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INTRODUCTION

In nature, most animal species with a relatively large body size have a

circulating body fluid with specialized molecules to transport oxygen to the

cells. The latter molecules are proteins which bind oxygen reversibly and

usually cooperatively. Three categories can be distinguished on the basis of

the active site, namely hemoglobins, hemerythrins and hemocyanins. The

distribution of these oxygen carriers among the phyla is given in Fig. 1. To

Horseshoe crab Spider Scorpion Lobster Crab

Chelicerats He ^Crustaceans He

Insects HbMb

ChllOpodS He —Centipede
Arthropods

Vertebrates HD Mb

Annelids HrHbMh
[jointed worms)

Echinoderms Hb

Afnphineurs He ~~-ctntoti

MollUSCS^—QastropodsHe H*4£',

lephalopods He^c!^'"*

Cuttle fish

'Bivalves Hb He

Sipunculids Hr

Yeast Hb

Figure 1. Phylogeneiic di-bi.ruAu.Li.on of. oxygen caan.ieJi->>. He, hemocyanint Hi,

hemejiythiinl HA, hem.ogtoi.inl I"IIL myogi.oi.in (oxygen -btoiage pn.oLe.-in)

bind oxygen, hemoglobins use one Fe(II) atom, which is part of a heme group.

The active site of hemerythrins consists of two Fe(II) atoms, directly

attached to the protein. Hemocyanins bind oxygen with two Cu(I) atoms, which

are also directly linked to the protein.

In arthropods and molluscs, different forms of oxygen transport occur.



Some arthropods have such an efficient trachea system, that they do not need

an oxygen transport protein. A few arthropods and molluscs have

extracellular hemoglobin or red blood cell hemoglobin [2,3]. Interestingly,

the predominant oxygen-transport protein in these two phyla is hemocyanin.

Although arthropods and molluscs both can contain hemocyanin, there are

no strong indications that their hemocyanins have one common ancestor

molecule. Probably their hemocyanins evolved independently from tyrosinase

[2,A].

Hemocyanin does not occur in blood cells, but occurs freely dissolved in

the hemolymph, where it is the major protein constituent (90-98%) [5] in

concentrations up to 120 mg/ml [2,3]. The concentration is dependent on

species, age and season. For example, the hemocyanin concentration is low,

or even nil, during the moulting period of crabs [6,7]. The proteins have a

high-molecular-mass (M 4.5 x 10 -9 x 10 ), which is necessary to keep the

osmotic pressure low. They are built up from a number of structurally

related subunits. Subunits are defined as the smallest units which can

aggregate reversibly with other subunits to give native hemocyanin. The

oxygen binding is regulated by the allosteric behaviour of the hemocyanin,

based on complex interactions between subunits. These interactions are more

pronounced for arthropod hemocyanin, than for hemoglobin or any other

allosteric protein [2]. Hemocyanin consists of functional units. Such a unit

is defined as a part of the hemocyanin molecule that contains two copper

atoms and is capable of binding one oxygen molecule. Binding of oxygen is

dependent on the pH and is accompanied by the formal valence change from

Cu(I) to Cu(II), giving the oxygenated hemocyanin its characteristic blue

colour.

The structure of hemocyanin has been studied in detail from different

angles of incidence. The three dimensional structure of hemocyanins has been

investigated with electron microscopy [8,9] and X-ray crystallography

[10,11], Amino acid sequences have been determined [12] and subunits have

been compared immunologically [2]. The protein structure of arthropod and

mollusc hemocyanin differ from each other. An impression of the different

hemocyanin sizes, distributed among the various species, is given in Table

1. Arthropod hemocyanin consists of subunits with M -7.5x10 [13], which

have kidney-shaped structures and are built up from three domains [10,12].

Each subunit forms a functional unit. The subunits are arranged as hexamers

(1x6) or multihexamers (2x6, 4x6, 6x6 or 8x6) [5,14,15], However, mollusc

hemocyanin is built up from subunits which have M -4x10 [15], arranged as



Table 1. Suauey o/ the. di£f.ejient typei of. kemoc.yan.isi dlitiiuted OVQJI the.

U ipecie.4.

Species Number of Schematic Molecular
subunits structure weight

Arthropod Hemocyanin

Spiny Lobster

Lobster, Crab

/••W-I

Spider

6 11x6)

12 (2x6) ••

t . 5x1O 5

9x10b

Sa

Scorpion, Spicier

2U F^P^

Centipede

36 (6x6) 2.7 x106

Horseshoe Crab

48 (8x6) 3.6 x106

[ | = "§^3; 6 Subunits (Functional units)

Mollusc Hemocyanin

10 (2x5)
(80 Functional units)

Octopus, Cuttle f ish, Squid; Chiton

20 (2x10)
(160 Functional units)

Snail, (Slug)

a- I ; 2 Subunits (2x8 Functional units)

4.5x10*

9x10"



hollow cylinders (Table 1). Each subunit is composed of eight domains,

whereby one domain represents one functional unit.

Most heraocyanins are glycoproteins. There is a remarkable difference in

the sugar content and sugar composition between hemocyanin from arthropods

and that from molluscs. Arthropod hemocyanins usually contain small amounts

of sugar (-1%), whereby the sugar composition is limited to Man and GlcNAc.

However, also non-glycosylated forms have been found. Mollusc hemocyanins

have a higher sugar content (2-9%), and their sugar composition shows more

variability. Gal, GalNAc and often Fuc are present in addition to Man and

GlcNAc. Furthermore, mollusc hemocyanins are the first animal glycoproteins

for which Xyl, 3-0-methyl-Gal and 3-0-methyl-Man have been reported as

constituents [17-19].

There is no concrete evidence that the carbohydrate moiety can play a

role in the functioning of hemocyanin [5,20,21]. It has been proposed that

the carbohydrate part of hemocyanin from the spiny lobster PanulinuA

inte-n.njj.piu-?> inhibits the forming of 2x6-mers [22]. The heterogeneity of

hemocyanin subunits, which could originate from its carbohydrate moiety

[23], may be of great importance for the forming of its high-molecular-mass

molecules [2,24,25]. For Ociopu-s vulgaii-i a hemolymph lectin has been

described, which has the same size as a hemocyanin subunit (4x10 ). This

lectin contains copper, but does not bind oxygen [26,27]. It is possibly

involved in the interactions of the hemocyanin subunits [21],

THE STRUCTURE OF ARTHROPOD HEMOCYANIN

Hemocyanin is found in four arthropod classes: Merostomata (horseshoe

crabs), Arachnids ((whip)scorpions, (whip)spiders and opiliones), Crustacea

(crabs, lobsters and shrimps) and Chilopoda (centipedes). The distribution

of the different multi-hexamers over the various classes has been compiled

in Table 2. The three dimensional structure of the hemocyanin from the spiny

lobster Pan.ali.nu-f> inte.'uiuptu-i, is the first which has been unraveled with X-

Figure 2. He.Kam.eJt, composed of s>ix kidney-ihaped -iu&uniii fn.om Panulirus

interruptus hemocyanin [10 ].



ray crystallography [10] (for schematic structure, see Fig. 2).Sedimentation

analysis and electron microscopy have led to the suggestion that all

arthropod hemocyanins are built up from multiples of hexamers with a similar

shape as found for P. irvteAAuptuA hemocyanin [8,9] (see Table 2). The three

Table 2. 0-LiijuAaiU.on of. hemocyarun OUBJI the. vauou-i a/iiJi/iopod

Class Order Type of hemocyanin structure

Merostomatac

Arachnida

Crustacea

Xiphosura

Scorpiones

Uropygi

Amblypygi

Aranea

Opiliones

Rizocephala

Isopoda

Amphipoda

Stomatopoda

Euphausiacea

Decapoda

(horseshoe crabs)

(scorpions)

(whipscorpions)

(whipspiders)

(spiders)

(harvestmen)

(sowbugs)

(mantis shrimps)

(crabs, lobsters,

shrimps, crayfish)

8x6

4x6

4x6

4x6

4x6

2x6

1x6

2x6

2x6

1x6

2x6

1x6

2x6

1x6

[20,28,29]

[30-32]

[33]

[33]

[33,34]

[28,33,35]

[28]

[36]

[37]

[2]
[2]

(thalassinid shrimps) 4x6 [8,38]

Chilopoda Scutigeromorpha (centipedes) 6x6 [15]

Sub-phylum Chelicerata

dimensional structure of the 4x6-mer hemocyanin of the scorpion AncU.oci.onui

au.4iA.aIJ.-i [31] and the 8x6-mer hemocyanin of the horseshoe crab LimutuA

poiypheiruu [39-42], have been established with electron microscopy. In the

class of Chilopoda, hemocyanin has been discovered in the species ScuLLgeAu

cole.optn.aixL [15]. This hemocyanin consists of a 6x6-mer, which has not been



found in other classes.

The Merostomata and the Arachnida divided from each other at least 400

million years ago [43,44]. The hemocyanin subunits from the Merostomata are

immunologically related to those from the Arachnida. Cheliceratan hemocyanin

subunits are very similar when studied with electron microscopy, but

immunologically there are differences. Up to eight immunologically different

subunit-types can be distinguished, designated a-h [20,30]. The hemocyanin

from the tarantula Luiypelma catlf-onnlcum consists of 24 subunits, which are

composed of the types a-g [34]. These seven different subunit-types are all

necessary to build up the 4x6-mer hemocyanin structure [45] being always

present in a constant ratio [46,47]. Eight different subunit-types (a-h) are

found in the hemocyanin from the horseshoe crab Lhnahi-i, poIyphemuA [19,48],

and in the scorpion Anxln.oci.orw.A au^iAxutii [30]. The positions of the

different subunit-types have been determined in the quaternary structure of

the hemocyanins from E. catlf.oinU.cuM [49] and A. aa/,tnatu> [31].

The modern spider CuplewviuA Aalzl contains Ix6-mer and 2x6-mer

hemocyanin, instead of 4x6-mer hemocyanin. Only two types of subunits are

found. The Ix6-mer hemocyanin contains six immunologically identical

subunits, which are related to type f from £, caLLf.onni.cum [28,50]. The C.

AaJLeJ. 2x6-mer hemocyanin also contains this type of subunit, together with a

dimeric type. This dimer is built up from two subunits of type d, which are

linked by a disulfide bridge, forming the linkage between the two Ix6-mers

[51]. Such a connection is proposed to be a primitive feature [52]. In the

(modern) crab Cancest pagunuA a disulfide-linked dimer is present, not

involved in the formation of the 2x6-mer. In the related PlacM-oplpu^ pu&eji no

S-S linked dimer occurs [53,54].

The Crustacea were separated from the Chelicerata at least 600 million

years ago [43,55]. Except for the thalassinid shrimps, which possess a

tetrahedrical 4x6-mer hemocyanin [8,38], all species have Ix6-mer and/or

2x6-mer hemocyanin. The crustacean hemocyanin consists of two

immunologically different general types of subunits: the a subunit and the (5

subunit. Of these two, the a subunit demonstrates a great similarity for

different species [56]. Sometimes a third (y) subunit is found, which is a

derivative of the a subunit [57,58]. It appears that 2x6-mer hemocyanin

evolved from the Ix6-mer, whereas for cheliceratan hemocyanin it has been

proposed that the 2x6-mer evolved from the 4x6-mer [2], As the £ subunit is

always found in 2x6-mers, it seems to be involved in the formation of the

2x6-mer from two Ix6-mers. However, the (3 units themselves do not form the



inter-hexaraer bridge in the hemocyanins from the crayfish

Ie.ptodactylu6 and the crab CanceJi paguauA [35,59].

Immunoblotting experiments with electrophoretic patterns of native

hemocyanin subunits from the Chelicerata, L, polyphemui , A. auAtAalL>> , £.

ca£i/oinicum and C. ialeJ. against anti-a, anti-g and anti-y antisera from

Crustacea gave good recognition with anti-a but considerably weaker

reactions with anti-g and anti-y [58]. Comparison of the amino-acid

sequences of the hemocyanins from the Crustacea P> inLejiruiptu-t, and A.

leptodactyluA with the Chelicerata £. ca£if.oinlcum, L. polyphemai and

lachypteu.4 OudentatuA revealed differences of 70 % between P- itrtejuuipiixA

and the Chelicerata and differences of 45 % within the various Cheliceratan

species [12,60-64].

CARBOHYDRATE PART OF ARTHROPOD HEMOCYANIN

The carbohydrate content of arthropod hemocyanin is usually low: Pi

intejuiuptui, 1% [65]; fiomaiui-i amejiicanu./>, 0.9% [66]; Hutypelma heMuo, £.

ca.Llf-Onnic.um, C. ialel, 1.5-2% [67]. No hexose (less than 0.5 mol hexose/mol

protein) was found in hemocyanin subunit II of L. poiyphemui [22,68], The

phylogenetic relationship between the arthropod species, which have been

investigated with regard to the hemocyanin carbohydrate moiety, is given in

Table 3. It was found that the carbohydrate chains mainly consists of GlcNAc

and Man (Table 4). As these sugar analysis data are not very recent, and

some unusual sugar constituents, lor animal glycoproteins, have been

reported, a series of sugar analyses was carried out by Van Kuik ei. at.

(unpublished results) on hemocyanins of species selected from all

hemocyanin-containing arthropod classes (Table 5). For the Crustacea two

species were examined. The hemocyanin from the spiny lobster Panutuiu-d

consists of three different subunit-types, denoted a, b and c,

which all contain sugar. The glycosylation site of subunit a, present in the
172

first domain, has been identified as Asn [12,69], Subunit b has probably

the same attachment site. The carbohydrate chain is not present near the

oxygen binding site but is found at the periphery of the molecule, where it

is in contact with the surrounding solvent. This glycosylation site is not

present in P. inte.njw.pta6 subunit c [70], Also the hemocyanin from the

spider £. cati^onnicum, subunits a,d and e, the horseshoe crab 7acAyp£eu4

tiidentatui, subunit a, the horseshoe crab L, po£yphemu-i, subunit II, and

the freshwater crayfish Attacu* le.ptoda.cty£uA, subunit b, do not have this



Table 3. Phyi.ogene.tic aetation^hip ILetween the. ajithiopod ^pe.cie.i inue.-itigaied JLoi

thei/i hemocyanin-4ugan.-coni.eni. and -composition.

Class

Merostomataa

Arachnidaa

Crustacea

Chilopoda

Sub-Class Order Sub-Order

Xiphosura

Scorpiones

Aranea Araneomorpha

(Spiders)

Decapoda

Scutigeromorpha

Species

Limuius poiyphemu-i

(Horseshoe crab)

Andioctonus aasi/iaiis

(Scorpion)

Cu.pienniu-4 -iaiei

Euiype&na caJLLJLonnicum

(Tarantula)

LunypeJjna heJMio

Panuliiu* jjitejvuiptu*

(Spiny lobster)

Aitacu-i ie.ptodactyi.ai

(Fresh water crayfish)

fioma/tu-i amejiicanu-b

(Lobster)

Scutigeaa coie.optnxd.a

(Centipede)

Chelicerata

Table 4. CanAokydiate. composition o-f. -dome. OJiihiopod hemocyaninA ejcpie.A-ied in

mol iuga/i pen.: 450,000 g hemocyanin fi/iom Panulirus interruptus/ 75,000 g

hemocyanin //iom Homarus americanus/ 70.000 g hemocyanin f-iom Eurypelma

helluo, Eurypelma californicum, Cupiennius salei .

Species

PanulisuiA intejuiapiui

Homaiui amejiicanub

fuiypelma heMuo

SuiypeJma cajLLf-onnicum

Cupienniu-i />ate.i

Monosaccharide

Ara Fuc

2.5

1 1

Man

23

2-3

1-2

Glc

5.6

GlcNAc

8.6-9.7

0.5

2-3

Reference

[65]
[66]

[67]
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Table 5. CaiULohydnaJLe. composition of. the. anJJiaopod hemocyanin f./tom

Ape.cie-A, ejcpie.Ai.ed in nmol •bugcfi peji mg paote.in.

Arthropod Monosaccharide <? (w/w)

Species Fuc Xyl 30Me-Man 30Me-Gal Man Gal GalNAc GlcNAc

L.

A.

£..

P.

A.

S.

po£yphemu4
autUali-i

caJLif.O'w.icum

inteMJiuptus ( a )

(b)

(c)

le.ptoda.cty tut (1 x6)2

(2x6)

cole.opOi.ata

34.8

29.6

39.7

35.9

31.9

6.0

182.0

7.9

11.3

16.1

15.2

22.0

1.9

78.0

< 0.1
0.8

< 0.1

0.8

1.0

1.0

1.1

0.2

4.9

The sample of S. cole.opiA.ata, being whole blood, was passed over a Sepharose 4B

column (1 x 15 cm) to purify the hemocyanin. Samples containing 50 nmol

carbohydrate were subjected to methanolysis (1.0 M methanolic HC1, 24 h, 85 C)

followed by GLC of the trimethylsilylated (re-/V-acetylated) methyl glycosides on

a capillary CPsil 5 CB WCOT fused silica column (0.34 mm x 25 m, Chrompack)

[71].
2
Gift from Dr B. Linzen

Gift from Dr J.J. Beintema

Gift from Dr C. Mangura.

glycosylation site [12]. However, recently a glycosylation site has been

discovered in the third domain of subunit c from ParuuLuuiA inLeAAuphju,

hemocyanin (B. Neuteboom, personal communication). Hemocyanin from the

lobster H. ameAJ.caiw.t> has probably one glycosylation site per subunit [66],

A. £e.ptodac£y£u4 has Ix6-mer and 2x6-mer hemocyanins, which were

investigated separately. The sugar content of the Ix6-mer hemocyanin of A.

le.ptodacty£iu> is essentially the same as that of the (Ix6-mer) hemocyanin of

P. intejuiupiui, but the A. le.ptodudiyiu/> 2x6-mer hemocyanin contains

considerably less carbohydrate. This is in agreement with the proposal of

Nakashima e£ at, [22] that the sugar chains prevent 2x6-mer formation. The

carbohydrate chains are known to stick out in the surrounding solution [10],

which makes this theory plausible. The absence of sugar in the large



hemocyanins from the Chelicerata L, polypkemi* (8x6-mer) and £-• calijLonnicum

(4x6-mer) is in accordance with this theory; the presence of carbohydrate in

A, auiijiaJtii (4x6-mer) hemocyanin however, is contradictory. The centipede

Scutige./ia cole.optnxdLa has an unusually high carbohydrate content (4.9%) for

an arthropod hemocyanin. The deviation of the chilopod hemocyanin from the

other arthropod hemocyanins is also reflected by the three-dimensional-

structure, which is composed of six hexamers [15]. It is noteworthy that our

data show that all investigated arthropod hemocyanins contain only Man and

GlcNAc as sugar constituents (Table 5).

THE STRUCTURE OF MOLLUSC HEMOCYANIN

Mollusc hemocyanin is found in four classes: Gastropoda (snails and

slugs), Cephalopoda (squids, cuttle fish and octopi), Amphineura (chitons)

and some primitive Bivalvia [5,72]. Gastropod hemocyanin forms hollow

cylindrical molecules with M -9 x 10 (Table 1). The cylinders are

partially closed at both ends by a collar [73,74] consisting of 1/4 of the

total hemocyanin material. This cylinder, which has 5-fold symmetry, can

dissociate into 1/2-, 1/10- and 1/20-molecules (Fig. 3) [75-77]. The

ollar

Whole 1/2 1/10 1/20

Figure 3. Dissociation of. gastropod hemocyanin [8,78,79], C (compact.) and L

(loose.) isomejis uejve. otsejived &y eJte.ctn.on mi.cioic.opy. T (jLast) and

S (slow) f.oninf> wesjz. deie.cted &y sedimentation velocity analytic.

dissociation into 1/2-molecules yields two identical (half)cylinders with a

partially closed collar at one end. These halfcylinders can dissociate into

5 identical structures (1/10-molecules), all containing 1/5 part of the

collar. These 1/10-molecules have a compact form at high ionic strength and

pH -8, and a loose form at low ionic strength and/or pH > 8 [75,79], At high
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pH, the l/10-molecules can dissociate further into 1/20-molecules, which are

subunits with M -3.5x10 [75]. The latter molecules are fractionated as

fast and slow forms by ultracentrifugation. The 1/20-molecule consists of

eight linearly arranged domains, which are functional units with a diameter

of -6 nm [75,80,81], In the wall of the cylinder, six domains occur, and two

in the collar. The dissociation of 1/10- to 1/20-molecules is a lengthwise

splitting [81]. The 1/10-molecule can be conceived to consist of two

parallel strings of 8 domains each. When the collar is enzymically removed,

linear polymers of hemocyanin are formed. The function of the collar may be

the prevention of this polymerization process [82],

In some gastropods two types of hemocyanin occur, designated a and 3, The

a hemocyanin of the snail HeJLix. pom.ai.-ia can be dissociated into 1/2-

molecules in 1 M NaCl at pH 5.7, in contrast to 3 hemocyanin [83]. The amino

acid compositions of the a- and the S-form are very similar [17], The

dissociation behaviour and electrophoretic mobility of H., pomaLLa a-

hemocyanin points to microheterogeneity of the subunits [24,84-85].

Heterogeneity is also observed for the subunits of the hemocyanin from PJJta

MenAi4 [87], Bu->>ycon. canallculatum. [88], nuie.K tumculu-i [89,90],

£u£ue.Acen.4 [91] and ne.gwLh.uia oienuiaixi [92].

Cephalopod hemocyanin resembles the half molecule of gastropod hemocyanin

when shape and size are compared [93-96] (Table 1). In contrast to gastropod

hemocyanin, cephalopod hemocyanin contains a collar at each side of the

molecule [97]. The relative amount of collar material is the same as

observed for the gastropods. Like gastropod hemocyanin 1/2-molecules, the

cephalopod hemocyanin can be dissociated into 1/5- and l/10-molecules

[98,99]. These l/10-molecules are the subunits, which are immunologically

identical for Se.p-ia o{.f.i.cina£.i/> hemocyanin [100]. The subunits have M
5 r

-3.9x10 and can be separated after partial proteolysis into 8 functional

units with M -5x10 [101]. In gastropod hemocyanin, the two functional

units, originating from the collar, are located at one end of the subunit.

In contrast, chephalopod hemocyanin has these two functional units located

at opposite ends of the subunit. Subunit heterogeneity is observed for the

cephalopod Nautilus pompJjtiuA [96].

Amphineura (chiton) hemocyanin resembles cephalopod hemocyanin regarding

shape and size (M -4.2 x 10 ) (Table 1). The molecules can be dissociated

into homogeneous 1/5- and l/10-molecules. The subunits (l/10-molecules) of

the hemocyanin from AcaniAop£eu/ia g/icinu£a£a have M -4.57x10 [102,103], The

structure of chiton hemocyanin differs from gastropod and cephalopod
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hemocyanin as it has only one collar, probably located near one end of the

molecule [102]. The dissociation from chiton hemocyanin into subunits, as

function of pH, occurs gradually [102]. This dissociation behaviour is more

like that of cephalopod [16] than that of gastropod hemocyanin [79].

The shape and size of the bivalve hemocyanin resembles more the gastropod

hemocyanin than that of the cephalopod or chiton [72].

CARBOHYDRATE PART OF MOLLUSC HEMOCYANIN

The carbohydrate content of mollusc hemocyanin is higher than that of

most arthropods. The phylogenetic relationship between the mollusc species,

which have been investigated with regard to the hemocyanin carbohydrate

moiety, is given in Table 6. For the heraocyanin from the gastropod ft,

pomatla a carbohydrate content of 9% has been reported [17]. The hemocyanin

from the gastropods Lymnae.a itagnaJLli, Buc.c-in.um undatumi Ne.ptun.la antiquat

Colui gnacilii and Buiycon canaliculatum all have -4% carbohydrate [66,18],

and that from It. cjienutata 2% [104]. The hemocyanin from the cephalopod 0.

uulgaaii has a carbohydrate content of 4% [105]. The carbohydrate

compositions of the above mentioned hemocyanins are compiled in Table 7. It

is remarkable that the sugar composition of mollusc hemocyanin exhibits more

variation than that of arthropods. Hemocyanin from the pulmonata ft, pomatia

and L. itagaatii contains sugars which are uncommon for animal

glycoproteins. For hemocyanin of ft, pomatia Xyl and 3-0-methyl-Gal have been

reported, whereas hemocyanin of L. ii.agnaJ.ii contains Xyl, 3-0-methyl-Gal

and 3-0-methyl-Man [50,83,86]. The origin of the 3-0-methyl sugars has been

studied for L, itagnatii' These sugars do not stem from the diet, but are

biosynthetically formed in the cell [23]. Furthermore, the sugar content,

and the ratio of the monosaccharide constituents is not the same for all

subunits of L, itagnalii [23,106], H. pomatia [107] and B, canaliculatum

[66], The hemocyanin from this latter gastropod has been isolated with

affinity chromatography, using Sepharose-bound concanavalin A. It contains

probably one glycosylation site per functional unit [108,109], It is

interesting to note that hemoglobin from the gastropod Ptanonii.it> coine.uA

contains the same sugar constituents, including Xyl and 3-0-methyl-Gal, as

H. pomatia hemocyanin [106]. It has been suggested that only some domains of

the hemoglobin are glycosylated.

