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List of Abbreviations

2AB, 2-aminobenzamide

Arg, arginine

Asp, aspartic acid

ConA, Concanavalin A

COSY, correlation spectroscopy

CVFF, consistent valence force field

DFLNH, difucosyllacto-N-hexaose

DFLNH I, difucosyllacto-N-hexaose I

DFLNH b, difucosyllacto-N-hexaose b

DHB, 2,5-dihydroxybenzoic acid

DolP-Man, dolichol phosphate mannose

DSLNT, disialyllacto-N-tetraose

E. coli, Escherichia coli

EDN, eosinophil-derived neurotoxin

2’FL, 2’-fucosyllactose

3°’FL, 3’-fucosyllactose

FSLNnH, monofucosylmonosialyllacto-N-neohexaose
Fuc, fucose

Gal, galactose

GDP-Man, GlcNAc-PP-dolichol mannosyltransferase
Glc, glucose

GLC-EI/MS, gas-liquid chromatography electron impact mass spectrometry
Hex, hexose

HMBC, heteronuclear multiple bond correlation
HPAEC-PAD, high-pH anion-exchange chromatography with pulsed amperometric
detection

HPLC, high-performance liquid chromatography
HSQC, heteronuclear single quantum coherence spectroscopy
Ile, isoleucine

LNDFH II, lacto-N-difucohexaose

LNFP I, lacto-N-fucopentaose I



LNFP II, lacto-N-fucopentaose 11

LNH, lacto-N-hexaose

LNnH, lacto-N-neohexaose

LNnT, lacto-N-neotetraose

LNT, lacto-N-tetraose

LSTha, sialyllacto-N-tetraose a

LSTec, sialyllacto-N-tetraose c
MALDI-TOF-MS, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry

MBL-C, mannan-binding lectin C

MD, molecular dynamic

Met, methionine

MFLNH II, monofucosyllacto-N-hexaose 11
MLEV, Malcolm Levitt's CPD sequence
NCN-R, [C¢H,(CH,NMe,),-2,6-R-4] "
Neu5Ac, N-acetylneuraminic acid

Neu5Gc, N-glycolylneuraminic acid.

NOE, nuclear Overhauser effect

NOESY, nuclear Overhauser effect spectroscopy
NMR, nuclear magnetic resonance

PFG, pulsed field gradient

Pro, proline

RCA ), Ricinus communis agglutinin

RI, refractive index

RNA, ribonucleic acid

RNase 2, non-secretory ribonuclease 2
ROESY, rotating frame nuclear Overhauser enhancement spectroscopy
RU, response units

3’SL, 3’-sialyllactose

6’SL, 6’-sialyllactose

SPC, simple point charge

SPR, surface plasmon resonance

TBTU, O-benzotriazol-1-yl-N,N,N',N'-tetramethyluronium tetrafluoroborate
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TFLNH, trifucosyllacto-N-hexaose

Thr, threonine

TLC, thin layer chromatography

TOCSY, total correlation spectroscopy

TPPI, time-proportional phase incrementation
Trp, tryptophan

TSR, thrombospondin

Tyr, tyrosine

Val, valine

VLC, vacuum line column chromatography

WEFT, water eliminated Fourier transform
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Probiotics and prebiotics

The intestinal microbiota plays a crucial role in our health and well-being', and its
activity extends beyond the intestine. Altered gut microflora has been associated with
diseases such as rotavirus diarrhea’, rheumatoid arthritis’, allergic diseases®, and possibly
autism’. Probiotics, and more recently prebiotics, have been investigated in an attempt to
modify in a favourable way the intestinal microflora. After preliminary definitions of the
term probiotic by Lilly and Stilwell® (any substance or organism that contributes to the
intestinal microbial balance) and Fuller’ (a live microbial feed supplement), a recent,
formal definition of probiotics was given by a working party of European scientists as ‘a
live microbial supplement that is beneficial to health’®. Prebiotics were instead defined as
“a non-digestible food ingredient that beneficially affects the host by selectively
stimulating the growth and/or activity of one or a limited number of bacteria in the colon,
and thus improve host health™.

Little is known about the actual interactions that take place in the intestinal tract, but
probiotics are believed to be able to compete with intestinal microbes and counter act

10,11

some immunological disturbances ', whereas prebiotics are believed to affect intestinal

bacteria directly, since host cells cannot utilize prebiotic compounds.

The gastrointestinal microbiota

The intestinal microbiota of humans is thought to be composed of more than 1000
different species, with the vast majority being obligatory anaerobic'?. The stomach and the
first two-thirds of the small bowel contain only relatively small amounts of microbes, but
the population density and diversity increases from the proximal small intestine (10°
microbes per milliliter of luminal contents) to the colon'’. The large numbers of bacteria
reside in the distal gut (ileum and colon), with densities of around 10'" microbes per gram
of luminal contents. This vast collection of microbial species is acquired soon after birth
and persists basically unmodified throughout life. The gastrointestinal tract of newborn is

sterile, but it is rapidly colonized by bacteria'*'®

transmitted by the mother or by the
surroundings. After well-adapted members of the microbiota have occupied all the niches
of the gastrointestinal tract'®, the gut becomes resistant to further colonization'”'®. During

adulthood, perturbations of the gastrointestinal microflora are rare and mainly associated
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with pathological conditions such as infections, antibiotics therapy, or immune
suppression.

Principal sources of carbon and energy for the large bowel microbiota are simple
sugars that have escaped digestion in the small bowel, and complex carbohydrates, which
remain abundant in the distal part of the gastrointestinal tract. For this reason, bacteria
such as Bifidobacterium longum or B. thetaiotaomicron that contain numerous genes
involved in polysaccharide degradation, are better suited to survive in the lower
compartments of the gastrointestinal tract. Besides contributing to the digestion of
exogenous and endogenous substrates, such as fibers, mucins, sloughed epithelial cells,
complex carbohydrates, proteins, and fats, that have escaped digestion in the small bowel,
the intestinal microbiota provides a protective barrier against incoming potential
pathogens. This colonization resistance is exerted through production of antimicrobial
substances and competition for nutrients and binding sites'”’. The normal microbiota has
considerable influence on host biochemistry, physiology, immunology, and low-level
resistance to gut infections*?'.

The indigenous bacteria can be classified as pathogenic, neutral, or health promoting.
Probiotic activity has traditionally been associated with bifidobacteria and lactobacilli, but
Streptococcus, Enterococcus, and non-pathogenic E. coli species, as well as
Saccharomyces boulardii have also been shown to inhibit growth, metabolic activity and

adhesion of enteropathogenic bacteria such as Salmonella and Shigella™.

Lactic acid bacteria

Lactic acid bacteria (LAB) are gram-positive nonpathogenic bacteria capable of
producing lactic acid as the main end-product of the fermentation of carbohydrates.
Streptococcus thermophilus and Lactococcus lactis are among the most, commercially
important lactic acid bacteria. In association with Lactobacillus delbrueckii subsp.
bulgaricus, Streptococcus thermophilus is used as a starter culture for the production of
yoghurts. Attribution of beneficial properties, such as alleviation of symptoms of lactose
intolerance and other gastrointestinal disorders, to those two bacteria can be traced back to
the pioneer of probiotics, Ilya Ilyich Metchnikoff (1907), as published in his book The
Prolongation of Life. At present, in addition to yoghurt production, S. thermophilus is

used in formulations together with bifidobacteria and other lactic acid bacteria (e.g.
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Lactobacillus casei, L. johnsonii, L. plantarum, L. rhamnosus, L. reuteri) with positive
results for prevention of diarrhea and shedding of rotavirus.”

Lactobacillus and Bifidobacterium also belong to the lactic acid bacteria. Lactobacilli
are present in food (dairy products, fermented meat, sour dough, vegetables, fruit,
beverages), in sewage and plant material, in respiratory systems and genital tracts of
humans and animals, and throughout the gastrointestinal tract of humans. Bifidobacteria
occur in animal and human habitats: in particular, they have been isolated from faeces,
rumen of cattle, sewage, human vagina, dental caries, and honey bee intestine.
Bifidobacteria strains that exhibit probiotic properties belong to the species
Bifidobacterium adolescentis, B. animalis, B. bifidum, B. breve, B. infantis, and B.

longum.

Functionality of the gastrointestinal microflora

Understanding of the features and functions of the intestinal microflora is a
challenging task, since the majority of the gastrointestinal tract locations are inaccessible
for sampling. Moreover, the majority of gastrointestinal tract microbes cannot be grown in
culture®. A reason can be the necessity for strictly anoxic conditions, but also unknown
growth requirements, the exposure to stress during the cultivation procedures, and
eventually the need for specific interactions with other microbes and/or host cells”. In the
past, the evaluation of gastrointestinal activity was based on analysis of faccal samples,
but nowadays it is accepted that this sampling technique does not account for all parts of
the gastrointestinal tract, since different niches within single individuals (facces, GI tract
location, lumen, mucosa) host different bacterial populations®*?’ including the colon®®%.
The application of culture-independent approaches like the 16S rRNA method has
provided novel insight into the gut ecology™’. The features of predominant gastrointestinal
tract bacterial communities seem to be host specific’’”? and affected by the host
genotype®. The microbiota is stable in healthy individuals®*, but unstable in individuals
suffering from gastrointestinal tract disorders®, and it changes during ageing of the host**
¥ 1t is affected by antibiotics and certain diets***, but not permanently altered by the

consumption of pre- and/or probiotics.
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Probiotics

The concept of probiotics dates back to the beginning of the past century when
Metchnikoff*® presumed that the bacterial community residing in the large bowel of
humans was a source of substances, toxic to the nervous and vascular system of the host.
He believed that administration of cultures of fermentative bacteria would ‘implant’ these
‘beneficial’ bacteria in the intestinal tract, and replace or diminish the number of
putrefactive microbes that contribute to intoxication of the body and the ageing process.
Lactic acid-producing bacteria were favored as fermentative bacteria to use for this
purpose, since it had been observed that the natural fermentation of milk by these
microbes prevented the growth of acid-intolerant bacteria, including proteolytic species.
Moreover, Metchnikoff believed the longevity of Bulgarian peasants to be related to their
elevated intake of ‘soured milks’, i.e. dairy-based drinks containing live bacteria.

Probiotic strains must have the following characteristics*’: they should be normal
inhabitants of the intestinal tract of human origin, since some health-promoting effects
may be species specific; they should express high tolerance to acid of the stomach,
digestive enzymes, and bile; they should survive and be metabolically active within the
luminal flora; they must be safe for humans; they should maintain their viability and
beneficial properties through processing, culture and storage™; they should be antagonists
of pathogenic bacteria.

Much effort has been devoted to screen and characterize bacteria in order to identify a
‘universal colonizer’, which was supposed to survive passage through the stomach and
small intestine and should colonize the intestinal tract of all consumers for a reasonable
time. Nevertheless, several studies demonstrated conclusively that ingested strains do not
become established members of the normal microbiota, but persist only during periods of
dosing or for relatively short periods thereafter™>. There is also evidence that common
probiotic strains differ in their degree of persistence™. Theoretically, owing to the lack of
a stable microbiota, probiotic treatment of infants should result in a more permanent
colonization of the neonate gut and in a more pronounced effect on other bacteria™.
Moreover, the passage of allochthonous lactobacilli through the human gut might

constitute a stimulus for the immune system, especially in the early stages of life.

17



Biological activities of probiotics

Colonization resistance

One of the mechanisms of action of probiotics includes colonization resistance to the
growth of pathogenic bacteria such as Listeria monocytogenes, Escherichia coli, and
Salmonella®>®. This inhibition is due to various mechanisms. Besides the production of
antimicrobial compounds such as organic acids, hydrogen peroxide, bacteriocin or
reuterin®®®!, the competition for nutrients and for adhesion to intestinal surfaces plays an
important role®. Lactobacillus plantarum 299v has been shown to enhance intestinal
mucin gene expression to inhibit the adherence of enteropathogenic E. coli to HT-29
cells”. Moreover, lactobacilli in the small intestine of newborn piglets create an acid

intestinal environment that is inhibitory to Escherichia coli and Vibrio cholerae

enterotoxin production, contributing to a ‘protective’ effect.

Stimulation of the immune system

The intestine is the body’s largest immune organ. Most of the antibody-producing cells
reside in the intestine®. A recently recognized function of the intestinal microbiota is to
provide stimulation of the immune system through immune cell proliferation, enhanced
phagocytic activity, and increased production of secretory IgA. Malin et al*® demonstrated
that oral administration of Lactobacillus GG has the potential to increase the gut IgA
immune response and to promote the intestinal immunological barrier in children with
Crohn’s disease.

In 1981, Yokokura® screened 26 strains of 14 species of lactic acid bacteria for in vivo
antitumor activity against sarcoma 180, a transplantable mice tumor, and found that some
had potent antitumor activity. Among them, especially Lactobacillus casei strain Shirota
(LcS) showed a high potency. LcS has also been shown to prevent the recurrence of
superficial bladder cancer in humans®’, and to have immunomodulatory effects in animal
models®. Because this strain is not directly cytotoxic to tumor cells in vitro, it has been
postulated that its antitumor action may be mediated by augmentation of the host’s
immune system. Oral feeding of LcS to 3-methylcholanthrene-treated mice rendered their
natural killer (NK) cells tumoricidal in terms of both quality and quantity, resulting in
suppression of tumor incidence®. To investigate the mechanism underlying the antitumor

effect of LcS, Takeda et al’’ examined the effects of drinking fermented milk containing
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LcS on the immune system of healthy individuals, especially the effects on the NK-cell
activity of peripheral blood mononuclear cells. They demonstrated that NK activity
significantly increased 3 weeks after the start of intake, and elevated NK cell activity
remained for the next 3 weeks. This effect was particularly prominent in the low-NK-
activity individuals, suggesting that daily intake of Lactobacillus casei strain Shirota can
augment NK-cell activity.

Another study, aimed at elucidating whether consuming fermented milk containing
lactic acid bacteria could induce changes in the intestinal flora and modulate the immune
response in man, was undertaken by Link-Amster et al’’. To this end, volunteers
consumed fermented milk containing L. acidophilus Lal and bifidobacteria over a period
of three weeks. During that period of time an attenuated Salmonella typhi Ty21a strain
was administered to mimic an enteropathogenic infection. The specific serum IgA titre-
rise to S. typhi Ty21a in the test group was more than 4-fold, and significantly higher than
in the control group. An increase in total serum IgA was also observed. These results
indicate that lactic acid bacteria, which can persist in the gastrointestinal tract, can act as

adjuvant to the humoral immune response.

Antiallergic effects

The lower exposure of neonate and infants to intestinal microbial challenge in the last
decades, as indicated by epidemiological data, has been associated with higher incidence
of allergic disease’™". Allergic infants have been observed to have an aberrant intestinal
microbiota, i.e. they have higher levels of Clostridia and lower levels of Bifidobacteria’*.
Probiotics may provide a safe alternative to the microbial stimulation needed for the
developing immune system in infants.

In newborns, the immune system is directed toward T-helper 2 (Th2) cells. The Th2
phenotype leads to the stimulated production of IgE by B-cells, and therefore increases the
risk of allergic reactions through activation of mast cells. Microbial stimulation in early

7576 and

life will reverse the Th2 bias and stimulate the development of a Th1l phenotype
increase the activity of Th3 cells’’. Their combined action will lead to the production of
IgA by B-cells. IgA contributes to allergen exclusion, and will thereby reduce exposure of
the immune system to antigens.

Cytokines produced by the Thl phenotype will also reduce inflammation, and

stimulate tolerance towards common antigens’®. The Bifidobacteria isolated from infants
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with atopic dermatitis were found to induce a higher secretion of proinflammatory
cytokines in vitro, whereas the Bifidobacteria from healthy infants induced the secretion
of more anti-inflammatory cytokines”. Bifidobacteria of dairy origin stimulated more
anti-inflammatory and less inflammatory cytokines than Bifidobacteria from allergic
infants. Moreover, Bifidobacteria from allergic and healthy infants exhibited different in
vitro adhesion to Caco-2 tissue culture cells*.

Recent studies suggest that oral bacteriotherapy with probiotics might be useful in the
treatment of atopic dermatitis (AD). Majamaa et al*' evaluated the clinical and
immunologic effects of replacing cow's milk by an extensively hydrolyzed whey formula,
with or without the addition of a human intestinal floral Lactobacillus GG strain, in infants
with atopic eczema and cow's milk allergy. The clinical score of atopic dermatitis
improved significantly during the 1-month study period in infants treated with the
extensively hydrolyzed whey formula fortified with Lactobacillus GG. Results suggested
that probiotic bacteria promote local antigen-specific immune responses (particularly in
the IgA class), prevent permeability defects, promote endogenous barrier mechanisms in
patients with atopic dermatitis and food allergy. A study by Isolauri er a/** demonstrated
that infants administered with Bifidobacterium lactis Bb 12 and Lactobacillus strain GG
not only presented diminished symptoms of atopic eczema, but also showed alleviation of
allergic inflammation. Reduction of sCD4 and TGF-B1 levels in serum and of EPX in
urine, respectively, associated with chronic inflammation®, mucosal allergic
inflammation®, and childhood asthma®, indicated that probiotics may counteract
inflammatory responses beyond the intestinal milieu.

Contradictory results have recently been published by Brouwer er al*’, who
supplemented infants with AD less than 5 months old with a hydrolyzed whey-based
formula as placebo, or supplemented them with either Lactobacillus rhamnosus or
Lactobacillus GG for 3 months. They found no clinical or immunological effects of the
probiotic bacteria used in infants with AD, indicating that oral supplementation with these

probiotic bacterial strains will not have a significant impact on the symptoms of infantile

AD.

Inflammatory bowel disease
The gut mucosa has two major roles: it allows the passage of nutrients and protects

against infectious agents. The gut lymphoid system differs from that of other tissues in
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that it predominantly produces IgA antibodies. Substances introduced orally are usually
ignored by the immune system, a phenomenon known as “oral-tolerance”. A normal
healthy gut microflora is necessary to induce oral tolerance and to protect the host against
allergic sensitization®’. In intestinal inflammation, the integrity of the mucosal barrier is
disrupted and antigens are able to trespass it. Chronic intestinal inflammation, such as in
Crohn’s disease, is caused by an excessive immune response to mucosal antigens and
elements of the normal bacterial microflora®™. A possible aid is local delivery of specific
bacteria engineered to produce anti-inflammatory cytokines and probiotic therapy.
Alteration of the indigenous microflora by probiotic therapy has been shown to reverse

8990 colon

some immunological disturbances typical of inflammatory bowel disease
cancer’', ulcerative colitis®, infectious diseases”, and Crohn’s disease. Probiotics that
seem to give promising results in the maintenance treatment of Crohn’s disease include
Saccharomyces boulardii®’, Lactobacillus GG, and E. coli strain Nissle 1917%°.
Promising results in maintaining remission in ulcerative colitis, Crohn’s diseases, and
pouchitis have been obtained with VSL#3, a mixture of four lactobacilli strains
(Lactobacillus plantarum, L. casei, L. acidophilus, L. delbrueckii ssp. bulgaricus), 3
Bifidobacteria strains (Bifidobacterium infantis, B. breve, B. lomgum), and one strain of
Streptococcus salivarius ssp. thermophilus. Beneficial effects were a decreased expression
of inflammatory markers ex vivo, increased immune response, improvement of the gut

. . . .. . 9799
barrier function, maintenance of remission, and lower drug consumption™ .

Treatment of diarrhea

Probiotics have preventive as well as curative effects on several types of diarrhea of
different etiologies. Treatment of diarrhea by administration of living or dried bacteria has
a long tradition. Yoghurt was originally introduced into the market as an inexpensive,
easy to prepare, and easily available remedy against diarrhea in children, and was sold in
pharmacies. Fermented milk products are known to enhance lactose digestion and avoid
intolerance symptoms in lactose malabsorbers. Fermented milk products with living
bacteria contain microbial 3-galactosidase that survives the passage through the stomach
to be finally liberated in the small intestine and there to support lactose hydrolysis'®. This
is not a specific probiotic effect, because it does not depend on survival of the bacteria in

the small intestine.
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Probiotic strains are efficacious in preventing infectious diarrhea in healthy subjects.

Sazawal et al'™

evaluated the efficacy of probiotics in prevention of acute diarrhea.
Evidences suggest that probiotics significantly reduce antibiotic-associated diarrhea by
52%, the risk of travellers' diarrthea by 8%, and that of acute diarrhea by 34%. The
protective effect does not vary significantly among the probiotic strains Saccharomyces
boulardii, Lactobacillus rhamnosus GG, L. acidophilus, L. bulgaricus, and other strains
used alone or in combinations of two or more strains. Lactobacillus GG has also found
application in the treatment of diarrheal disorders such as treatment of recurrent infection

with Clostridium difficile'® and rotavirus infection in children'®*'**,

Genetically modified probiotics

Extensive epithelial ruptures caused by a variety of infectious agents and/or by

chemical contaminations, often lead to acute intestinal inflammation, also referred to as
acute colitis.
The search for novel therapeutic approaches for acute and chronic colitis based on live
recombinant lactic acid bacteria was extended by the construction and in vivo evaluation
of L. lactis strains secreting bioactive murine trefoil factors (TFF). TFF are excellent
candidates to restore a disrupted intestinal epithelial barrier, but they are mostly
ineffective when administered orally. Vandenbroucke er al'® demonstrated that
intragastric administration of TFF-secreting L. lactis, in contrast to purified TFF, led to
effective prevention and healing of acute DSS-induced acute colitis. It was successful in
reducing established chronic colitis in IL-10"" mice.

Although recombinant strains would not be accepted today in functional food, their
future use in therapeutic approaches can be foreseen provided that the benefit/risk balance
is positive for consumers. Recently, a strain of L. lactis secreting human IL-10 has entered
clinical testing for the treatment of severe, active Crohn’s disease, and represents the first

genetically modified lactic acid bacterium to be tested in humans.

Prebiotics

Today prebiotics are defined as “selectively fermented ingredients that allow specific
changes, both in the composition and/or activity in the gastrointestinal microflora, that

confer benefits upon host well-being and health”. The main targets for prebiotics are
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traditionally lactobacilli and bifidobacteria, due to their success in the probiotic area. The
criteria established for classifying a food ingredient as a prebiotic are: resistance to gastric
acidity, to hydrolysis by mammalian enzymes, and to gastrointestinal absorption;
fermentation by intestinal microflora; selective stimulation of the growth and/or activity
of those intestinal bacteria that contribute to health and well-being'®.

Currently the only food ingredients that have clearly demonstrated to fulfill the above
listed criteria are galacto-oligosaccharides and fructo-oligosaccharides (inulin). Gluco-
oligosaccharides, isomalto-oligosaccharides, polydextrose, lactosucrose, soybean
oligosaccharides, and xylo-oligosaccharides are still being investigated for their prebiotic

effects.

Inulin and fructo-oligosaccharides

The chemical structure of inulin is either an o-D-glucopyranosyl-[B-D-

fructofuranosyl],.,-B-D-fructofuranoside (G,yF,) or a P-D-fructopyranosyl-[B-D-fructo
furanosyl],.;-B-D-fructofuranoside (F,yF,). The term inulin describes PB(2-->1) linear
fructans with DP 2-60 and an average DP = 12.
Fructo-oligosaccharides (FOS) are mixtures of small inulin oligomers with DP,,.<10'"".
FOS are produced by partial enzymatic hydrolysis of inulin using an endoinulinase or by
enzymatic synthesis using the fungal enzyme p-fructosidase. In the first case a mixture of
G,yFn and Fy F, with an average DP = 4 is obtained; in the second, all oligomers are of the
G,yF. type and have a DP,, = 3.6. The term inulin-type fructans covers native inulin, FOS,
inulin HP (DP 10-60, DP,, = 25), and Synergy 1, a specific combination of oligofructose
and inulin HP'®,

Because of the B-configuration of the glycosidic linkage (anomeric C2) in the fructose
monomers, inulin-type fructans resist hydrolysis by intestinal digestive enzymes. In the
colon, they are rapidly fermented by bifidobacteria to produce short-chain fatty acids'®.
They also induce changes in colonic epithelium stimulating proliferation in the crypts,
thereby increasing the concentration of polyamines, changing the profile of mucins, and
modulating endocrine as well as immune functions. The prebiotic activity of FOS has
been confirmed by laboratory and human tests''*''?. Inulin and oligofructose were shown
to exert beneficial effects on experimental colitis and the composition of intestinal

113

microflora in rats’ . A large number of animal data convincingly show that inulin-type
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fructans reduce the risk of colon carcinogenesis, and nutrition intervention trials are now
performed to test this hypothesis in human subjects known to be at risk for polyps and
cancer development in the large bowel''*.

Galacto-oligosaccharides

Galacto-oligosaccharides (GOS) are the products of transgalactosylation reactions
catalyzed by [-galactosidase, when using lactose or other structurally related galactosides
as substrate. GOS generally consist of oligogalactosylated glucose dimers to pentamers,
with B-D-Galp-(1—2)-D-Glcp, B-D-Galp-(1—3)-D-Glep, B-D-Galp-(1—4)-D-Glep, and -

115,116

D-Galp-(1—6)-D-Glcp linkages . Recently, a novel form of transgalactosylating
activity of B-galactosidase leading to the formation of a-D-Glcp-(14>1)-B-D-Galp has also
been reported'!’. Resistance to digestion in the upper gastrointestinal tract is conferred by
the B-glycosidically linked galactose, since humans lack enzymes able to hydrolyze [3-
glycosidic linkages other than lactose.

