides, it is

assumed that the NMR spectra either represent a single conformer or result from an 

averaging of the different conformations on the NMR time scale. As absolute rigidity of 

glycosidic bonds can be excluded, it means that the distances between two protons, ai and

aj, determined by NOE (aij), are actually weighted averages of true distances between the 

same protons in different, but mutually interconverting conformational states. If the

interconversion is too fast on the NMR time scale, an average interatomic distance will be

observed in the spectra. For glycosidic bonds, different conformational states are defined by

variations of the  and  (and , if it corresponds) torsion angles, each of them having a 

different (but still valid) interatomic distance between ai and aj. Some of these values will

be larger and others will be smaller than the measured NOE distance, aij. A contour plot

taking into account these limit values will not define a single conformer, but define/limit

the conformational space of the glycosidic bond to values that are in agreement with the 

NOE measurements. With a second interatomic distance available, overlapping at a certain

region of the conformational space may be possible, thereby limiting the geometry of the

molecule and, very likely, defining the ,  coordinates for that linkage.

The 2D NOESY spectrum of the EPS (mixing time, 150 ms) is shown in Figure 2.

The inter-residue NOEs observed are already in good agreement with the corresponding

calculated distances, obtained from the extended repeating unit which was built up using

the energy minima values from the free energy maps (Table 2). However, in order to

explore the conformational space that is in agreement with the NOE data and whether other

low energy conformations would be possible as well, a distance mapping was performed.

The experimental distances were used as guiding limits to perform the distance mapping

over the free energy maps, obtained from MD simulations (Figure 1).

For the C1 E3 linkage (Figure 1Ad), the contour lines for the distance range

between C H-1 and E H-3 are near the global energy minimum. This distance is not likely

to be lower than 2.49 Å in a low energy conformation. The value of 2.76 Å, obtained from

113



Chapter 5 

the 2D NOESY spectrum, would correspond to an average conformation close to the global

minimum area. 

Figure 2. 2D NOESY spectrum (mixing time, 150 ms) of EPS, recorded in D2O at 351 K. The CH3 signals were 

observed at 1.31 ppm, but were not included in the picture. Cross-peaks belonging to the same scalar-coupling

network are indicated near a dotted line starting from the corresponding diagonal peaks; D1 corresponds to the 

diagonal peak of residue D H-1; D1,2 refers to an intra-residue cross-peak between D H-1 and D H-2, and D1,C4

indicates an inter-residue connectivity between D H-1 and C H-4, etc.

A close spatial proximity between E H-1 and B H-2 is mostly covering the low

energy region in the free energy map (Figure 1Bd). The measured distance range between E

H-5 and B H-1 intersects the E1B2 contours in the region of lowest energy. If both NOEs

would be simultaneously fulfilled, the torsion for this linkage would be about +30°. The

 torsion cannot be determined with the same accuracy (between -50° and +30°) from the

NOE data. The experimental values for the distances between E H-1 and B H-2 (2.37 Å), as 

well as E H-5 and B H-1 (2.50 Å), are in agreement with the information provided by the

distance mapping, however, since the overlapping area covers a  range from -50° to +30°,

it is not possible to define more precisely the value of the  angle. A conformer having

interatomic distances E H-1, B H-2 within the NOE range, together with E H-5, B H-1, is

shown in Figure 1Bb. The methyl groups of the rhamnose residues orientate in the same

direction, creating thus a small hydrophobic environment that might be important for the

functional properties of the EPS.

Regarding the B1 A2 linkage (Figure 1Cd), according to the data provided by

the distance mapping, the distance range calculated between B H-1 and A H-2, and between

A H-1 and B H-5 agree with the broad energy minima of the adiabatic map, as well as the

experimental values found for these distances. However, the global minimum area of the

adiabatic (disaccharide) map is increased in energy when the complete repeating unit is
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taken into account due to neighbouring effects. The  region where the NOE between B

H-1 and A H-2 can be observed simultaneously with the NOE between A H-1 and B H-5,

corresponds perfectly with the global energy minimum area of the free energy map, where

the contour lines for both NOEs overlap. This would correspond to values of  and  of

about +40º and +30º, respectively. In any case, the distance between A H-1 and B H-5

would not be lower than 2.70 Å, providing thus a NOESY cross-peak of low intensity. The

experimental value obtained for this distance was 2.91 Å, confirming these results.

Table 2. Calculated and experimental inter-proton distances for the extended repeating unit of the neutral

exopolysaccharide produced by Lactobacillus delbrueckii ssp. bulgaricus LBB.B332. The calculated distances were

obtained from the extended repeating unit built up from the energy minima provided by the free energy maps for

each of the disaccharide linkages. The experimental distances were obtained from the cross-peak integrals in the

2D NOESY spectrum. 

Atom pair Calculated distance
 (Å) 

Experimental distance
(Å)

C H-1, E H-3 2.49 2.76

E H-1, B H-2 2.55 2.37

B H-1, E H-5 2.35 2.50

B H-1, A H-2 2.45 2.43

A H-1, B H-5 2.71 2.91

A H-1, D H-3 2.25 2.27

D H-1, C H-3 2.49 2.67

D H-1, C H-4 2.44 2.84

In reference to the A1 D3 linkage (Figure 1Dd), the global energy minimum area

is in agreement with the inter-residue NOE distance range calculated between A H-1 and D

H-3 (2.25 Å), and with the experimental value of 2.27 Å observed for this NOE interaction.