A series of sugar analyses was carried out by Van Kuik e.t a£.

(unpublished results) for the hemocyanins of species selected from all
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Table 6. PhylogenejLLc ieJ.aLlon.4hi.p H-etw&en the. mollusc Apecie.4 inue.j>LLgated.

fion. the.iji hemocyan-in-Mgari-corvt-eni. and -c.ompo4-Uu.on.

Class Sub-Class Order Sub-Order Species

Amphineura polyplacophora PlopaLLa
NuU-allina
Stenoplejc coru>picua

Gastropoda Prosobranchia Archaeogastropoda

Stenoglossa

He.gaJJw.nxi aenu£a£a

(Keyhole limpet)
Bu-iycon ccuvtca

BuAycon canaJLLculatum

(Whelk)

Buccirum. undaium

(Whelk)
Ne.piiM.J-ca aniuqua

Pulmonata Bassomatophora

Stylommatophora

Cephalopoda Dibranchia Decapoda

Octopoda

Bivalvia Protobranchia

Lymnaeu

(Pond snail)

Hetix pomatla

(Roman snail)

Loligo £on£eAi.

(Squid)

Sep-la of.fi-lcin.wLL/1

(Cuttle fish)

Octopus

(Octopus)

Ac-Li.a

hemocyanin-containing mollusc classes (Table 8). Hemocyanins from the

cephalopods and from the amphineurs have a somewhat lower carbohydrate

content (-2%) than those from the gastropods (3-9%) and the bivalve (-5%).

The carbohydrate-content and -composition of the investigated hemocyanins

are consistent with the sugar-analyses data from literature, which are

mentioned above. . The occurrence of Xyl and 3-#-methylated Gal is restricted
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Table 7. CcutAohycUiaJLe. compo-bJjLLon ofi. Aome. mo£JLu&c hem.ocyan.inA eJcp/ie-AAecL in

mot Augcui peJi functional. urujL (50,000 g).

Species Monosaccharide Reference

Fuc Xyl 3-OMe-Man 3-OMe-Gal Man Gal Glc GalNAc GlcNAc

H, pomaiia(oi) 1.2 0.6

(13) 5.3a 0.8

(total) 1.26 1.63

L, itagnatiA

B. undatum

N. antiqua

C. g/iacilu-b

B. cana£icu£a£itm

0. vui.qaAU'i 0.5

0.69 0.56

1.13

0.75

1.14

3.4

5.3S

2.3

2.1

5.10

1.71

5.10

5.06

5.83

7

8.0

0.2

0.2

0.62

0.81

0.51

0.79

0.73

1.4

0.3

0.18

0.72

2.69

3.67

2.16

0.9

0.7

1.8

+

0.9

0.8

2.7

2.0

1.5

4.0

+

3.3

3.1

1.1

2.5

2.0

[17,19]

[17,19]

[18,19]

[18,19]

[18]

[18]

[18]

[66]

[105]

The value of 5.3 is the sum of Fuc and 3-0Me-Gal.

to the heraocyanins from the Prosobranchia. However, 3-0-methylated Man is

found in hemocyanins from three classes. The occurrence of 3-0-methylated

sugars in animal glycoproteins is, to our knowledge, restricted to mollusc

oxygen carriers.

AIM AND APPROACH

So far, little attention has been payed to the primary structure of the

sugar chains of hemocyanins. To understand the biological role of the

hemocyanin carbohydrate chains, it is important to know the structure of

these chains. There are many differences in the protein structure between

arthropod and mollusc hemocyanins. Since there are also differences in the

carbohydrate moiety, it is interesting to compare the carbohydrate chains of

hemocyanins from different species. Another important reason to investigate

the primary structure of hemocyanin carbohydrate chains, is the occurrence

of Xyl and 3-0-methylated sugars in the hemocyanin of some molluscs. This

finding points to a deviation from the known biosynthetic pathways. The aim

of this thesis is the investigation of the primary structure of the

carbohydrate chains of hemocyanins from arthropods and molluscs, whereby the
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Table 8. CuiHohydnaLe. composition o/ ihn moUuAc he/nocyunin fiom uatiouA

•bpe.c-i.e.4/ HKpie.4A£il in nmol -iuga/i pe/i mg p/iotein.

Mollusc

Species

fi.

L.

PI.

B.

L.

S.

0.

A.

PI.

N.

S.

pomatia

AtagnaliA

cumulate
. 2

can-tea
.3

o/Lf-icinaliA
3

4

2
muAcoAa

2
con.Ap-Lc.ua

Monosaccharide

Fuc

40

15

36

23,

1.

8,

28.

15.

3 1 .

25 .

.9

.5

.9

.1

.2

.5

.9

.1

.8

,6

Xyl

42.7

9 .9

30Me-Man

15.5

37.0

9.9

30Me-Gal Man

115.0 136.4

4.2 42.4

63.3

116.4

63.0

77.7

89.4

49.5

126.4

116.0

70.2

Gal

2 3 .

1 8 .

4 9 .

6.

9.

8 .

8 .

6 3 .

2 2 .

3 3 .

9.

6

3

3

7

8

5

3

4

1

2

4

GalNAc

47.3

17.0

34.0

12.8

9.0

5.5

2 .8

21.1

4 . 8

29.5

5 .0

C
/

GlcNAc

69.1

33.9

44.3

44.7

45.0

39.2

26.0

41.8

36.5

53.4

28.0

l (w/w)

9 . 0

3 .0

4 , 3

3 .9

2.5

2 .7

2 . 3

5 .2

3 .8

5 .0

2 .4

The sample of A. cati-aerutiA, being whole blood, was passed over a Sepharose 4B

column (1 x 15 cm) to purify the hemocyanin. Samples containing 50 nmol

carbohydrate were subjected to methanolysis (1.0 M methanolic HC1, 24 h, 85 C)

followed by GLC of the trimethylsilylated (re-/V-acetylated) methyl glycosides on

a capillary CPsil 5 CB WCOT fused silica column (0.34 ram x 25 m, Chrompack)

[71].
2Gift from Dr T.T. Herskovits

Gift from Dr G. Préaux
4
Gift from Dr C. Mangum

mollusc hemocyanins containing Xyl and 3-0-methylated sugars are of special

interest.

As it is not possible to study the complete structure of carbohydrate

chains in intact glycoproteins, it is necessary to release the chains from

the protein. The presence- of Man and GlcNAc is indicative for Asn-linked

carbohydrate chains. Therefore, a liberation of these chains from hemocyanin

by means of hydrazine was chosen [110]. This hydrazinolysis will split the

peptide bonds, including the GlcNAc-Asn linkage. To make all peptide bonds

accessible for hydrazine, the protein has to be partially degraded. First,
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copper is removed by dialysis against a KCN solution [111], and then the

protein is digested by pronase. After hydrazinolysis, the GlcNAc at the

reducing end is reduced to an alditol. In this way a tritium label can be

introduced, which makes it easier to trace the chains during separation and

purification steps. Furthermore, reduction of the GlcNAc residue eliminates

anomerization effects in H-NMR spectra of the carbohydrate chains.

Separation of neutral and acidic material is achieved by paper-

elect rophoresis, which also serves as a purification step. The neutral

oligosaccharide-alditois are separated on a calibrated Bio-Gel P-4 column,

which gives also information about the size of the chains. Further

fractionation is done by HPLC, using Lichrosorb-NH-.

The investigation of the primary structure of these carbohydrate chains

is based mainly on three techniques: sugar analysis, methylation analysis

and 500-MHz H-NMR spectroscopy. Sugar analysis [71] yields the carbohydrate

composition, whereas methylation analysis [112] furnishes the substitution

pattern of the constituting monosaccharides.

The most powerful technique for the analysis of the primary-structure of

sugar chains is high-resolution H-NMR spectroscopy. To recognize a known

sugar chain, 25-50 nmol is sufficient in case when 500-MHz H-NMR

spectroscopy is employed. With 0.1-1 mg, unknown sugar chains can be

investigated by means of selective decoupling, NOE and spin lock

experiments. In this way, information can be obtained about the

monosaccharide-constituents, the position of glycosidic linkages and the

sequence of the sugars in the chain. As NMR spectroscopy is not destructive,

other experiments can be carried out afterwards to supplement the results

obtained from the NMR data.
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ABSTRACT

Hemocyanin, the copper-containing glycoprotein that serves as an oxygen
carrier in the hemolymph of some arthropods and molluscs, was obtained from the
blood of the scorpion Androctonus australis. Sugar analysis of the glycoprotein
revealed that its carbohydrate moiety is of the A/-glycosyIic type. The carbohydrate
chains were released from the protein by hydrazinolysis. Determination of the
molecular weight and carbohydrate composition, in conjunction with methylation
analysis and 500-MHz 'H-n.m.r. spectroscopy of the oligosaccharides, indicated
that this hemocyanin contains glycans of the oligomannosidic-type. Their structures
were found to be homogeneous; all isolated chains were identified as
Man9GlcNAc2. The number of chains per molecule is 8. The finding of (non-
processed) oligomannoside-type structures in scorpion hemocyanin fits the proposal
[R. C. Hughes and T. D. Butters, Trends Biochem. Sci., (1981) 228-230] that
glycosylation of a protein is an evolutionary marker.

INTRODUCTION

Hemocyanins are high-inolecular-weight, copper-containing oxygen carriers
freely dissolved in the hemolymph of arthropods and molluscs'. The hemocyanin of
the scorpion Androctonus australis is a (4 x 6)mer protein built from eight types of
polypeptide chain2-1.
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The carbohydrate content of hemocyanins is 1-3% (w/vv) and 4-9% (w/w)
for arthropods4"6 and molluscs71*, respectively. With regard to arthropod
hemocyanins, mannosc and /V-acetylglucosamine are typical of their carbohydrate
composition9.

In the present paper, we described the primary-structure determination of
the oligosaccharide moiety of the hemocyanin of the scorpion Androctonus australis
by methylation analysis and by 500-MHz 'H-n.m.r. spectroscopy.

EXPERIMENTAL

Isolation of carbohydrate chains. — Blood from the scorpion Androctonus
australis garzoniO0 was collected by cardiac puncture and centrifuged for 10 min at
800g to remove cells. Hemocyanin was isolated11 by gel filtration on Sepharose 2B
by using Tris-HCl, pH 7.2, 2mM CaCl2, and 2mM MgCl2. A lyophilized hemocyanin
preparation (60 mg) was hydrazinolysed12 and the liberated, N-deacetylated glycans
were purified on a column of Bio-Gel P-2 (eluted with 1% acetic acid) and then
re-N-acetylated, first with [I4C]acetic anhydride and, then, with "cold" acetic an-
hydride13. The glycans were analysed by t.l.c. on Silica Gel 60 plates with 2:1:1
(v/v) 1-butanol-acetic acid-water14 and made visible by using an orcinol spray-
reagent (200 mg of orcinol in 100 mL of 20% sulfuric acid) with heating for 10 min
at 110°. Oligomannoside-type oligosaccharides (Man2 to Man9) containing 2-9
mannose residues with the general structure Man^.gj Man/31—>4GlcNAc, isolated
from patients with mannosidosis15, were used as reference oligosaccharides.

Chemical analysis. — For methanolysis, methylation, and 'H-n.m.r. studies,
the hemocyanin-derived carbohydrates were reduced by the addition of sodium
borohydride (5 mg). After 2 h, the mixture was made neutral with Dowex 50 X8
(25-50 mesh, H+) and the boric acid removed by distillation of methanol from the
residue. The carbohydrate content and the molar ratio of constituent monosacchar-
ides of the intact glycoprotein and of its reduced hydrazinolysis product were
determined by g.l.c. after methanolysis and trifluoroacetylation16. Exhaustive
methylation of the reduced oligosaccharides was performed according to ref. 17.
The methyl glycosides obtained by methanolysis of permethylated oligosaccharides
were peracetylated and identified by g.l.c.-m.s. as described in ref. 18.

'H-N.m.r. studies. — Prior to 1H-n.m.r. spectroscopic analysis, the sample
was repeatedly treated with D2O at pD 6-7 and room temperature. 'H-N.m.r.
spectroscopy19 at 500-MHz was performed with a Broker WM-500 spectrometer
(SON hf-n.m.r. facility, Department of Biophysical Chemistry, University of
Nijmegen, The Netherlands) operating in the pulsed Fourier-transform mode at a
probe temperature of 27°. Chemical shifts (8) are expressed in p.p.m. downfield
from internal sodium 4,4-dimethyl-4-silapentane-l-suIfonate, but were actually
measured by reference to internal acetone (8 = 2.225 p.p.m. in D2O at 27°).
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KliSlU.IS AND DISCUSSION

Carbohydrate composition o/Androctonus australis hemocyanin. — The total
carbohydrate content of Androctonus australis hemocyanin was found to be rather
low (0.8% by weight); this is in reasonable accord with values (1-2%) reported for
other arthropod hemocyanins78. The occurrence of Man and GlcNAc (molar ratio
8.8:2, respectively) as sugar constituents of the initial glycoprotein and of the
glycans liberated by reductive hydrazinolysis is characteristic of glycans of the
oligomannosidic-type (Man, GlcNAc, GlcNAc-ol 8.2:1:0.45, respectively). The
minute amount of galactose present in the initial glycoprotein (0.2 residue) could
not be detected after hydrazinolysis. This result suggests a minor amount of an
other type of glycan we were unable to characterize.

Thin-layer chromatography of the oiigosaccharides. — The oligosaccharides
released from hemocyanin by hydrazinolysis and /V-reacetylation appeared to be
homogeneous by t.l.c. (Fig. 1, H) and exhibit slightly lower mobility than the oligo-
saccharide Man9GlcNAc (Fig. 1, St) from urine of mannosidosis. This is in accord-
ance with the presence of an additional GlcNAc residue in the hemocyanin glycan.

Primary-structure determination of the oligosaccharides. — The primary
structure of the glycan from Androctonus australis was established by 500-MHz
'H-n.m.r. spectroscopy. Spectra of the glycan (H) were recorded for neutral D2O
solutions at two different probe temperatures (27 and 60°). Relevant n.m.r.
parameters are listed in Table II. Those data comprised a set of structural-reporter-
group signals identical with those reported for the Man9GlcNAcGlcNAc-ol compo-
nent (Fl) present in the reduced hydrazinolysate from sheep prostaglandin endo-
peroxide synthase20. The absence of any lower-intensity anomeric signals in the
region 4.8 < S < 5.5, other than those listed in Table I indicated that no partial
structures of the complete Man9GlcNAcGlcNAc-ol were present.

S i . H

Fig. 1. Thin-layer chromatography of the glycan liberated by hydrazinolysis from Androctonus australis
hemocyanin (H) and of the mixture of the oligomannosidic-type oligosaccharides M,-M9 used as
standards (St). For details of procedure, see the Experimental section.
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wi m THosi iOR KI:I I.KI:NC i: COMPOUND5' Fl

HcporH'r tfrt

NAcof

HI of

H-2of

Residue"

l-ol
T

2

3
4
4'
A
B
C
D,

D :

l-ol
3
4
4'
A
B
C
D,

D,
n

Chemical shift" in

Fl

2.055
2.067

4.630
4.77
5.333
4.867
5.400
5.140
5.307

5.045
5.054
5.038

4.232
4.232
4.094
4.153
4.104
4.020
4.104
4.071*
4.068J

4.064''

H

2.055
2.067

4.643
4.7H'
5.334
4.861

5.400
5.140
5.306
5.039
5.054
5.039

4.232
4.232
4.096
4.152
4.106
4.014
4.106
4.068
4.068
4.068

"For coding of monosaccharide residues and complete structure, see Fig. 2. ''Chemical shifts are given
for neutral solution at 27° in p.p.m. downfield from internal sodium 4,4-dimethyl-4-silapentane-l-
sulfonate in D :O. 'Chemical shift was measured at 60°. ''Assignments may have to be interchanged.

These results were confirmed by permethylation analysis. The results of the
latter are compiled in Table II.

CONCLUSION

Based on the results of n.m.r. and methylation analysis, the primary structure
of the oligosaccharide moiety of Androctonus australis hemocyanin is proposed to
be as shown in Fig. 2. This structure is common to numerous glycoproteins of diffe-
rent origins, exhibiting different roles, for example calf thyroglobulin unit A21,
human myeloma IgM22, Chinese hamster ovary cell glycoproteins23, soybean
agglutinin2J, bovine lactotransferrin25, and sheep prostaglandin endoperoxide
synthasc2".
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Monosuciharkle methyl ether

2.3.4,6-Me4Man
3.4,6-Me,Man
2.4-Me,Man
.Vfi-Me,GlcN(Me)Ac
U.5-Me,GlcN(Me)Ac-ol

Molar ratio

2.8
4.0
2.6
1.0
0.3

"Calculated on the basis of 4 residues of 3.4.6-Me,Man.

Moreover, Androctonus australis hemocyanin is a 24-mer protein built from
eight types of polypeptide chains, each of which has a relative molecular mass2-3 of
—75,000. Hence, the total carbohydrate content of hemocyanin of 0.8% by weight
indicates the presence of about eight glycan groups per molecule.

It is worth noting that only the complete Man9GlcNAc2 has been found in the
Androctonus australis hemocyanin. Apparently, no trimming occurred after re-
moval of the 3 a-glucose residues, if they exist, raising an interesting point as to
glycoprotein evolution. /V-Glycosylation of proteins is an universal feature of
eucaryotic organisms. The asparagine-linked oligosaccharides may be subdivided
into the oligomannosidic type and, after oligosaccharide processing followed by a
series of elongation reactions, into hybrid- and N-acetyllactosamine-types26.
Butters and colleagues27 28 have found only oligomannosidic-type glycans in the
major glycoprotein of mosquito cell plasma membranes. In contrast N-acetyl-
lactosamine-type glycans are abundant in vertebrate cells. Those results are con-
sistent with later findings of Hsieh and Robbins29, who suggest that a similar

Mon-a-(i—•

0,

Mon-«-(l—»

Man.a-(1—v

0.

C

[1——2)-Mon-ii-n

4

2J-Mon-cr-(1—«-3)

A

21-Mon—(-

S

\

}

1

\\
Man-o-d

/ ' •

\ '

Man-fl-(1

/

I
—«"-6)

Fig. 2. Primary structure of the oligomannosidic-type carbohydrate chain from Androctonus australis
hemocyanin.
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processing pathway may be characteristic of all insects. The nligomannosidc nature
of the /V-glyeosylic-lype glycan of scorpion hemocyanin is in accordance with the
proposal that glycosylation is an evolutionary marker"'.
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CHAPTER 2

Primary structure of the neutral carbohydrate chains of hemocyanin
from Panulirus interruptus

J. Albert VAN KUIK, Herman VAN HALBEEK, Johannis P. KAMERLING and Johannes F. G. VL1EGENTHART

Department of Bio-Organic Chemistry, Transitorium 111, Utrecht University

(Received April 10.1986) - HJB 86 0346

The W-glycosidic carbohydrate chains of Panulirus interruptus hemocyanin, consisting of only mannose and
JV-acetylglucosamine residues, were liberated by hydrazinolysis of a pronase digest of the purified glycoprotein.
The carbohydrate chains were fractionated by high-voltage paper eleclrophoresis, yielding mainly neutral
oligosaccharide-alditols. These were further separated by high-performance liquid chromatography and
characterized by 500-MHz 'H-NMR spectroscopy as

Man<x(l—»6)

GlcNAc/J(1— 2)Mana(l->3)

and

Mana(l->6)

Mana(1—<6)

Mana(l-»3) Manp"(l-

Mana(l->3)

Man/?(l->4)GlcNAcp"(1—4)GlcNAc-ol

>4)GIcNAc/?(l-*4)GlcNAc-ol.

The hemocyanin of the spiny lobster Panulirus interruptus
is the first hemocyanin of which the crystal structure has
been determined [1,2], This glycoprotein is a hexamer with a
molecular mass of 450 kDa [3], which is composed of three
types of subunits called a, b and c. The amino acid sequence
of subunit a has been determined [4], showing only one
glycosylalion site at Asn " 2 . The crystallography data derived
from a mixture of subunit a and b in roughly equal amounts
demonstrate that the carbohydrate moiety is present at the
periphery of the protein, having no interaction with the amino
acid side chains [1,2].

In this study the isolation and characterization of the
carbohydrate chains of P. interruptus hemocyanin will be
reported.

MATERIALS AND METHODS

Isolation off. interruptus hemocyanin

Hemocyanin was isolated from P. interruptus hemolymph
according to the method of Kuiper et al. [3]. The protein was
stored at -20"C in the presence of sucrose-at a sucrose/
protein ratio of 2.5:1 (w/w).

Correspondence to i. F. G. Vlicgenlhart, Afdeling Bio-Organische
Chcmic. Rijksuniversileit Utrecht, Transitorium III, P.O. Box 80.075,
NL-35O8-TB Utrecht, The Netherlands

Abbreviations. Man, D-mannose; GlcNAc, yV-acetyl-D-glucos-
amine; GlcNAc-ol, iV-acelyl-D-glucosaminilo); HPLC, high-perform-
ance liquid chromatography; GLC, gas-liquid chromatography.

Preparation of a pronase digest

The lyophilized glycoprotein/sucrose mixture (1.5 g, cor-
responding to 0.4 g hemocyanin) was dialyzed to remove su-
crose and subsequently made copper-free, denatured and
digested by pronase as described earlier for hemocyanin from
Helix pomatia [5], yielding 12 mg glycopeptide material.

Carbohydrate analysis

A sample of the glycopeptide mixture, containing 50 nmol
carbohydrate, was subjected to methanolysis (1.0 M meth-
anolic HC1, 24 h, 85 " Q followed by GLC of the tri-
melhylsilylated (re-A'-acetylated) methyl glycosides on a
capillary CPsilS WCOT fused silica column (0.34 mm x 25 m;
Crirompack) [6].

Hydrazinolysis procedure and fractionation
of carbohydrate chains

The thoroughly dried glycopeptide was suspended in 1 ml
anhydrous hydrazine and heated for 8 h at 100"C. After evap-
oration of hydrazine, the material was re-A'-acetylated and
reduced as described [7), yielding 8 mg of a mixture of
oligosaccharide-alditols. For the reduction with NaB3H»,
I mg of the sample was dissolved in 200 ul 0.08 M NaOH and
treated with NaBH« containing 1.7 mCi NaB3H4 in 200 ul
N, jV-dimethylformamidc (specific activity, 341 Ci/mol; New
England Nuclear). The remaining part was reduced with
NaB2H*. To facilitate the detection of oligosaccharidc-|1-
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"HJalditols during the purification and fractionation pro-
cedures. 0.32 |jCi (5%) of the oligosaccharide-(1-3H]alditols
were added. Paper electrophoresis (Whatman 3MM paper;
70 V cm: 90 min) was carried out using a pyridine/acetic acid/
water buffer (3:1:387. v/v). pH 5.4. The oligosaccharide-
alditols were recovered from the paper by elution with water.

To estimate the size of the sugar chains, the neutral
oligosaccharide-alditols were passed via two connected
columns (2 x 100 cm each) of Bio-Gel P-4 (under 400 mesh;
Bio-Rad). eluted with water (30ml/h, 2.5-ml fractions) at
55 C (8). Oligosaccharide-alditols were separated pre-
paratively by HPLC using a Perkin-Elmer series 3 liquid
chromatograph, equipped with a Rheodyne injection valve.
A column (4 x 250 mm) of Lichrosorb-NH2 (5 urn, Merck)
was used. Elulion was performed isocratically by a mixture
ofacetonitrile/water(76:24, v/v) for 120 min at room temper-
ature at a flow rate of 1 ml/min. Fractions of 1 ml were
collected and assayed by absorbance at 205 nm and by
scintillation counting [9].