Some of the most important effects of prebiotics are outlined in the following

paragraph.

Effects of prebiotics

Intestinal colonization

Intestinal colonization has a marked impact on the maturation of the infant’s
intestinal immune system''®. Breast-fed babies develop a population richer in
bifidobacteria, while formula-fed infants present a more diverse population composed of
bifidobacteria, enterobacteria, lactobacilli, bacteroides, clostridia, and streptococci“g’lzo.
Breast-fed infants during the first year of life seem to have less gastrointestinal,

12112 Enhancement of

respiratory and urinary infections than bottle-fed infants
bifidobacteria in early stages may therefore have beneficial effects on infant’s health.
Human milk has a high content of oligosaccharides that stimulate bifidobacteria growth
by fermenting lactose to produce lactic and acetic acid giving rise to an acidic medium,
optimal for its growth and development'”. These findings have motivated the dairy
industry to add different ingredients to infant formulas, to induce a similar colonization

pattern to that found in breast-fed infants. A study performed on 32 infants at the age of

six months demonstrated that breast-fed infants and infants given partially hydrolyzed
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formula supplemented with prebiotic oligosaccharides (a mixture of GOS and FOS 9:1)
had identical levels of bifidobacteria in their feces, significantly exceeding those observed

in formula-fed infants'**

. Mixtures of galacto-oligosaccharides and long-chain fructo-
oligosaccharides in the ratio 9:1 have been demonstrated to stimulate the intestinal
microflora of formula-fed infants similarly to breast-feeding, with respect to the count and
distribution of Bifidobacteria, reduction of pathogens, amount of short chain fatty acids,
and pH'>'?"_ They also proved to reduce the incidence of atopic dermatitis during the first

six months of age'*.

Prevention of colon cancer

Intestinal microbiota preferentially utilizes carbohydrates as energy source. In the
absence of carbohydrates certain microbes, such as clostridia, revert to protein
fermentation. Chronic putrefaction generates toxic fermentation products, i.e. ammonia,
amines and nitrosoamines, phenols and cresols, indole and skatole, secondary bile acids,

12931 \which can increase the risk of colon cancer. Prebiotics can be

and aglycones
protective against carcinogenesis'*>'*, by subverting the colon metabolism away from
protein and lipid to saccharolysis, and by generating metabolites such as butyrate, which
is known to stimulate apoptosis in colonic cancer cell lines'**'**. To date, few prebiotics
have been evaluated in human trials, but promising results have been obtained recently by
using symbiotic preparation of prebiotics (oligofructose-enriched inulin) and probiotics
(Lactobacillus rhamnosus GG and Bifidobacterium lactis Bb12) in polypectomized and

colon cancer patients' .

Resistance to pathogens

Probiotic microorganisms can reduce bacterial and viral infections by releasing natural
antibiotics with a broad spectrum of activity'”’, and by excreting short-chain fatty acids
(mainly acetic and lactic acids) that lower the pH to levels below those pathogens are able

138 Montreuil"** postulated that the increased metabolic activity of a

to compete effectively
larger population in the lumen can decrease the intestinal pH, and that in turn can inhibit
proliferation of pathogenic Gram-negative bacteria such as Shigella flexneri and
Escherichia coli. By this last effect, prebiotics have been shown to inhibit certain strains
of potentially pathogenic bacteria, especially Clostridium'*and E. coli'”', and therefore

prevent diarrhea.
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Studies focused on clinically relevant pathogens such as Staphylococcus aureus,
Staphylococcus epidermidis, Staphylococcus haemolyticus, Pseudomonas aeruginosa,
Enterobacter, Klebsiella, Proteus, Streptococcus group B, Clostridium difficile, Bacillus
subtilis, and Acinetobacter demonstrated that administration of prebiotic substances
reduces the presence of pathogens in the faecal flora and might have the capacity to
protect against enteral infections'**.

Asahara ef al'*® examined the anti-infectious activity of Bifidobacteria in combination
with galacto-oligosaccharides (GOS) against enteric pathogens under conditions in which
indigenous flora had been eliminated by antibiotics. Antibiotic-induced intestinal
overgrowth and extra-intestinal translocation of Salmonella enterica serovar Typhimurium
in mice was shown to be inhibited by symbiotic administration of B. breve and GOS.
Lowering of intestinal pH and organic acid production appeared to be important for this
anti-infectious activity. These results indicate that certain bifidobacteria together with
prebiotics may be used for the prophylaxis against opportunistic intestinal infections with

antibiotic-resistant pathogens such as Salmonella typhi.

Stimulation of the inmune system

144 it was demonstrated that mixtures of GOS and FOS enhance

In a recent study
systemic Thl-dependent immune responses in a murine vaccination model. As Thl-
responses are weak early in life of humans, this might suggest that application of these
oligosaccharides in infant formulas will be beneficial for the development of the infant's
immune system. A study performed by Bruzzese et al.'* confirmed lower incidence of
intestinal and respiratory infections in infants fed the GOS/FOS formula, while dietary
supplementation of prebiotic mixtures of GOS and long-chain FOS showed to decrease
parameters of allergenic asthma in mice'*®. These results support the hypothesis that
specific mixtures of oligosaccharides modulate the Th1/Th2 balance by enhancing Thl-
related and suppressing Th2-related parameters.

In a placebo-controlled trial, 1223 pregnant women carrying high-risk children were
given probiotics for 2 to 4 weeks before delivery, and their infants received the same
probiotic plus galacto-oligosaccharides for 6 months. The treatment showed no effect on
the incidence of all allergic diseases by the age of 2 years, but significantly prevented

eczema and especially atopic eczema'?’.
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Hypocholesterol action

1.'*8 indicated that certain strains of Lactobacillus

Studies performed by Gilliland et a
acidophilus may be beneficial in reducing serum cholesterol levels in human gastro-
intestinal tract. Twelve strains of L. acidophilus of human origin have in fact been shown

to assimilate cholesterol in in-vitro studies'.

Synbiotic formulations

Nowadays it is accepted that formulations containing prebiotics and probiotics
(synbiotics) may enhance the beneficial effect by synergistic activity. Bartosch et al'™
demonstrated that due to changes in gut physiology, immune system reactivity, and diet,
elderly people are more susceptible to gastrointestinal infections than are younger adults.
The gut microflora, which provides a natural defense against invading microorganisms,
changes in elderly people with the development of potentially damaging bacterial
populations, which may lead to alterations in bacterial metabolism and higher levels of
infection. A randomized, double-blind, controlled feeding trial was done with 18 healthy
elderly volunteers (age, >62 years) using a synbiotic comprising Bifidobacterium bifidum
BB-02 and Bifidobacterium lactis BL-01 together with an inulin-based prebiotic (Synergy
1). Real-time PCR was employed to quantitate total bifidobacteria in fecal DNA before,
during, and after synbiotic consumption. Counting all viable anaerobes, bifidobacteria and
lactobacilli, and identification of bacterial isolates to species level was also done.
Throughout feeding, both bifidobacteria species were detected in fecal samples obtained
from all subjects receiving the synbiotic, with significant increases in the number of
copies of the 16S rRNA genes of B. bifidum, B. lactis, and total bifidobacteria, compared
with the pre-feeding period (1 week) and the placebo group. At least 1 of these species
remained detectable in fecal samples 3 weeks after feeding in individuals that previously
had no fecal B. bifidum and/or B. lactis, indicating that the probiotics persisted in the
volunteers. Counting of viable organisms showed significantly higher total numbers of
fecal bifidobacteria, total numbers of lactobacilli, and numbers of B. bifidum during
synbiotic feeding, demonstrating that synbiotic consumption increased the size and

diversity of protective fecal bifidobacterial populations.

27



Aim of the thesis

The primary aim of the thesis is to contribute to the isolation and characterization of
prebiotics from non-human milk, in particular goat colostrum. High concentrations of
lactose in milk form a great obstacle to isolate other milk oligosaccharides. A novel
solution for this problem has to be developed. The study of the effects of such
oligosaccharides on the adhesion of bacteria to intestinal epithelial cells should furnish
insight in the potency of the oligosaccharides to act as prebiotics. The milk
oligosaccharides require structural characterization, which should be done by means of
NMR spectroscopy.

A further goal is to gain insight in the action of prebiotics in biological systems. It can
be anticipated that these effects are mainly based on carbohydrate-protein interactions. To
develop adequate tools for such studies, improvements in the application of NMR

spectroscopy and surface plasmon resonance spectroscopy have to be explored.
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Abstract

The relatively high content of lactose in non-human milk/colostrum/whey complicates
the isolation of commercially interesting amounts of additional oligosaccharides present.
A fast and scalable approach for goat, sheep, and cow milk/colostrum/whey has been
developed, by making use of -galactosidase from Escherichia coli to degrade lactose. In
this procedure the original oligosaccharide compositional profile is preserved, thereby
improving the efficiency of the neutral oligosaccharide fractionation by gel-permeation
chromatography. Investigation of the goat neutral oligosaccharide pool showed the major
components to be a3’-galactosyllactose, 3’-galactosyllactose, and B6’-galactosyllactose,
products being completely absent in human milk. In contrast to human milk, fucosylated
oligosaccharides are nearly absent. The goat acidic oligosaccharide pool contains both N-
acetyl- and N-glycolyl-neuraminyl oligosaccharides, among others sialyl-N-
acetyllactosamine, a product being absent in human milk. Although most of these
components have been identified earlier in goat colostrum or milk, the improved protocol
makes their isolation much more straightforward. Bacterial adhesion studies with isolated
acidic oligosaccharide fractions showed a significant inhibition of the adherence to faecal
Salmonella fyris B8132 to cultured intestinal epithelial cells. However, for faecal

Escherichia coli 0119 no detectable inhibitory effect was found.
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Goat milk; milk oligosaccharides; B-galactosidase; Escherichia coli; Salmonella fyris
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Introduction

Human milk contains a large variety of free oligosaccharides, of which lactose is the
predominant component'. Since the pioneering studies performed in the late fifties by
Kuhn? and Montreuil’, more than 80 oligosaccharides have been isolated from human
milk, and fully structurally characterized®’. One of the reasons for the still growing
interest in these compounds is the discovery that breast-fed babies seem to have fewer or
less severe gastrointestinal, respiratory, and urinary infections than formula-fed infants®’,
suggesting that human milk oligosaccharides may protect infants from pathogenic
agents™. It has been proved that, being soluble structural analogs of receptor glycan
chains, oligosaccharides are able to prevent adhesion of bacteria, viruses, and fungi to
epithelial cells'®'. For example, sialyllactose has been shown to inhibit adhesion of

15-17

cholera toxin, enterotoxin, and possibly influenza virus >’, and at the same time to

promote the growth of Bifidobacterium bifidum in the lower gastrointestinal tract, thereby
inhibiting the proliferation of pathogenic organisms'*'.

Non-human milk also contains a high variation of free oligosaccharides, but their
complete pattern, as well as their biological function, has not been elucidated yet. It has
been proposed that some oligosaccharides found in rat milk*® or in bovine and equine
colostrum, may be of nutritional significance. But it might as well be speculated that, in
analogy to human-milk oligosaccharides, their function may be primarily protective, by
inhibiting the adhesion of pathogenic organisms to the intestinal mucosa of newborn
calves and lambs?'. Further studies are required to prove these hypotheses, since up to
now oligosaccharides from non-human milk have not been investigated to such an extent
as human ones. Moreover, a direct comparison with human oligosaccharides is not
straightforward, as it has been shown that significant structural differences™ exist, like the
almost complete absence of fucosylated structures in sheep, cow, and goat milk?.
Characterization and biological testing of non-human milk oligosaccharides are currently
hampered by their low availability, due to the lack of efficient isolation procedures.
Complete removal of lactose, whose relative percentage is significantly higher in non-
human than in human milk, is the major bottleneck for the isolation of additional
oligosaccharides in large amounts. Lactose alone seems to be inactive in bacterial
adhesion tests. However, its high abundance complicates the detection of biological

effects of the other oligosaccharides. Traditionally, hundreds of milligrams of material are
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needed for in vitro testing of bacterial adhesion, while multigram quantities are usually
employed for comprehensive animal studies.

In this communication we present a fast and simple procedure for the preparative
isolation of oligosaccharides from non-human milk. To circumvent tedious desalting
procedures after the separation of the total pool of oligosaccharides into pools of neutral
and charged oligosaccharides, the traditional approach of anion-exchange
chromatography*?° has been replaced by size-exclusion chromatography. Then, the
neutral oligosaccharide pool is treated with B-galactosidase to digest lactose, followed by
elimination of the released monosaccharides and residual lactose by size-exclusion
chromatography. In this way, amounts of 1.5 g of acidic oligosaccharides and 1.5-2.5 g of
lactose-free neutral oligosaccharides could easily be obtained from 1 L of goat colostrum,
milk or whey. Structural analysis studies were carried out by high-pH anion-exchange
chromatography, MALDI-TOF mass spectrometry, and NMR spectroscopy. Additionally,
isolated acidic oligosaccharide fractions were tested in bacterial adhesion studies, and it
will be shown that goat acidic oligosaccharide fractions inhibited significantly the
adhesion of Salmonella fyris, but not of Escherichia coli, to cultured intestinal epithelial

cells.

Materials and Methods

Materials

Goat and sheep milk, colostrum, and whey, obtained from a local diary (Potenza,
Italy), were collected within 1 h of milking and kept frozen at —15°C until use; cow milk
was purchased from Centrale del Latte (Milano, Italy). f-Galactosidase (EC 3.2.1.23; E.
coli, grade VI) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Oligosaccharide
standards for HPAEC-PAD calibration were purchased from Sigma-Aldrich, BioCarb
(Lund, Sweden), and/or Dextra Laboratories (Reading, UK): lactose, lacto-N-
difucohexaose (LNDFH II), trifucosyllacto-N-hexaose (TFLNH), difucosyllacto-N-
hexaose b (DFLNH b), difucosyllacto-N-hexaose (DFLNH), difucosyllacto-N-hexaose 1
(DFLNH 1), 3’-fucosyllactose (3’FL), lacto-N-fucopentaose II (LNFP II), 2’-
fucosyllactose (2°FL), lacto-N-fucopentaose I (LNFP I), monofucosyllacto-N-hexaose 11
(MFLNH 1I), lacto-N-neotetraose (LNnT), lacto-N-neohexaose (LNnH), lacto-N-tetraose
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(LNT), lacto-N-hexaose (LNH), monofucosylmonosialyllacto-N-neohexaose (FSLNnH),
sialyllacto-N-tetraose ¢ (LST c), 6’-sialyllactose (6°SL), 3’-sialyllactose (3’SL), 6’-
sialyllactosamine (6’SLN), sialyllacto-N-tetraose a (LST a), and disialyllacto-/N-tetraose

(DSLNT). In all cases, sialic acid correlates with N-acetylneuraminic acid.

Isolation of the oligosaccharide fraction from pooled colostrum (or milk)

Oligosaccharide fractions were isolated from pooled colostrum (or milk) as previously
described”” with the following modifications. Goat colostrum (1 L) was thawed and
centrifugated at 3000 r.p.m. for 45 min, then cooled to 4°C for 2 h, and manually
skimmed. The liquid phase was mixed with 68% aqueous ethanol and allowed to settle
overnight at 4°C. Precipitated proteins and lactose (partly) were removed by
centrifugation (3000 r.p.m., 4°C, 15 min), and the aqueous phase collected and
concentrated under reduced pressure to remove ethanol. After lyophilization, the resulting
powder was dissolved in distilled water (50 mL), and the pH adjusted to 6.8-7.0 with 4%
NaOH. Then, the solution was heated at 85-90°C for 10 min, cooled down at room
temperature, filtered over Whatman 1 Chr paper, and ultrafiltered on an Amicon Miniplate
(molecular mass cut-off, 10 kDa; Millipore, Billerica, MA, USA). The complete recovery
of the oligosaccharide fraction was checked with the phenol-H,SO, assay*®. Concentration
of the oligosaccharide fraction under reduced pressure, and subsequent lyophylization

yielded almost 50 g of a mixture of lactose and neutral / acidic oligosaccharides.

Isolation of neutral and acidic oligosaccharide pools by size-exclusion chromatography
Portions (750 mg) of the oligosaccharide pool of goat colostrum were applied
separately to a column (2.5 x 170 cm) of Sephadex G25 (Sigma-Aldrich), eluted with 20%
aqueous ethanol at a flow rate of 2 mL/min. Fractions of 4.4 mL were collected, and their
absorbance at 210 nm was monitored using a variable-wavelength UV-monitor (Uvikon,
Bruker, Bremen, Germany). Additionally, aliquots of each fraction were analyzed for their
hexose content using the phenol-H,SO,4 assay. Carbohydrate-positive fractions were
pooled into two subfractions, one containing acidic oligosaccharides (fraction B) and one
containing neutral oligosaccharides with lactose as major component (fraction C). Both

fractions were concentrated and lyophilized.
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[-Galactosidase treatment of the neutral oligosaccharide pool

Sephadex G25 fraction C (1.5 g) was dissolved in distilled water (1 mL), then
incubated with 250 U B-galactosidase (E. coli) for 16 h at 37°C with gentle stirring. The
digestion was monitored by ascending paper chromatography on Whatman 1 Chr paper
using n-butanol-pyridine-water (5:3:2, v/v) as eluent. Sugars were located with an alkaline
AgNO; reagent. The process was interrupted before complete lactose digestion. After
heating for 2 min at 100°C, the solution was filtered over Whatman GF/A paper, then
lyophilized.

Isolation of the lactose-free pool of neutral oligosaccharides

The B-galactosidase-treated Sephadex G25 Fraction C was separated into two parts of
750 mg, each dissolved in 0.5 mL distilled water, and applied to a Toyopearl TSK
HW40S column (2.6 x 60 cm; Supelco, Bellefonte, PA, USA), eluted with 20% aqueous
ethanol at a flow rate of 0.7 mL/min. Fractions were collected every 5 min, and their
absorbance at 210 nm was monitored. Aliquots of each fraction were analyzed for their
hexose content by the phenol-H,SO,4 assay. The effective separation between neutral
oligosaccharides, lactose, and monosaccharides was verified by ascending paper
chromatography on Whatman 1 Chr paper using n-butanol-pyridine-water (5:3:2, v/v) as

eluent. Sugars were located with an alkaline AgNO; reagent.

Monosaccharide analysis

Oligosaccharides were subjected to methanolysis (methanolic 1 M HCI, 18 h, 85°C),
and the resulting mixtures of (methyl ester) methyl glycosides were trimethylsilylated
using hexamethyldisilazane-trimethylchlorosilane-pyridine (1:1:5, v/v), and quantitatively

analyzed by GLC.

Methylation analysis

Permethylation was carried out essentially as described”. Permethylated
oligosaccharides were hydrolyzed with 2 M trifluoroacetic acid (2 h, 120°C). The
resulting partially methylated monosaccharides were reduced with NaBD, (2 h, room
temperature), and the alditols acetylated®’'. GLC-EI/MS analysis of the mixtures of

partially methylated alditol acetates was carried out on a MD800/8060 system (Fisons
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Instruments, Manchester, UK), equipped with a WCOT CP-SIL 5CB fused-silica capillary
column (25 m x 0.25 mm; Chrompack, Middelburg, The Netherlands), using a
temperature program of 140-240°C at 4°C/min.

High-pH anion-exchange chromatography with pulsed amperometric detection (HPAEC-
PAD) analysis

Qualitative and preparative HPAEC of the lactose-free neutral and acidic
oligosaccharide pools were performed on a Dionex (Sunnyvale, CA, USA) HPLC Al 450
instrument, equipped with a CarboPac precolumn (3 x 25 mm; Dionex) and a CarboPac
PA-1 (4 x 250 mm; Dionex) column, mainly as reported earlier’>>*. Briefly, a solution of
an oligosaccharide pool (0.5 mg) in water (50 puL) was injected on a CarboPac PA-1
column, running at 0.7 mL eluent/min at room temperature. The eluents used for the
analysis of neutral and acidic oligosaccharides were 100 mM NaOH (eluent 1) and 100
mM NaOH in 1 M NaOAc (eluent 2). The two eluents were mixed according to the
following gradient: isocratically with 100% eluent 1 for 10 min; linear gradient to 95%
eluent 1 and 5% eluent 2 in 8 min; linear gradient to 90% eluent 1 and 10% eluent 2 in 12
min; isocratically at 90% eluent 1 and 10% eluent 2 in 7 min; linear gradient to 50%
eluent 1 and 50% eluent 2 in 10 min; isocratically at 50% eluent 1 and 50% eluent 2 in 5
min. HPAEC profiles were obtained by pulsed amperometric detection. The major
fractions were collected, immediately neutralized by on-line addition of 0.1 M HCI, then
applied to carbon columns (Carbograph Extract-clean columns, Alltech, Deerfield, IL,

USA) for desalting, and recovered by elution with 25% aqueous acetonitrile.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS)

MALDI-TOF-MS analyses were performed on a Biflex"™ III time-of-flight mass
spectrometer (Bruker Saxonia Analytik, GmbH, Leipzig, Germany), equipped with a
pulsed nitrogen laser emitting at 337 nm. Neutral and acidic oligosaccharides were
analyzed in the linear and the reflector positive-ion mode, with an accelerating voltage of
19 kV. Samples were dissolved in water (0.2-1 pg/uL) and mixed 1:1 with the matrix 2,5-
dihydroxybenzoic acid (DHB) in water-ethanol (80:20, v/v) (10 pg/uL). 1 uL of this

mixture was then allowed to dry on a mass spectrometer target plate, and the obtained spot
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was re-crystallized in situ from 0.5 pL methanol**. The acidic fractions were also run in
the negative-ion mode using the matrix 6-aza-2-thiothymine (ATT) in ethanol-20 mM

dibasic ammonium citrate (1:1, v/v) (10 pg/uL)>.

NMR spectroscopy

Samples for NMR analysis were dissolved in D,0 (99.96 atom% D, Isotec, USA), and
spectra were recorded on a Bruker AMX-500 instrument at a probe temperature of 300 K.
Acetone (8 = 2.225) was used as internal standard. 1D '"H NMR spectra were recorded by
applying a WEFT pulse as described®®. 2D TOCSY spectra were recorded with mixing
times of 10, 50, and 100 ms; 2D ROESY spectra with mixing times of 200-250 ms. 'H/"*C
HSQC spectra were recorded using z-gradients for coherence selection; they were phase
sensitive using echo/antiecho gradient selection. Spectra were acquired with the proton
offset at about 4.6 ppm and a sweep width of about 6 ppm. In the '*C dimension the offset
was placed around 80 ppm and a sweep width of 60 ppm was used. 2D HSQC-TOCSY
spectra’” were recorded with mixing times of 60 ms. Usually, 300-350 free induction
decays of 1024 data points were acquired using 64-256 scans per decay. NMR data sets
were processed using ProspectND software (Bijvoet Center, Utrecht University). Briefly,
the final matrix size was zero-filled to 2Kx1K or 4Kx2K and multiplied with a phase-
shifted (squared-)sine-bell function prior to Fourier transformation. All chemical shifts of
adequately resolved signals were determined from "H 1D spectra, and are represented with
three decimals. Values obtained from 2D spectra are instead given with two decimals

(protons) or one decimal (carbon), respectively.

Adhesion test

Cell lines of intestinal epithelial adenocarcinoma of human colon (Caco-2 long term
cultures, ATCC HBT37) were used to test the effects of acidic oligosaccharides on the
adhesion of Escherichia coli (serotype 0119; enteropathogenic, clinical strain isolated
from faeces) and Salmonella fyris (strain B8132; clinical strain isolated from faeces). The
Caco-2 cells were grown in 25 cm® plastic tissue culture flasks (Corning, NY, USA) at
37°C in a humidified atmosphere of 5% CO,; in air. The culture medium (Dulbecco’s
modified Eagle essential medium, DMEM) contained 25 mM glucose, 4 mM L-glutamine,

3.7 mg/mL NaHCOs;, and 1% (w/v) non-essential amino acids, and was supplemented
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with 10% (v/v) fetal calf serum (Gibco®, Invitrogen, Paisley, Scotland), 100 U
penicillin/mL, and 100 pg streptomycin/mL. Confluent cell monolayers were trypsinized
and adjusted to a concentration of 2.5 x 10° cells/mL in culture medium; 1 mL cell
suspension was dispensed into each 22 mm well of a 12-well tissue culture plate
(Corning), and incubated to obtain, after 4 days, semiconfluent monolayers and, after 15
days, fully differentiated monolayers. The adhesiveness of E. coli and S. fyris to Caco-2
cells was tested on 15-day old cultures, after the confluence of monolayers and the
formation of tight junctions and microvilli. E. coli was grown on MacConkey agar
(Merck, Darmstadt, Germany) at 37°C for 18 h, then suspended in DMEM at a
concentration of 2 x 10* CFU/mL (CFU = colony-forming units). S. fyris was grown at
37°C for 18-24 h in trypticase soy broth (TSB), Lauria-Bertani broth, or nutrient broth. To
bring forth bacterial infection, 0.5 mL bacterial inoculum (10° CFU/mL) was added to
Caco-2 cells. After 2 h of incubation at 37°C in 5% CO,, the cells were washed three
times with PBS to remove non-adherent bacteria, then lysed in Triton X-100 (0.1% in cold
sterile water) to kill the cells and release adherent bacteria. CFUs of viable bacteria were
counted by plating suitable dilutions of the lysates on BHI agar, incubated for 2 days at
37°C. Results were expressed as percentages of the initial inoculum. In inhibition
experiments, before bacterial infection, Caco-2 cells at a concentration of 2.4 x 10°
cells/mL were incubated for 1 h at 37°C in 5% CO, with oligosaccharide fractions
dissolved in DMEM at a concentration of 1, 5 and 10 mg/mL. Lactose was used as a
blank, since it is known not to bring forth any inhibitory activity toward bacteria.
Experiments were carried out in triplicate and repeated three times.

