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INTRODUCTION

Glycoproteins are biopolymers consisting of a polypeptide backbone with

carbohydrate sidechains covalently attached to i t . The carbohydrate chains of

glycoproteins are involved in several important biochemical processes. In

part icular , their role in recognition phenomena, in immunological events, and

in determination of the life-span of cel ls and glycoproteins must be mentioned.

To gain insight into the biological functioning of carbohydrate chains

elucidation of their structures is a prerequisite.

In general i t is not possible to study the structure of a carbohydrate

chain on an intact glycoprotein, because glycoproteins usually contain multiple

sugar chains with different structures. Furthermore, microheterogeneity of the

carbohydrate chains is a known problem. When NMR spectroscopic techniques are

applied to the intact glycoprotein there is a huge overlap of protein and

carbohydrate derived signals. Assignment of signals in terms of primary

structure of the carbohydrate chains is then often impossible. Therefore,

l iberation of the carbohydrate moiety from the polypeptide backbone is

obligatory. For th is purpose several methods are available which are more or

Less specific for the type of carbohydrate chain present in the glycoprotein.

Two major classes of chains can be recognized, namely, t^- and j)-glycosidical ly

linked carbohydrate chains (see Table 1). JJ-glycosidic chains are S-linked via

GlcNAc to the amide nitrogen of Asn in the protein. These chains have in common

the trimannosylchitobiose core region Nana(1-3)CMana(1-6)3ManSd-4)-

GlcNAc6(1-4)GlcNAc0(1-N)Asn (2,3). This core oligosaccharide can be extended,

giving rise to three types of ^"QLycosidic carbohydrate chains 12,3) (see

Fig.1).

a. Oligomanncside type. The core is extended with up to six Man residues. I t

should be noted that in yeast mannan structures occur that are much larger.

b. jJ-acetyllactosamine type. The core is extended with Gal-GlcNAc uni ts. In

addit ion, Fuc, NeuAc/NeuGl and occasionally GalNAc may be present (4) .

c. Hybrid type. These chains show characteristics of both aforementioned type

of chains.

Not a l l the N-glycosidic structures known so fa r , f i t th is general

c lassi f icat ion (5,6) . I t may be mentioned that also Glc may be attached to Asn.

O-glycosidic chains can be attached to various hydroxyl groups in the

polypeptide backbone (see Table 1) . Frequently occurring, at least in animal



(a) oligomannoside type

Man..(1-2)M. .(1-2)Man,,M-3)
D, C 4 \

Man,.(1-2)Man..(1-3) Man>i(t-4)GlcNAcj')-4)GlcNAcJ(1-N) Asn
D, * \ / 3 2 1

Man,.(1-6)
/ " '

Man.»(1-2)Man,>(1-6)
0, B

(b) H-acetytlactosamine type

GaU(1-4)GlcNAc,K1-4)
8 7 \

Ual,i(1-4)GlcNAciiM-2) Man.i(1-3)
tri

GalJ('-4)GlcNAcc(1-i) Man,.(1-6)
6- 5 / 4'

Gal)S(1-4)GlcNAcj(1-6)
S' T

ManJ(1-4)GlcNAc3(1-4)GlcNAcj(1-N) Asn
3 2 1

(cl hybrid type

Gal ,1 (1-4) GlcNAc3(1-4)
8 7 \

GlcNAc3(1-2) Man .,(1-3)
5 4 \

Man«(1-3) GlcNAc3(1~4)Man/)(1-4)GlcNAc3(1-4)GlcNAci3(1-N) Asn
A \ 9 _ / 3 2 1

Man.»(1-6I
/ *

Mann(i-6)
B

Fig. 1 Typical, primary structures of ̂ -glycosidic carbohydrate chains of

glycoproteins.

systems, is the GalNAc-Ser/Thr linkage. There is no structural element in this

type of oligosaccharide chains serving as an invariant core. The GalNAc linkage

sugar may be extended by Gal, GlcNAc, GalNAc and NeuAc/NsuGl. In addition, Fuc

may be present. For (>-glycosidic chains identified so far, the chains can be

considered to have three structurally distinct domains (see Fig. 2) namely, a

core region containing the linkage to the protein, a backbone region which may

be linear or branched and a peripheral, chain terminating region (7,8).

The route for isolation and structure determination of carbohydrate chains



Table 1

Linkage types occuring in glycoproteins (1)

^-g lycosid ica l ly Linked types

GlcNAc-Asn

Glc-Asna

J)-glycosidically Linked types

GalNAc-Ser/Thr

Xyl-Ser

Man-Ser/7hr

Gal-Ser/Thr

Gal-Hyl/Hyp

Ara-Hyp

a rare type of carbohydrate protein Linkage

described here w i l l be l imited to chains possessing a GlcNAc-Asn or a GalNAc-

Ser/Thr linkage to the protein.

To get information about the type of sugar chains present in a glycoprotein

sugar analysis (see beLow) is performed (9 ) . Generally, the occurrence of Man is

restr ic ted to ^- l inked chains. The presence of GalNAc may point to ((-linked

chains. To determine the presence of ^- l inked chains 3-eLi mi nation (see below)

is performed on an analyt ical scale, followed by sugar-analysis to check the

presence of GalNAc-ol. When the Linkage type(s) present in a glycoprotein are

known several techniques can be used to release the carbohydrate moiety from the

polypeptide.

LIBERATION AND ISOLATION OF THE CARBOHYDRATE M01ETY

The carbohydrate moiety of a glycoprotein can be obtained in the form of

glycopeptides by proteolyt ic digestion of the polypeptide backbone.

Oligosaccharides can be prepared chemically by cleavage of the GlcNAc-Asn or

GalNAc-Ser/Thr Linkage. An other method is the enzymatic hydrolysis of GlcNAc-

Asn, of the chitobiose unit of the core or of GalNAc-Ser/Thr.



O core region
© bacbone region
# peripheral region

Fig. 2 Schematic diagram of an oligosaccharide side chains of a mucin

glycoprotein showing monosaccharides (circles) in the three domains:

peripheral region, backbone region and core region Linked to the

protein.

Proteolytic digestion

The polypeptide backbone of the glycoprotein can be digested by proteolytic

enzymes such as trypsin, chymotrypsin or pronase (10). This method is mostly

used to isolate ]4-linked glycopeptides but can be applied to ̂ -linked chains as

well (11). However, when j)-type chains are linked to neighbouring Ser/Thr

residues, this method does not lead to glycopeptides of individual carbohydrate

chains. Since this is an often occurring feature, this method is not widely

applied to Liberate £-type chains.

For 2i-tyPe chains exhaustive pronase digestion results in glycopeptides

having only a few aminoacids. By gelfiItration on Bio-Gel P-6 or Sephadex G-25

the glycopeptides can easily be separated from small peptides and aminoacids



that remain from the polypeptide.

A drawback of pronase digestion is that the peptide moiety of the resulting

glycopeptide can be heterogeneous. Subsequent fractionations of the glycopeptide

mixture are not soleley based on the differences in the carbohydrate chains but

also on the heterogeneity of the peptide chain.

Proteolytic digestion is also used to make the carbohydrate chains more

susceptible to other methods for releasing the carbohydrate chains.

Enzymatic release

Enzymatic release of the carbohydrate chains is applicable to fh- and 0_~

linked chains. Endo-ot-N-acetylgalactosaminidase hydrolyses the J)-glycosidic

linkage between GalNAc and Ser provided that the structure of the carbohydrate

chain is Gal(3U-3)GalNAc (12). Because of the restr icted spec i f i c i t y , th is

enzyme is far from being a general hydrolytic agent for GalNAc-Ser/Thr linkages.

To release JY-type chains two types of enzymes can be used: endo-B-J*-

acetylglucosaminidases, sp l i t t i ng the glycosidic linkage between the two _N-

acetylglucosamine residues of the chitobiose core, and peptide:^J-glycosidases,

sp l i t t i ng the bond between GlcNAc and Asn.

Endo-B-_N-acetylglucosaminidases, obtained from different sources may have

dif ferent speci f ic i t ies as outlined in Table 2. Endo Cj and D are most suitable

for the release of oligomannoside structures posessing the core Mana(1-3) in

terminal posi t ion. For endo D, the core Manal1-3> may bear a 6(1-4) linked

GlcNAc (14). Endo H, CJJ and S can be used to release larger oligomannoside type

chains and hybride structures which may possess a socalled intersecting GlcNAc

(GlcNAc 3(1-4) Linked to the core B-Han). Endo F and F-Gal-type release asialo

and monosialo biantennary structures. Endo F is also capable of sp l i t t i ng off

oligomannoside type chains and hybrid type oligosaccharides provided that no

intersecting GlcNAc is present. Peptide :^J-glycosidases are not specific for the

type of chain linked to Asn, although a single GLcNAc residue is not released

from the peptide (22,23,25,26). Furthermore, the peptide moiety must be three or

more aminoacids long.

The liberated jj-type chains can easily be isolated by gel f i l t r a t i o n on

Bio-Gel P-6. An advantage of the use of enzymes is that neither the carbohydrate

chains nor the polypeptide are degraded. When the N-type chains are removed



Table 2

Specificities of some endo-N-acetylglucosaminidases

references

113)

Mana(1-3).

ManB(1-4)GUNAcB(1-4)GlcNAcB(1-N)Asn

R-6' R-6'

(14,15)

R-4-Manrx(1-3)
\
HanB(1-4)GlcNAcB(1-4)GlcNAcB(1-N)Asn

R-6 R-6^

(15-19)

R-3 \
R-2-Piana(1-3) R-4-ManB(1-4)GlcNAcB(1-4)GlcNAcB(1-N) Asn

Hana(1-6)/

R-6^

cu/s (19,20)

R-2-Hana(1-3)
\

R-2-Mana(1-3). R-4-Man6(1-4)GtcNAcS(1-4)GlcNAcB(1-N) Asn
\ /
Hanad-6)'

. (21-23)

R-2-Man«(1-3> |

K-3 ManB(1-4)GLcNAcB(1-4)GLcNAc|3(1-N)Asn

R-2-Hana(1-6y

F GaL-type

NeuAc(0-1)

(24)

GalB(1-4)GlcNAcBd-2)Manrtl1-3)

GalB(1-4)GlcNAcB(1-2>Mana(1-6)

\ T
HanB(1-4)GUNAcB(1-4)GlcNAcB(1-N)Asn

R-6^

The arrow indicate the Linkage that is cleaved

R is the position where (a) sugar residue(s> may be attached.



from the protein, O-glycosidic carbohydrates, when present, remain bound to the

polypeptide and can be studied seperately.

Hydrazinolysis

Hydrazinolysis is a chemical method, discovered by Akabori (27), to sp l i t

peptide bonds. I t was f i r s t applied to cleave GlcNAc-Asn linkages by Bayard and

Montreuil (28). Kobata modified and optimized the hydrazinolysis conditions and

developed a workup procedure to obtain o l igosacchar ide-a Id i to ls 129). This

includes tJ-acetylation of the reaction mixture, pur i f icat ion by decending paper

chromatography,andreductionoftheoligosaccharides wi th NaBC^HH^ / NaBH^. A

scheme of th is workup procedure is depicted in Fig. 3.

Different hydrazinolysis conditions described in l i terature are:

1 . 100°C, 30 h, no catalyst (28)

2. 105°C, 10 h, hydraziniumsulfate as catalyst (30)

3. 100°C, 8-10 h, no catalyst (29)

4 . 100°C, 8.5 h, in an atmosphere of oxygen-free argon (31)

For complete cleavage of the GlcNAc-Asn linkage, long reaction times are

needed (general ly 15 h or longer). However, these long react ion times also

favour side-product formation. Many of these side products have been ident i f ied

(32-36). Hydraziniumsulfate seems to catalyse both the GlcNAc-Asn cleavage and

the side-product formation (34). Hydrazinolysis under argon atmosphere seems to

reduce side-product formation (31). The presence of mucin-type (GalNAc-Ser/Thr)

sugar chains in the sample may cause problems since part of the ^- l inked chains

are released and part ly degraded (29,37).

Trifluoroacetolysis

JJ- and £-glycosidical ly linked carbohydrate chains can be released from the

pro te in backbone by t r i f l u o r o a c e t o l y s i s (37). The pro te in is broken down by

transamidation. f j- and (£-tr i f luoroacetyl groups introduced during the procedure

can readi ly be hydrolysed (37). A drawback of t h i s method is that part of the

GlcNAc and GalNAc residues released during the react ion are degraded (38).

De-trifLuoroacetylated products can be separated by gel f i l t r a t i o n .



GLYCOPROTEIN

I
Hydrazinolysis

i
Acetylation

Reduction with Reduction with

NaBH4 NaB3HA

Paperchromatography

Paperelectrophoresis

1
NEUTRAL FRACTION ACIDIC FRACTIONS

I 1
Bio-Gel P-4 Desialylation

(Desulfation)

Bio-Gel P-4

Fig. 3 Schematic representation of the hydrazinoLysis workup procedure.

Alkaline borohydride treatment

The j)-glycosidic linkage GalNAc-Ser/Thr can be cleaved under alkaline

conditions in a (3-elimination reaction 140). However, since GalNAc is often

substituted at C-3, peeling reactions occur and the carbohydrate chain is

degraded start ing from the reducing terminus. This can be prevented by adding



^ to the reaction mixture. This reduces and thereby stabi l izes the GalNAc

residue (41). There is v i r t u a l l y no side-product formation. In th i s way,

j ) -g lycosid ica l ly linked chains are completely released from the polypeptide.

However, the el iminat ion w i l l not proceed sa t i s fac to r i l y i f the linkage

aminoacid has a free a-amino or ct-carboxyl group (42). Blocking free «-amino

groups by ^J-acetylation may improve the y ie ld of oligosaccharides 11).

Later, i t was shown that ^"Linked chains may also be l iberated from the

t lycoprotein by a lkal ine borohydride treatment. This cleavage is caused by

hydrogenolysis of the C-N bond in the ?.-amide of asparagine and in the peptide

bonds in the pro te in . As a resu l t , as much as 60 % of tne chains may be obtained

as ol igosaccharide-aldi tols whiLe the remaining material has at least one

aminoacid s t i l l attached (43-45). Furthermore, degradation of the carbohydrate

chains resul t ing in loss of the GlcNAc residue at the reducing terminus is

observed (46).

The reaction mixture is worked-up by adjusting the pH to 5 by adding acetic

acid followed by desalting on a column of Dowex 50 WX8 (K+ form) or by d i rec t l y

adding Dowex 50 WX8 (H+ form) and f i l t r a t i o n . After lyophi lyzation or

evaporation to dryness boric acid is removed by co-evaporation with methanol

under reduced pressure. The ol igosaccharide-aldi tols may be recovered from the

mixture by ge l f i Ltrat ion on Bio-Gel P-2 or P-4 (47) or by preparative decending

paperchromatography (37).

DETECTION OF OLIGOSACCHAR1DE(-ALDITOL>S AND GLYCOPEPT1DES

For detection of ol igosaccharide(-aldi tol>s and glycopeptides advantage can

be taken of the UV-absorption of tJ-acetylgroups at 200-205 nm. Furthermore

several labeling techniques are known.

Radio-active labeling

A radio-active label can be introduced by reduction with NaBĈ HD/ of an

oligosaccharide released from the glycoprotein enzymatically or chemically.

Direct labeling is obtained by alkaline borohydride treatment with ĈHD labeled

NaBH4 (37).

Glycopeptides or tl-deacetylated oligosaccharides can be ^i~acetylated with

C3HD or C14C3 acetic anhydride (48).



A galactose residue, present in terminal position can be oxidized with

galactose-oxidase and subsequently reduced with NaBĈ HÛ  (4).

Sialic-acid-containing molecules can be labeled by modification of the

glycerol-side-chain by mild periodate oxidation followed by NaBĈ HQ̂  reduction

yielding a mixture of the 7- and 8-carbon analogs of the s ia ly l residues ĈHD

labeled in their primary hydroxyl group (9,49). C CD labeled cyanohydrin

derivatives of s ia ly l residues can be obtained by reaction with I ' C3 Labeled

sodium cyanide of the aldehyde group generated by mild periodate oxidation (50).

Fluorescence labeling

Reducing oligosaccharides can be converted in pyridylamino derivatives by

2-aminopyridine in a reductive amination with sodium cyanoborohydride (51).

Other UV-absorbing compounds can be used in th is reaction such as an i l i ne , £ -

aminobenzoic ethylester and p_-aminoacetophenone (52).

Glycopeptides can be Labelled with dansylchloride (53) or fluorescamine

(54).

Color reactions

Color reactions used for determination of the t o t a l hexose content are

the phenol/HjSO^ and orcinol/HjSO^ assays (55,56). Total hexosamine can be

determined by the Elson-Horgan reaction (57). The resorcinoL reaction and the

th iobarb i tur ic assay can be used for quantitat ive determination of t o t a l and

free s ia l i c ac id , respectively (58,59).

FRACT10NAT10N OF LIBERATED OLIGOSACCHARIDE(-ALD)TOL) S AND GLYCOPEPTIDES

Once the carbohydrate moiety has been isolated from the glycoprotein,

direct s t ructura l analysis is often impossible because of the heterogeneity of

the sample. Further separation of the mixture is needed. A complete

fractionation is often d i f f icu l t to achieved in one run. Mostly the sample is

f i rs t separated according to charge and subsequently to size and structure of

the carbohydrate chain.

Separation according to charge



1. Paper electrophoresis

High voltage paper electrophoresis is mostly used for oligosaccharide-

-alditols obtained by the hydrazinoLysis procedure (29,60). Separation is

achieved mainly on the basis of charge, while also the size of the molecule

affects the separation.

2. Ion exchange chromatography

Conditions in ion exchange chromatography can be chosen in such a way that

separation takes place almost exclusively on the basis of the number of acidic

groups. For example: Dowex 1X2 (200-400 mesh, CHjCOO" form) eluted with a

discontinuous gradient of pyridine/acetic acid (47,61,62). Alternatively,

DEAE-Sephadex A-25 (Cl~ form) eluted with Tris/HCl and a linear gradient of NaCl

may be used (63,64).

3. FPLC

lonexchange chromatography on a Hono-Q column (LKB) eluted with a gradient

of NaCl in b idest i l led water (65). This method gives also some resolution in

equally charged molecules with dif ferent structure.

4 . HPLC

Separation according to the number of acidic groups can also be achieved by

HPLC on a Micro Pak AX-10 column (Varian Associates) eluted with 25-500 mM

potassium hydrogenphosphate, pH 4.0 (66).

Fractionation of_ neutral oligosaccharide(-alditol)s and glycopeptides

For fractionation of neutral carbohydrate material advantage can be taken

of differences in size or structure.

1 . Ge l f i l t ra t ion / ion exchange chromatography

For fractionation of oligosaccharides according to s ize, Bio-Gel P-2, P-4

or P-6 can be used (67,68). Bio-Gel P-4 is most suitable for separation of

oligosaccharides ranging in size equivalent to up to 24 glucose residues (68).

Glycopeptides can be separated on Dowex 50 WX8 (69) or on DEAE-Sephadex A-25 in

the presence of borate (70).

2. HPLC

By HPLC on chemically modified silica higher resolution can be obtained

than by chromatography on soft gels. Both reversed phase and straight phase HPLC

systems have been used. By reversed phase chromatography on octadecyl (C-18)



bonded silica, glycopeptides can be eLuted with 1 mM phosphate buffer, pH 6.0

(71), dansylglycopeptides with a gradient of 2.0 to 8.0 % acetonitri le in 25 mM

sodium borate buffer, pH 7 (53), oligosaccharide alditols with water (72-74>,

and pyridylamino derivatives of oligosaccharides can be eluted with 0.1 H

phosphate buffer, pH 3.8 (75). Generally, reversed phase HPLC is not suitable

for fractionation of complex mixtures of oligosaccharides (71,72).

Alkylamino bonded sHica columns have very high resolution properties for

neutral oligosaccharides. It has been applied to ]J- and £-type oligosaccharide-

alditols. The columns are eluted with a gradient of acetonitri le/wa'cer (77-81)

or acetonitriLe / 15 mM potassium phosphate, pH 5.2 (82). The molecular basis

for retention of carbohydrates on amino-bonded silica is probably hydrogen

bonding between the hydroxylgroups of the sugar and the amine group of the

stationary phase. Several structural parameters influence the chromatographic

behaviour. Generally, the retention time increases with the number of sugar

residues. The presence of a fucose or an 2J~acetyLgLucosamine residue results in

a decreased retention time, in particular when the latter sugar is at the

reducing end. A dramatic increase in retention time is observed for

oligosaccharides having a C1-6)-linkage (83).

An alternative to the bonded-phase amino packing is the use of a silica

column with an organic amine (1,4 diaminobutane) in the mobile phase (77). A

review on HPLC of mono- and oligosaccharides has been published by Honda t84).

Separation of_ acidic oligosaccharides

Dependent on the resolution desired low pressure ion-exchange

chromatography, FPLC or HPLC can be used.

1 . Low pressure ion-exchange chromatography

DEAE-Sephadex eluted with a linear concentration gradient of 0.05-0.1 H

pyridine acetate buffer, pH 5.0 (36) or DEAE-Cellulose eluted with a 0.002 M

pyridine acetate buffer, pH 5.4, followed by a discontinuous step of 0.012 H and

a step of 0.060 H of the same buffer (85) are used for the resolution of s ia l y l

oligosaccharide(-alditol)s.

2. FPLC

A Mono Q column, eluted with a bicarbonate buffer can be used for

separation of acidic oligosaccarides (46).

3. HPLC
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HPLC on aLkylamino bonded s i l i c a gives very high resolut ion fo r acidic

oLigosaccharides of both N- and ^)-type chains. Columns are eluted with

a c e t o n i t r i l e / 15 mH phosphate, pH 5.2 (47,86,87), ace ton i t r i l e / 25 mM ammonium

hydrogencarbonate (88,89) or ace ton i t r i l e / water / acetic acid (90) or

a c e t o n i t r i l e / 50 mM potassiumdihydrogen phosphate containing 0.01 % 1,4

diaminobutane (91,9H>.

STRUCTURE ANALYSIS OF THE CARBOHYDRATE MOIETY OF GLYCOPROTEJNS

Sugar analysis

The qua l i t a t i ve and quant i ta t i ve monosaccharide composition of

g lycoprote ins, glycopeptides, oligosaccharides and o l igosacchar ide-a ld i to ls i s

mainly established a f te r hydrolysis or methanolysis.

The hydrolysis procedure involves cleavage of the g lycosid ic linkages by

mineral acid and, a f ter conversion in to su i tab le der ivat ives (93) , analysis of

the resu l t ing monosaccharide mixture by 6LC. A ld i to l -ace ta tes are frequent ly

used (94). Glycoproteins are hydrolysed using 4 H HCL for 4-6 h at 100°C (95).

Methanolysis (0.1 M HCL / methanol, 24 h, 85°C) causes less destruct ion of

the monosaccharides than hydro lys is , especial ly of s i a l i c ac id . The mixture of

methylglycosides can be determined by GLC(-MS) a f ter _N—Cre)acety Lation /

t r i m e t h y l s i l y l a t i o n (9,96-98) or t r i f l u o r o a c e t y l a t i o n (99,100). These

methanolysis condit ions cause de^O- and de-^j-acylat ion. jO-acyl,24-glycolyl s i a l i c

acid i s therefore determined as NeuAc (9 ) . Furthermore, the GLcNAc-Asn linkage

is rather stable under the appl ied condi t ions, there fore , the GlcNAc content of

a glycoprotein must be corrected fo r the amount of GlcNAc-Asn not cleaved by

methanolysis (97).

The absolute conf igurat ion of monosaccharides can be established by GLC of

the corresponding t r ime thy ls i ly lated ( - ) -2-buty lg lycosides (101,102).

Methylation analysis

Methylation analysis including GC-MS, provides information about the

pos i t ion of g lycosidic l inkages, the nature of terminal and branching un i ts and

the r ing size of the monomeric un i ts of a carbohydrate chain.

In the methylation analysis procedure (103-105), the f ree hydroxyl groups
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in an oligosaccharide(-alditol) or glycopeptide are converted into methoxy

groups, acetamido groups are ^J-methylated, and carboxyl functions are

ester i f ied . Subsequently, the glycosidic bonds are hydrolysed and the mixture of

par t ia l l y methylated monosaccharides is reduced, yielding par t ia l l y methylated

a ld i to l s . The newly created hydroxyl groups are usually acetylated and the

obtained mixture of par t ia l l y methylated a ld i to l acetates can be analysed by

GC-MS. Comprehensive data concerning the mass spectra of par t ia l l y methylated

a ld i to l acetates are available in the l i terature (104-109).

Since s ia l ic acids cannot be analysed by the above described methylation-

analysis an alternative method has been developed. After permethylation the

glycosidic bonds are cleaved by methanolysis. The resulting (par t ia l ly )

methylated methylester-B-methyl glycosides can be acetylated or ]j-acetylated /

trimethyLsi Lylated and analysed by GC-HS (9) .

Specific degradation techniques

Specific degradation techniques are often used for structural analysis of

polysaccharides and gLycosaminoglycans. These techniques are also useful for

specific problems in the structural analysis of glycoprotein-derived

oLigosaccharides.

1. Pe^iodate oxidation / Smith degradation

Smith degradation of glycopeptides or oligosaccharides yields information

about the position of the glycosidic linkages and the sequence of monosaccharide

residues. Periodate cleaves the to\d between vicinal diols by oxidation.

In- the Smith degradation procedure the periodate oxidation is followed by

reduction of the aldehyde groups of the product. Selective hydrolysis of the

acetal resulting from the ring cleavage can be performed under mild acidic

conditions without splitting glycosidic Linkages (110-112). Structural

information can be obtained by examining the reaction products or by comparison

of methylation analysis results before and after Smith degradation.

2. Deamination with nitrous acid

The carbohydrate units of glycoproteins can be cleaved selectively by

nitrous acid at glycosidic linkages involving hexosamine residues in which the

aminogroup is unsubstituted. In the deamination reaction D-glucosamine is

converted into 2,5-anhydro-fi-mannose (see Fig. 4 ) . OLigosaccharide units free of

N-acetyl groups can be obtained by hydrazinolysis of glycoproteins (113). This
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CH2OH

HNO2

Fig. 4 Deamination of glucosamine with nitrous acid.

procedure cannot be applied to £-Linked carbohydrate units as they are often

degraded during hydrazine treatment. The product of the deamination reaction is

reduced, methylated and analysed by GC-HS (114).

3. Acetolysis

Acetolysis cleaves preferent ial ly (1-6)-linkages between hexopyranosides

and the reaction yields peracetylated carbohydrate derivatives. Glycosidic

linkages involving s ia l ic acid are much more stable to acetolysis than to acid

hydrolysis 1115). Separation of the products of acetolysis, after de-J)-

acetylation can be carried out by chromatography on carbon-Celite and by paper

chromatography (115). Much smaller quantities of sample can be analysed by GC-NS

of the permethylated derivatives of the de-J)-acetylated acetolysis products

(116). Procedures which have recently been developed for the separation of

acetylated oligosaccharides by reversed-phase HPLC (117) can also be applied to

the separation of acetolysis products.

Identification of_ acidic groups

Acidic groups that may be present in the carbohydrate moiety of

glycoproteins are sialic acids, phosphate, and sulfate.
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1 . Sialic acids

After their release under mild acid conditions CO.05 M HgSO^), ^{-acetyl-

and JY-glycolylneuraminic acids can be separated and ident i f ied by paper

chromatography, TLC or GLC (118). Al ternat ively, these acids can be released by

methanolysis under mild conditions which do not cause de-JV-acetylation. The

former derivatives can be analysed by GLC after suitable derivat izat ion. £-acyl

s ia l ic acids can be released under very mild conditions Ce.g. formic acid at pH

2.0 - 2.5) and ident i f ied by TLC or GLC (118). Jn addit ion, the number, type and

position of J)-substituents and the type of JN-acyl group can be determined by

glc-ms after converting the free carboxyl groups into methyl esters and the free

hydroxyl groups into t r imethy ls i ly l ethers or acetyl esters (119).

Sial ic acids are mostly terminating residues but occasionally they occur in

an intra chain position e.g. NeuAca(2-8)NeuAc or Fuca(1-4)NeuAc. The position of

the glycosidic bonds can be determined by permethylation followed by

methanolysis and t r imethyls i ly la t ion or acetylation of the sample (119).

500-MHz Ĥ-NMR spectroscopic analysis is also applicable to free and

glycosidically linked s ia l ic acids. From the chemical shi f t of the structural

reporter groups the number and position of ^-acetyl substituents, the nature of

the jJ-acyl group and the linkage in which the s ia l i c acid residue is involved

can be readily inferred (120,121).

2. Phosphate

In nature, phosphate has been found to be present on oligomannoside type

chains of lysosomal enzymes. I t can be present in mono-ester or di-ester linkage

to C-6 of a Man residue. Phosphate-containing carbohydrates can be obtained as

glycopeptides by pronase digestion or as oligosaccharides by endoglycosidase

treatment of the glycoprotein or glycopeptides. Hydrazinolysis is not suitable

since phosphate groups are not stable under the applied conditions (122.*.

Phosphate can be determined as ter t . -buty ld imethyls i ly I derivative by GC-MS

(123>. The occurrence of a phosphate mono-ester can be confirmed by the

susceptibi l i ty to alkaline phosphatase. A phosphate cli-ester is not hydrolysed

by alkaline phosphatase but can be converted into a mono-ester by mild acid

treatment. The localization of the phosphate group can be determined by a

combination of a-mannosidase digestion ( a (1-2)-specific and nonspecific),

alkaline phosphatase treatment, acetolysis and analysis of the resulting

products (122,124).

High resolution ''H-NHR spectroscopy is in principle also suitable for
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analysis of phosphoryLated oligosaccharides. From the analysis of model

compounds i t is known that there are effects on the chemical shi f t of structural

reporter groups. However, in phosphorylated oligosaccharides, these effects are

not yet fu l l y understood.

3. Sulfate

Sulfate has been shown to be present in tJ- and j)-glycosidic carbohydrate

chains (125-127). I t can be quantitated by the barium-rhodizonate method (127)

or as tert.-butyldimethylsi l y l derivative by GC-MS 1123). Sulfate is a very acid

labi le substituent and can be removed by methanolysis (0.05 H HCl / methanol, 4

h, room temperature). Comparison of the results of methylation analysis before

and after desulfation can give information about the position and monosaccharide

residue to which sulfate is attached (125).
1H-NMR spectroscopy has been used in the analysis of sulfated

glycosaminoglycans (129). The application of th is technique in the analysis of

sulfated oligosaccharides from glycoproteins is very promising.

Exoglycosidase studies

The application of exoglycosidases in structural analysis of carbohydrates

was introduced by Li (130). I t was further developed by Kobata for JY-type

oligosaccharide-alditols-1-C3HD by combining exoglycosidase treatment with gel

f i l t r a t i o n under standard conditions (68). This method made possible the

analysis of very low amounts of material.

Mass spectrometry of oligosaccharide(-alditol)s and glycopeptides

Mass spectrometry has been applied to intact oligosaccharide(-alditol)s and

glycopeptides mainly using their re lat ively volat i le methylated, acetylated or

trimethysi lylated derivatives (131-134). For the analysis, electron impact (El)

as well as chemical ionization (CD mass spectrometry have been employed. The

mass spectra of the derivatized oligomers contain sequence information, as far

as the type of sugar is concerned in terms of hexose, deoxyhexose,

acetamidohexose and s ia l ic acid residues (47).

In recent years the structural analysis of complex carbohydrates and

glycoconjugates by fast atom bombardment mass spectrometry (FAB-MS) has been

developed. When FAB-MS was introduced i t s ab i l i t y to analyse underivatized polar
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biopolymers was considered to be one of i t s major advantages (135,136).

Nowadays, derivatization is often used in FAB-MS to enhance the sensi t iv i ty and

to get more fragmentations 135,137). FAB-MS is useful for defining the

composition of an oiigosaccharide via molecular ions; fragment ions afford

information about the sequence. Even for permethylated glycans with a

derivatised molecular weight higher than 10 kDa structural information can be

obtained from the presence of abundant fragment ions up to mass 3,100 Da (138).

High resolution NMR spectroscopy

High resolution NMR spectroscopy C1H and 1 3O has become an invaluable

technique in the structural analysis of carbohydrate chains from glycoproteins.

In 1977, Ĥ-NMR spectroscopy was introduced for elucidation of the primary

structure of carbohydrate chains from glycoproteins (139). Since then the NMR

instrumentation has been improved and the NMR-data of many carbohydrate

structures have been established 1140).

Spectra of the underivatized compounds are recorded in HnO. The minimum

amount of material needed is about 25 nmole. Usually the spectrum is too complex

to be assigned completely by the use of 1D-NMR only. Especially the bulk of non-

anomeric skeleton protons occurring between 6 3.5 and 6 3.9 ppm cannot be

interpreted in terms of primary structures. The interpretation of the 1H-NMR

spectra is based on the structural-reporter-group concept (141). The signals of

a number of protons, the socalled structural-reporter groups, resonate at

clearly distinguishable spectral positions outside the bulk of non-anomeric

skeleton protons. The chemical shi f ts of these signals, together with the

patterns of the signals, bear the essential information to permit assignment of

the primary structure (140).

In contrast to 1H-NMR spectroscopy there is not yet a large 13C-NMR-data

bank of carbohydrate structures derived from glycoproteins (142). Furthermore,

the amount of material needed for ^C-NHR spectroscopic analysis is several

times higher than for "*H-NMR. In favorable cases when there is l i t t l e or no

heterogeneity in the carbohydrate moiety of a glycoprotein, 13C-NMR spectroscopy

can be used to determine the primary structure of the oiigosaccharide side-

chains by recording ^C-NHR spectra of the intact glycoprotein (143).

^C-NHR spectroscopy is well suited for investigation of the dynamic

aspects of glycan structures. NMR relaxation measurements provide an important
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probe of the dynamics of the molecules, since the s p i n - l a t t i c e (T-j) re laxa t ion

t i m e , the sp in-sp in (Tg> re laxa t ion time and the nuclear Overhauser enhancement

(NOE) fac to r are parameters which r e f l e c t the thermal motions (144).
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CHAPTER 1

Determination of the structure of the carbohydrate chains
of prostaglandin endoperoxide synthase from sheep

J o h a n n a I I . ( i . M . M l ' T S A I - . R S . H e r m a n V A N I I A I . M - . I k . J o h a n n i s I 1 K A M I - R U M i a n d J o h a n n e s I - . ( I . V I I K i l - N I M A R I

IX-piir lnici i l nl" Hto-( I r i ianic CI lL-mis ln . S l a l e l l n i v e r s i l v til' l l l r e c h l

( R e c e i v e d S e p i e m h e r I*). I W 4 I I J H S4 IOIX

Prostaglandin endoperoxide synthase was isolated from sheep seminal vesicles. Sugar anahsis of ihc
glycoproiein revealed the presence of mannose and .Y-acetvlglucosamine only. The carbohydrate moictv was
released from the polypeptide backbone by hydra/inolysis. After rc-.Y-acelylation and reduction, ihe resulting
mixture of oligosaccharide-alditols vvas fractionated on Hio-(iel l'-4 und (heir slruclures v\crc invcsligaled by
500-VII Iz '] I-NMR spectroscopy. The carbohydrate chains turned out to be of the ohgomannoside type containing
six to nine mannosc residues. The largest and most abundant compound was established to be:

Mam(l->2)Mana(l->2)Mana(l»3)

H
Mana(W)Man<x(l'3) ;

/
Manci(l-»?)Mara(l-6)

f-or the smaller structures heterogeneity occurs with respect to the outer 7(1 -* 2}-linf:ed mannosc residues,
furthermore, a small .imoiinl of Man,,(ilcNAc-ol (artefact of Ihe hydra/inolysis procedure) was detected by
1H-NM R speclroscopy and fast atom bombardment mass spectrometry.

I'rosUigliimlin endoperoxide synthase. also known as
I'ally-acid cyclo-o.vygenase. cataly/e.s the conversion ol'
araehidonic acid into prostaglandin Ciz and the subsequenl
reduction of the latter lo prostaglandin Hi. l! contains hemc
and has a molecular mass of 72 kl)a. The enzyme is hound
lo the membrane of the endoplasmic reticulum | 1 . 2\. Its
purification from sheep and bovine seminal vesicular glands
lias been reported 11. 3. 4). The sheep enzyme was established
to be a glycoprotein containing 3.5% carbohydrate with
n-mannose and .V-acetvl-o-glucosaminc as the only sugar
constituents | l ] .

To gain insight into the possible role of the carbohydrate
moiety in the biological functioning: of the .synthase. knowl-
edge of its primary structure is prerequisite. Here, we de-
scribe the analysis of these chains employing the combina-
tion of Ihc hydra/inolvsis-procediire and 500-MHz ' H-NM R
speclroscopy.

MAI [-.RIALS AND VHiTHODS

lsi>lu(i(ni and purijicitlian
ol proMc/gltim/ifi cmlttperaxidc .•tyiuhasi'

Sheep seminal vesicular glands were obtained at a local
slaughterhouse, immediately frozen and stored at —20 (.'.

Abhtrvhiiitms. Mmloll. eniJii-/f-.V'-aLTlyl-l>-glucosiiminiduse M
(ilcNAc-ul. A'-acciyl-n-glucivKiminilol: SOS. sciiiium-ddclccvl-
sulfiilc: I-AH. fast atom bombardment: NMR. nuclciir magnetic re-
sonance.

hi:ynn:t. l:i)Uo-/y-A-iieelyl-l)-gkieosaminidase(l;C' .1.2.1.961: pro-
staglandin endupcrntide synthusc (HC I.I4.W.11.

The isolation and purification of the enzyme were carried out
at a temperature helwecn 0 and 4 C I he microsomes vvcre
isolated from vesicular glands (250 g) by differential cenirifu-
ffldion. folloHed by solubilizalion of the enzyme from the
microsonies with lween-20. as described [I]. The enzyme
preparation (175 ml) was dialy/ed for 24 h against 2 I (1.025 M
Ins H O buffer. pH H. containing 0.1 M i-DTA and 0.1",.
Tween-20. with three intermediate changes. The dialyzate was
subsequentl\ applied to a ()|-A(>Sephadev: A-50(Phanii;icial
column (2.5 * 40 cm) equilibrated with the same buffer. After
washing the column with 250 ml buffer, the en/> me vvas eluled
with a linear gradient of 0 (1.4 M N a O 1X00 ml). The
peroxidase-aclive fractions were pooled and concentrated on
a Oiallow XVI-50 ullrafiller (Amicon). Hie concentrate vvas
applied to an Ultrogcl AcA-34(LKB)colnmn (5 x 70 cmland
eluted with a 0.05 M Ir is H O buffer. pH X. containing 0.1 VI
liDl'A. 0.01",, NaN., and 0.1",, Twecn-20. The peroxidase-
aclive fractions were pooled and dialv/ed for 24 h against
3 I water with three intermediate changes. The dialyzale was
subsequently iyophilized and dried in ntciw over f*;O5. The
purity was checked by SDS-polyacrylamide gel electro-
phoresis according to |5|.