500-MHz 'H-NMR spectroscopy

Oligosaccharide-alditols were repeatedly exchanged in
2H2O (99.96 atom % 2H, Aldrich) with intermediate lyo-
philization. 'H-NMR spectra were recorded on a Bruker
WM-500 spectrometer (SON hf-NMR facility. Department
of Biophysical Chemistry, University of Nijmegen, The
Netherlands) operating at 500 MHz in the Fourier-transform
mode at a probe temperature of 27 C. Resolution enhance-
ment of the spectra was achieved by Lorentzian-to-Gaussian
transformation [10]. Chemical shifts (3) are given relative
to sodium 4.4-dimethyl-4-silapentane-1-sulfonate. but were
actually measured indirectly to acetone in 2H2O
0 = 2.225 ppm) [11].

RESULTS AND DISCUSSION

Sugar analysis of the purified hemocyanin from Panulirus
inlerruptus revealed the presence of only Man and GlcNAc in
the molar ratio of 2.4:1.0. This ratio has not been corrected
for the amount of Asn-linked GlcNAc that is not cleaved
under the conditions used for methanolysis [6]. For structural
analysis, the carbohydrate chains were released from a pro-
mise digest of the glycoprotein by hydrazinolysis. After re-
jV-acetylalion and reduction the carbohydrate material was
subjected to high-voltage paper electrophoresis. As is evident
from Fig. I the mixture of oligosaccharide-alditols consists
mainly of neutral material and for 10% of acidic material.

The elution profile (Fig. 2) of the neutral oligosaccharide-
alditols on Bio-Gel P-4 showed essentially one peak at a
position corresponding to that of a glucose oligomer consist-
ing of about nine residues.

The neutral oligosaccharide-alditols, obtained by paper
electrophoresis, were separated by HPLC (Fig. 3) yielding two
major fractions, denoted c (50%) and f (40%), and five minor
fractions (10%) denoted a, b, d, e and g. These fractions
were subjected to 500-MHz 'H-NMR speclroscopy. Relevant
NMR parameters of the major fractions c and f, together with
those of reference compounds are compiled in Table 1.

The structural-reporter-group regions of the 'H-NMR
spectrum of fraction c are presented in Fig. 4A. All separately
observable anomeric signals are of equal intensity, which
points to the presence of a single compound in this fraction.
Comparison of the chemical shifts of the reporter groups of

Distance from origin itm)

Fig. I. High-voltage paper electrophoresis of the 3ff'labelled hvdra-
zinolysate of P. interruptus hemocyanin. N, neutral Traction; A, acidic
fraction

19 1513 11 9 8
I I I I I I I

6 5
I I

100 150 250200

Elution volume (mil -

Fig. 2. Eluikm profile of 'H-labelled oligosaccharide-alditols derived
from P. inlerruplus hemocyanin on Bio-Gel P-4. The column was eluted
with bidislilled water at 55 C. Fractions of 2.5 ml were collected at a
flow rate of 30 tnl/h and assayed for 3H radioactivity. The arrows at
the lop indicate the clution positions of glucose oligomcrs generated
by a dexlran hydrolysis. The numbers at the top indicate the glucose
units

0 20 <£ 60 60 100 120
Time Imin) *

Fig. 3. HPLC elution profile of sH-lahelled oligosaccharide-/1-
1H/alditols derived from P. intcrruplus hemocyanin on 5-fttn
Lichrosarb-NHz. The column was run isocralically with a mixture of
acetonitrile/watcr (76:24. v/v) at room temperature at a flow rale
of 1 ml/min. Fractions of 1 ml were collected and assayed for JH-
radioactivily
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Table 1. ' H-chemical shifts of structural-reporter groups of the constituent monosaccharides lor the major oligosaccharidv-alditols (c and fi
dtrivrd from Panulirus inlcrruplus hemocyamn. together with those for iwo reference compounds I Rl and R2)
Kt is compound 1 from hen ovomucoid [12]. R2 is compound 62 Prom urine from a patient with Gaucher's disease (11). Chemical shifts are
given ut 27 C. downlleld from internal sodium 4,4-dimethyl-4-silapcntane-l-sulfonale in 2\\2O

Reporter group

NAc

11-1

H-2

Residue

1 I-DI

J
2
3
4
4'
5
A
B

1-01
3
4
4'
A
B

Chemical shift in

Rl

4'

3-2-l-ol
I

4

ppm

2.055
2.076
-

4.637
4.78
5.103
4.915
_
_
-

4.244
4.259
4.067
3.974
_

-

c

4'

3-2-f-ol
/

5-4

2.055
2.077
2.055

_

4.636
4.789
5.118
4.918
4.551
_
-

4.239
4.255
4.186
3.975
_

-

R2

B

4'
/ \

A 3-2-1-Asn

47

2.012
2.060
-

5.071
4.606
4.781
5.099
4.872
—
5.093
4.908

_
4.251
4.077
4.144
4.066
3.985

f

B
\
41

/ \
A 3-2-1-01

4

2.055
2.063
-

_

4.631
4.78
5.099
4.871
—
5.089
4.906

4.232
4.256
4.076
4.146
4.059
3.980

fraction c with those of ManjGlcNAcGlcNAc-ol (reference
compound Rl, Table 1), reveals that the structure of the
oligosaccharide-alditol present in fraction c consists of the
pentasaccharide-aldilol structure of reference compound R1,
extended with GlcNAc-5 /?(1-»2)-linked to Man-4. The
presence of GlcNAc-5 is evident from its H-l doublet at
î  =4.551 ppm and its A'-acetyl signal at 6 = 2.055 ppm. The
latter coincides with the A'-acetyl signal of GlcNAc-I_-ol,
which can be deduced from the double intensity of the A'-
acetyl singlet at <S = 2.055 ppm, as compared to the spectrum
of Rl [12]. The apparent attachment of GlcNAc-J to the
pentasaceharide-alditol Rl does not affect the chemical shifts
of most structural-reporter groups. Only H-I and H-2 of
Man-4 show significant downfield shifts (AS = 0.015 ppm
and J<̂  = 0.119 ppm. respectively). The structural parameters
of Man-4/ (H-l and H-2) are not influenced. The
penlasaccharidc-alditol Rl does not affect the chemical shifts
found for a similar extension of an oligosaccharide structure
from new-born human meconium (step from compound 24
to 26 [11]). Based on the 'H-NMR data the structure of
fraction c is

4'
Man»(l-

i
Man/?(l-

2 i
»4)GlcNAc/?(l-»4)GlcNAc-ol.

indicates the presence of a pure compound. The chemical
shifts of H-l and H-2 of the various Man residues (Table 1)
are essentially identical to those of the corresponding residues
in (Man)5(GlcNAc)2Asn (reference compound R2, Table 1).
This illustrates that both primary structures are identical with
respect to the Man residues. Furthermore, the spectrum of
fraction f shows two A'-acetyl signals in a ratio 1:1, but at
positions different from those reported for R2. By comparison
with the data of (Man)5(GlcNAc)2Asn (Table 1), the A'-acetyl
signal in the spectrum of f at S = 2.063 ppm is assigned to
GlcNAc-2. The second A'-acetyl signal, at 6 = 2.055 ppm, is
attributed to GlcNAc-1-ol (compare reference compound
Rl). The presence of the reduced chitobiose unit is further
evidenced by the chemical shifts of H-2 of GlcNAc-1-ol and
H-l of GlcNAc-2 (<5 = 4.232 ppm and S = 4.631 ppm, re-
spectively; cf. [13]). Therefore, the structure of fraction f is

B
Mana(l—>6)

\ i'
Mana(l->6)

/ \ I
3) Man/i(l-

i I
Manad—3)

Mana(l

5 4,
GlcNAc/((l—2)Manx(l-

The 'H-NMR spectral features of fraction f are shown in
Fig. 4B. The equal intensity of the a-anomeric proton signals

•4)GlcNAc/?(l ->4)GlcNAc-ol.

The minor fractions a, b, d, e and g are present in very
low quantities (less then 10% of total neutral carbohydrate
material), which resulted in poor quality 'H-NMR spectra.
They contain mainly hydrazinolysis artefacts of the structures
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Mana(1-6).
4' \

GUNAc|3(1-2)Mana(1-3)'
5 U

.'Man|3(l-4)GtcNAcB(1-4)GlcNAc-ol
/ 3 2 1
\' - * =

Marmii-6)
B \

.Mana(1-6)

Mana(1-3) = \tan|3
A / 3

Mana|1-3) =
U

HO2H

• * • t-
-Slppml

l-'ig. 4. Striuiiiral-reporler-group regions of Ihe resolution-enhanced.WO-MH: ' ll-NMRspectra 12//:0 at 27 Cl ofoligosanharitle-/ l-'H/uliliiul
fruition c I truer A ) ami'( Itrace B) from P. inlcrruplus hemocyanin. The numbers and letters in Ihe spectra refer to the corresponding residues
in the structure. The relative intensity scale of the /V-acelyl regions differs from thai of the other pan of the spectra as indicated. 0 means
impurity

found in fractions c and f. In those minor fractions GlcNAc-
l-ol is modified or absent The precise nature of these
modifications could nol be elucidated. The acidic fraction A,
obtained after high-voltage paper electrophoresis, is still
under investigation. The total amount of sugar in P. in-
wrruplux hemocjanin is established to be 1 - 2 % (w/w).

There seems to be a wide variety in the carbohydrate
structures of the hemocyanins from molluscs and arthropods.
Ihe mollusc Helix pomatia has as rare sugar constituents Xyl
and 3-0-melhyl-Gal. whereas (he mollusc Lvmnaea slagnalis
has Xvl. 3-O-melhyl-Cial and 3-O-methyl-Man [14]. The
(iaINAc residue found in both species seems to be bound in
an ;V-glycosidic carbohydrate structure (cf. [5]). The
carbohydrate structures of arthropod hemocyanins, studied
so far. appeared to have the more 'classical type" of N-
glycosidic structure. The hemocyanin of the scorpion
Amlwi-ionm uustrulis has (Man MCilcN Ac)2 us its sugar chain
|I5| while the carbohydrate structures of P. inienuplus
hemocyanin. discussed above, are intermediate structures be-

tween oligomannoside and JV-acetyllactosamine type. It is
possible that the type of sugar chain provides information on
the phylogenetic relationship of the various species.

We thank Prof. Dr J. J. Bcintcma (Btochemisch Laboratorium.
Rijksunivcrsiteil Cironingen) for the gift of/', interrupts'hemncyanin.
This investigation was supported by the Netherlands Foundation for
Chemical Research (SON) ivilh financial aid from the Netherlands
Organization for the Advancement or Pure Research (ZWO). and
by the Netherlands l-'oundation for Cancer Research (KWT grant
UUKC83-13).
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SUPPLEMENT TO CHAPTER 2

PRIMARY STRUCTURE OF THE ACIDIC CARBOHYDRATE CHAIN OF HEMOCYANIN FROM

PANULIWS IN7OmP7US.

The liberation of the /V-linked carbohydrate chains of hemocyanin from the

spiny lobster PanaJtuuxi •Intesuiuptut, by hydrazinolysis of a pronase digest,

is described in chapter 2. These chains were separated as oligosaccharide-

alditols by high-voltage paper electrophoresis, yielding 10% acidic

material, which chromatographed as one peak, denoted A, Sugar analysis of

the total glycoprotein showed that only Man and GlcNAc are present, so no

sugar constituent was responsible for the acidic nature of fraction A.

To investigate fraction A, 500-MHz H-NMR spectroscopy was employed. The

spectrum of A is given in Fig. 1A, and the H-NMR data of A, together with

those of c, are presented in Table 1. The equal intensity of the anomeric

proton signals in the spectrum of A, points to the presence of a single

compound. When the spectra of A and c are compared, it can be seen that all

structural-reporter-groups which are present in the spectrum of c, also

occur in the spectrum of A and are resonating at essentially the same

positions. This means that the structural element GlcNAc6(l->-2)Mana(l-»-3)-

[Mana(l+6)]Man6(l*4)GlcNAc6(l->4)GlcMc-ol is present in both fractions. In

the spectrum of A two additional signals can be determined, resonating at 6

= 4.354 ppm and 6 - 4.2 ppm. The signal at 6 = 4.354 ppm has a coupling

constant of 11.6 Hz, which is recognized as the geminal coupling of H-6 and

H-61 of Man, or GlcNAc. To identify this residue, one-dimensional spin lock

difference spectroscopy was performed according to [1], in combination with

the MLEV-17 composite pulse decoupling cycle [2]. A selective 180 degree

pulse was given to the signal at 6 = 4.354 ppm, and a spin lock time of 160

msec was used. The difference spectrum revealed the complete set of proton

signals from one sugar residue (Fig IB). This residue was recognized to be

Man-41 from the H-2 signal at 6 = 3.979 ppm, and from the (less distinct)

H-l signal at & = 4.911 ppm. This implies that the carbohydrate parts of the

structures of A and c are identical. The chemical shifts of H-6 and H-61 of

Man-4' (6 = 4.354 ppm and 6 « 4.218 ppm, respectively) are essentially the

same as those described for GlcNAc, sulphated at C-6 (H-6, 6 - 4.337 ppm;

H-6', 6 « 4.219 ppm) [3], So it is proposed that the acidic group in A is

sulphate, attached to the C-6 of Man-4'. The structure of A is the

following:

34



S04->6)Mana(l+6) 3 2 1

5 4 ^Man0(l-+4)GlcNAc6(l-^)GlcNAc-ol.

GlcNAc6(1^2)Mana(l+3)'

Table 1. H-chenical. ->>hif.t/> o / ALnu.dbxiaJL-ie.po'tLeJi-gnoupA ofi the. con-itiiuent

mono^accha/iide/, £on the acidic hi.gk~uoii.age. papen. ele.cijioph.orhe.si-f> /./ladion

A, iogeihesi uiiA the. neuisudL HPLC JL/iactAon. ct dejiiuexi fiiom Panulirus

in te r rup tus hejnocyanin.

Chemical shifts are given in ppm downfield from internal sodium 4,4-

dimethyl-4-silapentane-l-sulfonate but were actually measured indirectly to

acetone in Ĥ O (5 = 2.225 ppm) at 27 C. For numbering of monosaccharide

residues and complete structures, see Fig. 1. S = sulphate, n.d. = not

determined.

Reporter Residue

group

Chemical shift in compound

41

\
3-2-l-ol

sV
fraction c

ppm

2.055

2.077

2.055

4.636

4.789

5.118

4.918

4.551

4.239

4.255

4.186

3.975

n.d.

n.d.

n.d.

n.d.

n.d.

S-41

\-2-l-ol

5-4

fraction A

2.055

2.077

2.055

4.636

4.817

5.129

4.911

4.551

4.221

4.235

4.187

3.979

3.89

3.698

3.89

4.354

4.218

NAc

H-1

H-2

H-3

H-4

H-5

H-6

H-61

l-ol

2

5

2

3

4

4f

5

l-ol

3

4

4'

41

41

4'

41

4'
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1-6)

GlcNAc|3(1-2)Manal1-3/

protons

4'
H-6'

3 ,

H-6 ' i l l ' "

4'
H-4

4'

H-3/H-5

NAc-CH3
protons

' 1-01/5 v

xVU

acetate

2.2 2.0

B

SO 4.8 46 4A 42 40 3.8 3.6 3A 3.2
6(ppm)

ao

Figure 1. A. Stnuciuiat-ie.po'vLe.n.-gioup ie.glon.-f> of. the. ne.i>oiuLLon enhanced
500-nHz ''H-NMi tpe-cùium (2Hß at 27°CJ of. oUgoiacchcuUde-V-
H]aJdlto£ fraction A f/iom Panulirus interruptus hemocyanin. The.

num&jyu> in the ipe.c£uim n.e.fe.1 to the co/uie.6ponding ie.iidue./> in the
itnuctuie.. The ziel.ati.ve intensity ocale. of the H-acety£ /legion
cliffesi4 f/iom that of the othea pant, of the ópectnum a/> indicated.
0 meanA impu/iity,

B, Spin £.ock difference •ipectyuun, with a 4e£ectioe Î80 deg/me.
pulte, on the H-6 iignai of fian-4',
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CHAPTER 3

Primary Structure of the Low-molecular-weight Carbohydrate Chains
of Helix pomatia a-Hemocyanin
XYLOSE AS A CONSTITUENT OF JV-LINKED OLIGOSACCHARIDES IN AN ANIMAL GLYCOPROTEIN*

(Received for publication, April 1, 1985)

J. Albert van Kuik, Herman van Halbeek, Johannis P. Kamerling, and Johannes F. G. Vliegenthart
From the Department of Bio-Organic Chemistry, State University of Utrecht, Croesestraat 79, NL-3522 AD Utrecht,
The Netherlands

a-Hemocyanin of Helix pomatia is a copper-contain-
ing glycoprotein which serves as an oxygen carrier in
the hemolymph. Ite carbohydrate moiety has as con-
stituents fucoae, xylose, 3-O-methylgalactose, man-
nose, galactose, AT-acetylgalactoeamine, and JV-acetyi-
glucosamine residues. Alkaline borohydride did not
split off any carbohydrate material, suggesting the
absence of O-glycosidic chains. The JV-glycosidic car-
bohydrate chains of this glycoprotein were liberated
by hydrazinolysis of a Pronase digest then fractionated
as alditols on Bio-Gel P-4. The fractions containing the
low-molecular-weight glycans were investigated by
500-MHz 'H NMB spectroscopy in conjunction with
sugar and methylation analysis. The largest, and most
abundant, compound was established to be:

Mano(l-6) Fuca(l-6)

M«na( 1-3)

Manj8( 1-4)G1CNACJS( 1 -4)GlcN Ac-ol.

1

Another compound was characterized as the afuco an-
alogue of this structure. H. pomatia a-hemocyanin is
the first example of an animal glycoprotein having
xylose as a constituent of AT-glycoudic carbohydrate
chains.

Hemocyanins are copper-containing glycoproteins which
serve as oxygen carriers in some Arthropoda and Mollusca
(1). Concerning land and freshwater gastropods. Helix poma-
tia and Lymnaea stagnate are so far the only examples of
animal species having glycoproteins with partially O-methyl-
ated carbohydrate chains (2). The origin of the O-methylated
sugars is not dietary, as it has been found that L stagnalis
can methylate the carbohydrate moiety of its hemocyanin (3).
O-Methylated sugars have been found earlier as constituents
of polysaccharides (4-6) and glycolipids (7). Recently, it has
been reported that 3-O-methylation of mannose occurs in the

* This investigation wu supported by the Netherlands Foundation
for Chemical Retearch (SON) with financial aid from the Netherlanda
Organization for the Advancement of Pure Reward] (ZVVO), and by
the Netherlanda Foundation for Cancer Retearch (KWF, Grant
UUKC 83-13).
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processing of high mannose type oligosaccharides in the fun-
gus Mucor rouxii (8).

The a-hemocyanin isolated from the hemolymph of H.
pomatia has a molecular mass of 9 X 10* Da. Its carbohydrate
content is 9% (w/w) (9). Sugar analysis using GLC-MS1 of
this material revealed the presence of Fuc, Xyl, 3-O-methyl-
Gal, Man, Gal, GalNAc, and GlcNAc residues (2,10). In the
present study the isolation of the carbohydrate chains of H
pomatia a-hemocyanin will be reported. The chains appeared
to be rather heterogeneous. By employment of 'H NMR
spectroscopy at 500 MHz, in conjunction with sugar and
methylation analysis, the low-molecular-weight structures
could be elucidated.

EXPERIMENTAL PROCEDURES

General Data on a-Hemocyanin ofH. pomatia—a-Hemocyanin was
a gift from Dr. R Torensma, State University of Groningen, The
Netherlands. For storage it waa dialyzed at room temperature against
10 mM potassium acetate (pH 5.7) and then lyophilized in the
presence of a 2.75 excess of sucrose over glycoprotein (w/w). The
lyophilized protein was stored at -20 'C (11).

To check the purity of the glycoprotein material, a small portion
of sucrose-stabilized a-hemocyanin was dialyzed for 48 h at room
temperature against I DIM phosphate buffer, pH 7.0, to remove
sucrose, and subsequently subjected to SDS-polyacrylamide (el elec-
trophoresia on a 7.5% polyacrylamide gel according to Ref. 12. The
following molecular-weight markers were used: myosin (200 ItDa), j8-
galactosidase (166 kDa), phosphorylaae b (93 kDa), bovine serum
albumin (66 kDa), and ovalbumin (45 kDa) (Bio-Rad).

Preparation of Copper-free, Denatured Hemocyanin—To prepare a
suitable starting material, the glycoprotein was dialyzed against a
number of solutions at 4 *C. The lyophilized glycoprotein/sucrose
mixture (2 g corresponding to 533 mg of a-hemocyanin) was taken
up in 10 ml of 50 mM Tris/HCl buffer (/ - 0.1) pH 7.0, and dialyzed
for 48 h against 2 1 of the aame buffer, with three intermediate
changes. Subsequently, copper was removed from the protein by
dialysis for 24 h against 2 1 of 50 mM Tris/HCl buffer (/ - 0.1) pH
8.0, containing 10 mM CaCI, and 10 mM KCN, with three intermediate
changes (13). The resulting colorless, opalescent solution waa dialyzed
for 24 h against 21 of 50 mM Tris/HCl buffer (J - 0.1) pH 7.0, with
one intermediate change. The apohemocyanin thus obtained was
dialyzed for 3 h against 2 1 of 100 mM NsHCO, followed by dialysis
for 2.5 h againat 21 of 6 M urea, yielding a clear solution (9). Finally,
the solution was dialyzed for 48 h against 2 I of 100 mM ammonium
acetate buffer, pH 8.0, with three intermediate changes.

Pronau Digeition—To inactivate possible contaminating glycosi-
daaes, Pronase (80 mg) from StrepUmyctM grueut (Boehringer Mann-
heim, Federal Republic of Germany) waa dissolved in 10 ml of 100

1 The abbreviations used are: GLC-MS, (as-liquid chromatocTS-
phy/maaa apectrometry; Fuc, fucose; Xyl, xylose; 3-0mHhylGal, 3-
O-methylialactow; GalNAc, /Vscetylgalactosaraine; NOE, nuclear
Overhauser enhancement; DANTE, delays alternated with nutation
for tailored excitation; SDS, sodium dodecyl sulfate; I, liter.



mM ammonium acetate buffer, pH 8.0, containing 15 mM CaCU, and
kept for 1 h at 40 'C.Aliquols (2.5 ml) of the Pronase solution (stored
at 4 "C until use) were added to the denatured apohemocyanin,
dissolved in 20 ml of the same buffer, at 0, 4, 24, and 48 h. The
incubation was carried out for 70 h at 40 *C keeping the pH between
7.4 and 8.0. To inactivate proteolytic activity, the solution was kept
for 2 min at 100 *C, and, after concentration, passed through a Bio-
Gel P-6 column (200-400 mesh. Bio-Rad, 2 X 100 cm) using water as
eluent (16 ml/h, 8-ml fractionsl. The orcinol/H2SO« positive fractions
were pooled and lyophilized. The residue was taken up in 20 ml of
100 mM ammonium acetate buffer, pH 8.0, containing 15 mM CaCli,
and subjected to a second Pronase digestion followed by fractionation.
The final glycopeptide mixture was lyophilized and dried in vacua
over PiOs.

Hydrazinolysis Procedure and Fractionation—The thoroughly
dried glycopeptide (80 mg) was suspended in 1 ml of anhydrous
hydrazine and heated for 8 h at 100 "C. After evaporation of hydra-
zine, the material waB W-reacetylated and reduced as described (14),
yielding 40 mg of carbohydrate material. For reduction with 3H-
labeled NaBH,, 1 mg of the sample was dissolved in 200 jil of 0.08 M
NaOH and treated with NaBH, containing 1.7 mCi NaB3H4 in 200
)A of /v°,A/-dimethyl formamide (Bpecific activity, 341 mCi/mmol; New
England Nuclear). The remaining part was reduced with NaB2H,. To
facilitate the detection of 2H-labeled oligosaccharide-alditols during
the purification and fractionation procedures, 0.30 ttCi (8%) of the
3H-labeled oligosaccharide-alditols were added. Paper electrophoresis
(Whatman 3MM paper, 4 kV) was carried out using a pyridine/acetic
acid/water buffer (3:1:387; v/v), pH 5.4. The oligosaccharide-alditols
were recovered from the paper by elution with water.

The neutral oligosaccharide-alditols were fractionated on two con-
nected Bio-Gel P-4 columns (2 x 100 cm each; -400 mesh; Bio-Rad)
eluted with water (30 ml/h, 2.5-ml fractions) at 55 - C (15). Oligosac-
charide-alditols were monitored by refractive index detection and
scintillation counting.