Inspection of the distance mapping for the D1 C3 linkage (Figure 1Ed) revealed

a good agreement for the two cross-peaks found in the NOESY spectrum. The distance 

range between D H-1 and C H-3, as well as the contours of the distance between D H-1 and

C H-4 constrain the simultaneous occurrence of both NOESY cross-peaks to the global

energy minimum area, at values of  and  around -30º and -40º, respectively. The

experimental distances between D H-1 and C H-3 (2.67 Å), as well as D H-1 and C H-4

(2.84 Å), fulfill the torsions of the global energy minimum area. 
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From the results obtained from the distance mapping it can be concluded that the

global minima are in good agreement with the measured NOE data. However, in some

cases (especially for the -L-Rhap-(1 2)- -L-Rhap linkage) significant flexibility has to

be taken into account.

Polysaccharide chain building

A polymer fragment consisting of two extended repeating units with the sequence C-E-B-

A-D-C-E-B-A-D-C-OMe was built up from the global energy minima values provided by

the free energy maps, using the polysaccharide-building tool of CAT.11 A 10 ns MD

simulation at 300 K in explicit solvent was performed on this chain. The interatomic

distances in the NOE range were studied during the simulation, as shown in the NOE

profiling in Figure 3.

Figure 3. NOE profiling performed on a polysaccharide fragment consisting of two extended repeating units with

the sequence C-E-B-A-D-C-E-B-A-D-C-OMe, during a 10 ns MD simulation in explicit solvent.

116



Three-dimensional structure of the EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B332

For the C1 E3 linkage, the distance between C H-1 and E H-3, determined as

2.76 Å from the NOESY spectrum, has a broad distribution probability between 2.40 Å and

2.60 Å. The experimental value would correspond to an average conformation which would

still be highly represented in the MD simulations.

The NOE profiling for the E1 B2 linkage is in excellent agreement with the

experimental NMR data. The distance between E H-1 and B H-2, around 2.35 Å,

reproduces the experimental value of 2.37 Å. The distance between E H-5 and B H-1

oscillates around 2.35 Å, and the experimental value of 2.50 Å would correspond to an

average conformation still highly populated from the NOE profiling.

For the B1 A2 linkage, the experimental distance of 2.43 Å agrees with the NOE 

profiling results that center this distance around 2.45 Å. However, the distance between B

H-5 and A H-1, determined from the NOESY spectrum to be around 2.91 Å, is slightly

higher than the distance of 2.65 Å considered as the average after the MD simulations. This

suggests that, to some extent, a mixture of conformations is present in solution.

For the A1 D3 linkage, the distance between A H-1 and D H-3 is centered

around 2.20 Å, in agreement with the experimental value of 2.27 Å.

Finally, regarding the D1 C3 linkage, the distance between D H-1 and C H-3 is 

mainly between 2.3 and 2.8 Å, which is in agreement with the experimental value of 2.67

Å. The distance between D H-1 and C H-4 remains mainly around 2.25 Å, a value that

corresponds to the global minimum of the free energy map. However, some transitions to

conformations with larger distances between D H-1 and C H-4 (average around 4 Å) occur

during the solvent simulation, which supports the experimental value of 2.84 Å. This

finding gives some evidence that for this linkage, like for the B1 A2 linkage, a second

conformation exists in solution with and  values of about -30° and +30°, respectively.

Additionally, the formation of hydrogen bonds in the two repeating unit model

was studied. The hydrogen bond matrix shown in Figure 4a, revealed that only the

interaction between A O-5 and D HO-2 leads to strong hydrogen bonds, that may contribute

to a further stabilization of the chain. Figure 4b shows a representation of the resulting

conformation, whereby the hydrogen bonds are marked with an arrow. 
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Figure 4. H-bond matrix (a) and graphical representation of a polysaccharide fragment (b) consisting of two

extended repeating units with the sequence C-E-B-A-D-C-E-B-A-D-C-OMe, in a conformation stabilized by

hydrogen bonds between A O-5 and D HO-2 (structure is a snapshot from the MD).

a b

Figure 5. (a) Polysaccharide chain helix with twelve repeating units, built up from the values of the energy

minima obtained from the free energy maps for each of the constituting disaccharides of the EPS; (b) random coil

conformation adopted by this polymer fragment after 5 ns MD simulations in explicit solvent, showing no extended

helical motifs.
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To explore the formation of helices or helical motifs, a regular helix consisting of

twelve repeating units (61 monosaccharides) was built up from the values of the minima

given by the free energy maps of the disaccharide linkages. Based on this structure, a 5 ns

MD simulation in explicit solvent was carried out. After 5 ns, the initial helical structure

(Figure 5a), disappears, providing an overall random coil structure with only short local

helical motifs (Figure 5b), but the overall conformational ensemble is still in good

agreement with the NOE distances.