Hvilni'inolysi.s pnnvilnrc tuui h'tit tioniuion
tif ittibttliytlrtih' iInline

Thoroughly dried synthase (80 mg) was suspended in 1 ml
anhydrous hydrazineand heated for S h at 100 ('. After evap-
oration of hydrazine. the material was re-.Y-aeelylatcd and
reduced as described |ft]. Kor the reduction with "H-labelled
NaBH4 one seventh of Ihe sample was dissolved in 2(>l>|il
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O.OX M NaOH and treated with NaBH4 containing 1.5 mCi
NaBJH4 in 185 pi ,Y./V-dimelhyiformamide. The remaining
part was reduced with NaB2H4. To facilitate the detection
of oligosaccharide-alditols-1-2H after the fractionation of
the mixture on Bio-Gel P-4 (under 400 mesh: Bio-Rad.
2 x 100 cm) |7]. 0.24 uCi (one tenth) of the -'H-labelled
oligo.saccharide-aldilols were added.

Enzynw assay

Peroxidase activity was determined by monitoring the
absorbanee al 610 nm of the product-formation of synlhase-
catalyzcd oxidation of A',.\',,\r.A'"-lctramethyl-/)-plienylene-
diamine in the presence of hydrogen peroxide |1 j .

Treatment with I'litlu-li-N-acetylgliitmamiithlase H

Digestion of 20 ug purified synlhase was performed with
0.5- 1.0 mU endoH from Slreptmnyees plktiius (Miles) in
50 ul 10 mM sodium acetate. pH 5.5. in the presence of 0.2%
SDS for 16 h at 37 C. The reaction was slopped by heating
for 5 min at 100 C". The digest was analyzed by SDS gel
electrophoresis on a 10% polyacrylamidc gel according to |R].

As molecular-mass markers were used: phosphorylase b
(98 kDa). bovine serum albumin (68 kDa), ovalbumin
(45 kDa). carbonic anhydrase (30 kDa) and soybean irypsin
inhibitor (21 kDa).

FA B mass spectrometry

Positive-ion mass spectra were recorded on a VG Analyti-
cal ZAB-HF revcrscd-geumelry mass spectrometer (Institute
for Physiological Chemistry. Bonn University. FRG). The
sample, dispersed in glycerol. was bombarded with xenon
atoms having a kinetic energy of approximately 9 keV. The
sputtered ions were extracted and accelerated with a polential
of7kV.

RESULTS AND DISCUSSION

Prostaglandin endoperoxide synthase was obtained from
sheep seminal vesicles and purified to homogeneity by DF.Aii-
Scphudex A-50 and Ultrogel AcA-34 chromatography. The
enzyme behaved as a single band on SDS-polyacrvlainide
gel clectrophoresis (see Fig. 11. Starting from 250 g vesicles.
40 mg enzyme was obtained. Sugar analysis of purified
synlhase revealed the presence of GlcNAc and Man in a

A B

Sugar analysis

Because of interference of Twccn-20 in the sugar analysis
of glyeoproteins by the methanolysis procedure. Tween-20
was replaced by SDS as follows. Samples containing 2 mg of
glycoprotein were incubated with 6% SDS for 3 h at room
temperature. The prolein-SDS complex was separated from
Twecn-20 by gcl-pcnneation chromatography on an Ultrogel
AcA-34 column (1 x 100 cm) elutcd with a 0.05 M Tris HCI
buffer. pH H. containing 0.1 M NaCI and 0.1% SDS. Frac-
tions containing protein were detected by SDS-polyacryl-
amidc gel electrophoresis [5]. Pooled fractions were dialyzcd
for 24 h against 200 ml bideslilled water with four intermedi-
ate changes and subsequently lyophilized. The residues were
subjected to methanolysis (I.I)M methanolic HCI. 24 h. 85 C)
followed by gas-liquid chromatography on a capillary CPsil-
5 WCOT fused silica column (0.34 mm x25 in, Cbrompack)
of the Irimethylsilylated (re-/V-aeetylated) methyl glycosides

5011-MHz *H-NMR spectmwopy

Deuterium-exchanged oligosaccharide-alditols were ob-
tained by five-fold lyophilization of the ~H2O solutions,
finally using 99.96 mol% deutcrated water (Aldrich). 500-
MHz"'H-NMR spectra were recorded on a Bruker WM 500
instrument (SON hf-NMR facility. Department of Biophysi-
cal Chemistry. Nijmegen University. The Netherlands) operat-
ing in the pulsed Fourier-transform mode at a probe
temperature of 300 K. Resolution enhancement of the spectra
was achieved by Lorentzian-to-Gaussian transformation
from quadrature phase detection, followed by a complex
Fourier transformation [10]. Chemical shifts {S) were ex-
pressed in ppm downfield from internal sodium 4.4-dimcthyl-
4-silapentane-l-sulfonate. but were actually measured by ref-
erence to internal acetone (A = 2.225 ppm) with an accuracy
of0.002ppm|H).
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l-'ig. I. SDS-polYtitTYltMUilc gel rlccirophi>rcsi,\ of prosht^hmdin
ctufafK'toxuU' synfhti.sf. l.anc A. p:\ slaincd with periodic-acid SchilT
1121; Lane B. gel .slaincd with (.'onmassK- blue (5 250

Table 1. Molar carhohyitrah1 i umpositum of prostaghmdw
endopcrtixhiv synthasy and (he t/iivc <iliii<fstuihuruic-tiiditol fractions
ohttimvd from this nnytnc by (hi- hv<ha:tnolysi\ procedure

Sample Molar ralm.s

Man Cik-NAc GlcNAc-ol

PCJhS

! • :

1-3

7.X

b.2
d.O 0.511

(1.7

0.7

(1.6

Corroded tor the amount of Asn-linked tr lcNAe thi*t is nol
clea\ed under the condilions used lor mclhiinolysis (J3J.

' OlcNAe in !'? is derived 1'rnin a containinani (see lexl).
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l-'ig. 2. Million profile of oligosaccluiridc-ulditols derived from pro-
siaglumlln cndopcrtixide sviulmsc on Biu-(Jel P-4 I under 411(1 mcshi.
The column was elutcd with bidistilleii water at 55 C. [-"ructions of
1.6 ml were collected at a How rate of 2(1 ml/h and assayed for "(H
radioactivity, l-'ractions I ' l . !72 and F3 were pooled. The arrows fit
the top indicate the eluling positions of glucose oiigomers derived
from a ikxtran hydrolyzate. The numbers indicate the glucose anils

molar ratio of 2.0:7.X (see Table 1). Such a carbohydrate
composition suggests the occurrence of oligomannoside lype
of chains. /V-glycosidicallv linked to the polypcptide back-
bone.

Upon treatment with endoH the molecular mass of the
synthase decreased from 72.5 ± 0.5 kDa to 67.5 + 0.5 kDa.
judged from SDS-polyacrvlamide gel electrophoresis.

For structural analysis of the carbohydrate chains, they
were released from the protein by hydrazinolysis. After re-;V-
acetylation and reduction the resulting mixture of
oligosaccharide-aldilols was fractionated on Bio-Gel P-4. The
elution profile (Fig. 2) shows Fl and h'2 as ihe main fractions
and K.I as a minor one. The retention times of fraction FI.
F2 and F3 correspond with glucose-oligomer positions of
12.1. 9.6 and 7.5 residues, respectively. These fractions were
subjected to sugar analysis (see Table 1) and 500-MHz 'H-
NMR spectroscopy. The relevant NMR parameters, together
with those of some reference compounds, are compiled in
Table 2.

The 500-MHz 'H-NMR spectrum ol'fraction Fl is shown
in Fig. 3. illustrating the presence of a major and a minor

Table 2. ' / / Chemical shifts o)' stmctund-reporler-group protons of the constituent monosuceharides for the oligtisaccharide-aldilols derived from
prostagUmdin vndoperoside synthii.se, together with those for two reference compounds 112 and H~2b:
Chemical shifts are given al 300 K. in ppm downficid from rmernai 4,4-dimethy]-4-silapentane-1-sulfonute in JH >O- n. d.. value could not be
determined /

Reporter Residue Chemical shift in
group - — - " - - - • _ . . . . . . -

72 Fl F2

V \ D'"M\ c "\
D _A 3-2-l-Dl A 3-Z-l-ol

o,y / V

NAC Of 1/1-0]

1 2/2-01

H-l of

H-2 of •

2/2-01

}

S

i
I
i

e,h
. h
l-ol/|-ol

2
i

r
&
ei
tl

2.015

2.067

4.610

4.77

5.334

4.669

5.404

5.143

5.308

5.049

5.061

5.042

-

4.228

4.O9B

4.156

4.109

4.023

4.109

4.073"

4.073"

4.066*

2.055

2.067

4.630

4.77

5.333

4.B67

5.400

6.140

5.307

5.045

5.054

5.038

4.232

4.232

4.094

4.153

4.104

4.020

4.104

4.071*

4.068*

4.064*

2.055

2.063

4.62B

4.77

5.34B

4.871

5.092

4.907

5.047

-

-

4.233

4.236

4.117

4.146

4.061

3.983

4.06B

-

-
_

_

?.058

n.S.

4.77

5.344

4.881

5.137

4.906

5.054

-

4.213

4.245

4.118

4.180

4.068

3.985

4.06B
-

-

2.055

n.tj,

n.d.
5.34J

4.881

5.133

4.906

5.053

-

4.218

4.243

4.119

4.160

4.062

3.992

4.067

" Assignments may have lo be interchanged.
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CH3 prolong

H 2
atoms

1 1 '

> • . • , . . - - - . - -

CH3 protons

l-ol

Pi Q
Mancxfi -2)Man«{ t ^ )

Manct(l-2)M.in<x{1-3)
t ) , A '•

Manoc<1.?)Man<x(1.6!
O3 B

H - ? atoms

P1.2,3

anomenc protons

9i l-ol ^

3 A.C

2

I I

52 50 ».- &(ppm) 4 8
. _ , ,/ a _

46 42
1H- .. ... ... .

40 20

I 11: .'. Stltl-\tH: l//-\.\/K spt'tlmm nl iili^mnT/iuridt'-tiUittil truilitm t-'l ilt'iival limn pnistilgtatutm clnhpcm.xiih1 synthmr. in "' lh() til Mid K
I mill miihiliim-mluwicii smitiutul-repnrler-grinip rexnats <>l lire SIKI-MII: ' II-.K UK spectrum nl I'l I III. The mnnhas and Icltcrs in IIK

s|Kvirinn 11'li.T •<> iht airrcspnnding residues in ihc slrutlure. The relaiive-iniensi(> scale <>l' Ihe ,V-acci>l prolon reyinn dillm from (Iwi for
i>lher part\ nl' Ihe speilruni. ;is indicated. Signals marked In aslerisks helniij; lo :i minor (17%) compnnenl of ihe niiMure. nuinvU
M.ii)«( ik'NActikNAc-ol missing Man-I); (see text)

28



component. The spectral features of the mannose residues of
the main component are essentially identical with those of the
corresponding residues in Man^(GleNAc),Asn from soybean
agglulinin (compound 72111. 14]) (see Table 2). This indicates
that the primary structure, with respect lo the mannose re-
sidues, is the same as that of Man^GlcNAcJ^Asn.

Furthermore, (he spectrum of fraction Fl shows two
abundant .V-acetyl signals. By comparison with the data of
Man,,((ilcNAc);Asn. the A'-acctyl signal at A = 2.067 ppm is
assigned to GleNAe-2. According to (he sugar analysis, the
second ,V-acetyl signal old' = 2.055 ppm must be attributed
to GlcNAc-ol The same chemical shift value has been found
for the GlcNAc-ol residue in Manal-».KMana1-• 6)-
Miin/M ->4GlcNAe/ll ->4GlcNAe-ol from hen ovomucoid
115|. Therefore, the structure of the main component of frac-
tion II is:

Maro(l»2)Mara(l»3)

Mana(l->2)Mana(W)Mana(l-»3)
I 1

ail*2)Mana(l->3) 4- /
Man0(l*4)GlcNAcB(l*4)GlcNAc-ol

Manci(l->6)

Mana(l-»2)Mana(l->6)

The minor signals in the spectrum of fraction Fl (see
Kig. 3) indicate the occurrence of ManaGlcNAcGlcN Ac-ol
specifically missing Man-D.;. The low-inten.sity 2-anomeric
signal at <) = 5.0X5 ppm is typical for H-l of Man-A. in
lerminal non-reducing position (compare compountl 70 |11.
16]). The intensity of this signal is 17% of that of H-l of
Man-B- H should be noticed that the intensity of the H-1
signal of Man-Q > is decreased in the same extent (17%) com-
pared with the intensities of the 2-anomeric signals of Man-U i
and Man-Q (. The absence of Man-Q, is also reflected in
the .Y-acetvl region of the spectrum. The iV-acetyl signal at
ii = 2.063 ppm is assigned lo GleNAc-2 in this minor com-
pound because the sum of the intensities of the signals at
<> = 2.063 and d = 2.067 ppm equals that of the GlcNAc-ol
singlet at S = 2.055 ppm. The spatial conformation of
ManHGleNAcGlcN Ac-ol may be held responsible for the shift
alteration of the A-acelyl signal ol'GleNAc-2 since evidence
exists that the Man-^. Man-Q, branch occurs in the sphere
of influence of C-l and 1-2 of GlcNAc-2 [It].

In the spectrum of fraction F2 the intensity ratios of the
structural-reporter-group signals are non-integers, indicating
that fraction F2 consists of a mixture of compounds. Again
the reduced chitobiose unit is present, as is evident from the
signals at ii = 2.055 ppm (GlcNAc-l-ol ,V-acelyl: unchanged
in comparison with Fl). <> = 2.063 ppm (GlcNAc-2 A'-acetyl).
.) = 4.628 ppm (GleNAc-2 H-l) and <> = 4.233 ppm
(GlcNAc-i-ol H-2). The chemical shifts of the reporter groups
of the main component (K0% of the mixture) are compiled in
Table 2. The spectrum shows live intense a-anomeric signals
(the Man-3 H-l signal is hidden under the HO2H line).
Therefore, the structure must be a Man,,GlcNAcGleNAe-o!
compound. The chemical shifts of the Man H-l and
H-2 signals are essentially identical with those of
Man(,(GlcN Ac),Asn missing the Man-Q residues (compound
63 |11. 16. 17]). The structure of the main component of
fraction F2 is as follows:

Mam(l»3) 4 ,

)

U i i
ManS(l»4)GlcNAcB(l->4)GlcNAc-ol

The remaining 20"» of (ruction F2 consist of
Man7GlcNAcGleNAc-ol compounds. The extension of
Man,,GlcNAcGlcNAe-ol with Man-D 1 constitutes approx-
imately 15"ii of the total mixture, as could be deduced from
the occurrence and relative intensity (15%) of the H-l doublet
ol'Man-L' at ci = 5.30X ppm (compare compound 6K 111. 1A.
17)). Another minor component (5"n of the total mixture) is
the extension of Man,,GlcNAcGlcN Ac-ol with Man-D..,. This
is evidenced by the presence and intensity (5%) of the H-l
signal of Man-IJ at ,5 = 5.14(1 ppm. ManKGlcNAeG!cNAc-
ol structures are unlikely lo occur in fraction F2 on the basis
oftheelution tolumc on Uio-Gel P-4.

Fraction F3 was submitted to 500-MHz 'H-NMR
spectroscopy and FAB mass speclromctry. The 500-MHz
'H-NMR spectrum shows an oligomannoside type of
structure. In the z-anomeric region of the spectrum five dis-
tinct signals are observed. The iV-acetyl region of the spectrum
shows just one abundant singlet. The structure of the main
component of fraction F3 is identical to a Man6GlcNAc-ol
compound derived from cathepsin D which lacks specifically
the Man-D residues (see Table 2, compound N-2b (1X](. The
signals characteristic for GlcNAc-2-ol in an oligomannoside
structure arc the iV-acetyl signal at ri = 2.O5X ppm and the
H-2 signal at 6 — 4.213 ppm. The most characteristic spectral
feature of this compound is the exceptional position of the
H-l signal of Man-A^ at 5.137 ppm arising from a different
spatial environment of Man-A in comparison with
Man,,GlcNAcGlcNAc-ol.

The FAB mass spectrum of fraction F3 shows intense
peaks in the high mass region at m z = 1147 (.U f H) and
/;/ : = 1219 (A/ t Na). The molecular mass is in agreement
with the structure derived by 500-MH? 'H-NMR spectro-
scopy. Sugar analysis of fraction F3 showed the presence of
GlcNAc in addition 10 Man and GlcNAc-ol. GlcNAc must
stem from a contaminant, the structure of which has not been
deduced so far.

In conclusion, prostaglandin endoperoxide synthase
contains carbohydrate chains of the oligomannoside type.
The largest and most abundant one was found to be
MaiwGlcNAcGlcNAe-o! and the smallest one Man,,-
GlcNAcGlcNAc-ol in whi<* the outer xO — 2)-linked
mannose residues (Q t. D. 2 and Q,) are missing.

Additional compounds were Mun»GlcNAcGlcNAc-ol
missing Man-Q; and two ManXilcNAcGlcNAc-ol missing
either Man-D, and -D2 or Man-D; and -D3. Furthermore,
a small amount of Man^GlcNAc-ol was present which is an
artefact of the hydra/inolysis procedure. This phenomenon
was reported earlier for oligosaccharide-alditols from hen
ovomucoid [19].

The hydruzinolysis procedure, used here in combination
with 500-MH/ 'H-NMR spectroscopy. is a convenient
method for analyzing glycoproteins containing carbohydrate
structures of the oligomannoside type. The reduced chitobiose
unit can be readily recognized in the spectra. It is noteworthy
that the chemical shift values of the structural-reporter groups
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of the Man residues are close to those observed for the cor-
responding glyeopeplides. For structures ending on GlcNAc-
2-ol some significantly deviating chemical shift values are
observed as is evident from comparison of the NMR data of
Man,,GlcNAc-ol (F3). Man,,GlcNAcGleNAc-ol (F2) and the
glycopeptidc Man(>(GlcNAc),Asn (compound bi [11,16,17]).

On the basis of the molecular mass of the enzyme before
and after treatment with endoH and the carbohydrate struc-
tures elucidated, it can be estimated that there are three glyco-
sylation sites per polypcptide chain.
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CHAPTER 2

Structural analysis of dansyl glyco-asparagincs from quail ovalbumin
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The carbohydrate moiety of quail ovalbumin was isolated in the form of dansyl glyco-asparagines. The
various components were separated by high-performance liquid chromatography, yielding two major fractions
(90% of the total carbohydrate material). By 500-MHz 'H-N1VIR spcctroscopy they were found to be of the
oligomannoside type, containing eight and seven D-mannose residues. The largest one possesses the following
structure:

D, C 4
Mana(I-2)Man<r(I-2)lvIaiia(l-3) 3

Mana(l-3)
A

Mana(l-2)Mana(l-6)

Mana(l-3) ) Man/3(l-4)GlcNAc/3(l-4)GlcNAl/9(l-/V)Asn(DNS)
A >Mana(l-6)

while the other one is its analogue missing mannose D,. Dansyl glyco-asparagines turned out to be suitable
derivatives for 'H-NMR spectroscopic analysis; in combination with HPLC, heterogeneity of sugar chains on
glycoproteins can be elegantly characterized.

Introduction

In a previous study [1] the behaviour of
ovalbumias from various avian species on Con
A/Sepharose was reported. Quail ovalbumin
bound more tightly to Con A/Sepharose than did
ovalbumins from various chicken subspecies and

Abbreviations: Man. D-mannose; GlcNAc, /V-acelyl-D-gluco-
sainine; DNS, dansyl, 5-dimclhvlaniinonaplHhalenc-l-sulfonyl;
ODS, ocludecylsilyl.

from turkey. To gain insight into the structural
basis of this phenomenon, we determined the
primary structure of the carbohydrate chains of
quail ovalbumin. The carbohydrate moiety of this
glycoprotein is known [2] to be A'-glycosidically
linked to Asn. containing Man and GlcNAc as
constituent monosaccharides. For detailed analysis
of these chains, we combined the reversed-phase
HPLC procedure for fractionation of dansyl de-
rivatives of glyco-asparagines recently developed
12,3] and 'H-NMR speelroscopv. which has proved
to be a suitable method for structure determina-
tion of A'-type glycopeptides (4|.
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Materials and Methods

Ovalbumin was isolated from quail eggs
(Cotumix coturnix) purchased from a Japanese
supermarket. Glyco-asparagines were prepared
from ovalbumin by repeated pronase digestion as
described [5]. Dansylation of the glycopeptidcs
was carried out according to Ref. 6.

The HPLC apparatus consists of a TRI ROTAR
SR2 solvent delivery system (Japan Spectroscopic
Co., Ltd.), an Altex Ultra-sphere ODS-reversed-
phase column (5 ^m; 0.46 x 25 cm, Mitsubishi
Kasei Co., Ltd.) protected by a Brownlee Labs
MPLC™ guard column (0.46 X 3.0 cm) packed
with ODS-pack (10 /im). The column was eluted

ooio

0.005

IT

SI
2 3 4

TIME (h)

Fig. 1. HPLC elulion profile of dansyl glvco-asparagines ob-
lained from quail ovalbumin. on an Allex Ullra-sphere ODS-
reversed-phase column.

TABLE I

'H CHEMICAL SHIFTS OF STRUCTURAL-REPORTER GROUPS OF CONSTITUENT MONOSACCHARIDES FOR
DANSYL GLYCO-ASPARAGINES Ql AND Q2 OBTAINED FROM QUAIL OVALBUMIN

Chemical shifts were acquired at 500 MHz for 2H2O solutions at 27°C; they are expressed in ppm down-field from internal DSS.

Reporter
group

H-l

H-2

NAc

Residue

GlcNAc-1
GlcNAc-2
Man-3
Man-4
Man-4'
Man-A
Man-B
Man-C
Man-D,
Man-D,

Man-3
Man-4
Man-4'
Man-A
Man-B
Man-C
Man-D,
Man-D,

(ilcNAol
(JlcNAt-2

Chemical shifts in

Q2
C-4
A., >3-2-l-Asn(DNS)

4'
D,-B- '

4.786
4.591
4.78"
5.348
4.871
5.093
5.147
5.054
_
5.042

4.236
4.116
4.150
4.070 h

4.025
4.070 h

-
4.073 '"

2.029
2.06S

Ql
D.-C-4

A x >3-2-l-Asn(DNS)
4'

D3-B •'

4.79"
4.592
4.78 "
5.339
4.871
5.092
5.146
5.304
5.043
5.043

4.234
4.106
4.149
4.069
4.027
4.089
4.069
4.069

2.029
2.O6K

Partly obscured by HO2H-linc al 27°C (6 4.77).
' Assignmef)is may have to be interchanged.
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Fig. 2. 500-MHz 'H-NMK spectra ( 2 H 2 O; 27°C)of dansyl glyco-asparagines Ql (a) and Q2 (b) obtained from quail ovalbumin. In

Ihe insets, the expanded a-anomeric proton regions are shown after resolution enhancement. The numbers and letters in the spectra

refer to Ihe corresponding residues in the structures.
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with a linear gradient of 2.0-8.0% acetonitrilc in
25 mM sodium boralc buffer (pH 7) at a flow rale
of 1.0 ml/min for 8 h. The effluent was monitored
by a ultraviolet detector (UVIDEC-100IV, Japan
Spectroscopic Co., Ltd.) at 213 nm.

Prior to 'H-NMR .spectroscopic analysis, sam-
ples (about 0.5 /imol) were repeatedly treated with
2 H 2 O with intermediate lyophilization. For analy-
sis, the samples were redissolved in 400 jil 2H2O
(99.96 mol%, Aldrich). 'H-NMR spectroscopy was
performed on a Bruker WM-500 spectrometer
(SON hf-NMR facility. Department of Biophysi-
cal Chemistry, Nijmegen University, The Nether-
lands), operating at 500 MHz and 27°C in the
Fourier transform mode [4], Chemical shifts (5)
are expressed in ppm down-field from internal
sodium 4,4-dimethyl-4-silapentane-l-sulfonate
(DSS), but were actually measured by reference to
internal acetone (S 2.225 ppm in 2 H ; O at 27°C),
within an accuracy of 0.002 ppm.

Results

Glycopeplides from quail ovalbumin (50 mg)
were prepared by repeated pronase digestion as
described [5]. Amino acid analysis of the glyco-
peptide mixture revealed aspartic acid along with
traces of some other amino acids such as threonine
and serine. The glycopeptides were dansylated and
subsequently fractionated by reversed-phase HPLC
[2,3]. The HPLC profile (Fig. 1) showed two main
fractions (Ql and Q2), together accounting for
90% of the total carbohydrate of the glycoprotein.
The minor component (Q3) was not available in
sufficient amounts for NMR analysis to be per-
formed. However, on the basis of the HPLC be-
haviour, it was proposed [2] that a Man,,-
GlcNAc, Asn(DNS) structure was involved.

Qi
Manol 1 -2)Man«( 1 -2)M;ina( 1-3)

The 500-MHz. 'H-NMR data of Ql and Q2 are
given in Table I and the spectra are compared in
Fig. 2. The carbohydrate moiety of Ql and Q2
appeared to be of oligomannoside type, containing
8 and 7 D-mannose residues, respectively. The
arrangement of the mannose residues in Ql could
be inferred directly from the close similarity of its
1 H-NMR spectrum with that of Man8GlcNAc2 Asn
from immunoglobulin M obtained from a patient
with Waldenstrom's macroglobulinemia (com-
pound 70 in Ref. 4). Similar reasoning holds for
Q2 when compared with Man7GlcNAc2Asn from
immunoglobulin M (compound 69 in Ref. 4).
Therefore, it could be concluded that the struc-
tures of Ql and Q2 are as shown in Scheme I.

Careful comparison of the chemical shift data
for the dansyl derivatives Ql and Q2 with those
for the corresponding glycopeplides (compounds
70 and 69 in Ref 4) demonstrated that the pres-
ence of the dansyl group at the ,V-terminus of Asn
has a few, but limited, effects on chemical shifts of
neighbouring protons. First of all, effects were
noticed on the resonance positions of the protons
of the amino acid itself and secondly, on the
structural-reporter group signals of the core
GlcNAc-residues 1 and 2. The H-l signal of
GlcNAc-1, characterized by its typical, relatively
large 7 , , value (9.8 Hz), is shifted upfield from 8
5.02 to 8 4.79. The chemical shift of H-l of
GlcNAc-2 is influenced by dansylation. changing
from S 4.62 to 4.59. The A'-acetyl signals of both
residues shift down-field upon dansylation of Asn:
for GlcNAc-1. from S 2.008 to 2.029. and for
GlcNAc-2 from S 2.054 to 2.068. It is noteworthy
that the chemical-shift values of the structural-re-
porter groups of the mannose residues are close to
those observed for the corresponding glyco-
peptides. In the NMR spectra, the dansyl group
can be recognized from the set of aromatic proton

Man/?( l-4)GlcNAc/?< 1 -4)GlcNAe/?( 1 - N )Asn<DNS)
M:inn(I-6)

M;in«(l-2)Man«(l-6)

Q2
Mann(l-2lMan«(l-3)
M;iim(l -3) M«n/J(l 4|t;kNAc/)(l -4)C.k-NAc/f(l-/V )AMI(1>NS)

Mannd d)
Maim)l'-2)Man«(l-A)

Scheme I.



signals in the region between S 7.6 and 8.9, and
from the relatively high signal at 6 2.900 equiv-
alent to six protons, stemming from the dimelhyl-
amino function.

Discussion and Conclusions

The observation [1J that quail ovalbumin binds
more tightly to Con-A-Sepharose than does chicken
ovalbumin, can now be understood, since the af-
finity of a carbohydrate chain towards concanava-
lin A is correlated with the number of a-mannose
residues, unsubstituted at C-3, C-4 and C-6 [7,8].
The carbohydrate chains of chicken ovalbumin are
of the hybrid and oligomannoside type, the latter
of which are bearing five or six mannose residues
[9,10]. As shown in this study, quail ovalbumin
contains oligomannoside type of chains bearing
seven or eight mannose residues, and conse-
quently, binds more tightly to concanavalin A.

Finally, it should be emphasized that HPLC in
combination with high-resolution 'H-NMR spec-
troscopy is a powerful tool in the analysis of
mixtures of dansyl glyco-asparagines and therefore
in the description of (micro)heterogeneity in terms "
of well-defined structures.
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CHAPTER 3
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Kidney bean glycoprotein II and 7S soybean glycoprotein are both legume storage pro-
teins. Sugar analysis of glycopeptides, derived from these glycoproteins, revealed the
presence of mannose and /V-acetylglucosamine as the only sugar constituents, point-
ing to the presence of oligomannoside-type chains in both legume storage proteins.
Glycoasparagines, prepared by extensive Pronase® digestion, were separated on
Dowex 50W-X2 and subsequently investigated by 500-MHz 'H-NMR spectroscopy.

The structures present in kidney bean glycoprotein II ranged from Man9- to
Man6-GlcNAc2Asn and in 7S soybean glycoprotein from Man8- to Man6-GlcNAc2Asn.
The Man9-structure is the following:

D, C 4
Man«1 -2Mana1 -2Mana1 -3

\3 2 1
Mana1-2Mancri-3 Man/31-4GlcNAc/31-4GlcNAc/31-/VAsn

D2 A \ /
Manai-6

/ *
Mana1-2Mana1-6

D3 B

The others are partial structures thereof, lacking one or more D-mannose units.

Abbreviations: endo-H, endo-(S-iV-acetylglucosaminidase-H (EC 3.2.1.96).

•Author for correspondence



N-Glycosidically-linked oligomannoside-type carbohydrate chains are commonly
found in glycoproteins from both animal and vegetable origin [1]. The kidney bean
glycoprotein II and the 7S soybean glycoprotein are both legume storage proteins, pro-
bably containing oligomannoside-type chains [2,3]. Our present interest is in the detail-
ed carbohydrate structures since oligomannoside-type chains can occur in several
isomeric forms. This knowledge is essential when studying the metabolic route of
oligomannoside-type chains in leguminous seeds.

Materials and Methods

Materials

HPTLC pre-coated plates (Silicagel 60) and pronase® E were purchased from Merck
(Darmstadt, W. Germany). Endo-H was obtained from Seikagaku Kogyo Gapan) and
chicken egg ovalbumin, grade V, from Sigma Chemical Co., St.Louis, MO, USA.

Analytical Methods

Neutral sugars were determined by the phenol-sulfuric acid method [4]. The neutral-
and amino-sugar compositions were analysed by capillary GLC on a Carbowax 20M
column, after hydrolysis with trifluoroaceticacid and monosaccharide conversion to O-
-methyloxime acetates [5]. HPTLC of oligosaccharides was performed as described [6],
but using propanol/nitromethane/water, 5/2/3 by vol, in two consecutive runs. The spots
were visualized by dipping the plate [7], then scanned and integrated [8].

Preparation of Glycoproteins, Pronase Digestions and Separation of Glycopeptides

Kidney bean glycoprotein II was isolated from milled white beans [2] and 7S soybean
glycoprotein from defatted soy flour [9,10].

Non-extensive pronase digestion on 1 g of protein, followed by gel filtration (Sephadex
G-50, Pharmacia, Sweden), passage through a Dowex 50W-X8 (H + -form) column and
repeated gel filtration (Sephadex G-25) was performed |9], which gave a mixture of
glycopeptides.

Extensive pronase digestion was carried out by simplifying a previously reported
method |11|. In both cases 25 g of protein were initially digested by two successive por-
tions of pronase E (500 mg followed by 250 mg). After filtration, passage through a Dowex
50W-X8 (H +-form) column and neutralisation, the residue was subjected to three fur-
ther digestions with pronase E, without any intermediate gel filtration step. The
resulting glycoasparagines were purified on Sephadex G-25 eluted with 0.1 M acetic
acid and finally separated on a Dowex 50W-X2 (Na + -form) column [11, 12]. Each
glycoasparagine fraction was desalted on Sephadex G-25, eluted with 0.01 M acetic acid
before being subjected to 500-MHz 'H-NMR spectroscopy. The standard glycopeptide
Ma^GlcNAczAsn was obtained from ovalbumin |12,13].
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Treatment with Endo-H

Glycopeptide samples containing 150 ng mannose were incubated with 20 mU endo-H
for 24 h at 37°C in 500 y\ 3.3 mM citric acid/11.7 mM Na2HPO4 buffer, pH 6, to which 25
p.\ toluene was added. The reaction was stopped by boiling for 3 min. The mixtures were
subsequently treated with Amberlite MB-3 and lyophilized before being subjected to
HPTLC analysis.

500-MHz 'H-NMR Spectroscopy

Deuterium exchanged glycoasparagines were obtained by three-fold lyophilization of
their 2H2O solutions. Finally the samples weredissolved in 0.4 ml 2H2O (99.96 atom %2H,
Aldrich, Milwaukee, Wi, USA). 500-MHz 'H-NMR spectra were recorded on a Bruker
WM 500 instrument (SON hf-NMR facility, Department of Biophysical Chemistry, Nij-
megen University, The Netherlands) operating in the pulsed Fourier-transform mode at
a probe temperature of 27°C. Resolution enhancement of the spectra was achieved by
Lorentzian-to-Caussian transformation. Chemical shifts (6) are expressed in ppm
downfield from internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate, but were actual-
ly measured by reference to internal acetone (5 2.225) with an accu racy of 0.002 ppm [14].

Results

Sugar analysis of kidney bean glycoprotein II revealed the presence of mannose, N-
acetylglucosamine and xylose as main sugar constituents, together with traces of galac-
tose and arabinose. Non-extensive pronase digestion of kidney bean glycoprotein II
yielded a glycopeptide fraction containing mannose and /V-acetylglucosamine in the
molar ratio 8:2. Other sugar components of the starting material eluted with the void
volume of the SephadexG-50 column, indicating high molecular weight carbohydrate-
rich material not digested by pronase E. The 7S soybean glycoprotein contained man-
nose and /V-acetylglucosamine only. Analysis of the glycopeptides derived from this
glycoprotein showed these sugar constituents to be present in the molar ratio 7:2.

When subjected to endo-H, glycopeptides from both glycoproteins were completely
digested, releasing the corresponding oligosaccharide mixtures. These mixtures could
be resolved by HPTLC using authentic Man6-GlcNAc as standard compound (Fig. 1). Ac-
cording to the integrations of HPTLC scans, Man6-, Man7-, Man«- and Man9-GlcNAc were
released from kidney bean glycoprotein II glycopeptides in a molar ratio 14:31:16:39. The
molar ratio of Man6- Man7- and Man8-GlcNAc released from 7S soybean glycopeptides
was 22:27:51.

Extensive pronase digestion of 25 g glycoprotein resulted in glycoasparagines which
were separated on Dowex 50W-X2 (Na + -form). Samples from each of these fractions
were then subjected to endo-H digestion. HPTLC of the resulting oligosaccharides
showed that all the fractions were homogeneous with respect to the number of man-
nose residues present (see Fig. 1).
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Figure 1. HPTLC patterns of oligosaccbarides released from legume storage glycopeptides by endo-H. Mixt =
oligosaccharides from the glycopeptide mixture; M6to M9 = Man6GlcNAc to ManoGlcNAc, oligosaccharides
from the pureglycoasparagine fractions; OVM6G = MansGlcNAc standard obtained from ovalbumin (see [12,
13j). Note that the reported molar ratios obtained by scan integrations under conditions for linear response
[8] are not faithfully reflected by the above picture.

After desalting on Sephadex C-25, the purified glycoasparagines were subjected to
500-MHz 'H-NMR spectroscopy. The chemical shifts of the H-1 and NAc-signals of the
analysed glycoasparagines are compiled in Table 1. The a-anomeric regions of the 'H-
NMR spectra of the kidney bean glycoprotein II are given in Fig. 2.

For kidney bean glycoprotei n 11 the largest glycoasparagine, MangGlcNAcaAsn (for spec-
trum see Fig. 2a), was found to be identical to the Man9-structure isolated from soybean
agglutinin [15] (cf. compound 72 in [14], and Fig. 3). The other structures isolated lack one
or more of the D-mannoses. This can be inferred from the chemical shifts of the H-1
signals of Man-A, Man-B and Man-C [14] as outlined in Table 2.
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Table 1. 'H Chemical shift reference data of H-1 atoms of pertinent mannose residues
in oligomannoside structures [14].

DrA-R*

Residue

Man-Awm

Man-A,Ub,,

Man-D2

6"

5.40

5.09

5.04

Residue

Man-B,,™,

Man-D3

Dj-B-R

6

4.90

5.15

5.04

Residue

Man-Ci,,.

Man-Di

Di-C-R

i

it

6

5.30

5.05

5.06

* R is (he rest of the oligomannoside-type glycopeptide. For coding of the residues see Fig. 3.
b Chemical shifts are expressed in ppm downfield from internal DSS (sodium 4,4-dimethyl-4-silapentane-1-

sulfonate).

Mang-GlcNAdAsn from kidney bean glycoprotein II was found to be heterogeneous. In
the 'H-NMR spectrum (Fig. 2b) two signals are present for H-1 of Man-A and H-1 of Man-
B. The intensities of the signals show that Man-D2 and Man-D3 occur in the ratio 1:3. The
chemical shift of H-1 of Man-C indicates that this residue is completely substituted with
Man-Di (compare Tables 1 and 2). The structure of Mang-GlcNAc2Asn is presented in
Fig. 3.

Man7-GlcNAc2Asn from kidney bean glycoprotein II (for spectrum see Fig. 2c) was also
found to be heterogeneous. All three Man-D residues are present to some extent (com-
pare Tables 1 and 2). Taking into account the intensities of the signals, the amounts of
the Man7-GlcNAc2Asn isomers from kidney bean glycoprotein II can be calculated as in-
dicated in Fig. 3.

The 'H-NMR spectrum of Man6-GlcNAc2Asn from kidney bean glycoprotein II (Fig. 2d)
shows a single compound. Man-A, Man-B and Man-C are present in the terminal posi-
tion (Fig. 3).

The structures of the glycoasparagines derived from 7S soybean glycoprotein can be
derived by analogy. The structures are presented in Fig. 3.

Discussion

Our present results provide a new example of the occurrence of oligomannoside-type
chains in plant glycoproteins. The xylose present in the kidney bean glycoprotein II
preparation was not a constituent of the glycopeptide fraction derived from this
glycoprotein, but was present in the high molecular weight fraction that was not
digested by pronase E. Our detailed characterisation of the 7S soybean oligosac-
charides (Man6-, Man7-, Mang- and Man9-GlcNAc2) correct the previously reported
structures from this glycoprotein (Man7-, Man8-and Man<>-GlcNAc2 [3,11]) and showthat
only one type of branching is involved. Finally, all structures established here are iden-
tical with oligomannoside-type chains found in many other glycoproteins from various
origins, thus confirming the general occurrence of such a unique pattern of branching
in a wide variety of organisms, from yeasts to higher animals [14,15].
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Figure 2. a-anomeric regions of the 500-MHz 'H-NMR spectra of glycoasparagines obtained from kidney bean
glycoprotein II. (a) ManoGlcNAczAsn; (b) Man.GlcNAc2Asn; (c) ManjGlcNAczAsn; (d) MansGlcNAc2Asn.
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Table 2. SH Chemical shifts of structural-reporter-group protons of the constituent monosaccharides for glycoasparagi-
nes derived from kidneybean glycoprotein II and 7S soybean glycoprotein.