Alkaline Borohydride Treatment—A portion of the Pronase digest
(110 jig) was treated with 1 ml of 0.1 M NaOH containing 40 mg of
NaB'H,. After 20 h at 40 "C the solution was acidified to pH 5.0 with
4 M acetic acid and applied to a column 10.5 x 5 cm) of Dowex 50W-
X8, H* form (100-200 mesh). The column was washed with 45 ml of
water and the eluate was lyophilized. Boric acid was removed by co-
evaporation with methanol under reduced pressure (16).

500-MHz 'H NMR Spectmscopy—Oligosaccharide-alditols were
repeatedly exchanged in 2HiO (99.96 atom % 2H, Aldrich) with
intermediate lyophilization. ! H NMR spectra were recorded on a
Broker WM-500 spectrometer (SON hf NMR facility. Department
of Biophysical Chemistry, University of Nijmegen, The Netherlands)
operating at 500 MHz in the Fourier transform mode at a probe
temperature of 27 'C . NOE difference spectroscopy was performed
according to Ref. 17 in combination with a DANTE pulse sequence
for selective suppression of the HO2H-line (18). Resolution enhance-
ment of the spectra was achieved by Lorentzian-to-Gaussian trans-
formation (19). Chemical shifts are given relative to sodium 4,4-
dimethyl-4-silapentane-l-sulfonate but were actually measured indi-
rectly to acetone in *H2O (i = 2.225 ppmt (20).

Carbohydrate Analysis—Samples containing 50 nmol of carbohy-
drate were subjected to methonolysis (1.0 M methanolic HCI, 24 h,
85 'C) followed by gas-liquid chromatography of the trimethylsily-
lated (AJ-reacetylated) methylglycosides on a capillary CPsil5 WCOT
fused silica column (0.34 mm x 25 m, Chrompack, Middelburg, The
Netherlands) (21).

Methylation Analysis— Methylation analysis of the oligosaccha-
ride-alditol (500 jig) was performed as described by Endo el al. (22).
The permethylation of the material was carried out with C2HaI.
Reference partially methylated alditol acetates were used to establish
retention times on a capillary CPsil5 WCOT fused silica column (0.34
mm x 25 m, Chrompack, Middelburg, The Netherlands); oven tem-
perature program was 130-220 "C at 2 'C/min. Combined GLC-MS
was performed on a Carlo Erba GC/Kratos MS 80/Kratos DS 55
system; electron energy m » 70 eV; accelerating voltage, 2.7 kV;
ionizing current, 100 HA; ion-source temperature, 225 *C; BP1 capil-
lary WCOT fused silica column (0.33 mm x 25 m; Scientific Gla»»
Engineering, Ringwood, Australia); oven temperature program, 130-
220 "C at 2 *C/min.

RESULTS

a-Hemocyanin isolated from H. pomatia behaved ai a tingle
band on SDS-polyacrylamide gel electrophoresis (see Fig. 1).

Its sugar analysis is included in Table I. For structural anal-
ysis, the JV-linked carbohydrate chains were released from a
Pronase digest of the glycoprotein (sugar analysis, Table I)
by hydrazinolysis. After iV-reacetylation and reduction (sugar
analysis, Table I) high-voltage paper electrophoresis showed
that the resulting mixture of oligosaccharide-alditols consists
of mainly neutral material. Only a small amount «2%) of
acidic material was observed.

The fractionation of the mixture of neutral oligosaccharide-
alditols on Bio-Gel P-4 yielded five fractions denoted I-V
(Fig. 2). The relative amounts and carbohydrate compositions
of the fractions are given in Table I. It is worthy to note that
the low-molecular-weight carbohydrate fractions IV and V
contain Xyl in addition to the common core residues. In the
high-molecular-weight fractions I, II, and III, besides Xyl and
the common core residues, also 3-O-methyl-Gal, Gal, and
GalNAc are found. Alkaline borohydride treatment of the
Pronase digest did not give rise to the formation of GalNAc-
ol; therefore, it is suggested that the glycoprotein does not

FIR. 1. SDS-polyacrylamide gel electrophoreus (12) of H.
pomatia a-hemocyanin after dialysis against 1 mM phosphate
buffer, pH 7.0 (lane A). The markers used (lane B) were myosin
(200 kDa), 0-galactosidase (116 kDa), phosphorylase o (93 kDa).
bovine serum albumin (66 kDa), and ovalbumin (45 kDa). The bands
were stained with Coomassie Brilliant Blue.

TABLE I

Molar carbohydrate composition of a-hemocyanin from Helix pomatia
and related fractions

Mono-
sat'charide

Ara"
Fuc
Xyl
3-O- Methyl-

Gal
Man'
Gal
Glc
GalNAc
GlcNAc
GlcNAc-ol

Relative
amount CVl

(ilVCO-

protein

0.90
0.94
2.55

3.00
0.52
0.01
1.04
1.52

Pronase
diRest

0.52
0.54
0.72
2.28

3.00
0.48

0.89
1.71

Molar ratio

Hydra-
zinoly-

sale

0.15
0.43
0.93
2.79

3.00
0.36
0.12
0.77
1.42
0.63

1

0.15
0.68
0.69
6.01

3.00
0.90
0.2.1
0.98
1.58
0.30

16

Hio-Gcl P-4 fractions

11

0.03
0.59
0.78
3.46

3.00
0.75

o,ns
0.81
1.35
1.15

21

HI

0.09
0.51
0.70
2.01

3.00
0.15
0.(14
0.87
1.68
0.81

47

IV

0.71
0.75

3.00

0.0.1

0.63
0.80

13

V

0.27
0.70

3.00

0.63
0.50

2

* Ara is • contaminant stemming from PronaM.
* Man taken •» 3.
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contain O-glycosidically bound carbohydrate chains. The ratio
of GalNAc to Man in the hydrazinolysate is the same as the
ratio of GalNAc to Man in the Pronase digest (Table I) which
corroborates this presumption.

To elucidate the primary structure of the oligosaccharide-
alditols present in fractions IV and V, 500-MHz 'H NMR
spectra of the compounds in aH2O were recorded. The ex-
panded, resolution enhanced, structural-reporter-group re-
gions of the spectrum of fraction IV are presented in Pig. 3.
Relevant NMR parameters for both fractions are listed in
Table II. For reference purposes, the corresponding data for
Man,GlcNAcGlcNAc-ol (compound R) (23) have been in-
cluded. Close inspection of the 'H NMR data in Table II

FIG. 2. Elution profile on Bio-Gel P-4 (-400 mesh) or *H-
labeled oligosaccharide-alditols derived from H. pomatia a-
hemocyanin. The column was eluted with hidestilled water at 55 'C.
Fractions of 2.5 ml were collected at a flow rate of 30 ml/h and
assayed for 3H radioactivity. Fractions I-V were pooled. The arrows
at the top indicate the elution positions of glucose oligomers generated
by a dextran hydrolysis. The numbers at the top indicate the glucose
units.

Mana(1-6)
Fuca(1~6)

3 2 \ 1
Man|3M)GlcNAcp(1~4)GlcNAc-ol

Xyl 0(1-2)

FIG. 3. Structural-reporter-froup region* of the resolution-enhanced 800-MHz 'H NMR spectrum
oCoUfosaccharide-alditol-l-'H fractkm IV, derived from H. pomatia a-hemocyanin recorded in 'HaO
at 27 *C. The numbers in the spectrum refer to the corresponding residue* in the structure. The relative intensity
scale of the AT-acetyl and Fuc CHj regions differs from that of the other pan* of the spectrum n indicaud.

40'



TABLE II

Relevant lH NMR parameters of structural reporter groups of
constituent monosaccharides for fractions IV and V from the

hydrazinolysate of Helix pomatia a-hemocyanin Pronase digest and
those for reference compound R

£' Fuco((1-6)
Manoi(1-»6) 3 2 \ 1

^Man|3fM)GlcNAcp[1-4)GlcNAc-ol

Reporter
fjroup

(coupling
constant)

Chemical shift (ppm) and coupling
constant (Hz) in*

GlcNAc-
ol

GlcNAc

2
Man ,2

Man 4

Man 4 '

Xyl

Fuc

H-2
NAc
H-1 <JU)
NAc
H-1
H-2
H-1 («/u)
H-2
H-1 U/u)
H-2
H-1 (</u)
H-2 (,/JJ)

H-3 («/,.,)
H-5U (J,tn)

H-1 Wu)
H-5
OH3 (Jftfi)

4.244
2.055
4.637 (8.0)
2.076
4.78
4.259
5.103 (1.9)
4.067
4.915 (1.8)
3.974

,)

4.239
2.057
4.634 (8.0)
2.073
4.883
4.270
5.122 (1.9)
4.039
4.913 (1.8)
3.983
4.449 (7.5)
3.377 (9.2)
3.437 (9.1)
3.250 (10.7)

(-11.8)

4.219
2.058
4.718 (8.0)
2.081
4.884
4.270
5.124 (1.9)
4.040
4.914 (1.8)
3.982
4.449 (7.7)
3.379 (9.4)
3.453 (9.1)
3.253 (10.5)

(-11.6)
4.898 (3.8)
4.077
1.225(6.7)

° For numbering of monosaccharide residues and complete struc-
tures, see Fig. 4a.

' Chemical shifts are given in ppm downfield from internal sodium
4,4dimethyl-4-silapentane-l-sulfonate in 2HiO (27 "C). Compounds
are represented by short-hand symbolic notation (20): - • , GlcNAc;
- • , Man; -O, Fuc; -O, Xyl.

reveals that the compounds in fractions IV and V contain the
pentasaccharide-alditol R as fundamental structure. This can
be concluded from the chemical shift values of the structural-
reporter-group signals known to be typical of the GlcNAqSd-
4)GlcNAc-ol structural element, together with those of the
branching mannotriose core unit. The reporter-group signals
for the JV-acetylchitobiitol unit are the H-2 signal of GlcNAc-
ol and the H-1 signal of GlcNAc £ in combination with two
AZ-acetyl signals of equal intensity (Table II) (23, 24). The
characteristic patterns of three Man H-1 and three Man H-2
signals (Table II) prove the occurrence of the usual Mano(l-
6)[Mana(l-3)]Mani8(l-4) core (20, 23).

The Xyl residue present in fraction IV and V (Table I) is
recognized to occur in the pyranose ringform from the 'H
NMR spectra by a set of structural-reporter-group signals,
namely, H-1, H-2, H-3, and H-5.,. The chemical shift of the
Xyl H-1 doublet (6 = 4.449 ppm), in combination with the
coupling constant J,,, (7.7 Hz), are indicative of the 0-config-
uration of its linkage. Assignments of H-2 and H-3 of Xyl are
based on sequential, selective 'H-decoupling experiments on
H-1 and H-2, respectively. The signal of H-5., is readily traced
from its triplet-like shape, arising because the absolute value
of the geminal coupling constant 2J<*,,^ (-11.6 Hz) is nearly
equal to J,MA 10.5 Hz). The characteristic shifts and coupling
constants of the Xyl reporter groups (Table II) are in excellent
agreement with those reported earlier for Xyl-p/j(l-O)Ser
(25). When comparing IV or V with R, the apparent extension
of the core pentasaccharide with the Xyl residue causes a
significant downfield shift of H-1 of Man £ (.14 •= 0.10 ppm)

FIG. 4. a, Selected region of the 500-MHz 'H NMR spectrum
(JH20 at 27 *C) of oligosaccharide-alditol-l-aH fraction IV, derived
from H. pomatia a-hemocyanin. The numbers in the spectrum refer
to the corresponding residues in the structure. 6, NOE-difference
spectrum, with on-resonance irradiation of H-1 of Xyl.

and also a number of smaller effects on other structural
reporters, like H-1 and H-2 of Man ±. It should be noted
that, in particular, the positions of H-1 and H-2 of Man ±'
Ml-6)-linked to Man ,3.) are hardly affected by attachment
of Xyl. These effects suggest that Xyl may be jMinked to C-
2 of Man £ . The assignment of the latter glycosidic linkage
was further supported by one-dimensional NOE-difference
spectroscopy (26, 27). For fraction IV, presaturation of the
Xyl H-1 doublet at b = 4.45 ppm gave rise to a well-pro-
nounced interglycosidic NOE effect on H-2 of Man j}. whereas
the effects on other protons (H-1 and H-3) of Man & are
negligible (see Fig. 4).

The Fuc residue present in fraction IV (Table 1) is o(l-6)-
linked to GlcNAc-ol as can be deduced from its typical set of
structural-reporter-group signals earlier found in an oligosac-
charide-alditol obtained from IgM, namely, H-1 (4 » 4.898
ppm; </u » 3.8 Hz), H-5 (6 - 4.077 ppm), and CH. <<S « 1.225
ppm) (28). The effects of the Fuc in a(l-6)-link«ge are ex-
pressed by highly characteristic downfield ihifu of GlcNAc
£ H-1 <M = 0.06 ppm) and NAc (Si - 0.014 ppm). Moreover,
H-2 of GlcNAc-ol is shifted slightly upfleld in comparison to
R (Ai - -0.02 ppm). Based on the 'H NMR data, fraction IV
contains a single component, the structure of which is pro-
posed to be the following.



T A B U : III

Mrthylatitm analysis t>{ the oligosaccharide-aldilol m fraction IV of
the hvdrazintitv.iatc

I'artially methylated afdifol acetate Molar Retention time
r a I ' ° Fraction IV Reference

Xyiilnl
••>..UTri-amelhyl-(l,5-di<7-ace- 0.2° 0.65 0.66

l.vl)
Pucitol

2.3,4-Tri-«-methyM1.5-di-«-are- 0..T 0.72 0.73
tyl)

Mannitol
2,.1),4.6-Tetra-O-methyl-(),5-di-O. 2.0s l.OO1 l.Off

acelyl)
4-Mono-O-n>ethyl-(l,2,3,5,6-penta- 1.3 1.90 1.91

O-acetyl)
2.NMethylacetamido-2-deoicyglucitol

l,3,5-Tri-O-methyl-(4,6-c!i-O-ace- 1.3 1.88
tyl)

3.6-Di-O-methyl-(l,4,5-tri-O-acetyl) 1.2 2.13 2.12

" Because of the relatively high volatility of these residues, their
values are Jower than expected.

* 2,3,4,6-Tetra-O-methylmannitol taken as 2.0.
' The retention time of 2,3,4.6-tetra-O-methylmannitol is taken as

1.00 on a capillary CPsilS WCOT fused silica column (0.34 mm X 25
m. Chrompack; 130-220 °C at 2 *C/min).

Man<r(l-6h Fucn(I-6)

Man/3(l-4)GlcNAc/3(l-4)GlcNAc-ol

Mana(l-3) /

XyWil-2)-/

This result is confirmed by the methylation analysis data
(Table III) showing terminal positions of Fuc, Xyl, and two
Man residues together with 2,3,6-trisubstituted Man, 4-mon-
osubstituted GlcNAc, and 4,6-disubstituted GlcNAc-ol.

The 'H NMR data of fraction V (Table II) indicate that
the major (80%) constituent of this fraction is the afuco
analogue of the aforementioned compound. The minor con-
stituent (20%) corresponds with the structure presented for
fraction IV.

DISCUSSION

In this study it has been demonstrated that xylose is cova-
lently bound to an asparagine-linked carbohydrate chain. So
far, this type of chain has not been reported to occur in animal
glycoproteins. Examples of such glycoproteins from plant
material are stem bromelain (29), Tora-bean lectin (30), Vicia
graminea lectin (31), Erythrina cristagalli lectin (32), and
lectin from Griffonia simplicifolia seeds (33). As far as their
primary structures have been reported, these glycoproteins
contain Xyl ,ff(l-2)-linked to Man jj together with Fuc a ( l -
3)-linked to GlcNAc 2 '" the same sugar chain. In contrast,
the main component of the low-molecular-weight structures
of H pomatia a-hemocyanin contains Xyl 0(l-2)-linked to
Man ^ >n combination with Fuc a(l-6)-linked to GlcNAc ±.

Comparison of the sugar analysis (Table I) of the fractions
IV and V with those of fractions I, II, and III strongly suggests
that the structures present in the latter fractions contain
similar Xyl containing core structures as those in fractions
IV and V. To establish the positions of 3-O-methyl-Gal, Gal,
and GalNAc in the N-linked carbohydrate chains, further
studies are in progress.
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CHAPTER 4

Primary structure of a low-molecular-mass
N-linked oligosaccharide from hemocyanin of Lymnaea stagnalis
3-O-methyl-D-mannose as a constituent of the xylose-containing core structure
in an animal glycoprotein
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Hemocyanin from the freshwater snail Lymnaea stagnalis is a high-molecular-mass copper-containing oxygen-
transport protein, which occurs freely dissolved in the hemolymph. It is a glycoprotein containing fucose, xylose,
3-0-methylmannose, 3-0-methylgalaclose, mannose, galactose, A'-acetylgalactosamine and /V-acetylglucosamine
residues as sugar constituents. The N-glycosidic carbohydrate chains of this glycoprotein were released by
hydrazinolysis of a pronase digest and subsequently fractionated as oligosaccharide-alditols on Bio-Gel P-4
followed by Lichrosorb-NH2. Investigation with 500-MHz 'H-NMR spectroscopy, in conjunction with sugar
and methylation analysis revealed the lowest-molecular-mass glycan chain to have the structure:

3-OMe-Mancc(]->6)

ManP(l-*4)GlcNAc|!(I->4 (GlcNAc-ol

3-OMe-Mancc(l

Xylp(1

The hemocyanins of the gastropods Helix pomaiia and
Lymnaea slagnalis are the only animal glycoproteins, reported
so far, having partially O-methylated carbohydrate chains [1].
Sugar analysis of these glycoproteins revealed the presence of
Fuc, Xyl, 3-OMe-Gal, Man, Gal, GalNAc and GlcNAc for
H. pomaiia hemocyanin and Fuc, Xyl, 3-OMe-Man, 3-OMe-
Gal. Man, Gal, GalNAc and GlcNAc for L. stagnalis
hemocyanin. Recently, the structures of the low-molecular-
mass N-linked oligosaccharides of H. pomaiia hemocyanin
have shown to be Mana(l-»6)[Mana(l->3)][Xyl/!(]->2)]-
Man/i(l->4)GlcNAc/J(l-»4)[Fuca(1->6)]o-iGlcNAc-ol [2].
The detailed characterization of the very complex high-
molecular-mass structures, built up from these core structures
and the additional monosaccharides 3-OMe-Gal, Gal,
GalNAc and GlcNAc, is still in progress.

In the course of a series of studies on the structures of the
carbohydrate chains of hemocyanins from different species
the analysis of the primary structure of the lowest-molecular-
mass N-linked oligosaccharide from the hemocyanin of the
freshwater snail L, stagnalis is reported.

Correspondence to J. F. G. Vliegenthart, Afdeling Bio-Organische
Chetnic, Rijksuniversitcit Utrecht, Transitorium HI, Postbus 80.075,
NL-3508 TB Utrecht, The Netherlands

Abbreviations. Fuc, L-fucose; Xyl, D-xylose; 3-OMe-Man, 3-0-
mcthyl-D-mannose; 3-OMe-Gal, 3-O-methyl-D-galactose; GalNAc,
/V-acetyl-D-gaiactosamine; GlcNAc-ol, A^-acetyl-D-glucosaminitol;
HPLC, high-performance liquid chromatography; GLC-MS, gas-
liquid chromatography mass spectrometry; SDS. sodium dodecyl
sulfate.

MATERIALS AND METHODS

Isolation of hemocyanin from L. stagnalis

Specimens of L. stagnalis were collected from the canal in
Leeds and were immediately bled via the hemal pore. The
hemolymph was collected in 0.1 M acetate buffer, pH 5.7, at
4 C containing the following to prevent proteolysis: 1 mM
benzamidine, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM
pepstatin, 0.1 M antipain, 0.1 M chymostatin, 0.1 M leu-
peptin, 0.2 units/ml aprotinin, as well as 0.005% (w/v) thio-
mersalate as preservative. The pooled hemolymph from sev-
eral hundred snails was centrifuged at low speed to remove
debris and bacteria and the hemocyanin sedimented by ultra-
centrifugation for 2 h and 4"C at 130000 xg. The resulting
blue pellet was resuspended in 0.1 M acetate buffer, pH 5.7,
and resedimented twice. The purity of the final material was
checked by SDS/polyacrylamide gel electrophoresis on a 4 -
16% gel slab.

Preparation of a copper-free pronase digest

A solution of 550 mg hemocyanin in 10 mM Pipes buffer,
pH 7.0, containing 0.2 M NaCI and a trace of thiomersalate
as preservative, was stripped of copper, denatured with urea
and digested by pronase, as described [2], yielding 55 mg
glycopeptide mixture.

Hydrazinolysis procedure andfractionation

The thoroughly dried glycopeptide mixture was suspended
in 1 ml of anhydrous hydrazine and heated for 8 h at 100 C.
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After evaporation of hydrazine, the material was re-yV-
acetylated and reduced as described [3]. A small amount of the
sample (0.6 mg) was reduced with NaB3H4 and the remaining
part (23 mg) with NaB2H4 [2]; whereafter SOuCi (1%) of
the 3H-labelled oligosaccharide-alditols were mixed with the
oligosaccharide-[l-2H]-alditols. Paper electrophoresis (What-
man 3MM paper, 70 V/cm, 90 min) was carried out using a
pyridine/acetic acid/water buffer (3:1:387; v/v), pH 5.4. The
oligosaccharide-alditols were recovered from the paper by
elution with water.

The neutral oligosaccharide-alditols were fractionated
on two connected Bio-Gel P-4 columns (2x100 cm each;
-400 mesh; Bio-Rad) eluted with water (20 ml/h, 1.7 ml
fractions) at 55 °C [4]. Oligosaccharide-alditols were moni-
tored by refractive index detection and scintillation counting.
The lowest-molecular-mass fraction was further fractionated
by HPLC using a Perkin-Elmer series 3 liquid chromatograph,
equipped with a Rheodyne injection valve. A column
(4 x 250 mm) of Lichrosorb-NH2 (5 um, Merck) was used.
The column was run isocratically with a mixture of
acetonitrile/water (75:25, v/v) for 55 min at room temperature
at a flow rate of 1 ml/min. Fractions of 1 ml were collected
and assayed at 205 nm and by scintillation counting [5].

500-MHz 'H-NMR spectroscopy

Carbohydrates were repeatedly exchanged in 2H2O (99.96
atom % 2H, Aldrich) with intermediate lyophilization. 'H-
NMR spectra were recorded on a Bruker WM-500 spectro-
meter (SON hf-NMR facility. Department of Biophysical
Chemistry, University of Nijmegen, The Netherlands) operat-
ing at 500 MHz in the Fourier-transform mode at a probe
temperature of 27 "C. Resolution enhancement of the spectra
was achieved by Lorentzian-to-Gaussian transformation [6].
Chemical shifts (6) are given relative to sodium 4,4-dimethyl-
4-si!apentane-l-sulfonate, but were actually measured in-
directly to acetone {8 = 2.225 ppm) [7].

Sugar analysis

Samples containing 50 nmol carbohydrate were subjected
to methanolysis (1.0 M methanolic HC1,24 h, 85 °C) followed
by GLC of the trimethylsilylated (re-JV-acetylated) methyl
glycosides on a capillary CPsil 5 CB WCOT fused silica
column (0.34 mm x 25 m, Chrompack) [1, 8].

Methylation analysis

Methylation analysis was carried out essentially as de-
scribed by Waeghe et al. [9]. After permethylation of the
oligosaccharide-alditol (100 ug), using C2H3I, the permethyl-
ated material was hydrolysed with 4 M trifluoroacetic acid
and the obtained mixture of partially methylated mono-
saccharides reduced with NaB2H4 in water (10 ug/fil).
Combined GLC-MS was performed on a Carlo Erba GC/
Kratos MS 80/Kratos DS55 system; electron energy, 70eV;
accelerating voltage, 2.7 kV; ionizing current, 100 uA; ion-
source temperature, 225 °C; CPsil 5 CB WCOT fused silica
column (0.34 mm x 25 m; Chrompack); oven temperature
program, 120X during 2 min, 120-240°C at 4°C/min.