5.3. Conclusion

The conformational properties of the neutral exopolysaccharide produced by Lactobacillus

delbrueckii ssp. bulgaricus LBB.B332 have been studied by a combination of NMR and

molecular dynamics experiments. Adiabatic and free energy maps were generated for each

of the disaccharides of the repeating unit of the polysaccharide. An extended repeating unit 

was built for the polysaccharide, taking the free energy minima values as the starting point

for the glycosidic linkages. Distance mapping and hydrogen bond studies were performed

on this structure, fitting in most of the cases with the torsion angles areas defined by the

global energy minima. After these studies, polysaccharide chains of two and twelve

repeating units were built and a NOE profiling was carried out, as well as the occurrence of 

helical structures was investigated. The polysaccharide fragment, in agreement with the 

NOE data, showed a tendency to form random coil structures, with short helical motifs. A

stable helix has not been found in solution. In conclusion, the various results demonstrate

that the calculated dynamics is in good agreement with the NMR measurements. Therefore,

it can be assumed that the structure can serve as a good model for the 3D structure and

dynamics of the polysaccharide in water.

5.4. Experimental

Exopolysaccharide of Lb. delbrueckii ssp. bulgaricus LBB.B332.  The primary structure

of the EPS of Lb. delbrueckii ssp. bulgaricus LBB.B332 has been recently elucidated, and

the NOE data have been used in this study.7
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Nomenclature.  The dihedral angles of the glycosidic linkages of a general disaccharide

fragment A(1 x)B are defined as  = (H1A-C1A-OxB-CxB), and  = (C1A-OxB-CxB-

HxB).

Systematic search.  Adiabatic maps were generated from systematic search performed for

each of the glycosidic linkages constituting the repeating unit of the polysaccharide. The

orientation of the OH groups was not fixed during minimization; the exocyclic  torsions

were varied systematically in 120º steps (gg/gt/tg), and the / torsions were changed in

10º steps. The search was done in four dimensions using CAT; 11664 structures were

generated and further minimized using the TINKER program with MM3 (2000) as force

field. The dielectric constant was set to 4 and the ring torsions were constrained to the value

in the starting structure to avoid ring inversion. For each  combination the lowest energy

value found was used to construct the adiabatic map.

Molecular Dynamics.  Conformational maps for the glycosidic torsions were derived

from molecular dynamics (MD) simulations. The maps were obtained using the “Dynamics

Molecules” Web-service,12,13 which allows to setup, run and analyse MD simulations of

oligosaccharides in the gas phase using a Web browser. The disaccharides corresponding to 

each of the glycosidic bonds of the repeating unit, as well as the oligosaccharides

corresponding to the repeating units, were built with the SWEET II program,14 which is

interfaced by the MD-portal. SWEET II takes the extended IUPAC code as input and

makes reasonable 3D coordinates of the structure that can be used as starting point for the

high-temperature molecular dynamics (HTMD) simulations.

The simulation temperature was set to 400 K to allow the system to overcome

easily energy barriers and populate the accessible conformational space within the

simulation period of 30 ns as completely as possible. The MM3(96) force field as 

implemented in the TINKER suite15 was used with a dielectric constant of 4. The

geometry optimization of this force field16,17,18 takes into account stretching, bending,

stretch-bending, torsional, and dipolar contributions, as well as van der Waals interactions.

In total, 30000 snapshots were saved and analysed.
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Distance mapping.  Minimized disaccharides representing each linkage served as input 

structures for the distance mapping using CAT. The  torsions were varied systematically

in steps of 10° and for each generated  combination the H-H distances of interest were 

calculated. This results in ”distance maps” were the values represent the x and y axis

and the distance values are plotted as contours. Because usually more than one distance 

needs to be displayed in one plot, only the upper and lower limit contours for a distance are

displayed. The limits are set based on the measured NOE values  (e.g. NOE distance +/-

0.3Å). Free energy maps derived from 30 ns MD simulations at 400 K, with no restraints on

ring torsions, were used as background for the distance mapping.

Polysaccharide building. From the conformational minima found by the molecular

dynamics calculations, helices were generated using the polysaccharide-building option

included in the CAT program,11 consisting of 2 and 12 repeating units (11 and 61 

monosaccharides, respectively). It is assumed that monosaccharides separated by more than 

a repeating unit are not in close spatial proximity and, therefore, will not influence

significantly the conformational flexibility of the disaccharide linkages. From the free

energy maps, the values of  and  corresponding to the global minima were used as 

template values to build up the polymer chain.

Solvent simulations.  MD simulations were performed in explicit solvent, using periodic

boundary conditions, the TIP3 water model and particle-mesh Ewald electrostatics. The

sander module of the AMBER suite of programs19 performed the calculation of the

trajectory. Tleap was used to build the starting structures by connecting the appropriate

GLYCAM20 building blocks. The GLYCAM-04 parameters and charges were used for the

carbohydrates. 1-4 electrostatic (SCEE) and non-bonded (SCNB) acsling factors were set to

unity as recommended by the developers. All MD simulations were performed at 300 K. A 

two step equilibration period was applied to the solvated system before sampling of

snapshots: First the system was heated over a period of 20 ps from 10 K to 300 K at 

constant volume, then the pressure and density of the water was adjusted during a 80 ps

simulation period at constant temperature. The equilibration time for the simulations

without explicit solvent was 10 ps. Simulations were performed over a production time of 

10 ns / 5 ns.
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NOE profiling. The NOE profiling was performed by calculating histograms of  H-H 

distances using CAT. A special feature of CAT is that it can take into account repeating

units and therefore the plots represent the statistics over the whole chain.