Reporter Residue Chemical shift* inb

group

Kidney bean Soybean

Man9 M a n ; M a n ? M a n 6 Man» M a n ? M a n 8

Of A »-i7A*K Of A 3<M>A|H A a-4-t-Alll Of A 3-l-t-A»<» A a-f-1-Aan A 1-t-i-Attt A 3-*.fA|ll A 3-f»*AlH A 34^A»n A M-t-Atn \Jlt-y-A
V V V V V V V V V * V

Ot' • Of* • ttf« • • 0f« Oj* • •

H-1

NAc

1

2

4

4'

A

B

C

D,

D2.

D3

1

2

5.065

4.605

5.329

4.865

5.398

5.138

5.302

5.038

5.057

5.038

2.012

2.063

5.069

4.601

5.336

4.866

5.403

4.903

5.302

5.040

5.055

—

2.010

2.062

5.069

4.601

5.336

4.866

5.088

5.142

5.302

5.040

—

5.040

2.010

2.062

5.069

4.602

5.344

4.867

5.400

4.905

5.052

-

5.052

—

2.009

2.062

5.069

4.602

5.344

4.867

5.090

5.142

5.052

-

—

5.040

2.009

2.062

5.069

4.602

5.338

4.867

5.090

4.905

5.303

5.040

—

—

2.009

2.062

5.066

4.605

5.344

4.870

5.092

4.909

5.050

-

-

—

2.011

2.062

5.069

4.600

5.336

4.866

5.085

5.142

5.302

5.041

—

5.041

2.011

2.061

5.069

4.603

5.343

4.869

5.091

5.144

5.053

-

—

5.041

2.011

2.061

5.069

4.603

5.339

4.869

5.091

4.908

5.302

5.041

—

—

2.011

2.061

5.069

6.404

5.343

4.870

5.092

4.906

5.050

-

-

-

2.010

2.062

* Chemical shifts are given at 27°C, in ppm downfield from internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate in Jl
b For complete structures see Fig. 3.
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7S soybean glycoasparagines
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Figure 3. Structures of the glycoasparagines isolated from kidney bean glycoprotein II and 7S soybean
glycoprotein.
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SUMMARY

Acid a-glucosidase from human placenta (Np 70 and 76 kDa) was found to

contain 4 Jj-glycosidic carbohydrate chains per molecule. Sugar analysis of

pur i f ied enzyme revealed the presence of Han, GlcNAc and Fuc in the molar rat io

of 5.0 : 2.0 : 0.6. In addit ion, trace amounts of Gal and NeuAc were detected.

The sugar chains were liberated from the polypeptides by the hydrazinolysis

procedure and subsequently fractionated by ge l f i I t ra t ion and hplc. Purif ied

compounds were investigated by 500-MHz 1H-NMR spectroscopy. Oligomannoside-type

chains of intermediate size, .!•.£.•' ManjGlcNAcGlcNAc-ol and Man^GlcNAcGlcNAc-ol,

and N-type chains of smaller size i . e . , Man2_3GlcNAcCFuc30_1GlcNAc-ol, were

demonstrated to be present in the rat io of = 2 : 3 . In addit ion, a small amount

of sialylated fj-acetyllactosamine-type chains have been found. The possible

biosynthetic route of the Fuc-containing small-size chains is discussed.
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INTRODUCTION

Acid a-glucosidase is a LysosomaL enzyme that catalyses the complete

hydrolysis of glycogen. GLycogenosis type I I (Pompe disease) i s an inher i ted

Lysosomal glycogen storage disorder, caused by acid a-glucosidase deficiency;

the disease may occur in a var iety of phenotypes (1 ) . Recent studies on the

biosynthesis of acid a-glucosidase in cultured f ibroblasts from c l i n i c a l

variants have shown that some speci f ic types of mutation may lead to a l terat ions

of the protein backbone and/or i t s carbohydrate side chains (2) . In two

var iants , for example, phosphorylation of mannose residues, which is essential

for recognition of the enzyme by the mannose-6-phosphate receptor, could not be

demonstrated (2 ) .

To fur ther define these par t i cu la r types of mutation and to elucidate the i r

ef fect on the carbohydrate moiety, more detai led information on the number and

structure of the oligosaccharide chains of normal acid a-glucosidase appeared to

be essent ia l . We present here the s t ruc tu ra l analysis of the carbohydrate moiety

of human placenta acid a-glucosidase.

MATERIALS AND METHODS

Iso la t ion and pu r i f i ca t i on of_ acid a-glucosidase from human placenta

Acid a-glucosidase was isolated from human placenta as described before

(2 ,3) . B r i e f l y , the procedure involves the iso la t ion of Concanavalin A-binding

glycoproteins and subsequent pu r i f i ca t i on of acid ot-glucosidase by a f f i n i t y

chromatography using Sephadex G-200 as a f f i n i t y matr ix.

Gel electrophoresis

Abbreviations:

hplc, high performance l iquid chromatography; Man, mannose; Fuc, fucose; Gal,

galactose; GlcNAc, J<-acetylglucosamine; NeuAc, jj-acetylneuraminic acid; GlcNAc-

o l , fJ-acetylglucosaminitol; SDS, Sodium dodecylsulfate.

Enzymes: acid a-glucosidase: EC 3.2.1.20
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Polyacrylamide gel electrophoresis in the presence of SDS and

mercaptoethanol was carried out as described (4) . The gels were stained for

protein with Coomassie blue and for carbohydrate with periodic-acid/Schiff

reagent (5).

Sugar analysis

Acid a-glucosidase (570 ug) was subjected to methanoLysis (1.0 M methanolic

HCl, 24 h, 85°C> followed by gas-l iquid chromatography of the tr imethyls i ly lated

(re)-N-acetylated methyl glycosides on a capil lary CPsi1-5 WCOT fused s i l i ca

column (0.34 mm x 25 m, Chrompack) (6).

Hydrazinolysis procedure

Acid a-glucosidase (30 mg) was dialysed against 1 I double-dist i l led water

(20 h, 4°C) with one intermediate change. After lyophi l izat ion, the dialysate

was thoroughly dried in vacuo over Pp^S"

For hydrazinolysis the a-glucosidase was suspended in 2 ml anhydrous

hydrazine and heated for 8 h at 100°C. After evaporation of hydrazine, the

material was (re-)_N-acetylated and reduced as described (7). For reduction with
3H-labelled NaBH ,̂ 0.1 part of the sample was dissolved in 200 pi 0.08 H NaOK

and treated with NaBH4 containing 1.8 mCi NaB3^ in 215 p i JJ,JJ-dimethyl-

formamide. The remaining part was reduced with NaB H^. To f ac i l i t a t e the

detection of NaB2^ reduced oligosaccharides, 0.1 uCi (1/40 part* of the 3H-

labelled oligosaccharide-alditols was added.

Fractionation and purification of carbohydrate chains

High-voltage paper electrophoresis was performed by applying the

hydrazinolysate onto Whatman 3MH paper in a buffer of pyridine/acetic

acid/water, 3 : 1 : 387 (v /v ) , pH 5.5, at 70 V/cm.

The mixture of neutral oligosaccharide-alditols recovered from the paper,

was fractionated on Bio-Gel P-4 (2 x 100 cm, under 400 mesh; Bio-Rad). The

column was eluted with double-dist i l led water at 55°C (8).

Hplc was performed on a 5 pm Lichrosorb-NHj column (25 x 0.46 cm, i . d . ,
Merck). Elution was carried out isocrat ical ly with acetonitr i le/water in the
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ratio 64 : 36 (v/v) CF1> or 70 : 30 (v/v) (F2, F3 and F4> at a flow rate of 1

ml/• in (9 ) . As reference compounds were used Man9GlcNAcGlcNAc-ol and

Man6GlcNAcGlcNAc-ol from prostaglandin endoperoxide synthase (10) ,

Han^GlcNAcGlcNAc-ol from ribonucLease B (11) and HarvjGlcNAcGUNAc-ol from hen

ovomucoid (12).

500-HHz 1H-WHR spcctroscopy

DeuteriuM exchanged oLigosaccharide-aLditoLs were obtained by three-fold

lyophilization of their ^ O solutions. Finally the samples were dissolved in

0.4 Hi hiz0 (99.96 atom % 2H, Aldrich). 500-MHz 1H-NHR spectra were recorded on

a Bruker VM 500 instrument (SON hf-NNR f a c i l i t y , Department of Biophysical

Chemistry, Nijmegen University, The Netherlands) operating in the pulsed

Fourier-transform mode at a probe temperature of 27°C or 33°C. Chemical shifts

(<S) are expressed at 27°C or 33°C in ppm downfield from internal sodium 4,4-

dimethyl-4-s1lapentane-1-sulfonate, but were actually measured by reference to

internal acetone (6 2.225 ppm> with an accuracy of 0.002 ppm (13).

RESULTS

SDS-polyacrylamide gel electrophoresis showed acid a-glucosidase to

consist of two major polypeptides with a Nr of 70 and 76 kDa (Fig. 1 ) . The

molecular forms occur in the approximate ratio of 2 to 3 , respectively. A minor

component , Nr 95 kDa, is present as an intermediate in the biosynthesis of acid

a-glucosidase (see refs. 2,3 , but not visible in Fig. 1 ) . Both major

molecular forms contain carbohydrate as judged by staining with periodic-

-acid/Schiff reagent (Fig. 1 ) .

The tota l carbohydrate content of the acid a-glucosidase preparation was

7 X. Sugar analysis revealed the presence of Nan, GlcNAc and Fuc in the molar

ratio of 5.0:2.0:0.6 (Nan taken as 5; GlcNAc corrected for the amount of Asn-

-Unked GlcNAc that is not released under the applied conditions of

methanolysis). In addition, traces of Gal, Glc and NeuAc were found. This

composition points to the presence of JjHglycosidically linked carbohydrate

chains.

Hydrazinolysis was applied to release the carbohydrate moiety from the

polypeptide backbone. High-voltage paper electrophoresis of the re-N-acetylated,
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76

70

COOMASSIE PAS

Fig. 1 SDS-polyacrylamide gel electrophoresis of add a-glucosidase stained

with Coomassie Blue and with periodic acid/ Schiff reagent. When more

sample is loaded onto the gel a band at 95 kDa becomes visible.

reduced hydrazinolysate showed that over 97 X consisted of neutral Material. Two

acidic fractions, A1 and A2, were present, amounting to 1.5 and 0.8 X of total

carbohydrate, respectively. The latter were directly subjected to 1H-NMR

spectroscopy.

The neutral oligosaccharide-alditoLs were fractionated on Bio-Gel p-4. The

elution profile is shown in Fig. 2. Fractions F1 to F4 were pooled as

indicated. Their elution positions correspond to those of glucose-oligomers of

(10.5 ± 1.0), (8.5 t 1.0), (6.7 t 0 .7) , and (5.5 i 0.5) residues, respectively.

These fractions were then subjected to 500-MHz ''H-NHR spectroscopy.

Their relevant NMR data have been compiled in Table 1 .
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Fig. 2 Bio-Gel P-4 elution profile of the re-W-acetylated reduced hydra-

zinolysate obtained from human placenta acid u-glucosidase. Fractions F1

to F4 were pooled as indicated. The arrows at the top indicate the

elution positions of glucose oligomers present in a dextran partial

hydrolysate. The numbers above the arrows indicate the number of glucose

units.

F1 was shown to consist of a mixture of oligomannoside-type alditols. The

reduced t4,]J'-diacetylchitobiose unit is characterized by the chemical shifts of

H-2 and NAc of GLcNAc-1-ol and of H-1 and NAc of GLcNAc-2 (see Table 1 ; cf.

(13)). In addition, a l l compounds of F1 share the Mang-moiety consisting of Man-

3 , - 4 , -W, -A and -B. In contrast Man-C and Man-Dj are only partly present. The

latter is reflected in the 1H-NHR spectrum of F1 by the presence of two signals
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Table 1

"*H-NMR chemical shi f ts of structural-reporter groups of the constituent

monosaccharides of the hydrazinolysate components derived from human placenta

acid a-glucosidase.

Reporter

group

H-1 2

4

4 1

A

B

C

D3
Fuc

H-2 1-01

3

4

4 '

A

B

C

°3

H-5 Fuc

CH3 Fuc

Chemical sh i f t a

F1a F1b

i n b

F2c

C-\ 4V
Av ,3-2-1-01 A. 3-2-Vol

4.627

5.348

4.868

5.089

5.142

5.052

5.039
-

4.232

4.232
4.114

4.145

4.066

4.023

4.066

4.066

-

/

4.627

5.098

4.868

5.089

4.907
-

-

—

4.232

4.253

4.066

4.145

4.066

3.98
-

-

-

-

I

4.629

5.100

4.871

5.090

4.906
-

-

-

4.234

4.256

4.076

4.147

4.062

3.985

-

-

-

-

F2b

4s

-

5.094

4.869

5.094

4.904

- -

-

—

-

4.251

4.069

4.143

4.069

3.985

-

-

-

-

F2a

4..
3-2-1-ol

</ F'

4.72

5.104

4.915

-

-

-

-

4.893

4.219

4.259

4.064

3.971

-

-

-

-

4.076

1.224

F3

(4)Q QN

V3-2-1-OI
4 "fa

4.72 c/4.635d

5.102e

4.912
-

-

-

-

4.893C

4.225c/4.235d

4.254e/4.080 f

4.066e

3.968

-

-

-

-

4.075c

1.223°

F4

(4l023-2-1«.
4-'(F)'o.i

n.d. c /4.641d

5.107e

4.917
-

-

-

-

4.89C

4.226c/4.236d

4.251e/4.083 f

4.073e

3.973

-

-

-

-

4.073c

1.228°

NAc 1-ol 2.055 2.055 2.055 2.038 2.055 2.056 2.058
2 2.063 2.063 2.064 2.064 2.085 2.086c/2.075d 2.085c/2.080d
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(Table 1 continued)
a Chemical shifts are expressed in ppm downfield from internal DSS (sodium 4,4-

dimethyl-4-silapentane-1-sulfonate) at 27°C, except for F4 (33°C>, but were

actually measured by reference to internal acetone (6 2.225) with an

accuracy of 0.002 ppm.
b For coding of residues and complete structures see Scheme 1 .
c When GlcNAc-ol is fucosylated at C-6.
d When GlcNAc-oL is nonfucosylated.
e When Man-4 is present.

* When Man-4 is absent.

for H-1 of Man-4, at <S 5.098 (representing a terminal Man-4

cf_. compound 62 in (13)) (14) and at 6 5.348 (for a Man-4 substituted by Man-C)

(12). From the relative intensities of these signals (1 :1; i t was estimated that

Man-C is present in 50 X of the molecules. For H-1 of Man-B also two signals are

observed, namely, at 6 4.907, (pointing to Man-B in terminal position), and at &

5.142 (for Man-B substituted with Man-Dj) (11). Like Man-C, Han-Dj was

estimated to be present in about 50 X of the constituent molecules of F1. From

the NMR spectrum i t was not possible to determine wether F1 consists of a

mixture of Man6-compounds and/or of a Man?- and a Man5-coi»pound. Hplc analysis

of F1 however, showed the presence of only two peaks. By interpolation of the

retention times of the reference compounds Man9GUNAcGLcNAc-ol,

Man6GUNAcGlcNAc-ol and Man^GlcNAcGlcNAc-ol, these could be assigned to the

Many- and the Mang-compound. In conclusion, the structures of the F1 components

are as shown in Scheme 1 (F1a and F1b).

The "'H-NMR spectrum of Bio-Gel P-4 fraction F2 (see Fig. 3a>, like that of

F1, shows characteristic features of oligomannoside-type alditols. In addition,

the occurrence of an a-linked Fuc residue is recognised from structural-

-reporter group signals at 6 4.893 (H-1), 5 4.076 (H-5) and <S 1.225 (CH3) (13).

The intensity ratios of various anomeric-proton signals being non-integers (Fig.

3a) suggested that F2 consists of a mixture of compounds. The sites of

heterogeneity are the Man-A, -B, -C residues and the Fuc residue. However, the

NMR spectrum of the mixture F2 was too complex to determine the structures of

the various components without further separation. Application of hplc resulted

in three subffactions, designated F2a, F2b and F2c. The 500-MHz 1H-NMR spectra
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F2
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— &PP
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Mono: 11-31

Monocll-e/

ngmeric prolong

Fucoitl-6'''

<( «.w

I. 2 tQ 2 2 20

B
F2c *

' I I I 'Si' ''
U . I I i l l J

(with Fuc) Fuc h-5

Fig. 3 Resolution-enhanced structural-reporter-group regions of the 50Q-MH2 ^H-

NMR spectra of the major oligosaccharide-alditols derived from acid a -

glucosidase in 2H20 at 27°C. (a> Fraction F2, (b) Fraction F2c, <c>

Fraction F2a, (d) Fraction F3.

recorded of F2a and F2c are shown in Fig. 3. The relevant NHR-data have been

included in Table 1 .

The NHR spectrum of F2c (Fig. 3b) shows the presence of a single oligo-

saccharide-alditol that possesses 5 Nan-residues, and ends in the reduced

JJfU'-diacetylchitobiose unit (see Table 2 , cf. F1b) (11). Comparison of the

chemical shifts of the H-1 signals of the Nan residues of F2c with those of

Han5GlcNAc2Asn (13,1A) shows that the/ are identical. Therefore, F2c has the
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same structure as F1b, see Scheme 1.

The NMR spectrum of F2b shows close s imi lar i ty with that of F2c. The change

in chemical sh i f t of one of the jN-acetyl signals, from 6 2.055 (6lcNAc-1-ol) to

2.038 , the absence of the H-2 signal of a reduced Gl.cNAc at 4.2 < 6 < 4.3 and

the small sh i f t effect on the H-1 signal of Man-A in comparison with F2c suggest

that F2b contains a modified GlcNAc-1 residue at the reducing end.

The spectrum of F2a (Fig. 3c) shows a pure compound. This oligosaccharide-

a ld i t o l appeared to contain the Fuc residue. The sets of H-1/H-2 chemical shi f ts

for Man-4 (6 5.104/4.064) and Man-41 (6 4.915/3.971) are typical of the

terminal nonreducing position of these residues (12,13). The Fuc residue present

in F2a is a(1-6) linked to GlcNAc-1-ol. This can be deduced from the chemical

shi f ts of the Fuc structural-reporter groups OS H-1 4.893, 6 H-5 4.076 and 5 CH3

1.224). The lat ter are in accord with those found for the biantennary,

hJ-acetyllactosamine-type oligosaccharide-alditol ending in Man(3(1-4)-

GlcNAcB(1-4)CFuca(1-6)DGlcNAc-ol derived from igH (ZAJ) (15), and also with

those reported for a-hemocyanin CMana(1-6)3CXylS(1-2)3Mana(1-3)Man6(1-4)-

GlcNAcg(1-4)CFuca(1-6>:GlcNAc-ol from Helix pomatia (16). The effects on the

chemical shi f ts of neighbouring structural-reporter groups, due to the apparent

attachment of Fuc to GlcNAc-1-ol (compare F2a to F2c in Table 1 and to compound

1 in (12)), are restr icted to H-1 and NAc of GlcNAc-2 and H-2 of GlcNAc-1-ol

(c f . (16) ) . Therefore, F2a has the structure shown in Scheme 1 .

Bio-Gel P-4 fraction F3 contains a mixture of rather small-size compounds.

An analyt ical run on hplc showed that i t consisted mainly of HanjGIcNAcGicNAc-

o l . The Ĥ-NHR spectrum (see Fig. 3d) shows that the element Hana(1-6)~

ManS(1-4)GlcNAc(3(1-4)GlcNAc-ol is present in a l l components of F3. In addition

Man-4 was found to occur in about 80 X of the molecules in F3. This was derived

from the presence and relat ive intensity of the H-1 and H-2 signals of Man-4 at

6 5.102 and 4.066, respectively, in conjunction with the H-2 signal of 3,6

disubstituted Man-3 at & 4.254. The relat ively low Nan-3 H-2 signal at £4.080

(relat ive intensity 20 %) indicated that F3 contained also a component without

Man-4. Furthermore, a Fuc residue a(1-6) linked to GlcNAc-1-ol (compare F2a,

Table 1) was found in about 30 % of the molecules in F3. Thus the structure of

the F3 compounds can be summarized as shown in Scheme 1 .

Fraction F4 consists mainly (- 70%) of the tetrasaccharide Mana(1-6)-

Han6(1-4)GlcNAc3(1-4)GlcNAc-ol. The set of H-1 and H-2 signals for Man-3 at 6

4.776 and 4.083, and for Man-41 at 6 4.917 and 3.973, point to th is structure
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Scheme 1

Structures and estimated re la t i ve abundances of the neutral oligosaccharide-

a l d i t o l s derived from acid a-glucosidase.

Relative

amount in %

F1a Mana(1-2>Mana(1-3) 10

Mana(1-3> ManeC1-4)GlcNAcS(1-4)GLcNAc-oL

Mana(1-6)

Mana(1-2>Mana(1-6/

F1b, F2c Mana(1-3) 27

Mana(1-3) Man8(1-4)GU:NAcB(1-4)GlcNAc-ol

Mana(1-6)

Mana(1-6) / '

F2a HanaCI-3) 30

ManB(1-4)GlcNAcB(1-4)GlcNAc-ol

Mana(1-6) ^

F3 [ManaC1-3)]0 o 20

ManS<1-4)GlcNAcg(1-4)GlcNAc-ol

Hanad-6)'' [Fuca<1-6>] 0 - 3 ^

F4 [nana(1-3)]0.2 8

ManB(1-4)GlcNAc6(1-4)GlcNAc-ol

f1ana(1-6)/f [Fuca(1-6)] Q J

(cf. compound 3 in (13)). In addition Man-4 is present in about 20 X of F4

molecules; for the latter the Man-4 H-1 and H-2 signals in the NMR spectrum are

observed at 6 5.107 and 4.073, respectively, while H-2 of Han-3 resonates at 6

4.251. Furthermore, in about 10 % of the F4 material, Fuca (1-6)-linked to

GlcNAc-ol is present. Thus, the structures of F4 can be summarized as shown in

Scheme 1 .

The structures of the acidic fractions A1 and A2 were also investigated by

''fl-NNR spectroscopy. Fraction A1 appeared to be a mixture of oligomannoside-type
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(50 %) and N-acetyllactosasine-type (50 %) structures. The oLigomannoside-type

structures are mainly Hang- and Man7~compounds, containing the same residues as

given for F2c and F1. The ^J-acetyllactosamine-type chains were found to be of

the biantennary type, mono-«(2-6) sialylated at the a(1-3) branch (6 H-1 Man-4

5.137, 6 H-1 Man-41 4.910, 6 H-2 Han-3 4.253, 6 H-2 Man-4 4.196, & H-2 Man-41

4.12, 6 H-3ax NeuAc 1.719, and f, H-3eq NeuAc 2.675) (13). Part (50 %) of the

oligosaccharide material in th is acidic fraction A1 was present in the form of

glycopeptides. This is evident from the occurrence of an ^-acetyl signaL in the

NHR spectrum at 6 2.007, typical for GlcNAc-1 linked to Asn (13>. The intensity

rat io of th is signal and that of NeuAc (6 2.031) was estimated to be 1 : 1 . The

remaining portion (50 X) of the material of A1 was present in the form of

reduced oligosaccharides.

Fraction A2 appeared to consist mainly of biantennary structures of the N^

acetyllactosamine type, but a(2-6)-sialylated in both branches (6 H-1 Han-4

5.133, 6 H-1 Han-41 4.948, 6 H-3ax NeuAc 1.716 and 6 H-3eq NeuAc 2.667) (13).

DISCUSSION

Among the carbohydrate chains of glycoconjugates that serve as recognition

markers, those of lysosomal enzymes are best characterized. The carbohydrate

moiety of newly synthesized lysosomal enzymes is crucial for their targeting to

the lysosomes, as shown for f ibroblasts and for certain other ce l l types (17).

Two receptors for such chains containing mannose-6-phosphate have been

ident i f ied (18).

The carbohydrate structures only a feu lysosomal enzymes have been studied

in de ta i l . For the enzymes studied so fa r , there seems to be l i t t l e tissue and

species spec i f ic i ty . Comparing dif ferent lysosomal enzymes from the same

tissue/species, their carbohydrates may vary from one to another. Soluble

glycoproteins, l ike (3-glucuronidase from rat l iver (19) and human spleen

(20,21), cathepsin D from porcine spleen (22,23), and cathepsin H from rat l iver

(24) contain predominantly Mang_gGlcNAc2 oligomannoside type of chains, some of

which may be phosphorylated. Cathepsin B from rat l iver and porcine spleen

contain smaller-size (Man2_3GlcNAc2) ^"QLycosidic chains (24,25). For cathepsin

B from porcine spleen (25) and 3-glucuronidase from human spleen (21) these

smaller-size N-glycosidic chains may be fucosylated (Manj.jGLcNAcCFucDGlcNAc).

Oligomannoside-type chains that are fucosylated at GlcNAc-1, (ManjGlcNAcCFuc]-
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GlcNAc) are present as minor compounds in cathepsin D from porcine spleen (23)

and (3-glucuronidase from human spleen (21). In the lat ter enzyme also a small

amount (5 A) of ^J-acetyllactosamine type of chains have been reported to be

present (21). In contrast, the membrane-bound enzyme 6-glucocerebrosidase from

human placenta which is independent of the mannose-6-phosphate receptor for i t s

translocation to the lysosomes (26,27), contains predominantly (80 %> sialylated

b i - and tri-antennary 2i~acetyllactosamine type of structures (28).

In th is study, we have found that the soluble enzyme acid a-glucosidase

from human placenta contains predominantly oligomannoside type of chains (see

Scheme 1 ) , which f i t s the general picture outlined above. I t s neutral

carbohydrates can be divided into two classes: a) chains of intermediate size,

such as HangGlcNAcg and Man7GlcNAc2 (F1, F2c), and b) smaller-size chains l ike

Man2GlcNAc2 and Man-3GlcNAC2 (F3, F4). However, a-glucosidase is exceptional in

i t s relat ively high amount of fucosylated chains. The smaller chains (F2a, F3,

F4) may be extended by a Fuc residue a(1-6)-linked to GlcNAc-ol. F inal ly , a t iny

amount of sialylated bi-antennary JJ-acetyllactosamine type of chains was found.

The finding of oligomannoside type of chains in the acidic fraction A'I of the

hydrazinolysate is probably best explained by their linkage to residual

peptides, not cleaved by hydrazine. Since the human-placenta enzyme is not a

high-uptake form (3) , phosphorylation is not a very probable explanation for the

acidic nature of the compounds in A1.

On the basis of the molecular mass of the pur i f ied enzyme (average Hr 73.5

kDa), i t s carbohydrate content (7 % w/w), and the structures of the

carbohydrates (Scheme 1 ; average Hp 1300 Da), i t can be estimated that there are

4 glycosylation sites per polypeptide chain.

Interest ingly, we observed Fuc a (1-6)-linked to GlcNAc-ol in most of the

smaller-size oligosaccharide-alditols obtained from a-glucosidase. According to

concepts of biosynthesis of j j - l inked carbohydrates with respect to fucosylation

at the Asn-linked GlcNAc residue, the fucosyltransferase involved can not act

un t i l at least one of the 3(1-2)-linked GlcNAc residues has been attached to the

"a n3(or 5>GlcNAC2Asn core structure (29). Evidence for th is concept stems from

jn_ v i t ro experiments, using an a(1-6)-fucosyltransferase pur i f ied from porcine

l i ve r . I t remains to be established, how the presence of a Fuc residue in the

a-glucosidase short carbohydrate chains could be explained. Obviously, i f a

GlcNAc 6(1-2) were attached to Mana(1-3) before fucosylation, i t must have

disappeared afterwards. Since i t is known that human placenta is a rich source
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of B-hexosaminidase (30) i t could be that th is GlcNAc residue has been removed

during the work-up procedure for acid a-glucosidase. Another poss ib i l i ty is that

in human tissues the fucosyItransferase has a substrate speci f ic i ty dif ferent

from the porcine enzyme (29), not requiring the presence of the branch-GlcNAc

in g(1-2)-linkage.
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CHAPTER 5

STRUCTURE OF THE OLIGOSACCHARIDE CHAINS OF LYSOSOHAL

a-MANNOSlDASE FROM PORCINE KIDNEY
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Department of B i o l o g i c a l Chemistry, Facul ty of Pharmaceutical
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and Johannes F.G. VL1EGENTHART

Department o f Bio-Organic Chemistry, Un i ve r s i t y of

U t r e c h t , U t r e c h t , The Netherlands

SUMMARY

Lysosomal ac i d a-mannosidase from porc ine kidney was found t o conta in

mannose (4 .8 %>, ga lactose (0 .9 X), fucose (0 .5 %>, JY-acetylglucosamine (2 .5 %>

and mannose-6-phosphate (0.1%). Approximately 50% of the o l igosacchar ide chains

could be released by endo-3- jJ-acetylglucosaminidase H (endo-H). These were

predominant ly n e u t r a l , o l igomannoside-type o l igosacchar ides con ta in ing 5 , 6 and

9 mannose res idues , r e s p e c t i v e l y , i n the centecimal r a t i o of 36 : 25 : 3 4 . 500-

-MHz 'H-NMR spectroscopy i n con junc t ion w i t h sequent ia l exoglycosidase d iges t i on

of the reduced compounds revealed t h a t each of the three f r a c t i o n s cons is ted of

a s i ng le isomer o n l y ; the Man0 compound has the f o l l o w i n g s t r u c t u r e :

D-, C 4

Han 0(1-2)Hana(1-2)Hana(1-3)

Hana(1-2>Hana(1-3) Manp(1-4)GlcNAcot
D2 A Mana (1 -6 ) / 3 2

Mana(1-2>Mana(1-6) / '4 l

D3 B

The Han^-corapound is missing Han residues D^, Dj and D3, while the Manj-compound
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lacks Man-C as we l l . In addit ion to the neutral ones, some (5%) phosphorylated

oligomannoside-type oligosaccharides were obtained.

The endo-H digested a-mannosidase was subjected to hydrazinolysis.

Approximately 60% of the oligosaccharides released by hydrazine were found to be

of rather small s ize; the i r composition can be presented as Han2_3GlcNAc-

CFuc]g_iGlcNAcol. The remaining 40% consist of Larger-size, galactose-

-containing, _N-acetyllactosamine-type oligosaccharides.

Studies using sequential exoglycosidase digestion and 500-MHz H-NMR

spectroscopy performed on the highly pur i f ied small-size compounds revealed the

fol lowing four structures for the endo-H resistant oligosaccharides:

CHana(1-3)30_1

Man|i(1-4)GlcNAc0(1-4)GlcNAcol

Mana(1-6> [Fuca(1-6)3g-i

INTRODUCTION

Lysosomal hydroLases form a special class of glycoproteins that possess

recognition markers for carbohydrate-specific receptors. One of these markers is

a phosphorylated oligosaccharide which serves a c r i t i c a l role in mediating the

endocytosis and in t race l lu la r transport of these enzymes in connective tissue

type cel ls (reviewed in ref . 1) . The other is an oligomannoside-type

oligosaccharide which is recognized by the clearance system present on both

alveolar macrophages and sinusoidal cel ls of the l i ver (2-7). In addi t ion, the

la t te r is essential for the recognition by a binding protein (mannan-binding

protein) specif ic for oligomannoside-type oligisacchaarides which is located in

the endoplasmic reticulum of the Liver (7-13). In spite of these in t r igu ing

observations, insuf f ic ient material precluded detailed analyses of the

carbohydrate structures of lysosomal hydrolases, with a few exceptions (14-17).

We devised a large scale pur i f i ca t ion procedure for a-mannosidase, one of

the lysosomal hydrolases, from porcine kidney and studied i t s oligosaccharide

structures. a-Mannosidase from porcine kidney binds to the mannan-binding

protein with high a f f i n i t y (8 ,9 ) , but is also recognized by the phosphomannosyl

receptor on connective tissue type cel ls (18).

In th is paper, we present the results of the detailed st ructura l studies of

the endo-3-N-acetyLglucosannnidase H (endo-H) ̂ -re leasable and -resistant
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ol igosacchar ides of a-mannosidase, using enzymatic analyses wi th exoglycosidases

and h igh - reso lu t i on H-NMK spectroscopy.

MATERIALS AND METHODS

Materials

Bio-Gel P-2 (minus 400 mesh), AG50WX4 (100-200 mesh), A61X2 (100-200 mesh I

and AG3 (100-200 mesh) were puchased from Bio-Rad laboratories. Sephadex G-25

( f i ne ) , Sephadex G-50 (f ine) and Sepharose CL-6B were from Pharmacia. NaBC^H]̂

(469 mCi/mmol) was obtained from the Radiochemical Centre, Amersham, England.

C1—' CD Acetic anhydride (10.0 mCi/mmol) was from New-England Nuclear.

Man^GlcNAcol, Nan^GlcNAcol and ManjGLcNAcol were prepared from cathepsin D from

porcine spleen as described previously (16). Manp(1-4)GlcNAcol was prepared from

MangGLcNAcol by exhaustive digestion with jack bean a-mannosidase. Fresh porcine

kidneys were obtained at a local slaughter-house.

Endo-H from Streptomyces griseus, a-L-fucosidase from Charonia lampas and

jack bean 3-j^-acetylhexosaminidase were obtained from Seikagaku Kogyo Co.,

Tokyo. Pronase P was purchased from Kaken Kagaku Co., Tokyo. Purif ied oc(1-2>

specific mannosidase from Aspergillus saitoi (19,20) was kindly provided by Dr.

E i j i Ichishima, Tokyo Noko University, Tokyo. Jack bean a-mannosidase was

prepared according to Li and Li (21) and 3-mannosidase from a sna i l , Achatina

fu l i ca , according to Sugahara and Yamashina (22).

Methods

Purif icat ion of a-mannosidase from porcine kidney

a-Hannosidase was pur i f ied by a modification of the method of Okumura and

Yamashina (23). A l l operations were carried out at 4°C unless otherwise stated.

Fresh porcine kidneys (5 kg) were homogenized in a Waring blendor with 20 I of

1 mM phosphate buffer, pH 7.0, for 10 min. The homogenate was le f t standing for

Abbreviations used are: endo-H, endo-|J-2i~acetyl-9'-ucosaminidase K; Man,

mannose; GlcNAc, jJ-acetylglucosamine; GLcNAcol, ^-acetylglucosaminitol;

XylNAcol, 2-deoxy-2-acetamido x y l i t o l
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1 h and certifuged at 10,000 rpm for 20 min. Throughout the following isolat ion

procedures, 1 mM phosphate was included in a l l solutions and buffers to protect

a-mannosidase from the attack of tissue phosphatases. The supernatant was

brought to 40 X saturation with respect to ammonium sul fate, and centrifuged at

10,000 rpm for 20 min. To the supernatant, sol id ammonium sulfate was added to

70 V. saturation, and the result ing precipitate was collected by centrifugation.

The sediment was dissolved in 1 mM phosphate buffer, pH 7.0, and dialyzed. The

dialysate was made 1 % protein, then made 0.12 H and 0.01 M by adding ammonium

sulfate and Zn acetate, respectively. The solution was adjusted to pH 6.0 with

1 H acetic acid; then cold 50 % acetone, made up of an equal volume of acetone

and 0.01 M Zn acetate buffer, pH 5,9, was added to the solution with s t i r r i ng to

15 % acetone concentration. After centr i fugation, the supernatant was brought to

35 % acetone concentration by further addition of the 50 % acetone. The

resulting precipitate was collected by centrifugation and dissolved in 0.02 M

glycine-NaOH buffer, pH 10.5. The solution was made 0.12 M ammonium sulfate and

ajusted to pH 6.6 with 1 H acetic acid. The precipitate formed was removed by

centrifugation and the supernatant was heated at 60°C for 15 min. The resulting

sl ight turbid solution was c la r i f i ed by centrifugation. To the supernatant,

ammoniumsulfate was added to give 80 % saturation and the resulting precipitate

collected by centrifugation. The sediment was dissolved in 0.05 M phosphate

buffer , pH 6.8, and the solution was dialyzed against the same buffer. The

dialysate was applied to a column of hydroxyapatite (5 x 10 cm) equil ibrated

with the same buffer. Elution was carried out stepwise with 0.12 M and 0.2 M

phosphate buffer pH 6.8. The fractions containing a-mannosidase ac t i v i t y eluted

with 0.2 M phosphate buffer from the hydroxyapatite column were combined,

concentrated, then applied to a Sepharose CL-6B column (1.8 x 185 cm)

equil ibrated with 0.05 M phosphate buffer, pH 6.8. Fractions containing

a-mannosidase ac t i v i t y were combined, concentrated, the rechromatographed on the

same Sepharose column. By these procedures, approximately 50 mg protein of the

pur i f ied a-mannosidase with specific ac t iv i ty of 15.4 units per mg protein was

obtained from 5 kg porcine kidneys with 21 % recovery from the homogenate. Upon

polyacryamide gel electrophoresis at pH 9.45, the pur i f ied sample was

homogeneous.

Enzymatic digestions

Digestions with Pronase P, endo-H, Jack bean a-mannosidase were performed
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as described previously (16). Digestions with 3-W-acetylhexosaminidase and a-

L-fucosidase were done according to Yamashita e_t. al. (24>.

Hydrazinolysis and Smith degradation

Hydrazinolysis and Smith degradation were performed according to Takahashi

e t . a I . (25) and to Yoshima et. a_U (26), respectively.

Paper chromatography

Descending paper chromatography was performed with the following solvents:

Solvent 1 , ethylacetate/isopropanol/pyridine/water (7:3:2:2 v/v) (27); Solvent

I I , ethylacetate/pyridine/acetic acid/water (5:5:1:3 v /v ) .

Gel permeation chromatography

Bio-Gel P-2 column chromatography was performed at 55°C using a column

equipped with a water jacket. For analyt ical purposes, the column (1.5 x 190 cm)

was eluted with water and for preparative purposes, the column (1.8 x 190 cm>

was equilibrated and eluted with 50 mM pyridine/acetic acid buffer, pH 5.0.

Calibration of the column was carried out with glucose oligomers and

oligosaccharides of known structure, £ .£ . Manj.^GLcNAcoI and Hanp(1-4)GLcNAcol

(28).

Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis was performed using system A at pH 9.45

as described by Rodbard and Chrambach (29).