RESULTS AND DISCUSSION

The purity of L. stagnalis hemocyanin was checked by
SDS/polyacrylamide gelelectrophoresis (Fig. 1). The material
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Fig. I. SDSjpolyacrylamide gel electrophoresis with purified L.
stagnalis hemocyanin, gradient gel 4—16%. Lane a, molecular mass
markers, values in kDa, from bottom: ovalbumin, bovine serum
albumin, /J-galactosidase, thyroglobulin and its dimer; lane b. L.
stagnalis hemocyanin, approx. 450 — 500 kDa

Table 1. Molar carbohydrate composition of hemocyanin from
Lymnaea stagnalis and related fractions

Mono-
saccharide

Fuc
Xyl
3-OMe-Man
3-OMe-Gal
Man
Gal
GalNAc
GlcNAc
GlcNAc-ol

Glyco-
protein

1.1
0.7
1.1
0.3
3.0"
1.3
1.2
2.4

Pronase
digest

0.9
0.7'
1.1
0.3
3.0"
0.9
1.0
1.9

Hydra-
zinoly-
sate

0.9
0.7
1.1
0.3
3.0"
1.2
0.8
1.3
0.6

IVa

0.9
1.9

I.0b

0.6
0.5

IV b

0.4
1.0

1.0"

0.4
0.7

' Man taken as 3.
" Man taken as 1.

showed a major band at 450 kDa, which corresponds to the
subunit (l/20th molecule) of the hemocyanin. The small
amounts of lower-molecular-mass contaminants are believed
to be digestion products of the hemocyanin notwithstanding
the precautions taken. No 'low'-molecular-mass (i.e. M, <
100000) material was detected.

The sugar analysis of the native hemocyanin is presented
in Table 1. The quantitative data indicated a carbohydrate
content of 3% (w/w). To facilitate the structural analysis of
the N-Iinked carbohydrate chains, they were released from a
pronase digest of the glycoprotein (sugar analysis, Table 1) by
hydrazinolysis. After re-AT-acetylation and reduction (sugar
analysis, Table 1) high-voltage paper electrophoresis showed
only a small amount of acidic material. The neutral fraction
(97%) was separated on Bio-Gel P-4 in four fractions (Fig. 2)
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Fig. 2. Elution profile on Bio-Gel P-4 (-401) mesh) of *H-labelleil
oligosauhuride-ll-zHJ-alditols derived from L. stagnalis hemotyanin.
The column was eluted wilh bidistilled water a 55 C. Fractions of
1.7 ml were collected at a flow rate of 20 ml/h and assayed for 3H
radioactivity. Fractions I — IV were pooled. The arrows at the lop
indicate the elution positions of glucose oligomers generaled by a
dextran hydrolysis. The numbers at the top indicate the glucose units

IVa

10 20 30 U0 50
Time(min) •

Fig. 3. Elation profile on Lichrosorb-NH2 IHPLC) of oligosaccharide-
11-1 II /-alditols derived from Bio-Gel P-4 fraction IV. The column was
run isocralically with a mixture of acetonitrilc/water (75:25,
v v) at a How rate of 1 ml/min. Fractions lVa and IVb were pooled

Table 2. Methylalion analysis of the oligosaccharide-alditol fraction
IVa of the hydrazinolysate

Partially methylated alditol acetate Molar ratio

2.3.4-Tri-<?-[2HJmclhy)-xylitol 0.6
3-Mono-O-methyl-2,4,6-lri-O-[2H]methyl-

mannilol 2.0a

4-Mono-0-[2HJmelhyl-mannilol 0.8
I,3.5.6-Tetra-O-[2H]methyl-2-A'-

[2H]melhyl-acelamido-2-deoxyglucilol 0.9
3.6-Di-0-[2H]mcthyl-2-A'-[2Hlmelhyl-

acetamido-2-deoxyglucitol 0.9

1 3-Mono-c7-mclhyl-2.4.6-tri-<?-[2HJmcthyl-manni!o) laken as 2.0.

Table 3. Relevant lH chemical shifts of structural-reporter groups of
constituent monosaevharides for fraction JVa from Lymnaea stagnalis
hemocyanin and those for reference compound R [2/
Chemical shifts arc in ppm downficld from sodium 4.4-dimelhyl-4-
silapcntane-l-sullbnatc in 2H2O at 27 C acquired al 500 MHz (but
were actually measured relative to internal acetone: 6 = 2.225 ppm).
For the numbering of the monosaccharidc residues and complete
structures, see Fig. 4. In the table heading, the structures are repre-
sented by short-hand symbolic notation (cf. [2. 7]): » . CilcNAc:
•- .Man: {J>- . 3-OMc-Man;and a- , Xyl. n.d. = not detected

Residue Reporter
group

Chemical shift in compound

IVa

GIcNAc-l-ol

GlcNAc-2

Man-3

Man-4

Man-4'

Xyl

H-2
NAc

H-l
NAc

H-l
H-2

H-l
H-2
OCHj

H-l
H-2
OCH3

H-l
H-2
H-3
H-5,,
H-5«,

ppm

4.239
2.057

4.634
2.073

4.883
4.270

5.122
4.039

4.913
3.983

4.449
3.377
3.437
3.250
n.d.

4.237
2.056

4.620
2.065

4.898
4.281

5.168
4.305
3.443"

4.961
4.230
3.415"

4.453
3.378
n.d.
3.264
4.015

a Assignments may have to be interchanged.

in relative amounts of: I. 24%: II. 18%; HI. 42%; and IV,
16%. The low-molecular-mass carbohydrate fraction IV was
further separated by HPLC. yielding two fractions denoted
IVa and IVb (Fig. 3). Combination of the sugar analysis
(Table 1) and the methylation analysis data (Table 2) of frac-
tion IVa suggested the presence of an oligosaccharide struc-
ture comparable with the lowest-molecular-mass structure
from Helix pomatia a-hemocyanin, namely Mana(l-»6)-
[Mana( 1-3))[Xyl/M->2))Man/?(1-»4)G!cNAc/?( I->4)GlcNAc-
ol (reference compound R [2]), except that for L. .ilagnalb this

structure is extended with 3-0-methyl groups attached lo both
terminal a-Man residues:

3-OMe-Mana(l->6)

4
3-OMc-Mana(l-

XylpO-

3 2 1
ManP( 1 -»4)GlcN AcB( 1 ->4)GlcNAc-ol
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3-0Me-Manct<1-6k
V Man|3(1-MGIcNAc|3l1-4)GlcNAc.ol

3-OMe-Mana(1-3K/ 2 2 1
4

XyF|3(1-2)'

anomenc protons

ilppm)

Fig. 4. Struclural-reporler-group regions of the resolution-enhanced 500-MHz ' H- NMR spectrum ofoligosacctuthde-/1-1 Hj-alditolfraction IV a.
derived from L. stagnalis hemocyunin recorded in 2H2O at 27 C. The numbers in the spectrum refer to the corresponding residues in the
structure. The relative intensity scale of the A'-acelyl and 0-methyl regions differs from that of the other parts of the spectrum as indicated

Conclusive evidence was obtained by using 500-MHz 'H-
NMR spectroscopy. The structural-reporter-group regions of
the 'H-NMR spectrum of fraction IVa, recorded in 2H2O.
are presented in Fig. 4. The equal intensity of the anomeric
proton signals point to the presence of a single compound.
Relevant NMR parameters are listed in Table 3 together with
those of reference compound R from H. pomalia x-
hemocyanin [2], Comparing IVa with R shows that Ihe
chemical shift signals of the structural-reporter-groups of
GlcNAc-1-ol, H-2 and NAc, are not affected by the O-
methylation of C-3 of the terminal Man residues. However
H-l and NAc of GlcNAc-2 have slightly shifted upfield in
IVa (Ad - 0 . 014ppm and -0 .008 ppm, respectively). The
structural-reporter-groups of Man-3, H-l and H-2, are also
slightly influenced by the O-methylation of Man-4 and Man-
4'; both protons resonate at lower values of d (A& 0.015 and
0.011 ppm, respectively) in IVa.

For an evaluation of the NMR parameters of the 3-0-
tnethylated Man-4 and Man-4' residues, the 500-MHz 'H-
NMR data of the methyl a-D-glycosides of Man and 3-OMe-
Man are recorded. Comparison of the latter NMR data
(Table 4) clearly indicates Ihe influence of 3-0-methyIation
on the values of <5 for the various protons of methyl a-D-
munnopyranoside. Similar chemical-shift effects are observed
for the structural-reporter-groups H-l and H-2 of Man-4 and
Mun-4' (0.042 <, Ad < 0.048 ppm for H-l and 0.249 <, Ad
< 0.266 ppm for H-2) when going from R to IVa (Table 3).

A6

The assignments of the H-2 signals of the methylated a-Man
residues in IVa was based on selective ' H-decoupling of the
H-l signals. The 3-0-methyl groups resonate at <5 =
3.443 ppm and 3.415 ppm.

The Xyl structural-reporter-groups H-l and H-2 are not
essentially influenced by 3-(?-methylation of the terminal Man
residues. The chemical-shift signals of the H-S atoms are both
found in downfield positions, when IVa is compared with R.
For IVa, the chemical shift of H-5al is observed al <5 =
3.264 ppm and the signal of H-5cq. which was hidden under
the signals of the sugar skelet protons (<5 < 4.0 ppm) for R.
resonates outside the bulk at 4.015 ppm. The assignment of
H-5cq was based on selective 'H-decoupling of H-5al. in
combination with the characteristic coupling constants Jt 5cq

(5.4 Hz) and y5a,.5cq ( - 11.5 Hz) [10]. THe H-3 signal could
not be indicated exactly.

The 500-MHz 'H-NMR spectrum of IVb showed the
presence of at least two components of which the structure
could not be unraveled, due to the low amount of material.

In conclusion it has been established that there is a striking
relationship between the low-molecular-mass N-linked carbo-
hydrate chains of the hemocyanins from the gastropods H.
pomatia and L. stagnalis. Both species possess a core structure
with Xyl in /<(! -»2)-linkage to Man-3 which, so far, has not
been found for animal glycoprotcins. Furthermore, they both
have 3-0-mcthylated sugars in their carbohydrate chains. It
is remarkable that 3-OMe-Man occurs only in L. stagnalis.



Table 4. ' H-NMR data far the methyl-x-D-glycopyranosides ofmanno.se
and S-O-metfiyf-manno.se
Chemical shifts urc in ppm downfield from sodium 4,4-dimethyl-4-
silapcnlane-1-sulfonate in 2H2O at 27C acquired at 500 MHz (but
were actually measured relative lo internal acetone: 5 = 2.225 ppm)

Protons

H-l
H-2
H-3
H-4
H-5
H-6a
H-6b
1-OCHj
3-OCHj

Coupling

•',.2

• / ; . . !

A s

Chemical shift of

a-Man

ppm

4.761
3.929
3.751
3.640
3.604
3.898
3.755
3.407

Hz

1.8
3.5

10.0
10.0
2.6
5.8

-12.3

3-OMe-a-Man

4.803
4.178
3.449
3.674
3.624
3.889
3.749
3.414"
3.430"

1.9
3.3
9.8
9.9
2.3
6.0

-12.2

" Assignments were made by comparison with [2H|mcthyl 3-0-
mcthyl-3-n-mannopyranosidc.

This methylated sugar is not of dietary origin, but is synthe-
sized in the cell [11]. The elucidation of the high-molecular-
mass carbohydrate chains of the hemocyanin of L. slagnalis
is in progress.
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a-D-mannopyranoside. This investigation was supported by the
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CHAPTER 5

PRIMARY STRUCTURE DETERMINATION OF SEVEN NOVEL A'-LINKED CARBOHYDRATE CHAINS

DERIVED FROM HEMOCYANIN OF UjCWAEA S7AQNAU.S

3-0-methyl-D-galactose and /V-acetyl-D-galactosamine as constituents of

xylose-containing /V-linked oligosaccharides in an animal glycoprotein

J. Albert VAN KUIK1, Rint P. SIJBESMA1, Johannis P. KAMERLING1, Johannes

F.G. VLIEGENTHART1 and Edward J. WOOD2

Department of Bio-Organic Chemistry, Transitorium III, Utrecht University
2
Department of Biochemistry, University of Leeds

SUMMARY

Hemocyanin from the freshwater snail Lymnaexi -btagncLLlA is a high-

molecular-mass copper-containing glycoprotein which functions as oxygen-

carrier in the hemolymph. To release the carbohydrate chains, the protein

was digester by pronase followed by hydrazinolysis and reduction. The

neutral oligosaccharide-alditols were purified by gelpermeation

chromatography on Bio-Gel P-4, followed by HPLC pn a Lichrosorb-NH_ column.

Using 500-MHz H-NMR spectroscopy, in conjunction with sugar and methylation

analysis, the following seven novel primary oligosaccharide structures could

be unraveled:

3-OMe-GalB(l+3)GalNAc0(1+4)G1CNAC3(l+2)Man<a(1+6)

Man3(1+4)GlcNAc0(1+4)GlcNAc-ol

3-0Me-Mana(l+3)/

XylB(l+2)'

Mana(l+6}

Man6(l+4)GlcNAc0(l+4)GlcNAc-ol

3-OMe-Gal|3 (l+3)GalNAc6 (1+4 )GlcNAcB (1+2 )Mano (1+3//

Xyl0( 1+2)'
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Fuca( l+2)GalR (l+3)GalNAc3 (l+4)GlcNAcg (1+2 )Mana( 1+6)

ManR(1+4)GlcNAc3(l+4)GlcNAc-ol

3-0Me-Mana(l+3)/

XylR(l+2)

Mana(l+6)

ManR(1+4)G1CNAC3(1+4)GlcNAc-ol

Fuca(l+2)Gal3(l+3)GalNAcR(l+4)GlcNAcR(l+2)Mana(l->3)y

XylR(l+2)'

3-OMe-GalR(1+3)GalNAcg(1+4)GlcNAcR(1+2)Mana(1+6)

ManR(1+4)GlcNAcR( 1+4)GlcNAc-ol

3-0Me-Gal6(l+3)GalHAcg(l+4)GlcNAc3(l+2)Mana(l+3)/

W
3-OMe-GalB (l+3)GalNAcR (l+4)GlcNAc|3 (l+2)Mana( 1+6)

Man3(1+4)GlcNAc£(1+4)GlcNAc-ol

Fuca(l+2)GalB(l->-3)GalNAcR(l+4)GlcNAc3(l+2)Mana(l+3)
/jf

XylR(l+2)'

Fuca(l+2)Galg(l+3)GalNAcfi(l+4)GlcNAc3(l+2)Mana(l+6)

ManR(1+4)GlcNAc3( 1+4)GlcNAc-ol

Fuca(l+2)Gal3(l+3)GalNAc3(l+4)GlcNAc6(l+2)Mana(l+3)/

)

Attia.uiation.Ji: Xyl, D-xylose; 3-OMe-Gal, 3-0-methyl-D-galactose; GalNAc, H-
acetyl-D-galactosamine; Fuc, L-fucose; 3-OMe-Man, 3-O-niethyl-
D-raannose; GlcNAc-ol, iV-acetyl-D-glucosarainitol; HPLC, high-
performance liquid chromatography; NOE, nuclear Overhauser
enhancement; GLC-MS, gas-liquid chromatography mass
spectrometry.
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INTRODUCTION

Hemocyanins are high-molecular-mass copper-containing glycoproteins,

which are responsible for the oxygen transport in many arthropods and

molluscs. The primary structure of the /V-glycosidically linked low-

molecular-mass carbohydrate chains of hemocyanin from the gastropods tieJLlx

pomaiia and Lymnaea -iiagnalii have been determined [1,2]. In H, pomatia, the

usual pentasaccharide core structure contains an additional Xyl residue in

S(l-»-2)-linkage to 3~Man, a feature which is uncommon for animal

glycoproteins. The low-molecular-mass carbohydrate chain from L, btaynal.iJ>

hemocyanin is a variant wherein the terminal Man residues are 3-0-

methylated. It was established to be:

3-OMe-Mana(l->6)

ManS(l-»4)GlcNAc6(l+4)GlcNAc-ol.

3-OMe-Mana(l->3)y

Xy IB (1+2)'

Sugar analysis of native L. AtagnaliA hemocyanin revealed as additional

monosaccharide constituents 3-OMe-Gal, Gal, GalNAc and Fuc [3]. The

liberation of the /V-glycosidically linked carbohydrate chains of this

hemocyanin by hydrazinolysis of a pronase digest, and the fractionation of

these chains as oligosaccharide-alditols on Bio-Gel P-4 have been described

previously [2]. The structure determination of carbohydrate chains with

higher-molecular-mass will be described in this article.

MATERIALS AND METHODS

Pie.pa/iation of Bio-QeA. P-4 fn.aciion/>: The purified L. AiaynaJti*

hemocyanin was stripped of copper, digested with pronase, and treated with

hydrazine to liberate the carbohydrate chains. After re-/V-acetylation these

chains were reduced, purified by high-voltage paper electrophoresis, and

fractionated on Bio-Gel P-4. Four fractions were obtained, denoted I-IV. The

analysis of fraction IV has been described previously [2J.

DeJ.eAjrunai.ion of. ihe u&iolute. confi.yun.ai.ion. of the. monoAacchaJiida:

Determination of the absolute configuration of the constituent

monosaccharides from £, Jitagnatiji hemocyanin was performed as described
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[4,5]. Trimethylsilylated (-)-2-butyl glycosides were analyzed by GLC, on a

capillary CP-sil5 CB WCOT fused silica column (0.34 mm x 25 m, Chrompack).

Alkaline boiohyd/Ude. taexdMeni.: Alkaline borohydride treatment, on 100 yg

native glycoprotein, was carried out as described [1].

HPLC: Bio-Gel P-4 fractions I-III were further fractionated by HPLC [6]

using a Perkin-Elmer series 3 liquid chromatograph, equipped with a Rheodyne

injection valve. A column (4 x 250 mm) of Lichrosorb-NHn (5 jjm, Merck) was

used. The column was run isocratically with a mixture of acetonitrile/water

for Bio-Gel P-4 fraction III (70 : 30, v/v) and II (68 : 32, v/v) or with a

linear gradient starting with a mixture of acetonitrile/water of 70 : 30

(v/v) going in 80 min to 60 : 40 (v/v) for fraction I.

500-fiHz H.-NIHR ^pecOio-icopy: Carbohydrates were repeatedly exchanged in
2H2O (99.96 atom %

 2H, Aldrich) with intermediate lyophilization. -""H-NMR

spectra were recorded on a Bruker WM-500 spectrometer (SON hf-NMR facility,

Department of Biophysical Chemistry, University of Nijmegen, The

Netherlands) operating at 500 MHz in the Fourier-transform mode at a probe

temperature of 27 C. NOE difference spectroscopy was performed according to

[7]. Resolution enhancement of the spectra was achieved by Lorentzian-to-

Gaussian transformation [8], Chemical shifts (6) are given relatively to

sodium 4,4-dimethyl-4—silapentane—1—sulfonate, but were actually measured

indirectly to acetone (6 = 2.225 ppm) [9].

Sue/an. ana£y-i,L!>: Samples containing 50 nmol carbohydrate were subjected to

methanolysis (1.0 M methanolic HC1, 24 h, 85 °C) followed by GLC of the

trimethylsilylated (re-/V-acetylated) methyl glycosides on a capillary CP-

sil5 CB WCOT fused silica column (0.34 mm x 25 m, Chrompack) [10].

neihylalion analytic: Methylation analysis on 100 jjg samples was carried

out as described [2], Because of the presence of natural occurring 3-0-
2

methylated monosaccharides, C H~I was used. Partially methylated alditol

acetates were analyzed by GLC-MS; oven temperature program, 110-230 °C at 4

°C/min.

De.am-inat.lon: For deWV-acetylation, 70 yg of a thoroughly dried

oligosaccharide-alditol was dissolved in 150 jjl anhydrous hydrazine in a 1
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ml Pierce vial, and heated for 24 h at 100 C. After evaporation of

hydrazine, the sample was deaminated by 100 Ul of a solution of 5 mg/ml

NaN0_ in 0.5 M HAc and subsequently reduced by 0.5 rag NaBH, [11]. Samples

were trimethylsilylated and analyzed by GLC on a capillary CP-sil5 CB WCOT

fused silica column (0.34 mm x 25 m, Chrompack) and by GLC-MS; oven

temperature program, 120 °C during 2 min, then 120-240 C at 4 C/min.

Trimethylsilylated 2,5-anhydro-mannitol and 2,5-anhydro-talitol were used as

references.

QLC-nS: Samples were analyzed on a Carlo Erba GC/Kratos MS 80/Kratos DS55

system; electron energy, 70 eV; accelerating voltage, 2.7 kV; ionization

current, 100 uA; ion-source temperature, 225 C; BP1 capillary WCOT fused

silica column (0.33 mm x 25 m; Scientific Glass Engineering).

RESULTS

Alkaline borohydride treatment of the native glycoprotein did not give

rise to the formation of GalNAc-ol; therefore, it is suggested that the

glycoprotein does not contain O-glycosidically bound carbohydrate chains.

Determination of the absolute configuration of the constituent

monosaccharides from L. />tagnu£is> hemocyanin, revealed that all residues are

present as D sugars, except Fuc, which has L configuration. The carbohydrate

chains of £., itagnal-i-i hemocyanin were released by hydrazinolysis of a

pronase digest. After reduction, and purification by high-voltage paper

electrophoresis, the neutral oligosaccharide-alditols were fractionated on a

Bio-Gel P-4 column, yielding four fractions (I-IV)[2],

The Bio-Gel P-4 fractions I-III [2] were further fractionated by HPLC on

Lichrosorb-NH- (Fig. 1). Sugar analysis data of the main HPLC fractions are

listed in Table 1. Methylation analysis data of two HPLC fractions are

presented in Table 2. Separation of Bio-Gel P-4 fraction II on HPLC, yielded

four fractions, denoted Ila-IId (Fig. IB). Although the fractions separated

perfectly well, they contained too low an amount of sugar to determine the

structure of the carbohydrate chains.

To elucidate the primary structure of the carbohydrate chains present in

the various HPLC fractions, obtained from the Bio-Gel P-4 fractions I and

III, 500-MHz ^-NMR spectra in 2H2O were recorded. Relevant *H-NMR data are

compiled in Table 3, together with the data of IVa [2] and reference

compound R from Helix pomatia a-hemocyanin [1]. H-NMR spectroscopy revealed
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tO 60
lime (mini

Figure 1. ££ution piofi£e.-i
2

on Llchx.oAoii.-NH. (HPLC) of- oligos>acchajiide.-\1 -

H\-aldi±ol* from Bio-Qe.1 P-4 fractions I-III [2].

The pea/c-i manked with an attejux aie. (pcuitly) composed of

hydiazinoly-bi-b asi£e.fact-i.

A. Bio-QeJ. P-4 fraction I, fractionated io-ith a £ine.aa. giad-lent

s>tanJLin.q w-iih a nuxtu/ie. of. aceJLon.itn-iteJicicd.eji o / 70 : 30 (v/v)

going in 80 min to 60 : 40 (v/v). T/iactioni Ia-Ii we-ne. pooled,

B. Bio-QeJ. P-4 fraction II, fractionated iboc/iaticaULy loiih a

mixtiwe. of acei.oruJLnJjM.1'uiate/i of 68 : 32 (v/v). ?ziactionA Ila-IId

toejie. pooled.

C. Bio-QeJ. P-4 fraction III, fractionated i^oc/iaticaULy with a

mixtu/ie. of. acei-orvubu-JLe./iiiate-n. of 70 : 30 (v/v). 7/iaction-i Illa-

Illf. uienje. pooled.

that most of the low-intensity HPLC peaks contain "hydrazinolysis artefacts"

[12]. The latter are modified by the hydrazinolysis procedure at GlcNAc-1

and/or GlcNAc-2, which results in lower retention times on HPLC than the

corresponding intact oligosaccharide-alditols. The H-NMR parameters of

these fractions are not included in Table 3.

Bio-Qel P-4 fraction III: Bio-Gel P-A fraction III will be discussed

first , as i t contains the structures with the lowest-molecular-mass. This

fraction was separated into 6 sub-fractions denoted Illa-IIIf (Fig. 1C). The

structural-reporter-group regions of the spectrum of Illb (for sugar

analysis, see Table 1) are presented in Fig. 2A. The intensity of the

anomeric proton signals points to the presence of one major component

(> 90%). Comparing the chemical shifts of the signals of H-2 and NAc of
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Table 1. flolasi canJLohydiate. compoA-LLlon of. ot-igoAacchoA.ide.-aldJJ.ol HPLC

f/iom Lyranaea s t agna l i s hemocyanin

Mono-

saccharide

Fuc

Xyl

3-OMe-Man

3-OMe-Gal

Man

Gal

GalNAc

GlcNAc

GlcNAc-ol

Illb

0.7

0.8

0.7

2.0a

0.1

0.8

1.5

0.6

Hid

0.6

0.8

0.7

2.0a

0.7

0.6

1.5

0.5

Illf

0.7

1.0

3.0b

0.9

0.9

1.7

0.4

Ib

1.0

1.5

3.0b

1.6

2.4

0.6

Ie

1.0

0.9

0.6

3.0b

1.0

2.0

2.5

0.6

Ih

1.9

1.0

3.0"

2.2

2.2

2.9

0.8

Man taken as 2.

bMan taken as 3.