Hydrogen bond analysis.  Hydrogen bond analysis was performed using CAT. A 

geometric criterium was used for the definition of a H-bond: H-Acceptor distance < 2.5 Å;

Donor-H-Acceptor angle > 120°.

NMR spectroscopy. A resolution-enhanced 500-MHz  2D NOESY NMR spectrum of

the EPS (mixing time, 150 ms) was recorded in D2O on a Bruker DRX-500 spectrometer

(Bijvoet Center, Department of NMR Spectroscopy) at a probe temperature of 351 K.21

Prior to analysis, the sample was exchanged twice in D2O (99.9 atom% D, Cambridge

Isotope Laboratories, Inc., Andover, MA) with intermediate lyophilization, and then

dissolved in 0.6 mL D2O. Chemical shifts are expressed in ppm by reference to internal

acetone (  2.225) for 1H. Suppression of the HOD signal was achieved by applying a pre-

saturation of 1 s during the relaxation delay.22 Resolution enhancement of the spectrum was

performed by multiplication with a squared-bell function phase shifted by /(2.3), and when

necessary, a fifth order polynomial baseline correction was performed. All NMR data were

processed using in-house developed software (J.A. van Kuik, Bijvoet Center, Utrecht

University).

NOESY cross-peak intensities are directly proportional to cross relaxation when

mixing times are chosen within the linear region of the initial build-up (<150 ms).23 In this

case, inter-proton distances (r) are calculated using the relationship rij/r0  (a0/aij)1/6,

whereby a0 and aij correspond to the cross-peak integrals. The intra-residue distance of 2.5 

Å between -Glcp H-1 and H-2 was used as a reference for distance calibration.24
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Summary

Exopolysaccharides (EPSs) produced by lactic acid bacteria are widely used in the 

food industry, especially for the preparation of dairy products, such as yoghurt and cheese.

Their interesting physical and rheological properties make them suitable as gellifying or

viscosifying agents in the development of new food products. In addition, the GRAS

(generally recognized as safe) status carried by lactic acid bacteria, enables to use the EPS-

producing bacteria in situ during processing of the products.

Knowledge of the EPS structures is important to establish relationships between

their structures and their physical or rheological properties, so that chemically,

enzymatically or genetically modified EPSs can be developed and used, matching certain

properties of interest for each particular case. 

In this framework, the present thesis deals with the determination of the primary

and three-dimensional structure of the neutral EPSs produced by two strains of

Lactobacillus delbrueckii ssp. bulgaricus.

Chapter 1 reviews the presently known structures of lactic acid bacterial EPSs. In

addition, an overview of the applications of EPSs and the strategies for the primary and

three-dimensional structural characterization of EPSs produced by LAB is presented.

In Chapter 2, the structure elucidation of the neutral EPS produced by Lb.

delbrueckii ssp. bulgaricus LBB.B26 in skimmed milk is described. Monosaccharide

analysis showed the occurrence of D-glucose and D-galactose in a molar ratio of 2:3. 

Linkage analysis, together with 1D/2D NMR (1H and 13C) studies carried out on the native

polysaccharide, as well as on an oligosaccharide generated after a partial acid hydrolysis of 

the native EPS, showed the polysaccharide to be composed of branched, pentasaccharide

repeating units with the following structure:

-D-Glcp
1

6
3)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1
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In Chapter 3, the conformational properties of the EPS produced by Lb.

delbrueckii ssp. bulgaricus LBB.B26, characterized in the previous chapter, are studied.

Adiabatic maps were generated for each of the constituting disaccharide linkages of the

repeating unit. The energy minima obtained were used as starting points to build up a 

repeating unit, for which free energy maps were obtained after application of the

Boltzmann law to a Molecular Dynamics trajectory. The free energy maps were used to 

analyse the experimental NOE data available for the EPS. A set of statistical polymer

chains was built up and the probability of occurrence of helical motifs was investigated.

The polysaccharide tends to form a random coil structure, with no stable helical motifs.

In Chapter 4, the structural determination of the neutral EPS produced by Lb.

delbrueckii ssp. bulgaricus LBB.B332 in skimmed milk is presented. The EPS was found

to be composed of D-glucose, D-galactose, and L-rhamnose in a molar ratio of 1:2:2.