Analytical methods

Hexose was determined by orcinol/HjSO^ method of Hewitt (30). Sial ic acid

was determined by the resorcinol method of Jourdian et_. al. (31). Hexosamine was

determined with a Hitachi ami no acid analyser 335, after hydrolysis in 6 M HCl

at 100°C for 16 h. Neutral sugars were separated and estimated by mass-

fragmentography after conversion into a ld i to l acetates as described previously

(32). Mannose-6-phosphate was estimated enzymatically as described previously

(16). Radioactivity was measured with a Beckman l iqu id sc in t i l l a t i on

spectrophotometer, model LS 7500, using a toluene/Triton X-100 sc in t i l l a t i on

mixture (33).
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500-MHz 1H-NMR spectroscopy

The conditions for 500-MHz 'H-NMR spectoscopy were as described in a

previous paper <16>. I t should be added that spectra were recorded at various

probe temperatures (27°, 40°, 52°O, in order to visualize the complete

anomeric-proton regions. The chemical shi f ts l is ted in Tables I I and IV (and

mentioned in the t e x t ) , however, have been measured at 27°C, unless otherwise

stated.

RESULTS

Carbohydrate composition of g-mannosidase

Table 1 shows the carbohydrate composition of a-mannosidase. The high

content of mannose suggested that oligomannoside-type oligosaccharides are

dominant in the carbohydrate moiety of the enzyme. They seemed to be part ly

phosphorylated as judged from the value for mannose-6-phosphate (0.1 '/. on the

weight basis) which corresponded to 0.3 mole per mole of the enzyme. Occurrence

of galactose in s igni f icant amounts suggested that the enzyme contains in

addit ion, ^J-acetyllactosamine-type oligosaccharides.

Isolat ion o_f_ oligosaccharides b^ endo-H digestion

Purif ied a-mannosidase (49 mg protein) was exhaustively digested with

Pronase P under the conditions that the ac t i v i t i es of phosphatase and

phosphodiesterase detectable in Pronase P were completely inhibi ted (16).

Resulting glycopeptides were isolated by successive gel f i l t r a t i o n s on columns

of Sephadex G-50 (1.2 x 120 cm) and Sephadex G-25 (1.5 x 110 cm). Fractions

posit ive in the orcinol/H2SU4 reaction were collected.

NHj-Termini of the isolated glycopeptides were then labeled with C1-^*C]

acetic anhydride as described previously (16) to f a c i l i t a t e the monitoring of

the peptide moiety of the glycopeptides in the following experiments. The

labeled glycopeptides were digested with 0.2 units of endo-K in 200 y l of 50 mM

citrate/phosphate buffer, pH 5.0, at 37°C for 12 h with a few drops of toluene;

subsequently, another 0.1 units of the enzyme was added. The digestion was

continued for another 12 h, u n t i l the reducing power of the reaction mixture due

to the released oLigosaccharides, monitored by the method of Park and Johnson
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TABLE I

Carbohydrate composition of a-mannosidase.

Residue Composition8

mo I/moI

Mannose

Galactose

Glucose

Fucose

Mannose-6-phosphate

N-acetylglucosamine

^J-acetylgalactosamine

Sial ic Acid

4.8

0.9

0.1

0.5

0.1

2.5

-

26

5.0

0.6

2.8

0.3

14

Analyses were carried out as described under Materials and Methods

(34), had reached a plateau. The digest was heated in boi l ing water for 2 min to

inactivate the enzyme, and was applied then to a Sephadex G-25 column (1.5 x 110

cm). Fractions positive in the orcinol/H2S04 reaction were collected. One f i f t h

of the pooled sample was reduced with 1 mCi of NaBC H3̂  under the conditions

described previously (16) and the rest with an excess of NaBH/ under the same

conditions. The reduced oligosaccharides and undigested glycopeptides were

pur i f ied by gel f i l t r a t i o n on a Sephadex G-25 column (1.5 x 110 cm), then by

passing over a small AG50X4 column (H+ form). Subsequently they were

fractionated by chromatography on an AG1X2 (Cl~ form) column (0.9 x 17 cm).

Elution was carried out stepwise with 0.01 M HCl and 1 M NaCl. As shown in Fig.

1 , C^HD-radioactivities were separated into four f ract ions, _i.e. N, A - 1 , A-2 and

A-3. Of these f ract ions, N, A-1 and A-2 were posit ive in the orcinol/HgSO^

reaction, containing 46 %, 49 % and 5 % of the to ta l hexose, respectively. To

ident i fy r.^H3-J*-acetylglucosaminitol which should have originated from the

reducing termini of released oligosaccharides, an aliquot of each of these

fractions was hydrolyzed in 4 H HCL at 100°C for 4 h and the hydrolysates were

analyzed after re-TJ-acetylation by paper chromatography on borate impregnated

Toyo No. 51A paper using Solvent 1 . Only N and A-2 produced
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Fig. 1 AG 1X2 chromatography of the endo-K digest. The endo-H digest was applied

to a AG 1X2 (Cl~ form) column (0.9 x17 cm! after reduction with NaBC 3 ^ .

Elution was carried out stepwise with 0.01 M HCL and 1.0 M NaCl, as

indicated by arrows. Fractions of 0.2. ml were collected and aliquots

thereof used for monitoring radioact iv i ty.

-acetylglucosaminitol, and neigther A-1 nor A-3 d id . The C^H3-radioactiwities in

A-1 and A-3 seemed to be attr ibutable to contaminating peptides (unidentif ied)

rather than to the released oligosaccharides. Thus, N and A-2 were designated as

the endo-H-re leasable oligosaccharides and the carbohydrate moiety of A-1 as the

endo-H-resistant oligosaccharides. N and A-1 were used for the following

structural analyses. Results of detailed analyses of A-2 which include Ĥ-NHR

data for phosphorylated oligosaccharides w i l l be reported elsewhere .

Fractionation and characterization of f ract ion N

Fraction N, comprising 90 % of the endo-H-releasable oligosaccarides, was

2 Kozutsumi, Y. , Kawasaki, T . , Yamashina, 1 . , Van Halbeek, H., Mutsaers,

J.G.H.M. and Vliegenthart, J.F.G. in preparation.

70



500

500

I I

. / \
IOO no 120 130 KO iso leo

TUBE NUMBER

Fig. 2 Gel permeation chromatography of the neutral oligosaccharides and their

enzymatic digests. The radioactive oligosaccharides were applied to a

Bio-Gel P-2 column (1.8 x 190 cm> and developed with water. Fractions of

1.9 ml were collected and aliquots thereof were used for monitoring

radioact iv i ty. (A) The neutral oligosaccharides (117,000 dpm>; (B»

a(1-2)-specif ic mannosidase digest of A (55,000 dpm); (C) Jack bean a -

mannosidase digest of B (25,000 dpmt; ID) (J-mannosidase digest of C

(10,000 dpm). The arrows denote the elution positions of glucose

oligomers with numbers indicating the glucose units and authentic samples

(M7G, Han7GlcNAcol; M6G, Man6G LcNAcol; MgG, HanjGlcNAcol; M-]G,

HanGlcNAcol; G, GlcNAcol).

fractionated on a Bio-Gel P-2 column to produce three major subfractions, N-1,

N-2 and N-3 with 36 %, 25 % and 34 %, respectively, of the to ta l C\l-

radioactivi ty (Fig. 2A). N-1, N-2 and N-3 were eluted at the positions

corresponding to Man9GlcNAcol, Man6GlcNAcol and MangGlcNAcol, respectively.
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Fraction N was further characterized by digestion with various

glycosidases. Treatment of fraction N with £ . saitoi a(1-2)-specif ic mannosidase

gave a single peak on gel f i l t r a t i o n at the elution position of N-3 (Fig. 2B>,

indicating that N-1 and N-2 contained four and one additional a(1-2) - I inked

mannose residues at the nonreducing termini of N-3, respectively. Digestion of

the oligosaccharides in this peak with jack bean ot-fnannosidase produced a single

component eluting at the position of ManGLcNAcol, indicating that four a-mannose

residues were attached to the ManGlcNAcol core (Fig. 2C). Most of the jack bean

a-mannosidase digest were, in tu rn , converted to GlcNAcol by digestion with

(3-mannosidase (Fig. 2D). Based on these lines of evidence and taking the

speci f ic i ty of endo-H (35-37) into account, the structures of N-1, N-2 and N-3

can be deduced as CMana(1-2)3naHan4PManGlcNAcol (n=4, 1 and 0 for N-1, N-2 and

N-3, respectively). Further characterization of each fract ion was carried out by

500-MHz "'H-NMR spectroscopy.

The chemical shi f ts of the structural-reporter groups of N-1 to N-3 are

compiled in Table 13. The 500-MHz "*H-NMR spectrum of N-'l is depicted in Fig. 3,

as a typical example, showing the involvement of a Man^GlcNAcol compound.

Comparison of the NMR-data of N-1 with those of Man9G lcNAc2Asn (compound

72 in ref. 38) and Han9GlcNAcGlcNAcol (F1 in ref. '39) revealed that a l l

three of these structures are the same with respect to the arrangement of the

Man-residues. GlcNAc2-ol is characterized by the presence of a singlet in the N-

-acetyl region of the spectrum (6 2.059) and by i t s characteristically-shaped

H-2 resonance at 6 4.217 (compare ref. 16). Therefore, the structure of N-1 (See

also Table I I I ) is

D1 C 4
Mana(1-2)Mana(1-2)Manot(1-3)

Man<x(1-2>Mana(1-3) Man|S(1-4)GlcNAcol
D 2 A Manad-6)^3 2

Mana(1-2tnana(1-6)/4I

The chemical shifts of the structural-reporter groups of most of the Man-

residues in the Man^structure are just moderately influenced by the

modification of the authentic ]J-acetylchitobiose unit into GlcNAc2-ol. Only for

H-2 of Man-41, and for H-1 of Man-A and Man-Dg/ the shift effects introduced are
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TABLE I I
1H chemical shi f ts of structural-reporter groups of constituent raonosaccharides

for the endo-H re leasable oligosaccharides obtained from porcine-kidney

a-mannosidase

Reporter

group

H-1

H-2

NAc

Residue

3

4

4 1

A

B

C

°1
D2

D3
2ol

3

4

4 '

A

B

C

D1
D2

D3
2ol -

Chemical

N-1

Drc-4S

D2-A ,3-201

4 1

D3-B

4.800c

5.331

4.872

5.392

5.142

5.306

5.046

5.046

5.037

4.217

4.236

4.110

4.171

4.094

4.024

4.101

4.073

4.073

4.061

2.059

sh i f t a i n b

N-2

C " 4 \
A 3-2ol

41

B

4.801c

5.341

4.883

5.136

4.907

5.055

-

-

-

4.218

4.240

4.119

4.179

4.063

3.993

4.071

-

-

-

2.058

N-3

\
A 3-2ol

41'

B

4.811C

5.097

4.880

5.135

4.905

-

-

-

-

4.216

4.256

4.079

4.178

4.061

3.984

-

-

-

-

2.059

a Chemical shif ts are given in ppm downfield from internal sodium 4,4-dimethyl-

4-silapentane-1-sulfonate (DSS) but were actually measured relat ive to

internal acetone (6 2.225), in D20 at 27°C.

k For complete structures of the compounds, see Table I I I .
c Value determined at 40°C.
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Fig. 3 500-MHz 1H-NMR spectrum (t>20, 27°C) of the neutral oligosaccharide-

-a l d i t o l N-1, released from porcine-kidney a-mannosidase by endo-H. The

numbers and let ters in the spectrum refer to the corresponding residues

in the structure.

larger than 0.01 ppm (compare ref . 38).

The structures of N-2 and N-3 from a-mannosidase are ident ical to those of

N-2b and N-3 from cathepsin D (16). This conclusion is j us t i f i ed by the close

resemblance of the NMR-data of the corresponding compounds. Therefore, the

structure of N-2 (See also Table I I I ) is

Mana(1-2)Mancx(1-3)

Mana(1-3>
\ /
Han <x( 1-6)

Manp(1-4)GLcNAcol
/

Mana(1-6)
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and that of N-3 (See also Table I I I ) is

Manoc(1-3>

Mana(1-3) Man3(1-4) GlcNAcol

Mana(1-6)/

Mana(1-6>/'

In line with earlier observations (39), the shift effects of reduction of

GLcNAc-2 to GlcNAcol on the structural reporters of Man residues in these

smaller compounds are generally larger than those of the conversion of GlcNAc-1

to GlcNAcol (compare with F2 and F3 in ref. 39>.

Isolation of_ endo-H-resistant oligosaccharides by_ hydrazinolysis

Fraction A-1, which consisted of endo-H-resistant oligosaccarides, was

desalted by Sephadex G-25 (1.5 x 110 cm) and evaporated to dryness. The dried

material was suspended in 1.0 ml of anhydrous hydrazine and subjected to

hydrazinolysis followed by (re-\N-acetylation according to Takahashi £ t . a±.

(25>. The mixture of oligosaccharides released was purified by gel f i l t r a t i on on

a Sephadex G-25 column (1.5 x 110 cm>, and fractions positive in the

orcinol/HjSO^ reaction were collected. In this purification a l l the C^H3- and

C^CD-radioactivities incorporated into the peptide portion of fraction A-1,

were successfully separated from the oligosaccharides. The resulting

oligosaccharides were reduced with NaBĈ KD̂  and purif ied under the same

conditions as described for endo-H-releasable oligosaccharides.

fractionation and characterization of endo-H-resistant oligosaccharides

Endo-H-resistant oligosaccharides released by hydrazinolysis, were

fractionated on a Bio-Gel P-2 column, and pooled in four fractions, F-1, F-2,

F-3 and F-4 (Fig. 4).

Fraction F-1 seemed to consist of N^acetyllactosamine-type oligosaccharides

based on the analysis of sugar composition, and their detailed structures w i l l

be reported elsewhere.

Fractions F-2, F-3 and F-4 were further fractionated with paper

chromatography on Toyo No. 51A paper using Solvent I I . As shown in Fig. 5, F-3
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TABLE I I I

Structures of oligosaccharides on a-mannosidase from porcine kidney

Fraction Structure Distr ibut ion8

D., C 4
Hana(1-2)nana(1-2)Mana<1-3) 3 2 •,

Mana(1-2>Mana(1-3) Man(5(1-4)Gl.cNAc(3(1-4)GlcNAc3<1-N>Asn 0.88
D 2 A ManaCI-6/

Hana(1-2>Mana(1-6) 4 '
D3 B

Mana(1-2)Mana(1-3)

N-2 Mana(1-3) ManB(1-4)GlcNAcB(1-4)GLcNAc3C1-N) Asn 0,61

Hana(1-6)/

Hana(1-6»

Mana(1-3).

N-3 Mana(1-3). HanB(1-4)GlcNAc0(1-4)GlcNAc3(1-N)Asn 0.86
\ /
Mana(1-6V

Hana(1-6t'

Hano(1-3>

F-2 ManBC1-4)Gl.cNAc3(1-4)GlcNAcB(1-N)Asn 1.44

Manal1-6)/' Fuca(1-6>'/

Mana(1-3)

F-3-3 ManBC1-4)GLcNAc3<1-4)GUNAc&(1-N)Asn 0.57

Mana(1-6)/'

F-3-4 Han3(1-4)GLcNAc3C1-4)GLcNAc3(1-N)Asn 0.54

Hana(1-6) Fuca(1-6)/

F-4-2 Man3(1-4)GlcNAc3C1-4)GlcNAcBd-N)Asn 0.26

Manad-6)1^
a Moles of oligosaccharide/mole of a-mannosidase
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Fig. 4 Gel permeation chromatography of the endo-H-resistant oligosaccharides.

Conditions for analysis of radioactive sugars are the same as in Fig. 2.

was separared into four subfractions, 2,-£- F-3-1. F-3-2, F-3-3 and F-3-4, and

F-4 into two, j_.£. F-4-1 and F-4-2, while F-2 consisted of a single component.

The pur i f ied fractions were subjected to sequential exoglycosidase

digestion, and the reaction mixtures at each step were analysed by gel

f i l t r a t i o n on a Bio-Gel F>-2 column. Treatment of F-2 and F-3-4 with jack bean

a-mannosidase gave the same single peak at the position of 6.5 glucose un i ts ,

indicating that two and one ot-mannose residues had been removed from the

oligosaccharides, respectively. One B-mannose residue was, in tu rn , liberated

from this digest on incubation with B-mannosidase. The product furnished one

mole of GlcNAc and Fuc each on further digestion with B -jj-acetylglucosaminidase

and a-L-fucosidase, respectively, and the resulting digests comigrated with

GlcNAcol. The structures of F-2 and F-3-4 could therefore be deduced as

a Mann&ManGLcNAc[FucD GlcNAcol (n=2 and 1 for F-2 and F-3-4, respectively). The

structures of F-3-3 and F-4-2 were similar ly ident i f ied as oMannGlcNAcGlcNAcol

(n=2 and 1 for F-3-3 and F-4-2, respectively). None of the termini of F-3-1,

F-3-2 and F-4-1 were ident i f ied as GlcNAcol, whereas the anomeric configuration

and sequence of the monosaccharides as revealed by exoglycosidase digestion

(data not shown) were the sane as those for F-3-3 except for the terminal

residue. These three fractions appeared to have modified termini produced during
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3H DPM

500

0 10

Fig. 5 Paperchromatography of F-2, F-3 and F-4. The radioactive oligosaccharides

were subjected to decending paper chromatography developed with solvent

I ] for 6 days. After chromatography the paper was cut into 0.5 cm wide

pieces, and the oligosaccharides were extracted with 0.05 H pyridine-

acetic acid buffer, pH 5. Aliquots of the extracts were used for

monitoring radioact iv i ty. (A) F-2 (500,000 dpm); (B) F-3 (500,000 dpm);

(C) F-4 (200,000 dpra).

the hydrazinolysis. ]n fact the value of hexose content versus ^H-radio-

act iv i t ies of these fractions were much less than of F-3-3.

Further characterization of F-2, F-3-3 and F-3-4 was carried out by 500-MHz

H-NMF> spectroscopy, while F-4-2 was subjected to Smith degradation.

The relevant 500-MHz 1H-NMR data of compounds F-2, F-3-3 and F-3-4 are

compiled in Table JV. The 500-MHz " 'H-NI * spectrum of F-2, as a typical example

of the endo-K resistant oligosaccharides, is depicted in Fig. 6.

Comparison of the NMR-characteristies of F-3-3 with those of

Man3GlcNAcGlcNAcol obtained from hen ovomucoid (41) reveals that the compounds
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TABLE IV

chemical shif ts of structural-reporter groups of constituent monosaccharides
for the small-size endo-H resistant oligosaccharides obtained from porcine-

-kidney a-mannosidase by hydrazinolysis

Reporter

group

H-1

H-2

H-5

CH3

NAc

Residue

2

3

4

4 '

Fuc

1ol

3

4

41

Fuc

Fuc

1ol

2

Chemical

F-2

3-2-10I

4.706

4.788C

5.104

4.915

4.895

4.224

4.258

4.065

3.969

4.075

1.225

2.056

2.084

sh i f t 9 i n b

F-3-3

4
\
3-2-1ol
/

41

4.641

4.787C

5.106

4.916
-

4.242

4.253

4.063

3.973

-

-

2.057

2.077

F-3-4

3-2-1ol
/ /

4' F

4.701

4.78
-

4.914

4.895

4.226

4.085
-

3.967

4.072

1.225

2.057

2.088

a Chemical shi f ts are given in ppm downfield from internal sodium 4,4-dimethyl-

4-silapentane-1-sulfonate (DSS) but were actually measured relat ive to

internal acetone (6 2.225), in D20 at 27°C.
b For the complete structures of the compounds, see Table III.
c Value determined after suppression of the HOD-signal by a WEFT pulse sequence.

have identical structures (See Table I I I ) . The sets of chemical shi f ts of H-1

and H-2 of Man-4 (6 5.106 and 4.063) and Han-41 <6 4.916 and 3.973) are typical

for the terminal nonreducing position of these residues (16,38,41). The reduced

^-acetylchitobiose unit is characterized by the set of JJ-acetyl signals at 6

2.057 and 6 2.077, the GlcNAcol H-2 signal at 6 4.242 and the H-1 doublet of
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Moncdl-3).). 3

c ManDI1-i|GlcNAcp(t-(|Glc

Manodl-61' Fucodi-6)'

-blppml 51 50 49

» H-2
atoms

anomenc
orotons

acetone acetate

Fuc
H-5

55-blppmi 50 L% 40 35 30 25 20 !5 '0

Fig. 6 500-MHz 1H-NMR spectrum (D20, 52°CJ of the endo-H resistant, hydrazine-

released oligosaccharide-alditol F-2, derived from porcine-kidney o-man-

nosidase. The numbers in the spectrum refer to the corresponding residues

in the structure.

GLcNAc-2 at 6 4.641 (£f . 38,41).

Compound F-2 appears to be the extension of F-3-3 with a Fuc residue aC1-6)

linked to GlcNAcol. This was deduced as fol lows. The a(1-6t type of linkage of

Fuc to GlcNAcol is evident from the set of chemical shi f ts of the st ructura l -

reporter groups of Fuc i t se l f (6 H-1 4.895, 6 H-5 4.075 and 6 CH3 1.225); the

lat ter are in accord with those found for a biantennary, fj-acetyllactosaniine-

type oligosaccharide ending in Han3(1-4)GlcNAcB(1-4)CFuca<1-6)3GlcNAcol derived

from igH(ZAJ) <42). The effects on the chemical shif ts of neighbouring

structural-reporter groups, upon the apparent attachment of Fuc to GlcNAcol, are

restr icted to H-1 and t4-acetyl protons of GlcNAc-2 and H-2 of GlcNAc1-ol (see

Table IV, step from F-3-3 to F-2). As far as the effects on the GlcNAc-2

reporter groups are concerned, thei r magnitudes are in l ine with those observed

for oK1-6)-fucosylation of ]J-glycosidic glycopeptides at the Asn-linked GlcNAc
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(38). Therefore, the structure of F-2 (See also Table JII) is

4
Mana(1-3) 3 2 1

Man3d-4)GlcNAc3(1-4)GlcNAcol

ia(1-6)
41

Manad-6/ Fuca(1-6)/

Fraction F-3-4 contains a MarijGlcNAcCFucIlGlcNAcol compound. Comparison of

the ''H-NHR chemical shif ts of the structural-reporter groups of F-3-4 with those

of F-2 (Table IV) and those of Man2GlcNAcCFuc3GlcNAcAsn (38) reveals that in

F-3-4 the Han-4 residue is missing, whereas Fuc is again cx(1-6)-linked to

GlcNAcol. Therefore, the structure of F-3-4 (See also Table I I I ) is the

following

3 2 1
Man&(1-4)G UNAc 3d-4)G LcNAcol

Manad-6/ Fucad-6)7

4'

In order to determine the position of the a-mannose residue in F-4-2, this

fract ion was subjected to Smith degradation. F-3-3 was used as a reference

oligosaccharide. The product from F-4-2 was eluted from a Bio-Gel P-2 column

later than the product from F-3-3, Man3(1-4)GLcNAc 3 (1-4)XylNAcol. Thus the

structure of F-4-2 was deduced as Manad-6)Man3d-4)GlcNAc 3 (1-4)GlcNAcol (See

Table I I I ) .

DISCUSSION

The carbohydrate composition of puri f ied porcine-kidney ot-mannosidase has

some remarkable features, Ue. a relat ively high mannose content, as in other

lysosomal enzymes such as cathepsin D or 3-glucuronidase (16,43), but in

addit ion, the occurrence of galactose and fucose. Thus, the carbohydrate moiety

appears to consist of oligomannoside-type oligosaccharides as major component

and j^-acetyllactosamine-type oligosaccharides. We have primarily undertaken to

determine the structure of oligosaccharides re Leasable by endo-H digestion which
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should consist of oligomannoside-type oligosaccharides of appropriate size.

Endo-H was capable of releasing about 50 % of the to ta l hexose. The structures

of the neutral oligosaccharides of the endo-H-releasable oligosaccharides were

elucidated ultimately by 500-MHz Ĥ-NMR spectroscopy, and they were of the

oligomannoside type indeed (See Table I I I ; . They were somewhat di f ferent in

structure from the oligomannoside-type oligosaccharides from cathepsin D (16).

In contrast to the si tuat ion with cathepsin D, for a-mannosidase, i t was

not possible to deduce which pathway of processing Nan^GlcNAc2 structures down

to ManjGLcNAC2 is dominant due to the absence of MangGlcNAcg and Man^GLcNACj-

The endo-H-resistant oligosaccharides were isolated by hydrazinolysis.

Approximately 60 % were rather short oligosaccharides with only two or three

mannose residues. While Man2GlcNAc2 and Man3GlcNAc2 are common to the core

portion of asparagine-linked oligosaccharides, i t is seldom to f ind these short

oligosaccharides in glycoproteins. Recently some other lysosomal enzymes have

been found to bear Han2_3GlcNAcCFucD0_1G LcNAc2 (14,17). Interest ingly, the

structures detected in these enzymes, occured as single isomers. This might

imply that they are the product of processing or degradation from Hanj_^GLcNAc2

in an ordered sequence. The metabolic route leading to the occurrence of Fuc in

some of the smaller-size structures is not yet understood, and requires further

investigation.

a-Mannosidase from porcine kidney binds strongly to a mannan-binding

protein, a hepatic lect in specific for oLigomannoside-type oligosaccharides of

glycoproteins (8,9). When assayed as an inhibi tory act iv i ty towards the binding

between the mannan binding protein and a reference glycoprotein, neoglycoprotein

GlcNAc^j-BSA (bovine serum albumin), the K̂  value of the a-mannosidase was

estimated to be 3.1 x 10~® H, which value is somewhat lower than that for

cathepsin D, 5.4 x 10~6 H (16). The higher a f f i n i t y of the a-mannosidase to the

mannan binding protein may be due to the fact that MangGlcNAc2 is dominant on

th is enzyme whereas th is oligosaccharide is absent in cathepsin D.

Recent investigations have suggested that there are mechanisms for locating

lysosomal enzymes to lysosomes which are independent of the phosphomannosyl

recognition system (43). Jn view of the high a f f i n i t y of the lysosomal enzymes

to the mannan-binding protein as discussed above and the subcellular

dist r ibut ion of the binding protein (13), this protein may be one of the

candidates involved in a phosphomannose-independent mechanisms.
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CHAPTER 6

STRUCTURAL STUDIES OF THE CARBOHYDRATE CHAINS OF

HUMAN Y-INTERFERON
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Department of Bio-Organic Chemistry, University of Utrecht,

Utrecht, The Netherlands

Rene DEVOS, Yve GU1SEZ, and Walter F1ERS

Laboratory of Molecular Biology, University of

Ghent, Belgium.

SUMMARY

Recombinant human y-interferon (IFN-Y> cDNA was expressed in Chinese

hamster ovary cells. These cells were shown to be able to produce glycosylated

3FN-Y. Sugar analysis revealed the presence of Man, Gal, GlcNAc, NeuAc and Fuc

residues in a molar ratio of 3.8 : 2.0 : 3.5 : 0.6 : 0.4 suggesting the

occurrence of ̂ -glycosidically linked 2^-acetyllactosamine type of carbohydrate

chains. For structure determination of these chains, the glycoprotein was

subjected to the hydrazinolysis procedure, yielding oligosaccharide-alditols.

The latter compounds were analysed by 500-MHz ^H-NMK spectroscopy. The

carbohydrate material was found to consist of biantennary structures, exhibiting

niicroheterogeneity as to the terminal sialic acid and the core Fuc residue:

CNeuAca(2-3)Jn_iGaip(1-4)GlcNAc0<1-2>Mana(1-3).

Man(3(1-4)GlcNAcp(1-4)GlcNAc-ol

r.NeuAcoc<2-3):in_iGal(}(1-4)GlcNAc3(1-2)Mano!(1-6r CFucaC1-6)3o_i

As similar carbohydrates are present on several human secreted proteins,

this gLycosyl group is not expected to be immunogenic in man.
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It remains to be established to what extent the carbohydrate chains of

this biotechnologically produced 1FN-T are identical to those of naturally

occurring human 1 FN-Y .

INTRODUCTION

Human 1 FN-Y is a highly interesting glycoprotein because of its potential

therapeutic application against some types of cancer in addition to its

antiviral activity. ]t has been purified from different sources such as human

spleen- or tonsillai—derived cell cultures and from mitogen-stimulated human

peripheral blood lymphocyte cultures (1,2). For naturally occurring 1 FN-Y it was

established that a 20,000 Da form is glycosylated at Asn 28, whereas a 25,000 Da

form is glycosylated at Asn 28 and Asn 100 (3). The carbohydrate chains are

exclusively ^-Linked and they are believed to be heterogeneous with respect to

their sialic acid content (3,4).

In order to obtain larger amounts of ]FN-Y the human 1FN-Y cDNA gene has

been expressed in Escherichia coli (5,6) as well as in CHO-ceLls (?,8>. The

amino acid sequence indicates the existence of two possible sites of

JY-glycosylation (Asn-Xaa-Ser/Thr sequences) in 1 FN-Y (5,8). For human

1 FN-Y obtained from CHO-cell, three forms with different molecular mases have

been identified, representing nonglycosylated (Mr 17,000; a very minor

component) and glycosylated (Mr 21,000 and 25,000) species of interferon (7).

The relative proportions of the latter two species as well as their mobility

upon electrophoresis in denaturing gels is nearly identical to that of natural

1FN-Y (2,3J.

For clinical use of glycoproteins, obtained by recombinant DNA techniques,

detailed knowledge of the structure of the carbohydrate chains is essential,

because the latter can influence the biological properties of the protein, such

as pharmacokinetics and antigenicity. Here we report on the carbohydrate

Abbreviations

IFN-Y, Y -interferon; CHO, Chinese hamster ovary; DHFR, dihydrofolate reductase;

Con-A, concanavalin-A; SDS, sodium dodecyl sulfate; GlcNAc-ol, jj-

-acetylglucosaminitol; NeuAc, |J-acetylneuraminic acid; Fuc, Fucose; NHR, nuclear

magnetic resonance; TFA, trifluoroacetic acid.
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structures of human IFN-Y obtained from CHO c e l l s , employing sugar analysis and

500-MHz 1H-NMR spectroscopy.

MATERIALS AND METHODS

Preparation of recombinant human IFN-Y expressed jri CHO cel ls

Human IFN-Y was produced in cultures of a Chinese hamster ovary c e l l l i n e ,

transformed with a combination of plasmids encoding human IFN-Y cDNA and mouse

DHFR cDNA. Subsequently the ce l ls were selected for growth in the presence of

methotrexate ( 7 ) . Human IFN-Y, secreted into the medium, was pur i f ied

successiveley by ion-exchange chromatography on phosphocellulose (Whatman P11

ce l lu lose ) , a f f i n i t y chromatography on Con-A-Sepharose (Pharmacia) and by ion-

exchange chromatography on DEAE-Sephacel (Pharmacia) as described ( 4 ) . For

storage IFN-Y was kept in a 10 mM sodium phosphate buffer , pH 7 , containing 20 X

ethylene g lyco l , 0.3 M NaCl and 0.001 X NaNj. Since buffer components,

especially ethylene g lyco l , in ter fere in sugar analysis and hydrazinolysis, they

needed to be removed. To th is end the IFN-Y preparation (1 .6 mg in 2.5 ml

buffer) was mixed with 300 yl 20 % SDS, dialysed at room temperature for 24 h

against 200 ml b i d i s t i l l e d water with two intermediate changes and f i n a l l y

lyophi l ized.

Sugar analysis

The IFN-Y/SDS-mixture was subjected to methanolysis (1.0 M methanolic-HCl,

24 h, 85 °C) followed by gas- l iquid chromatography on a capi l lary CPsil-5 WCOT

fused s i l i c a column (0.34 mm x 25 m, Chrompack) of the tr imethylsi lylated (re-JJ-

-acetylated) methyl glycosides ( 9 ) .

Hydrazinolysis

The lFN-Y/SDS-mixture, dried over P2O5, was suspended in 0.5 ml anhydrous

hydrazine and heated for 15 h at 103 °C. After evaporation of hydrazine, the

material was N^acetylated and reduced with NaBH^ as described (10 ) . The

oligosaccharide a ld i to ls were pur i f ied by gel f i l t r a t i o n on a Bio-Gel P-2 column

(1.5 x 20 CM, Bio-Rad), eluted with bidistilled water. Fractions positive in the
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orcinol/f^SO^-assay, were pooled and lyophilized.

For reference purposes, human serotransferrin was also subjected to the

hydrazinolysis procedure.

Desialylation

The oligosaccharide-alditols obtained front human serotransferrin were

desialylated with 0.1 M TFA for 2 h at 80 °C. The sample was evaporated to

dryness and the liberated sial ic acid was removed by f i l t ra t ion over Dowex 1X2

(200-400 mesh HCOO'form). The sample was re-N-acetylated as described (10) and

f inal ly purified by gel f i l t ra t ion on a Bio-Gel P-2 column (1.5 x 20 cm Bio-

Rad), eluted with bidist i l led water. Fractions positive in the orcinol/HjSO^-

assay, were pooled and lyophilized.

500-MHz 1H-NHR spectroscopy

Deuterium-exchanged oligosaccharide-alditols were obtained by three-fold

lyophilization of the ^HjO solutions. Finally, the samples were dissolved in 0.4

ml 2H20 (99.96 atom X 2 H, Aldrich). 500-MHz 1H-NMR spectra were recorded on a

Bruker WM 500 instrument (SON hf-NMR f a c i l i t y , Department of Biophysical

Chemistry, University of Nijmegen, The Netherlands* operating in the pulsed

Fourier-transform mode at a probe temperature of 27 °C. Chemical shifts (6> were

expressed in ppm downfield from internal sodium 4,4-dimethyl-4-silapentane-1-

-sulfonate, but were actually measured by reference to internal acetone

(6 2.225) with an accuracy of 0.002 ppm (11).

Ion-exchange chromatography

Anion-exchange chromatography of the oligosaccharide alditols obtained from

1FN-Y was performed on analytical scale on a Mono Q column (Pharmacia> eluted

with a gradient of 0-100 mM NaCl (12).

RESULTS

1FN-Y is a basic protein (pi 8.5-9) (2) which, in the absence of glycerol

or ethylene glycol tends to stick to glass or to dialysis tubing. To keep the
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6 5 4
I NeuAccd2-»3)l0 7 GolOI1->4)GlcNAcn(1-.2)Manoi(1-.3).

[ NeuAcw(2-3))03 Gairm-4IGIcNAcfi(1-.2lMana|f-.6)

\3 2 1
Manp(1-4IGlcNAcp(1-.ü]GlcNAc-o(

' |Fuc(xl1-.6)]0.,'

H-2
anomenc prolons atoms

\:::lsial0) : _„
l(asialolï ..

• 3y4

Gal Tue
H-3 H-5
Isialu)

NAc CH3 protons

acetate

NeuAc
H-3eq

acetom NeuAc
Hr3ax

•uc
CH3

5.0 b *~ppm 4.0 3.0 2.0 10

Fig. 1 500-MHz 1H-NMR spectrum of the mixture of oligosaccharide alditols

derived from human 1FN-T in 2H20 at 27°C.

glycoprotein in solution in the absence of ethylene glycol, SDS was added.

Sugar analysis of 1FN-T revealed the presence of Han, Gal/ GlcNAc, NeuAc and Fuc

in a molar ratio of 3.8 : 2.0 : 3.5 : 0.6 : 0.4 (Gal is taken as 2.0# GlcNAc is

corrected for the amount of Asn-linked GlcNAc that is not cleaved under the

applied conditions of methanolysis). In sugar analysis of samples containing

SDS, the main mannose peak (pertrimethylsilyl methyl-a-mannopyranoside) in the

gas chromatogram has a retention time very close to that of an intense peak

derived from SDS. Therefore, the value calculated for Nan is somewhat too

high. This result suggests the presence of jj-glycosidically linked H-

-acetyllactosamine type of chains.

The carbohydrate chains were released from the protein backbone by
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Table 1

Chemical shifts of the structural-reporter-group protons of the constituent

monosaccharides for the oligosaccharicie-alditols derived from 1FN-Y (2) and a

reference compound derived from human serotransferrin (1)

Reporter

group

H-1

H-2

NAc

H-3ax

H-3eq

H-5

CH3

Residue

2

3

4

41

5

5*

6

6'

Fuc

1-0 I

3

4

4'

1-ol

2

5

51

NeuAc

NeuAc

NeuAc

Fuc

Fuc

Chemical shift3 inb

(1)

6 -5 -4

3-2-1-ol

6*-5'-4>

4.637

4.773

5.120

4.925

4.580

4.580

4.466

4.471

-

4.244

4.248

4.190

4.110

2.056

2.080

2.053

2.046

-

-

-

-

(N)-6 -5

(N>-6'-5'

asialo-,

afuco-

compound

4.641

n.d.

5.120

4.922

4.581

4.581

4.470

4.470

4.237

4.250

4.190

4.109

2.056

2.080

2.052

2.047c

(2)

3-2-1-01z /
i /

sialo-

compound

4.572

4.572

4.544

4.544

2.048c

2.042

2.031

1.799

2.758

fu co-

compound

n.d.

4.888

4.224

2.089

4.072

1.225

92



(Table 1 continued*

a Chemical shifts are expressed in ppm downfield from OSS (sodium 4,4-dimethyl-

-4-silapentane-1-sulfonate) in 2H20 at 27 °C.

b For complete structure, of the compounds see text. N = NeuAc, F = Fuc.

c Values may have to be interchanged.

n.d. Not determined.

hydrazinolysis and after ̂ J-acetylation and reduction, investigated by 500-MHz

'H-NMR spectroscopy. The relevant chemical shift data are compiled in Table 1.

The 'H-NMR spectrum of the mixture of oligosaccharide-alditols obtained from

1 FN-Y, as shown in Fig. 1, reveals the characteristic features of partially

sialylated, biantennary, J*l-glycosidic carbohydrate chains. The reduced ^.N1-

diacetylchitobiose core unit is characterized by a set of chemical shifts for

H-2 and NAc of GlcNAc-1-ol and H-1 and NAc of GlcNAc-2 at 6 4.23?, 2.056, 4.641

and 2.080 respectively. Furthermore, a set is present at 6 4.224, 2.056, 4.7 and

2.089 respectively, which corresponds to a core extended with a Fuc a(1-6)-

-linked to GlcNAc-1-ol. This Fuc is characterized by its H-1, H-5 and CH3 at 6

4.888, 4.072 and 1.225, respectively (13). The biantennary type of structure is

evident from the set of chemical shifts of H-2 atoms of Man-3, Man-4 and Man-41

(see Table 1X11). Each of the 24-acetyllactosamine branches can be terminated by

NeuAc in a(2-3) linkage to Gal. The a(2-3) linkage can be derived from the set

of chemical shifts of H-3ax and H-3eq of NeuAc being 1.799 and 2.758,

respectively, and from the resonance position of H-3 of a(2-3)-sialylated Gal,

downfield of the bulk of skeleton protons, at 6 4.116 (11). Sialylated Gal-6

gives rise to an NAc-signal of GlcNAc-5 at 6 2.048, the asialo analogue to 6

2.052. From the relative intensities of these NAc-signals, it was estimated that

70 % of the Gal-6 residues are sialylated. The chemical shift value for the NAc-

signal of GlcNAc-51 is 2.042 in case Gal-6' is sialylated and 2.047 for the

asialo analogue. Gal-61 is sialylated for about 30 X. ]n conclusion, the

structures of the carbohydrate chains of human 1FN-Y can be summarized as

follows:
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6 5 4

CNeuAca(2-3) : 0 _ 7 GaL3C1-4)GLcNAci3(1-2)HanaC1-3> 3 . - 2 1

M a n 3 U - 4 ) G U N A c e i 1 - 4 ) G l c N A c - o l
/ /

: N e u A c a ( 2 - 3 ) D 0 3 G a l 3 < 1 - 4 ) G l c N A c 3 n - 2 > M a n a ( 1 - 6 > C F u c a ( 1 - 6 ) D 0 _ 1

" 6" 5' 41

An analytical run of the sample on a Mono Q column revealed the presence of

neutral, monosialo and bisialo compound in the ratio of approximatly 1 : 1 : 1,

which is in accordance with the sugar analysis and the NMR data.