GlcNAc-1-ol, H-l of GlcNAc-2, H-l and H-2 of Man-3, and H-l of Xyl of Illb,

with those of R, leads to the conclusion that they have the

Xylg(l->-2)Mang(l->4)GlcNAc3(l-)-4)GlcNAc-ol sequence.in common. The presence of

a terminal 3-0Me-Man (methylation analysis, Table 2) in a(l-»-3)-linkage to

Man-3, is evident from comparison of the H-l (6 = 5.166 ppm) and H-2 (6 =

4.297 ppm) signals of Man-4, in Illb with those in IVa. The chemical shifts

of the Xyl structural-reporter-groups (H-l, 6 = 4.450 ppm; H-2, 6 = 3.382

ppm; H-5 , 6 = 3.260 ppm; H-5 , 6 = 4.012 ppm) are essentially identical
ax eq

to those observed for IVa, wherein Xyl is also found attached to Man-3 next

to a 3-0-methylated Man-4. The assignments of Xyl H-l and H-5 were made by

selective decoupling of H-2 and H-5 , respectively.
3X

According to the sugar and methylation analysis, additionally a linear

tetrasaccharide is present, consisting of Man, substituted at C-2, GlcNAc

substituted at C-4, GalNAc, substituted at C-3 and terminal 3-0Me-Gal.

Comparing the H-l and H-2 signals of Man-41 of Illb (6 = 4.896 ppm and 6 =

4.097 ppm, respectively) with those of R, shows that Man-41 is not terminal

in Illb. The extension of Man-41 is also reflected by the shift of the NAc

signal of GlcNAc-2 [9], from 6 - 2.073 ppm in R to 6 - 2.080 ppm in Illb.

Since the coupling constants of the three remaining unassigned anomeric
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Table 2. fle.iAy£a£j.on aaalyiii of. oJH.go6acchanJxLe.-CLULii.ol H.PLC

Lymnaea stagnalis hejnocyanin

Partially methylated Illb Hid

alditol acetate

2,3,4-Tri-0-[2H]methyl-xylitol 0.4 1.0

2,3,4-Tri-0-[2H]raethyl-fucitol 0.9

3-Mono-0-methyl-2,4,6-tri-0-
2

-[ H]methyl-mannitol 0.7 0.9

3-Mono-O-methy1-2,4,6-tri-O-

-[ Hjmethyl-galactitol 0.2

3,4,6-Tri-0-[2H]methyl-mannitol 0.9 1.1

3,4,6-Tri-0-[2H]methyl-galactitol 0.3

1,3,5,6-Tetra-0-[ 2H]methy 1-2-/V-
2

-[ H]methyl-acetamido-2-deoxyglucitol + +

4-Mono-0-[2H]methyl-mannitol 1.0a 1.0a

3,6-Di-0-[2H]methyl-2-/V-[2H]methyl-

-acetamido-2-deoxyglucitol 1.1 0.6

4,6-Di-0-[2H]methyl-2-/V-[2H]methyl-

-acetamido-2-deoxygalactitol + +•

4-Mono-0-[ H]raethyl-mannitol taken as 1.0

proton' signals are -8 Hz, it can be concluded that 3-0Me-Gal, GalNAc and

GlcNAc all have 3 configuration. The chemical shifts of the 3-0Me-Gal

structural-reporter-groups (H-l, H-3, H-4 and 0CH~) in Illb could be found

by studying first the shift effects going from B-D-galactopyranose to 3-0-

methyl-8-D-galactopyranose (Table 4). It can be seen that 3-0-methylation of

Gal results in an upfield shift of H-3 (A6 = -0.303 ppm) and a downfield

shift of H-4 (A6 = 0.283 ppm). By consequence, these protons will resonate

outside the bulk of skeleton protons (3.9 > 6 > 3.5 ppm) in the spectrum of

Illb. By selective 1H decoupling of the H-3 signal of 3-0Me-Gal (6 = 3.316

ppra) in Illb, H-2 (6 = 3.538 ppm) and H-4 (6 = 4.199 ppm) are found by

difference spectroscopy. To assign the two doublets at 6 » 4.46 ppm

selective irradiation was carried out, yielding H-2 of Xyl and H-2 of 3-OMe-

Gal in a difference spectrum. Since the signal at 6 - 4.450 ppm belongs to
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Xyl H-l, the anomeric signal at 6 = A.461 ppm can be assigned to 3-OMe-Gal.

Concerning the assignment of the OCH^ signals in the spectrum of Illb, the

OCHn signal at 6 = 3.441 ppm, which is also present in the spectrum of IVa

[2], was attributed to Man-4. The other OCH3 signal (6 = 3.429 ppm), which

is not present in the spectrum of IVa, is assigned to 3-OMe-Gal.

56



The sugar residue attached to Man-41, which has to be either GlcNAc or

GalNAc, was traced by degradation via deamination of Illb. This method

yields free 2,5-anhydro-mannitol in case of a -GalNAc-GlcNAc- sequence and

free 2,5-anhydro-talitol in case the sequence is -GlcNAc-GalNAc-. Because

only 2,5-anhydro-mannitol and no trace of 2,5-anhydro-talitol was detected

by GLC-MS, it can be concluded that GlcNAc, and not GalNAc, is attached to

Man-41. The H-l signal of the GlcNAc-5f was identified by one dimensional

OMa-Gaipn -»3)GalNAcP< 1-

anomerjc

•+4>Gk:NAc|X 1 ~>2)Mana( l -»6l
4 |

.VOMe-Mana(l-»3)1
X

XyipcJ-t2j'
pro lons

3
lanpd

i i
-iJlGlcNAcPd-fllGlcNAc-ol

Illb

2 GN1

f, h'

G' Gn'
H-4 H-i X

//
I

H-2

3
H-2

H-2 .1

I /
I,

A-y,.. •'•''I " * . ' . „ .

52 5! 50 49
— 6{ppm)

47 46 45 44 43 4.2 4.1 40 ^ Ih -// /h -// //-

Figure 2. Stau.cJiu/iaS.-/ie.poiteJL-giou.p ie.gi.ons> of. the. ne.Aoiution-enhanc.ed. 500-
CiHz K-NflR tpedbuL of. o£igoiacchcuiide-[i- tt]-a£dito£4 derived fiom
Lymnaea stagnalis hemocyanin seconded in H. 0 at 27 °C, (A)
Spe.ctAum of fn.ad.ion HIS.,' (B) Spe.c£num of fnaction IIIc. The
•btsw.ctunxLi-ne.poni.en-gnoup'i of LILd one. giuen a&oue the. Apectnum,
and the. Atnu.ctu.n.a£.-ne.ponte./i-gnoup6 of. IIIc2 asie manked LeJLow the.
Ape.cinumf (C) Spectnwa of fnaction Hldf (D) Spectnum of fnaction
lllfl (£•) Spectnum of fnaction IH; (T) Spectnum of fnaction le;
(Q) Spectnwn of- fnaction Ih, The num&eji-i and £eJtte/u> in the.
Apectna ne.fe.n. to the conne.6poruLing ne.-bidu.e4 in the. Atnuctune.6. The.
teJiatiue inteMiJLy Acate of the l\-ace£y£. and Q-methy£ negioni
diffejiA fnom that of the othen pani./> of the />pe.ctna a-i indicated,
0 = impunity.
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Figure 2 (continued).
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Figure 2 (continued).
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Figure 2 (continued).
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Table 4. H-NflR data {on. the. $-D-g£ycopyn.ano4e.4 o{ galadoAe. and 3-0-methy£

Chemical shifts are in ppm downfield from sodium 4,4-dimethyl-4-silapentane-

1-sulfonate in H«0 at 27 C acquired at 500 MHz (but were actually measured

relative to internal acetone: 6 = 2.225 ppm)

Protons Chemical shift of

3-Gal 3-OMe-g-Gal

ppm

H-l

H-2

H-3

H-4

H-5

H-6a

H-6b

0CHn

4.575
3.484
3.638

3.921

3.698
3.764

3.733

4.583
3.501
3.335
4.204

3.672
3.782
3.746

3.439

Coupling

Hz

J l , 2
J2,3
J3,4
J4,5
J5,6a
J5,6b
J6a,6b

7 .9

10.0
3 . 5

<1.0
7 .8

4 . 2

-11.5

7 .9

9 .9

3 .4

<1.0
7 . 8

5 .0

-11.3

NOE-difference spectroscopy. Presaturation of the Man-4' H-2 signal at 5 =

4.097 ppm gave rise to a NOE effect at the doublet at S = 4.554 ppm, which

is interpreted as an interglycosidic effect on the H-l of GlcNAc-5'. A

similar chemical shift was found for the H-l signal of GlcNAc-51 for laccase

from sycamore cells (ACQA. piajdoplanianui L-) (6 » 4.553 ppm; acetone put at

6 = 2.225 ppm) [13], wherein GlcNAc-5* is linked in the same way to a Xyl-

containing core structure. Furthermore, the H-l signal of GlcNAc-51 is

resonating at the same position as GlcNAc H-l in the compound
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GalNAc0a^)GlcNAc0(l+2)Mana-O(CH2)gCOOCH3 (6 = 4.559 ppm) (0. Hindsgaul,

personal communication). It is noteworthy that a virtual coupling exists for

the GlcNAc-5' H-l signal in the spectrum of this compound as well as in the

spectrum of Illb. Consequently, the remaining anomeric proton signal at 8 =

4.580 ppm in the spectrum of Illb is attributed to GalNAc. Two Gal or GalNAc

H—4 signals, easily recognized from the typical coupling pattern (J« , = 3.5

Hz, J. - <1 Hz), are resonating outside the bulk of skeleton protons. As the

signal resonating at 6 = 4.199 ppm belongs to the H-4 signal of 3-0Me-Gal,

the signal at 6 = 4.184 ppm is attributed to GalNAc H-4. A similar value (6

= 4.157 ppm) was found for the H-4 signal of GalNAc in Gal3(l->-3)GalNAc@-

(l̂ -4)Gal3(l->-4)Glc [14], The assignment of the two remaining NAc signals (<5

= 2.041 ppm and 6 = 2.053 ppm) will be described later on. Based on '"H-NMR

spectroscopy, in combination with sugar, methylation, and deamination

analysis, the main component of Illb has the following structure:

G1 GN' 5' 41

3-OMe-GalB(M)GalNAcS(l+4)GlcNAc3(l+2)Manot(l->-6). 3 2 1

4 \an3(l+4)GlcNAc3(l+4)GlcNAc-ol

3-0Me-Mana(l-*-3)''

X

Xyl8(l-2)'

For fraction Hid (sugar analysis, Table 1), the structural-reporter-

group regions of the H-NMR spectrum are presented in Fig. 2C. The equal

intensity of the anomeric proton signals points to the presence of a single

component. Comparison of the spectra of Hid and Illb shows that the

structural element -*-4)GlcNAc3(l->-2)Mana(l-)-6)[3-0Me-Mana(l+3) ][Xyl3(l->-2) ]-

Man3(l-»-4)GlcNAc3(l-*-4)GlcNAc-ol is present in both compounds. Sugar and

methylation analysis (Table 1 and 2) reveal that a linear trisaccharide has

to be present additionally, consisting of a terminal Fuc residue, a Gal

residue substituted at C-2 and a GalNAc residue substituted at C-3. In the

spectrum of Hid a specific set of structural-reporter-groups for Fuc is

present (H-l, 6 = 5.229 ppm; H-5, <5 = 4.213 ppm; CHg, 6 = 1.209 ppm), which

is indicative for Fuc in a(l->2)-linkage to Gal [9,15], This implies that the

sequence of the extending trisaccharide has to be Fucct(l-»-2)Gal3(l->-3)GalNAc.

Two anomeric proton signals still have to be assigned in the spectrum of

Hid. Fucosylation of Gal causes a downfield shift of its anomeric proton

signal [9,16], so the sharp H-l signal at 6 « 4.615 ppm in the spectrum of
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Hid is assigned to Gal. The H-l and H-4 signals of GalNAc are shifted

upfield (A6 = -0.146 and -0.079 ppm, respectively) going from Illb to Hid.

For the assignment of the /V-acetyl signals, comparison of the spectrum of

Illb with that of Hid reveals that only one NAc signal is shifted. This

signal (6 = 2.053 ppm in Illb and 6 = 2.077 ppm in Hid) is assigned to

GalNAc, since this residue is closest to either the 3-0-methylated or

fucosylated Gal. As the /V-acetyl signals of GlcNAc-1-ol and GlcNAc-2 are

resonating at 6 = 2.058 ppm and 6 = 2.084 ppm, respectively in Hid, the N-

acetyl signal at 6 = 2.040 ppm is assigned to GlcNAc-5'. So the structure of

Hid'is

F' G1 GN' 5' 41

Fuca(l+2)Gal0(l+3)GalNAc3(l-s-4)GlcNAc3(l->-2)Mana(l-i-6) 3 2 1

4 \fan3(l-*4)GlcNAc3(l*4)GlcNAc-ol

3-OMe-Mana(l+3)''

X

xyiga+2)'

For fraction IHf the structural-reporter-group regions of the H-NMR

spectrum are presented in Fig. 2D. Sugar analysis (Table 1) gives for Hlf a

similar composition as for Hid, except for the 3-0-methylation of Man.

Comparing the spectra of IHf and R, shows that the structural element

Mana(l-*-6)[Xyl3(l^-2)]Man3(l+4)GlcNAc3(l+4)GlcNAc-ol is present in both

compounds. Man-4f occurs in a terminal position, as is evident from the

chemical shifts of its H-l and H-2 signals and also from that of the NAc

signal of GlcNAc-2. The presence of terminal Man-41 implies that Man-4 has

to be substituted. The H-l and H-2 signals of Man-4 and also the H-l and H-2

signals of Man-3, and the chemical shifts of the Xyl structural-reporter-

groups are shifted upfield, going from Hid to IHf, due to the extension of

Man-4. H-l of GlcNAc-5, easily recognized by the virtual coupling, is

shifted to 6 = 4.518 ppm, which is comparable with the chemical shift found

for GlcNAc-5 H-l in laccase (6 = 4.522 ppm; acetone put at 6 = 2.225 ppm)

[13]. As in laccase the chemical shift of the /V-acetyl group is not

affected, going from -GlcNAc-51 to GlcNAc-5. The presence of the

Fuca(l-*2)Gal3(l-»-3)GalNAc3(l-»-4) structural element can be concluded from

comparing the spectrum of Hid with that of Hlf. The H-l, H-5 and CH

signals of Fuc are essentially identical for Illf and Hid. This implies

that the structural element Fuca(l-*2)Gal is present, as the Fuc parameters
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are very sensitive for the type of sugar chain Fuc is attached to [9,15].

Furthermore, Gal H-l and GalNAc H-4 are resonating at essentially the same

positions for Illf and Hid. However, GalNAc H-l (6 = 4.425 ppm) and NAc (6

= 2.070 ppm) are found at slightly upfield positions, going from Hid to

Illf. This is due to the attachment of GalNAc to GlcNAc-5 (Illf) instead of

to GlcNAc-51 (Hid). So the structure of Illf has to be

V
Manct(l-+6). 3 2 1

F G GN 5 4 Mang(l-)4)GlcNAc3(l->4)GlcNAc-ol

Fuca(l->-2)Gaie(l+3)GalNAcB( 1+4)G1CNAC3(l-s-2)Mana( 1+3)''

X

The spectrum of IIIc (Fig. 2B) reveals the presence of a mixture of two

components in approximately equal amounts. This is judged from the

occurrence of two Man-4 and two Man-4* H-l signals, which all have the same

intensity.

Comparison of IIIc with R, reveals a terminal Man-4' (H-l, 6 = 4.915 ppm;

H-2, 6 = 3.979 ppm), and comparing IIIc with Illb and Hid, shows a

substituted Man-41 (H-l, 6 = 4.897 ppm; H-2, 6 = 4.090 ppm). Comparing IIIc

with IVa, reveals a set of structural-reporter-groups, which are indicative

for a terminal 3-0-methylated Man-4 (H-l, 6 = 5.166 ppm; H-2, 6 = 4.298 ppm;

0CH-, 6 = 3.442 ppm). The presence of a substituted Man-4 in IIIc can be

deduced from the Man-4 H-l (6 = 5.136 ppm) and H-2 (6 = 4.145 ppm) signals

(see Illf). From the equal retention time on HPLC, it can be concluded that

both components have approximately the same size. So, the terminal Man-4*

residue and the substituted Man-4 residue belong to one component,

designated IIIcl, and the substituted Man-41 together with the terminal 3-0-

methylated Man-4 belong to the other component, designated IIIc2.

The presence of the structural element 3-OMe-Galf5(l->-3)GalNAc is revealed

by comparing IIIc with Illb. The chemical shifts of H-l, H-3, H-4 and OCH,

of Gal, and H-l and H-4 of GalNAc are essentially identical for IIIc and

Illb. The /V-acetyl signal of GalNAc is sensitive to the attachment of GalNAc

to either GlcNAc-5 or -5* (compare Hid with Illf). GalNAc NAc is resonating

at 6 - 2.048 ppm for IIIc, which is profoundly different from 6 « 2.053 ppm

found in the spectrum of Illb. This is indicative for linkage of GalNAc to

GlcNAc-5, instead of to GlcNAc-5*, so a 3-OMe-GalB(l-f3)GalNAc0(l+4)GlcNAc6-
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(l-»-2)Mana(l->-3) structural element is present for IIIcl, The H-l and NAc

signals of GlcNAc-5 resonate at 6 = 4.522 ppm and 6 = 2.041 ppm,

respectively. The presence of the core-structural-element Xylf$(l-*2)-

Mane(l+4)GlcNAc6(l+4)GlcNAc-ol in IIIc is concluded from GlcNAc-1-ol H-2 (6

= 4.237 ppm) and NAc (6 = 2.057 ppm), GlcNAc-2 H-l (6 = 4.633 ppm) and NAc

(6 = 2.074 ppm), Man-3 H-l (6 = 4.876 ppm) and H-2 (6 = 4.258 ppm), and Xyl

H-l (6 = 4.433 ppm), H-5 (6 = 3.250 ppm) and H-5 (<5 = 4.012 ppm), when

IIIc is compared with Illf. From the NAc signal of GlcNAc-2, confirmed by

the Xyl H-l and H-5 signals can be concluded that a terminal Man-4* is

attached to this core structure (compare IIIc with R and Illf). Comparing

the H-l and H-2 signals of Man-3 in IIIc and Illf reveals that Man-4 is

substituted. So, the structure of IIIcl is

V
Mana(l-i-6). 3 2 1

G GN 5 4 Man|3(l-)-4)GlcNAce(l-»-4)GIcNAc-ol

3-OMe-Galg ( l+3)GalNAce (1-+4 )GlcNAc6 (1+2 )Mana ( 1 - + 3 / '

X

Xyl3O2)'

The presence of the structural element Fuca(l-»-2)Galg(l-»-3)GalNAc3(l+4) in

IIIc can be concluded from comparison of IIIc with Hid and Illf. The

chemical shift values of the H-l and CH_ signals of Fuc, the H-l signal of

Gal, and the H-4 signal of GalNAc are essentially identical for all three

compounds. The attachment of this element to GlcNAc-51 can be seen from H-l

(6 = 4.436 ppm) and NAc (6 = 2.078 ppm) of GalNAc in IIIc, which are

essentially identical with the values found for Hid, but differ from those

presented for Illf. The H-l signal of GlcNAc-5'is found at 6 = 4.558 ppm,

and its NAc signal at 6 = 2.041 ppm. The presence of a small NAc signal of

GlcNAc-2 at 6 = 2.085 ppm, a H-2 signal of Man-3 at 6 = 4.270 ppm, in

combination with signals for Xyl H-l at 6 = 4.454 ppm and H-5 at 6 = 3.262
3X

ppm, is indicative for another, incomplete, core-structural-element. The

absence of the H-l signal of Man-3, and the absence or low intensity of the

H-2 and NAc signals of GlcNAc-1-ol, and the H-l and NAc signals of GlcNAc-2

are typical for the presence of a hydrazinolysis artefact. The same effects

are observed in the spectra of the hydrazinolysis artefacts Ilia and Hie

(data not shown). The H-2 signal of Man-3 and the H-l and H-5 signals of
3X

Xyl are indicative for the presence of a 3-0-methylated terminal Man-4 in
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this structure (compare IIIc with IVa, Illb and Hid). The NAc signal of

GlcNAc-2 shows that Man-41 is substituted (compare IIIc with Illb and Hid).

This implies that IIIc2 is a hydrazinolysis artefact of Hid.

Bio-Qel P-4 JLiactlon I: Bio-Gel P-4 fraction I was separated on HPLC into

nine fractions, denoted Ia-Ii (Fig. 1A). The H-NMR spectrum of Ib (Fig.

2E)(sugar analysis, Table 1) shows the presence of a single component, which

is concluded from the presence of a single set of H-l and H-2 signals of

Man, and from the intensity of the anomeric proton signals. The presence of

a core-structural element consisting of Mana(l-»6)[Mana(l->-3) ] [Xylg(l-*-2) ]-

Man3(l->4)GlcNAc3(l->-4)GlcNAc-ol is deduced from comparing Ib with R, IVa,

Illb, IIIc, Hid and IHf. Comparing Ib with Illb shows the presence of the

3-0Me-Gal&(l+3)GalNAcS(l-»4)GlcNAcB(l-»-2)Mana(l-»-6) structural element in Ib,

while comparing Ib with IIIcl reveals the presence of the 3-0Me-GalS(l-*-3)-

GalNAcB(l+4)GlcNAcB(l-»-2)Mana(l->-3) branch. The presence of two 3-OMe-

Gal3(l->-3)GalNAcB(l->-4)GlcNAc3(l->-2)Man elements can be concluded from the

doubling of the intensities of the 3-OMe-Gal structural-reporter-groups (H-

1, H-3, H-4 and OCH.,) and the H-4 signal of GalNAc, compared to the other H-

1 and H-2 signals. Furthermore GalNAc H-l signals are found at 6 = 4.573 ppm

and 6 = 4.583 ppm, which correspond with the chemical shifts found in IIIcl

and Illb, respectively. Both H-4 atoms of GalNAc are resonating at 6 = 4.184

ppm in the spectrum of Ib. The assignment of the GalNAc NAc signals is based

on comparison of the spectrum of Ib with the spectra of IIIcl and Illb. The

chemical shifts of the structural-reporter-groups of GlcNAc-5 (H-l and NAc)

in Ib are essentially identical with those found for IIIcl, while the shifts

of GlcNAc-5' in Ib correspond with those determined in Illb. The

substitution of Man-4 can be concluded from comparing the H-l and H-2

signals of Man-4 in Ib with those signals in IIIcl and IHf. This is

evidenced by the H-l and H-2 signals of Man-3 and by the H-l and H-5

signals of Xyl, which are resonating at essentially the same positions in

the spectra of Ib, IIIcl and IHf. Man-41 H-l and H-2 are found at 6 = 4.893

ppm and 6 = 4.096 ppm, respectively, which is indicative for a substituted

Man-4' (compare Ib with Illb and H i d ) . This is corroborated by GlcNAc-2

NAc, resonating at 6 = 2.080 ppm. This implies that a diantennary structure

is present in Ib with the structure

66



G1 GN1 5' 4"

3-OMe-Gal3( l+3)GalNAcB( 1+4)G1 cNAc3( 1*2 )Mana( 1+6) 3

G GN 5 4 Man3(l+4)GlcNAc3(l->4)GlcNAc-ol

3-OMe-Gal3(l+3)GalNAc0(l+4)GlcNAc3(l+2)Mana(l-»-3/'

X

Xyl3(l+2)'

The H-NMR spectrum of Ie (Fig. 2F)(sugar analysis, Table 1) consists of

a single compound, as can be seen from the equal intensity of the anomeric

proton signals. Comparing the spectra of Ie and Ib reveals that both

compounds have the same Mana(l-+6)[Mana(l-»-3)][XylB(l+2) ]Man3(l+4)-

GlcNAc3(l->-4)GlcNAc-ol core structure, substituted at Man-4 and Man-4f. When

the H-NMR data of Ie are compared with those of Illb and IIIcl it can be

seen that a 3-0Me-Gal3(l+3)GalNAc3(l-)-4)GlcNAc3(l+2) branch is present in Ie.