Linkage analysis and 1D/2D NMR (1H and 13C) studies performed on the native

polysaccharide, as well as on an oligosaccharide generated after a periodate oxidation 

protocol, revealed the EPS to be composed of linear pentasaccharide repeating units with

the following structure:

3)- -D-Glcp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

Finally, Chapter 5 deals with the study of the three-dimensional structure of the

EPS produced by Lb. delbrueckii ssp. bulgaricus LBB.B332 in skimmed milk and 

characterized in Chapter 4, via a combination of 2D NMR spectroscopy and molecular

modeling experiments. Relaxed energy maps were generated for each of the disaccharide

linkages forming the repeating unit and were used to perform a distance analysis based on

the experimental and calculated inter-residue NOE distances. An extended repeating unit

was built up and further a polymer chain. MD simulations were carried out in explicit

solvent and the occurrence of hydrogen bonds, as well as the agreement with the 

experimental NOE data, were investigated. The polymer chain, in agreement with the NOE 

data, showed no helical motifs.
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Samenvatting

Exopolysachariden (EPSs) geproduceerd door melkzuurbacteriën worden

uitgebreid gebruikt in de voedingsmiddelenindustrie, special voor de bereiding van

zuivelproducten als yoghurt en kaas. Hun interessante fysische en rheologische

eigenschappen maken ze bruikbaar als geleermiddel en verdikkingsmiddel bij de 

ontwikkeling van nieuwe voedselproducten. De GRAS (generally recognized as safe) status

van melkzuurbacteriën maakt het bovendien mogelijk om de EPS-producerende bacteriën

in situ te gebruiken tijdens het verbeteren van de producten.

Kennis van de EPS structuren is belangrijk om het verband tussen hun structuren

en hun fysische en rheologische eigenschappen te bepalen, zodat chemisch, enzymatisch en 

genetisch gemodificeerd EPS kan worden ontwikkeld en gebruikt, overeenkomend met

bepaalde eigenschappen welke interessant kunnen zijn voor een bijzondere toepassing.

In deze samenhang behandelt dit proefschrift de bepaling van de primaire en

driedimensionale structuur van de neutrale EPSs geproduceerd door twee stammen van 

Lactobacillus delbrueckii ssp. bulgaricus.

Hoofdstuk 1 geeft een overzicht van de thans bekende structuren van

melkzuurbacteriële EPSs. Tevens wordt een overzicht gegeven van de toepassingen van

EPSs en de strategieën voor de primaire en driedimensionale structuurbepaling van EPSs

geproduceerd door melkzuurbacteriën.

In Hoofdstuk 2 wordt de structuuropheldering beschreven van het neutrale EPS 

geproduceerd door Lb. delbrueckii ssp. bulgaricus LBB.B26 in magere melk.

Monosacharide analyse toonde het voorkomen van D-glucose en D-galactose in een molaire

verhouding van 2:3. Bindingsanalyse en 1D/2D NMR (1H en 13C) studies uitgevoerd op het

natieve polysacharide, als ook op een oligosacharide verkregen na gedeeltelijke zure

hydrolyse van het natieve EPS, toonden aan dat het polysacharide is samengesteld uit

vertakte pentasacharide repeterende eenheden met de volgende structuur:

-D-Glcp
 1

  6
3)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1
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In Hoofdstuk 3 worden de conformationele eigenschappen bestudeerd van het EPS 

geproduceerd door Lb. delbrueckii ssp. bulgaricus LBB.B26, gekarakteriseerd in het vorige

hoofdstuk. Adiabatische minimum-energiekaarten werden gegenereerd voor elk van de

samenstellende disacharidebindingen van de repeterende eenheid. De verkregen

energieminima werden gebruikt als startpunten voor de opbouw van een repeterende

eenheid, waarvoor vrije-energiekaarten werden verkregen na toepassing van de Wet van

Boltzmann op een "Molecular Dynamics" traject. De vrije-energiekaarten werden gebruikt

om de beschikbare experimentele NOE data voor het EPS te analyseren. Een serie van

statistische polymeerketens was opgebouwd en de waarschijnlijkheid van het voorkomen

van helix motieven werd onderzocht. Het polysacharide is geneigd om een "random coil"

structuur te vormen, zonder stabiele helix motieven.

In Hoofdstuk 4 wordt de structuurbepaling van het neutrale EPS geproduceerd

door Lb. delbrueckii ssp. bulgaricus LBB.B332 beschreven. Gevonden werd dat het EPS 

was samengesteld uit D-glucose, D-galactose en L-rhamnose in een molaire verhouding van

1:2:2. Bindingsanalyse en 1D/2D NMR (1H en 13C) studies uitgevoerd op het natieve

polysacharide, als ook op een oligosacharide verkregen na een perjodaat oxidatie protocol,

toonden aan dat het EPS is samengesteld uit lineaire pentasacharide repeterende eenheden

met de volgende structuur:

3)- -D-Glcp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

Tenslotte behandelt Hoofdstuk 5 de driedimensionale structuurstudie van het EPS 

geproduceerd door Lb. delbrueckii ssp. bulgaricus LBB.B332 in magere melk en

gekarakteriseerd in hoofdstuk 4, via een combinatie van 2D NMR spectroscopie en 

"Molecular Modeling" experimenten. "Relaxed" minimum-energiekaarten werden

gegenereerd voor ieder van de disaccharide bindingen die de repeterende eenheid vormen

en deze werden gebruikt om afstand analyse gebaseerd op de experimentele en berekende

inter-residu NOE afstanden uit te voeren. Een verlengde repeterende eenheid werd

opgebouwd en verder een polymeer keten. "Molecular Dynamics" simulaties werden 

uitgevoerd in nauwkeurig omschreven oplossingsmiddel en het voorkomen van

waterstofbruggen, als ook de overeenkomst met de experimentele NOE data, werden

onderzocht. De polymeerketen toonde geen helix motieven, hetgeen in overeenstemming

was met de NOE data.
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Resumen

Los exopolisacáridos producidos por bacterias del ácido láctico son ampliamente

utilizados en la industria alimentaria, especialmente en la preparación de productos lácteos

tales como el yogur y el queso. Las interesantes propiedades físicas y reológicas que poseen 

los hacen adecuados como agentes gelificantes o viscosantes para el desarrollo de nuevos

productos. Además, al estar las bacterias del ácido láctico reconocidas como seguras 

(denominadas GRAS; “generally recognized as safe”), es posible usar las bacterias

productoras de exopolisacáridos in situ durante el procesado de los productos.