Bacterial adhesion to Caco-2 monolayers was evaluated by Gram staining. Stained
monolayers grown on slides (SlideFlask; Nunc, Roskilde, Denmark) were examined
microscopically’®. The percentage of Caco-2 cells with associated bacteria was
determined by counting all Caco-2 cells in ten random microscopic areas. A positive
result was scored when there was at least one bacterial cell per Caco-2 cell. The number

of cell-associated bacteria was determined by examining 100 cells.
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Results

Generation of goat lactose-free neutral and acidic colostrum oligosaccharide pools
Following the protocol, described in Materials and Methods, an oligosaccharide

fraction was prepared from pooled goat colostrum. Although more than 80% of lactose

could be removed from thawed and manually skimmed goat colostrum, applying a

precipitation step with 68% aqueous ethanol, the HPAEC profile of the retentate showed

still extremely high amounts of lactose (Figure 1).
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Figure 1: HPAEC profile of the oligosaccharide pool (about 80% of the lactose originally
present has been removed by crystallization to permit oligosaccharide detection) isolated
from goat colostrum. The strong peak L at 16 min is due to remaining non-precipitated
lactose from the ethanol treatment.

Fractionation of this oligosaccharide pool on Sephadex G25 (Figure 2) yielded three
fractions. Fraction A contained residual peptides and proteins, and was therefore
discarded. Fraction B was composed of acidic oligosaccharides, as revealed by HPAEC-
PAD analysis (see below) and paper chromatography. The yield of acidic oligosaccharides
was about 1.5 g/L of goat colostrum. Fraction C contained neutral oligosaccharides

including lactose.

3 ~ Abs (210 nm)
-+ Phenol assay (480 nm)
22
<
1
C
0 i

0 100 200 300 400 500
Elution volume (ml)

Figure 2: Fractionation of the goat colostrum oligosaccharide pool on Sephadex G25.
Fraction A, residual peptides and proteins; Fraction B, acidic oligosaccharides; Fraction
C, lactose and neutral oligosaccharides.
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Since the high content of lactose disturbs the isolation of larger neutral
oligosaccharides by size-exclusion chromatography, fraction C was subjected to [-
galactosidase digestion (16 h, 37°C), thereby converting lactose into galactose and
glucose. To avoid B-galactosidase to act also on higher saccharides, the digestion was
interrupted by heat denaturation of the enzyme before complete lactose-degradation. After
filtration, the digested neutral fraction was loaded on Fractogel Toyopearl TSK HW40S to
separate the released monosaccharides and residual lactose from the larger neutral
oligosaccharides. A typical example of a preparative separation of 750 mg of a digested

neutral oligosaccharide pool C is shown in Figure 3.
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Figure 3: Fractionation of the [-galactosidase-treated goat colostrum neutral
oligosaccharide pool C on Toyopearl TSK HW40S. Fraction C1, higher oligosaccharides;
Fraction C2, traces of lactose and tri- and tetrasaccharides; Fraction C3, residual lactose,
small oligosaccharides, and monosaccharides.

Three major fractions, C1, C2, and C3, were collected and screened by HPAEC-PAD
(see below) and paper chromatography. Fraction C1 contained oligosaccharides with DP
>4. Fraction C2 contained mainly neutral tri- and tetrasaccharides, and was almost free of
lactose. Fraction C3 turned out to contain residual lactose and traces of neutral
compounds; therefore this fraction was digested again with -galactosidase followed by
gel-filtration on Fractogel Toyopearl TSK HW40S. The obtained mixture of lactose-free
small neutral oligosaccharides was pooled with fraction C2. Following this protocol, in
total about 2.0 g of lactose-free neutral oligosaccharides could be isolated from 1 L of
goat colostrum.

A similar protocol applied to goat milk or whey yielded similar amounts of acidic (1.5

g/L) and neutral (2.0 g/L) oligosaccharides.
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Evaluation of the trans-glycosylation activity of f-galactosidase

To evaluate the [-galactosidase trans-glycosylation activity under the applied
conditions, lactose was used as a model substrate. The saccharide pattern before and after
enzymatic digestion was investigated by methylation analysis. As is clear from Figure 4,
the peak of 4-substituted glucose has disappeared after -galactosidase treatment, while a
peak due to free glucose appeared. No other macroscopic changes could be detected; only
a trace peak eluting after 13.186 min revealed the presence of 6-substituted galactose, as

indicated by GLC-EI/MS and comparison with reference compounds.
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Figure 4. Methylation analysis of lactose (a) before and (b) after enzymatic digestion

with B-galactosidase. The peak indicated with * is due to non-saccharide structures (GLC-
EI/MS analysis).

HPAEC profiling of goat colostrum oligosaccharides

HPAEC-PAD on CarboPac PA-1 was used to analyse major oligosaccharide fractions
obtained at each stage of the isolation procedure. Under the applied conditions, both
acidic and neutral compounds could be well resolved in the same run. Column calibrations
were performed using the following commercially available human milk oligosaccharides,
listed according to increasing retention times: LNDFH II (6.80 min), TFLNH (7.95 min),
DFLNH b (9.05 min), DFLNH (10.05 min), DFLNH I (11.30 min), 3’FL (12.05 min),
LNFP II (13.35 min), lactose (16.50 min), 2°FL (18.20 min), LNFP I (22.70 min),
MFLNH II (24.00 min), LNnT (24.50 min), LNnH (25.50 min), LNT (26.60 min), LNH
(27.90 min), FSLNnH (29.70 min), 6’SLN (34.00 min), LST ¢ (35.00 min), 6’SL (35.40
min), 3’SL (36.00 min), LST a (37.80 min), and DSLNT (47.40 min). With the applied
gradient protocol (see Materials and Methods), lactose has a retention time of 16.5 min,

fucosylated neutral oligosaccharides elute between 7 and 24 min, non-fucosylated neutral
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oligosaccharides between 16 and 28 min, monosialylated oligosaccharides between 29
and 38 min, and disialylated structures > 45 min. However, for reasons of convenience,
the isolation of products was carried out by HPAEC starting from acidic oligosaccharide
pool B (see Figure 2) and neutral oligosaccharide pool C2 (see Figure 3).

In Figure 5a and 5b typical HPAEC profiles of the goat colostrum acidic (fraction B)
and neutral (fraction C2) oligosaccharides, respectively, are depicted. As is evident from
Figure 5, the applied work-up methodology allows a good separation between acidic and
neutral compounds, whereas lactose can be efficiently removed from the neutral fraction
by B-galactosidase digestion. The HPAEC profiles show highly heterogeneous patterns:
more than 10 peaks can be visualized in the chromatogram of the neutral fraction and
more than 9 in the profile of the acidic fraction, suggesting a more complex pattern than

previously reported®.
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Figure 5: HPAEC profiles of (a) goat colostrum acidic oligosaccharide fraction B and (b)
goat colostrum neutral oligosaccharide fraction C2. L indicates the peak of residual
lactose, and C2a-f the structures isolated by HPAEC and characterized by NMR

spectroscopy.

Characterization of major acidic goat colostrum oligosaccharides
Major components of the acidic fraction B were identified by HPAEC, comparing
their retention time with those of the commercial standards. Additionally, standards were

added to the acidic fraction to correct for eventual changes in the HPAEC profiles. As a
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typical example, in Figure 6 the effect of the addition of 3’SL is shown. From these
analyses, it could be concluded that the major monosialyloligosaccharides (sialyl = N-
acetylneuraminyl) obtained from goat colostrum are the o2-3 and o2-6 isomers of
sialyllactose (3’SL and 6’SL), and the «2-6 isomer of sialyl-N-acetyllactosamine
(6’SLN).
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Figure 6: HPAEC profiles of the goat colostrum acidic oligosaccharide fraction B (a)
without and (b) with added 3’SL. Major components identified by comparison with
standards are indicated.

Major as well as minor components in fraction B were identified by MALDI-TOF-MS
analysis. In the positive-ion mode, the acidic oligosaccharides were detected as multiple
sodium-adduct ions. In the negative-ion mode, monosialyloligosaccharides were detected
as [M-H] ions, while compounds containing two sialic acid residues were detected as
[M+Na-2H] adduct ions. MS profiling in the negative-ion mode revealed a molecular
mass distribution ranging from about m/z 600 to 1700 (Figure 7). The three peaks at m/z
633, 649, and 674 reflect the presence of N-acetylneuraminyllactose (SL), N-
glycolylneuraminyllactose (Neu5Gc-L), and N-acetylneuraminyllactosamine (SLN),
respectively. In addition, N-glycolylneuraminyl-N-acetyllactosamine (NeuSGe-LN; m/z
690), sialylgalactosyllactose (S-Gal-L; m/z 795), and disialyllactose (DSL m/z 946) were
identified. Peaks sometimes detected at m/z 811 and m/z 836 indicate the presence of a
tetrasaccharide containing N-glycolylneuraminic acid (NeuSGce-Gal-L) and S-HexNAc-L,
respectively (data not shown). Minor components were detected up to m/z 1677.

For an overview of the MALDI-TOF-MS data, see Table 1. Most of the proposed

structures have been reported earlier for goat colostrum or milk***.
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Table 1: Acidic oligosaccharides detected by negative-ion mode MALDI-TOF-MS in
goat milk and colostrum. Structures of less abundant components are proposed according
to literature data.

Oligosaccharides Mass
SL Neu5Ac(a2-3)Gal(B1-4)Glc® 6337
Neu5Ac(02-6)Gal(B1-4)Glc®
Neu5Ge-L Neu5Ge(a2-6)Gal(B1-4)Glc® 649"
SLN NeuSAc(a2-6)Gal(B1-4)GIcNAc® 674*
Neu5Ge-LN Neu5Ge(02-6)Gal(B1-4)GleNAc! 690°
S-Gal-L Gal(B1-6)[Neu5Ac(a2-3)]Gal(B1-4)Glc® 795*
Gal(B1-3)[Neu5Ac(a2-6)]Gal(B1-4)Glc’
Neu5Ge-Gal-L Neu5Ge-Gal-Gal(B1-4)Gle 811°
S-HexNAc-L Neu5Ac-HexNAc-Gal(B1-4)Gle 836"
DSL Neu5Ac(a2-8)Neu5Ac(o2-3)Gal(p1-4)Glc? 946°
S-Neu5Ge-L NeuS5Ac-Neu5Ge-Gal(B1-4)Gle 962°
S-HexNAc,-L NeuSAc-HexNAc,-Gal(f1-4)Glc 1061°
DS-LNH Neu5Ac,-(Gal-GleNAc),-Gal(B1-4)Glc 1677°

Abbreviations: Gal, galactose; Gle, glucose; Neu5Ac, N-acetylneuraminic acid; Neu5SGe,
N-glycolylneuraminic acid; S, sialic acid; L, lactose; LN, N-acetyl lactosamine; HexNAc,
N-acetylhexosamine; DS, (sialic acid),; LNH, lacto-N-hexaose.

*deprotonated form

®deprotonated monosodium adduct ion
‘reported in goat colostrum or milk***
dreported in cow colostrum or milk*"*?
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Characterization of major neutral goat colostrum oligosaccharides

In the HPAEC profile of the neutral oligosaccharide fraction C2, only 2°FL and LNT
could be assigned by comparison with retention times of the human milk standards.
Therefore, the major components were isolated by preparative HPAEC (Figure 5b), and
further characterized by NMR spectroscopy.

MALDI-TOF-MS analysis of fraction C2b showed the presence of a trisaccharide
{m/z 527, (Hex);, [M + Na]'}; monosaccharide analysis together with methylation
analysis indicated the occurrence of terminal Galp, 6-substituted Galp, and 4-substituted
Glcp. 1D 'H NMR analysis (Figure 8a) showed four anomeric doublets at 8 5.221, 4.667,
4.484/4.481, and 4.460/4.455, assigned to o-D-Glcp (reducing), B-D-Glep (reducing), B-
D-Galp (terminal) and B-D-Galp (internal), respectively.

Gal(p1-6)Gal,(31-4)Glc Galy(a1-3)Gal;(3 1-4)Glc
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il
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Figure 8: 500 MHz "H-NMR spectra in D,O of (a) fraction C2b, (b) fraction C2d, and (c)
fraction C2f, recorded at 300K.
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Detailed NMR assignments were achieved by 2D COSY, TOCSY, ROESY, and
HSQC (Figure 9) measurements (Table 2).

Table 2: 'H and ">C Chemical shifts of -D-Galp-(1—6)-B-D-Galp-(1—4)-D-Glcp

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

(Galy) (Galy) (aGle) (BGlc)
H-1  4.484/4481°  4.460/4.455° 5.221 4.667
H-2 3.54 3.57 3.59 3.292
H-3 3.67 3.68 3.85 3.66
H-4 3.92 3.97 3.65 3.66
H-5 3.71 3.95 3.95 3.61
H-6 3.76 3.92 3.87 3.80
H-6’ 3.79 4.07 3.87 3.95
C-1 106.2 106.0 94.7 98.6
c-2 73.7 73.7 74.0 76.6
C-3 75.5 75.3 74.5 775
C-4 71.5 71.3 82.3 82.0
C-5 78.0 76.9 72.8 77.6
c-6 63.8 72.0 62.8 63.0

* Doubling, due to the reducing Glc unit in - and B-form

To assign overlapping proton signals, a HSQC-TOCSY experiment was carried out;
Figure 10 shows part of the anomeric region, including correlations between H1/C1 of -
D-Glcp and B-D-Galp and their corresponding C2, C3, and C4 atoms. The various data
indicate the compound to be B-D-Galp-(1—6)-B-D-Galp-(1—4)-D-Glcp™®.

MALDI-TOF-MS analysis of fraction C2f showed the occurrence of one main
trisaccharide {m/z 527, (Hex);, [M + Na]'}. Monosaccharide analysis revealed the
presence of D-Gal and D-Glc in the molar ratio of 2:1, and methylation analysis the
occurrence of terminal Galp, 3-substituted Galp, and 4-substituted Glcp. Its 1D 'H NMR
spectrum (Figure 8c) presented four anomeric signals at & 5.224, 4.668, 4.616, and 4.513,
identified as belonging to a-D-Glcp (reducing), B-D-Glep (reducing), B-D-Galp (terminal),
and B-D-Galp (internal), respectively. Detailed NMR assignments were obtained by 2D
TOCSY (Figure 11) and HSQC (Figure 12) measurements (Table 3).
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Sequence analysis, using 2D ROESY (data not shown), demonstrated cross-peaks
between B-D-Gal H-1 (terminal) and 3-D-Gal H-3 (internal), and between B-D-Gal H-1
(internal) and D-Glc H-4 (reducing). The various data establish the main trisaccharide in

fraction C2f to be B-D-Galp-(1—3)-B-D-Galp-(1—4)-D-Glcp.

Table 3: 'H and ">C Chemical shifts of B-D-Galp-(1—3)-B-D-Galp-(1—4)-D-Glcp

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

(Galy) (Galy) (aGle) (BGlc)
H-1 4616 4513 5.224 4.668
H-2 3.60 371 3.58 3.287
H-3 3.67 3.84 3.84 3.64
H-4 3.92 4.20 3.67 3.67
H-5 3.69 3.75 3.96 3.60
H-6 3.8-37 3.8-3.7 3.87 3.80
H-6’ 3.8-37 3.8-3.7 3.87 3.96
C-1 107.2 105.4 94.7 98.7
c-2 73.9 73.1 74.0 76.7
C-3 75.4 84.8 743 772
C-4 71.5 71.3 81.0 81.1
c-5 78.0 77.9 73.0 777
c-6 63.9 63.9 62.8 63.0

Fraction C2d was analyzed following the same protocol. The combined data of the
MALDI-TOF-MS analysis {m/z 527, (Hex)s;, [M + Na]'}, the monosaccharide analysis
(Gal:Glc = 2:1), the methylation analysis (terminal Galp, 3-substituted Galp, 4-substituted
Glcp), and the 1D 'H NMR analysis (Figure 8b; H-1’s at § 5.222, 5.143, 4.665, and 4.524,
belonging to a-D-Glcp (reducing), a-D-Galp, B-D-Glcp (reducing), and B-D-Galp,
respectively), support the trisaccharide in fraction C2d to be a-D-Galp-(1—3)-B-D-Galp-
(1-4)-D-Glep®.

MALDI-TOF-MS analysis of fraction C2a indicated the presence of a trisaccharide
{m/z 511, dHex(Hex),, [M + Na]'}. Monosaccharide analysis showed Fuc, Gal, and Glc
in the molar ratio of 1:1:1, and methylation analysis revealed the occurrence of terminal
Fucp, 2-substituted Galp, and 4-substituted Glcp. 1D 'H NMR analysis presented a
characteristic CHj signal at & 1.226 of L-Fucp, and a series of anomeric doublets at &

5.315 (a-L-Fucp), 8 5.227 (a-D-Glep, reducing unit), 6 4.634 (B-D-Glcp, reducing unit),
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and 6 4.526 (B-D-Galp). Combination of the various results identifies the structure as a-L-
Fucp-(1—2)-B-D-Galp-(1—4)-D-Glep™.

The oligosaccharides in fractions C2¢ and C2e are mainly tri- and tetrasaccharides, as
indicated by MALDI-TOF-MS. Both miss the B-D-Galp-(1—4)-D-Glcp moiety,
suggesting that they have been formed by a trans-galactosylation reaction during lactose
hydrolysis with E. coli [B-galactosidase. Methylation analysis as well as HSQC
experiments showed the presence of 6-linked Gal and Glc residues. A detailed analysis of

these products is presented elsewhere (Beccati et al., 2008).

Profiling of the neutral goat colostrum oligosaccharide fraction by MALDI-TOF-MS
MALDI-TOF-MS analysis in the positive-ion mode (DHB as matrix) of the intact
neutral goat oligosaccharide fraction gave rise to a series of [M + Na]" adduct ions, with

low-intensity signals for [M + K]" adduct ions (Figure 13).
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The most prominent peak detected at m/z 527 (M + Na]"), with a satellite at m/z 543
(IM + K]"), has to be due to a mixture of galactosyllactose trisaccharides (GL), namely 3’-
a-galactosyllactose, 3’-B-galactosyllactose, and 6’-fB-galactosyllactose, as already
demonstrated above by NMR analysis (Figure 8). The peak at m/z 689 can be attributed to
digalactosyllactose tetrasaccharides (Hex,L), and the peaks at m/z 511 and 730 are due to
2’-fucosyllactose (FL) (for NMR analysis, see above) and lacto-N-tetraose (LNT),
respectively. A peak at m/z 1095 has been attributed to LNH.

A survey of the MALDI-TOF-MS data is presented in Table 4. Besides the major
components, for several trace components monomer compositions could be formulated,

and a possible structure has been proposed guided by literature data. Interestingly, high-
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molecular-mass oligosaccharides such as LNO-F and LND could be identified. Most of

the proposed structures have been reported earlier for goat colostrum or milk**.

Table 4: Neutral oligosaccharides detected by positive-ion mode MALDI TOF-MS in
goat milk and colostrum.

Oligosaccharides Mass®

Major components
FL Fuc(a1-2)Gal(B1-4)Glc” 511
GL Gal(a1-3)Gal(B1-4)Glc® 527
Gal(B1-3)Gal(B1-4)Glc®
Gal(B1-6)Gal(B1-4)Glc®

GalNAc-L GalNAc(a1-6)Gal(B1-4)Glc® 568
Hex,L Gal(B1-3)Gal(B1-3)Gal(B1-4)Glc® 689
Trace components
LNT Gal(B1-4)GIcNAc(B1-3)Gal(p1-4)Glc* 730
Gal(B1-4)GlcNAc(B1-6)Gal(B1-4)Glc>
LNFP Gal(B1-4)[Fuc(a1-3)]GlcNAc(B1-6)Gal(B1-4)Glc" 876
Gal(B1-3)GIcNAc(B1-6)Gal(B1-4)[Fuc(a1-3)]Glc®
Hex,GIcNAc-L  Gal(B1-4)[Gal(B1-3)]GIcNAc(B1-3)Gal(B1-4)Glc 892
Hex;L Gal(B1-3)Gal(B1-3)Gal(B1-3)Gal(B1-4)Glc® 851
Hex,L Gal(B1-3)Gal(B1-3)Gal(B1-3)Gal($1-3)Gal(B1- 1013
4)Glc*
LNH Gal(B1-4)GIcNAc(B1-6)
Gal(B1-4)Glc* 1095
Gal(B1-4)GIcNAc(B1-3) d
HexgL Hexe-Gal(B1-4)Gle 1338
HexgL Hexg-Gal(p1-4)Glc 1662
Hex;oL Hex;o-Gal(p1-4)Glc 1986
LNO-F (Gal-GlcNAc);Fuc-Gal(B1-4)Gle 1606
LNO-F, (Gal-GlcNAc);Fuc,-Gal(B1-4)Gle 1753
LNH-F; (Gal-GlcNAc),Fucs-Gal(B1-4)Gle 1826
LND (Gal-GlcNAc)4-Gal(B1-4)Gle 1826
LND-F (Gal-GIcNACc),Fuc-Gal(B1-4)Gle 1972
LNI2-F,4 (Gal-GleNAc)sFucy-Gal(B1-4)Gle 2776
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Abbreviations: Gle, glucose; Gal, galactose; Fuc, fucose; GIcNAc, N-acetylglucosamine;
GalNAc, N-acetylgalactosamine; Hex, hexose (Glc or Gal); L, lactose; FL, fucosyllactose;
GL, galactosyllactose; LNT, lacto-N-tetraose; LNFP, lacto-N-fucopentaose; LNH, lacto-
N-hexaose; LNO, lacto-N-octaose; LND, lacto-N-decaose; LN12, lacto-N-dodecaose.
“monosodium adduct ion
®reported in goat colostrum or mil
‘reported in tammar wallaby milk*
dreported in horse colostrum®*’

44,45
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Oligosaccharide isolation from sheep and cow milk

The protocol developed for the isolation of oligosaccharides from goat colostrum and
milk was also successfully applied to milks from other sources, notably sheep and cow.
The neutral fractions from sheep, goat, and cow milk also appeared to be mainly
composed of a3’-galactosyllactose, 33’-galactosyllactose, and 6’-galactosyllactose, and
contain minor amounts of tetrasaccharides with the molecular formulae Hex,L, HexNAc-
L, LNT. Moreover, traces of octa- and nonasaccharides were found. In Figure 14 a
comparison of the HPAEC profiles of the neutral fractions obtained from sheep, goat and
cow milk is shown. Preliminary results indicate that the oligosaccharide recovery from
sheep and cow milk is in the same range as of goat colostrum/milk (e.g. 1.5-2 g of lactose-

free neutral oligosaccharides from 1 L of milk).
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Figure 14: HPAEC profiles of neutral oligosaccharide pools from (a) sheep, (b) goat, and
(¢) cow milk. Traces of residual lactose are indicated with *.
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Biological assay on the isolated acidic fraction

Cell lines of intestinal epithelial adenocarcinoma of human colon (Caco-2) were used
to test the effects of acidic milk oligosaccharides on the adhesion of E. coli and S. fyris.
Counts of colony-forming units (CFU) indicated that bacteria associated with the
monolayers ranged from 2 to 3% of initial inoculum. In Gram-stained preparations,
approximately 80% of the Caco-2 cells with associated bacteria (30-40 bacteria per cell)
were observed (Figure 15).

Figure 15: (a) Caco-2 long term culture, (b) Caco-2 long term culture after adhesion of
enteropathogenic E. coli strain 0119, (¢) Caco-2 long term culture after incubation for 60
min at 37°C with 10 mg/mL 3’-SL followed by adhesion of E. coli.