The attachment of this branch to Man-41 is based on the NAc signal of

GalNAc, which is found at 6 = 2.054 ppm (compare Ie with Illb). Comparing

the spectra of Ie, Hid and Illf shows a Fuca(l+2)Gal|3(l->-3)GalNAcS(l->-4)-

GlcNAc3(l+2) structural element in all three compounds. This branch is

attached to Man-4 as can be seen from the GalNAc structural-reporter-groups

H-l (6 = 4.427 ppm) and NAc (6 = 2.070 ppm). It has to be noted that to

distinguish between the H-l signal of GalNAc and the H-l signal of Xyl,

which are both resonating at -6 = 4.43 ppm, selective decoupling of the H-2

signal of Xyl was utilized. The H-l signal of Xyl was found at 6 = 4.436

ppm, so the chemical shift at 6 = 4.427 ppm is assigned to the H-l signal of

GalNAc. The positions of the H-l and NAc signals of GalNAc are essentially

the same in Ie and Illf. So, in conclusion Ie has the following structure

G1 GN' 5' 4 1

3_OMe-Gal3(l+3)GalNAc3(l-v4)GlcNAc3(l+2)Mana(l+6) 3 2 1

F G GN 5 4 Man3(l -s-4)GlcNAc3(l+4)GlcNAc-ol

Fuca(l+2)Gal3(l+3)GalNAc3(l+4)GlcNAc3(l+2)Mana(l+3/'

X

XylBd+2)1

The ^-NMR spectrum of Ih (Fig. 2G)(sugar analysis, Table 1) reveals a

single component, as can be derived from the anomeric structural-reporter-

groups. This compound has a diantennary structure, which has the same

Mana(l+6)[Mana(l+3)][Xyl3(l-»-2)]Mane(l+4)GlcNAc6(l+4)GlcNAc-ol core
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structure, substituted at Man-4 and Man-4*, as already reported for Ib and

Ie. The presence of two Fura(l-*2)Gal8(l+3)GalNA(#(l+4)GlcNAcf3(l-+2)

structural elements is deduced from comparing the structural-reporter-groups

of Ih with those of Hid and Illf. Comparing of Ih with Hid shows that one

element is attached to Man-4*, and comparing Ih with Illf reveals the

linkage of the other element to Man-4. The doubling of intensity of the H-l,

H-5 and CH« signals of Fuc, the H-l signal of Gal and the H-4 signal of

GalNAc, and the occurrence of two different sets of H-l and NAc signals of

GalNAc, and H-l signals of GlcNAc-5/-5*, is in agreement with the fact that

in Ih this structural element is indeed present in both branches. The

structure of Ih is the following:

F' G1 GN1 5f 4 f

Fuca(l->-2)Gal3(l-+3)GalNAcg(l+4)GlcNAc6(l+2)Manoi(l+6) 3

F G GN 5 4 Man|3(l->4)GlcNAc|3(l->-4)GlcNAc-ol

Fuoa ( l + 2 ) G a l 3 ( l+3)GalNAc0 (l-*4)GlcNAcg (1+2 )Mana ( 1 + 3 ) ' '

X
xyiea+2)1

The remaining fractions contain too little carbohydrate material to

analyze, but consist in part of hydrazinolysis artefacts.

DISCUSSION

Hydrazinolysis is an adequate method to liberate all types of Asn-linked

carbohydrate chains. Unfortunately, it is inevitable to get chemical

modifications in the /V,/V'-diacetylchitobiose moiety for a part of the

molecules [16]. With the sophistication of separation methods, this will

lead to additional fractions, giving a misleading impression of the number

of different carbohydrate chains. Furthermore, the presence of

hydrazinolysis artefacts can hamper the structural elucidation.

Hemocyanin from L. 6i.agnaJLU> contains a large variation of carbohydrate

chains, which are extensions of the Xyl-containing core structure described

for H. pomatia and its variant L. -itagnaLLi hemocyanin [1,2]. A Xyl-

containing core structure has been described for the carbohydrate chains of

plant glycoprotein laccase [13], which has also a binuclear copper site,

like the hemocyanins. The extended carbohydrate chains, described above, are

all present as mono- or diantennary structures, which contain GalNAc in an
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zV-glycosidic carbohydrate chain. GalNAc is substituted with 3-0Me-Gal3(l-»-3)

or Fuca(l-»-2)Gal|3(l-»-3). The latter structural elements nay have a terminating

effect on the elongation of the carbohydrate chain. In Ic there is some

evidence for the presence of a structure, which is the reversed form of Ie,

having the Fuca(l->-2)Gal3(l->-3)GalNAc3(l-i-4)GlcNAcg(l->-2) branch attached to

Man^4' and the 3-0Me-Gal3(l-t-3)GalNAcB(l-t4)GlcNAc|3(l->-2) branch attached to

Man-A. With this structure present, all four possible diantennary structures

would occur.

The presence of GalNAc in a /V-glycosidic chain was reported for lutropin,

follitropin and thyrotropin [17-19]. For lutropin the carbohydrate chain is

demonstrated to have sulphated GalNAc in 3 (1̂ -4) linkage to GlcNAc [20]. In

this case, sulphate may function as biosynthetic stop signal. The

terminating function of 3-0-methylation is also observed for 3-OMe-Man, as

this residue is only present in terminal position (this study and [21]).

Although Man-4 as well as Man-41 can be 3-0-methylated, in de extended

structures only 3-0-methylated Man-4 has been found. It might be that the 3-

O-methylation of Man-41 is biosyntetically more difficult. Remarkably, 3-0-

methylated mannose is not present in hemocyanin from H. pomat-la.

It has to be noted that 3-0Me-Man, in conjunction with GalNAc, have also

been found as sugar constituents of hemoglobin from the gastropod Planon&i-i

co/meu4 [22]. So it seems that 3-0-methylation in animal glycoproteins is

not restricted to hemocyanin, but rather to the oxygen carriers in molluscs.
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CHAPTER 6
1,A 500-MHz H-NMR Study on the A/Linked

Carbohydrate Chain of Bromelain
'H-NMR Structural-reporter-groups of Fucose a(1-3)-Linked to
Asparagine-bound/V-Acetylglucosamine
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andJFGVLIECENTHART

Department of Bio-Organic Chemistry, Stale University of Utrecht, Transitorium III, Padualaan 8, NL-3584 CH
Utrecht, The Netherlands
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Key words: bromelain, 500-MHz 'H-NMR spectroscopy, N-glycosidic glycan

The 500-MHz 'H-NMR characteristics of the /V-linked carbohydrate chain
Mana1-6[Xyl/31-2]Man/31-4GlcNAc/31-4[Fuca1-3]GlcNAc01-/VAsn of the proteolytic en-
zyme bromelain (EC 3.4.22.4) from pineapple stem were determined for the
oligosaccharide-aiditol and the glycopeptide, obtained by hydrazinolysis and Pronase
digestion, respectively. The 'H-NMR structural-reporter-groups of the a(1-3)-linked
fucose residue form unique sets of data for the alditol as well as for the glycopeptide.

The structural characterization of the /V-linked carbohydrate chain(s) of the proteolytic
enzyme bromelain (EC 3.4.22.4) from pineapple stem has been the subject of several in-
vestigations [1-11]. Finally, Ishihara era/. [11] reported the structure

4'
Manai

I
6 3 2 1
Man/?1-4GlcNAc/?1-4GlcNAc/31-NAsn
2 3

I I
Xyl/31 Fuca 1

in which all the sugars have the D-configuration except fucose. This structure can be ex-
tended with an additional mannose, a(1-6)-linked to Man-4'. In view of the unusual
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4'
Manai

I
6 3 2 1
Man/J1-4GlcNAc/J1-4GlcNAcOL-[1-2H]
2 3

I I
Xyl/31 Fuca 1

4'
Manai

I
6 3 2 1
Man/31-4GlcNAq31-4GlcNAc/31-NAsn
2 3

I I
Xyl/?1 Fuca 1

4'
Manai

I
4 63 2 1

Mana1-3Mari|81-4GlcNAc|31-4GlcNAcOL-[1-2H] [14]
2

I
Xyl/81

4'
Manai Fuc«1

1 I
4 63 2 6

Mana1-3Man01-4GlcNAc/J1-4ClcNAcOL-[1-2H] [14]
2 1

Xyl/31
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4'
Mancxi

6 3 2 1
Man/31-4GlcNAc/31-4GlcNAcj31-NAsn [18]

4'
Manai

6 3 2 6
Man/J1-4ClcNAc/31-4ClcNAc/31-A/Asn [18]

1

Figure 1. Carbohydrate structures discussed in this study.

features of the structure, namely, the occurrence of xylose /3(1-2)-linked to the 0-
mannose, and in particular, the presence of fucose a(1-3)-linked to the asparagine-
bound /V-acetylglucosamine, the isolation of substantial amounts of this carbohydrate
chain as an oligosaccharide-alditol and as a glycopeptide was carried out in order to
establish the 'H-NMR chemical shift values of structural-reporter-groups typical for
these compounds.

Materials and Methods

Commercially available bromelain preparations (Boehringer, Mannheim, W. Germany;
suspension in ammonium sulfate solution: Sigma Chemical Co., St Louis, MO, USA; ap-
prox. 50% protein) were purified using Sephadex G-100 gel filtration and SE- or SP-
Sephadex C-50 cation-exchange chromatography [5].

For the preparation of neutral hexasaccharide-alditol-[1-2H], compound 1 in Fig. 1, the
thoroughly dried, purified (Boehringer) bromelain (200 mg) was subjected to the
hydrazinolysis procedure, including high-voltage paper electrophoresis and Bio-Gel P-4
fractionation [12-14J. Sugar analysis [15] of compound 1 indicated
Fuc:Xyl:Man:GlcNAc:GlcNAcOL in the molar proportions 0.7 : 0.9 : 2.2 : 1.0 : 0.5.

For the preparation of glycopeptide 2, 500 mg of the denatured purified glycoprotein
material (Sigma) were subjected to exhaustive Pronase digestion [14]. After fractionation
on Bio-Gel P-6 [14], the main glycopeptide fraction was lyophilized. Sugar analysis in-
dicated Fuc:Xyl:Man:GlcNAc in the molar proportions 1.1 : 1.1 : 2.4 : 2.0 (the /V-acetyl-
glucosamine value has been corrected for non-cleaved GlcNAc-Asn [15]). Methylation
analysis [16] gave rise to the partially methylated alditol acetates indicative for terminal
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Manofl,6) 3 :

^3npi1-4)0lcNAt|3[:-4|O

Xy I (3C1-2/ Fucc.11-3)'

Figure 2. Structural-reporter-group regions of the 500-MHz 'H-NMR spectrum (2H2O; p2H 7; 27°C) of
oligosaccrtaride-alditol-f!-2Hj obtained from bromelain. The numbers in the spectrum refer to the corre-
sponding residues in the structure. The relative-intensity scale of the /V-acetyl and FUC-CH3 proton regions dif-
fers from that for other parts of the spectrum, as indicated.

mannose, xylose and fucose; 2,6-substituted mannose; 4-substituted N-acetylglucos-
amine; and 3,4-substituted N-acetylglucosamine residues, in the molar ratios 1.1:1.1:1.2
: 1.0:1.0:05. Aminoacid analysis showed Asp:Glu:Ser:Pro:Gly:GlcNAc in the molar pro-
portions 2.0:1.9:0.9:1.1:0.7:2.0, which can accommodate the presence of the reported
peptide sequence Asn-Asn(carbohydrate)-Glu-Ser [17] in the glycopeptide fraction. Ad-
ditional arhino acids were detected in molar ratios of less than 0.4. Further purifications
were not carried out.

For 'H-NMR analysis, the carbohydrate samples were repeatedly treated with 2H2O at
room temperature, with intermediate lyophilization, finally using99.96% 2H2O(Aldrich,
Milwaukee, Wl, USA). 500-MHz 'H-NMR spectra were obtained using a Bruker WM-500
spectrometer (SON hf-NMR facility, Department of Biophysical Chemistry, University of
Nijmegen, The Netherlands) operating in the Fourier transform mode at a probe
temperature of 27°C [18]. Resolution-enhancement of the spectra was achieved by
Lorentzian-to-Gaussian transformation [19]. Chemical shifts (<5) are expressed in ppm
downfield from the signal for internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate
(DSS), and measured by reference to internal acetone (S 2.225).
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/Man|3[1-*4)GlcNAcpn-MGIcNA[:p[1--NI-Asn
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Figure 3. Structural-repo rter-group regions of the 500-MHz'H-NMR spectrum (2H2O;p2H 7; 27°C) of glycopep-
tide 2 obtained from bromelain. The numbers in the spectrum refer to the corresponding residues in the
structure. The relative-intensity scale of the /V-acetyl and Fuc-CH3 proton regions differs from that for other
parts of the spectrum, as indicated. For ClcNAc-1 H-1 only the main signal has been indicated.

Results and Discussion

The sugar analysis and methylation analysis data of oligosaccharide-alditol 1 and
glycopeptide 2 (see Fig. 1) indicated that only the reported hexasaccharide was present
[11]. In none of the bromelain preparations was there any indication of the occurrence
of a carbohydrate chain extended at Man-4' with an a(1-6)-linked mannose residue.
Although not discussed here, we have evidence that the hydrazinolysis procedure as
used for the preparation of compound 1 results in the removal of the (1-3)-linked fucose
and degradation of the reducing terminal N-acetylglucosamine residue (see also [9]).

The 500-MHz 'H-NMR spectra of compounds 1 and 2, recorded in 2HzO, are depicted
in Figs. 2 and 3, respectively. Relevant NMR parameters of these compounds together
with NMR data of the reference compounds 3-6 (see Fig. 1) [14,18] are compiled in Table
1.
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Table 1. Relevant 'H-NMR characteristics of constituent monosaccharides for the
oligosaccharide-aldilol-|1-2H| 1 and the glycopeptide 2 derived from bromelain, to-
gether with those of reference substances 3-6.

Residue* Reporter group Chemical shift (ppm)h

k" •w

GlcNAc-i-(OL)

ClcNAc-2

Man-3

Man-4

Man-4'

Fuc6

Fuc3

Xyl

H-1
H-2
H-3
NAc

H-1
NAc

H-1
H-2

H-1
H-2

H-1
H-2

H-1
H-5
CH 3

H-1
H-5
C H ,

H-1
H-2
H-3
H-5ax

4.239
n.d.

2.057

4.634
2.073

4.883
4.270

5.122
4.039

4.913
3.983

4.449
3.377
3.437
3.250

4.219
n.d.

2.058

4.718
2.081

4.884
4.270

5.124
4.040

4.914
3.982

4.898
4.077
1.225

4.449
3.379
3.453
3.253

4.189
4.315
2.043

4.625
2.066

4.859
4.262

4.909
3.976

5.017
4.232
1.202

4.453
3.379
3.439
3.258

5.071
n.d.c

n.d.
2.014

4.618
2.076

4.767
4.080

4.915
3.968

5.076
n.d.
n.d.

2.018

4.690
2.095

4.770
4.083

4.916
3.967

4.877
4.125
1.209

5.121d

n.d.
n.d.
2.000"

4.579
2.066

4.839
4.268

4.913
3.988

5.136
4.722
1.285

4.474
3.385
3.456
3.273

* For numbering of monosaccharide residues and complete structures, see Fig. 1. A superscript at the Fuc re-
sidue indicates to which position of the adjacent monosaccharide it is linked.

b Chemical shifts are given in ppm downfield from internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate in
2H2O (27°C). Compounds are represented by shorthand symbolic notation [14,18): • , CIcNAc; • , Man; D,
Fuc; ID, Xyl.

c n.d., not detected.
d Chemical shift values of the main glycopeptide(s).

Comparison of the structural-reporter-groups of oligosaccharide-alditol 1 (Fig. 1) with
those of the reference alditols 3 and 4 leads to the following comments. The set of
structural-reporter-group signals of xylose in compound 1; namely, H-1 (6 4453), H-2 (6
3.379), H-3 (6 3.439) and H-5ax (8 3.258), show essentially the same chemical shift values
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as those observed for compounds 3 and 4 (Table 1). Apparently, the presence of the
mannose residue (Man-4) «(1-3)-linked to Man-3 essentially does not influence the NMR
parameters of the xylose. As was demonstrated earlier |14], the attachment of a xylose
residue in the presence of both Man-4' and Man-4 has a distinct influence on the posi-
tion of the Man-3 H-1 signal (Mana1-6[Mana1-3|Manj31-4GlcNAq31-4GlcNAcOL, 6 4.78
[14]; compared to the values 8 4.883 and 4.884 for compounds 3 and 4, respectively). Com-
pared with 3 and 4, the absence of Man-4 in compound 1 causes an upfield chemical
shift effect on Man-3 H-1 of A5 -0.024 ppm relative to the positions in 3 and 4 (compound
1, 5 4.859). Finally, the position of the Man-4' H-1 and H-2 signals, being typical for a ter-
minal Mana(1-6) residue [18], are not influenced by the presence of Man-4 (compare
compound 1 with 3 and 4).

The structural-re porter-group signals of the fucose a(1-3)-linked to ClcNAcOL-1 (H-1, 8
5.017; H-5, 8 4.232; CH3, 8 1.202) differ drastically from those reported for fucose <*(1-6)-
linked to GlcNAcOL-1 (H-1, 5 4.898; H-5, 5 4.077; CH3, 5 1.225) The chemical shift effects
on the chitobiitol unit caused by the a(1-3)- and a(1-6)-linked fucose residues arealsodif-
ferent. This is most pronounced for the /V-acetyl signals of GlcNAcOL-1 and GlcNAc-2.
The presence of a(1-3)-l inked fucose in compound 1 leads to upfield shifts of both
resonances, as compared with their positions in compound 3 (A6 -0.014 and -0.007 ppm,
respectively). In the case of the a(1-6)-linked fucose residue in compound 4 the/V-acetyl
signal of GlcNAcOL-1 is hardly affected, whereas the N-acetyl signal of GLcNAc-2 is shift-
ed downfield 0.008 ppm, when compared to compound 3. The position of H-2 of
GlcNAcOL-1 is influenced much more in compound 1 than in 4. Compared with com-
pound 3, in 1 an upfield shift of 0.050 ppm is observed. In the latter case also GlcNAcOL-1
H-3 resonates away from the bulk of skeleton protons. The assignment of this signal was
made by selective irradiation of GlcNAcOL-1 H-2.

Comparison of the structural-reporter-groups of glycopeptide 2 (Fig. 3) with those of
the glycopeptides 5 and 6 shows the following features. The set of structural-reporter-
group signals of a(1-3)-linked fucose in 2, namely, H-1 (6 5.136), H-5 (6 4722) and CH3 (6
1.285) differ enormously, when compared to the set observed for the a(1-6)-linked
fucose in 6 (see Table 1). It has to be noted that due to the heterogeneity in the peptide
backbone, the GlcNAc-'i H-1 and NAc signals show heterogeneity. The rather downfield
position of the GlcNAc-1 H-1 signal for glycopeptide 2 at 6 5.121 cannot be attributed
merely to the influence of the type of fucose linkage, because the peptide moiety can
considerably influence this chemical shift value [18]. The attachment of fucose at C-3 in-
stead of C-6 of GlcNAc-1 has also a clear effect on the 6-values of GlcNAc-2 H-1 and NAc.
Compared to compound 5, these values are shifted upfield (A5 -0.039 and -0.010 ppm,
respectively) when fucose is (1-3)-linked to GlcNAc-1, while they are found at downfield
positions for (1-6)-linked fucose (A6 0.072 and 0.019 ppm, respectively).

The structural-reporter-groups of xylose (H-1, H-2, H-3, H-5ax) are found at more
downfield positions for glycopeptide 2, compared to oligosaccharide-alditol 1. The
chemical shift value of Xyl H-3 was assigned by selective irradiation of H-2. The sensitivi-
ty of the Man-3 H-1 and H-2 structural-reporter-groups to the attachment of xylose
through a /3(1-2)-linkage mentioned above was also found in glycopeptide 2. These
signals (6 4.839 and 4.268, respectively) are observed at rather downfield positions when
compared with those in glycopeptides 5 and 6.

When comparing oligosaccharide-alditol 1 with glycopeptide 2, it appears that in 2 the
chemical shift values of the structural-reporter-groups of fucose occur at well-
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pronounced more downfield positions: H-1, A5 0.119 ppm; H-5, A5 0.490 ppm; and CH3,
£8 0.083 ppm. It is evident that the alditol chain (ClcNAcOL-1) and the ring structure
(ClcNAc-1) influence the NMR parameters of fucose quite differently.

Acknowledgements

The authors thank Prof. Dr. J.J. Beintema (State University of Groningen, The
Netherlands) for assistance with the amino acid analyses.

This investigation was supported by the Netherlands Foundation for Chemical
Research (SON) with financial aid from the Netherlands Organization for the Advance-
ment of Pure Research (ZWO), and by the Netherlands Foundation for Cancer Research
(KWF, Grant UUKC 83-13).

References

1 Murachi T, Yasui M, Yasuda Y (1964) Biochemistry 3:48-55.
2 Ota S, Moore S, Stein WH (1964) Biochemistry 3:180-85.
3 Feinstein G, Whitaker JR (1964) Biochemistry 3:1050-54.
4 Murachi T, Suzuki A, Takahashi N (1967) Biochemistry 6:3730-36.
5 Scocca J, Lee YC (1969) J Biol Chem 244:4852-63.
6 Yasuda Y, Takahashi N, Murachi T (1970) Biochemistry 9:25-32.
7 Lee YC, Scocca JR (1972) J Biol Chem 247:5753-58.
8 Takahashi N, Murachi T (1976) Methods Carbohydr Chem 7:175-84.
9 Fukuda M, Kondo T, Osawa T (1976) J Biochem (Tokyo) 80:1223-32.

10 Lee RT, Lee YC (1978) Carbohydr Res 67:389-402.
11 Ishihara H, Takahashi N, Oguri S, Tejima S (1979) J Biol Chem 254:10715-19.
12 Takasaki S, Mizuochi T, Kobata A (1982) Methods Enzymol 83:263-68.
13 Yamashita K, Mizuochi X Kobata A (1982) Methods Enzymol 83:105-27.
14 van Kuik JA, van Halbeek H, Kamerling JP, Vliegenthart JFG (1985) J Biol Chem

260:13984-88.
15 Kamerling JP, Vliegenthart JFG (1982) Cell Biol Monogr 10:95-125.
16 Waeghe TJ, Darvill AG, McNeil M, Albersheim P (1983) Carbohydr Res 123:281-304.
17 Takahashi N, Yasuda Y, Kuzuya M, Murachi T (1969) J Biochem (Tokyo) 66:659-67.
18 Vliegenthart JFG, Dorland L, van Halbeek H (1983) Adv Carbohydr Chem Biochem

41:209-374.
19 Ernst RR (1966) Adv Magn Res 2:1-135.

78



CHAPTER 7

STRUCTURE AND POSITION OF THE HIGH MANNOSE AND THE COMPLEX OLIGOSACCHARIDE

SIDECHAINS OF THE BEAN STORAGE PROTEIN PHASEOLIN.

1 2 2
Arnd Sturm , J. Albert Van Kuik , Johannes F.G. Vliegenthart and Maarten J.
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Chrispeels

Department of Biology C-016, University of California, San Diego, La Jolla,

CA 92093, U.S.A.
2
Department of Bio-Organic Chemistry, Transitorium III, Utrecht University,

P.O. Box 80.075, The Netherlands.

SUMMARY

Phaseolin, the major storage protein of the common bean, Ph.a4e.olu4

vu.lqu.1i4, is a glycoprotein with three different /V-linked oligosaccharide

sidechains: MangGlcNAc~, Man^GlcNAc- and XylMan^GlcNACj. The structures of

these glycans as determined by H—NMR spectroscopy are shown below:

Mana(l+2)Man<x(l+6)

Mana(l+6)(

Mana(l+2)Mana(l+3) ManR(l+4)GlcNAc3(l+4)GlcNAc3(l+/V)Asn

Mana(l+2)Mana(l+2)Mana(1+3)

Manad+6)

Mana(l+6)

Mana(l+3) Man3(l+4)GlcNAc3(l+4)GlcNAc

Mana(l+2)Mana(l+2)Mana(l+3)'

Man0(l+4)GlcNAc3(l+4)GlcNAc3(l+/V)Asn

Mana( 1+3)1

Xyl3(l+2)'

500-MHz H-NMR spectroscopy, FAB mass spectrometry and Amino-terminal

end-group analysis were carried out by the Utrecht group.
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Phaseolin can be separated by electrophoresis on denaturing gels into 4

size classes of polypeptides. The two abundant ones have two

oligosaccharides each, while the less abundant ones have only one

oligosaccharide each. Polypeptides with two glycans have Man.-GlcNAc,,
252 341

attached to Asn and ManQGlcNAc9 attached to Asn . Polypeptides with
252

only one glycan have XylMan-GlcNAc- attached to Asn . Both these

asparagine residues are in canonical glycosylation sites; the numbering

starts with the /I'-terminal methionine of the signal peptide of phaseolin.