La determinación de las estructuras de los exopolisacáridos es importante para

establecer relaciones entre sus estructuras y sus propiedades físicas o reológicas, de modo

que puedan desarrollarse y emplearse exopolisacáridos modificados química, enzimática o 

genéticamente y que cumplan ciertas propiedades de interés para cada caso particular.

En este contexto, en la presente tesis se describen la determinación de la estructura

primaria y secundaria de los exopolisacáridos neutros producidos por dos cepas de

Lactobacillus delbrueckii ssp. bulgaricus.

El Capítulo 1 recoge una revisión las estructuras de exopolisacáridos producidos 

por bacterias del ácido láctico conocidas hasta la fecha, junto con una breve presentación de

las aplicaciones de los exopolisacáridos y las estrategias para la determinación de la

estructura primaria y secundaria de los exopolisacáridos producidos por bacterias del ácido 

láctico.

En el Capítulo 2 se describe la determinación de la estructura primaria del

exopolisacárido neutro producido por Lb. delbrueckii ssp. bulgaricus LBB.B26 en leche

desnatada. El análisis de azúcares proporcionó una composición de D-glucosa y D-galactosa

en ratio molar 2:3. El análisis de enlaces glicosídicos mediante GC, junto con estudios de 

RMN mono- y bidimensional, llevados a cabo tanto en el polisacárido nativo como en un 

oligosacárido obtenido mediante hidrólisis parcial ácida del anterior, mostraron que el

polisacárido está compuesto por unidades de repetición pentasacarídicas ramificadas con la

siguiente estructura primaria:
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-D-Glcp
1

  6
3)- -D-Galp-(1 3)- -D-Galp-(1 4)- -D-Glcp-(1 3)- -D-Galf-(1

El Capítulo 3 recoge el estudio de las propiedades conformacionales del

exopolisacárido producido por Lb. delbrueckii ssp. bulgaricus LBB.B26, caracterizado en 

el capítulo anterior. Se generaron mapas adiabáticos para cada uno de los enlaces

sacarídicos que constituyen la unidad de repetición. Los mínimos de energía obtenidos se

emplearon como puntos de partida para construir una unidad de repetición, para la cual se

obtuvieron mapas de energía libre tras la aplicación de la ley de Boltzmann a una

trayectoria de Dinámica Molecular. Dichos mapas de energía libre se emplearon para

analizar los datos NOE experimentales del exopolisacárido. Se construyó a continuación un

conjunto de cadenas poliméricas estadísticas y se investigó la existencia de motivos

helicoidales. Se pudo observar que el polisacárido tiende a formar una estructura

desordenada, sin motivos helicoidales estables.

En el Capítulo 4 se describe la determinación estructural del exopolisacárido 

neutro producido por Lb. delbrueckii ssp. bulgaricus LBB.B332 en leche desnatada. Se

encontró que el exopolisacárido está compuesto por de D-glucosa, D-galactosa and L-

rhamnosa en una ratio molar de 1:2:2. El análisis de enlaces glicosídicos mediante GC y

estudios de RMN mono- y bidimensional llevados a cabo en el polisacárido nativo, así

como en un oligosacárido obtenido mediante un protocolo de oxidación con periodato,

revelaron que el exopolisacárido está compuesto por unidades de repetición

pentasacarídicas lineales con la siguiente estructura primaria:

3)- -D-Glcp-(1 3)- -D-Galp-(1 3)- -L-Rhap-(1 2)- -L-Rhap-(1 2)- -D-Galp-(1

Finalmente, el Capítulo 5 está dedicado al estudio de la estructura secundaria del

exopolisacárido producido por Lb. delbrueckii ssp. bulgaricus LBB.B332 en leche 

desnatada y previamente caracterizado en el Capítulo 4, mediante una combinación de

experimentos de espectroscopía de RMN bidimensional y modelización molecular. Se

generaron mapas de energía relajada para cada uno de los fragmentos disacarídicos que

forman la unidad de repetición y se emplearon para realizar un análisis de distancias en 

base a las distancias NOE calculadas y experimentales. Se construyó una unidad de 
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repetición extendida y, seguidamente, una cadena polimérica. Se llevaron a cabo

simulaciones de dinámica molecular con disolvente explícito y se investigaron tanto la 

formación de enlaces de hidrógeno como la concordancia con los datos NOE

experimentales. La cadena polimérica, en concordancia con los datos NOE, no presentó

motivos helicoidales.