DISCUSSION

The carbohydrate chains of human 1FN-Y obtained from CHO cells were found

to be biantennary type of structures, exhibiting heterogeneity with respect to

ot(2-3)-linked NeuAc and a(1-6)-linked Fuc. Jt is not clear whether different

types of cells produce differently glycosylated 1FN-Y, so it remains to be

established whether the carbohydrate chains elucidated here for CHO-derived 1 FN-

-Y are identical to those of the naturally occurring glycoprotein. It is known

that the carbohydrate chains of the latter are r«-glycosidicaUy linked and that

they are heterogeneous in sialic acid content 13,4). The linkage type of sialic

acid is not known. The mobility in denaturing gels and the affinity towards Con-

A Sepharose of CHO-produced 1FN-Y is comparable to that of naturally occurring

1FN-Y (2,4) suggesting that the latter may also bear a biantennary type of

glycan chain.

The carbohydrate moiety of ]FN-Y is not required for the expression of

antiviral or antiproliferative activity. For therapeutic application of 1FN-Y

the carbohydrate chains may be important because they possibly protect the 1FN-Y

from proteolytic breakdown and may thereby increase the lifetime of the drug. On

the other hand, ] FN-Y can be removed from the blood circulation by the reaction

of the carbohydrate chains with specific receptors. For instance the Gal-residue

in terminal position in a fraction of the CHO-produced 1FN-Y may interact with

the well known hepatic recoptors. If this were the case, then the quality of the

1FN-Y can be improved by sialylating all Gal residues present in 1 FN-Y with the

aid of a sialyltransferase.

As the chemical structure of the glycosyl group, established here for CHO-

-produced human I FN-Y, is identical to x'nst found in secreted human proteins
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(e.g. human chorionic gonadotropine) (14,15) it is reasonable to expect that

this bioengineered glycoprotein will not be antigenic for man. This is an

important issue, considering that cloned human genes, especially those for

complex glycoproteins, are often expressed in CHO-cells for production purposes,

and some of these proteins may be developed for clinical use.
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CHAPTER 7

Further characterization, by a combined high-performance liquid chromatography/
'H-NIVIR approach, of the heterogeneity displayed by the neutral carbohydrate
chains of human bronchial mucins

< iiMLWc-u- I A M B I IN. Arnold HOI R.SMA. Michel I . I I I -KMI I I I . I'llilippt- KOI SSI I . .IOIKIIIIM I I I, \ l . M l ISA I RS.
Unman VAN 11 At Ml I K. .nul Mianm-s 1.(1 V I II < i| N I 11AK I

I ink- ilc-. I'rnleiiK'-. Insiiiut \ ; i ikni ;d ile la Sanlc el tie 1.1 Keehenlu1 Mi'dnale \ M Id. I ilk1, .mil
I Kp.il liTiL-nl .'I H I U O H M I I I C I Ik-niMi;. I • 11 \ >_• r -:: > nf I licclll

(Received l.muarv III. I')K4| I 111 X4 (1112.1

! r i im bronchial mucins ot cvslic tihrosis patients wi th blood group (>. the carbohydrate chains were released in
the form of oligosaccharide-aldilols by alkaline horohydridc Ireaimenl. Application of high-performance liquid
chromalonraphy directly on the pool ol' neulral oligosaceharides afforded 2.1 fractions. I wenty oligosaccharide
structures uere characterized by employing ^(Il l-Mil/ ' I I -NMR speciroscopy in coniuiKlion with sugar analysis
I hirtcen among these had been re\caled before In occur in human bronchial mucins [Van Halbeck II Oorland I
Vli

uctures uere characterized by employing ^(Il l-Mil/ II-NMR speciroscopy in coniuiKlion with sugar analysis
irtcen among these had been re\caled before In occur in human bronchial mucins [Van Halbeck. I I . . Oorland. I ..
iegenthart. .1. (•'. ( i . . Hull. \V. I . . Lamblin. <i.. Lhcrmille. M.. Bocrsma. A., and Roussel. P. 114X2) Ew. ./.

liimhcin. 127. 7 2(l|. when paper-ehromalouraphic fraclionation of this pool of neulral oligosaceharides was
emplovcd. Hinh-perfnrniancc liquid chroniati>;jraph\ enuhlcil to obtain another sc\en pcnlasacchandc .ind
licxasaccharKlc aldili^ls: ihc laruesi-si/e reprcscnlati\cs are:

F u c t l -2 )Ga ls ( l -3 !

l .2 IGa lB( l ^ I G l c

Kuc .(l->2)Gals(l-3)GkNAct(l-3)
\ \
GalNAc-ol, GalNAc-ol

i) Gal eU*4iG]cNAc-(l--6)

G a l r ( l - l ) G l c H A c s ( | . 3 )

GalNAc-o l .

I herebv. this approach afforded deeper insight mlo the structural heterogeneity displayetl by the carbohydrate
chains of bronchial mucins.

The tracheobronchial secretion is an important component
of the mucociliarv system which protects the airway mucosa by
removing the dust particles that arc inhaled. It contains highly
\iscous. mucous ghcoprnieins (so-called niucins) the carbo-
hydrale moiety of which dclernuncx lo a large exlenl. the
characteristic rhcological properties of the respiratory mucus
necessary for the efficiency of the system. Under pathological
conditions characterized by bronchial hypersecrclion like, for
example, cystic fibrosis. the functioning of the mucociliary
syslcm is disturbed, leiiding to bronchial obstruction which
may induce infection of the airways and increase the gravity of
the disease.

In order to determine whether these phenomena are due to
an alteration of the structure of the bronchial niucins. we
decided to investigate the carbohydrate structure of bronchial
mucous glycoproleins obtainable from patients suffering from

.M'hnuntiims Inc. I -I'ucosc: ( ja | . u-galaclusc. (ikNAc. .\-
acetyl-n-i:lucosaininc: CinlNAc. .V-acelyl-n-izalactosiininic; (inlNAc-
ol. .\-;icel> 1 -1J-yakicliiKiiniiniIi>l; hple. liigli-pciTurmjince IKJUKI chm-
niatnLTiiphy: NMR. nueltNir nKignetic resonnneL1.

c\stic fibrosis. In a prc\ious sttmy [ l | . the isolation and
characlcn/.iluin o(' 14 neutral oligosaccharides from this
source was described. Ihc applied isolation procedure com-
prised anion-e\change chromalograpln of the pool of neutral
oligosaccharides. followed by preparative paper chromatog-
raphy o\ the \anous fractions. Since this procedure consumed
rather large amounts of lime and material [ 11. it was decided to
try an alternative approach. nameU. purillealion of the
oligosaccharides by direct high-performance liquid chro-
malograpln (hplc) of the neutral pool.

Here, we describe the separation by hplc of al least 211
oligosacchande fractions from cWic-fihrosis nuteins. For
characterisation of the structures of the constituting oligosac-
charides. 5(10-Mil/ ' I I -NMR spcclroscopj was applied in
conjunction wilh carbohydrate analysis, as this approach had
luineil out to be mosi succosful in elucidating tins type of
mucin cai hohulrate structures | l | . Several ot ihc hplc frac-
tions will he demonstrated to contain ohgosaechandes whose
structures had not been revealed before lor cvslic-llhrosis
niucins.

A preliminary, account of this investigation has been
presenled [2). ^
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r i g . I. Separatum of neutral human bronchial oligosaccharUle-altlitols by high-performance liquid chromafography. ( A ) Ini i inl s e p a r a t i o n o n a

I . i e h r o s o r b - N H ; [ 5 ] c o l u m n , c l u i c d w i t h a l i n e a r a c e t o n i t r i l e w a t e r ^ r a d i c n l 11 7: . l u p t o 3 : 2 . v v ) . ( H ) R e p u r i l W a l i o n o l e o n i h i n o d Trac t i o n s 1 2

a n d 1 3 b y a s e c o n d I i p l c r u n : e l u t i o n w a s p e r f o r m e d i s o c r a t i c a l l y b y a c e l o n i t r i l c w a t e r ( 7 7 : 2 3 . \ v ) . ( C ) S u h l k t c l i o n a i i o n o f f r a c t i o n I 5 lv, •

s e c o n d h p l c r u n : e l u t i o n w a s p e r f o r m e d i s o c r a i i c a l l y b y a c e t o n i t r i l e w a t e r ( 3 : 1 . v v )

MATERIALS AND METHODS

Isolation of bronchial oligo.sacchurit/cs

Alkaline borohydridc reductive degradation of acidic
bronchial mucins obtained [3] from six patients suffering from
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cystic IIbrosis resulted in a mixture of reduced otigosaccharides
and glycopeplides [4], These were fractionated by ion-
exchange chromalography (Dowex AG 1X2)and gel-nitration
(Bio-Gel P4). according to acidity and molecular size, re-
spectively. By this procedure, four pools of oligosaccharide-
alditols were obtained: one consisting of neutral



oligosaccharide-alditols (Ic), another of sialylated oligosac-
charide-alditols (lie) ami two pools of sull'ated oligosac-
ehande-aldilols [1. 3].

Fractionation of Ic was performed by hplc using a Waters
liquid chromatograph model 6000A equipped with a universal
injector, model IJ6K, essentially as described previously [5].
The apparatus was provided with a Lichrosorb-NH2 column
(4 x 250 mm. particle size 5 |4m. Merck). The column was run
with a linear gradient of acctonitrile water (17:3 up to 3:2.
v v). I"or90minal room temperature at a flow rate of 1 ml min.
Oligosaccharide peaks were detected by absorption at 206 nm
(see Fig. 1 A), collected in a vial, evaporated under nitrogen at
room temperature and lyophilized. Some of the oligosac-
charicje l'iactions obtained were not well separated I'rom the
adjacent peaks: they were repurified isocralically by hplc on
the same column, again at room temperature. A mixture ol'
acclonilrile water in the ratio 77:23. at a flow rate of 1 ml min
was used lor improved separation of peaks 12 and 13 (see
Fig. ID): a 75.25 mixture at a flow rate of 1.2 ml min. could
resolve fraction 15 into three subfraclions (see Fig. 1C). f he
composition of the eluents was chosen on the basis of the
retention time of the oligosaccharide peaks in the first hplc run.

Anulytical methods

The molar ratios of neutral sugars and /V-acetylhexo-
samines in the oligosaceharide-alditol fractions separated by
hplc were determined after mcthanolysis by gas-liquid chro-
matography of their trimelhylsilyl derivatives as described
[1.6]. Prior to 'H-NMR spectroscopic analysis, the hplc-
fraclionated neutral oligosaccharide-alditols were repeatedly
treated with 2H,O at room temperature. After each exchange
treatment, the materials were lyophilized. Finally, each sample
was redissolved in 0.4 ml 2H,O (99.996 atom "„ 'H. Aldrieh).
500-MHz ' H-NMR spectroscopy was performed on a Bruker
WM-500 spectrometer (SON hf-NM R facility. Department of

1 able 1. Molur caihiilndniw toniptisirion nt the iwulrnl byoiuhial
ofiiiusturfhirith'-uldirol fruitions ohluinvil hv IxpU- of pool Icfnmi ivstic
lihm\i* sputum
The n)o!;jr composition of Iheoligosaccharide-jildilols uas calculated
on the basis of one residue ol'GalNAc-ol per molecule, lakinu inlo
account the partial dehydration of the aldilol under the applied
methanolysis conditions |9.10], The amounts of fractions 7. 9. 16. 20.
21 and 23 wen.1 too low to be analyzed

Oligosaccharide- Molar ratios of monosaccharides
aldilol fraction

luc (ial (ilcNAc U.ilNAc-iil

1
2
3
4
5
6
8

III
II
12 H
14
15
17
IK
19
22

0.8 I

13

O.d

1.1)

0.7

0.5
0.7
0.7
I.I)
1)9
IX

0.8
0.7
1.0

O.'J

1.0
I.I
1.4
I.S
1.7
1.7
1 K

1.9
l.(i

2.3
2.K

0.7
(1.7

0.9
0.7
1.4
0.8
I.I
1.2
I.I
1.5
I d
1.5
1.7

Biophysical Chemistry. University of Nijmegen. The Nether-
lands), operating under control of an Aspect-2000 computer.
F.xpcrimcntal details have been described [1.6—8]. Resolu-
tion-enhancement of the spectra was achieved by Lorenlzian-
to-Uaussian transformation. The probe temperature was kept
at 22.0 ( + 0.1) C. Chemical shifts (6) are expressed in ppm
downficld from internal sodium 4.4-dimethyl-4-silapentane-1-
sulfonatc (DSS). but were actually measured by reference to
internal acetone d) = 2.225 ppm in •rH,() at 22 C). with an
accuracy of 0.002 ppm.

RI-SULTS

Separation of neutral bronchial oligosaccharides
by hinli-iter/iirniwice liquid cliromatoxraphy

High-performance liquid ehromatography was employed
to fractionate the pool of neutral oligosaccharides(lc) isolated
from acidic bronchial mucins from six patients with blood-
group O activity, suffering from cystic fibrosis. Upon running
the Lichrosorb-NH, column with a linear gradient of acelo-
nitrile water (17:3 to 3:2. v v). separation of 23 oligosac-
cbaride fractions could be achieved (see Fig. I A). Since peaks
12 and 13 were not adequately separated from each other, the
mixture of them was rechromalographed. but now isocrali-
cally with a 77:23 (v v) mixture of acctonitrile water (see
Fig. IB). The assembly of peaks denoted IS in Fig. 1A. was
subfraclionaled into three fractions. 15.1 to 15.3. b\ rerunning
15 isocratically using acetonitrile water in the ratio 75:25 (see
Fig. IC).

Structure determination

Table 1 lists the molar carbohydrate compositions of the
major oligosaccharide-aldilo! fractions obtained on the first
hplc run of the fraction Ic. and pooled as indicated in Fig. 1 A.
The amounts of the minor fractions 7.9.16.20.21 and 23 were
too low to permit any kind of structural analysis.

500-MHz 'H-NMR spectra were recorded of the major
hplc (subtractions (Fig. I.A—C). in order lo establish ihe
primary structures of the constituent oligosaccharide-aldilols.
The spectra of fractions 2.3. 6. 11. 12.14 and 15.3 showed the
H-2 signal of GalNAc-ol at <i 3:4.39 ppm. reflecting the
substitution of UalNAc-ol by Gal in />'(1 -OMinkugc [1]. The
spectra of fractions I. 4. 5. 8. 13. 17 and 19 possessed the
GalNAc-ol H-2 signal at 0*4.29 ppm; the latter value is
known to be characteristic of substitution of GalNAc-ol by
GlcNAc in /J(l ->3l-linkage [1]. Another series of spectra
contained GalNAc-ol H-2 signals .simultaneously at the two
aforementioned positions in an intensity ratio mostly different
from 1:1. In those cases, namely, for fractions 10.15.1.15.2.18
and 22. mixtures of oligosaccharide-alditols were involved
differing in the type of core subslituent present at C-3 of
(iaINAc-ol. According lo the chemical shift of (iaINAc-ol
H-2. the 'H-NMR data of the pertinent structural-reporter
groups ol'the compounds identifiable in fractions I -22. have
been compiled either in Table 2 or in Table 3.

The spectra ol' the relatively fasl-eluting. smaller-size
oligosaccharide-alditols 1-11 anil also those of 14 and 15.2
had been observed I'or the series of compounds resulting from
the paper-chromatographic working-up procedure of pool Ic
from cystic fibrosis sputum [I). A detailed description of the
deduction of the primary structures of these oligosaecharide-
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Chemical shil'ls are relative In inlerilal IWS I using internal aceMnc .11 .1 2.22^ ppni 1 111 ' H .C) .il 22 C 1,1 MO- I I 4.S1I ppmi. acquired al

still M M / , l -nr l l leenmplelestrueluresnf Ihe oimpnunds. see Schemes I a n d : . In Ihe luhlc-heading, the structuresare represented h> sliorl-h.ind

s\nihnlie mil. i t inn (ef. | l | ) : < ( i a INAe-n l : • ( i . i l :» ( i kYVand ' i l-uc

Residue Reporter Chemical s h i f t in compound
group 2 3

\

GalNAc-o] H-2

H-3

H-5

NAc

GlcKAc6 H- l

H-6

NAc

H-4

GtcNAc3 H-l

H-6

NAc

FuC2 H-l

H-]

H-5

4.396

4.063

3.501

4.197

2.050

4.476

3.898

-

-

-

-

-

4.398

4.089

3.5Z1

4.164

2.016

4.583

3.925

-

-

-

5.253

4.278

1.243

4.397

4.061

3.463

4.282

2.067

4.464

3.898

4.535

3.931

2.067

-

-

4.396

4.049

3.496

4.182

2.045

4.463

4.125

4.479

3.92

4.686

J.95

2.043

-

4.399

4.061

3.460

4.285

2.067

4.463

3.898

4.55J

3.996

2.066

4.469

3.923

-

-

-

4.405

4.085

3.499

4.269

2.055

4.573

3.923

4.570

3.998

2.055

4.469

3.923

5.221

4.278
1.244

4.399

4.049

3.488

4.187

2.046

4.464

4.129

-

4.458

3.897

4.686

3.957

2.032

5.139

4.83

1 176

4.398

4.060

3.464

4.2B7

2.066

4.463

j.90

4.53b

3.99

2.066

4.536

3.98

5.309

4.227

1.233

4.395

4.059

3.446

4.270

2.066

4.461

3.90

4,557

4.003

2.056

4.442

3.92

5.106

4.83

1.171

4.400

4.083

3.496

4.265

2.0S3

4.576

3.92

4.55""

3.999

2.058

4 .54" !

3.92

-

5.216" ! /5.306 l d

4.27 ie!Z4.226

1.244 /1.229

f G& 1HAC~t~r i .

uliiitols has heen published [l | . The structures of the com- \incl bronchial nlixi'smrhurUli's.
pounds present in the aforementioned Tractions are sum- ((/ ilw f/n//;. / • .>' (ml\ li -<•/ .oiv IVIV
mari/ed in Scheme 1.

The NMR data listed for these compounds in Tables 2 and The 500-MII/ 'H-NMR spectrum of hplc traction 12 is
3 differ slightly from those reported before |1] because the depicted in l-'ig. -. It shows the char.icieristic leatuies of ;i
spectra of the hple-purilled fractions were recorded at 22 C mucin-lype oligosacchande-aldilol containing the branched
insteadof27 C. This enabled the undisturbed observation of (jal/(( I-•1)[CilcNAc/(| I — M|tiiilNAc-ol core elemcni. This
the /(-anomeric-proton region, from <) = 4.4(1 ppm up to i> c<uild be demeel from the cheniiciil shifts of (i;ilNAc-i>l IIO
••-4.75 ppm. since the residual l l ( ) ; l l signal was found at (<)--4.405 ppm) and H-5 |.i 4.2d^ ppml Icoinp.iiv [1|).

.) * 4.KI ppm. at 22 ('. Compound 14. which used In be pie- the CilcNAc" residue is substituted h\ (i.il in /((I •4)-lin-
sent as tlie main component l.^a,) of a mixture of oligosaecliari- kage. as became e\iilenl from the chemical shift ol us 11-1 (.>
ilc-aldilols|l|. was now found to he pure. Iraclions Id and 15.2 ^ 4.37(1 ppm;./, , - X.I 11/) 11.7]. In addilKin. a I- uc residue is
(even after a second hplc run. sec I-'ig. K'l contained mixtures present in compound 12 (see also Table 11: it is i( I O-linkeil
of oligosaccharide-aldilols: those from fraction 10 were to Gal1. This could be deduced from the typical set of chemical
denoted lOAand IOB(ratio3:2)correspondinglocompounds shift \ulues for the l-'uc slruclural-reporlcr groups (sec
4a, and 4a,: those from fraction 15.2 were denoted 15.2A ami Table 2). The position of the hue CHi doublet (.) 1.24 ppm I
15.2B (ratio 1:1). corresponding to compounds da, and da,, is indicative, already on its own. of the (l->2)-type ol
respectively (see Scheme I): it is remarkable thai within these attachment lo(ial . whereas I he chemical shifts of 11-1 and 1I-?
pairs, the compounds were not separated from each other by exclude ihe possibility o\' fuc2 being attached to
paper chromatography. either 11). Cial/ill . 4l(ilc\Ac/((l • I |'». II. 12| (compare also enm-

Ihe spectra of Ihc remaining hplc fractions investigated pound 15.1A: see hclou). Ihe ileviation of the l-'uc ll-l
had not been observed before, flic structure elucidation ol chemical shift for compound 12 a* compared to compound .'
ilieu constituting oligosaceharide-alditols is discussed below, (see fable 2) is ascribed to the attachment ol' the \-acetvl-
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I .IML- .v ' //* /;< mi, ul \hili\ of \im* ninil-ir/ninn- xn>n/>.\ oU onsHluciil IIIHIII'MII I haiiih^ f/ir ilu-liph -Inn latuiilctl. iimlrulI'iniu luul'<h^n\ai iliuriilt -
,;/.///"/- /'mM-w'H" ihr HI, \ !</)'• / . . I J , 1 , / . V J , - » / , « v i » «
( henncal shifts arc relative 10 inlcrnal i )SS I using internal ace tone at .> 2.225 p p m i in ' I I , ( ) al 22 ( ' d i l l O - H -4.S11 p p m l . acquired :ii

still M i l / . I o r I he comple te s l i m l i i i e s o l T h e c o m p o u n d s , set- Schemes 1 and 2. In the lablc-hcadin; : . I he s t ruc tures arc represented by sho r t -hand

swi ihohc no ta t ion lef. | l | ) : •;• < i a l \ A c - o l : « C i l e N A c : B ( I a l a n d n I n c . The type o l l i n k a K ; i n ! • i-specified In he ei ther

/;i I ^4 ) or /.'ll -.?}

Residue Reporter Chemical shift in conpound

group 1 f_

GalNAc-ol

GlcNAc""'

G J , J . J

G.1 4 - 3

GlcNAc*

G»l ' ' °

F u c ' ' J

H-2

H-5

NAc

H-l

HAc

H-l

H-4

H-l

H-4

H-l

NAc

H-l

H-4

H-l

H-5

CB3

H-l

H-5

PP»

4.289

4.145

2.037

4.601

2.085

-

-

-

4.290

4.141

2.034

4.654

2.073

4.461

3.926

-

-

-

-

4.291

4.146

2.038

4.631

2.083

4.454

3.923

_

-

-

-

4.264

4.114

2.036

4.654

2.111

4.577

3.8B9

-

-

-

-

5.208

4.273

1.230

4.279

4.237

2.046

4.597

2.081

-

4.563

2.061

4.472

3.92

-

-

-

4.285

4.233

2.043

4.595

2.080

4.541

2.064

4.539

3.98

-

5.305

4.23

1.232

4.287

4.233

2.043

4.648

2.069

4.453

3.92

4.559

2.062

4.472

3.92

-

-

•

1.284

4.242

2.045

4.623

2.079

4.451

3.923

4.558

2.062

4.473

3.923

4.286

4.234

2.045

4.622

2.079

.

4.454

3.92

4.542

2.067

4.541

3.9B

5.305

4.23

1.235

4.264

4.217

2.041

4.654

2.109

4.566

3.98

4.666

2.059

4.468

3.92

5.210

4.271

1.232

-

-

k i c t o ^ i m i n c unit in /J(l->fi)-link;igc to G a l N A c - o l : this dc-

in 112] 1 Inn the chcmiu i l shili of 11-1 of I 'uc i

?IIII-MII/ ' H - N M R spec t rum of fraction

c s i m u l t a n e o u s occur rence ol' t u o ( i a I N A c - o l

ci" shift increment, together \vith the effects observed upon luco- = 4.3W ppm ami 4.2X7 pp
~two ohizosaccharide-ihat the sample consists of a mixture osvlationofcompound 11 1'orUalNAc-ol 11 -3< l<i - (1.1124 ppm). , .

| | -4 ( lii - O.o.iyppm) iiiid l l o ( li> II.DIOppml. aldilols uith a dillcrenl type of core. Thecompound thai gives
are in excellent aiireemenl with Ilie correspondini! shift alter- rise to CialNAc-ol 11-2 at <) - 4..WK ppm and tc> H-5 at (1
alions in the step from compound 2 to .1 (sec Tahle2). This -4.2X7 ppm. is the major (h7",,> component: it is dc-
coroliorales. once more, the location of 1-uc at (ial1 . rather noted I5.IA. As with compound 12. its core consists of the
than al ( ia l J .So. the sirucluie of compound 12 was established (ial/fll •->}) |CIIcNAc/<( I —M]GalNAc-ol trisaccharide cle-
to be the followini! pcnlasaccharide-akhlol: mcnl. The minor (33"..) constituent of the mixture. 15.IB.

for which H-2 of GalNAc-ol resonates at ii =--4.2X7 ppm. will
be deall with below. Based on the relative intensities of the

ruci(l»2)Galn(l>3) signals in the anomcric proton regions of the spectrum, the tuo
^ \ almost coincident doublets at i'i*4.53 ppm. the doublet at i>

r>a"«^-Dl • --:4.4fi3 ppm. and the doublet al ,i =-- ,\3(W ppm are ascribed to
Galr(l->4)GlcNAa-M-*6] compound 15.1A. sugfjcslmg that anolher liic-conlainum
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hplc Former Structures of Ihc
traction code |1J Gal/((l —3)(i;ilNAc-ol core type

hplc Former Structures of the
fraction code | 1 | (ilcNAc/f(l -OKialNAc-ol core type

(9)

(5")

Fuco(l-!)CilB(l»3)

GalB(H-3|

G]16|K5)GlcN«cBil-3)

GalB(l*4)GlclWcB(l»3>

GalB{ l»4)GlcNAcB( l

Fum{W|GalS(l*3)GltN»cB(l-3)

8 (6b)

(la,)

n (')

GalB(l-*)GlcNAcfl(l-3)

GalB(l-*4)GlcNAc6(l+3)Gal0(l-3)v

» (3a,) fuc

15-gA (6a,)

S c h c i l l e I . Sinn lure* of 13 iwitlml bromhittl olii><>\iutliiiriih'-iihlit<>h. ithluiiii'il by thrixl li/>h ul trtutiim A train twin libn>M\ sputum l o r

comparison. I he codes for the compounds which were used in the paper chroma loiirupln work inii-up procedure ol pool !c (I ]. has c been included
between brackets

pentasaccharide-aldilol is concerned. The chemical shifts of
these and other structural-reporter groups of 15.IA have been
included in Table 2.

Comparison of the data for 15.1A with those for 6 and II
(Table 2) reveals that the aforementioned signal at <i =
4.463 ppm can be attributed to the anomeiic proton of
terminal Gal3 linked to GalNAc-ol. The Fuc residue is
•y|l -•> 2)-linked to Cial4 forming part of the ("nil//(I * 4)
GlcNAc unit that is /((I -»6)-linkcd to GalNAc-ol. This
conclusion is based upon the typical chemical shifts of l-'uc
11-1 (<S = 5.309 ppm). H-5 (<> = 4.227 ppm) and CH., (<U-
1.233 ppm) [7.9.11.12], The shift increments shown by Gal4

11-1 (.1.5 = 0.067 ppm) and GlcNAc" H-l (.-1.5= -0.022 ppm)
in the step from compound II to 15.IA support this location
of Fuc2 [7.9.11], It should be mentioned that the doublets
at i) = 4.535ppm (7, 2 = 8.6 Hz) and at (5 = 4.53ft ppm
(./, j - 7 . 3 Hz) were assigned lo H-l ol" GlcNAc" and Gal4

respectively, on the basis of the pronounced difference in
coupling constant between them [I I- Thus, compound IS. IA
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was established to he a positional isomer of 12. differing in the
location of the a(l-»2)-linkcd Fuc residue:

Fucu(l*2)Gal6(l-»4)GlcNAa! H»6)

The 500-MH/ ' II-NM R spectrum offtaction 15..1 re\ealed
the oligosaccharide-aldilol to belong also to the Gal/i
(I • 3)|GlcNAe/)'l I •- Oi)]GalNAc-ol core l\pc (sec I,ible2. in
particular iiH-2 and .5H-5 ol'CialNAc-ol). Moreover, it showed
two sets of Fuc slructural-reporter-group signals of equal
intensity: their chemical shifts are listed in Table 2. One of the
sets has been mentioned before to be characteristic of
Fuc2( I ->2)-linked to Gal1 : the other one is the set typical for
Fuc2( I • 2 (-linked lo Gal4 of an .V-aeet\ llactnsamine unit. I he
shift increments and decrements of Gal and GicNAc structural
reporters discussed above for the steps from 11 to 12. and from
II to 15.1A respectively, are found together, when comparing



Fuc 2
H-1

Fuca(N2)Gair)(K3)

72 GalNAc -ol
Gaip(K4)GlcNAc[Ml-6)

NAc -CH3 protons

I
[ - o l
GlcNAc6

Tig. 2. Rvsoluliim-cnhami-il MK>-.\flIz l H-X.M R .spcclnmi ! :H1O. 22 C1 nj ItpU-lnuliiiil 12. cbrainttl Irnin ihf juml 0/ in-imal itli^t^tnrliaiuh-
tilililals /c fromcv.slir fibrusis.ymtiim. The relalive-intensily se^leol'the .V-;ieetyl ;IIK1 huenicllnl prolon rf^uinMil'lhcspeelruni differs from thai
of the other purls, as indicaled. Signals marked by r/i stem Irom a frequently accuninti. non-protein non-c;irbohydr;ne eonumjnanl

11 to 15.3. Therefore, compound 15.3 appeared to be the
following difucosyl hexasaccharide-aldkol:

Fuca(l*2)GalB(1->4)GlcNAc6(I»6)

XHVC/ httiiicltial (ili^iiKittchuriih's
nfihc (HcSAijU I ^ }i(ialN.-U--til nnc lypi-

The 500-MHz 'H-NMR spectra of fractions 13.17 and 19.
and ulsn the subspeclrum of compound 15.1 B in l-'ig. 3. ha\e
in common the GalNAc-ol M-2 and H-5 resonances at
(i t̂ 4.2Sppm and <> ̂  4.23 ppm. rcspecti\ely (see Tabled).
Therefore, each of the four compounds contains the Cilc-
NAc/« 1 -3)[GlcNAc/« 1 -*6)]GalNAe-o! branching core cle-
ment [1].

In compound 13, the core GlcNAc3 residue is present in
terminal position because of the chemical shift of its H-1
signal (1) = 4..W5ppm. ./, , •--- S.3 11/: compare with com-
pounds 1 and 10A. Table 3). The CilcNAc" residue hears a
Fuca( I ->2)Gal//( 1 ->4) moiety, as is evident from comparison
of the data for this branch with those for 15.1A (Table 2).
Therefore, compound 13 appeared to be a mono-fucosylatcd
analogue of 10A. namely:

GlcNAce(l>3)

GalNAc-ai.

FucaU-ZIGaled-'DGlC-NAcsU-S)

The effects olextension of I0A to 13 (Table .1) are completely
analogous 10 those observed upon fucosylation of 11 10 15.1 A
(Table 2).

In the spectrum of fraction 17 most of the characteristic
features of 13. in particular those for GalNAc-ol and for
the fucosylated A'-acetyllactosamine unit /i(l ->(>)-linked
to GulNAc-ol. were found essentially unaltered (Table 31:
however the chemical shift of GlcNAc' H-1 has changed
considerably towards d — 4h22 ppm. Furthermore, an ad-
ditional Cial H-1 signal (7,2 = 7.6 Hz) was found at
ti = 4.454 ppm. This suggests compound 17 to be an ex-
tension of compound 13 with a Gal residue /((1-»4)-linked
to GlcNAc' [1.7], The chemical shifts of Gal4-' H-1 and
GlcNAc' H-1 and NAc arc exactly the same as those observed
for compound 15.2A (ha, in [1]). thereby corroborating the
/((1->4)-typo ol' linkage between Gal and GlcNAc in this
branch. The chemical shift of the terminal Gal4 residue in
compound 17 being r) = 4.454 ppm. substantiates this residue
to be linked to GlcNAc' (see 15.2A in Table 3: the values for
H-1 of terminal Gal4"' and Gal 4 " are clearly different: their
assignment has been discussed [1 ]). By consequence, the Fuc'
residue is indeed linked to Gal 4 " rather than to G a l ' 4 . In
conclusion, the structure of compound 17 was determined to
be as follows:

Gal8(l»4)G1cNAc 8(1-3)

Fuc<.(l->2)Gal6(l"4)GlcNAcS(V-6)

GalNAc-ol.
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75.7 Gal p(1-

Fuca(1*2)Galp(1-4)GlcNAcp(U6)

-ol

-o l

GlcNAc6

F,JC2

7. -0+,

<

H-1
GlcNAc6

H-1
leNAc3

H-1
Gal '

i 6 -•- AlPDr

H-1
Gal3

f l £ V.

H-2 H-b
-o l -o l

r.

B
Gaip(l-3)GlcNAc[](l-3)

Gaip(1»4)GlcNAcp(l-6)

-ol

3lcNAc5

GalNAc -o l
GlcNAc3

tig. .V Resolulion-enltimced MM-At II: 'H-.XMR spectrum I2H2O. 22 O o) Itph-Jructiim I S.I. being ,i mixture nf the uligasaccluinc/c-ciUiKils
15.1A anil 15.1 B I in the ratio 2:11. r/hlai/wtl from the pool ol neulrut tiHstisacchariilc-aUlilots I rum cystic lihn>si\ s/nttuin. Signals belonging lo I ho
main component. 15.1 A. arc assigned on lop of the spectrum, those attributed lo the minor component. 15. IB. at the bottom. The relative-
intensity scale of the .V-acetyl and Kuc methyl proton regions of the spectrum deviates from that of the other parts, as indicated. Signals marked
by </> stem from a frequently occurring, non-protein non-carbohydrate contaminant

The 500-MHz 'H-NMR spectrum of fraction 15.1 (see
l;ig. 31 showed a series of lower-intensity signals belonging to a
compound of ihc GlcNAc/fO -• J)((ilcNAc0(l >6)|(ialNAc-ol
core type (see above). This minor component. 15.1 B.
contains two Gal residues in addition lo the core GlcNAc
residues, because of the presence of four low-intensity ano-
mcric doublets, namely at <> = 4.648ppm (J1 2 = 8.9Hz)
for GlcNAc3. at .5 = 4.559 ppm (Ju2 = ».i Hz)' for Glc-
NAc'', and at <i = 4.472ppm and 4.453 ppm (both having
•A .2 = 7.9 Hz) for the Gal residues. The former two values
indicate thai both GlcNAc' and GlcNAc" are substituted by a
Gal residue. The Gal residue linked to GlcNAc" is //(l->4)-
linked. since the H-1 values of 4.472 ppm and 4.559 ppm
are identical to those observed for these residues in compounds
I0A and I5.2A (see Table 3). In accord with this, the NAc
signal at <> -- 2.(162ppm is attributed to GlcNAc". implying
that the NAc signal of GlcNAc'1 is found at i) - 2.(169 ppm (see
I'ig. 3). The latter value indicates GlcNAc1 to be substituted
104

by Gal in /i( I ->3)-linkage, because the shift effect observed for
this NAc signal when comparing compounds 15. IB and 10A
(Ai— —0.012 ppm) is' the same as that in the step from
compound 1 to 4. Thus compound 15. IB can be considered as
an extension of compound 10A with Gal':

Gal6(!->3)GlcNAcB(M)

GalB(l*4)GlcNAcB(l->«)

It should be noted that, in fact, the chemical shift for the NAc
protons of GlcNAc' is the only observable parameter of
compound 15.1B that is significantly different from the
corresponding one for compound I5.2A having Gal4 ' instead
of Gal'-'(see Table 3).

The 500-MHz1 H-NMR spectrum of fraction 19 pointed to
the presence of a structure simili'-to 15. IB. extended by a Puc
residue (compare the dala for both compounds listed in



hpfc Strm/diiw i>)" Ilk1

I'lMcium (i;il//(l -3Kr;ilNAi:-t)I COJV type
hplc
irucliun

Structures of the
CilcNAc/fll -JMialNAc-ol core type

GlcH«tB(l«3)

Fua»(W|Gale(l-4)GlcH«cB(I"6|

G»18(l-3)C!c«*c6(l»3)

GalB[l*H)GlcNAcBU*6)

Fuoi(l+2}Ga 10(1-3)

Fumll*?)Gaie(l**JGlcNAc6(l+6)

Gal6il-<)Glc»«cB|l-6)

Scheme 2. Stnu lun:\ tit\i'i vnmvltiilbranchialtilixtuaccfwriile-itltlilitl*. nhiinm-ilh\ dirci Ihph of Inn titm A [n'imv\rn fthrtius \/>I/[H/?I. Thi-
o!" compounds had nol heen discovered in lhe papct-elmim;itoi»rapln wnrking-iip procedure | l |

Table 3). The Fuc slruelural-reporler-group signals are ob-
served at positions that are indicative of its a( 1 ->2)-linkagc to a
Gal residue. Moreover, the H-l (<> = 5.21O ppm) and H-5 (i5
= 4.271 ppm) chemical shifts indicate that Fuc2 is attached to
Gal3 rather lhan to Gal4 (compare with compounds 8. 12 and
15.3. sec Tables 2 and 3). In accordance with this extension. H-
1 of Gal'-' is found to resonate at <> = 4.566ppm (compare
compound 8). nearly coinciding with H-l of GlcNAc'1. The
location of Fuc2 at Gal"1"' is lurthcr evidenced by the highly
typical shift increment of NAc of GlcNAc1 in the step from
compound 15.IB to I9.namely /l<> = 0.04 ppm: the latter was
found also in the step from compound 4 to 8 (see Table 3). Also
the shift effects observed fur 11-2 a.ul H-5 of CiulNAc-ol me the
same for both steps, thereby turnii.u out to be specific lor the
attachment ofl-uc" in the Ga!/rt I ->3)GlcNAc//( I -».1) branch.
Therefore, the structure of 19 was established to be the
following hcxa.saccharide-alditol:

Fuca(l-»2)Galfill-O>GlcNAceH-3)

Gale(l->-4IGlcNAc8(l-6)

The 500-MH/ 'H-NMR spectra of fractions 18 and 22
were too complex to be interpreted in terms of detailed
structures, as yet. Anyway, on the basis of the occurrence ol
CialN Ae-ol H-2 signals at rf *4..W as well as at i) * 4.29 ppm in
both spectra, it can be stated that IS and 22 each consist of at
least two compounds with different core substiluenls at f-3 of
GalNAc-ol.