To perform inhibition experiments, before bacterial infection Caco-2 cells were
incubated with oligosaccharide fractions at the concentration of 10 mg/mL. Results of the
inhibition test performed on 3’-sialyllactose (3’-SL), a mixture of 3’-SL plus 6’-SL, and

acidic oligosaccharides isolated from goat colostrum are summarized in Table 5. 3°-SL
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was effective in inhibiting adhesiveness of E.coli to cell cultures, but was completely
inactive towards S. fyris. On the other hand, 6’-SL displayed a stronger activity towards S.
fyris. Experiments performed on acidic fractions isolated from goat milk showed that
pretreatment of Caco-2 cells with acidic oligosaccharides competitively inhibited the
adhesion of S. fyris, with an inhibition percentage of 24%. On the contrary, acidic

oligosaccharides did not bring forth any significant inhibition activity towards E. coli.

Table 5: Results of experiments on bacterial adhesiveness inhibition

Oligosaccharide fraction % inhibition of % inhibition of

(10 mg/mL) Salmonella fyris  Escherichia coli
Lactose 0 0
3’SL 0 26
3’SL+6’SL 16 13

Acidic fraction from goat colostrum 24 0

Discussion

Traditionally, lactose removal remains by far the main obstacle to the isolation of large
amounts of oligosaccharides from non-human milk. Recent studies prove that no
enzymatic degradation of human milk oligosaccharides occurs during lactose hydrolysis
by B-galactosidase™®. In addition, being lactose by far the most abundant component of
non-human milk, it is believed that interrupting digestion before complete lactose removal
could prevent degradation of higher oligosaccharides. Since [(-galactosidase possesses
also trans-glycosylation activity, it is likely to produce variable amounts of
oligosaccharides during lactose hydrolysis. Factors like enzyme source, substrate
concentration, salt concentration, temperature, and pH strongly influence this side
reaction. However, it has been shown that under controlled conditions, (3-galactosidase
from E. coli operating on skimmed milk gives the lowest conversion rates®’;
oligosaccharides produced by trans-glycosylation account for less than 0.5 % of the total
sugar content.

In this paper we present a new fast and scalable approach for the quantitative recovery

of, compared with lactose, minor neutral and acidic oligosaccharides from mammalian
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milk/colostrum/whey (goat, sheep, and cow). In this approach use has been made of -
galactosidase to degrade lactose, while preserving the original oligosaccharide
compositional profile. Reducing the amounts of lactose strongly improves the efficiency
of the neutral oligosaccharide fractionation by gel-permeation chromatography. For all
three mammals as much as 1.5 g of acidic oligosaccharides and 2.0 g of neutral
oligosaccharides could be obtained from 1 L starting material. Using this protocol it is
possible to obtain complex oligosaccharides from animal milk in the gram range, which
allows undertaking detailed in vitro and in vivo studies. Recognition of the anti-adhesive
role of naturally occurring oligosaccharides and the possibility to isolate them in large
scale might lead to their practical utilization as a vehicle of protection against enteric
infection for infants who cannot be breast-fed™’.

The development of the new protocol was checked and supported by detailed
structural studies of isolated goat colostrum/milk oligosaccharides. Earlier reported
differences between this source and human milk could be confirmed. First, in goat milk
oligosaccharides two kinds of sialic acid, N-acetylneuraminic acid (Neu5Ac) and N-
glycolylneuraminic acid (Neu5Gc), were found, whereas those from human milk contain
NeuSAc only. Earlier it has been demonstrated that Neu5Ge is present in all mammals
apart from humans. This is due to a mutation in CMP-sialic acid hydroxylase that
occurred in the hominid lineage subsequent to its divergence from the lineage of the great
apes’™%. Secondly, goat colostrum contains sialyl-N-acetyllactosamine in addition to
sialyllactose, while human milk contains only sialyllactose. Thirdly, a striking difference
is the near absence of fucosylated oligosaccharides in goat colostrum/milk, being the main
components of human milk oligosaccharides. Finally, the main components of the goat
colostrum/milk neutral fraction are the trisaccharides «3’-galactosyllactose, [3’-
galactosyllactose and [6’-galactosyllactose, which are completely absent in human milk.
The question whether the structural differences between human and goat oligosaccharides
may lead to different biological functions has still to be answered.

Finally, attention was paid to the bacterial adhesion properties of acidic
oligosaccharides from goat colostrum. Human milk oligosaccharides are known to be
efficient anti-infective agents by preventing adhesion of microbial pathogens to host
cells™. To assess whether non-human oligosaccharides could play a similar role, we

assayed the ability of acidic fractions to inhibit the adherence of E. coli and S. fyris to
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epithelial cells. While no inhibition towards E. coli was detected, acidic oligosaccharides
from goat colostrum inhibited adhesion of S. fyris to Caco-2 cells to an extent of 24%.
This value is higher than the 16% inhibition displayed by a commercial mixture of 3’-SL
and 6’-SL (NeuSAc(a2-3)lactose and NeuSAc(a2-6)lactose, respectively). Such a
difference can be due to the presence in goat colostrum of Neu5Gce(a2-3)lactose and

Neu5Ge(a2-6)lactose, which are absent in commercial preparations.
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Abstract

Galacto-oligosaccharides and oligosaccharides naturally occurring in milk are
nowadays considered as important prebiotics. The relatively high content of lactose in
non-human milk complicates the isolation of commercially interesting amounts of
oligosaccharides. A new easily scalable approach to the recovery of biologically active
oligosaccharides relies on enzymatic treatment of defatted milk using 3-galactosidase. [3-
Galactosidase catalyses not only the cleavage of the lactose glycosidic linkage to give
galactose and glucose while preserving the original oligosaccharide compositional profile,
but also, via a trans-galactosylation reaction, generates galacto-oligosaccharides. In the
present paper the isolation of di- and trisaccharides formed by this trans-galactosylation
process, namely, B-D-Galp-(1—6)-D-Gal, 3-D-Galp-(1—2)-D-Gle, B-D-Galp-(1—3)-B-D-
Galp-(1-6)-D-Glc, and B-D-Galp-(1—6)-B-D-Galp-(1—-6)-D-Glc, and their structural
analysis by methylation analysis, mass spectrometry, and NMR spectroscopy, is

described.

Keywords
Goat milk; galacto-oligosaccharides; trans-galactosylation; [-galactosidase; Escherichia

coli
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Introduction

Oligosaccharides present naturally in human milk have proved to be beneficial for
human health by promoting the growth of bifidobacteria and lactobacilli in the large
intestine'” and by preventing adhesion of pathogenic agents to intestinal epithelial cells*”.
Additionally, several studies have suggested that volatile fatty acids produced by the
intestinal microflora from the fermentation of galacto-oligosaccharides improve the
absorption ability of the intestinal epithelium®"'. Therefore, attempts have been made by
the food industry to bring the composition of infant formula closer to that of human milk
by enriching the oligosaccharide content in terms of human-milk-specific compounds and

of compounds such as galacto-oligosaccharides, considered as prebiotics'*"

. Using
lactose as substrate, [-galactosidase catalyses not only the cleavage of its glycosidic
linkage to give galactose and glucose, but also, via a trans-galactosylation reaction, to
yield galacto-oligosaccharides'*?°. Various parameters such as enzyme source, substrate
concentration, pH, and temperature can influence the trans-galactosylation in the sense of
structure and final yields of the different compounds formed®'. Analysis of the generated
oligosaccharides and control of the process are important in the development of
applications of enzymatic lactose hydrolysis on a technical scale. So far, the characterized
structures of oligosaccharides obtained via trans-galactosylation are in the range of di- to
pentasaccharides'*2%%°,

As we have recently demonstrated, naturally occurring galacto-oligosaccharides can
be isolated in large amounts from a skimmed goat milk oligosaccharide pool, when
incorporating a B-galactosidase (E. coli) digestion in the isolation protocol’’. This extra
step allows a fast removal of lactose, traditionally a cumbersome task for the isolation of
such oligosaccharides. However, while under the applied conditions the B-galactosidase
treatment largely preserved the original oligosaccharide pattern, also novel
oligosaccharides were generated via trans-galactosylation. In the present paper the
isolation of di- and trisaccharides formed by this trans-galactosylation process is

described, as well as their structural analysis by methylation analysis, mass spectrometry,

and NMR spectroscopy.
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Materials and Methods

Materials

Goat milk was obtained from a local diary (Potenza, Italy), collected within 1 h of
milking and kept frozen at —15°C until use. Oligosaccharide standards for HPAEC-PAD
calibration were purchased from Sigma-Aldrich (St. Louis, MO, USA), BioCarb (Lund,
Sweden), and/or Dextra Laboratories (Reading, UK): lactose, lacto-N-difucohexaose
(LNDFH 1I), trifucosyllacto-N-hexaose (TFLNH), difucosyllacto-N-hexaose b (DFLNH
b), difucosyllacto-N-hexaose (DFLNH), difucosyllacto-N-hexaose I (DFLNH I), 3’-
fucosyllactose (3°FL), lacto-N-fucopentaose II (LNFP II), 2’-fucosyllactose (2°FL), lacto-
N-fucopentaose I (LNFP I), monofucosyllacto-N-hexaose II (MFLNH II), lacto-N-
neotetraose (LNnT), lacto-N-neohexaose (LNnH), lacto-N-tetraose (LNT), and lacto-/N-
hexaose (LNH). Fractogel Toyopearl TSK HW40S was obtained from Supelco
(Bellefonte, PA, USA), Sephadex G25 from Sigma-Aldrich, and Carbograph Extract-
clean columns from Alltech (Deerfield, IL, USA). B-Galactosidase (EC 3.2.1.23; E. coli,
grade VI) was obtained from Sigma-Aldrich. Chemicals not listed were of analytical

grade from standard commercial sources.

Isolation of the neutral oligosaccharide pool

Total oligosaccharide fractions were isolated from pooled goat milk as previously
described®, and recently modified by us®’. Starting from 100 mL milk, almost 5 g of a
mixture of lactose, neutral and acidic oligosaccharides was obtained. The lactose/neutral
oligosaccharide pool was separated from the acidic one by Sephadex G25 size-exclusion
chromatography, as described recently?’.

Part of the neutral saccharide pool (1.5 g) was dissolved in distilled water (1 mL) and
incubated with 250 U B-galactosidase from E. coli for 16 h at 37°C with gentle stirring®’.
The digestion was monitored by ascending paper chromatography on Whatman 1 Chr
paper using n-butanol-pyridine-water (5:3:2, v/v) as eluent. Sugars were located with an
alkaline AgNO; reagent. The process was interrupted before complete lactose digestion by
heating at 100°C for 2 min, and the solution was filtered over Whatman GF/A paper, then
lyophilized. The freeze-dried material was dissolved in 0.5 mL distilled water, and applied
to a Toyopearl TSK HW40S column (2.6 x 60 cm), eluted with 20% aqueous EtOH at a
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flow rate of 0.7 mL/min. Fractions were collected every 5 min, and analyzed for hexose
content by the phenol-H,SO, assay29. Saccharide fractions I, I, and IIT were pooled as

indicated in Figure 1, and lyophilized.

2 4
-+ Phenol assay (480 nm)
32
o
0 T T + T 1
50 100 150 200

Elution volume (ml)

Figure 1: Fractionation pattern on Toyopearl TSK HW40S of the goat milk neutral
saccharide pool, digested with B-galactosidase from E. coli. Fraction I, high-molecular-
mass oligosaccharides; Fraction II, di-, tri-, and tetrasaccharides; Fraction III, residual
lactose and generated monosaccharides.

Purification of individual milk oligosaccharides

Preparative HPAEC was performed on a Dionex HPLC Al 450 (Sunnyvale, CA,
USA) instrument, equipped with a CarboPac precolumn (3 x 25 mm; Dionex) and a
CarboPac PA-1 (4 x 250 mm; Dionex) column, as previously described”’. Briefly, a
solution of oligosaccharide pool II (0.5 mg) in water (50 pL) was injected on a CarboPac
PA-1 column, running at 0.7 mL eluent/min at room temperature. The eluents used were
100 mM NaOH (eluent 1) and 100 mM NaOH in 1 M NaOAc (eluent 2). The two eluents
were mixed according to the following gradient: isocratically with 100% eluent 1 for 10
min; linear gradient to 95% eluent 1 and 5% eluent 2 in 8 min; linear gradient to 90%
eluent 1 and 10% eluent 2 in 12 min; isocratically at 90% eluent 1 and 10% eluent 2 in 7
min; linear gradient to 50% eluent 1 and 50% eluent 2 in 10 min; isocratically at 50%
eluent 1 and 50% eluent 2 in 5 min. HPAEC profiles were obtained by pulsed
amperometric detection. The major fractions were collected, and immediately neutralized
by on-line addition of 0.1 M HCI. Ten runs were performed to collect enough material for
further analysis. Relevant fractions were applied to Carbograph Extract-clean carbon
columns (300 mg/8 mL) for desalting, and recovered by elution with 25% aqueous

acetonitrile.
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Monosaccharide analysis

Oligosaccharides were subjected to methanolysis (methanolic 1 M HCI, 18 h, 85°C),
and the resulting mixtures of methyl glycosides were trimethylsilylated using
hexamethyldisilazane-trimethylchlorosilane-pyridine (1:1:5, v/v), and quantitatively

analyzed by GLC™.

Methylation analysis

Permethylation was carried out essentially as described’. Briefly, freshly ground
NaOH pellets (10 mg) were added to a sample in Me,SO (200 pl), then 200 uL. Mel were
added, and the solution was sonicated for 20 min. After addition of two more portions of
Mel followed by sonication, the reaction was stopped by adding 1 mL aqueous 4 mM
Na,S,0; and 0.5 mL CHCl;. The chloroform layer was extracted with water (3 x 0.5 mL),
then concentrated. The permethylated sample was hydrolyzed with 2 M CF;COOH (0.5
mL; 2 h, 120°C), and the resulting partially methylated monosaccharides were reduced
with an excess of NaBD, (10 mg/mL) in 0.5 M NH,OH. After 2 h, the solution was
neutralized with 4 M HOAc, then concentrated. Boric acid was removed by repetitive co-
evaporation with MeOH until dryness. After acetylation with freshly prepared Ac,O-

32,33

pyridine (1:1, v/v; 120°C, 30 min) and evaporation to dryness ", the generated mixture

of partially methylated alditol acetates was analyzed by GLC and GLC-EI/MS.

Gas-liquid chromatography-electron impact mass spectrometry

GLC-EI/MS analyses were carried out on a MD800/8060 system (Fisons Instruments,
Manchester, UK), equipped with a WCOT CP-SIL 5CB fused-silica capillary column (25
m x 0.25 mm, Chrompack, Middelburg, The Netherlands), using a temperature program
of 140-240°C at 4°C/min.

MALDI-TOF mass spectrometry

Positive-ion mode MALDI-TOF-MS analyses were performed on a Voyager-DE Pro
(Applied Biosystems, Foster City, CA, USA) instrument, equipped with a pulsed nitrogen
laser emitting at 337 nm. Oligosaccharides were analyzed in the reflector mode, with an
accelerating voltage of 22 kV. Samples were dissolved in water (0.2-1 pg/uL) and mixed
1:1 with the matrix 2,5-dihydroxybenzoic acid (DHB) in water (20 pg/uL). 1 pL of this
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mixture was then allowed to dry on a mass spectrometer target plate, and the obtained spot
was re-crystallized in situ from 0.5 pL methanol**.
NMR spectroscopy

Prior to NMR analysis, samples were exchanged twice in D,O (99.9 atom% D,
Cambridge Isotope Laboratories, MA, USA) and then dissolved in D,O (99.96 atom% D,
Isotec, USA). NMR spectra were recorded on a Bruker AMX-500 Instrument at a probe
temperature of 300 K. Chemical shifts are expressed in ppm relative to internal acetone
("H 8 2.225; °C 8 32.91). 1D "H NMR spectra were recorded by applying a WEFT pulse
to suppress the residual water signal®.

2D TOCSY spectra were acquired using MLEV 17 mixing sequences of 10, 50, and
100 ms with the spin-lock field strength adjusted for a 90° pulse-length of 29-30 us,
preceded by a trim pulse of 2.5 ms. TOCSY spectra were measured in the phase-sensitive
mode using the time-proportional phase increment TPPI. Typically, 400-512 experiments
of 2048 data points were acquired with 32-64 scans per increment. 2D ROESY
experiments employed the STATES-TPPI method™. The HOD signal was suppressed
using presaturation during a relaxation delay for 1 s, whereas the spin-lock field strength
was in accordance with a 90° pulse of 100-120 ps. 2D ROESY spectra were obtained with
mixing times of 200-250 ms. The frequency offset was initially placed on the HOD
resonance and switched to about 5.7 ppm just before application of the spin-lock pulse
thereby reducing the Hartmann-Hahn transfer during the ROE mixing time®’. Typically,
spectra were acquired with 32-64 scans for each of the 512 free induction decays. The
'H/C chemical shift correlation (HSQC) spectra were recorded using z-gradients for
coherence selection. They were phase sensitive using echo/antiecho gradient selection.
Spectra were acquired with the proton offset at about 4.6 ppm and a sweepwidth of about
6 ppm. In the °C dimension the offset was placed around 80 ppm and a sweep width of 60
ppm was used. Usually, 300-350 free induction decays of 1024 data points were acquired
using 64-256 scans per decay. 2D HMBC spectra were recorded using gradient pulses for
selection, using the STATES-TPPI method*®. The fixed delay for the evolution of long-
range *C-'H couplings was 40-50 ms.

NMR data sets were processed using ProspectND software (Bijvoet Center, Utrecht
University). Briefly, the final matrix size was zero-filled to 2Kx1K or 4Kx2K and

81



multiplied with a phase-shifted (squared-)sine-bell function prior to Fourier
transformation. All chemical shifts of adequately resolved signals were determined from
'H 1D spectra, and are represented with three decimals. Values obtained from 2D spectra

are instead given with two (protons) or one (carbon) decimals, respectively.

Results

As described recently®’, the oligosaccharide fraction isolated from skimmed goat milk
can easily be separated on Sephadex G25 into an acidic and a neutral oligosaccharide
pool. Acidic oligosaccharides elute in the first carbohydrate fraction, and were discarded.
Neutral oligosaccharides, co-eluting with lactose in the second fraction, were submitted to
a P-galactosidase treatment to hydrolyze the relatively larger amounts of lactose. Gel-
permeation chromatography of the digested material on Toyopearl TSK HW40S (Figure
1) separated the mixture of high-molecular-mass oligosaccharides (fraction I) from di-,
tri- and tetrasaccharides (fraction II) and generated monosaccharides/residual lactose
(fraction III). Fraction II was subfractionated by high-pH anion-exchange
chromatography (HPAEC) on CarboPac PA-1, yielding a profile as depicted in Figure 2.
The subfractions denoted F1-F11 were collected, desalted, and analyzed.

980 7

780

580 F10
Q F1 F2 F11

380 F6 F8

F
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0 5 10 15 20 25 30 35
Time (min)

Figure 2: HPAEC profile on CarboPac PA-1 of the neutral oligosaccharide fraction II
(see Figure 1). Fraction F1, D-Glc; F2, D-Gal; F3, 3-D-Galp-(1—6)-D-Gal; F4, -D-Galp-
(1->4)-D-Glcp; F5, B-D-Galp-(1—2)-D-Glc + a-L-Fucp-(1—2)-B-D-Galp-(1—4)-D-Glcp;
Fe, B-D-Galp-(1—6)-B-D-Galp-(1—-4)-D-Glep; F7, B-D-Galp-(1—6)-B-D-Galp-(1—6)-D-
Glc; F8, o-D-Galp-(1—-3)-B-D-Galp-(1—4)-D-Glcp; F9, not characterized; F10, B-D-
Galp-(1-3)-B-D-Galp-(1->6)-D-Glc; F11, B-D-Galp-(1—3)-B-D-Galp-(1—-4)-D-Glcp.
For details of the structural analysis of fractions F1-F11, see text.
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Using HPAEC retention times and 'H NMR spectroscopy”’, oligosaccharides in

2
d 7,38

subfractions F5, F6, F8, and F11 were identified as the following earlier reporte goat

milk oligosaccharides:

a-L-Fucp-(1—-2)-B-D-Galp-(1—-4)-D-Glcp (F5.1; C2a in Ref. 27)
B-D-Galp-(1—6)-B-D-Galp-(1—4)-D-Glcp (F6; C2b in Ref. 27)
a-D-Galp-(1—3)-B-D-Galp-(1—-4)-D-Glcp (F8; C2d in Ref. 27)
B-D-Galp-(1—3)-p-D-Galp-(1—4)-D-Glcp (F11; C2f in Ref. 27)

As the subfractions F3, F5, F7, and F10 contained oligosaccharides produced by the
trans-galactosylation activity of B-galactosidase, their characterization is described in
more detail in the following paragraphs.

The remaining fractions F1, F2, and F4 corresponded with glucose, galactose, and
lactose, respectively, probably due to overloading of the TSK column. Fraction F9 was

not further analyzed, because of its complexity.

Characterization of subfraction F3

The main component of subfraction F3 is built up from galactose only
(monosaccharide analysis). Methylation analysis indicated the occurrence of a terminal
Galp and a 6-substituted Galp residue, whereas 1D '"H NMR analysis showed H-1 signals
at 8 5.266 (*J, 5 3.8 Hz; reducing a-Galp), 4.593 (J; 5 7.9 Hz; reducing B-Galp), and 4.453
(3J1,2 7.8 Hz; terminal B-Galp). When combined with 2D TOCSY and ROESY NMR

analysis (data not shown), the structure turned out to be*”:

B-D-Galp-(1—>6)-D-Gal (F3)

Characterization of subfraction F5

Besides the trisaccharide a-L-Fucp-(1—2)-pB-D-Galp-(1—4)-D-Glcp, mentioned above
to occur in subfraction FS (F5.1), this subfraction also contained a second saccharide.
MALDI-TOF-MS analysis revealed this product to have a molecular mass of 365 ([M +
Na]"), corresponding with the brutoformula Hex,. Besides the presence of residues due to

a-L-Fucp-(1—-2)-B-D-Galp-(1—4)-D-Glcp, methylation analysis indicated the occurrence
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of terminal Galp and 2-substituted Glcp. Additional 1D (H-1 signals at & 5.285 (3J1,2 3.1
Hz; reducing a-Glcp), 4.634 (3J1,2 7.3 Hz; reducing B-Glcp), and 4.607 (J;, 7.3 Hz;

terminal B-Galp) and 2D NMR experiments indicated the structure to be:

B-D-Galp-(1—2)-D-Gle (F5.2)

In the ROESY spectrum (data not shown) a strong cross-peak can be observed
between H-1 of B-D-Galp and H-2 of D-Glcp. This disaccharide has previously been
reported as one of the saccharides formed by a trans-galactosylation reaction during

lactose hydrolysis with Bacillus circulans B-galactosidase**°.

Characterization of subfraction F7

MALDI-TOF-MS analysis of subfraction F7 showed the occurrence of a major peak at
m/z 527 (F7.1) and a minor peak at m/z 689 (F7.2), corresponding to sodium-cationized
pseudo-molecular ions [M + Na]" for Hex; and Hex,, respectively. MALDI-TOF-MS
analysis of the permethylated sample revealed [M + Na]" peaks at m/z 681 and 885,
consistent with the presence of a permethylated tri- and tetrasaccharide, respectively.
Monosaccharide analysis demonstrated the presence of D-Glc and D-Gal in the molar ratio
of 1:2.5, while methylation analysis indicated the occurrence of terminal Galp and 6-
substituted Hexp residues.

The 1D "H NMR spectrum (Figure 3) showed five anomeric signals at § 5.226, 4.656,
and 4.48-4.44 (three overlapping doublets), integrating for 0.4:0.6:2.5, respectively.

5.5 5.0 45 40 35 ppm

Figure 3: 500 MHz 1D 'H-NMR spectrum of fraction F7, recorded in D,O at 300 K.
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In Table 1 a survey is presented of the "H and *C chemical shifts, as deduced from a

series of 2D COSY, TOCSY, ROESY, HSQC, and HMBC experiments.

Table 1: 'H and "*C chemical shifts of oligosaccharide F7.1.*

B-D-Galp-(1- -6)-B-D-Galp-(1- -6)-D-Glcp
111 1P la/1B
H-1 4.477 4.446/4.466 5.226/4.656
H-2 3.52 3.55/3.56 3.54/3.251
H-3 3.66 3.66 3.71/3.48
H-4 3.92 3.97 3.50/3.48
H-5 3.70 3.89/3.91 3.99/3.63
H-6a 3.8-3.7 3.92 3.87/3.83
H-6b 3.8-3.7 4.05 4.18/4.23
C-1 104.0 104.0 92.8/96.7
C-2 71.5 71.5 72.1/74.7
C-3 73.4 73.4 73.5/70.2
C-4 69.4 69.4/69.5 70.3/76.4
C-5 75.9 74.6 71.2/75.6
C-6 61.7 69.6 69.5

“ovand B in II* and 1IP, respectively, stand for the anomeric configuration of I (It or 1p).

Inspection of the TOCSY spectra (mixing times 10, 50, 100 ms) revealed cross-peaks
for the doublet at 5 5.226 (3J1,2 3.6 Hz) with H-2,3,4,5,6a,6b (Figure 4); the assignment of
H-4 is supported by its cross-peak on the H-6b track. A similar correlation pattern is
presented by the anomeric signal at 6 4.656 (3J1,2 7.9 Hz).