131





Curriculum Vitae

Inmaculada Sánchez de Medina Herrera was born in Seville, Spain, on the 26th of

December 1975. She obtained her MSc in Chemistry at the University of Seville in June 

1998. From September 1997 till June 1998, she got a fellowship from the Spanish Ministry

for Education and Science, to collaborate in the research project “C-H bond activation

reactions of terminal alkynes by Rh and Ir complexes containing the Tp*

(hydrotris(pyrazolyl)borate) ligand” under the supervision of Prof. Dr. Ernesto Carmona,

Department of Inorganic Chemistry, University of Seville.

In September 2001, she achieved her MSc in Biochemistry at the University of

Seville. She participated in the EU-FEDER project “Development of microbial inoculates

for soybean cultivars and of PGPR bacteria for the production of ornamental plants”

(1FD97-1430-C04-03), in the group of Prof. Dr. Antonio Gil-Serrano, Department of 

Organic Chemistry, University of Seville. In November 2002, she moved to Milan, Italy,

with a Marie Curie Training Sites Fellowship, to work on Computational Chemistry of

Glycomimetics as part of the project “Design, discovery and synthesis of functional

molecules” (DesDisSyn, HPMT-CT-2001-00293), under the supervision of Prof. Dr. Anna

Bernardi, Department of Organic and Industrial Chemistry, University of Milan, Italy.

From December 2003 till September 2007, she took her Ph.D. degree at the

Department of Bio-Organic Chemistry of Utrecht University, The Netherlands, under the

supervision of Prof. Dr. Johannis P. Kamerling.

In October 2007, she will start working as a postdoctoral research scientist in the

research project “Glycodesign and glycoanalytics, new perspectives for medicine and

biotechnology”, at the Institute of Biochemistry and Molecular Biology, Charité, University

of Medicine in Berlin, Germany.

133





Publications

Conformational analysis and dynamics of mannobiosides and mannotriosides using Monte
Carlo/stochastic dynamics simulations.
A. Bernardi, A. Colombo, I. Sánchez-Medina, Carbohydr. Res., 339 (2004) 967-73.

Intramolecular carbohydrate-aromatic interactions and intermolecular van der Waals
interactions enhance the molecular recognition ability of GM1 glycomimetics for Cholera 
toxin.
A. Bernardi, D. Arosio, D. Potenza, I. Sánchez-Medina, S. Mari, F.J.Cañada, J. Jiménez-
Barbero, Chem. Eur. J., 10 (2004) 4395-4406.

Synthesis and conformational analysis of an -Man-(1 2)- -Man-(1 6)- -Man mimic.
S. Mari, I. Sánchez-Medina, P. Mereghetti, L. Belvisi, J. Jiménez-Barbero, A. Bernardi,
Carbohydr. Res., 342 (2007) 1859-1868.

Structure of a neutral exopolysaccharide produced by Lactobacillus delbrueckii ssp.
bulgaricus LBB.B26.
I. Sánchez-Medina, G. J. Gerwig, Z. L. Urshev, J. P. Kamerling, Carbohydr. Res., (2007)
in press, doi:10.1016/j.carres.2007.06.014.

Structural determination of a neutral exopolysaccharide produced by Lactobacillus
delbrueckii ssp. bulgaricus LBB.B332.
I. Sánchez-Medina, G. J. Gerwig, Z. L. Urshev, J. P. Kamerling. Submitted.

Determination of the three-dimensional structure of the neutral exopolysaccharide produced 
by Lactobacillus delbrueckii ssp. bulgaricus LBB.B332 through molecular modelling and
NMR spectroscopy.
I. Sánchez-Medina, M. Frank, C.-W. von der Lieth, J. P. Kamerling. Manuscript in
preparation.

Conformational analysis of the neutral exopolysaccharide produced by Lactobacillus
delbrueckii ssp. bulgaricus LBB.B26.
I. Sánchez-Medina, M. Frank, C.-W. von der Lieth, J. P. Kamerling. Manuscript in
preparation.

135





Acknowledgements

I would like to express my gratitude to the many people who have made this thesis

possible, not only from the scientific point of view, but also with their support and

encouragement.

I am deeply grateful to my promotor, Prof. Dr. Johannis P. Kamerling, for

accepting my last minute application, thus offering me the opportunity to learn 

carbohydrate chemistry and take my PhD degree in his group. Thank you very much for 

your constant guidance until the final steps of the writing process. I also owe many thanks

to Prof. Dr. Johannes F. G. Vliegenthart, for his useful comments and suggestions.

I would also like to thank my co-promotor, Dr. Gerrit J. Gerwig. As my supervisor

you have taught me a lot of things. Thank you very much for your patience during all these

years and for supporting me in every step of my PhD. It has been a pleasure to work with

you. Thank you, not only for always being available for discussions and all my talking-too-

fast questions, but also for your superb sense of humour, which made life in the lab much

easier. You are a genious…!

I would like to express my gratitude to Zoltan Urshev, from LB Bulgaricum R&D 

Center in Sofia, Bulgaria, for providing the exopolysaccharides characterized in this thesis,

and the useful discussions about lactic acid bacteria that we had during these years. 