DISCUSSION

Alkaline borohydride treatment of acidic bronchial gly-
coproteins from six patients suffering from cystic fibrosis

afforded a mixture of reduced oliuosaccharides and glyco-
peplidcs that could be fractionated by ion-exchange chro-
matography and gel-filtration. This procedure led to a pool of
neutral oligosaccharide-alditols (le) and three pools of acidic
oligosiiccharide-alditols. Previously, fraclionation of Ic had
been carried out by union-exchange chromalography on
DAX4 followed by preparative paper chromatography. The
combination of periodic oxidation, methylalion analysis in-
cluding gas chromatography and mass-spectrometric identi-
fication of partially methylated alditol acetates, and 500-MH/
'H-NMR spectroscopy have led to the determination of the
structure of 14 neutral oligosaecharides [1].

Since both the DAX4 step and paper chromatography
consumed much time and material, these two steps were
eliminated. As an alternative, an hplc procedure was set up to
fractionate directly the neutral oligosaecharides of fraction Ic.
Some 20 oligosaecharide fractions have been obtained in
amounts amenable for structural analysis by 500-MH/ 'H-
NMR spectroscopy.

Taking advantage of the empirical rules developed for
correlating ' H-NMR features of tnucin-type oligosaccharide-
alditols with their structures [ I ]. 20 structures could be arrived
at just by combination of 500-MHz 'H-NMR spectroscopy
and carbohydrate analysis performed on the hplc tractions.
Thirteen of the oligosaceharides had been characterized also
after the previous purification procedure (see Scheme I) (1 ]. In
addition, seven neutral oligosaccharides were identified
possessing structures that had not been discovered before for
cyslie-fibrosis mucins. These have been listed in Schemed.
Most of them appeared to be extensions of snvMler structures
(Scheme 11 by one or two fucosc residues. x( 1 -*2)-atlached to
galaelose residues, and were in accordance with the blood-
group O activity of the patients. For a few hplc fractions,
further separation of the components will he ncecssan to
enable determination of their structure.
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In general, the hplc retention limes of the identified
compounds appeared lo increase with the number of con-
stituting monosaccharides. Under the applied conditions. Fuc
behaves smaller than GlcNAc. which in turn, is apparently
smaller than Gal. The apparent sizes ol'thc monosaccharides
are modulated by their type oflinkage. The latter is evidenced
by the behaviour of oligosaceharides I. 10A ;ind 13 having in
common a terminal N-acelylglucosaminein/id ->3 (-linkage to
A'-acetylgalactosaminilol: their respective retention times are
shorter than those of the corresponding oligosaccharides
possessing galaclose instead of the terminal .V-acetylgluco-
samine (oligosaccharides 2. 11 and 15.1A). Such an accelerat-
ing effect of A'-acetylglucosaminc has already been observed
|5.13.14|.

Within a certain class of size, hplc allowed the separation of
structural isomers. for example. oftrisaccharides4. Sand 6; of
telrasaccharides 10B and II; of the monofucosyl penlasac-
charides 12, 14. I5.IA and 1S.2B: of the pentasaceharides
15.1 B and 15.2A: and of monofucosyl hexasaccharides 17
and 19. Oligosaccharides containing ihe l>pe-l sci/ucncc
(ial/i(l -> 3l(ileNAc/((l •-3)(ialNAc-1il I see.' for example,
compoumls 4 and 15.1B) shmved a shorter retention lime than
their l\pe-2 isomers with galactose in /((I -• -4(-linkage to the
.V-acelvJglucu.siimine (compounds 5 and 15.2A. respeclivelyl.

Once the elulion profile of the hplc procedure has been
calibrated, this approach on its own is proposed as a suitable
and convenient one lo compare oiigosaccharide profiles from
mucins isolated from different bronchial hypersecretions.
Finally, these data emphasize once more that the heterogeneity
ofbronchial-mucin carbohydrates is amazingly large and that
one type of hplc procedure alone is not sufficient to separate
and characterize all the structural variants, which occur.
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l.ime eontre hi \ft«<n-i\citl<i\c. b\ (he Netherlands foundation lor

Chemical Research (SON Z WO I and by gram U U K C S3-13 from t he
Netherlands Foundation for Cancer Research (KWF).
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CHAPTER 8

TYPING OF CORE AMD BACKBONE DOMAINS OF MUCIN-TYPE OLIGOSACCHARIOES

FROM HUMAN OVARIAN-CYST GLYCOPROTE1NS BY

500-MHz 1H-NMR SPECTROSCOPY

Johanna H.G.M. MUTSAERS, Herman VAN HALBEEK, and

Johannes F.G. VL1EGENTHART

Department of Bio-Organic Chemistry, Un i ve rs i t y of U t rech t ,

U t r e c h t , The Netherlands

Alber t M. WU

Department of Veter inary Pathology, Texas A S H U n i v e r s i t y ,

Galveston, Texas

E l v i n A. KABAT

Departments of Microbiology, Human Genetics and Development and

Neurology and the Cancer Center, College of Physicians and

Surgeons, Columbia University, Columbia, Missouri

SUMMARY

Human blood-group A active glycoproteins from ovarian-cyst f l u i d were

subjected to Smith degradation and subsequent 3-el imination. The resulting

oligosaccharide-alditols represent the core and backbone domains of the ^- l inked

carbohydrate chains. Nine of these, ranging in size from disaccharide to

hexasaccharides, were investigated by Ĥ-NMR spectroscopy. Their primary

structures could be adequately characterized. ]n par t icu lar , the core types,

i .e . the substitut ion patterns of JJ-acetylgalactosaminitol as welL as the types

of backbone, i .e . the linkage types of alternating Gal-GlcNAc sequences, were

unambiguously ident i f ied . The core type GlcNAc3(1-3)GalNAc-ol is described for

the f i r s t time as occuring in ovarian-cyst glycoprotein.
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INTRODUCTION

The carbohydrate chains of the watei—soluble blood-group active

glycoproteins pur i f ied from human ovarian-cyst f l u i d have been investigated

extensively (1-5). They mainly comprise large-size <)-g lycos i d i c a l l y l inked

oligosaccharides, which may bear blood-group determinants l i ke A, B, H or Lea ,

Leb at the i r peripheral domains.

In order to study the core and backbone portions of these chains, the

terminal sugars const i tu t ing these blood-group determinants may be removed by

Smith degradation of the glycoprotein. Subsequently, the remaining carbohydrates

are released from the peptides by alkal ine borohydride treatment. Thus, the

resul t ing ol igosacchar ide-aldi to ls have been characterized to a certa in extent

by methylation analys is, periodate ox idat ion, and glc-ms analysis of the

permethylated, N^tr i f luoroacetylated intact compounds (3) . Here, we report on

the s t ruc tura l analysis of these ol igosaccharide-aldi tols employing an

independent technique, namely, 500-MHz Ĥ-NMK spectroscopy. This method is well

suited for the elucidat ion of the complete primary structure of mucin-type

ol igosacchar ide-ald i to ls , in par t icu lar in typing of the core units (6 ,7) .

MATERIALS AND METHODS

Oligosaccharide-alditols were obtained from Smith-degraded blood-group A

act ive glycoproteins from ovarian-cyst f l u i d , as described (3 ) . Nine of these

were analysed by 500-MHz ''H-NHR spectroscopy.

Samples were repeatedly exchanged in ^1^0 (99.96 atom% ^H), with

intermediate lyophi l i za t i on . 500-MHz 1H-NMR spectra were recorded on a Bruker WH

500 instrument (SON hf-NMR f a c i l i t y . Department of Biophysical Chemistry,

Nijmegen Univers i ty , The Netherlands* operating in the pulsed Fourier transform

mode. The probe temperature was kept at 22.0 (±0.1) °C, in order to ensure

complete v isua l izat ion of the H-1 signals in the spectral region 4.4< 6 <4.8

(6 HÔ H 4.81) . Resolution enhancement of the spectra was achieved by

Abbreviations:

glc-ms gas- l iquid chromatography/mass spectrometry; DSS, Sodium 4,4-dimethyl-4-

- s i lapentane-1-sulfonate
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Lorentzian-to-Gaussian transformation from quadrature phase detection. Chemical

shifts ( 6 ) are expressed at 22°C in ppm dounfield from internal sodium 4,4-

-dimethyl-4-silapentane-1-sulfonate, but were actually Measured by reference to

internal acetone (6 2.225) with an accuracy of 0.002 ppm.

RESULTS

A large number of oligosaccharide-alditols were obtained by alkaline

borohydride treatment of Smith degraded blood-group A active glycoproteins froM

ovarian-cyst f lu id (3 ) . Sugar analysis revealed the presence of Gal, GlcNAc and

GalNAc-ol as the only sugar constituents. Nine of the oligosaccharides were

available in sufficient amount to permit 500-MHz 1H-NMR spectroscopic analysis.

For reasons of consistency, the compounds are designated according to the

denoting system used in (3) (see Scheme 1) .

The resonance position of GalNAc-ol H-2 in the 1H-NMR spectrum of such

oligosaccharide-alditols is known to be sufficiently discriminative to disclose

the presence and character of the substituent monosaccharide at C-3 of

Gain(M)GlcNAcfl(1-3)

GotNAc-ol

j{ GlcNAc3

1 H-1

L-J

MAC CH3 protons

Fig. 1 500-MHz 1H-NMR spectrum of compound "88". The relative Intensity

scale of the N-acetyl proton region deviates from the other part of

the spectrum as indicated.
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GalNAc-ol. When observed at 6 4.29, i t points to the presence of 3-linked GLcNAc

(7) ; a position around 6 4.39 is characteristic of the occurrence of 3-Linked

Gal (7) whereas 6 4.24 has been found for compounds lacking a substituent at

C-3 (8-10). On the basis of the chemical shift value of their GalNAc-ol H-2

atom, the ovarian-cyst oligosaccharide-alditols were classified into three

groups. According to this division, the 1H-NMR parameters of the structural-

-reporter groups of the compounds are compiled in Tables 1 to 3.

In Table 1 , the NHR-data of compound "JIB" (for spectrum see Fig. 1) are

compared with those of some reference compounds of related structure. I t appears

that the reporter-group chemical shifts of "JJB" match those of the type-1

trisaccharide Gal3d-3)GlcNAc&(1-3)GalNAc-ol (compound jib_ (7 ) ) , obtained from

bronchial mucins of cystic fibrosis patients. Therefore, the structure of

compound "J3B" is

Gal 3(1-3) GlcNAc 3(1-3)

GalNAc-ol

This result deviates from the structure of J5B reported in (3) , in the type of

linkage of GLcNAc to GalNAc-ol being 0(1-3) rather than 3(1-6). For comparison

of the data of "J3B" with those of oligosaccharides that do have

GlcNAc 3C!-6)GalNAc-ol, see Table 3.

To establish some general rules for defining the linkage type in a

Gal-GlcNAc unit by 1H-NMR spectroscopy , to be 3(1-4) or 3(1-3) a comparison

was made of the chemical-shift data of compounds "8ff' and R1, i . e . ,

Gal3(1-4)GlcNAc3d-3)GalNAc-ol (7) (see Table 1) . This shows that the chemical

shifts of the structural-reporter groups of both Gal and GlcNAc undergo

significant shift alterations in the step from Gal3(1-4)GlcNAc (type 2) to

Gal3d-3)GlcNAc (type 1) in the backbone sequence (see Table 4) . In addition, i t

may be mentioned that upon substitution of GlcNAc at C-3, the GlcNAc H-3 emerges

out of the bulk of skeleton protons (6 =* 3.7) to 6 3.913, becoming a reporter

group for the 3(1-3) type of linkage. TheA6-values (Table 4) are not influenced

by the presence of an additional substituent at C-6 of GalNAc-ol as may become

evident from comparison of the chemical-shift data listed for compounds R2 and

R3 (11) (see Table 1 and 4) . However, some of them are affected by the type of

linkage in which GlcNAc is involved and the nature of the residue to which i t is

attached (cf_. compound 5_ and R4, see below and N t̂ype asialoglycopeptides from
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Table 1

Ĥ Chemical shifts of structural-reporter-group protons of the constituent

monosaccharides for oligosaccharide "jBB" derived from ovarian-cyst

glycoproteins, together with those of three reference compounds (R1-R3)

Residue0

GalNAc-ol

GUNAc3

Gal 4 ' 3

Gal3

6LcNAc6

G a l 4 ' 6

Reporter

group

H-2

H-3

H-4

H-5

NAc

H-1

H-3

H-6

NAc

H-1

H-4

H-1

H-4

H-1

NAc

H-1

H-4

Chemical

RK7)

4.290

4.002

3.552

4.143

2.038

4.631

3.6-3.7

4.021

2.083

4.455

3.926
-

-

-

-

-

-

shi f t a in b

»8B"

•H
4.287

4.011

3.563

4.135

2.034

4.651

3.913

3.953

2.072
-

-

4.460

3.918

-

-

-

-

K<11>

4.284

n.d.

n.d.

4.242

2.045

4.623

n.d.

4.021

2.079

4.451

3.923
-

-

4.558

2.062

4.473

3.923

R3C1D

it D

4.287

n.d.

n.d.

4.233

2.043

4.648

n.d.

3.955

2.069
-

-

4.453

3.92

4.559

2.062

4.472

3.92

a Chemical shifts are expressed in ppro downfield from DSS but were actually

measured by reference to internal acetone (6 2.225) in ĥ̂ O a t 22 °C

k For complete structures of the compound see Scheme 1 . In the table-heading

the structures are represented by short-hand symbolic notation; Q =GalNAc-ol,

• =Gal, • =GlcNAc
c A superscript at the name of a sugar residue indicates to which position of
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(Table 1 continued)

the adjacent monosaccharide i t is glycosidicalLy linked. More than one

superscripts are used to discriminate between identically bound residues;

they indicate the types of linkages of the neighbouring residues in the

sequence

n.d. not deternined

hemopexin (12); Table 4 ) . I t was concluded that compounds JO, S_, 2A, 2B and 2C

have in common the GalB(1-3)GalNAc-ol core type (GalNAc-ol H-2 at 6 4.39; see

Table 2) .

In the spectrum of compound 22. on^y signals belonging to the aforementioned

GalfU1-3)GalNAc-ol sequence are present. The spectrum is identical to that of

Gal3(1-3)GalNAc-ol obtained from bronchial mucin (7) . This result is in

accordance with (3) .

The NMR spectrum of compound J[ (see Fig. 2a) shows two N-acetyl signals

around 6 2.0 and three doublets in the B-anomeric region. This suggests the

presence of one GlcNAc, one GalNAc-ol and two Gal residues, making 5_ a

tetrasaccharide. Furthermore, the H-5 signal of GalNAc-ol is observed at 6 4.184

showing that no substituent is present at C-6 of GalNAc-ol (6,7). The core Gal3

residue C6H-1 4.46S) is bearing a p-linked GlcNAc (6 H-1 4.701) at C-3 as can be

deduced from the chemical shift of H-4 of Gal3, being 4.128 (compare R4 in

Table 2 ) . The GlcNAc3 residue is substituted with a U-linked Gal residue (6 H-1

4.449). To identify the position of the linkage between Gal and GlcNAc3 the

chemical shift of the structural reporters of the terminal Gal and the GLcNAc3

residue of J5 were compared to the corresponding residues in compound R4

GalB(1-4)GlcNAc&(1-3)Gal&(1-3)GalNAc-ol (see Table 2 ) . The chemical shift

differences are included in Table 4. Moreover, for compound 5_ the H-3 signal of

GlcNAc3 is found at 6 3.912. These chemical shift deviations with respect to

compound R4 reveal compound J5 to possess the type-1 rather than type-2 Gal-

GlcNAc sequence:

Gal B(1-3)GlcNAc0(1-3)Gal &(1-3>N

GalNAc-ol

A similar trend of chemical shift alteration, at least for GlcNAc H-1 and Gal
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A 5

Galf!(1-3)GlcNAcfl(1-3)Goir!(1-3)

Gol|](1-3)G[cNAcp(1-3)GalO(1-3)GtcNAcP(1»3)GoiP(1-3)

B 2A

| - I C , J A C 3

I H-l.

IG ICNAC 3 3

,,333 &o!JJ GclJ

I ,!

\
GalNAc-ol

.v-

Fig. 2 500-MHz 1H-NMR spectrum of (a) compound 5} (b) compound J2A; The

inset shows the GLcNAc H-1 signals at 60°C. (c) compound 2B. The
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(Fig. 2 continued)

relative intensity scale of the JN-acetyl proton region deviates from

that of the other part of the respective spectra, as indicated.

H-1, have been observed going from lacto-^J-neotetraose to lacto-W-tetraose (13).

The structure of compound 5_ based on NMR is in accordance with (3).

Compounds 2A, _2B and ZC_ were found to be hexasaccharides, consisting of

Gal, GlcNAc and GalNAc-ol residues in the molar ratio 3 : 2 : 1 , as can be

derived from the number of ^j-acetyl signals, the number of anomeric signals and

the occurrence of GalNAc-ol H-2 and H-5 signals in the NHR spectra.

Compound _2A_ (for spectrum see Fig. 2b) was found to be an extension of

compound S_ with another Gal-GlcNAc unit. The attachment of this unit in

(J-linkage to C-3 of Gal3 '3 was deduced from the chemical shift of the H-4 signal

of Gal3 '3 being 6 4.143. The H-1 and H-4 signals of the terminal Gal residue at

6 4.448 and 6 3.910, respectively, indicate the terminal Gal to be p(1-3) linked

to GlcNAc3'3. Therefore, the structure of £A is

Gal3(1-3)GlcNAc3(1-3)GalB(1-3)GlcNAcB(1-3)Gal3(1-3)
GalNAc-oL

This is in accordance with (3) .

Compound 2B_ (for spectrum see Fig. 2c> is also an extension of compound _5

with a Gal-GlcNAc unit, but attached at a different position. The H-1 signal of

the additional GlcNAc found at 6 4.607, suggests that the additional Gal-GlcNAc

unit is linked 13(1-6) to Gal3. This was previously observed in (14). The Gal3

residue is thus serving as a branching point in the structure. In the additional

Gal-GlcNAc unit the H-1 and H-4 signals of the terminal Gal and the H-6 signal

of GlcNAc6 are observed at 6 4.468, 6 3.922, and 6 3.995, respectively. They

show that this Gal residue is &(1-4) Linked to GlcNAc6. Further support for the

presence of a Gal0(1-4)GlcNAc (1 -0 sequence linked to C-6 of Gal3 stems from

the chemical shift effects on the H-3 and H-5 signals of GalNAc-ol and on the

H-4 of Gal3. These are in line with those observed earlier (14). Therefore, the

structure of 2B is proposed to be as follows
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Table 2

Ĥ Chemical shifts of structural-reporter-group protons of the constituent

monosaccharides for oligosaccharides 10# j i , 2A, 2B and 2£ derived from ovarian-

-cyst glycoproteins, together with those of reference compound R4

Residue0

GalNAc-ol

Gal3

G LcNAc3

Gal*

G a l 3 ' 3

G LcNAc3"3

G a l 3 ' 3 ' 3

GUNAc6

Reporter

group

H-2

H-3

H-4

H-5

NAc

H-1

H-4

H-1

H-3

H-6

NAc

H-1

H-4

H-1

H-4

H-1

H-3

H-6

NAc

H-1

H-4

H-1

H-6

NAc

Chemical

.10

" ? > '
4.393

4.063

3.506

4.193

2.050

4.476

3.901
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

shifta inb

R4(11)

4 3a

"*H •
4.400

4.051

3.497

4.185

2.047

4.464

4.126

4.688

n.d.

3.954

2.042

4.481

3.927

-

-

-

-

-

-

-

-

-

-

-

5
, 3

4.401

4.050

3.493

4.184

2.046

4.465

4.128

4.701

3.912

3.900

2.034

-

-

4.449

3.912
-

-

-

-

-

-

-

-

-

2A

' •••"x>
4.401

4.052

3.497

4.188

2.048

4.463

4.128

4.696

3.91

3.899

2.039

-

-

4.441

4.143

4.742

3.91

3.899

2.024

4.448

3.910
-

-

-

2B

4.389

4.020

3.503

4.142

2.046

4.468

4.118

4.701

3.949

3.903

2.032

4.468

3.922

4.451

3.912
-

-

-

-

-

-

4.607

3.995

2.053

2C

3 3 a

4.406

4.056

3.443

4.275

2.067

4.453

4.133

4.700

3.91

3.901

2.032

4.472

3.926

4.453

3.916
-

-

-

-

-

-

4.556

3.998

2.059
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(Table 2 continued)
a Chemical shifts are expressed in ppm downfield from internal DSS but were

actually measured by reference to internal acetone (6 2.225) in 2H 20 at 22 °C
b For complete structures of the compounds see Scheme 1. For symbolic notation

see Table 1
c For explanation of superscripts see Table 1. The number of superscripts is

limited to three. In case of compound 2A Gal3 is the first Gal residue,

Gal3'3 the second and Gal3'3'3 the third residue encountered starting from

the GalNAc-ol side,

n.d. not determined

Soin(1-3)GlcNAcn(1-3]Gainn-3)

Fig. 3 500-MHz Ĥ-NMR spectrum of compound 2£. The relative intensity

scale of the jJ-acetyl proton region deviates from the other part of

the spectrum as indicated.

Gal(3(1-3)GlcNAc3<1-3)Gal3<1-3>
Gal 3(1-4) GlcNAcB(1-6/

\
GalNAc-ol

This structure is in accordance with (3) .
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Table 3

1H Chemical shifts of structural-reporter-group protons of the constituent

monosacchari des for oLigosaccharides jte, 7_ and "J5£" derived from ovarian-cyst

glycoproteins

Chemical shifta inb

Residue0

GalNAc-ol

GlcNAc6

GalA

GlcNAc3

Gal3

Reporter

group

H-2

H-3

H-4

H-5

H-6

NAc

H-1

H-6

NAc

H-1

H-4

H-1

H-6

NAc

H-1

H-4

9B

•t
4.242

3.841

3.379

4.021

3.933

2.046

4.553

3.928

2.059

-

-

-

-

-

-

1

4 6

4.243

3.843

3.379

4.026

3.932

2.045

4.577

3.993

2.061

4.471

3.925

-

-

-

-
_

"3C"

4.242

3.841

3.379

4.021

3.932

2.042

4.573

3.990

2.060

4.460

4.153

4.722

3.898

2.028

4.440

3.911

a Chemical shifts are expressed in ppm downfield from DSS but were actually

measured by reference to internal acetone (6 2.225) in ̂ ^ 0 at 22 °C

k For complete structures of the compounds see Scheme 1. For explanation of the

symbolic notation see Table 1

c For explanation of superscripts see Table 1
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Table 4

Chemical sh i f t differences for pertinent reporter groups going from a

Gal3(1-4)GUNAc3(1-'» to a Gal 3(1-3)GlcNAc3d-•» sequence

Chemical sh i f t differences8 i n b

Residue Reporter

group

(12) (13)

GlcNAc

Gal

H-1

H-6

NAc

H-1

H-4

+0.020

-0.068

-0.011

+0.005

-0.008

+0.025

-0.066

-0.010

+0.002

n.d.

+0.013

-0.054

-0.008

-0.032

-0.015

+0.018

n.d.

-0.005

-0.022

n.d.

+0.032

n.d.

n.d.

-0.043

n.d.

Chemical sh i f t differences are expressed in ppm in the step from a compound

possessing a Gal 3(1-4)GlcNAc3(1—) to a Gal0(1-3)GlcNAc3<1->) sequence.

These sequences are outl ined in the table-heading.

In the table-heading the structures are represented by short-hand symbolic

notat ion. () =GalNAc-ol,

n.d. Not determined

=Gal, =GlcNAc/ and =Man O=Glc.

Compound ZC_ ( for spectrum see Fig. Z) is another extension of compound _5

with a Gal-GlcNAc un i t . The branch attached to C-3 of GalNAc-ol is ident ical to

that of compound 5_ (see Table 2). The posit ion of the H-5 signal of GalNAc-ol

(6 4.275) shows that a 3-l inked GlcNAc is present at C-6 of GalNAc-ol (7). The

addit ional Gal residue is 3(1-4) linked to th is GUNAc6 as may become clear

from comparison of the chemical sh i f t data with those of R2 and R3 (11) (see

Table 1) . Therefore, the structure of compound 2£ is

Gal B(1-3)GlcNAc3(1-3)GaL 3(1-3)
\
GalNAc-ol

Gal3(1-4)GlcNAc3(1-6)'
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This result is in accordance with (3).

The NMR spectra of the compounds 9^, 7_ and "3_C" have in common the H-2

signal of 6alNAc-oL at 6 4.24. This position is indicative of the absence of a

substituert sugar at GalNAc-ol C-3 (c_f_. (8,9)) ,

The 3-anomeric region of the spectrum of 9B_ (see Fig. 4a > shows only one

doublet; therefore, compound 9B is a disaccharide. I t consists of a GlcNAc

residue (6H-1 4.553,6 H-6 3.928 and 6NAc 2.059) 3(1-6) linked to GalNAc-ol (9) .

Therefore, the structure of j[B is

GalNAc-ol

GlcNAc3(1-6r

This is in accordance with (3).

Compound 7_ ( for spectrum see Fig. 4b) was found to be an extension of 9B

with a Gal residue (6H-1 4.471, J 1 / 2 = 8 .0Hz, 6H-4 3.925). The la t ter is

3(1-4) linked to GlcNAc^, as could be readily deduced by comparison of the

relevant chemical sh i f t values of compound 7_ with those of R2 and R3 (11) (see

TabLe 1) £f_. (9). Therefore, the structure of compound 7_ is

GalNAc-ol ;

Gal3(1-4)GlcNAc3(1-6r

This is in accordance with (3).

In tu rn , compound "3£" (for spectrum see Fig. 4c> is an extension of

compound 7_ with another Gal-GlcNAc un i t . The H-4 signal of Gal* at 6 4.155 shows >.

the addit ional GlcNAc to be 3(1-3) linked to Gal*. The H-1 signal of th is

GlcNAc3 at 6 4.721 U-j 2 = 8.4 Hz) corroborates the 3-configuration of the

linkage. The set of chemical shi f ts of H-1, H-6 and NAc of GlcNAc3, and of H-1

and H-4 of the terminal Gal residue (Table 3 ) , point to the 0(1-3) type of

linkage of th is Gal to GlcNAc3. Therefore, the structure of compound "3_C" is

GalNAc-ol

Gal3(1-3)GlcNAc3(1-3)Gal(3(1-4)GlcNAc3d-6)

I
This result is not in accordance with (3). t
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Scheme 1

Structures of the backbone o l i g o s a c c h a r i d e - a l d i t o l s obtained from Smith-degraded

blood-group A ac t i ve human ovar ian-cys t g lycopro te ins as revealed by 'H-NHR

ana lys i s . The quota t ion marks (For j5B and 3£) are used t o i nd i ca te tha t the

s t ruc tu re based on NMR spectroscopy d i f f e r s from the one reported prev ious ly

( 3 ) .

"J3B" Gal3<1-3)GlcNAc3O-3)

GalNAc-ol

Gal3(1-3)

GalNAc-ol

Gal0(1-3)G(.cNAc0<1-3)Gal0<1-3)
\

GaLNAc-ol

2A Gal&(1-3)GlcNAc3(1-3)Gaip(1-3)GlcNAc0(1-3)Gal3(1-3)

GalNAc-ol

2B Gal3(1-3)GUNAc3(1-3)Gal3(1-3)

Gal3(1-4)GlcNAc3(1-6/ GalNAc-ol

Gal3(1-3)GLcNAc3d-3)Gal3(1-3)N

GalNAc-ol
/
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Gal3(1-4)GlcNAc3(1-6)

9B GalNAc-ol

GlcNAc3(1-6) /

GalNAc-ol

Gal3(1-4)GlcNAc3C1-6)'

"3£" GalNAc-ol

Gal 3(1-3) GUNAc0(1-3)Gal3<1-4)GlcNAc3C1-6) /



GlcNAe&

9B "' GalNAc-ol

GlcNAcB(1~6)

1.5 !

' I !•'

- . ' -, v, -'-I *

GotNAc-oL

Goin(M)GlcNAcf)|1-3)Gall)(1-4)G[cNAcH(1-6)'

GaLNAc-ol
/

F ig . 4 500-MHz 1H-NMR spectrum of (a ) compound 9B; (b) compound Tj ( c )

compound "3C". The inset shows the GlcNAc H-1 s ignals at 18°C. The
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(Fig. 4 continued)

relat ive intensity scale of the JN-acetyl proton region deviates from

that of the other part of the respective spectra, as indicated.

DISCUSSION

500-MHz Ĥ-NMR spectroscopy of nine oligosaccharide-alditoLs from Smith

degraded blood-group A active glycoproteins from ovarian-cyst f l u i d allowed a

further extension of the scope of th is technique to the typing of core and

backbone structural elements of mucin type carbohydrates. From the chemical

sh i f ts of the H-2 and H-5 signals of GalNAc-ol, the presence and nature of the

substituents at C-3 and C-6 could be readily inferred (6 ,7) . In addi t ion, the

number of Gal and GlcNAc residues and the types of linkage between residues in

linear and branched sequences could be established. In par t icu lar , for the

sequence Gal3(1-x>GlcNAc the x could be established to be 3 or 4 on the basis of

subtle, but s igni f icant differences in chemical sh i f t of structural reporter

groups (Table 4). The elucidation of the structures of the hexasaccharide

posit ional isomers ^A, ^B and ^£ is an excellent i l l u s t ra t i on of the power of

high-resolution 'H-NHR spectroscopy. I t should be noted that comparison of the

chemical sh i f t data and the spectrum of 2Z_ with those presented for the core

pentasaccharide Cc in (16) suggests that the same compounds are concerned;

nonetheless, Cc had been interpreted in terms of the structure

6al3(1-3K
GalNAc-ol

Gi.cNAc3d-3)Gal3(1-4>GlcNAcP(1-6)/

The structures elucidated here for the backbones of the carbohydrate chains

from blood-group A active glycoproteins from ovarian-cyst f l u i d are in l ine with

those reported previously (3) with two exceptions: compounds "88" and "3_C". The

reasons for the discrepancies are not clear as yet. Compound "3_£" deviates from

the branched structure reported (3) since i t appeared to be a linear

pentasaccharide in which the GalNAc-ol is substituted at C-6 only. On the other

hand, the structure of compound "j}B" is novel for ovarian-cyst glycoproteins.

Structures possessing a GlcNAc residue 3(1-3) linked to GalNAc-ol were not
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reported before for human ovarian-cyst g I y cop rote ins (1,3,15,16), but they occur

in horse gastric, sheep gastric, rat colonic and human bronchial mucins (7,17-

19).

Structures possessing a 3(1-6) Linked GlcNAc as the only substituent at

GalNAc-ol seldom occur in nature. They have been reported for human meconium (8)

and human tc-casein (9). The compounds "3_C", 1_ and ̂ B described here resulted

from Smith degraded glycoprotein. Hence in the original material a substituent

at C-3 of GalNAc-Ser/Thr must have been present.
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CHAPTER 9

Structure of Sialyloligosaccharides Isolated from Bonnet Monkey
{Macaca radiata) Cervical Mucus Glycoproteins Exhibiting Multiple
Blood Group Activities*

(Received for publication, July 17,1985)
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and Mossachusetf General Hospital. Boston, Massachusetts 02114
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Herman van Halbeek, Johanna H. G. M. Mutsaera, and Johannes F. G. Vliegenthart
From the Department of Bio-organic Chemistry, University of Utrecht. Croesestraat 79, NL-3S22 AD Utrecht, The Netherlands

Mucin glycoproteins purified from cervical epithelial
secretion of the bonnet monkey (Macaca radiata) ex-
hibit multiple blood group activities. Alkaline borohy-
dride reductive cleavage resulted in a mixture of neu-
tral and acidic oligosaccharide-alditols. By high-per-
formance liquid chromatography, seven oligosaccha-
rides (A-4-1 to A-4-7) have been purified from the
monosialyloligosaccharide fraction (A-4). Based on the
result* of 500-MHz 'H NMR spectroscopy, in conjunc-
tion with sugar analysis and immunologies! assays, we
propose the following structures for these oligosaccha-
rides.

Fuea(l->2)Cal0(l->3>

G«JNAc-ol

NeuAca(2->6)

GaU)(l—3)
\

GalNAc-ol
/

NmiAca(2-»6)

Fuca(l-»2>Cal0(l->3)
\

GalNAc-ol

NeuAca<2-~6)

GaWU-3)
\

GaJNAc-ol

(A-4-1)

(A-4-2)

<A-4-3>

(A-t-4)

* This investigation wu supported in part, by Grant AM-03564
from the National Institute of Arthritis, Diiibetei, Digestive and
Kidney Diseases, by Grant HD-12431 from the National Institute of
Child Health and Human Development, National Institutes of
Health, by the Netherlands Foundation for Chemical Research with
financial aid from the Netherlands Organization for the Advancement
of Pure Research, and by Grant UUKC 83-13 from the Netherlands
Foundation for Cancer Research. This is publication 989 of the Robert
W. Lovett Memorial Group for-the Study of Diseases Causing De-
formities, Harvard Medical School and Massachusetts General Hos-
pital. A preliminary account of this study was presented at the XHth
International Carbohydrate Symposium, Utrecht, The Netherlands,
July 1-7, 1984. The costs of publication of this article were defrayed

\
GalNAc-ol

<A-4-6>

NeuAca(2—3)

GalNAu»(l-»3)
\

F«a(l->2)GaWU-»3>
\

GalNAc-ol (A-4-6)

GalNActfU—4)GaWU—4)GlcNAc«l-*>

Galod—3>
\

NeuAca<2—3)

GalNAc-ol (A-4-7)
/

GaIN Ac0( l->4)Ga]ft l-4)GkN Ac£( 1^6)

NeuAca<2-»3>

These structures imply that either the A, B, or H
determinant may be found in combination with the
Cad/Sd* determinant; the oligosaccharides identified,
together, account for the blood group activities exhib-
ited by the cervical mucc

Cervical mucus is a gel-like, hydrophilic epithelial Mention,
playing a significant role in reproductive physiology (IX The
physical and chemical properties of human (2) and bovine (3)
cervical secretions change with the state of ovarian function.

in pan by the payment of page charges. This article must therefore
be hereby marked "advertisement" in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.
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Proteines, Place de Verdun. F-59045 Lille. France.
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.War the time of ovulation, the production of mucus increases,
jind the secretion becomes profuse, thin, and receptive to
sperm. In the postovulatorv phase, the mucus becomes thick
and scanty, and impedes sperm penetration. Abnormalities in
this secretion may be a factor in infertility. Furthermore, it
has been shown that the receptors for various sleroid hor-
mones exist in cervical tissues (4). The Theological properties
of the cervical mucus are largely determined by high-molec-
ular-wcighl glycoproteins (5).

For the: understanding of the physiological role of the
glycoproteins of the cervical secretion during the menstrual
<vcle, knowledge of the carbohydrate structure is essential in
relation to the biophysical properties and physiological func-
i ion of (he mucus at various phases of the ovulatory cycle (6,
7). For human cervical proteins, the structure of a few car-
bohydrate chains has been determined (8, 9). This kind of
investigation is hampered by the fact that mucus of human
origin is scarce and difficult to obtain. The bonnet monkey
secretes large amounts of mucus, the rheological properties of
which resemble those of human mucus (10); moreover, (he
simian menstrual cycle is similar to the human cycle. This
makes the mucus of the bonnet monkey a suitable model
system.

Fractionation of midcycle (periovulatory) cervical mucus
provides two high-molecular-weight glycoproteins having a
chemical composition characteristic of inucin-type structure
(10-14). This paper describes further characterization of mid-
cycle mucus glycoproteins, in particular the structure deter-
mination of their sialyloligosaccharides.

EXPERIMENTAL PROCEDURES AND RESULTS1

DISCUSSION

The isolation of the secretory glycoproteins present in
cervical mucus of bonnet monkeys was readily accomplished
by gel filtration on Bio-Gel P-200. The fractionation of the
glycoprotein material by Sepharose 2B, followed by ion ex-
change chromatography on Ecteola-cellulose, yielded a main
fraction 1-A (80%) (14). The minor fraction (1-B) differs
significantly from 1-A in its sulfate and cystine content. In
inhibition tests of hemagglutination against human anti-
blood group A, anti-blood group B, and anti-blood group H,
fraction 1-A showed a positive reaction. The feature of the
combined occurrence of A, B, and H blood group activities
could possibly have been avoided if typing of blood group
activities of the monkeys had been carried out on the salivary
mucin, before pooling the cervical mucus (37). Sialic acid in
fraction 1-A was present as Ar-acetylneuraminic acid. This is
similar (o human cervical mucus (8) and different from bovine
which contains the Af-glvcolylneuraminic acid (38). Cysteine
was present only in a small amount as a component of
glycoprotein 1-A. No cross-linking fraction containing cys-
tine, as in the case of bovine cervical mucus (.'19, 40) was
isolated.

Alkaline borohydride treatment of fraction 1-A resulted in
a mixture of oligosaccharide-alditols which was subsequently
fractionated on Bio-fiel P-4. The main fraction A-4 was

Portions of this paper (including "Experimental Procedures,"
"Hi'sulia," Fins. 1-7. and TsMvs I IV) are pnwnifd in miniprinl at
the end of tliis pajHT. Miniprinl is easily read with the aid of a
standard Inacnilvmj; class. Full size photocopies are available from
the Journal of Biological Chemistry. 9li.W Korkvillv Pike, lielhesda.
Mil -'(MM. Request Document No. Hfi MXWJ, cite the authors, and
unhide a check or money order fur M l per set of pholocopies. Kull
-i'e photocopies are also included in the microfilm edition of the
•Journal lh.it is nt.iil«ltlv Irom Waverly I'rvss.
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further separated on hpliV affording 7 suhfractiiins (A-4-1 to
A-4-7). The structures elucidated can be divided into two
groups on the basis of the structure of the core, namely
Galrf(l-.3)[NeuAc(.(2^fi)]GalNAc-o1 (A-4-1 to A-4-3) and
GalfJ<l-.3)|GlcNAc7ill-*)|Gal.\Ac-ol (A-4-4 to A-4-7). The
larger structures (A-4-5 to A-4-7) exhibit multiple blood group
determinants.