Both complete H-1 — H-6 patterns support the gluco-configuration, and not the
galacto-configuration for these residues, and combined with the ratio of both H-1 signals
(see above), a reducing Glc unit (8 5.226, a-Glep-Ia; 6 4.656, B-Glcp-1B) is indicated.
The three overlapping H-1 signals in the range 6 4.48-4.44 could be resolved by 2D NMR
experiments, and were assigned to three f-anomeric protons, resonating at & 4.477 (3J1,2
7.7 Hz), 4.466 (J, 12 8.0 Hz), and 4.446 CJ 1.2 8.6 Hz), respectively. In the TOCSY spectra
each of these H-1 signals showed cross-peaks with H-2,3,4 only. This feature, combined
with the typical peak pattern of the H-4 signals (3J3,4 3 Hz, 3.]4,5 ~ 0.5 Hz), supports the
galacto-configuration for these three pyranose units. Taking together the TOCSY and
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ROESY (Figure 5) experiments, the H-1 signals at 6 4.446 and 4.466 could be assigned to
internal B-Galp-IIL, i.e. B-Galp-II* and B-Galp-IIP, respectively (anomerization effect
induced by Gle-I).
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O H2+H4 HarHe @ w2 T %0ng — 35
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Figure 4: Partial 500 MHz 2D 'H-'"H TOCSY spectrum of fraction F7, recorded in D,O at
300 K, with a mixing time of 100 ms.
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Figure 5: Partial 500 MHz 2D 'H-'H ROESY spectrum of fraction F7, recorded in D,O at
300 K. In the coding system, II H1,I H6 means a cross-peak between Gal-II H-1 and Glc-
I H-6, etc.
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Analysis of the HSQC spectrum (Figure 6) yielded the *C data for all C-atoms. The
downfield shifts of BGalp-II C-6 (6 69.6) and Glcp-1 C-6 (&6 69.5) indicated that both
residues are substituted at C-6 (B-D-GalplMe, 6c 62.0; B-D-GleplMe, ¢ 61.64').
Sequence analysis using the interresidual ROESY cross-peaks (Figure 5) revealed
correlations between P-Galp-IIP H-1 (8 4.466) and B-Glcp-Ip H-6a,6b (8 3.83, 4.23),
between B-Galp-II* H-1 (3 4.446) and a-Glcp-To. H-6a,6b (8 3.87, 4.18), and between -
Galp-I1I H-1 (8 4.477) and B-Galp-I1 H-6a,6b (5 3.92, 4.05). The various assignments, as
made so far, were further supported by HMBC experiments. The assignment of the
anomeric configurations of the different residues are supported by IJC_I,H_l values: a-Glep-
Ia, 166 Hz; B-Glep-IB, 156 Hz; B-Galp-I1, 156 Hz; B-Galp-111, 156 Hz). The ROESY-
based sequence analysis is confirmed by long-range HMBC contacts between -Galp-II1
H-1 and B-Galp-II C-6, and between B-Galp-II H-1 and Glcp-I C-6 (data not shown).
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Figure 6: 2D "H-">C HSQC spectrum of fraction F7, recorded in D,O at 300 K.
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Combining the various results above, the following structure is deduced for F7.1:

B-D-Galp-(1—>6)-B-D-Galp-(1—6)-D-Glep (F7.1)
11 11 I

Taking into account the MALDI-TOF-MS and monosaccharide analyses, it is
suggested that besides F7.1, also tetrasaccharides are present, but structural details could

not be obtained.

Characterization of subfraction F10

MALDI-TOF-MS analysis of subfraction F10 showed an ion at m/z 527, which can be
attributed to a sodium-cationized pseudo-molecular ion [M + Na]" for Hex;. MALDI-
TOF-MS analysis of the permethylated sample gives rise to a [M + Na]" peak at m/z 681,
thereby supporting the finding of a trisaccharide. Monosaccharide analysis revealed the
trisaccharide to consist of D-Glc and D-Gal in the molar ratio of 1:2, whereas methylation
analysis shows the presence of terminal Galp, 3-substituted Hexp and 6-substituted Hexp
residues.

The 1D "H NMR spectrum (Figure 7) showed three major anomeric signals at & 5.228,
4.656, and 4.617 and two overlapping doublets at & 4.504 and 4.487, integrating for
0.4:0.6:1.0:0.6:0.4, respectively. In Table 2 a survey is presented of the 'H and “C
chemical shifts, as deduced from a series of 2D COSY, TOCSY, ROESY, HSQC, and
HMBC experiments.

5.5 5.0 4.5 4.0 3.5 ppm

Figure 7: 500 MHz 1D 'H-NMR spectrum of fraction F10, recorded in D,O at 300 K.
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Table 2: 'H and "*C chemical shifts of oligosaccharide F10.*

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

11 /P Io/IB
H-1 4.617 4.487/4.504 5.228/4.656
H-2 3.60 3.72 3.54/3.252
H-3 3.66 3.83 3.71/3.48
H-4 3.920 4.193 3.51/3.49
H-5 3.69 3.72 3.99/3.64
H-6a 3.76 3.69 3.88/3.84
H-6b 3.80 3.73 4.162/4.222
C-1 104.4 103.1 92.2/96.1
C-2 71.1 74.9 71.5/74.1
C-3 72.6 82.2 72.7/69.6
C-4 68.7 68.5 69.5/75.8
C-5 75.2 70.1 70.5/75.0
C-6 61.1 61.0 68.7

o and B in IT* and IIP, respectively, stand for the anomeric configuration of I (Ia or If).

In the TOCSY spectrum (100 ms, Figure 8), the anomeric proton at & 5.228 (3J1,2 3.9
Hz) showed correlations with H-2,3,4,5,6a,6b, supporting a residue with the gluco-
configuration, and not the galacto-configuration. The H-4 signal, overlapping with H-2,
could be identified via a TOCSY cross-peak on the H-6b track. The chemical shift pattern
is very similar to that of the reducing o-Glcp-1 unit of F7.1, supporting a 6-linked
reducing o-Glcp-I residue. Analogously, the H-1 signal at & 4.656 (*J,, 7.9 Hz) is
assigned to a 6-linked reducing B-Glcp-I residue. For the f-anomeric signals at & 4.504
(J12 8.5 Hz; Gal-Il%), 4.487 (*J,, 8.5 Hz; Gal-IP), and 4.617 (*J,, 7.3 Hz; Gal-III), the
TOCSY spectra revealed only cross-peaks with H-2,3,4, whereby the doublets at 6 4.504
and 4.487 present an identical correlation pattern. The typical small coupling constants for
the H-4 signals (\J34 3 Hz, *Jy5s < 1 Hz) are in accordance with galacto-configurations.
Analysis of the HSQC spectrum yielded the °C data for all C-atoms. The downfield shifts
for Galp-II C-3 (8 82.2) and Glep-1 C-6 (6 68.7) indicated a 3-substituted Galp and a 6-
substituted Glcp residue, respectively (B-D-GalplMe, dc; 73.8; B-D-GlcplMe, 8¢
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61.6""). Note also the downfield position of 3-substituted Gal-II H-3 (8 3.83), when
compared with terminal Gal-III H-3 (5 3.66).
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Figure 8: Partial 500 MHz 2D '"H-'H TOCSY spectrum of fraction F10, recorded in D,0
at 300 K, with a mixing time of 100 ms.

Sequence analysis using interresidual ROESY correlations showed cross-peaks
between B-Galp-III H-1 (6 4.617) and B-Galp-IT H-3 (3 3.83), between B-Galp-II H-1 (&
4.504) and B-Glcp-I H-6a,6b (0 3.84, 4.22), and between a-Galp-11 H-1 (8 4.487) and a-
Glcp-1 H-6a,6b (6 3.88, 4.16). As is evident from Figure 9, long-range HMBC contacts
(Galp-II H-3, Galp-III C-1 / Galp-1II H-1, Galp-II C-3; Galp-II H-1, Glcp-I C-6)
confirmed the ROESY-based sequence analysis.

Combining the various results above, the following structure is determined for F10:

B-D-Galp-(1-3)-B-D-Galp-(1—6)-D-Glcp (F10)
I 11 I
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Figure 9: 2D 'H-">C HMBC spectrum of fraction F10, recorded in D,O at 300 K. In the
coding system, II H1,I C1 means a cross-peak between Gal-II H-1 and Glc-1 C-1, etc.

Discussion

B-Galactosidases acting on lactose catalyze both hydrolytical and transfer reactions,
the type and the amount of oligosaccharides formed via trans-galactosylation being
dependent on the source of the enzyme, the substrate concentration, salts, temperature,
pH, and the degree of lactose conversion. It has been shown that the amounts of
oligosaccharides produced via trans-galactosylation are lower when f-galactosidases act

on milk or milk products ***

instead of on pure lactose dissolved in buffered saline
solution. B-Galactosidases seem therefore to have a higher hydrolytic activity and a lower
transferase activity in milk than in lactose solutions. By treating an isolated pool of
oligosaccharides from goat milk at 37°C in water with -galactosidase from E.coli, mainly
di-, tri- and tetrasaccharides were formed.

Among the identified trisaccharides described in this paper, a-L-Fucp-(1—2)-B-D-
Galp-(1—>4)-D-Glcp, B-D-Galp-(1—6)-p-D-Galp-(1—4)-D-Glcp, a-D-Galp-(1—3)-B-D-
Galp-(1—>4)-D-Glcp, and B-D-Galp-(1—3)-B-D-Galp-(1—>4)-D-Glcp are known to be
originally present in goat milk**. While B-D-Galp-(1—6)-B-D-Galp-(1—4)-D-Glcp and B-
D-Galp-(1—3)-B-D-Galp-(1—-4)-D-Glcp might as well be generated by the trans-

galactosylation activity of B-galactosidase on lactose'”*’, a-D-Galp-(1—3)-B-D-Galp-
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(1—>4)-D-Glcp must derive from the natural source. The identified saccharides B-D-Galp-
(1-6)-D-Gal, B-D-Galp-(1—2)-D-Gle, B-D-Galp-(1—3)-B-D-Galp-(1—6)-D-Glc, and B-
D-Galp-(1—-6)-B-D-Galp-(1—-6)-D-Glc are typical products of trans-galactosylation.

The galacto-oligosaccharides B-D-Galp-(1—3)-p-D-Galp-(1—6)-D-Glc and B-D-Galp-
(1->6)-B-D-Galp-(1—6)-D-Glc are likely formed by the elongation of allolactose, -D-
Galp-(1—-6)-D-Glc. Previously, it has been demonstrated that allolactose can be produced
from the direct enzymatic transfer of Gal from Glc O-4 to Glc O-6 in lactose without prior
release of Glc from the enzyme'®. Allolactose accumulates in the course of the hydrolytic
reaction and it seems to be the natural inducer of the E.coli lac operon***. It can be
assumed that the initial formation of galacto-oligosaccharides will use lactose as substrate,
while after allolactose formation the latter will be used as acceptor. Interestingly, the
newly formed oligosaccharides have no (1—4) linkages. Wallenfels* reported that the
velocity of synthesis of galactosylglucoses and galactosylgalactoses by E.coli f-
galactosidase is (1-6) > (1-3) and (1-4). On the other hand, the rate of oligosaccharide
hydrolysis decreases in the order (1-6) > (1-4) > (1-3) > (1-2). It can therefore be assumed
that the structure of oligosaccharides in the end product is strongly dependent on the
degree of hydrolysis*. The use of B-galactosidase from E. coli does not lead to the

production of penta- or higher oligosaccharides, in agreement with earlier reports'.
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Abstract

C-Mannosylation is a relatively novel form of glycosylation, involving the C-
glycosidic attachment of a mannosyl residue to the indole moiety of Trp. This type of
linkage was discovered in RNase 2 from human urine. It was previously demonstrated by
NMR spectroscopy that the orientation around the C-linkage occupied by the mannose
residue in the native protein is different from that in denatured form. Moreover, NMR data
indicated that the mannopyranose ring is not rigid in the hexapeptide FTWM"AQW
derived from RNase 2'.

In this study, NMR experiments and molecular modeling calculations for (C’-ai-D-
Man-)Trp demonstrated that the C-linked mannopyranosyl residue exists in an ensemble
of conformations, among which !C, is the most represented.

For isolated glycopeptides, NMR showed no evidence for long-range connectivities
and secondary structure, arguing against a stabilization of the analyzed glycopeptides due
to the C-linked mannopyranosyl residue. For native RNase 2, molecular modeling studies
revealed that the mannopyranosyl residue interacts with the loop residues Asp115-123 of
RNase 2, the end of the  strands Metl105-Argl14 and the beginning of the B strands
Pro124-Ile134. These interactions stabilize not only to the mannose residue and Trp7 in a
specific orientation, but also the N-terminal loop of the protein. NMR data confirmed

these results.

Keywords
C-Mannosylation; human RNase 2; Manla-Trp

98



Introduction

Modification of Trp7 in human RNase 2 by the C-glycosidic attachment of an a-D-
mannopyranosyl residue to the C2 atom of the indole ring was observed™*. In 1998, Krieg
et al. identified by site-directed mutagenesis the sequence Trp-X-X-Trp, as the
recognition motif for C-mannosylation, in which Trp oriented towards the N-terminus
becomes mannosylated. This sequence has been identified in 336 mammalian proteins,
suggesting that C-glycosides could be part of the structure of a significant number of
proteins. For example, C-mannosylation has been identified in proteins such as
interleukin-12° , the terminal four components of human complement system C6, C7, C8a.,
C8p, and C9°, human platelet thrombospondin-17, properdin®, recombinant erythropoietin
receptors’, mucins MUC5AC and MUC5B'". Exceptions to the Trp-X-X-Trp consensus
sequence have been found. For instance, thrombospondin type 1 repeats are C-
mannosylated on Trp residues without a Trp at position +3'". It has been described that C-
mannosylation occurs intracellularly before secretion of the protein and can be carried out
by a variety of mammalian cell cultures'?. This process is catalyzed by a microsomal
transferase according to the biosynthetic pathway Man — GDP-Man — DolP-Man —
(C*Man)-Trp".

Non-secretory ribonuclease 2 found in human urine is an enzyme involved in the
digestion of RNA. RNase 2 contains 134 amino acids, has five N-glycosylation sites and
one C-mannosylation site. It has been shown by NMR spectroscopy that the orientation
around the C-linkage occupied by the mannose residue in the native protein is different
from that in denatured form. Moreover, the pyranose ring is not rigid in the hexapeptide
FTWM*"AQW'"? and adopts several conformations on the NMR time scale. Our first
objective was to study this new type of C-linkage by molecular modeling and to determine
how the pyranose *C; conformation of the mannose residue could be destabilized. To gain
insight into the influence of the polypeptide chain on the conformation of the C-linked o-
D-mannopyranosyl moiety, further NMR studies were carried out on digested
glycopeptides of different chain length and amino acid composition.

NMR and molecular modeling studies were performed to investigate in which way the
three-dimensional structure of RNase 2 could be responsible for the different orientation

of C-mannose in native and denatured protein. Since RNase has the same amino acid
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sequence as eosinophil-derived neurotoxin (EDN)', the three-dimensional structure of
recombinant EDN (rEDN from Escherichia coli), as determined by X-ray
crystallography'®, was used to model the C-linkage between mannose and Trp. The short
distances between the neighboring amino acid protons and those of the a-D-
mannopyranosyl residue, as observed by molecular modeling, were finally compared with

the NMR data on native RNAse 2.

Materials and Methods

Samples purification

RNase 2 (E.C. 3.1.27.5) was purified from male human urine as previously described
by Hofsteenge et al’. Glycopeptides from the N-terminal region of RNase were prepared
by digestion of reduced and carboxymethylated protein with the protease from
Staphylococcus aureus (2% w/w; 18 h), thermolysin (3% w/w; 18 h), elastase (5% w/w; 4
h), or aminopeptidase M (10 units/nmol of peptide; 2 h). All digestions were performed in
50 mM NH4HCO;, pH 7.8, at 37°C. Subsequently, glycopeptides were purified by reverse
phase HPLC'®.

NMR spectroscopy

NMR spectra were recorded with a Bruker AMX-500 or AMX-600 spectrometer
(Bijvoet Center, NMR Spectroscopy, Utrecht University, The Netherlands), and a Varian
UnityPlus 750 MHz spectrometer (SON NMR Large Scale Facility, Utrecht University).
Native RNase 2 was dissolved in 90% (v/v) H,O/D,0, 0.1 M NaCl, 1 mM NaNj, pH 5.1.
NOESY and TOCSY '"H NMR spectra were recorded at 300, 315 and 320K. 2D NOESY
spectra'’ were recorded with a mixing time of 100 ms, with 350 increments (in the t,
dimension) of 2K data points. Water resonance was suppressed by irradiating at low
power during the relaxation delay and during the mixing time. In addition, a
magnetisation purging sine-bell-shaped pulsed field gradient (PFG) was applied. 2D
TOCSY spectra'™ were recorded with a clean MLEV-17 spin lock sequence with a
duration of 10, 50, or 80 ms. Spectra were recorded with 440 increments of 2K data points
each. As for NOESY experiments, water resonance was suppressed by a low power
irradiation applied during the relaxation delay, and a magnetisation purging sine-bell-

shaped pulsed field gradient (PFG) was included. The temperature settings of the
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instrument were decreased by 3 K to compensate for the rise in sample temperature
caused by the rf power of the spin-lock sequence. In this way, the chemical shift changes
as a function of sample temperature changes were nulled. For all 2D experiments,
quadrature detection was achieved using the State-TPPI method".

Peptides were dissolved in 5 mM potassium phosphate, pH 5.4 in D,O (99.96 atom%
D, Isotec, USA). Spectra were recorded at a probe temperature of 300 K. Chemical shifts
are expressed in ppm relative to internal acetone (‘'H &2.225; °C §32.910). Suppression
of the water signal was achieved by a selective WEFT sequence™. 1D 'H-NMR spectra of
8K or 16K complex data points were collected. 2D spectra were acquired with 256-512
increments of 2048 data points. Quadrature detection in the ¢, dimension was achieved by
either the time-proportional phase increment (TPPI) method”' or the States-TPPI method.
2D TOCSY experiments were recorded using a MLEV 17 mixing sequence of 20, 50 or
60 ms*** preceded by a trim pulse of 2.5 ms. Typically, TOCSY spectra were recorded
with a mixing time of 10, 50, or 100 ms with the spin-lock field strength adjusted for a 90°
pulse-length of 29-30 us. 2D ROESY spectra were obtained with a spin-lock pulse length
of 100 ms, 300 ms, 750 ms, or 1.2 s. The spin-lock field strength was in accordance with a
90° pulse of 100-120 ps. The frequency offset was initially placed on the HOD resonance
and switched to about 5.7 ppm just before application of the spin-lock pulse, thereby
reducing the Hartmann-Hahn transfer during the ROESY mixing time**. NMR data sets
were processed using ProSpectND software (Bijvoet Center, University of Utrecht) or

NMRPipe®.

Molecular modeling of(CZ— a-D-Man-)Trp.

Molecular modeling studies on (C’-a-D-Man-) Trp were performed using the
INSIGHTII and DISCOVER molecular modeling packages (MSI/BIOYM) running on a
Silicon Graphics work station. For simulations in vacuo, force fields CVFF, CFF91
(MSI/BIOSYM) and AMBER**? were used, with a dielectric constant of 4 with a
distance dependency. The dynamics trajectories were recorded at 300 K during 1 ns. The
system was first minimized and then heated and equilibrated during 27.5 ps, increasing
the temperature from 50 K to 300 K with the following steps: 0.5 ps at 50 K, 1 ps at 100
K, 1 ps at 150 K, 2 ps at 200 K, 3 ps at 250 K and 20 ps at 300 K for the equilibration

phase. Three molecular dynamics simulations were carried out with each force field with
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the following starting conformations of the a-D-mannopyranose ring: 'Cy, *C; and 'S5,
The GROMOS force field”, optimized for carbohydrates™, and CFF91 were used for the
dynamics simulations in water of (C’-a-D-Man-)Trp in the 'S; conformation. The
dynamics simulation with GROMOS was run at 300 K during 500 ps after minimization.
(C*-a-D-Man-)Trp was placed in a truncated octahedral periodic box containing 404
water molecules. The SPC model was used to describe the water molecules’’. The
dynamics simulation with CFF91 was run at 300 K during 260 ps in a box of water of 25
A containing 630 water molecules. Periodic boundary conditions were applied. Water was
first minimized with (C*-0-D-Man-)Trp fixed and then the entire system was minimized.
In all force fields the linkage between the mannose and the indole group was treated as
unknown and estimated. In all calculations, (C*-o-D-Man-)Trp was oriented with a small
distance between H1’--HB,B’, H1’--Ha,, and H2’--HN1, as described by NMR for the
peptide FTWM*"AQW'. All possible ring conformations for mannopyranose have been
generated with INSIGHTII. For each conformation specific distances have been measured
and coupling constants .Ji;., calculated using generalized Karplus-equations®. The
following electronegativity factors have been used: 1.3 for oxygen, 0.4 for carbon and

0.85 for nitrogen.

Molecular dynamics of rEDN-Trp

Studies were performed using the INSIGHTII and DISCOVER molecular modeling
software (MSI/BIOSYM) running on a Silicon Graphics work station. The X-ray structure
of rEDN was used as the starting point for molecular modeling, then a mannosyl residue
was linked to the C2 atom of the indole ring of Trp7 of rEDN. The monosaccharide
residue was oriented to display small distances between H1’--HN1 and H2’--Hf3, as
predicted by NMR?. Different conformations of the mannose pyranose ring were modeled
in the protein: 'Cy, *C; and 'Ss. The CFF91 force field (MSI/BIOSYM) was used, with a
dielectric constant of 4 with a distance dependency. The side chains of rEDN were first
minimized with the iterative conjugate gradient algorithm for 500 iterations or until the
energy gradient fell below 0.1 Kcal/A. Then, the whole protein was subjected to further
energy minimization to reduce the energy gradient to 0.05 Kcal/A. Dynamics simulations
with explicit water were carried out on rEDN without mannose and on rEDN with a 'C,

mannose linked to Trp7. The two sulfate anions present in the crystal structure were also
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included in the simulation. A sphere of 32 A diameter of water molecules was generated
around His15, containing 3744 water molecules for the protein without mannose and 3740
with mannose. The dynamics trajectories were recorded at 300 K during 500 ps. Restrains
were imposed on the water molecules to be allocated in a 32 A sphere. Before starting the
dynamics simulation, all water molecules were minimized with the steepest descent
algorithm for 200 iterations and the protein fixed. Then, the water and the protein were
minimized with the iterative conjugate gradient algorithm, and terminated after 500
iterations or when the energy gradient fell below 0.1 Kcal/A. The system was heated and
equilibrated during 27.5 ps, by increasing the temperature from 50 K to 300 K with the
following steps: 0.5 ps at 50 K, 1 ps at 100 K, 1 ps at 150 K, 2 ps at 200 K, 3 ps at 250 K
and 20 ps at 300 K for the equilibration phase.

Results and Discussion

The complete NMR assignment of the C*-o-D-mannopyranosyl-L-tryptophan moiety
of the C-glycopeptide FTWM"AQW obtained from human RNase 2 has been described
previously and was confirmed by analysis of the (C’-o-D-Man-)Trp compound obtained

by total synthesis™. The atom designation of (C’-ai-D-Man-)Trp is presented in Figure 1.

w7

pw7

Figure 1: o-D-Mannopyranosyl moiety linked to the indole ring of Trp7 in a 'C,-chair
conformation. The depicted conformation is only shown as clarification of the text, since
the a-D-mannopyranosyl residue is not present in a single conformation (see text).

NMR data obtained for the isolated (C*-o-D-Man-)Trp moiety proved that its mannose
is oriented with a small distance between H1’--Hf,p’, H1’--Ha, and H2’--HN1, as has
been described already for the peptide FTWM*AQW. NMR data previously recorded
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were not compatible with a single ring conformation and hence predicted flexibility of the
pyranose ring of the mannose residue. Therefore, molecular dynamics calculations for

(Cz—a-D-Man-)Trp in vacuo were recorded starting from *C,, 'Cy, and 'S; conformations

(Table 1).

Table 1: Simulation in vacuum starting from *C,, 'Cy and 'S; conformations

Starting conformation

i, ic,
Force field AMBER CVFF CFFI1 AMBER CVFF CFF9l
Trajectory 1.0 ns 1.0 ns 1.0 ns 1.0 ns 1.0ns 1.0ns
Transition at time 20 ps 15 ps - - - -
New conformation 1C4 1C4 ic 1 1C4 ]C4 1C4
After transition Stable Stable Stable Stable Stable  Stable
Starting conformation

s,
Force field AMBER CVFF  CFF91
Trajectory 1.0 ns 1.0ns 1.0ns
Transition at time -- 1 ps 5ps
New conformation 1S5, B e, ‘a
After transition Not stable Stable  Stable

The AMBER and CVFF force fields gave identical results: the ' C, chair conformation
is the most stable conformation, and transition from the *C; conformation happens during
the first 20 ps of the dynamic simulation. Starting from the 'S; conformation, the CVFF
force field showed transition to the 'C, conformation during the first 1 ps of simulation,
CFF91 to the *C; during 5 ps, while AMBER was not able to detect any stable
conformation. Molecular dynamics simulations were performed also with explicit water,
starting with mannose in the 'S; conformation. When CFF91 was applied, the pyranose
ring stayed in the 'S5 conformation for the whole simulation (Table 2). With GROMOS,
transition to a 'C, chair was observed after 40 ps of simulation. Since there are no specific
parameters in molecular modeling for this type of C-glycosylation, in all applied force

fields the linkage between the mannose and the indole group was considered to be
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unknown and estimated. When GROMOS was used, the C-linkage was treated as an

aromatic carbon linked to CH,.