I am very grateful to Dr. Claus-Wilhelm von der Lieth and Dr. Martin Frank for

their hospitality during the productive month I spent in Heidelberg. Martin, thank you for

your assistance and for helping me with your expertise in the modelling experiments. I also

want to thank the other members of the group for the pleasant atmosphere: Stephan, René

and Hiren. Outside the lab, I want to express my gratitude to all the people who have made

my stay in Heidelberg so memorable: Nacho, thank you very much for helping me to find

my way in Heidelberg, and for the many interesting conversations we had. Evi, Marco, Ali,

I had a very nice time with you. Viter and Stella, thank you for the nice chat and useful

advice both on science and life.

I owe special thanks to Prof. Dr. Anna Bernardi, for giving me the opportunity to

work in her group and continue my work in The Netherlands. Anna, I learnt a lot from your

way of understanding science during the time I spent in Milan, and I will always be grateful

to you for your help and advice far beyond science.

137



To all my colleagues in the lab, thank you very much for your help and enriching

discussions, as well as the special atmosphere. Justyna, Ana, Björn, Roberto, thanks for

being there when I needed to unburden myself, ready to make me laugh, sometimes behind

a beer. Ana, even though I was busy finalizing my PhD when you arrived, I had a very nice

time with you in the office, and even better, I could finally speak Spanish in the lab!

Stjepan, thank you very much for your help with the tables. Mayken, we shared the stress of

the last steps and we will defend almost at the same time. Good luck with this! Bas, thank

you for your help with the NMR spectrometer. Ricardo, muchísimas gracias por corregirme

el resumen. Walter, thanks for your help with the Dutch forms and other paperwork. Many

thanks are also due to the members of the CPC group: Ineke, Stefan, Emmy, Elif, Mayte,

Anna, Viorica, Ina, etc, for the nice borrels and chats we had. Ingrid and Jan, thank you for

making the conference posters and designing the cover for this thesis.

From the NMR Department I would like to thank Rainer, Roberto Kopke,

Devashish and many others for their help with the spectrometers and useful discussions.

Devashish, it was always very nice to talk to you about so many things, sometimes with

different points of view. Thanks for your friendship and good luck in the future. I hope you 

will make good use of the pan. Mickaël, Julija, Suat, thank you very much for the funny

chats and coffee, but also for your help with computer programs and advice about printing

my thesis.

However, life is not only about science and in these four years in Utrecht, I met

many people who have helped me feel at home in The Netherlands. The Spanish speaking

trio of Centro Flamenco Utrera: Mari, Jose (sin olvidarme de Pablo): Vosotros habéis sido

como una familia para mí, además de mi trocito de Sevilla en esta Utrera del Norte. Os

echaré mucho de menos. Thanks to everybody in Centro Flamenco Utrera, for sharing the

passion for flamenco. Wieke and Marieke, thank you for your friendship and for being

there. Wieke, thanks for giving me strength and hope during the final steps of my PhD, and

for encouraging me to fight for what is important to me. Chari y Gerard, gracias por poner

voz y música a las tardes de flamenco y por los buenos ratos que hemos pasado.

Manuela, thank you for your friendship, which started in Milan, and for the nice

moments we shared. I hope you will finish your PhD soon, with success. Karina and Iris,

my cultural friends, shall we organize another dinner? Jira and Tracey, I will always

remember those girly evenings and the things we did together, apart from learning Dutch,

such as the Carnaval in Maastricht and our trip to Luxemburg. Sara en Mohsen, heel erg

138



bedankt voor jullie gastvrijheid en jullie vriendschap. Raquel, Vanessa, I wish I could have

shared more moments with you. I will miss you. Vito, Santina, Federica, Víctor, Ellen,

Fernanda, Angie, Iñigo, Wilson, Eric, Petra, Simon, Melvin, Zena, I enjoyed many things

with you, from crazy 60´s parties to Reggae concerts, and let's not forget the relaxing

Sunday lunches at Brillante. Esther, Javi, Urko, Vincent, Ana Levin, Pedro de Alkmeria,

and many others, I am very happy to have met you.

In Italia, vorrei ringraziare Pavla e Ilaria. Pavla, mille grazie per tutto. Spero che ci

vedremo presto un'altra volta. Ilaria, grazie per il tuo aiuto, decisivo, all'inizio di 

quest'avventura.

I want to give special thanks to my paranymphs, who were two very important

people in my life in Utrecht. Véro, first colleague, later friend and now paranymph. We had

a very nice time in the lab and I really thank you for your help and support during my PhD,

as well as for my future projects. 

Ana, from flamenco lessons to shopping sessions; from pub quiz to cinema; from

Utrecht to the Spanish coast... We could hardly have done more things together, but above

all I could hardly have found a better friend in Utrecht… ¡Imposible! Anacardo, I am very

happy to have you as my paranymph. Thank you for all the fun we had, for your sense of

humour, for always listening to me in the difficult moments, and for your help in organizing

the party. I will miss you a lot.

In Spain, I would like to thank my family and my friends, for being there and

always reminding me of who I am.

Angela, Encarna, Marta, no matter how long the distance, you will always be

there. I have no words to express you how proud and lucky I am to have such friends.

Thank you for your support, for the long chats, e-mails and phone calls, for following my

life as if you were here, and for making me feel proud of myself.

Finalmente, quiero agradecer a mis padres, Paco y Berty, y mi hermana,

Esperanza, el haber aceptado mis decisiones en la vida, así como su apoyo y ánimo durante

todos estos años mientras perseguía mi sueño. 

 139 