The occurrence of a terminal nonreducing sequence
GalNAc/i(l—vt)[NeuAc<y(2—»3)]Gal is a feature already de-
scribed in oligosaccharides from glycophorins with blood
group Cad specificity (31) and from Tamm and Horsfall
urinary glycoproteins with Sd" activity (32, 41). Sd" activity
has also been delected in urinary mucin (42) and meconium
(43). GalNActf(l->4)|NeuGI«(2—.3)]Gal sequences have been
observed in fish egg glycoproteins (44) and GalNAc/i(l—»4)Gal
in a cloned murine cytotoxic T lymphocyte line (4.r>). In
oligosaccharides <A-4T> to A-4-7) of cervical mucins from the
bonnet monkey, the Cad blood group determinant can occur
together with an A. B, or H determinant.
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SUPPLEMENTARY MATERIAL TO

STRUCTURE OF S]ALYLOLIGOSACCHARIDES ISOLATED FROM BONNET MONKEY CMACACA

RADIATA) CERVICAL MUCUS GLYCOPR0TE1NS EXH]B1T3NG MULTIPLE BLOOD GROUP ACTIVITIES

EXPERIMENTAL PROCEDURES

Materials

Bio-Gel P-200, Bio-Gel P-4, AG50W-X8 (100-200 mesh>, AG1-X2 ion-exchange

resins and Ecteola-cellulose (Cellex E) were purchased from Bio-Rad

Laboratories, Sepharose 2B from Pharmacia Fine Chemicals Inc., agarose from MCI

Biomédical Division of Marine Colloids ]nc. and l'industrie Biologique

Française. Ulex europeus, Triticum vulgaris. Helix pomatia and Ricinus communis

120 lectins were purchased from Sigma.

Analytical methods

The hexose content of column eluates was measured with the phenol-sulferic

acid method 115), and the protein content by determining the absorbant at 280

nm. Amino acid analysis was performed with a Beekman Model 116 amino acid

analyzer, after hydroLysis of the sample with 6 M HCl at 105°C for 20 h in an

atmosphere of Ng, followed by dilution with water and lyophilization.

Polyacrylamide gel electrophoresis was performed according to (16), agarose

gel electrophoresis in veronal buffer at pH 8.2 (ionic strength 0.1) according

to 117). Gels were stained with periodate-Schiff reagent, ami do black, Coomassie

blue, toLuidine blue or Sudan black (16,17).

Quantitative analysis of carbohydrates by gas-liquid chromatography (gle)

was performed according to (18). The samples were per-j)-(trimethyl)-si lylated

with Sylon HTP (Supelco); myo-inositol was used as internal standard. The gle

analyses were performed with a Perkin-Elmer Model 900 gas Chromatograph, on a
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column (180 x 0,3 cm) containing 3 % 0V 17 on Chromosorb UHP 80-100 mesh

(Supelco, Bellafonte, Pa).

Hplc was performed on a 5 (j Lichrosorb-NHg column. The elution was

performed with a linear gradient of 4:1 to 1:1 acetonitrile-water containing 2.5

mM ammonium hydrogencarbonate for 70 rain at room temperature and at a flow rate

of 1 ml/min (19). Prior to ''H-NMR spectroscopic analysis, samples were

repeatedly exchanged in D20 (99.96 atom % D, Aldrich) with intermediate

lyophilization. The pD of the solution was adjusted to 7. ^H-NMR spectroscopic

analysis was performed on a Bruker WM-500 spectrometer (SON hf-NMR facility.

Department of Biophysical Chemistry, Nijmegen University, The Netherlands)

operating at 500 MHz in the Fourier transform mode at probe temperatures of 5,

10 or 27°C (20). Chemical shifts are given for neutral solutions at 27°C,

relative to internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate, but were

actually measured by reference to internal acetone (6 2.225) with an accuracy of

0.002 ppm.

Isolation and purification of mucus glycoproteins

The crude mucus obtained from 4 bonnet monkeys at the mid-cycle (12 to 15

days of the menstrual cycle) was partially solubilized in 50mN sodium phosphate

buffer, pH 7.0, containing 0.02 X NaNj by stirring at 4°C for 16 h. The cellular

debris and other insoluble materials were removed by centrifugation (2000 x g);

the supernatant was dialyzed against distilled water and the retentate was

lyophilized affording a mixture of (glyco)proteins. The residue was solubilized

in 50 RM sodium phosphate buffer, pH 7.0, containing 0.02 X Nat^ by stirring at

4°C overnight. The complex mixture of macromolecules was purified by filtration

over Bio-Gel P-200 followed by fractionation on Sepharose-2B (11,12). The main

fraction (100 mg) was subfractionated on an Ecteola-cellulose column (2.7 x 65

cm). The column was eLuted with 0.1 M NaCl (200 ml) followed by a gradient of

0.1 H to 1 H NaCl in 10 mM HCl (Pig. 1).

End group analysis

The ami no-terminal end-group was determined by dansylation of the major

glycoprotein fraction (1-A, see below) (0.5 mg) and hydrolysis (21). The

dansylated ami no acids were separated and identified by thin layer
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chromatography on polyamine plates.

Blood group activity and inhibition of Lectin-induced hemaggIutination.

HemaggLutination inhibition tests were performed according to Watkins and

Morgan (22) using anti-A, anti-B and anti-H immune sera (CRTS, Lille, France).

The tests were performed by mixing one volume of mucin solution (25 lil) and one

volume of antiserum representing 2 complete agglutinating doses. The mixtures

were incubated for 15 min at room temperature and examined for agglutination.

Inhibitory activity towards Lectins was assayed for glycoprotein fraction

1-A. Type 0 human red blood cells treated with neuraminidase (3.0 x 10° cells

with 150 ul neuraminidase , ?5 units from /̂. cholerae) were used with peanut

agglutinin and Ricinus comrounis. Helix pomatia and wheat germ agglutinins. The

titration and inhibition assays were performed according to (23).

Alkaline borohydride treatment

The major fraction eluted from the Ecteola column was treated with 2 M

NaBH4 in 50 mM NaOH for 18 h at 45°C according to (24). Then the mixture was

adjusted to pH 5.4 with 4 M acetic acid. For preparation of C3H3-labeled

oligosaccharides, 3-elimination on a portion of glycoprotein (5 mg) was

performed using NaBC^H]^ (5 mCi> under the conditions described above. The two

reaction mixtures were combined and desalted on a column of AG50W-X8 (H+ form,

100-200 mesh). Reduced oligosaccharides were separated into neutral and acidic

compounds on a column (3.4 x 70 cm) of AG1-X2 (0Ac~ form, 200-400 mesh). The

column was eluted with water, 0.5 PI pyridine-aceti c acid (pH 5.4) and then with

1 H acetic acid. The acidic oligosaccharides were further purified by filtration

on Bio-Gel P-4 (200-400 mesh) in pyridine-acetic acid.

RESULTS

Purification and characterization of cervical mucus glycoproteins

The mucus glycoproteins obtained from bonnet monkey at menstrual mid-cycle

were purified by gel filtration on Bio-Gel P-200 followed by fractionation on

Sepharose 2B (12). The main fraction (85%) after Sepharose 2B chromatography

(denoted fraction 1) was analysed by polyacrylamide (15%) gel electrophoresis.
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Fig. 1 Fractionation of Sepharose 2B purified glycoprotein 1 on an Ecteola-

ceLlulose column (65 x 2.7 cm). The column was eluted with 0.1 M NaCI

(200 ml), with a gradient of 0.1 M NaCI in 10 mM HCI to 1 H NaCI in 10

mM HCI (450 ml) followed in 1 M NaCI by 10 mM HCI (200 ml>. Fractions

of 5 ml were collected and every third fraction was examined for the

presence of hexose and for protein. 100 ing glycoprotein was applied to

the column.

The glycoprotein did not enter the gel and no contaminating (glyco)proteins or

(glyco)lipids were observed by staining with Coomassie blue, periodate-Shiff

reagent or Sudan black. Ecteola-cellulose chromatography of fraction 1 afforded

two subfractions, denoted 1-A (80 % by weight) and 1-B (Fig. 1). The

carbohydrate and amino acid compositions and the sulfate contents of these

fractions are reported in Table ] .

Agarose electrophoresis of fraction 1-A showed a single band with

periodate-Shiff reagent and toluidine blue. The carbohydrate chains consisted of

fucose, galactose, ^-acetylglucosaraine and sialic acid. The glycoprotein

contained a relatively high proportion of threonine, serine, alanine and glycine

residues, while cysteine was detected in only small amounts (Table 1). Threonine

and a trace of gLycine were found as amino terminal end groups.
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TABLE I

Carbohydrate and amino acid composition of cervical-mucus glycoprotein f rac t ion

1-A and 1-B from bonnet monkey separated on Ecteola-cel lu lose, and anino acid

composition of a l ka l i - t rea ted f rac t ion 1-A glycoprotein.

Fuc

Gal

GUNAc

GalNAc

NeuAc

Total carbohydrate

Sulfate

Amino acid

Aspb

Thr

Ser

Glu

Pro

Gly

Ala

Aba

Cys

Val

] leu

Leu

Tyr

Phe

Lys

His

Arg

%

7

24

10

18

15

74

1

14

1-A

Molar

ra t io a

0.9

3.0

1.0

1.8

1.1

1-A

44

228

117

64

58

84

101

14

61

59

62

14

19

31

16

28

1-B

%

6

15

7

13

10

51

5

n.d.c

1-A after

treatment

with a lka l i

-123

- 51

+ 41

+111

Molar

rat io a

1.1

2.6

1.0

1.8

1.0

1-B

48

250

118

60

87

79

99

3

53

44

62

7

17

32

13

28
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(Table 1 continued)
a Molar ratio relative to GLcNAc

^ Residues per 1000 residues
c Not determined

Blood group activity and inhibition of lectin hemagglutination

Fraction 1-A had blood group A, B and H activities. Under our experimental

conditions, inhibition of anti-A serum was obtained with 31 yg of fraction 1-A,

inhibition of anti-B and anti-H immunesera was obtained with 250 pg of fraction

1-A.

The hemagglutination inhibition assays using glycoprotein fraction 1-A

showed no activities with wheat germ and peanut agglutinins. A weak inhibitory

activity using relatively high concentrations of glycoprotein (100 yg/ml, 50 y I

solution used> was observed with ih_ poroatia and JĴ_ europeus agglutinins. With R^_

communis low concentrations of glycoproteins demonstrated inhibition.

Preparation of sialyl oligosaccharide-alditols

Fraction 1-A (70 mg) was subjected to alkaline borohydride reductive

cleavage (24) yielding a mixture of oLigosaccharide-alditols. A decrease of

serine and threonine and a corresponding increase of alanine and appearance of

a-aminobutyric acid were noticed, concomitant with conversion of part of the

GaLNAc residues into GalNAc-oL (see TabLe ]). The acidic oligosaccharides,

eluted from the column of AG1-X2 by 0.5 H pyridine-acetic acid, pH 5.4, were

separated on a Bio-Gel P-4 column into five fractions (Fig. 2). Fractions A-1

and A-2 represent mainly glycopeptide material as indicated by the very low

percentage of |J-acetylgaLactosaminitol (Table II) and the presence of

hydroxylated amino acids (data not shown>. The major fraction A-4 (12 mg> was

further investigated. The molar carbohydrate composition of fraction A-4 is

included in Table II. A-4 was fractionated by hplc into seven subtractions

(A-4-1 to A-4-7) (Fig. 3).
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FRACTION NUMBER

Fig. 2 Fractional:ion of acidic oLigosaccharides on a column (175 x 3.5 CM) of

Bio-Gel P-4. The column was eLuted with 50 mM pyridine acetic acid (pH

5.0, 800 ml), followed by a gradient of 0.1 to 1 M acetic acid.

Fractions of 2.5 ml were collected and every third fraction was

examined for hexose and tritium. F%ve main fractions A1-A5 were pooled

according to the bars (A1, 161-168; A2, 170-184; A3, 191-236; A4, 140-

294 and A5, 296-315).

Structure determination of_ sialyl oligosaccharides

The molar carbohydrate composition of A-4-1 to A-4-7 is given in Table I I I .

Starting from these data, the complete primary structures of the

oligosaccharides could be elucidated by employment of high-resolution (500-MHz)
1H-NMR spectroscopy. The chemical shifts of the structural-reporter groups of

these compounds are compiled in Table IV.

Compound A-4-1 could be identified as the disaccharide-alditol NeuAcaCZ-

6)6alNAc-ol (cf. Table I I I ) . I ts NMR characteristics (Table IV) match exactly

those described for this compound, obtained from other sources (20,25,26).

Similarly, comparison of the NMR data of A-4-2 with those of the branched

trisaccharide Gal^(1-3)CNeuAca(2-6)36alNAc-ol obtained from cow K-casein (25,26)
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TABLE I I

Carbohydrate composition of acidic oligosaccaride f ract ions separated by Bio-Gel

P-4 f i l t r a t i o n of the p-e l iminat ion cleavage product of f rac t ion 1-A

glycoprotein from bonnet monkey cerv ical mucus.

Content

Monosaccharide A-1

Fuc

Gal

GlcNAc

GalNAc

NeuAc

GalNAc-oL

a Molar ra t io

%

6.8

18.9

16.8

16.6

19.8

1.8

relative to

in fraction

A-2

X

6.9

14.0

15.7

18.0

18.9

1.0

X

6.4

17.4

13.9

17.3

21.1

4.8

GalNAc-ol.

A-3

Molara

ratio

0.11

4.50

2.76

3.62

3.13

1.00

X

6.3

23.4

13.9

16.1

19.1

14.5

A-4

Holara

ratio

0.59

1.99

0.99

1.12

0.95

1.00

4

20

4

5

27

24

X

.5

.4

.9

.0

.9

.6

A - 5

Molara

ratio

0.25

1.00

0.20

0.2

0.82

1.00

revealed that their structures are identical.

Compound A-4-3 was found to be the extension of A-4-2 with a Fuc residue in

a(1-2) linkage to Gal3 (for explanation of superscript notation, see Table IV,

footnote a). This structure is essentially identical to the acidic

tetrasaccharide Fuco<(1-2)GallH1-3>CNeuGla(2-6)DGalNAc-ol (27>, except for the

type of sialic acid in A-4-3 being NeuAc instead of NeuGl.

For compound A-4-4, the positions of the signals of H-2 (6 4.392/ and H-5

(6 4.280) of GalNAc-ol in the spectrum, point to the Gaip(1-3)CGlcNAcB(1-6)D

GalNAc-oL core type (18,28,29). The H-1 signal of Gal3 found at 4.462 U<| 2=

7.8 Hz), together with the H-4 signal at 6 3.907, indicate that A-4-4 contains

this core-Gal residue in terminal position (20,28,30). The (1-6)-linked branch

in A-4-4 could be identified to contain the Cad blood-group structure, by

comparing the NHR data of A-4-4 (Table IV) with those of the Cad pentasaccharide

structure
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002

0 01

A-4

23

60

Fig. 3 Hplc separation of sialyL-oligosaccharides A-4-1 to A-4-7 (peaks 1 to

7) of fraction A-4 on a 5 ym Lichrosorb NH2 column eluted with a linear

gradient of 4 : 1 to 1 : 1 (v/v> acetonitrile-water containing 2.5 mM

ammonium hydrogen carbonate for 70 min at room temperature and at a

flow rate of 1 ml/min (19).

GalNAc&(1-4)

NeuAc a(2-3)

GalB(1-3X
/ ^

NeuAca(2-6)

GaLNAc-ol
I

obtained front glycophorin-A of erythrocytes with blood-group Cad activity (31).

The set of chemical shifts observed in A-4-4 for NeuAc H-3ax and H-3eq (6 1.93

and 6 2.66/ respectively) is known to be typical for the occurrence of a so-

called internal sialic acid residue (31,32). Such a NeuAc residue is a(2-3)-

-linked to a Gal residue which also bears a sugar residue at C-4. The attachment
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TABLE III

Molar composition of sialyl oligosaccharides obtained by fractionation of

cervical mucus glycan fraction A-4 by hplc

A-4 subtraction

Nolar ratioa of monosaccharides

Fuc

-

-

0.7

-

0.7

0.6

0.5

Gal

-

1.0

0.9

2.0

2.1

1.6

3.4

GlcNAc

-

-

-

0.8

0.9

0.8

1.0

GalNAc

-

-

-

1.2

1.1

1.4

1.2

NeuAc

0.8

0.8

0.7

0.8

1.0

0.9

1.0

GalNAc-ol

1

1

1

1

1

1

1

A-4-1

A-4-2

A-4-3

A-4-4

A-4-5

A-4-6

A-4-7

a Relative to GalNAc-ol

of NeuAc in 0K2-3)-linkage to Gal is corroborated by the appearance of the Gal

H-3 signal at 6 4.15. The substituent at C-4 of Gal is p-linked GalNAc (compare

Table III), characterized by its H-1 doublet at 6 4.72 ij., 2
 = 8-1 Hz) and its

N^-acetyl signal at 6 2.014, the former is partly hidden under the HOD-line when

recording the NMR spectrum at room temperature, but could be visualized by

lowering the sample temperature to 5-10°C (compare inset Fig. 4 ) . The C-3,C-4

disubstituted Gal residue itself is 3(1-4)-linked to the core GlcNAc6. This

can be derived from the chemical shifts of H-1, H-6 and the N^-acetyl signal of

GlcNAc6, being 4.550, 4.000 and 2.062, respectively (28,33). Therefore, the

structure of A-4-4 is the following:

6alfl(1-3>

GalNAc-ol

Ga INAc p( 1-4) Ga 10 (1-4) G ICNACP (1-6 V

NeuAca(2-3)

The small but significant differences in chemical shifts of the N-acetyl
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protons of 3-GalNAc in A-4-4, compared to the Cad pentasaccharide (2.014 vs.

2.025, respectively) must attributed to the difference in branch location of

the Cad determinant. Analogously, the set of H-2, H-3 and H-4 resonances of the

disubstituted 0-Gal in this sequence appear to be slightly different for the two

compounds (6 3.35 / 4.15 / 4.11 vs. 63.42 / 4.16 / 4.09). Therefore, the

combination of the chemical shifts of these structural-reporter groups seems to

be suitable for branch localization of the Cad determinant in more complex

oli gosaccha rides.

The application of this finding to the spectra of the remaining three

compounds CA-4-5 to A-4-7> allows the recognition of the Cad sequence in the

(1-6)-linked branch. By consequence, the structural differences between

compounds A-4-4 to A-4-7 must be limited to the (1-3) branch. The carbohydrate

composition of the oligosaccharides (Table III) suggests that A-4-5 may be an

extension of A-4-4 with Fuc, whereas A-4-6 and A-4-7 have, in addition to

Fuc, an extra GalNAc or Gal, respectively.

In the 500-MHz ''H-NMF. spectrum of A-4-5 (Fig. 4) the structural-reporter-

group signals characteristic of Fuca(1-2> linked to Gal3 of the core (6 H-1

5.23, 6 H-5 4.27 and 6 CH3 1.24) are readily recognized (28,30). The a(1-2)-

linkage to Gal3 is confirmed by the H-1 signal of Gal3 at 6 4.57 (compare A-4-

3). Therefore, the structure of A-4-5 is:

Fuca(1-2)Gal|}(1-3>

GalNAc-ol

GalNAc 311-4)Ga 13 (1-4)GlcNAc3< 1-6)

NeuAca(2-3)

This implies that this oligosaccharide contains both the H and the Cad

blood group determinant. Comparison of the NMf, spectra of A-4-4 and A-4-5

shows that the apparent extension of Gal3 with Fuc in a(1-2) linkage, causes

some remarkable effects on the chemical shifts of other structural-reporter

groups. The H-5 signal of GalNAc-ol was found to shift from 6 4.280 to 6 4.254

(Table IV). The J^-acetyl signals of GalNAc-ol and GlcNAc6 have shifted from

6 2.067 and 6 2.062, respectively, both to 6 2.053 in A-4-5. The effects are in

line with those observed in the step from A-4-2 to A-4-3 as far as the GalNAc-oL

signals are concerned (compare also ref. 30, in particular the step from

compound 11 to 12 therein).
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Fig. 4 (a» 500-MHz 1H-NMR spectrum of compound A-4-5 in D20 at 2?°C. The inset

shows the H-1 of GalNAc which is visualized by Lowering the temperature

to 10°C. The s ignal , marked by ij> , stems from a frequently occurring,

non-carbohydrate, contaminant.

(b> Resolution-enhanced 500-MHz 'H-NMR spectrum of the oligosaccharide

a ld i t o l A-4-5 in D2O at 27°C. The re lat ive- intensi ty scale of the JJ-

acetyl proton region of the spectrum d i f fe rs from that of the other

parts, as indicated.

A - 4 - 6

Fuc2

H-1

GalNAc a l l -3!
\

Fuc a l l -2 IGa lpH

GalNAc|3(l -4IGalp(1 -iJGIcNAcfJO

NeuAcoc(2-3)'

GalNAc ^ NeuAc3

H-1 H -3eq

•3)

GalNAc-ol

-6)

.it.

NAc CH3

-oi

GlcNAc5

GalNAc3

prof on5

NeuAc3

GnlNAc" >

Ij

NPUAC3

H-3a»

Fuc'
CH3

!t
. 1 '

GI ' :NAc6 G a t '
H -1 H-1

G a l 3 GalNAc ' M- j
H - 4 H - l"t

GnlNAc3

H-2 GalNAc'
GalNAc3

 H . 4

G.-il' H 4
H-4 . J|

I H - 4

h-1 ' ' "

'MNAi . '
ol H 2 ! ! )

'•' H ^ 3 H-l H ' 5

" o l H * 5 P a l ' - o l GlcNAc 6

I I I I \'t

Fig. 5 Resolution-enhanced 500-MHz ''H-NMR spectrum of the oligosaccharide

a ld i t o l A-4-6 in D20 at 27°C. The re lat ive- intensi ty scale of the fJ-

acetyl region of the spectrum d i f fers from that of other parts, as

indicated C* spinning side band).
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Table IV

H chemical shif ts of structural reporter groups of constituent monosaccharides

for the monosialyl oligosaccharide-aLditols A-4-1 to A-4-7 derived from cervical

mucus glycoprotein A of the bonnet monkey

Residuea

GalNAc-ol

Gal3

GlcNAc6

Gal*

NeuAc6

NeuAc3

GalNAc4

Fuc2

GalNAc3

G a l 3 ' 3

Reporter
group

H-2

H-3

H-4

H-5

H-6

H-61

NAc

H-1

H-4

H-1

H-6

NAc

H-1

H-2

H-3

H-4

H-3ax

H-3eq

NAc

H-3ax

H-3eq

NAc

H-1

H-4

NAc

H-1

H-5

CHj

H-1

H-2

H-4

H-5

NAc

H-1

H-2

H-4

H-5

Chemical

A-4-1

4.246

3.846

3.411

4.023

3.846

3.529

2.055

-

-

-

-

-

-

-

-

-

1.701

2.727

2.032

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

sh i f t b in c

A-4-2

4.378

4.055

3.534

4.244

n.d.

3.,486

2.047

4.474

3.894

-

-

-

-

-

-

-

1.692

2.726

2.033

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

A-4-3

" >

4.381

4.063

3.540

4.221

n.d.

3.482

2.038

4.583

3.916

-

-

-

-

-

-

-

1.700

2.730

2.034

-

-

-

-

-

-

5.268

4.269

1.235

-

-

-

-

-

-

-

-

-

A-4-4

• -T*
4.392

4.058

3.485

4.280

3.937

n.d.

2.067

4.462

3.9075

4.550

4.000

2.062

4.546

3.352

4.150

4.112

-

-

-

1.925

2.O59

2.032

4.711 f

3.917e

2.014

-

-

-

-

-

-

-

-

-

-

-

-

A-4-5

4.399

4.085

3.482

4.254

3.93

n.d.

2.053

4.571

3.923

4.560

4.003

2.053

4.544

3.354

4.152

4.112

-

-

-

1.927

2.660

2.031

4.7229

3.914

2.014

5.226

4.272

1.244

-

-

-

-

-

-

-

-

-

A-4-6

*

4.294

4.076

3.482

4.210

3.925

n.d.

2.04 9d

4.676

4.214

4.576

4.010

2.052

4.547

3.354

4.152

4.113

-

-

-

1.925

2.659

2.032

4.713 f

3.916

2.015

5.378

4.322

1.232

5.185

4.251

4.020

4.160

2.049e

-

-

-

-

A-4-7

D-*,p

4.324

4.085

3.482

4.219

3.923

n.d.

2.050

4.697

4.278

4.576

4.002

2.050

4.547

3.355

4.152

4.113

-

-

-

1.925

2.660

2.031

4.738 (4.714fl

3.916

2.014

5.349

4.317

1.227

-

-

-

-

-

5.259

4.026

4.015

4.119
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(Table IV continued"
a A superscript at the name of a sugar residue indicates to which position of

the adjacent monosaccharide it is glycosidically linked. A second

superscript is used to discriminate between (1-3)-linked Gal residues; it

indicates the type of linkage of the neighbouring monosaccharide.

Chemical shifts are expressed in ppm relative to internal DSS isodium 4,4-

-dimethyl-4-si lapentane-1-sulfonate.) but were actually measured to internal

acetone (6 2.225), in 020 at 27°C.

c For complete structures of the compounds, see text. ]n the table-heading the

structures are represented by short-hand symbolic notation; = GalNAc-ol,

= Gal, = GlcNAc, = NeuAc3, = NeuAc6, =

Fuc, = a-Gal, = a-GalNAc.

d'e Assignments may have to be interchanged.

^ Values determined at 5°C.
9 Values determined at "iO°C.

]n A-4-6 identification of the (1-3>-Linked branch (for spectrum, see Fig.

5) is readily achieved by comparison of its 500-MHz Ĥ NHR-parameters with those

of the tetrasaccharide-alditol GalNAca(1-3)[Fucai1-2):Gaiei1-4>Glc-ol (34) and

with those of the acidic pentasaccharide-alditol GalNAca(1-3) CFuca(1-2)3

Gal0(1-3)CNeuGla(2-6)DGalNAc-ol given in 127). Ut should be noted that the

spectrum of the latter compound (Fig. 6) contains a couple of corrected

assignments in comparison with earlier 360-HHz data (cf. refs. 34-36)) The

simultaneous occurrence in the spectrum of A-4-6 of two H-1 signals of a-

linked residues (6 5.378, Fuc^; 6 5.185, GalNAc3* in conjunction with the

presence of Fuc H-5 at 6 4.322 and of GalNAc3 H-2, H-4 and H-5, at 6 4.251,

6 4.020 and 6 4.160, respectively, point to the A-determinant sequence in

A-4-6. Therefore, the structure of A-4-6 is:

GalNAca(1-3)

Fuca(1-2)Gal3(1-3)

GalNAc-ol

GalNAc3(1-4)Gal0l1-4)GlcNAcP(1-6)/

NeuAca(2-3)'
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Fuc'
H-l

GalNAc ct (1.3)

Fucocl1-2)Gaip(l-3)

NeuGl a (2-6)

GalNAc3

H-1

I
1

GalNAc-ol
/

NeuGl6

H-3eq

1 '

acetate

NAc CHT protons
GalNAc3

-o l

1- IR ]

NeuGlb

GalJ

-o l
H-2

Fuc? A
H-5 ''

GalNAc3

H-2

H-5

A :,

NeuGl"
NGl
CH2

' Gi
H-

H°3 '

A ":

MeuGl6

, H-7
1 ,- ol • ol

'I ' l :

. - . * ' . , , - , • • . - v , . y - • • . • ' - ,

GaIJ '?GalNAc3 GalNAcJ

H-4 [ H-5 H-4

-C J9 3 6 ' " i "

Fig. 6 Resolution-enhanced 500-MHz ''K-NMR spectrum of the acidic penta-

saccharide-aLditoL (27) supplied with the corrected assignments. The

spectrum is recorded in DgO at 20°C.

Conceiving A-4-6 as an extension of A-4-5, with an a-GalNAc, profound

shi f t effects are observed on the signals of H-2 and H-5 of GalNAc-ol, H-1 and

H-4 of Gal3 and H-1, H-5 and CH3 of Fuc (Table IV). These effects are

essential ly ident ical to those observed in the step from the acidic H+

tetrasaccharide Fuca(1-2>Gal0<1-3)tNeuGla<2-6)3GalNAc-ol to the acidic A+

pentasaccharide (27,35).

The 1H-NMR spectrum of A-4-7 (Fig. 7) shows, l ike that of A-4-6, two <x-

anomeric signals, but now at 6 5.349 and 6 5.259. In combination with the

knowledge of the presence of an additional Gal residue as compared to A-4-5

(Table I I I ) , these are assigned to a- l inked Fuc and Gal, respectively.

Comparison with l i terature ''H-NMR data on the blood-group-B determinant (29.35)
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A - 4 - 7 GalNAc-ol

GalNAcpi1-4)Gaip(1-4)GlcNAc()(1-6)''

NeuAc «12-31

F.,c - i - a l J J

H-i w- i

NeuAc'

H-3eq

I

NAc CH3 protons

-ol

NPUAC3

GdINAc'' r"i7

NeuAc3

H-3ax

1 '

11.

•.' v - ' .ft. "

GalNAc' Gar

GlcNAc5 Ga1.'
H- l H-1

-ol
H-2

Gal" '
H-t

Gal4 ' -ol
H-3 ' H - i

A
. Gal3'3

H-2 |

^ G a i 3 y I

' . l' H - 5 , , ' • , ; I. |

Fuc2H-5 Gal33H-5 GlcNAc6 H-6

I i
-Ol /
H-4 Gal4

(\

iO 39 38 37 36 35

Fig. 7 Resolution-enhanced 500-MHz 'H-NMR spectrum of the oLigosaccharide

a ld i t o l A-4-7 in D2O at 27°C. The relat ive- intensi ty scale of the JJ-

acetyl region of the spectrum d i f fers from that of the other parts, as

indicated (* spinning side band».

learns that A-4-7 possesses th is sequence in i t s (1-3)-branch. So i t can be

concluded that A-4-7 possesses a blood group Cad and a blood group B determinant

j o in t l y in one oligosaccharide as fol lows:
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Gala(1-3)

Fuca(1-2)Gal3(1-3)

GalNAc-ol

GaLNAc3(1-4)Gal3(1-4)GLcNAc3(1-6)

NeuAcoc(2-3)

The apparent extension of A-4-5 (blood-group H determinant) with an a-

linked Gal residue to A-4-7 (blood-group B determinant) causes profound shift

effects on H-2 and H-5 of GalNAc-ol, H-1 and H-4 of GaL^ and on H-1, K-5 and

CH3 of Fuc ITable IV) (cf. 35).
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CHAPTER 10

STRUCTURE OF THE MONOSJALYL OUGOSACCHARIDES DERIVED FROM

SALIVARY GLAND HUC1N GLYC0PR0TE1NS OF THE

CHINESE SU1FTLET (GENUS COLLOCALIA)

Characterization of novel types of extended core structure,

GaLB(1-3>CGlcNAc3(1-6):GalNAcn((1-3)GaLNAcl-ol>/ and of chain

tertni nat i on, CGala(1-4) 3Q_1 Ga I 3(1-4) Ga 10 (1-4) GlcNAc3 ( 1 - - >

Jean-Michel WJERUSZESK1, Jean-Claude MICHALSKi,

Jean MONTREUIL and Gerard STRECKER

Laboratoire de Chimie Biologique et Laboratoire Associe1 au CNRS
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lns t i t u t fUr Physiologische Chemie, UniversitSt
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Utrecht, Utrecht, The Netherlands.

SUMMARY

The mucus g l ycop ro te ins from the s a l i v a r y gland of Chinese s w i f t l e t s (genus

Col loca l ia l , the so-called nest-cementing substance, are mainly constitued of

s ia l i c acid-r ich j)-glycosylproteins. Alkaline reductive treatment of the crude

material led to the release of some neutral and numerous monosialyl and d i s i a l y l

oLigosaccharides. These were fractionated by gel f i l t r a t i o n and anion-exchange

chromatography and high-performance Liquid chromatography.

The structures of the monosialyl oligosaccharides were established by

combination of sugai— and methylation analysis, fast-atom-bombardment and
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electron-impact mass-spectrometry after permethylation, and Ĥ-NMR spectroscopy

(at 500 MHz). Typical ly , some of the monosialyl oligosaccharides appeared to

possess the core structure Galp(1-3)CGlcNAcp(1-6)]GalNAca(1-3)6alNAc-ol..

Moreover, the (1-6)- l inked branch consisting of an unusual d i - or t r iga lac tosy l

sequence, r.Gala(1-4>]n--,Gal3(1-4>Gaip(1-4)GlcNAc3<1-6).

Thus, the most complex representatives of the monosialyl f rac t ion from

Collocalia roucin were found to be:

NeuAca(2-3)Galp(1-3).

GalNAc-oL

GaLal1-4)Gal3(1-4)Galp(1-4)6lcNAc3<1-6) /

and

NeuAca(2-3) Ga 13(1-3).

GalNAca(1-3)GalNAc-ol

6ala(1-4)Gal3(1-4)GaL3(1-4)GlcNAc3(1-6)

The other compounds ident i f ied are pa r t i a l structures thereof.

INTRODUCTION

The nest-cementing substance of Chinese sw i f t le ts (genus Collocalia)

contains both ^ - and j)-glycosylproteins, and represents a natural source of a

carbohydrate r ich material (1) . Some of the neu t ra l s - l i nked oligosaccharide

chains have been characterized (2 ) . We have studied the s i a l y l oligosaccharide-

-a l d i t o l s released from the crude edible b i rd 's nest material by reductive-

3-el imination and subsquently separated by high-performance liquid-chromato-

graphy (hplc> . Here we report on the primary structure of f i ve novel

ol igosacchar ide-aldi to ls, determined by fast-atom-bombardment (FAB) and

The abbreviations used are: hplc, high-performance l iqu id chromatograpy; g lc ,

gas- l iquid chromatography; El-HS, electron-impact mass-spectrometry; FAB-MS,

fast-atom-bombardment mass-spectrometry; NHR, nuclear magnetic resonance; NOE,

Nuclear Overhauser enhancement; GalNAc-ol, ^-acetylgalactosaminitol .
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electron-impact (El) mass-spectrometry (MS), methylation ana lys is , and 500-MHz

H-NMR spectrometry. A pre l iminary account of t h i s inves t iga t ion was presented

previously^.

EXPERIMENTAL PROCEDURES

Fract ionat ion of_ reduced ol igosaccharides

Edible b i r d ' s nest mater ia l was obtained from Yuen Wo B i rd ' s Nest Co., Kong

Kong. The mater ia l (6 g> was powdered with a Waring blendor and submitted to

a lka l ine reductive degradation i n 50 mM NaOH containing 1.0 N NaBH^ (250 ml) at

37°C fo r 48 h. The react ion was stopped by addi t ion of Dowex 50 X 8 (25-50 mesh;

H+) i n the presence of 0.2 ml oc tano l , at 4°C. The so lu t ion was f i l t e r e d ,

adjusted to pH 5.5 with 0.1 M NaOH and then concentrated under reduced pressure.

Boric acid was removed by c o d i s t i l l a t i o n with methanol. The mater ia l was then

f rac t iona ted on a Bio-Gel P-4 column (3 x 50 cm). The main f r ac t i on ( f r ac t i on C>

was appl ied on a column (2 x 15 cm> of Dowex 1 X 2 (200-400 mesh; acetate) .

A f te r washing with 200 ml water, the s ia ly lo l igosacchar ides were eluted with a

discontinuous gradient (20, 50 , 100 and 200 raM> of pyr id ine-acet ic acid buf fer

(pH 5 .6 ) .

Ana ly t i ca l procedures

Reduced oligosaccharides were iso la ted by hplc on primary amine bonded

s i l i c a (5 pm Amino AS-5A column; 0.4 x 25 cm). A so lu t ion of CH3CN-15mM KHjPO^

bu f fe r , pH 5.2 (75 : 25 v /v) was applied fo r 25 min, fol lowed by a l inear

gradient from 75 : 25 to 55 : 45 v /v for 65 min. The f low rate was 1 ml/min and

the oligosaccharides were detected by UV spectroscopy at 200 nm.

The molar ra t ios of hexoses, j j-acetylhexosamines, ^-acety lhexosamini to ls

and fj-acetylneuraminic acid were determined by glc of the t r i f l u o r o a c e t y l

Wieruszeski, J . - M . , H i cha l sk i , J . - C , Mont reu i l , J . , Strecker, G . , Peter-

K a t a l i n i c , J . , Egge, H. , Van Halbeek, H . , Hutsaers, J .H .6 .H . , and VLiegenthart,

J .F.G. (1984) Abstr. X l l t h I n t . Carbohydr. Symp. Utrecht (The Netherlands), p.

435 (Vonk, Zeis t )
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derivatives (3 ) , obtained after methanolysis of oligosaccharide-alditols

(methanol-0.5 H HCl, 24 h, 80°C).

The methylation analysis was performed according to Finne et_. a_l_. (4). The

par t ia l l y methylated methylglycosides released by methanolysis were acetylated

(pyridine-acetic anhydride; 1 : 10 v/v; 0.2 ml) and the products were analysed

by glc-MS (5) with a capi l lary column (0.33 mm x 25 m> coated with fused CP-S3L

5 CB (temperature programme, 100 - 240°C, at 5°/min).

Mass spectrometry was performed on a ZAB HF reversed geometry mass

spectrometer (VG Analyt ical , Manchester, U.K.). For FAB-MS, the sample was

bombarded with xenon atoms having a kinet ic energy equivalent to 9 keV.

Permethylated oligosaccharides (3-5 pg) were added in methanolic solution (1 \>.l)

to a thioglycerol matrix (1-mercapto-2,3-propanediol, Ega Chenie, Steinheim

F.R.G.). Positive ion spectra were recorded in a mass controlled scan of 300-500

sec duration. The spectra were evaluated by counting the spectral l ines. The

values presented are therefore nominal masses. They are lower by about one mass

unit per 2000 units as compared to the calculated exact physical masses.

EJ-MS was performed on the same instrument. Samples of 5-10 ug of

permethylated oligosaccharide were introduced in shallow quartz tubes close to

the electron beam and heated indi rect ly by the heater of the ion source to 250-

290 °C un t i l relevant signals were obtained. The ionisation energy was 25 eV and

the acceleration voltage 8 kV. Linked scan measurements were performed under

elecron impact ionization in order to establish fragmentation pathways. For the

detection of mother ions, B"-/E measurements were used and for the detection of

daughter ions B/E and HIKES (mass-analysed ion kinetic energy spectrometry*

(6).

Prior to K̂-NMR spectroscopic analysis, the oligosaccharide-alditol

fract ions were repeatedly treated with DjO at pD 7 and room temperature. After

each exchange treatment the materials were lyophil ized. Finally the samples were

redissolved in 400 u I D20 (99.96 mol% D, Aldr ich, Milwaukee, WI). ''H-NMR

spectroscopy was performed on a Bruker WM-500 spectrometer (SON hf-NMR-faciLity,

Deparment of Biophysical Chemistry, Nijmegen University, The Netherlands),

operating at 500 MHz in the Fourier transform mode and equipped with a Bruker

Aspect 2000 computer. Further experimental deta i ls , have been reported (7) . For

the recording of NOE-difference spectra, 20 ul acetone-D^ was added to the

sampLes; the deuterium resonance of the acetone was used as a field-frequency

Lock signal. NOE-difference spectra were obtained according to (8) in
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op
2

80 12O 160 2OO 24O

Fig. 1 . Bio-Gel P-4 chromatography of oLigosaccharide-alditoLs released from

Collocalia mucin by alkal ine reductive treatment. Fractions A-D were

pooled as indicated by the bars; the yields were as fol lows: A, 572 mg;

B, 250 mg; C, 914 mg; D, 380 mg.