Table 2: Simulation in water starting from a 'S; conformation

Force fields GROMOS CFFI1
Trajectory 500 ps 240 ps
Transition at time 40 ps -

New conformation 'c, No transition
After transition Stable -

To compare molecular modeling calculations with NMR data, all possible
conformations of the pyranose ring were generated with INSIGHTII. For each
conformation specific distances were measured and coupling constants calculated (Table
3), then compared with experimental NMR data. Since no NOE signals could be detected
between H1’ and H4’ of the mannosyl residue, all conformations presenting a short
distance between H1’-H4’ could be excluded, in particular '*B, 'S5 and 'S;. The strong
NOE signal between H1’ and H6” of the mannosyl residue allowed elimination of *°B and
%S, while the experimental value J;- = 8.2 Hz precluded all conformations with a small
H1’/H2’ coupling constant (4C1, 03p, Bo3, Bia, 25B,38,,°S,, 2So). The best agreement with
the experimental NOE data was obtained for the !C, chair conformation, which
nevertheless presented a J;- 4- value quite different from the experimental one of 5.3 Hz for
(C*-0-D-Man-)Trp, 2.8 Hz for 'C,). Therefore, it was concluded that the C-linked
mannopyranosyl residue must exist in an ensemble of conformations, among which 'C,
seems to be the most represented. Molecular dynamics simulations that seem to favor the
'C, conformation confirm this assumption. The instability of the normally preferred *C;
conformation is in this case probably due to the preference of the rigid Trp ring to adopt

an equatorial position that minimizes steric interactions.
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Table 3: Calculation of J;;; coupling constants an of NOE contacts’ intensities for the
pyranose ring of Mana.1-Trp from Human RNase Us.

Jijin

HI’/H2> H2’/H3> H3’/H4* H4’/HS’

Manal-Trp 8.2 32 53 34
‘c 1.4 32 8.0 8.5
'c, 7.7 3.1 2.8 1.2
03p 3.5 3.2 25 3.1
Bos 2.8 2.9 8.1 3.7
4B 7.9 6.7 8.6 8.5
B4 1.3 6.7 2.2 1.1
2B 1.4 3.7 1.4 1.2
By 7.7 3.1 1.8 8.5
Iss 7.7 5.4 6.0 8.3
s, 6.7 2.1 0.8 7.2
38 23 44 3.4 1.6
35S, 2.0 5.2 0.9 1.5
28, 1.4 22 6.6 1.9
'S, 5.4 3.8 8.9 7.2
Distances (A)
H3’-H5’ H1’-H6’  H4’-H6” H2’-H3®  HI’-H4
Mano1-Trp (NOE)W* (NOE)S (NOE)M (NOE)S -
‘c 2.6 4.4 2.5 24 4
¢, 4.4 24 2.6 2.4 4.0
03p 35 45 2.4 23 4.6
Bos 3.2 25 25 2.4 3.4
L4p 2.3 3.1 2.9 22 1.9
B4 42 4.1 25 22 48
25 4.1 2.9 24 2.9 4.7
Bys 3.3 45 25 2.4 32
1S; 2.7 3.8 2.7 23 23
s, 3.7 4.6 2.4 24 4.1
3 42 4.4 24 2.3 4.7
3, 42 4.1 2.7 23 4.8
) 3.5 2.6 2.4 2.5 4.0
'S; 2.7 23 2.4 2.3 24

*NOE intensities were estimated from cross-peak volumes in 2D-NOESY spectra recorded
with a mixing time of 100 ms**. NOE intensities were determined as a percentage of the
summed ROE and diagonal-peak intensities in a @,-column of the appropriate line width
and were classified as weak (w, less than 5%), medium (m, 6-10%), or strong (s, more
than 10%).
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To detect whether the (C’-a-D-Man-)Trp conformation could be influenced by the
presence of neighboring amino acids, or whether the presence of the C-linked mannose
could reduce the flexibility of the amino acid region linked to it, peptides with different
chain length were isolated form human RNase 2 and characterized by 'H NMR. Chemical

shifts and J; ;.| coupling constants are reported in Table 4.

Table 4: 'H chemical shifts (ppm) and homonuclear vicinal 'H-"H coupling constants
(Hz) of the C-glycosylated amino acid residues, measured at 300K.

Wtan” WMIAQW?  FTWMMAQW?  SSSWMSEW®  MSPWMSEW®

By Jim O i du Jiitl n Jijn Sy

HI’ 5.17 82 514 82 522 7.8 5.18 7.5 5.18
H2 442 32 440 3.1 4.42 32 444 3.0 4.44
H3’ 411 53 4.08 5.4 4.09 5.5 400 9.1¢ 4.07
H4’ 395 34 394 38 3.96 3.8 3.93 3.94
HS’ 3.89 8.7 3.84 82 3.87 83 3.83 8.3 3.82
He’ 4.25 4.18 4.21 4.18 4.18
H6»  3.73 3.75 3.77 - -

H4 7.65 7.57 7.67 7.65 7.53
H5 7.13 7.12 7.14 7.14 7.11
Hé6 7.22 7.21 7.20 7.20 7.20
H7 7.44 7.44 7.41 7.42 7.42

*Digested peptides from human RNase U

®316pB-322B chymotryptic peptide from human interleukin 12. Values taken from Doucey
et al. (1999)°

¢ 24-38 tryptic peptide (MSPWM"SEWSQCDPCLR) from C9 of human complement
system. Values taken from Hofsteenge ez al. (1999)°

g tps

Searching for structural details of the small peptides responsible for the peculiar C-
mannose conformation, NMR values for (C’-o-D-Man-)Trp in the RNase 2 peptides were
compared with the chymotryptic peptide SSSW™*SEW isolated from human interleukin
12° and the tryptic peptidle MSPWM*SEWSQCDPCLR isolated from the terminal
component C9 of the human complement system®. Although the analyzed fragments
possess different amino acid sequences, they closely resemble each other with respect to

chemical shifts, NOEs (data not shown) and coupling constants. 'H NMR-spectroscopic
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analysis revealed no evidence for long-range connectivities and secondary structure,
arguing against a remarkable stabilization of the analyzed peptides. Moreover, no
neighboring amino acid side chains seem to be engaged in interaction with the C-
mannose, as indicated by the lack of NOEs. All investigated peptides are presumably
disordered, and their primary structure does not influence the conformation of the (C’-a.-
D-Man-)Trp moiety. The J-couplings of the mannosyl residue do not match with one
single conformation (see Table 3), therefore the mannose ring can be supposed to have a
dynamic structure in all these peptides.

Previously, NMR measurements on RNase 2 showed that the mannose residue adopts
different orientations around its C-linkage in the native and denatured protein. In the
native protein Man H2’ is in close proximity of Trp Hp, Trp Ha, and Man H1" is close to
Trp N1H. However, in the denatured protein rotation around the Trp C-Man C1’ bond
brings Man H2’ close to Trp N1H, and Man H1’ close to Trp HP and Trp Ha,
analogously to what detected for the peptides isolated from RNase 2. 'H chemical shifts
for the C-mannopyranosyl residue in native and denatured RNase 2 are compared in Table
5: values for the denatured protein are close to the ones for digested peptides (see Table
4), while those for the native protein differ significantly for the values of H2’ and H6’.
Apparently, the three-dimensional structure of the protein affects the conformational

features of the C-mannopyranosyl residue.

Table 5: 'H chemical shifts (ppm) at 300K of the C-mannopyranosyl moiety in native and
denatured RNase 2.

Native Denatured
HI’ 5.27 5.23
H2’ 4.26 4.45
H3’ 4.13 4.14
H4’ 391 3.99
H5’ n.d. 3.98
H6’ 4.55 427
H6” 3.74 3.76

To identify the contacts between mannose and the amino acids of the native protein,

molecular modeling was employed. Assuming that RNase 2 has a similar three-
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dimensional structure as EDN, the X-ray structure of recombinant EDN was used as
model for RNase. No strong steric conflicts were met when linking an o-D-
mannopyranose unit to C2 of Trp7. The C-linkage was oriented with short distances
between Man H2’-Trp HP} and Man HI’-Trp N1H, as derived from NMR studies.
Minimization of Mana1-rEDN was performed with the C-mannopyranosyl residue in the
4cy, ¢y, and 'S, conformations. 'Cy and 'S5 have similar orientation and generate the same
type of hydrophobic interactions (Figures 2A): H2’--Me Val128, H3’--Me Val128, H3’--
HB Aspl12, H5’--HP} Aspll5, H5’--H Thr6, H6’--H Aspl15. Hydrogen bonds with
OH2’--OD1 Aspl112 and O5°--NH Trp7 were also identified. *C; generates instead less
hydrophobic contacts (Figure 2B) and cannot justify small distances between Man H1’-
Trp NHI and Man H2’-Trp CPHs without strong steric conflicts between the mannose
residue and Trp. Therefore, this conformation was considered to have a low probability to
exist. Molecular dynamics simulations of the protein were carried out with the mannose
residue in the lC4 conformation, in order to evaluate the flexibility of rEDN around the
mannose residue. The C-mannopyranosyl 'C, conformation was stable during the entire
simulation, and the small distances between Man H1’-Trp NH1 and Man H2’-Trp C’Hs
were conserved.

The orientation of the mannose residue and the amino acids after 300 ps of dynamics
simulation are presented in Figure 3.

The protein conformation is relatively stable during the dynamics simulation. The loop
114-120, which is close to the mannose residue, moves at the beginning of the simulation,
as well as the three N-terminal amino acids (Figure 4). The mannose residue follows the
loop while the backbone residues Thr6, Trp7 and Val 128 keep the same conformation.
Mannose H4’ establishes a new hydrophobic contact with HB Aspl15, but loses the one
with H5” (Figure 3); all the other hydrophobic contacts are preserved. The hydrogen bond
network observed after 300 ps is the following: OH2’--OD2 Asp112, OH4--OD1 Asp119
OH6’--OD1 Aspl15 and O5’--NH Trp7. To conclude, the mannose residue seems to
interact with the loop residues 115-123, the end of the 3 strands Met105-Argl 14 and the
beginning of the B strands Prol124-Ile134. These interactions stabilize not only to the
mannose residue and Trp7 in a specific orientation, but also the N-terminal loop of the
protein. This feature could be proved by comparison with the same molecular dynamics

simulation on rEDN lacking the C-mannosyl residue. In rEDN the loop 114-120 moves at
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the same extent as rTEDN-Man. However, the N-terminal loop is much more flexibile

when mannose is not present, and Trp7 assumes a different conformation (Figure 5).

Argll8

Asplls

Arglld

Vall2s

Asnll3
Aspll2

Figure 2: Hydrophobic interactions between rEDN and the C-linked a-D-mannopyranose
in A: 'C, (red), 'S5 (blue), B: *C; conformations.
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Argll8

Vall28

Figure 3: Hydrophobic interactions between the C-linked o.-D-mannopyranose and rEDN
in the starting conformation (red), and after 300 ps of dynamic simulation (green).

The protein conformation is relatively stable during the dynamics simulation. The loop
114-120, which is close to the mannose residue, moves at the beginning of the simulation,
as well as the three N-terminal amino acids (Figure 4). The mannose residue follows the
loop while the backbone residues Thr6, Trp7 and Val 128 keep the same conformation.
Mannose H4’ establishes a new hydrophobic contact with HB Aspl15, but loses the one
with H5” (Figure 3); all the other hydrophobic contacts are preserved. The hydrogen bond
network observed after 300 ps is the following: OH2’--OD2 Asp112, OH4--OD1 Aspl19
OH6’--OD1 Aspl15 and O5’--NH Trp7. To conclude, the mannose residue seems to
interact with the loop residues 115-123, the end of the B strands Met105-Argl 14 and the
beginning of the B strands Prol24-Ile134. These interactions stabilize not only to the
mannose residue and Trp7 in a specific orientation, but also the N-terminal loop of the
protein. This feature could be proved by comparison with the same molecular dynamics
simulation on rEDN lacking the C-mannosyl residue. In rEDN the loop 114-120 moves at
the same extent as rTEDN-Man. However, the N-terminal loop is much more flexibile

when mannose is not present, and Trp7 assumes a different conformation (Figure 5).
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Figure 4: Superposition of the starting conformation (green) of rEDN-Man and five
conformers (violet) during the dynamics simulation at 100, 200, 300, 400 and 500 ps,
respectively. Only the backbone was used for the fit.

Figure 5: Superposition of the X-ray structure (green) of rEDN with the structures of the
conformers with C-linked mannose (pink) and without (blue) obtained after 200 ps of
dynamics simulations.
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Conformations predicted by molecular modeling found confirmation in the NMR data
recorded on RNase 2. In NOESY spectra, an intense NOE between mannose H1* and H6’
indicates that the hydroxymethyl group is not in the usual equatorial orientation, which is
typical of the *C; conformation, but in the axial orientation presented by the 'C, chair.
NOE signals confirmed also the interactions H3’--Me Vall28 and H3’--Hb Aspl12.
Contacts between H4’-- Hb Aspl115 and H5’--Hb Thr6 could not be unambiguously
identified, due to signal overlapping in the NOESY spectra.

Conclusions

So far, the function of C-mannosylation has not been fully elucidated. Ihara et al.**
reported increased expression of C-mannosylation in the aortic vessels of diabetic Zucker
rats. Their results indicate that C-mannosylation is increased in specific tissues or cells
under hyperglycemic conditions, suggesting a pathological role for the increased C-
mannosylation in the development of diabetic complications. For some proteins, such as
properdin and TSR modules, it has been hypothesized that the presence of (C*-o-D-Man-)
Trp moieties may facilitate adhesion phenomena. Hartmann and Hofsteenge® supposed
that the 14 mannose residues linked to properdin could be exposed at the surface of the
protein thanks to their hydrophilic character, and therefore mediate properdin interaction
with the multivalent mannose-binding lectin present in serum. Affinity studies performed
by Nishikawa et al* demonstrated that although synthesized o-C-Man-Trp is not
recognized by conventional mannose-binding lectins such as ConA and MBL-C, it
nevertheless binds to several proteins present in blood serum.

In TSR modules the occurrence of more than one (C’-o-D-Man-)Trp residue poses
steric constraints on protein backbone conformations. The polypeptide chain cannot adopt
a helical conformation and the Trp residues that become C-mannosylated are oriented so
that their polar atoms are exposed and available for potential ligand binding®. Although
direct involvement of C-mannose in adhesion phenomena has not been demonstrated, it is
interesting to notice that the W-X-X-W motif and the neighboring sequence CSVTC in
TSR modules of TSP have been implicated in adhesive processes with a number of cells®’,

38-40

in protein-protein and protein-glycosaminoglycan interactions*'. In order to analyze
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the biological functions of a-C-Man-Trp, efficient strategies have recently been
developed to synthesize a-C-Man-Trp and its glucose and galactose analogues*”.

For RNase 2 the accessibility of the mannose residue is quite poor, only the face H1
OH3 and OH6 is accessible from the outside (Figure 3). Moreover, for RNase 2 and EDN,
the presence of C-mannose seems not to be related directly to any specific biological
function. Comparing enzymatic activity of recombinant RNase from E. coli with C-
mannosylated RNase 2 no significant differences could be pointed out”. Similarly, C-
mannose does not seem to be essential for the neurotoxic activity of EDN, since also the
related RNase eosinophil cationic protein, which contains an arginine at position 7 instead
of (C’-a-D-Man-)Trp, is equally toxic*. C-linked mannose may therefore exert a
structural function. (C*-a-D-Man-)Trp is located in the terminal o-helix of RNase 2. NMR
and molecular modeling studies demonstrated that mannose interacts with the large
insertion loop constituted by the amino acid residues from Asp115 to Tyr123. The three
dimensional structure of rEDN has been compared with that of bovine pancreatic RNase
A, which lacks the (C*-a-D-Man-)Trp moiety'’. While the o helices and the { strands are
almost identical in the two proteins, the N-terminal loop and the large insertion loop are
absent in RNase A. It can be concluded that the main role of the mannose is to stabilize
the N-terminal loop of the protein by interaction with the large insertion loop. This
hypothesis finds confirmation in the behavior of other glycoproteins, such as the
proteinase inhibitor PMP-C. In this case the fucose residue linked to Thr9 causes a
decrease in the number of dynamic fluctuations of the molecule®.

Since it was shown that C-mannosylation is a post-translational modification that can

d'>" it can be supposed

only take place before folding of the protein has been complete
(C’-a-D-Man-)Trp to affect the folding and dynamics of RNase through protein-

carbohydrate interactions.
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Abstract

The relatively insensitive surface plasmon resonance (SPR) signal detection of low-
molecular-mass analytes that bind with weak affinity to a protein - for example,
carbohydrate-lectin binding - is hampering the use of biosensors in interaction studies. In
this investigation, low-molecular-mass carbohydrates have been labeled with an
organoplatinum(II) complex of the type [PtCI(INCN-R)]. The attachment of this complex
increased the SPR response tremendously and allowed the detection of binding events
between monosaccharides and lectins at very low analyte concentrations. The platinum
atom inside the organoplatinum(Il) complex was shown to be essential for the SPR-signal
enhancement. The organoplatinum(Il) complex did not influence the specificity of the
biological interaction, but both the signal enhancement and the different binding character
of labeled compounds when compared with unlabeled ones makes the method unsuitable
for the direct calculation of biologically relevant kinetic parameters. However, the
labeling procedure is expected to be of high relevance for qualitative binding studies and
relative affinity ranking of small molecules (not restricted only to carbohydrates) to

receptors, a process of immense interest in pharmaceutical research.

Keywords

Surface plasmon resonance spectroscopy; organoplatinum(Il)-labeling; signal

enhancement; carbohydrates; lectin.
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Introduction

Introduced in the early 1990s, biosensors based on surface plasmon resonance (SPR)
have become a well-established tool for studying biomolecular interactions in real time'~.
Major applications have been reported, not only for protein-protein interactions, including
in conjunction with mass spectrometry, but also in SPR studies on nucleic acid-protein,
carbohydrate-protein, and carbohydrate-carbohydrate interactions™®.

Qualitative SPR applications range from orphan-ligand and small-analyte screening to
epitope mapping and complex assembly studies, whereas quantitative experiments include
concentration measurements of active molecules in solution, evaluation of
competition/inhibition events, and determination of rate and affinity constants.
Nevertheless, since the SPR response is proportional to the accumulation of mass on the
sensor surface, a serious constraint imposed by this technique concerns the dimension of
the molecules to be employed as analytes’.

In recent years, several groups have focused on SPR as an emerging technique to
detect protein-carbohydrate interactions®?’, key steps in many biological events*'**. SPR
studies of these biological events are hampered by the low availability of high-molecular-
mass oligosaccharides and by the weakness of protein-carbohydrate interactions. To
overcome these problems, more accessible low-molecular-mass carbohydrate epitopes are
multivalently presented to the lectin to increase both their binding affinity and overall
mass (thereby enhancing the SPR response). Thus, glycan epitopes can either be
immobilized on the surface of a sensorchip or, when used as analytes, conjugated to

carrier proteins®*2°

or, in the case of carbohydrate-carbohydrate interactions, clustered on
gold glyconanoparticles®’.

Although recent improvements in signal-to-noise ratio have made it possible to
measure the binding of monovalently presented low-molecular-mass analytes directly?®,
relevant control surfaces for blank subtraction and high surface concentrations of active
immobilized ligands are needed. This is often difficult to achieve, and mass transport
limitations and rebinding events may complicate interaction analysis at such high ligand
densities®. Moreover, to obtain sufficient SPR signal for the weak-affinity binding of a

carbohydrate to a protein with analytes of molecular mass < 1000 Da, high analyte

concentrations (up to the millimolar range) are required'>**>*. Under these conditions, the
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contribution from the bulk refractive index to the specific response becomes significant,
with an apparent loss in specific binding.

This study presents a method that allows facile qualitative SPR detection of low-
molecular-mass carbohydrate epitopes at low concentrations with a Biacore 2000
instrument. In our experimental set-up, low-molecular-mass carbohydrates (mono- and
disaccharides) are labeled with an organoplatinum(II) complex. These compounds, when
allowed to flow at very low analyte concentrations (0.5 — 20 uM range) across suitable
lectin surfaces, give rise to intense SPR signals. The crucial role of the platinum atom for

this SPR signal enhancement is discussed.

Material and Methods

Surface plasmon resonance studies were carried out on a Biacore 2000 instrument,
with CMS5 sensor chips and Biaevaluation 3.0 software (Pharmacia Biosensor AB,
Uppsala, Sweden). N-Hydroxysuccinimide was purchased from Merck (NJ, USA), N-
ethyl-N'-(dimethylaminopropyl)carbodiimide and ethanolamine from Sigma (St. Louis,
USA), cysteamine hydrochloride and N-ethylmorpholine from Fluka (Buchs,
Switzerland), and O-benzotriazol-1-yl-N,N,N' N'-tetramethyluronium tetrafluoroborate
(TBTU) from NovaBiochem (Breda, The Netherlands). C-18 Extract-Clean columns were
purchased from Alltech (Breda, The Netherlands) and Dowex 50 Wx2 (H', 200-400
mesh) from Fluka (Buchs, Switzerland). Ricinus communis agglutinin from castor bean
(RCA50) and concanavalin A lectin from Canavalia ensiformis (ConA) were supplied by
Sigma (St. Louis, USA). Compounds 1°° and 6°° were synthesized by procedures similar
to those used for their iodide and bromide analogues, respectively. Compounds 8 and 10
were synthesized as described earlier’’.

Reactions were monitored by TLC on silica gel 60 (F,s4, Merck); after examination
under UV light, compounds were visualized by heating with methanolic H,SO4(10% v/v),
orcinol (2 mg/mL) in methanolic H,SO,4 (20%, v/v), or ninhydrin (1.5 mg/mL) in BuOH-
H,0-HOAc (38:1.75:0.25, v/v). Vacuum line column chromatography (VLC) was
performed on silica gel (Merck 60, 0.040-0.063 mm). UV-irradiation for synthetic
purposes was performed in quartz vials at 254 nm with a grid tube lamp (VL-50 C, 50 W,
Vilber Lourmat). Organic solvents were removed under reduced pressure at 30-50°C on a

water bath. '"H NMR spectra were recorded at 300 K with a Bruker AMX 500 (500 MHz)
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spectrometer; dy values are given in ppm relative to the signal for internal Me4Si (8y = 0,
CDCl;) or internal acetone (8y = 2.22, D,0). Two-dimensional 'H-"H TOCSY (mixing
time 7 ms) spectra were recorded at 300 K with a Bruker AMX 500 spectrometer. Exact
masses were measured by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry using a Voyager-DE Pro (Applied Biosystems) instrument in the reflector
mode at a resolution of 5000 FWHM. a-Cyano-4-hydroxycinnamic acid (Fluka Chemie
GmbH, Buchs, Switzerland) in H,O (5 mg/mL) was used as a matrix. A ladder of maltose

oligosaccharides (G3-G13) was added as internal standard.

[PtCI(NCN)]-3-(amidoethylthio)propyl S-lactoside (2)

Cysteamine hydrochloride (29.7 mg, 0.262 mmol) was added to a solution of allyl -
lactoside (100 mg, 0.262 mmol) in water (3 mL). The mixture was transferred to a quartz
vial and irradiated with UV light for 2 h, after which TLC analysis (dichloromethane-
methanol 8:2, v/v) showed the formation of a new spot on the baseline and some
remaining allyl B-lactoside. The mixture was applied to a Dowex 50 Wx2 (H") column
(50 mm x 6 mm), and after the elution of contaminants with water, 3-(aminoethyl thio)
propyl B-lactoside was eluted with aq. ammonia (6%). The product was lyophilized twice
from water, and was directly used in the next reaction step. A solution of 1 (17.5 mg, 31.3
pmol) in tetrahydrofuran (0.3 mL) was added to a solution of 3-(aminoethylthio)propyl -
lactoside (10 mg, 20.8 pwmol) in ag. NaHCO; (0.25 M)-acetonitrile (1:1, v/v; 0.6 mL), and
the mixture was agitated gently overnight. After concentration in vacuo, the residue was
dissolved in water (15 mL), washed with dichloromethane (3 x 15 mL), and the aqueous
layer was concentrated to a volume of approximately 3 mL, and then loaded on a C-18
Extract-Clean column. The remaining 3-(aminoethylthio)propyl B-lactoside was eluted
with water (15 mL) and 2 with methanol (10 mL). After concentration in vacuo, followed
by lyophilization from water, 2 was obtained as a white solid (11.0 mg, 59%). &y (500
MHz; D,0) = 1.93 (m, 2 H, OCH,CH,CH,S), 2.73 (bt, 2 H, OCH,CH,CH,S), 2.80 (bt, 2
H, SCH,CH,ND), 3.02 and 3.14 (2 s, each 6 H, 2 CH,N(CHs),), 3.28 (dd, 1 H, J,1,=7.9
Hz, J,5 = 8.1 Hz, H-2), 3.48 (m, 1 H, H-5), 3.66 (m, 1 H, H-5"), 3.72 and 3.89 (2 m, each
1 H, OCH,CH,CH,S), 3.73 (dd, 1 H, Js 6o = 4.5 Hz, Jgs o» = 11.4 Hz, H-62’), 3.80 (dd, 1
H, Js 6 = 7.7 Hz, H-6b"), 3.84 (dd, 1 H, Js 6, = 4.6 Hz, Js, 6o = 12.3 Hz, H-6b), 3.87 (bd, 1
H, J5 4 =2.4Hz, Jys <1Hz H-4"),3.93 (dd, 1 H, Js56, = 2.2 Hz, H-6a), 4.15 and 4.16 (2
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s, each 2 H, 2 CH,N(CH3),), 4.36 (d, 1 H, H-1), 442 (d, 1 H, J;-,» = 6.4 Hz, H-17), 7.32
and 7.34 (2's, each 1 H, 2 x CH,yon). High-resolution MS data of CsoHsy CIN;O,,'PtS
(M, 906.245): [M + H — HCI]" found 871.273, calculated 871.276.

[PtCI(NCN)]-3-(amidoethylthio)propyl -D-galactopyranoside (3)

Cysteamine hydrochloride (32.5 mg, 0.286 mmol) was added to a solution of allyl -
D-galactopyranoside (63 mg, 0.286 mmol) in water (3 mL). The mixture was transferred
to a quartz vial and irradiated with UV-light for 2 h, after which TLC analysis
(dichloromethane-methanol 85:15, v/v) showed the formation of a new spot on the
baseline and some remaining allyl B-D-galactopyranoside. The mixture was applied to a
Dowex 50 Wx2 (H") column (50 mm x 6 mm), and after the elution of contaminants with
water, 3-(aminoethylthio)propyl B-D-galactopyranoside was eluted with aq. ammonia
(6%). The product was lyophilized twice from water, and directly used in the next reaction
step. A solution of 1 (17.7 mg, 31.5 pumol) in tetrahydrofuran (0.3 mL) was added to a
solution of 3-(aminoethylthio)propyl B-D-galactopyranoside (7 mg, 21.0 umol) in aq.
NaHCOj; (0.25 M)-acetonitrile (1:1, v/v; 0.6 mL), and the mixture was agitated gently
overnight. After concentration in vacuo, the residue was dissolved in water (15 mL),
washed with dichloromethane (3 x 15 mL), and the aqueous layer was concentrated to a
volume of approximately 3 mL, and then loaded on a C-18 Extract-Clean column. The
remaining 3-(aminoethylthio)propyl B-D-galactopyranoside was eluted with water (15
mL) and 3 with methanol (10 mL). After concentration in vacuo, followed by
lyophilization from water, 3 was obtained as a light yellow solid (10.7 mg, 72%). 8y (500
MHz; D,0O) = 1.91 (m, 2 H, OCH,CH,CH,S), 2.71 (bt, 2 H, OCH,CH,CH,S), 2.83 (bt, 2
H, SCH,CH,ND), 2.90 (bs, 12 H, 2 CH,N(CH5),), 3.26 and 3.92 (2 m, each 1 H,
OCH,CH,CH,S), 3.50 (dd, 1 H, J,, = 7.7 Hz, J,3 = 9.7 Hz, H-2), 3.59 (m, 2 H,
SCH,CH,ND), 3.63 (dd, 1 H, J54 = 3.5 Hz, H-3), 391 (bd, 1 H, J45 <1 Hz, H-4), 4.19
(bs, 4 H, 2 CH,N(CH3),), 4.40 (d, 1 H, H-1), 7.41 (bs, 2 H, CHyom). High-resolution MS
data of CyH,o CIN;O,'°PtS (M, 744.192): [M + H — HCI]" found 709.229, calculated
709.224.
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[PtCI(NCN)]-3-(amidoethylthio)propyl c-D-mannopyranoside (4)

Cysteamine hydrochloride (25.7 mg, 0.227 mmol) was added to a solution of allyl a-
D-mannopyranoside (50 mg, 0.227 mmol) in water (3 mL). The mixture was transferred to
a quartz vial and irradiated with UV-light for 2 h, after which TLC analysis
(dichloromethane-methanol 85:15, v/v) showed the formation of a new spot on the
baseline and some remaining starting allyl a-D-mannopyranoside. The mixture was
applied to a Dowex 50 Wx2 (H") column (50 mm x 6 mm), and after the elution of
contaminants with water, 3-(aminoethylthio)propyl o-D-mannopyranoside was eluted
with aq. ammonia (6%). The product was lyophilized twice from water, and directly used
in the next reaction step. A solution of 1 (25.5 mg, 45.5 pmol) in tetrahydrofuran (0.3 mL)
was added to a solution of 3-(aminoethylthio)propyl a-D-mannopyranoside (10 mg, 30.3
pmol) in aq. NaHCO; (0.25 M)-acetonitrile (1:1, v/v; 0.6 mL), and the mixture was
agitated gently overnight. After concentration in vacuo, the residue was dissolved in water
(15 mL), washed with dichloromethane (3 x 15 mL), and the aqueous layer was
concentrated to a volume of approximately 3 mL, and then loaded on a C-18 Extract-
Clean column. The remaining 3-(aminoethylthio)propyl a-D-mannopyranoside was eluted
with water (15 mL) and 4 with methanol (10 mL). After concentration in vacuo, followed
by lyophilization from water, 4 was obtained as a white solid (9.9 mg, 46%). 6y (500
MHz; D,0) = 1.91 (m, 2 H, OCH,CH,CH,S), 2.69 (bt, 2 H, OCH,CH,CH,S), 2.82 (bt, 2
H, SCH,CH,ND), 2.99 (bs, 12 H, 2 CH,N(CH5),), 3.59 and 3.80 (2 m, each 1 H,
OCH,CH,CH,S), 3.61 (bt, 2 H, SCH,CH,ND), 3.89 (bd, 1 H, J,, <1 Hz, J,5=3.2 Hz,
H-2), 4.18 (bs, 4 H, 2 CH,N(CH,),), 4.82 (bs, 1 H, H-1), 7.31 (s, 2 H, CHyom)- High-
resolution MS data of C,sHu>CIN;O,'”°PtS (M, 744.192): [M + H — HCI]" found
709.222, calculated 709.224.

[PtCI(NCN)]-3-(amidoethylthio)propyl f-D-glucopyranoside (5)

Cysteamine hydrochloride (20.7 mg, 0.182 mmol) was added to a solution of allyl -
D-glucopyranoside (40 mg, 0.182 mmol) in water (3 mL). The mixture was transferred to
a quartz vial and irradiated with UV-light for 2 h, after which TLC analysis
(dichloromethane-methanol 85:15, v/v) showed the formation of a new spot on the
baseline and some remaining allyl B-D-glucopyranoside. The mixture was applied to a

Dowex 50 Wx2 (H") column (50 mm x 6 mm), and after the elution of contaminants with
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water, 3-(aminoethylthio)propyl B-D-glucopyranoside was eluted with aq. ammonia (6%).
The product was lyophilized twice from water, and directly used in the next reaction step.
A solution of 1 (28.1 mg, 50.0 pmol) in tetrahydrofuran (0.3 mL) was added to a solution
of 3-(aminoethylthio)propyl B-D-glucopyranoside (11 mg, 33.3 umol) in aq. NaHCO;
(0.25 M)-acetonitrile (1:1, v/v; 0.6 mL), and the mixture was agitated gently overnight.
After concentration in vacuo, the residue was dissolved in water (15 mL), washed with
dichloromethane (3 x 15 mL), and the aqueous layer was concentrated to a volume of
approximately 3 mL, and then loaded on a C-18 Extract-Clean column. The remaining 3-
(aminoethylthio)propyl B-D-glucopyranoside was eluted with water (15 mL) and 5 with
methanol (10 mL). After concentration in vacuo, followed by lyophilization from water, 5
was obtained as a white solid (16.1 mg, 68%). oy (500 MHz; D,0O) = 1.93 (m, 2 H,
OCH,CH,CH,S), 2.72 (bt, 2 H, OCH,CH,CH,S), 2.78 (bt, 2 H, SCH,CH,ND), 3.02 and
3.14 (2 s, each 6 H, 2 CH,N(CH;),), 3.21 (dd, 1 H, J,,=7.9 Hz, J,; = 9.1 Hz, H-2), 3.42
(bt, 1 H, H-3), 3.34 (m, 2 H, H-4 and H-5), 3.56 (t, 2 H, SCH,CH,ND), 3.72 (m, 1 H, H-
6b), 3.72 and 3.99 (2 m, each 1 H, OCH,CH,CH,S), 3.88 (dd, 1 H, Js6, = 1.3 Hz, Je, 6 =
12.1 Hz, H-6a), 4.14 and 4.15 (2 s, each 2 H, 2 CH,N(CHs),), 4.33 (d, 1 H, H-1), 7.32 and
7.33 (2's, each 1 H, 2 CH,p). High-resolution MS data of Ca4Hs CIN;O,'°PtS (M,
744.192): [M + H — HCI]" found 709.228, calculated 709.224.

[PtCI(NCN)]-valine--lactosylamide (7)

A solution of 6 (59.1 mg, 111 pmol) in dry dimethylformamide (1 mL), preactivated
for 5 min with TBTU (34.7 mg, 107 umol) and N-ethylmorpholine (21.2 puL, 185 umol)
was added to a solution of B-lactosylamine®® (12 mg, 37.0 pmol) in dimethylformamide-
dimethyl sulfoxide (1:1, v/v; 500 pL). The mixture was stirred overnight, and then
concentrated in vacuo and coconcentrated with toluene (4 x 10 mL). A solution of the
residue in HyO (20 mL) was washed with dichloromethane (3 x 15 mL), and was then
concentrated to a volume of approximately 3 mL and loaded onto a C-18 Extract-Clean
column. Side products and salts were eluted with water (15 mL), and 7 with methanol (10
mL). After concentration in vacuo, followed by lyophilization from water, 7 was obtained
as a slightly yellow solid (10.1 mg, 32%). &y (500 MHz; D,0) = 0.93 (d, 3 H, Jup sy = 6.8
Hz, CHs-ya), 0.96 (d, 3 H, Jupuw= 7.0 Hz, CH3-yb), 2.00 (m, 1 H, H-B), 2.76 (bs, 12 H, 2
CH,N(CHs),), 3.21 (bs, 1 H, H-a), 3.47 (bt, 1 H, H-2), 3.56 (dd, 1 H, J;-»» = 7.8 Hz, Jy 5
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=99 Hz, H-2"), 3.93 (bd, 1 H, J3-4 = 3.4 Hz, Jys5 < 1 Hz, H-4"), 424 (s, 4 H, 2
CH,N(CHs),), 447 (d, 1 H, H-1"), 5.06 (d, 1 H, J,, = 9.2 Hz, H-1), 6.98 (s, 2 H, 2
CH,om). High-resolution MS data of C3oHs,*>CIN,4O;,'*°Pt (M, 873.289): [M + H — HCI]"
found 838.324, calculated 838.320.

[Br(NCN)]-3-(amidoethylthio)propyl [-lactoside (9)

A solution of 8 (29.2 mg, 93.9 umol) in dry dimethylformamide (1 mL), pre-activated
for 5 min with TBTU (29.1 mg, 90.8 pmol) and N-ethylmorpholine (17.9 uL, 156 pmol)
was added to a solution of 3-(amino-ethylthio)propyl B-lactoside (15 mg, 31.3 pmol) in
dry dimethylformamide (1 mL). The mixture was stirred overnight, and was then
concentrated in vacuo and coconcentrated with toluene (4 x 10 mL). The product was
purified by VLC (dichloromethane-methanol-triethylamine 98:1.5:0.5 = 95:4:1-> 90:9:1,
v/v) to afford 9 as an amorphous white solid (12.4 mg, 54%). 6y (500 MHz; D,0) = 1.91
(m, 2 H, OCH,CH,CH,S), 2.29 (s, 12 H, 2 CH,N(CHs),), 2.71 (bt, 2 H, OCH,CH,CH,S),
2.84 (bt, 2 H, SCH,CH,ND), 3.26 (dd, 1 H, J,, = 8.0 Hz, J,; = 9.3 Hz, H-2), 3.54 (dd, 1
H, Jy» =7.8 Hz, Jy 3 = 9.9 Hz, H-2’), 3.66 (dd, 1 H, J3-4- = 3.3 Hz, H-3"), 3.73 (s, 4 H, 2
CH,N(CHs;),), 3.74 and 3.95 (2 m, each 1 H, OCH,CH,CH,S), 3.92 (bd, 1 H, Js- 5 < 1 Hz,
H-4"),4.42 (d, 1 H, H-1), 4.43 (d, 1 H, H-1"), 7.68 (bs, 2 H, CHpom). High-resolution MS
data of C3oHso”BrN;01,S (M, 755.230): [M + H]" found 756.237, calculated 756.238.

[CI(NCN)]-3-(amidoethylthio)propyl f-lactoside (11)

A solution of 10 (25.0 mg, 93.9 pumol) in dry dimethylformamide (1 mL), pre-
activated for 5 min with TBTU (29.1 mg, 90.8 pumol) and N-ethylmorpholine (17.9 pL,
156 pmol) was added to a solution of 3-(aminoethylthio)propyl B-lactoside (15 mg, 31.3
pmol) in dry dimethylformamide (1 mL). The mixture was stirred overnight, and was then
concentrated in vacuo and coconcentrated with toluene (4 x 10 mL). The product was
purified by VLC (dichloromethane-methanol-triethylamine 98:1.5:0.5 = 95:4:1-> 90:9:1,
v/v) to afford 11 as a white amorphous solid (8.9 mg, 41%). &y (500 MHz; D,O) = 1.94
(m, 2 H, OCH,CH,CH,S), 2.35 (s, 12 H, 2 CH,N(CHs),), 2.75 (bt, 2 H, OCH,CH,CH,S),
2.88 (bt, 2 H, SCH,CH,ND), 3.31 (dd, 1 H, J,, = 8.1 Hz, J,5 = 9.3 Hz, H-2), 3.58 (dd, 1
H, Ji-»-=7.7Hz, Jy5-=9.9 Hz, H-2’), 3.69 (dd, 1 H, J3-4- = 3.3 Hz, H-3), 3.79 (s, 4 H, 2
CH,N(CHz;),), 3.75 and 4.00 (2 m, each 1 H, OCH,CH,CH,S), 3.96 (bd, 1 H, Js-5- <1 Hz,
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H-4%), 447 (d, 2 H; H1 and H-1"), 7.77 (bs, 2 H, CH_om). High-resolution MS data of
C30Hs0> CIN;0,,S (M, 711.280): [M + H]" found 712.290, calculated 712.288.

Benzoyl-3-(amidoethylthio)propyl f-lactoside (12)

Benzoyl chloride (29.2 pL, 208.4 umol) was slowly added at 0°C to a solution of 3-
(aminoethylthio)propyl B-lactoside (20 mg, 41.6 umol) in dry pyridine (4 mL). After 2 h,
when TLC analysis (dichloromethane-methanol 9:1, v/v) showed the formation of a faster
moving spot (R 0.23), the mixture was concentrated and then coconcentrated with toluene
(4 x 10 mL). The product was purified by VLC (dichloromethane-methanol 99:1 - 95:5,
v/v) to yield 12 as a white solid (20.2 mg, 89%). 6y (500 MHz; D,O) = 1.92 (m, 2 H,
OCH,CH,CH,S), 2.71 (bt, 2 H, OCH,CH,CH>S), 2.85 (bt, 2 H, SCH,CH,ND), 3.28 (dd, 1
H, Ji, =8.1 Hz, J,5=9.5Hz, H-2),3.54 (dd, 1 H, J;-»- = 7.8 Hz, J,-3-=9.9 Hz, H-2"),
3.61 (bt, 2 H, SCH,CH,ND), 3.63 (dd, 1 H, J54 = 9.5 Hz, H-3), 3.66 (dd, 1 H, J5- 4 = 3.3
Hz, H-3’), 3.77 and 3.98 (2 m, each 1 H, OCH,CH,CH,S), 3.92 (bd, 1 H, Jy s < 1 Hz, H-
4),4.43 (d, 1 H, H-1"),4.44 (d, 1 H, H-1), 7.53, 7.61,and 7.77 (3 m,2 H, l H,and 2 H, 5
CHgom). High-resolution MS data of C,;H3,NO,S (M, 563.204): [M + Na]" found
586.189, calculated 586.193.

Preparation of sensor surfaces

CMS5 sensor surfaces were equilibrated with Tris-HCI buffered saline (pH 7.5, 10
mM), containing NaCl (150 mM), CaCl, (2 mM), and MgCl, (2 mM), and were then
activated with a 10 min pulse of a mixture (1:1, v/v) of N-hydroxysuccinimide (0.05 M)
and N-ethyl-N'-(dimethylaminopropyl) carbodiimide (0.2 M), at a flow rate of 5 pL/min.
ConA lectin was attached to channels 1 and 2 by two injections of 7 min (200 pg/mL in
10 mM sodium acetate buffer, pH 4.8; ~ 11,000 response units (RUs) each); remaining N-
hydroxysuccinimide esters were blocked by a 10-min pulse of ethanolamine
hydrochloride (1.0 M, pH 8.5). In a similar way, ~ 11,500 RU of RCA |y lectin were
immobilized to channels 3 and 4. To measure the level of nonspecific binding and to serve
as blank channels for mathematical data treatment, ConA bound to channel 2 and RCA 5
bound to channel 4 were denatured by a 8 min injection of guanidinium chloride (6 M, pH

1.0), followed by a 4 min injection of SDS (0.5%).
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SPR detection of saccharides

Free and derivatized saccharides, dissolved at various concentrations (see Results) in
Tris-HCI buffered saline (10 mM, pH 7.5), containing NaCl (150 mM), CaCl, (2 mM) and
MgCl, (2 mM), were allowed to flow across the lectin surfaces for 5 min at a flow rate of
5 pL/min, and were allowed to dissociate for 8 min. To restore the response level to zero,
a regenerating solution (20 pL) was used. To this end, several regenerating solutions were
screened for their effectiveness towards the release of PtCI(NCN-R)-labeled
oligosaccharides. The best results were obtained with a mixture of methyl a-D-
mannopyranoside (25 uM; ConA) and methyl B-D-galactopyranoside (25 uM; RCA ) in
Tris-HCI buffer (pH 7.5).

Results

PtCI(NCN-R)-labeling ensures higher sensitivity in SPR detection

RCA 5 (specific for galactose/lactose) and ConA (specific for mannose and displaying
a weak binding affinity for glucose) were chosen as model carbohydrate-binding proteins
for SPR analysis of the interactions between low-molecular-mass saccharides and
immobilized lectins. Each lectin was immobilized on two channels of a CMS5 sensor chip
(~ 11,000 RU for dimeric ConA; ~ 11,500 RU for RCA,,), and one channel of each lectin
was denatured to serve as a blank surface. Firstly, the mono- and disaccharides D-
mannose, D-glucose, D-galactose, methyl o-D-mannopyranoside, methyl [B-D-
galactopyranoside, and lactose were tested for their SPR responses on the lectin surfaces.
The same series of free mono- and disaccharides were then labeled with the
organoplatinum(II) complex of the type [PtCl-(NCN-R)] with the aid of the activated ester
1 (2-5, Figure 1) and allowed to flow over the same lectin surfaces (NCN-R is an
abbreviation for the terdentate, monoanionic, 4-substituted 2,6-bis(dimethylamino

methylene) phenyl “pincer” ligand36’39),
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Figure 1: Synthesized compounds 1-12 used in this study (see Materials and Methods).
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Despite their well-known specificity for these lectins, none of the free saccharides or
methyl glycopyranosides showed any detectable binding either to ConA or to RCA 5 in
the 1 — 600 puM concentration range. In contrast, lactose labeled with the
organoplatinum(Il) complex PtCI(NCN-R) (2), injected at 9 puM concentration over
RCA |y, produced a strong SPR signal (Figure 2). To examine whether such a high
response could be attributed to specific binding, compound 2 (9 uM) was also injected
simultaneously onto denatured RCA |, ConA, and denatured ConA. As depicted in
Figure 2, only the active RCA ,, surface gave a strong SPR signal, while the responses on
the other surfaces were comparable to one another and very low. Similar sensorgrams,
demonstrating the signal-enhancing properties of the organoplatinum(Il) complex, were
obtained for galactose derivative 3 on the RCA |y, surface (90 RU at 2.5 uM after blank
subtraction), and for mannose derivative 4 and glucose derivative 5 on the ConA surface

(50 and 10 RU at 2.5 uM after blank subtraction, respectively).
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Figure 2: Sensorgrams of PtCI(NCN-R)-labeled lactose 2 (9 uM) flowing across RCA 5,
denatured RCA 5*, ConA, and denatured ConA*. An asterisk denotes a denatured
component.

Figure 3a shows the concentration-dependent overlay plot for 2 (1.1-17.5 uM),
injected over RCA . The question of whether the length of the linker between the
saccharide and the organoplatinum(Il) complex would influence the signal-enhancing
qualities of the complex or prevent the biomolecular interaction was also investigated. For
this purpose, compound 7 was synthesized and analyzed by SPR. As illustrated in the
sensorgram in Figure 3b, a signal-enhancing SPR response similar to that observed for 2
(Figure 3a) was seen; this establishes that the binding of 7 to RCA |,y was not disturbed by

the close proximity of the organoplatinum(Il) complex to the carbohydrate.
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Subsequently, the binding affinities of free and PtCI(NCN-R)-labeled lactose 2 on
RCA ) were compared in a competition experiment. Increasing amounts of free lactose
were added to a 7.5 uM solution of 2, and the resulting sensorgrams were measured. The
SPR data presented in Figure 3¢ show that the response decreased progressively with
increasing free lactose concentration, resulting in a reduction to half of the original RU for
an equimolar free lactose/compound 2 solution. This result demonstrates clearly that
PtCI(NCN-R)-labeled lactose competes effectively with free lactose for the same lectin
binding site.
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Figure 3: a) Concentration-dependent binding of 2 to RCAy. Concentrations from
bottom to top: 1.1, 2.2, 4.4, 8.75, 17.5 uM. b) Concentration-dependent binding of 7 to
RCA 5. Concentrations from bottom to top: 1.25, 2.5, 5, 10, 20 uM. ¢) Competition assay
between free lactose and PtCI(NCN-R)-labeled lactose 2. Increasing amounts of free
lactose were progressively added to a 7.5 uM solution of 2 (top curve; from top to bottom
curve, free lactose concentrations: 0, 0.5, 1, 2, 4, 8, 16 uM).

Unraveling the characteristics of the organoplatinum(Il) complex

To investigate the influence of the different structural components of the
organoplatinum(Il) complex PtCI(INCN-R) on the signal-enhancing phenomenon, the
lactose derivatives 9, 11, and 12 were synthesized. The modifications relative to 2
involved the removal of the platinum atom (9 and 11) and the removal of both the
platinum atom and the pincer arms to yield an unsubstituted phenyl moiety (12). Free

lactose and compounds 2, 9, 11, and 12 (1.25 — 40 uM) were allowed to flow across the
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RCA, surfaces to yield, after blank subtraction, the sensorgrams depicted in Figure 4a-e.
The strongest response is clearly that associated with the organoplatinum(II)-containing
compound 2 (60-160 RU, Figure 4b). The sensorgrams of compounds 9, 11, and 12
(Figure 4c-e) show that the intensity of the SPR signal decreased dramatically whenever

the aglycon did not contain a platinum atom.

220 220
4a 4b
180 180
2 140 2 140
% 100 ® 100
g 60 g 60
% Q
& 20 \ é 20 |
0 100 300 500 700 0 100 300 500 700
timels — timels —
220 220
180 4c 180 4
2 140
g 100
g 60
[7)
& 20
0 100 300 500
timels — timels —
220 |
1 180 4e
2 140
§ 100 1
S 60
%)
g 20 s ah -
0 100 300 500 700

timels —

Figure 4: Sensorgrams of lactose variants with different aglycon structures. All binding
curves have been corrected for nonspecific binding (RCA50-RCA*). a) Free lactose. b)
Compound 2. ¢) Compound 11. d) Compound 9. ¢) Compound 12. Concentrations: 40—

1.25 uM (top to bottom).