00 optical density.

combination with a DANTE pulse sequence for selective suppression of the HOD-

line (9). Resolution-enhancement of the spectra was achieved by Lorentzian-to-

Gaussian transformation. The indicated probe temperature was 27°C/ and was kept

constant within 0.1°. Chemical sh i f ts (6) are expressed in ppro downfield from

internal sodium 4,4-dimethyl-4-silapentane-1-suLfonate IDSS), but were actually

measured by reference to internal acetone (6 2.225 in DoO at 27°C), with

accuracy of 0.002 ppm.
an

RESULTS

Fractionation of reduced oligosaccharides.

Oligosaccharides released by alkaline reductive treatment were fractionated
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Fig. 2. Semi-preparative hplc of the monosialyl oligosaccharide-aLditoLs

(fract ion C20) on 5 pm Amino AS-5A. For chromatographic conditions, see

Experimental Procedures.

as described under "experimental procedures". Four fractions (A-D) were obtained

after Bio-Gel P-4 chromatography (Fig. 1) . The main fract ion C was subdivided by

ion-exchange chromatography into neutral , monosialyl and d i s ia l y l

oligosaccharides. The mixture of apparently monosialyl compounds (fract ion C-20)

was further fractionated by semipreparative hplc (Fig. 2) . 3n addition to

contaminants (M1 to M4) f ive monosialyl oligosaccharides (denoted M5 to M9)

were obtained in pure state; the structures of the oligosaccharides were

investigated.

Structure determination of the monosialyl ol igosaccharide-alditols.

The molar carbohydrate composition of the hplc-separated monosialyl

oligosaccharide-alditols H5 to M9 is given in Table 1 . The results of the

methylation analyses of PI5 to H9 are summarized in Table 11. A typical example

of a gaschromatogram representing the mixture of par t ia l l y methylated methyl

glycosides derived from such a monosialyl oligosaccharide-alditol is shown for

M5 in Fig. 3 . I t is interesting to note that the methanolysis of methylated
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TABLE I

Molar carbohydrate composition of the monosialyl oligosaccharide-alditols H1 to

M9 derived from CoLlocaLia mucin.

Sample

M5

hpl

H7

M8

M9

Molar r a t i o

GalNAc-ola

1.0

1.0

1.0

1.0

1.0

Gal

3.0

2.5

4.2

3.3

4.2

GalNAc

-

0.8

-

0.9

0.9

GUN Ac

1.0

0.9

1.1

1.1

1.1

NeuAc

0.8

0.8

0.8

0.9

0.9

a including anhydro der ivat ives

b consist ing of (16 and M5 in the ra t ion 4:1

o l igosacchar ide-a ld i to ls lead to the formation of 1,4,5-Me3-3,6-anhydro-

-GalNAc(Me)-ol (F ig . 4 ) . In order to reveal t he i r molecular masses, the

permethylated compounds M5 to M9 were subjected to FAB-MS in the pos i t i ve - ion

mode. In add i t i on , El-MS was applied fo r obtaining sequence informat ion. The

high-mass ranges of the FAB spectra showing the pseudomolecular ions, and the El

spectra including structures and mlz_ values of the predominant El fragment-ions

are presented in F ig . 5. The native samples M5 to M9 were invest igated by

500-MHz ''H-NMR spectroscopy in aqueous so lu t ion. Their relevant NMR-parameters

are compiled in Table 111.

Compound H5

The FAB-mass spectrum of permethylated M5 revealed a pseudo-molecular ion

of m/z_ 1548 (H + Na+ ) , g iv ing r ise to W = 1525. This value in combination with

the carbohydrate composition (Table 1 ) , proves H5 to be a hexasaccharide

consist ing of Ga l , GlcNAc, NeuAc and GalNAc-ol in the ra t io of 3 : 1 : 1 : 1 .

The resul ts of the methylation analysis (Table I I ) and the El-MS data (the

absence of fragment jn/_z Z16, (F ig . 5a) point to 3 ,6 -d isubs t i tu t ion of GalNAc-ol.

The fragment m/z_ 580 of low in tens i t y in the El-MS is correlated to the NeuAc-
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3

/ S

' 1[k

* s

1

II
12 ta 2 4 Time (mln)

Fig. 3. Gaschromatogram of the pa r t i a l l y methylated methylglycosides derived

from [15. (Note the occurrence of peak 4 ; i t s El-MS pattern is given in

Fig. 4.) 1 : 2,3,4,6-Me4-Gal; 2: 2,3,6-Me3~Gal; 3: 2,4,6-Me3-Gal; 4:

1,4,5-Me3-3,6-anhydro-GalNAc(Me)-ol; 5: 3/6-He2-GlcNAc(rie); 6: 1,4,5-

-ne3-GalNAc(Me)-ol; 7: 4,7,8,9-Me4-NeuAc(Me).

100

X

u.

88

142 CH,OCHj

4JJ

H — N* J

88-130 ^COCHj

229

OCH, H

Fig. 4 . El mass spectrum of 1,4,5-Me3-3,6-anhydro-GalNAc(Me)-ol.

-Gal sequence. A preferred cleavage occurs between C-4 and C-5 of GalNAc-ol

giving rise to m/^783. Elimination of NeuAc-Gal from the molecular ion produces

an ion at m/£ 929 wich is accompanied by m/z_ 975 and rn/z 897 (elimination of

CH3OH). The ion pairs mlz_ 219, 187 and m/_z 668, 636 in the El spectrum reveal

the composition of the second branch to be Gal-Gal-GlcNAc; the sequence of the

lat ter is established from the presence of fragments m/z 1086 CM+ minus Gal-
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TABLE II

Molar ratios of partial ly methylated monosaccharides present in the

methanolysates of the permethylated oligosaccharide-alditols HI to M9 derived

from Collocalia mucin.

Methylethers Molar ra t io a in oligosaccharide-alditols

M5 fract ion 6 M7 H8 H9

2,3,4,6-Me4-Galb

2,3,6-Me3-Gal

2,4,6-He3-Gal

3,6-Me2-GLcNAc(He)

1,4,5,6-Me4-GaINAc(Me)-c

1 /4,5-He3-GaINAc(Me)-ol

1,4,5-Me3-3/6-anh.GalNAc(Me)

4-Me-GalNAc(Me>

4,7,8,9-Me4-NeuAc(Me>

- o l

0.9

1.1

1.1

1.0

0.8

0.3

1.1

1.0

0.8

0.8

2.1

1.2

1.0

_

0.9

1.3

1.1

1.0

0.?

0.8

2.1

1.1

1.0

0.9

• o l
0.9

1.1

0.7

1.0

1.1

1.1

0.7

0.9

0.8

1.1

a calculated relat ive to 3,6-Me2-GalNAc(Me> = 1.0
b 2,3,4,6-Me4-Gal, 2,3,4,6-tetra-0-methyl methylgalacto;ide, etc.
c consisting of H6 and (15 in the rat io 4:1

-Gal) , m/z_ 1290 (H+ minus Gal) and the absence of an ion pair at jn/£ 464, 432

(terminal Gal-GlcNAc, compare M6, see below).

]n the 500-MHz 1H-NMR spectrum of M5 (Fig. 6a), the GalNAc-ol H-2 and H-5

resonances are observed at 6 4.385 and 6 4.267, respectively; th is points to the

Gal3(1-3)CGlcNAc3(1-6)DGalNAc-ol core-type (10-13). The resonance posit ion3 of

Gal3 H-1 (6 4.530, J^ 2
 = 7 -9 H z ) i n combination with that of i t s H-3 signal,

and the set of chemicaL shi f ts for H-3ax and H-3eq of NeuAc (Table ] I I ) ,

indicate that the Gal3 residue is substituted with NeuAc in a(2-3) linkage

For explanation of superscript notat ion, see footnote to Table I I I .
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Fig. 5. FAB- and El mass spectra and fragmentation schemes of permethyLated

oLigosaccharide-alditols. (a> M5; (b; M7; (c1 ) hplc f ract ion 6;- U^> H6;

(d) M8; (e) H9.

(14-16). The H-1 and H-6 signals of GlcNAc6, being found at 6 4.555 (Ji 2
 = 8 - 3

Hz) and 6 3.996, respectively, are indicative of the occurrence of th is GlcNAc

in an JJ-acetyllactosamine unit CGal3(1-4)GlcNAc0(1-6)3 (12). The th i rd Gal

residue present in M5 (Table 1) is 3C1-4) Linked to Ga l 4 ' 6 . The p-configuration

of the linkage is evident from the value of J1 2
 ( ' - 8 H z ) o f t h e anomeric signal

at 6 4.595. The type of linkage of G a l 4 ' 4 ' 6 to Ga l 4 ' 6 was proved to be (1-4) by

NOE-difference spectroscopy. Presaturation of H-1 at 6 4.595 gave rise to a

clearly observable interglycosidic NOE effect on H-4 of Ga l 4 ' 6 at 6 4.188

(compare Fig. 8c). Therefore, the stucture of M5 was established to be:

NeuAc a(2-3) Ga 13(1-3).
GalNAc-ol

Gal 3d-4)Gal 3(1-4)G leNAc3(1-6)'
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Table III
H Chemical s h i f t s of s t ruc tu ra l - repor te r -g roup protons of the const i tuent

monosaccharides fo r the monosialyl o l igosacchar ide-a ld i to ls M5 to H9 derived

from Col loca l ia mucin, and fo r a re la ted compound (R) derived from cow-colostrum

K-casein (14)

Residue0 Reporter

group

Chemical s h i f t a i n b

R

(14)

M5 M7 M6 M8 M9

GaLNAc-ol H-2

H-3

H-4

H-5

H-6

NAc

4.389

4.069

3.435

4.271

3.927

2.065

4.385

4.065

3.435

4.267

3.894

2.064

4.387
4.067
3.435
4.268

3.9

2.066

4.380

3.88

n.d.

n.d.

n.d.

2.043

4.376

3.886

3.6

n.d.

n.d.

2.043

4.377

3.887

n.d.

n.d.

n.d.

2.045

GalNAc-5 H-1

H-2

H-3

H-4

H-5

H-6

NAc

5.109

4.396

4.04

4.262

4.155
4.081

2.07 5

5.110

4.395

4.039

I*.262

4.153

4.082

2.07 5

5.111

4.396

4.041

4.262

4.153

4.082

2.076

GalJ

GlcNAc6

G a l 4 ' 6

H-1

H-3

H-4

H-1

H-6

NAc

H-1

H-4

4.532

4.114

3.922

4.558

3.993

2.065

4.467

3.931

4.530

4.113

3.928

4.555

3.996

2.064

4.498

4.188

4.530

4.113

3.930

4.558

3.997

2.066

4.503

4.204

4.540

4.07

3.931

4.607

3.998

2.037

4.467

3.91

4.538

4.074

3.931

4.605

3.997

2.037

4.499

4.189

4.539

4.070

3.931

4.607

4.003

2.038

4.503
4.204
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(Table I I I continued)

Residue0

G a l 4 ' 4 ' 6

G a l 4 ' 4 ' 4 ' 6

NeuAc3

Reporter

group

i

I

H-1
H-4

H-1

H-4

H-5

H-3ax

H-3eq

NAc

Chemical s h i f t a

R

(14)

-

-

-

-

1.801

2.773

2.032

H5

u-m-tr

4.595

3.903

-

-

1.799

2.770

2.033

i n b

H7

4.709

4.028

4.953

4.035

4.366

1.800

2.773

2.033

M6

-

-

_

-

-

1.783

2.760

2.028

M8

4.597

3.902

_

-

-

1.783

2.7 59

2.028

H9

4 4 4

4.710

4.027

4.953

4.034

4.365

1.784

2.7 59

2.029

a Chemical sh i f ts are given for D20 solutions at pD 7 and at 27°C, in ppm

downfield from DSS (using in ternal acetone at 6 2.225).

° For complete structures of the compounds, see tex t . 3n the table-heading, the

structures are represented by short-hand symbolic notat ion; () = GalNAc-ol;

^ = GalfJAc; • = GlcNAc; • = Gal and A =NeuAc.
c A superscript at the name of a sugar residue indicates to which posit ion of

the adjacent monosaccharide i t is g lycos id ica l ly - l inked. More than one

superscripts are used to discriminate between identically-bound Gal

residues; they indicate the types of linkages of the neighbouring residues in

the sequence.

n.d. Not determined.

Apparently, attachment of Gal in 3(1-4)-l inkage to another Gal residue

affords considerable downfield sh i f t effects for H-1 and H-4 of the la t te r

residue, as can be inferred from comparison of the data for M5 with those for

reference compound E (14) (Table I I I ) . The rather downfield posit ion of these

reporter-group signals make th is structural element recognizable; they are

su f f i c ien t l y d i f ferent from the chemical sh i f ts that are characterist ic of the
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NeuAc oc(2-3)Galfi(1~3),

GalNAc-ol

NAc CH3 protons

NeuAcJ

Gal[3(1-4)Galp(1-4)GlcNAcp(1-6

NeuAc

Gal ' ' - 6

H-1
GlcNAcb

H-1
Gal

' . ^ 4.6
, H -1

I ! i i >
. I .

-01
H-2

-ol
H-5

Gal'-6

H-4

;

1

Gal3

H-3

' • > - o l

fi (i H-3

Gal4-4

H-4-

Gal3

H-4

GlcNAc6

H-6 ;

A, ,'
\ <! 1

f

.1 r
1 I'

6

1
•I

!

i

H-3eq
i 1

1

, | |

1 -1 '
) • ' 1 1

1 '

1

• 2

1
1 1 1

!>'

' ' ' ;i 1
. ' ' • • . .

Fig. 6a 500-MHz 1H-NMR spectrum ID2O; pD 7; 27°C) of monosialyL oligosaccharide-

aLditol H5. The re lat ive- intensi ty scale of the ]£-acetyl proton region

deviates from that of the other parts of the spectrum, as indicated.

Gaipd-3)GaL3(1-4) element (17), to render possible their unambiguous

identification.

Compound M7

Combining the results of FAB-MS (M + Na+ = 1752) (Fig. 5b) with the data of

sugar analysis of M7 (Table I ) , the compound appeared to be a heptasaccharide

containing Gal, GlcNAc, NeuAc and GalNAc-ol in the rat io of 4 :1 :1 :1 . Comparison

of the MS-spectra (Fig. 5b> and the 1H-NHR-spectrum (Fig. 6b) of M7 with those

of M5 (Fig. 5a, 6a and Table I I I ) shows that M? can be considered as an
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Gal4.4.4.6
M7 NeuActx(2»3)Gal(i(1-3).

GalNAc-ol

NeuAc-"
H-3eq

NAc CH3 protons

GlcNAc6

-o l

NeuAc-1

H-3ax

Gal 4.4.6 GlcNAc6

•Y.

Gal'
H-1

4.6

G a l " 4 6

H-4

-ol Gal'-4-6

H-3 ''H-4

-o l -d l Gal3 GlcNAc6

H-2 H-5 H-3 '. H-6

À Gai

l

H - 5

Fig. 6b 500-HHz 1H-NHR spectrum (D2O; pD 7; 27°C) of monosialyl oLigosaccharide-

a l d i t o l M7. The relat ive- intensi ty scale of the jJ-acetyl proton region

deviates from that of the other parts of the spectrum, as indicated.

extension of M5 with another Gal residue. The ion pair at m/z_ 872, 840 indicates

that th is addit ional Gal residue is attached to the Gal-Gal-GlcNAc moiety

present in M5. Other sequence ions l ike mlz_ 1133, 1101 and jn/z_ 1179 are

accordingly shif ted to values 204 mass units higer. The ions representing the

NeuAc-Gal-GalNAc-ol moiety: rn/£ 376, 344, 580, 739, 783 remain present,

unaltered as compared to M5.

In the 1H-NMR spectrum of M7, the posit ion of the H-1 signal of the

additional Gal residue (6 4.953» together with i t s J.j 2 l*«1 Hz> i s

characteristic of a Gala(1-4)Gal sequence (18,19). The H-5 signal of the a-Gal

residue is observed outside the bulk resonance of sugar skeleton protons, at 6
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hpic fraction 6

J

Fig. 7a 500-MHz 1 H-NMR spectrum (D20; pD 7; 27°C) of the mixture of monosialyl

oligosaccharide-alditols M5 and M6 CHPLC fract ion 6) . The re la t ive-

- in tensi ty scale of the ^-acety l proton region deviates from that of the

other parts of the spectrum as indicated.

4.366. Therefore, the structure of M7 is as fol lows:

NeuAca(2-3)Gal0(1-3)
\

GalNAc-ol

Gala(1-4)Gal3(1-4)GalBn-4)GlcNAc3(1-6)'

Owing to extension with the a(1-4)-linked Gal residue, the H-1 and H-4 of

undergo considerably large dounfield shift effects (compare M5 and M7

in Table III: for H-1 A6 = 0.114 ppm, and for H-4, A6 = 0.125 ppm). The

parameters typical of the Galtx(1-4)Gal3U- •) sequence are sufficiently different
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NAc CH~ protons

M6 NeuAccx(2-3)Galf)(1-3).

lcNAcP(l-6)'

\
GalNAc oi(1-?)GalNAc-ol

GlcNAc0

GalJ

H-l

I III) i i I I

- O L

H - 2
GalNAcr

a c h

H-6 *

,H-3 Gal3

/)'. GalNAc GalNAc ( :. ; ', .'. ,'
f'ii H-t H-5 , ,'

••' G a l N A c J

H-2

v f GalJ

•' H-3

NeuAcJ

H-3eq

n • if

'Y'-'-wr--

Fig. 7b 500-MHz ''H-NMR spectrum <D20; pD ?; 27°C) of compound M6 (result ing

from subtraction of spectrum 6a from 7a). The re lat ive- intensi ty scale

of the ]£-acetyl proton region deviates from that of the other parts of

the spectrum, as indicated.

from those of Gala(1-3)Galß(1- •) (19,20) to permit their ident i f ica t ion on the

basis of chemical shi f ts of structural-reporter groups only.

Compound M8

The molecular weight of permethylated M8, as determined by FAB-MS

CM + Na+ = 1793) is 1770. This result, together with the sugar composition

(Table 1), allowed to precise that M8 is a heptasaccharide consisting of Gal,

GlcNAc, NeuAc, GalNAc and GalNAc-ol in the ratio of 3:1:1:1:1. The occurrence of

a 3,6-disubstituted GalNAc in M8 is indicated by the finding of 4-mono-Me-
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NAc CH3 protons

GalNAc3

H-1 M8 NeuAc«(2-3)GaLP(1-3)v

Gal|M1-4)Gaip(1-4)GlcNAcfl(1-b)/'

GaLNActx.ll-3ICialNAc-oL

Gal3

H-1
GalNAt 3

H-1
GlcNAi/-

N(-jAi '

H I c l

GlcNAcc

H-1

G.ilNAc*
H-2

GalNAc J

H-4

GalNAc-1'

•h H-2
'•' -ol

- C i l

H - 1

I I,

' . ' H -6

Ga lNAc^

, . f , '

NeuAc-

GUNAc1'

/ l~

Fig. 7c 500-MHz 1H-NHR spectrum (DjO; pD 7; 27°C) of compound M8. The

relat ive- intensi ty scale of the |^-acetyl proton region deviates from

that of the other parts of the spectrum, as indicated.

-GalNAc(Me) in the methylation analysis (Table I I ) , whereas the presence of

1/4/5,6-rie^-GalNAc(He)-ol points to a mono-3-substituted, terminal GalNAc-ol.

These features are reflected in the EI-MS by a series of fragmentations. The

terminal GalNAc-ol is represented by m/z_ 276, the NeuAc-Gal sequence by m/ẑ  580

and in/z. 376, 344, and the Gal-Gal-GlcNAc unit by m/£ 219, 187 and in/z 668, 636.

The hexasaccharide ion up to and including the core GalNAc is represented by mfz_

1478 both in the El and FAB-MS. This type of fragmentation is similar to that

observed for the perniethy lated reduced chitobiosyl residue of _N—Li nked

oligosaccharides 121). As in M5 and M7, the ion produced after elimination of

the NeuAc-GaL residue at mlz_ 1174 is accompanied by an ion 46 mass units higher
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NAc CH-, protons

GalNAcJ Gal'

M9 NeuAcc*(2-3)GaiP(1~3]

Gala(1-4)Gaip(1-4)Gaip(1-4)GlcNAcp(1-6)'

GalNAc"

GalNAcot(1-3)GalNAc-ol

Gal''6

- 1 - 1

CalJ

rl-1
Gal-

Gal
H-4

' 6

Gal'
H-i

l'-' ' 5

,H-4

' ' . GlcNAc'

GalNAc3 GalNAc3 i I h " 6

H-4 H-5 | l ••

GlcNAc

NeuAcJ Ne~AcJ

H-3 at

Fig. 7d 500-MHz V.-NMR spectrum (D20; pD 7; 27°C) of compound M9. The

relat ive- intensi ty scale of the j j -acetyl proton region deviates from

that of the other parts of the spectrum, as indicated.

at m/£ 1220, corresponding to the JQ ion (22) and characterist ic of a (1-3)-

linkage.

The Ĥ-NMR spectrum of H8 is depicted in Figs. 7c and 8a. Comparison of the

NMR-data of M8 with those of M5 (.Table I I I> shows the common presence of the

sequences Gal 3(1-4)Galp(1-4)GlcNAc3(1- •) and NeuAca(2-3)Gal3(1- 0 in both

compounds. Therefore, the H-1 resonance at 6 5.110 (J-) 2
 = /(-' ! H z l h a s t 0 b e

attr ibuted to the GalNAc residue present in H8. The J^ 2 value indicated that

th is GalNAc is a- l inked. Various other structural-reporter-group signals could

be ascribed to th is GalNAc residue, namely, the signal at 6 4.395 to i t s H-2, at

6 4.039 to H-3, at 6 4.262 to H-4, at 6 4.153 to H-5 and at 6 4.082 to i t s H-6;

163



the assignments could be achieved unambiguously by consecutive double-resonance

(spin decoupling- and NOE)-experiments starting from the H-1 doublet at 6 5.110.

The core GalNAc serves as a C-3, C-6 branching point: the disaccharide unit

NeuAca(2-3)Gal3(1--) is attached to C-3; while the sequence Gal3(1-4)Gal3(1-4)-

GUNAc3(1--> is linked to C-6. The sites of substitution have been established

by the observation of interresidue NOE-couplings over the glycosidic bond

between H-1 of Gal3 and H-3 of GalNAc on one hand (Fig 8b;, and H-1 of GlcNAc6

and H-6 of GalNAc, on the other hand (Fig. 8c) (compare (19,23,24)). The H-1 of

GLcNAc6 (6 4.605) couLd not be irradiated selectively because the resonance

nearly coincides with that of H-1 of Gal4/4'6 (6 4.597). Therefore, the NOE-

difference spectrum (Fig. 8c> showed also a pronounced interresidue NOE-effect

on H-4 of Gal4'6
 a t 5 4.189. Again this, as in M5, proves the linkage between

the two adjacent Gal residues to be (1-4).

GalNAc in its turn is ot-linked to C-3 of GalNAc-oL. This became evident

from methylation analysis (Table II» and independently, from H-NMR. As

illustrated in Fig. 8d, an NOE-effect on the H-3 signal of GalNAc-ol at 6

3.886, could be detected due to presaturation of H-1 of GalNAc, and vice versa.

(In a separate experiment, the signal of H-3 of GalNAc-ol had been located at

3.886 by selective irradiation of the H-2 signal of GalNAc-ol at 6 4.376.).

In conclusion the oligosaccharide-alditol M8 was completely sequenced by

employment of 500-MHz 'H-NMK spectroscopy; its structure is proposed to be:

NeuAca(2-3)Gal3(1-3)

GalNAca(1-3)GalNAc-ol

Gal0(1-4)Gal3(1-4)GUNAc3(1-6)

Compound H9

Sugar analysis of M9 (Table 1) revealed its carbohydrate composition to be

Gal, GlcNAc, NeuAc, GalNAc and GalNAc-ol in the ratio of 4:1:1:1:1. In

combination with the m/z^ value of the pseudomolecular ion M + Na+ 1997 (Fig.

5e>, H9 could be deduced to be an octasaccharide. As in W8, methyLation analysis

furnished a mono-3-substituted GaLNAc-ol, and a 3,6-disubstituted GalNAc;

besides, two raono-4-substituted Gal residues were detected (Table II). The

location of this additional Gal at the Gal-Gal-GlcNAc chain is proved by the

fragments m/z_ 872, 840 present in the EI-MS (Fig. 5e). The terminal GaLNAc-ol

gives rise to an intense fragment mlz_ 276 and the branched heptasaccharide
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li! i '
'li ' I '

Fig. 8. (a) Relevant part of 500-MHz 'h-NMR spectrum of monosialyl o l igo-

saccharide-alditol M8. (b) NOE-difference spectrun, with on-resonance

ir radiat ion of H-1 of Gal^. (c) NOE-difference spectrum with

simultanious on resonance i r radiat ion of H-1 of GlcNAc and Gal ' ' .

(d) NOE-difference spectrum, with on resonance i r radiat ion of H-1 of

GalNAc3.

moiety gives an intense mlz_ 1682 in the FAB-MS (not shown). The ions produced

after elimination of the NeuAc-Gal chain are rn/z_ 1378 and 1424, both being 204

mass units shifted with respect to those of M8.

Comparison of the 'H-NMI; data of N9 (Fig. 7d; Table I I I ) with those of M?

and M8 showed that M9 can be considered as an extension of H8 with an additional

Gal residue in a(1-4)-l inkage to G a l 4 ' ^ ' 6 . The typical parameters of this

tr igalactoside moiety, which were established for f17, and the effects of
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attachment of cx(1-4)-linked Gal (compare the step from M5 to M7, Table III) are

found again for M9 (and the step from M8 to H9). Therefore, the structure of H9

has been established to be:

NeuAca(2-3)Ga 13(1-3)

GalNAca(1-3)GaINAc-oI

Gala(1-4)Gal3(1-4)Gaip(1-4)GLcNAc(3(1-6r

Compound M6

FAB-MS analysis revealed the presence of two compounds in hplc-fract ion 6

with M = 1525 and 1566, respectively. From the pseudomolecular ion m/_z_ 1548

(Fig. 5c.|) i t can be deduced that th is component is at least isomeric to M5 (H =

1525). A closer inspection of the FA3- and EI-MS shows that a l l key ions persent

in the spectra of M5 are also present in those of hplc fract ion 6. The other

component (M6> was then concluded to be a hexasaccharide consisting of Gal,

GlcNAc, NeuAc, GalNAc and GalNAc-ol in the molar rat io of 2 : 1 : 1 : 1 : 1

(compare Table I ) . The El-spectrum of M6, after subtraction of that of M5 from

that of hplc fraction 6, proportional to mjz_ 668, yields the spectrum shown in

Fig. 5c2 which can be concieved as belonging to that of pure M6. Characteristic

features are m/z_ 276 (terminal mono-3-substituted GalNAc-ol), m/z_ 464, 432

(terminal Gal(1-4)G LcNAc) and mlz_ 1274 that represents the branched

pentasaccharide moiety. Several other fragment ions l ike mlz_ 899, 970

characterize M6 as the lower homologue of H3 and M9y missing the nonreducing

Gal-Gal sequence. The ion m/z_ 899 deserves special attention because of i t s high

intensi ty . Linked-scan measurements indicate that th is ion can serve as mother

ion for m/z_ 867, 464, 432 and 356. On the other hand , i t is a daughter ion of

m/£ 1146. The fac t , that analogous ions are found in H8 shifted by 204 mass

units to m/z 1103 and 1350 and in N9 at jn/z_ 1307 and 1554 indicates, that these

fragment ions are derived trom the terminal penta-, hexa- and heptasaccharides

as pointed out in the schemes of fragmentation of Fig. 5c, 5d, 5e.

From the 500-fiHz '' H-NHR spectrum of th is hplc fract ion 6 (Fig.7a) i t could

be deduced that the minor component (20 %) is identical with F15. Subtraction of

the Ĥ-NMK spectrum of compound M5 (Fig.6a) from that of fract ion 6 (Fiq.7a)

yielded the spectrum of pure M6 (Fig. 7b). Once the structural-reportei—group

signals of the core type Gal 3(1-3)CGlcNAc(J(1-6)3GaLNAca(1-3)GalNAc-ol can be

assigned in the NMR spectrum of H8 (Fig. 7c) , they couLd be recognized in the
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spectra of "NMR-pure" compound H6. The Gal^ residue is extended with NeuAc in

a(2-3)-l inkage. GlcNAc^ is substituted with a Gal residue in 3(1-4)-Linkage

which can be deduced from comparison of the NMR-data of FI6 with those for

reference substance R (14) and M8 (see Table I I I ) .

Therefore, the structure of the major component of hplc-fraction 6 (M6) has

been revealed to be:

NeuAca(2-3)Galp(1-3)

GaINAca C1-3)GaINAc-oI

GalS<1-4)GlcNAc3(1-6)

This structure is in agreement with the methylation analysis data (Table

I I ) obtained on the 1:4 mixture of H5 and M6.

DISCUSSION

Previous structural studies have shown that Collocalia mucin contains at

least two glycoproteins (CHI and CHID, separable by ion-exchange chromatography

on DEAE-cellulose (1). RecentLy, the structures of neutral d i - , t e t r a - , and

hexasaccharides released from a pur i f ied sialylglycoprotein f ract ion were

established as follows: Gal3(1-3)GalNAc-ol/ Gal3(1-4)GLcNAcB(1-6)CGalB(1-3)]-

GalNAc-ol and Gal3(1-4)GLcNAc3(1-3)Gal3(1-4)GLcNAc3(1-3)Gal3(1-3)GalNAr-ol (2) .

However, the structural investigations were carried out on a pur i f ied

sialylgLycoprotein which corresponded to less than 10 % of the mucin, while our

studies have been undertaken on the crude material.

We established the structures of j )-glycosidical ly linked carbohydrates,

with the typical feature of the core GalNAca(1-3)GalNAc-ol of which GalNAc

serves as a branching point . A similar type of core has been characterized in a

human rectal adenocarcinoma glycoprotein: NeuAca(2-6)[ GaLNAca(1-3)]GalNAc-ol

(25). A second interest ing, novel structural element is represented by the d i -

and t r igalactosyl sequences CGala(1-4)]0_1Gal3(1-4)Gal3(1-4)-linked the GlcNAc.

The terminal Gala(1-4)GaL3(1-4> sequence is known to occur in blood-group P̂

antigenic determinants (26), and part icular ly in another material of avian

o r i g i n , t u r t l e dove ovomucoid (27).
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SAMENVATTING '

Het onderzoek beschreven in dit proefschrift betreft de structuuranalyse

van koolhydraat ketens van glycoproteinen m.b.v. 500-MHz ''H-NMR spectroscopy.

In het algemeen is het niet mogelijk om de primaire structuur van een

koolhydraat keten in een intact glycoproteine te analyseren omdat CD het eiwit

de analyse stoort, (2) een glycoproteine meerdere koolhydraat ketens kan

bevatten met verschillende structuren en (3) microheterogeniteit voor kan konen.

Afsplitsing van de suiker ketens is daarom noodzakelijk. In de inleiding worden

een aantal methoden beschreven om de koolhydraat ketens van het polypeptide af

te splitsen en vervolgens te scheiden en te zuiveren.

Voor structuuranalyse kan gebruik gemaakt worden van: suikeranalyse,

methyleringsanalyse, chemische en enzymatische degradatie studies, massa

spectrometrie, ^ C _ N H R spectroscopie en, waar in dit proefschrift de nadruk op

ligt, 500-MHz 1H-NMK spectroscopie.

]n de hoofdstukken 1 t/m 6 wordt de structuuranalyse van N^-glycosidische

ketens beschreven.

Het in hoofdstuk 1 beschreven onderzoek aan prostaglandine endoperoxide

synthase leerde dat de oligomannoside structuren van dit membraan gebonden enzym

niet afwijken van die bekend voor oplosbare glycoproteinen.

In de hoofdstukken 2 en 3 wordt ingegaan op de structuuranalyse van

oligomannoside type ketens respectievelijk af kornstig van kwartel ovalbumine en

van glycoproteinen uit soja bonen en bruine bonen.

Zuur a-glucosidase en a-mannosidase, respectivelijk beschreven in de

hoofdstukken 4 en 5 zijn beide lysosomale enzymen. Ze bevatten naast

oligomannoside type koolhydraat ketens ook kleine ̂ -glycosidische ketens die

fucose kunnen bevatten Cnan2_3GlcNAcCFucQ_1]GLcNAc). Het voorkomen van deze

kleine fucose bevattende structuren roept vragen op betreffende hun oorsprong.

Het huidige concept voor de biosynthese van fucose-bevattende ^"SLycosidische

koolhydraat ketens beschrijft namelijk geen directe synthese route voor dit

soort kleine ketens.

Humaan Y-interferon (hoofdstuk 6) wat m.b.v. recombinant DNA technieken

geproduceerd werd in hamster ovarium cellen is net als natuurlijk Y-interferon

een glycoproteine. Voordat dit interferon als therapeutisch agens gebruikt kan

gaan worden is het belangrijk om de immunologische determinanten in de



koolhydraat ketens te kennen. In dit onderzoek werd het koolhydraat deel van in

hamster ovarium cellen geproduceerd humaan Y-interferon geïdentificeerd als een

biantennaire structuur van het ^"acetyllactosamine type. Deze ketens kunnen in

een of beide takken gesialyleerd zijn.

In de hoofdstukken 7 t/m 10 komt de structuuranalyse van £-glycosidische

ketens aan de orde.

Hoofdstuk 7 beschrijft de studie van de koolhydraat ketens van mucine uit

de luchtwegen van cystic fibrosis patiënten. Naast de 14 structuren eerder

beschreven voor dit mucine werden 7 nieuwe structuren gekarakteriseerd. Deze

zijn veelal uitbreidingen van de reeds bekende structuren met een of twee a(1-2)

gebonden fucose residuen.

Het onderwerp van hoofdstuk 8 is de structuuranalyse van de core en

backbone domeinen van de koolhydraat ketens van ovarieel mucine. Hier werd

onder andere de structuur bepaald van een drietal isomere hexasacchariden.

Tevens werd een aantal criteria opgesteld voor het onderscheiden van

Galpa-SJGlcNAcßCI-O en GalßCI-AiGlcNAcßd-O sequenties.

De koolhydraat structuren van cervix mucine van apen kunnen meerdere

bloedgroep determinanten in een molecuul bevatten, zoals beschreven in hoofdstuk

9. Zo komt de Cad determinant samen voor met de bloedgroep determinant

A, B of tl.

Hoofdstuk 10 behandeld de structuuranalyse van de koolhydraat ketens van

glycoproteinen uit zwaluwnestjes. De analyse vond plaats langs twee

onafhankelijke wegen nl. methylerings analyse / massaspectrometri e en 500-MHz

''H-NHR spectroscopie en resuLteerde in een aantal niet eerder beschreven

structuren met als core domein Gal3(1-3)CGlcNAc3(1-6):GalNAca(1-3)GalNAc.

De in dit proefschrift beschreven resultaten zijn een belangrijke

uitbreiding van de kennis over koolhydraatstructuren. Beschreven wordt dat

JJ-glycosidische koolhydraat ketens van membraan gebonden glycoproteinen gelijk

kunnen zijn aan die van oplosbare glycoproteinen. Verder zijn op het gebied van

de O-glycosidische ketens een aantal nieuwe structuren gevonden.
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SUMMARY

This thesis deals with the structural analysis by 500-MHz 1H-NMR

spectroscopy of carbohydrate chains obtained from glycoproteins.

In general, it is not possible to study the primary structure of a

carbohydrate chain on an intact glycoprotein because (1) the peptide moiety

interferes with the analysis, (2) the glycoprotein may contain multiple sugar

chains with different structures and (3> microheterogeneity of the carbohydrate

chains may occur. Therefore, liberation of the carbohydrate chains from the

polypeptide is obligatory. Jn the introduction, methods are described for

release of the sugar chains from the protein backbone and for subsequent

isolation and purification.

For structural analysis of the carbohydrate chains advantage can be taken

of the following techniques: sugar analysis, methylation analysis, chemical and

enzymatic degradation studies, mass spectrometry, ^C-NMR, and 500-MHz ^H-NMR

spectroscopy.

In the chapters 1 to 6 the structural analysis of ̂ "glycosidically linked

carbohydrate chains is described.

Analysis of prostaglandin endoperoxide synthase (chapter 1) Learned that

the oligomannoside type chains present in this membrane bound enzyme are

identical with those known for soluble glycoproteins.

In the chapter 2 the structural analysis of oligomannoside type

carbohydrate chains derived from quail ovalbumin is described. A similar type of

carbohydrate chains is described in chapter 3 for the storage proteins of

soy bean and kidney bean.

Acid a-glucosidase (chapter 4) and a-mannosidase (chapter 5) are both

lysosomal enzymes containing oligomannoside type chains and small-size JJ-

glycosidic chains. The latter may contain fucose (Mang.jGlcNAcCFucDGlcNAc).

The origin of these fucose containing chains is still unclear. The present

concept for the biosynthesis of fucose containing ̂ -glycosicic chains does not

describe a direct route for synthesis of these small chains

Human r-interferon which is by recombinant DNA techniques produced in CHO-

cells (Chinese hamster ovary cells) is like naturally occurring Y-interferon a

glycoprotein. Before this Y~interferon can be used as a therapeutic agens,

knowledge of the immunological determinants in the carbohydrate chains is very
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important. In this study (chapter 6> the carbohydrate moiety of Y-interferon

produced in CHO-cells is identified to be a biantennary structure of the _N-

acetyUactosamine type. These chains may be sialylated in one or both branches.

The chapters 7 to 10 describe the structural analysis of £-glycosidically

Linked carbohydrate chains.

Chapter 7 deals with the study of the carbohydrate chains of bronchial

mucin of cystic fibrosis patients. Beside the 14 structures already described

for this type of mucin, 7 new ones were characterized, most of them are

extensions of the known structures with one or two a(1-2) linked fucose

residues.

The subject of chapter 8 is the structural analysis of the core and

backbone domains of the carbohydrate chains of human ovarian cyst mucins. In

this study, among others, the structures of three isomeric hexasaccharides were

determined. Furthermore, some rules were derived for the identification of

Gaie(1-3)GlcNAc0(1-O and Gal3<1-4)GUNAcS<1-O sequences.

The carbohydrate chains of monkey cervical mucin may contain multiple

bloodgroup determinants as described in chapter 10. The Cad determinant may

occur together with one of the bloodgroup determinants A, B or H.

Chapter 10 describes the structural analysis of the carbohydrate chains of

nest-cementing substance of the Chinese Swiftlet. The analysis was performed

along two independent routes, namely, methylation analysis / mass spectrometry

and 500-MHz 'H-NMR spectroscopy and resulted in the elucidation of several

new structures having the core domain Gal£ (1-3)CGlcNAc3(1-6)3GalNAca(1-3)GalNAc.

The results described in this thesis widening the scope of knowledge of

carbohydrate structures. For membrane-bound glycoproteins it is described that

the ̂ -glycosidically linked carbohydrate chains may be identical to those known

for soluble glycoproteins. Furthermore, several new j)-glycosidiccally linked

carbohydrate chains are reported.
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