As would be expected, the platinum-free compounds presented low signals that
increased linearly according to their molecular masses. In the chosen concentration range
the RU values are close to zero for free lactose (MW=342), 2-7 RU for 12 (MW=563),
and 5-40 RU for 11 and 9 MW=711/713 and 755/757, respectively). Hence, it appears
that the response shown by 2 (60 — 160 RU) cannot be explained simply by the increase in
molecular mass of 2 (MW=906/908). This observation is further supported by comparison
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of the SPR responses (at 1 uM concentration) of PtCI(NCN-R)-labeled galactose 3 and
Br(NCN-R)-labeled lactose 9, possessing close molecular masses (MW=745 vs 755/757),
but differing in the presence or absence of the platinum atom. Even though lactose has a
higher affinity for RCA | than galactose40, the lack of the platinum atom in 9 causes a

significant drop in RU relative to 3 (Figure 5).
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Figure 5: Relative response (RU) versus time for the binding responses of: a) PtCI(INCN-
R)-labeled galactose 3 (MW=745) and b) Br(NCN-R)-labeled lactose 9 (MW=755/757)
flowing across immobilized RCA |,y at 1uM concentration.

A curve relating the RU values at 26 uM concentration for lactose, 2, 9, 11, and 12
with their respective molecular masses (Figure 6) reveals that the PtCI(NCN-R)-labeled
lactose 2 and the PtCI(NCN-R)-labeled galactose 3 not only deviate from the linear trend
presented by 9, 11, and 12, but also give responses corresponding to higher-molecular-

mass compounds.
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Figure 6: Molecular mass versus SPR response at 26 uM concentration for: A) compound
12, B) compound 11, C) compound 3, D) compound 9, and E) compound 2.

Evaluation of the reference surface
To investigate whether denatured lectins could be considered suitable reference
surfaces, compound 2 was allowed to flow across RCA |y, denatured RCA 5y, ConA, and

denatured ConA for 50 min at 8 pM concentration. Inspection of the sensorgrams
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presented in Figure 7 reveals that the SPR response on active RCAyy during the first 5
min of association differed significantly from those observed on denatured RCA |5y, ConA,
and denatured ConA, due to specific binding on this surface. With prolonged injection
times, similar linear increases are observed for all the four curves, suggesting nonspecific
binding of 2 on each of the sensorchip surfaces. Since both active and denatured surface
present the same trend, subtraction of reference channels from the active lectin surface
could be usable to correct for nonspecific binding, refractive index changes and detector
drift. The contribution of these phenomena to the measured SPR response could be further
minimized by use of low analyte concentrations (0.5-20 uM) and short injection times (3-

5 min).
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Figure 7: Sensorgrams of PtCI(NCN-R)-labeled lactose 2 (8 uM) flowing across RCA |y,
denatured RCA5*, Con A, and denatured Con A*. Injection time: 50 min. The shaded
part indicates the injection time usually considered in Biacore analysis

Discussion and Conclusions

SPR is an optical phenomenon that is generated at a noble metal-coated interface (a 10
nm gold film in Biacore biosensors) between two media of different refractive index (RI),
by a beam of monochromatic, plane-polarized light. Under conditions of total internal
reflection, an evanescent wave will penetrate into the medium of lower RI, causing free
electrons in the metal layer to oscillate, resulting in the generation of the so-called surface
plasmon waves. These plasmons can be resonantly excited only at a well-defined angle of
incidence, and can be monitored in the reflected light since a reduction in its intensity
occurs at that angle. The SPR of the system is very sensitive to variations in the refractive
index of the media adjacent to the metal layer. For a given number of ligand sites, the
response increases linearly with the mass bound to the sensor surface, as the RI changes

are stronger for high-molecular-mass analytes®'.
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Oligosaccharides binding to immobilized proteins are not easily detected, due to their
low molecular masses and weak binding affinities, so labeling procedures are often
required.

In this study it has been shown that attachment of an organoplatinum(II)-containing
aglycon of the PtCI(NCN-R) type to a saccharide produces a strong SPR signal
enhancement, allowing binding studies of low-molecular-mass saccharides to lectins at
very low analyte concentration: monosaccharide analytes containing such an aglycon give
rise to intense SPR signals even at 1.25 uM concentration. The PtCI(NCN-R)-labeled
saccharides are completely water-soluble, do not aggregate in the buffer solutions
conventionally used in SPR experiments, and can be stored for long periods. Competition
experiments between free saccharides and their organoplatinum(Il)-containing analogues
have demonstrated that the labeling does not affect the specificity of the biomolecular
interaction. In addition, the binding experiments with organoplatinum(Il)-labeled glucose
and mannose over the Con A surface show that the relative affinity order of unlabeled
glucose and mannose is preserved. The presence of a shorter spacer than the 3-
(amidoethylthio)propyl spacer between saccharide and organoplatinum(Il) complex gave
the same lectin binding profile. This demonstrates that although the organoplatinum(II)
complex is in close proximity to the binding site of the lectin, it does not influence the
binding of the analyte to it.

Since this signal-enhancing property cannot be explained simply in terms of the
molecular mass increase of the carbohydrate, a possible explanation has to be inferred
from the SPR phenomenon itself. The observation that the platinum atom is essential for
conferring signal-enhancing properties to the aromatic aglycon, raises the possibility that
the nobel metal atom may cause more complex effects than simply inducing bulk changes
in the RI close to the gold layer®. Introductory experiments, performed in our group, with
compounds in which the Pt atom is replaced by a Pd atom have shown the same signal-
enhancing effect (data not shown). A significant interaction between the platinum
electrons and the evanescent wave produced in the proximity of the sensorchip surface is
believed to be responsible for the observed phenomenon.

The inaccuracy involved in relating the response of PtCI(NCN-R)-labeled saccharides
directly to their molecular masses may cause overestimation of calculated
thermodynamical parameters, such as their affinity constants toward lectins. Exploratory

kinetic binding studies indicate that, as a consequence of the signal enhancement, values
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calculated for the PtCI(NCN-R)-labeled lactose/RCA;,, interaction (Kp = 2 uM) are
between 10 to 30 times higher than values previously determined for the lactose/RCA 5
interaction by isothermal titration calorimetry*® or equilibrium dialysis calculation®**.
Discrepancies in Kp values can also be observed between the PtCI(NCN-R)-labeled
mannose/ConA affinity measured by SPR (Kp = 0.6 uM) and values obtained from
titration microcalorimetry®, fluorescence anisotropy*> and SPR'**® for the methyl o.-D-
mannopyranoside/ConA interaction. In addition, careful inspection of the SPR
sensorgrams of organoplatinum(II)-labeled lactose and unlabeled lactose derivatives (e.g.,
9 or 11) shows that both the association with and dissociation from the lectin are slower
for the organoplatinum(II)-labeled compound. The discussed limitations associated with
the use of the organoplatinum(II) label make quantitative SPR binding studies unfeasible.
To conclude, labeling low-molecular-mass saccharides with the PtCI(INCN-R) aglycon
ensures high SPR responses. The organoplatinum(Il) complex is therefore an excellent
label for the qualitative detection of binding events taking place on the gold surface of the
biosensor. Although the signal enhancement causes overestimation of the calculated
affinities, specificity and affinity ranking between compounds are preserved. Therefore,
relative values, more than absolute ones, can furnish a clear picture of the different
affinities of labeled oligosaccharides for the tested proteins. We envision that this
labeling procedure could be applicable to establishing the carbohydrate-binding
specificity of unknown lectins with biosensors, a method traditionally hampered by the
low availability of high-molecular-mass oligosaccharides. More generally, qualitative
binding studies of synthetic or isolated small molecules to receptors, and their relative
affinity ranking, by organoplatinum(II) labeling of analytes has become a possibility. SPR
screening of organoplatinum(Il)-labeled plant/animal extracts or chemical libraries (e.g.,
peptide, carbohydrate, DNA, or heterocycles) allows the identification of biologically

active lead compounds, a process of immense importance in pharmaceutical research.
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Summary

Carbohydrate chains play key roles in living organisms. They are involved in a variety
of events such as inflammation, cell-cell recognition, immunological response,
fertilization, signal transduction, and protein folding. In biological systems they are
present as free saccharides, or as covalently bound entities of glycoconjugates
(glycoproteins, glycosaminoglycans, glycolipids, and glycosylphosphatidylinositol
anchors). Carbohydrate chains can modify the intrinsic properties of proteins to which
they are attached to, for instance, by altering the stability, protease resistance, or
quaternary structure. It has been observed that in the same glycoprotein identical types of
glycan structures can be responsible for different effects, but also that different glycans
can exert similar functions. This finding demonstrates that structure and local molecular
environment are decisive factors in determining the functional behavior of glycans.

Novel techniques have been developed in recent years to investigate the
structure/function of carbohydrates. 2D nuclear magnetic resonance (NMR) and molecular
dynamics (MD) simulation in conjunction with NMR refinement, as well as surface
plasmon resonance (SPR), have been employed in this thesis to map structures and
biological functions of glycans.

Chapter 1 gives an overview of the concept of prebiotics, probiotics and synbiotics,
with particular emphasis on carbohydrates as possible prebiotics. The present state of
knowledge of the physiological effects of pre- and probiotics on the intestinal microflora
is described, as well as their possible applications to specific health problems. Significant
results obtained in recent clinical studies are also reported.

In Chapter 2 the studies carried out in the framework of the European Union project
“Novel Food Additives and bio-active components from milk for innovative engineering
(NOFA)” are reported. To overcome the major bottleneck of obtaining naturally occurring
oligosaccharides in sufficient amounts to perform structural characterization and
biological testing, an improved protocol to isolate large quantities of lactose-free
oligosaccharide fractions from non-human milk was developed. Major components from
goat colostrum were isolated and structurally characterized by high-pH anion-exchange
chromatography, MALDI-TOF mass spectrometry, and NMR spectroscopy. Bacterial

adhesion studies with isolated acidic oligosaccharide fractions showed a significant
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inhibition of the adherence of faecal Salmonella fyris B8132 to cultured intestinal
epithelial cells. However, for faecal Escherichia coli 0119 no detectable inhibitory effect
was found.

Since oligosaccharides present in human milk have proved to be beneficial for human
health by promoting the growth of bifidobacteria and lactobacilli in the large intestine and
preventing adhesion of pathogenic agents to intestinal epithelial cells, one of the main
goals of the NOFA project was to enrich milk isolates with selected oligosaccharides,
considered as prebiotics. As demonstrated in Chapter 2, naturally occurring galacto-
oligosaccharides can be isolated in large amounts from skimmed goat milk (or colostrum)
oligosaccharide pools, when incorporating a B-galactosidase (E. coli) digestion in the
isolation protocol. Analysis of the generated oligosaccharides and control of the process
are important in the development of applications of enzymatic lactose hydrolysis on a
technical scale.

In Chapter 3 the isolation of tri- and tetrasaccharides from goat milk after enzymatic
lactose hydrolysis with E. coli B-galactosidase, and their structural analysis by
methylation analysis, mass spectrometry, and NMR spectroscopy, is described.

After analyzing the structure and function of free oligosaccharides, in Chapter 4 our
research was focused on covalently bound oligosaccharides. In an attempt to understand
the biological significance of a recently discovered form of glycosylation, ie. C-
mannosylation, the conformation of Manlo-Trp in human RNase 2 was investigated.
NMR experiments and molecular modeling calculations for (C*-o-D-Man-)Trp
demonstrated that the C-linked mannopyranosyl residue exists in an ensemble of
conformations, among which 'Cy is the most represented. For isolated glycopeptides,
NMR showed no evidence for long-range connectivities and secondary structure, arguing
against a stabilization of the analyzed glycopeptides, due to the C-linked mannopyranosyl
residue. For native RNase 2, molecular modeling studies and NMR data revealed that the
mannopyranosyl residue interacts with the loop residues Asp115-123 of RNase 2, the end
of the B strands Met105-Argl 14 and the beginning of the 3 strands Pro124-Ile134. These
interactions stabilize not only to the mannose residue and Trp7 in a specific orientation,
but also the N-terminal loop of the protein.

Chapter 5 focuses on the feasibility of the emerging technique surface plasmon

resonance (SPR) to detect oligosaccharide-protein interactions. Introduced in the early
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1990s, biosensors based on SPR have become a well-established tool for studying
biomolecular interactions in real time. Nevertheless, a serious constraint imposed by this
technique concerns the dimension of the molecules to be employed as analytes. To this
end we developed an organoplatinum(Il) label to increase the SPR response of low-
molecular-mass analytes. Hence, we demonstrated to be able to detect binding events
between monosaccharides and lectins even at very low analyte concentrations. The
organoplatinum(Il) complex did not influence the interaction, and platinum(I) was shown

to be essential for the SPR signal enhancement.
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Samenvatting

Koolhydraatketens (glycanen) spelen een belangrijke rol in levende organismen. Ze
zijn betrokken bij vele biologische processen zoals ontstekingen, cel - cel herkenning,
immunologische reacties, bevruchting, signaaltransductie en eiwitvouwing. In biologische
systemen komen ze voor als vrije suikers, of als covalent gebonden eenheden van
glycoconjugaten:  glycanen (glycoproteinen, glycosaminoglycanen, glycolipiden,
glycosylphosphatidylinositol ankers). Glycanen kunnen de eigenschappen van eiwitten
waaraan ze zijn gebonden veranderen, bijvoorbeeld door het wijzigen van de stabiliteit, de
resistentie tegen proteases of de quaternaire structuur. Er is aangetoond dat in één
glycoproteine dezelfde glycaanstructuren verantwoordelijk kunnen zijn voor verschillende
effecten, maar ook dat verschillende glycanen dezelfde functies kunnen uitoefenen. Deze
bevindingen tonen aan dat structuur en lokale moleculaire omgeving bepalende factoren
zijn voor de functie van glycanen. In de afgelopen jaren zijn er nieuwe technieken
ontwikkeld om de structuur en functie van glycanen te onderzoeken. 2D Nuclear magnetic
resonance (NMR) spectroscopie en moleculaire dynamica (MD) simulaties in combinatie
met NMR, als mede surface plasmon resonance (SPR) zijn gebruikt in dit proefschrift om
structuren en biologische functies van glycanen in kaart te brengen.

Hoofdstuk 1 geeft een overzicht van het concept van prebiotica, probiotica en
synbiotica, met de nadruk op koolhydraten als mogelijke prebiotica. De huidige kennis
van de fysiologische effecten van pre- en probiotica op de darmflora is beschreven, en de
mogelijke toepassingen op het gebied van bepaalde gezondheidsaandoeningen. Ook staan
de resultaten van recente klinische studies hierin vermeld.

In Hoofdstuk 2 staan de studies beschreven die zijn uitgevoerd in het kader van het
EU project “Novel Food Additives and bio-active components from milk for innovative
engineering (NOFA)”. In deze studies is gewerkt aan het verkrijgen van voldoende grote
hoeveelheden natuurlijke oligosachariden die nodig zijn voor structuuropheldering en
biologische testen. Een verbeterd protocol is ontwikkeld om grote hoeveelheden lactose-
vrije oligosachariden te isoleren uit niet-humane melk. Belangrijke oligosachariden van
geiten colostrum werden geisoleerd en gekarakteriseerd met
anionenwisselingschromatografie, =~ MALDI-TOF  massaspectrometric en  NMR

spectroscopie. Studies naar hechting van bacterién aan geisoleerde zure oligosachariden
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toonden een significante inhibitie van hechting van feces Salmonella fyris B8132 aan
gekweekte darmepitheelcellen. Voor feces Escherichia coli 0119 werd echter geen
remmend effect waargenomen.

Aangezien oligosachariden in humane melk bevorderend zijn voor de gezondheid
doordat ze de groei van bifidobacterién en lactobacillen in de dikke darm stimuleren en
pathogene substanties beletten aan de epitheelcellen van de darm te hechten, is één van de
belangrijkste doelen van het NOFA project geweest de melk te verrifken met
geselecteerde oligosachariden, die worden beschouwd als prebiotica. Zoals beschreven in
Hoofdstuk 2, kunnen natuurlijke galacto-sachariden in grote hoeveelheden worden
geisoleerd uit magere geitenmelk (of colostrum), wanneer er een [-galactosidase (E. coli)
digestie wordt uitgevoerd in het protocol. Analyse van de gegenereerde oligosachariden
en de controle van het proces zijn belangrijk in de opschaling van enzymatische lactose
hydrolyse naar productieniveau.

In Hoofdstuk 3 wordt de isolatie van tri- en tetrasachariden uit geitenmelk na een
enzymatische lactose hydrolyse met E. coli [-galactosidase beschreven. De
structuuranalyse van deze sachariden werd uitgevoerd door middel van
methyleringsanalyse, massaspectrometrie en NMR spectroscopie.

Na het analyseren van structuren en functies van ongebonden sachariden, lag de
nadruk van het onderzoek in Hoofdstuk 4 op sachariden die covalent gebonden zijn. In
een poging de wetenschappelijke relevantie te verklaren van een recent aangetoonde vorm
van glycosylering, namelijk C-mannosylering, werd de conformatic van Manlo-Trp in
humaan RNase 2 nader onderzocht. NMR experimenten en moleculaire berekeningen aan
(C’-0-D-Man-)Trp hebben aangetoond dat het C-gebonden mannopyranosyl residu in een
ensemble van confirmaties aanwezig is, waarin de 'C, conformatie dominant is. Voor
geisoleerde glycopeptiden hebben NMR studies geen bewijs geleverd voor het bestaan
van interacties tussen mannose en de peptide keten op grote afstand van de plaats van
glycosylering noch voor secundaire structuren. Dit suggereert dat er geen stabilisatie in de
ruimtelijke structuur van de geanalyseerde glycopeptiden plaatsvindt door de
aanwezigheid van C-gebonden mannopyranosyl residuen. Voor natief RNase 2 hebben
moleculaire modelling studies en NMR data aangetoond dat het mannopyranosyl residu
een wisselwerking aangaat met de lus residuen Aspl15-123, het einde van de 3 strengen

Met105-Argl14 en het begin van de B strengen Prol124-Ile134. Deze wisselwerkingen
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zorgen niet alleen voor de stabilisatie van het mannose residu en Trp7 in een bepaalde
oriéntatie, maar ook voor de N-terminale lus van het eiwit.

De focus van Hoofdstuk 5 ligt op het onderzoeken van de mogelijkheden van surface
plasmon resonance (SPR) voor de detectie van interacties tussen oligosachariden en
eiwitten. Na hun introductie in het begin van de jaren 90, hebben biosensoren gebaseerd
op SPR hun toepassing gevonden in het bestuderen van real-time biomoleculaire
interacties. Een belangrijke beperking van deze techniek heeft betrekking op de
moleculaire massa’s van de te analyseren ligande moleculen. Vastgesteld kon worden dat
aanhechting van een organoplatinum(II) label de SPR respons van een laag-moleculair
koolhydraat ligande aanzienlijk vergroot. Deze techniek maakt het mogelijk
monosacharide-lectine interacties bij lage concentraties monosacharaide aan te tonen. Het
organoplatinum(Il) complex had geen invloed op de interactic en voor platinum(Il) is

aangetoond dat deze essentieel is voor het vergroten van het SPR signaal.
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Sommario

I carboidrati giocano un ruolo essenziale nella vita degli organismi viventi, essendo
coinvolti in svariati fenomeni quali infiammazione, riconoscimento cellulare, risposta
immunologica, fertilizzazione, traduzione dei segnali, folding di proteine. Nei sistemi
biologici i carboidrati possono essere presenti come zuccheri liberi oppure quali entita
covalentemente legate, come nel <caso dei glicoconiugati (glicoproteine,
glicosamminoglicani, glicolipidi, ancore glicosil-fosfatidil-inositolo). I carboidrati
possono alterare le proprieta intrinseche delle proteine a cui sono legati modificandone la
stabilitd, la resistenza alle proteasi, la struttura quaternaria. E’ stato dimostrato che la
medesima struttura glicosidica pud esercitare effetti diversi nella stessa glicoproteina, ma
anche che glicani diversi possono essere responsabili per la stessa funzione. Questa
scoperta dimostra chiaramente che sia la struttura che 1’ambiente molecolare sono fattori
fondamentali nel determinare il comportamento funzionale dei glicani.

Lo studio della struttura/funzione dei carboidrati si avvale oggi di tecnologie
recentemente sviluppate, quali surface plasmon resonance (SPR), simulazioni di dinamica
molecolare (MD) supportate da dati NMR, risonanza magnetica nucleare bidimensionale
(NMR). Le tecniche summenzionate sono state impiegate in questa tesi allo scopo di
determinare la struttura e la funzione biologica dei carboidrati.

Il Capitolo 1 presenta una panoramica sul concetto di prebiotici, probiotici e
simbiotici, con particolare interesse per i carboidrati quali possibili prebiotici. Vengono
descritte le conoscenze attuali degli effetti fisiologici dei pre- e probiotici sulla microflora
intestinale e le loro possibili applicazioni nella cura di specifici disturbi. Sono riportati
inoltre alcuni tra i risultati pit significativi ottenuti nei recenti studi clinici.

Nel Capitolo 2 descrive la ricerca eseguita nel contesto del progetto della Comunita
Europea: “Novel Food Additives and bio-active components from milk for innovative
engineering (NOFA)”. Per superare 1’ostacolo di purificare gli oligosaccaridi naturalmente
presenti nel latte animale in quantitd sufficienti per poter effettuare caratterizzazioni
strutturali e test biologici, ¢’ stato messo a punto un protocollo che permette di isolare
grosse quantita di frazioni oligosaccaridiche prive di lattosio. I componenti principali del
colostro caprino sono stati cosi’ isolati e caratterizzati strutturalmente tramite high-pH

anion-exchange chromatography, spettrometria di massa MALDI-TOF, spettroscopia
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NMR. Le frazioni di oligosaccaridiche acide isolate sono state impiegate in studi di
adesione batterica verso cellule intestinali epiteliali coltivate. E’ stata dimostrata
un’inibizione significativa dell’aderenza di Salmonella fyris B8132 fecale ad opera di
oligosaccaridi acidi, mentre nessun effetto inibitorio quantificabile e’ stato osservato nel
caso di Escherichia coli 0119 fecale.

Dato il positivo effetto dimostrato dagli oligosaccaridi presenti nel latte umano nel
promuovere la crescita di bifidobatteri e lattobacilli nell’intestino crasso e nel prevenire
I’adesione di agenti patogeni alle cellule intestinali, uno degli scopi pricipali del progetto
NOFA consisteva nell’arricchire le fomulazioni lattee con oligosaccaridi selezionati,
considerati come probiotici. Come dimostrato nel Capitolo 2, i galatto-oligosaccaridi
naturali possono essere ottenuti in grandi quantitd da miscele di oligosaccaridi da latte (o
colostro) caprino scremato introducendo una digestione enzimatica ad opera di B-
galattosidasi nel protocollo di isolamento. L’analisi degli oligosaccaridi generati e un
attento controllo di processo sono importanti nello sviluppo delle applicazioni dell’idrolisi
enzimatica del lattosio su larga scala.

Nel Capitolo 3 viene descritto 1’isolamento di tri- e tetrasaccaridi da latte caprino
dopo I’idrolisi enzimatica del lattosio ad opera di E. coli B-galattosidasi. Le strutture
ottenute sono caratterizzate via methylation analysis, spettrometria di massa, spettroscopia
NMR.

Dopo aver analizzato la struttura e la funzione degli oligosaccaridi liberi, il Capitolo 4
verte su oligosaccaridi covalentemente legati. Nel tentativo di comprendere il significato
biologico di una forma di glicosilazione recentemente scoperta, la C-mannosilazione, la
conformazione del Manla-Trp nella RNase 2 umana ¢ stata analizzata. Esperimenti NMR
e calcoli di modellistica molecolare per (C*-a-D-Man-)Trp dimostrano che il residuo C-
mannopiranosidico esiste in un insieme di conformazioni, tre le quali la 'C, é la
maggiormente rappresentata. Nel caso di glicopeptidi isolati, studi NMR non hanno
mostrato 1’esistenza di connettivita a lungo raggio o di strutture secondarie, negando la
stabilizzazione dei glicopeptidi analizzati ad opera del residuo C-mannopiranosidico. Per
I’RNase nativa, studi di NMR e modellistica molecolare hanno rivelato che il residuo
mannopiranosio interagisce con i residui Asp115-123 del loop dell’RNase 2, con la parte

terminale del B strands Met105-Argl14 e con la parte iniziale del f strand Pro124-Ile134.
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Queste interazioni stabilizzano non solo il residuo mannosidico e il Trp7 in
un’orientazione specifica, ma anche il loop N-terminale della proteina.

I1 Capitolo 5 investiga la possibilita di utizzare una tecnica recentemente sviluppata, la
surface plasmon resonance (SPR), per analizzare le interazioni tra proteine e
oligosaccaridi. Introdotti nei primi anni 90, i biosensori basati sull’SPR sono diventati uno
strumento affermato per studiare le interazioni biologiche in tempo reale. Tuttavia, una
seria limitazione imposta da questa tecnica consiste nelle dimensioni delle molecole da
impiegare come analiti. A questo scopo e’ stato sviluppato un marker con
organoplatino(II) che permette di aumentare il segnale SPR degli analiti a basso peso
molecolare. Viene dimostrato come sia possibile monitorare eventi di legame tra lettine e
monosaccaridi, anche a concentrazioni molto basse di analita. I complesso
organoplatino(Il) non influenza 1’interazione biologica e 1’atomo di platino risulta

essenziale per ottenere un significativo aumento del segnale.
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