The presence of the Man_GlcNAc0 and XylMan-GlcNAc- at the same asparagine

residue 252 of different polypeptides seems to be controlled by the

glycosylation status of Asn . When asparagine residue 341 is unoccupied,

the glycan at Asn is complex. When Asn is occupied, the glycan at
252

Asn is only modified to the extend that 2 mannosyl residues are removed.

These findings are discussed in the context of the hypothesis that

modification of oligosaccharides is controlled by their accessibility to

processing unzymes.

INTRODUCTION

The asparagine-linked oligosaccharides found on plant glycoproteins, like

those of other eukaryotes, fall into two general categories: high-mannose

and complex oligosaccharides. The high-mannose oligosaccharides generally

have the formula Man,- qGlcNAc«, with a branching pattern of mannosyl

residues similar to that of the high-mannose oligosaccharides of animal and

yeast cells [1,2]. The complex oligosaccharides have a Man_GlcNAc« core to

which one or more of the following sugars may be attached: xylose, fucose,

/V-acetylglucosamine and/or galactose. The fucose is attached to the proximal

GlcNAc of the chitobiose core as in lima bean agglutinin [3] and laccase of

Ace.i p-ieudop£utanu-i [A], while the xylose is attached to the g-linked

mannose residue, as in stem bromelain [5], the protease inhibitor of

Cae.4alpin.iu pulche/iiima [6], and laccase [A]. The structure of only a few A'-

linked glycans of plant glycoproteins has been determined. Because of our

interest in the biosynthesis and transport of storage proteins and lectins

A&6.4eviation4i ConA, concanavalin A; endo H, Endo-3-/V-acetylglucosaminidase

H; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel

electrophoresis; GlcNAc, /V-acetylglucosamine; Man, mannose;

Xyl, xylose; Fuc, fucose.
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in developing legume seeds [7], we have made a detailed study of the

structure and biosynthesis of the oligosaccharide sidechains of phaseolin,

the major storage protein of the common bean.

When phaseolin isolated from cotyledons of beans (Pha/>e.olu4 uulgattA cv.

Greensleeves) is subjected to SDS-PAGE, it can be separated into four

polypeptides, more accurately called size classes [8]. Two abundant

polypeptides alternate with two less abundant ones under our standard

conditions of electrophoresis. These four polypeptide classes, referred to

as A, B, C, and D, range in M between 52,000 and 45,000. Each polypeptide

band can be further resolved by two-dimensional electrophoresis into two or

more polypeptides with different isoelectric points near pH 5 [9,10].

Previous reports from our and other laboratories detailed some important

events during the biosynthesis and processing of phaseolin [11]. When

cotyledon mRNA is translated in vit/io, two phaseolin polypeptide size

classes of M 48,000 (a) and 45,000 (3) are made [12]. In vitno, phaseolin

is synthesized on polysomes bound to the rough endoplasmic reticulum [13].

After the signal sequence is cleaved off, the polypeptides are

cotranslationally glycosylated with either one or two oligosaccharide

chains. Glycosylation converts the a polypeptides into polypeptides A and B,

with A having 2 oligosaccharide chains and B having one [11]. Analogously,

the 3 polypeptides become the glycosylated polypeptides C and D, with C

having 2 oligosaccharide chains and D having one. Transport of these

glycosylated polypeptides through the Golgi complex [14] and their ultimate

deposition in the protein bodies [15] is accompanied by further processing

steps. This processing results in a slightly greater mobility of the

polypeptides on SDS-polyacrylamide gels [11]. The exact nature of these

processing steps remains to be elucidated, but they probably involve changes

in the oligosaccharide sidechains, shortening of the polypeptide moiety, or

both.

Phaseolin is encoded by a small multigene family [16]. Gene copy number

analysis indicates that there are approximately seven phaseolin genes per

haploid genome [17], The phaseolin gene family can be divided into two main

gene types, a and 3» which encode the two polypeptide size classes a and 3

detectable after translation of mRNA in uii/io. The nine longest of the

published nucleotide sequences of phaseolin cDNA clones show 98% homology

between the a- and 3~type genes [17], All amino acid sequences derived from

these cDNA sequences have two canonical glycosylation sites. We refer to

these sites as Asn and Asn , counting amino acid residues from the
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252
initiating raethionine of the signal sequence. Asn is located in a

341
sequence GlyAsnLeuThrGlu in a hydrophilic protein domain, and Asn is in a

252
ValAsnPheThrGly sequence in a hydrophobic protein domain. Asn has a Gly

341
at its amino side but Asn does not.

In this paper we report the structures of the three different phaseolin

oligosaccharides as determined by H-NMR spectroscopy. We show their

distribution among the various phaseolin polypeptide size classes and the

specific glycosylation sites (asparagine residues). We discuss these data in

the context of the hypothesis that modification of oligosaccharides is in

part controlled by their accessibility to processing enzymes.

MATERIALS AND METHODS

Plant Clatejilat- Plants of Ph.a4e.0luA uulgcuiii L. cv. Greensleeves were

grown in a greenhouse as described [13]. Beans were harvested for the

isolation of mature phaseolin when pods turned yellow. All other experiments

were carried out with developing cotyledons weighing 125-175 nig, when

accumulation of phaseolin is quite rapid [18].

Isolation 0/ flatuie. Ph.a-ie.otin- Phaseolin was isolated and purified with

slight modifications as described [15]. Cotyledons (40 g) of mature beans

were homogenized in a cold mortar in extraction buffer (100 mM Tris/HCl, pH

7.8, containing 1 mM EDTA and 12% sucrose) and the homogenate was

centrifuged for 90 min at 95,000 x g. The supernatant was passed in aliquots

(20 ml) through a Sephadex G50 (Pharmacia Fine Chemicals Inc.) column (2.2 x

16 cm), equilibrated with phosphate buffer (25 mM Na-phosphate, pH 7.0

containing 25 mM NaCl). The cloudy fractions containing the proteins in the

excluded volume were combined and constitute the protein extract. Aliquots

of 40 ml of the protein extract were loaded on a DEAE-cellulose (Whatman

Chemical Separation Ltd.) column (2.2 x 7 cm), equilibrated with phosphate

buffer. The column was rinsed with the same buffer for several hours and

then eluted with 200 ml of a NaCl gradient (25-400 mM) in 25 mM Na-phosphate

buffer, pH 7.0. Fractions of 4 ml were collected and analyzed for protein by

reading the absorption at 280 nm. The main protein peak was combined

(fractions 13-27) and dialyzed against water overnight, followed by

lyophilization. The yield of phaseolin was 2 g from 40 g of mature beans.
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Isolation of. Phatzolin Qlycope.ptide.4: Lyophilized phaseolin (750 rag) was

dissolved in 60 ml of 100 mM Tris/HCl, pH 8.0, and 60 mg Pronase (Behring

Diagnostics) and some drops of toluene were added. The solution was

incubated at 37 C. After 24 h and 48 h, the same amount of Pronase was

added and the incubation was continued. After 62 h, the reaction was stopped

by adding 2 ml of glacial acetic acid and the precipitated material was

removed by centrifugation. The clear supernatant was lyophilized and the

residue was dissolved in 25 ml of water. To separate the glycopeptides from

salt, amino acids, and small peptides, the solution was loaded in 2 aliquots

on a Sephadex G15 column (2.2 x 22 cm) which was equilibrated with water.

Fractions (1 ml) were collected and analyzed for neutral sugars by the

phenol/sulfuric acid method [19]. The glycopeptide peak was lyophilized and

subjected to further fractionation by ConA-chromatography.

CoaA-Chn.omai.ogn.aphy' The glycopeptide mixture was dissolved in 5 ml of

ConA buffer (50 mM Tris/HCl, pH 7.0, containing 200 mM NaCl, 1 mM each of

CaCl2, MgCl- and MnCl™, and 0.05% Na-azide) and loaded at room temperature

on a column (2 x 16 cm) of ConA-agarose (Sigma Chemical Company),

equilibrated and eluted with ConA buffer. Fractions (4 ml) were collected

and glycopeptides were detected by the neutral sugar assay. Glycopeptides

which did not bind ConA (ConA-) were pooled and lyophilized, and bound

glycopeptides (ConA+) were eluted with 200 mM ct-methylmannoside (aMM, Sigma

Chemical Company) in ConA buffer. The first 10 aMM-containing fractions were

combined and lyophilized. The ConA- and ConA+ samples were dissolved in a

small amount of water and desalted over a Sephadex G15 column (2.2 x 22 cm).

The glycopeptide-containing fractions were lyophilized and further

fractionated by gel-filtration chromatography.

Qe.l-TWLn.aU.on Chnomatog/iaphy: Glycopeptide fractions (4 mg) were

dissolved in 0.5 ml 0.1 M acetic acid and then run on a column (1.0 x 100

cm) of Bio-Gel P-4 (minus 400 mesh, Bio-Rad Laboratories) equilibrated with

the same solvent. Fractions of 1 ml were collected and analyzed for neutral

sugars [19] or radioactivity. The Bio-Gel P-4 column was calibrated with

various standards, including Man_GlcNAc, ManGlcNAc, MangGlcNAc^Asn,

ManGlcNAc_Asn, and GlcNAcAsn (2-acetamido-l-(L-g-aspartamido)-l,2-deoxy-6-D-

glucose).
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Undo ll-fii.cje.6t of PhaAeolin QlycopeptideA' 2.8 mg of each glycopeptide

were dissolved in 0.5 ml 0.1 M sodium acetate buffer, pH 5.8. 15 mU of endo

H (Miles Laboratories Inc.) and a drop of toluene were added and the

solution incubated at 37 C. After 24 h and 48 h, 10 mU of endo H were added

and the incubation continued. The reaction was stopped after 62 h by

addition of 10 yl of acetic acid, and the mixture fractionated on a Bio-Gel

P-4 column (1.0 x 100 cm), which was equilibrated with 0.1 M acetic acid. 1

ml fractions were collected and 20 pi analyzed for neutral sugars [19] and

for glycopeptides by the ninhydrin method [20].

Amino-terminal end-gtoup analyii-i' Determination of the A'-terminal amino

acid using dansyl-chloride was performed according to the method of Gray

[21].

TAB madi 6pe.ctnome.Oiij: Positive-ion mass spectra were recorded on a VG

Analytical ZAB-2f reversed-geometry mass spectrometer (Department of

Analytical Chemistry, Utrecht University, The Netherlands). The sample,

dispersed in glycerol, was bombarded with xenon atoms having a kinetic

energy of approximately 7 keV. The sputtered ions were extracted and

accelerated with a potential of 8 kV.

500-fWz R-NflR Spe.ctn.oAc.opy: Glycopeptides were repeatedly exchanged in

H20 (99.96 atom % H, Aldrich) with intermediate lyophilization. H-NMR

spectra were recorded on a Bruker WM-500 spectrometer (SON hf NMR facility,

Department of Biophysical Chemistry, University of Nijmegen, The

Netherlands) operating at 500-MHz in the Fourier transform mode at a probe

temperature of 27 C. Resolution enhancement of the spectra was achieved by

Lorentzian-to—Gaussian transformation [22]. Chemical shifts are given

relative to sodium 4,4-dimethyl-4-silapentane-l-sulfonate but were actually
2

measured indirectly to acetone in H-0 (<5 = 2.225 ppm) [1].

Isolation of Radiola&eled Ph.a4eoH.-in'- Radioactive labeling of excised

cotyledons was done as described by Spencer et ut, [23] using D-[6-

H]glucosamine HC1 (36 Ci/mmol, Amersham Co.) or L-[ S]methionine (1086

Ci/mmol, New England Nuclear Corp.). Each of 20 cotyledons were labeled with

6 yCi of precursor for 24 h, and the radioactive tissue was collected by

cutting a thin slice from the cotyledon with a razor blade. The remainder of

the cotyledon was discarded.
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The radioactive tissue was homogenized in 6 ml of buffer (30 mM Na-

phosphate, pH 7.4 with 450 mM NaCl containing 1% (w/w) Tween 20) and the

homogenate centrifuged for 10 min at 1,000 x g to remove debris. The

affinity procedure of Stockman ei. at. [24] was used to isolate phaseolin

from the clear supernatant. Sepharose 4B covalently coupled to phaseolin (9

mg/ml of gel) was added to the homogenate and the slurry was adjusted to pH

4.6 with 1 M acetic acid. After allowing the mixture to stand at pH 4.6 for

20 min, the phaseolin-Sepharose was separated from the homogenate by

filtration in a small plastic column and the gel rinsed with 0.1 M Na—

acetate, pH 4.6, containing 0.4 M NaCl. The radiolabeled phaseolin was

eluted with 50 mM Tris/HCl, pH 7.8 and 1 mM EDTA. The homogenate was

adjusted back to pH 7.4 and the isolation procedure was repeated twice. The

combined phaseolin samples were dialyzed against distilled water and

lyophilized.

7/iypAin Digestion o/ RadiotaAeJLed Phateolin PolypaptideA: Trypsin

digestion was done as described [25], [ H]GlcNAc labeled-phaseolin (1.5 mg)

was dissolved in 1 ml of 50 mM ammonium carbonate, pH 8.0 and heated at 100

C for 3 min. 150 yg of trypsin (TPCK-treated) were added and the solution

was incubated at 37 C. After 2 h the same amount of trypsin was added and

the incubation continued for another 2 h. The reaction was stopped by

heating at 100 C for 3 min. The solution of tryptic peptides was

lyophilized and the residue prior to HPLC analysis dissolved in 0.5 ml of

0.1 M sodium phosphate, pH 2.2, centrifuged to remove particulate matter and

filtered through a 0.2 pm Nylon Filter (Western Analytical Prod.).

Liquid Chn.omai.og/iaphy: Separation of the tryptic

peptides was carried out by reverse phase HPLC on a Beckman 342 Gradient

Liquid Chromatograph equipped with a Vydac C-18 column (5 microns, 4.6 x 250

mm). For further purification of the glycopeptides, an Alltech C-8 column (5

microns, 4.6 x 250 mm) was used. In all cases, the peptide separation was

carried out at room temperature at a flowrate of 1 ml/min. The gradients are

described in detail in the legends of the figures. Fractions of 1 ml were

collected. Radioactivity -in the fractions', was measured by liquid

scintillation counting.

Automatic Piot&in Sequencing'. Samples of glycopeptides from sodium

phosphate HPLC gradients were adjusted to neutral pH with 5 M NaOH,
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lyophilized and desalted on a small G-15 column prior to amino acid

sequencing. Samples from trifluoroacetic acid containing HPLC gradients were

lyophilized without further treatments. After lyophilization, the

glycopeptides were dissolved in 1% trifluoroacetic acid and subjected to

automatic Edman degradation using an Applied Biosystems Model 470A Gas—Phase

Sequencer employing the standard "No Vac" program supplied by the

manufacturer [20]. Phenylthiohydantion derivatives were identified by HPLC

on a Brownke C-18 column using procedures described previously [27]. The

HPLC system used with this column consisted of a Perkin Elmer Series 4

liquid chromatograph, an LC-85B spectrophotometric detector equipped with a

1.4 yl flow cell, an ISS-1OO automatic sample injector, an LCI 100 computing

integrator, and a Model 7500 computer employing Chrom III software.

Se.pcuicvLi.on of. Pha^eol-in &y Po£yacsiy£amJde. Qel. Electn.oph.oae-i-L/>' Separation

of polypeptides denatured with sodium dodecyl sulfate (SDS) was carried out

according to the method of Laemmli [28]. Fluorography of polyacrylamide gels

was done as described by Bonner and Laskey [29]. The lyophilized phaseolin

was dissolved in denaturing buffer (67.5 mM Tris/HCl, pH 6.8, 4% SDS, 5% 3-

mercaptoethanol, 10% glycerol and 0.002% bromphenol blue; 10 mg

phaseolin/ml) and denatured by boiling for 3 min. Purified phaseolin (3 mg)

was fractionated by SDS-PAGE on a slab gel (0.2 x 11 x 14 cm). After

staining the gel with Coomassie brilliant blue R, the phaseolin bands were

cut out and electroeluted overnight at 350 V (electroelution buffer: 2.5 mM

Tris, 19.2 mM glycine and 0.1% SDS). The electroeluted polypeptides were

precipitated with acetone, recovered by centrifugation, and dried under

vacuum.

Endo H 7/te.atmeni of. Phcu>eoLin. Polype.ptidet,: The endo H treatment of

denatured phaseolin polypeptides was carried out with slight modifications

as described by Trimble and Maley [30]. 50 yg of protein in 50 ul of

phosphate-buffered saline (10 mM Na-phosphate, pH 7.4, containing 150 mM

NaCl) were added to 60 yg of SDS in 50 jjl of water (1.2 fold weight excess

of SDS) and heated for 2 rain in a boiling water bath. The clear solution was

brought to a final concentration of 0.1% Triton X-100 and 0.25% 6-

mercaptoethanol and heated in a boiling water bath for another 2 min. 20 ul

of endo H buffer (1 M Na-acetate, pH 5.8) were added. The digestion was

carried out for 48 h at 37 °C under a toluene atmosphere with 10 mU of

enzyme. Another 10 mU of endo H was added after 24 h. The protein was
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precipitated with acetone, recovered by centrifugation, and dried under

vacuum.

RESULTS

BiochemicaJ. Chaiacte/iization of the OligoAucchaiides> of flatjiie. Pha/>eolin '•

When purified phaseolin is separated by one-dimensional SDS-PAGE, four

polypeptides (size classes of polypeptides) can be detected (Fig. 1).

-Origin

Mr«1O"
3

- 94

•* 68

-«• 43

- 26

•+ 14

Figure 1. }Inoiog/iaph of pwvified pha-ieolin laAeled with [ /i]gluco4amine.

Each of 20 cotyledon* uejie labeled with 6 \iCi of [ H]glucoAamine

fan 2i h. Phaieolin ua4 isolated and puiified &.y affinity

chiomatogiaphy then -iu&jected to SDS-PAQE. Polypeptide tize d.a/>/>

D i-i difficult to ie.&olve fiom &ize clatA C.

Two abundant polypeptides (A and C) alternate with two less abundant ones (B

and D). Polypeptides B and C are difficult to resolve when mature phaseolin

is the starting material, .but are easily resolved when phaseolin obtained

from the ER is used [11]. The relative abundance of the four polypeptides

calculated by measuring the intensities of the Coomassie blue stained bands

on SDS gels is 1 : 0.1 : 1 : 0.3 (A : B : C : D) (data not shown). By

comparing the Coomassie Blue stain with the Schiff Stain for glycoproteins

87



[31], it became obvious that B and D stain poorly for carbohydrate (data not

shown).

The number of glycans per polypeptide was determined by Bollini ei. al.

[11] who showed that A and C have two oligosaccharide chains while B and D

have only one. The nature of these oligosaccharide chains was partially

elucidated by treating the isolated polypeptides with endo H (Fig. 2).

Figure 2. Lf.fje.ct of endo H. tsiexitwent on the moi.il.ity of ph.a6e.olin

polypeptide claae.* A, C, and D. Each of 20 cotyledons we/ie.

JLaJLeSjed b>Hh 6 yCi of [ S]meihionine , fon. 24 h. Phaie.o£in uias

isolated and pwu.fj.ed ky affinity chn.omatogn.aphy then -M&.je.cted to

SDS-PAQC The. indiuiduaJ. polype.ptide.4 uiejie. ae.covejied &.y

eJLe.ctA.oe£wLLon, (Po£ype.ptide B /lemained a-4 a contaminant of A and

C, ) f.ach /ladioaaLLue. poiypeptide. ua-t> then incu&ated with (+) oi

without (-) endo H foi 48 h and -iuljected to SDS-PAQ6. and

fiuoA.ogn.aphy.

The M of polypeptides A and C decreased by 4000 while the M of polypeptide

D was unaffected. Because of its low abundance and difficulty to isolate, we

did not examine polypeptide B.

To elucidate the nature of the different oligosaccharides, phaseolin was

isolated from mid-maturation bean cotyledons labeled for 2k h with

[ H]glucosamine. The protein was digested with Pronase and the glycopeptides

obtained were subjected to ConA-affinity chromatography (Fig. 3A). About 18%

of the labeled material eluted as a sharp peak with the ConA-buffer (Fig.

3A, peak a). The remaining 82% of the radioactivity could be eluted with 200

88



40 50

Fraction Number

Figure 3 . ConA and gel fiUbiation chaomatogiaphy of the pka-ieolin

gi.yc.opepi.ide/>. [ H.\QlcNAc-labeled phaAeolin (4ee Tig. 1) ioaA

digested with Pionate ^o/i 48 h and the ie.4u£tant glycopeptide*

loeie pwu-fli&dL (Ly paA&age thaough a Ahoit (2 x 18 cm) BLo-QeJL P-4

column.. Ike pan.i-f.ied glycopeptidei u>en£. iud.jeci.ed to ConA-a(.f.inity

chnomatogiapky (panel A). The a/fiow indicates the ita/iting point

of. elation with 200 mfl a-methy£manno4ide, Peaki a and & f./iom the

ConA-af/inity column loejie f.unJJien. analyzed £y gel filtration on a

long (1 x 100 cm) Bio-Qel P-4 column (panel* 3 and C,

teipectively). In Panel B, the ainoio-i indicate, the elution

poiiiion-i of nan QicNAc AM (M ) and nanQlcNAc As>n (d ) .

89



mM a-methylmannoside (fig. 3A, peak b). The sizes of the glycopeptides were

estimated by gel filtration on a 1 x 100 cm column of Bio-Gel P-4 (Figs. 3B

and C). The sample which was not retained by ConA (peak a) coeluted with

Man_GlcNAc_Asn and is hereafter identified as Ph 1 (Fig. 3B). The tightly

bound glycopeptides (peak b) separated into two size classes corresponding

to ManyGlcNAc2Asn (called Ph 2) and MangGlcNAc2Asn (called Ph 3 in Fig. 3C).

To analyze the distribution of these three kinds of glycopeptides (Ph 1,

Ph 2, and Ph 3) among the different polypeptides, the analysis described

above was applied to the individual polypeptides electroeluted after SDS-

PAGE of phaseolin. Polypeptide B remained as a contaminant of polypeptides A

and C, The results (not shown here) indicate that polypeptides A and C each

have Ph 2 and Ph 3 in an approximate ratio of 1:1. These glycans are endo H

sensitive and correspond respectively to Man-,GlcNAc? and MangGlcNAc_ in

size. The glycan of polypeptide D is a mixture of Ph 1 (70%) and Ph 2 (30%).

Ph 1 is endo H resistant and coelutes with Man~GlcNAc~Asn on Bio-Gel P-4.

Chaaactejiization o£ ihc Pioximal QtcNAc ie/>idue : The two high-mannose

glycopeptides from polypeptides A and C were treated with endo H and the

products sized on the long Bio-Gel P-4 column (Fig. 4). Endo H treatment of

the larger glycopeptide yielded two products which coeluted with Man,,GlcNAc

and GlcNAcAsn (compound I in Fig. 3, middle panel), as expected. The smaller

glycopeptide yielded two products, one of which coeluted with Man^GlcNAc.

However, the small digestion product (compound II) eluted with a longer

retention time than noted for GlcNAcAsn. Prior digestion of both

glycopeptides with proteinase K did not alter the elution profiles of the

endo H-generated products in either case (data not shown).

To investigate the peptide part of compound II, end-group analysis using

dansyl chloride was carried out. This revealed the presence of Gly at the

amino terminus of compound II. FAB mass spectrometry of compounds I and II

confirmed this in showing molecular ions at m/z 336 (M+H) and m/z 393

(M+H) , respectively. This supports the conclusion that compound I is

GlcNAcAsn and compound II is Gly(GlcNAc)Asn.

To check the identification made by end-group analysis and FAB-MS,

compounds I and II (Fig. 4, middle and lower panel) were subjected to 500-

MHz H-NMR spectroscopy. The spectral parameters of compound I were

essentially identical with those of GlcNAcAsn, obtained at 360-MHz [1].

Therefore, the structure of compound I could be confirmed as GlcNAcAsn. In

the spectrum of compound II, all signals arising from GlcNAcAsn are present,
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Figure A. Qel {.iltnation of. the ConA-linding glycopeptide* fisiom ['^H}QlcNAc-

la&e£jed phaAeolin afiten endo H. tyie.aim.ent. The glycopeptidei which

(Lound to ConA (peak & in Tig. 3A) ueyie fractionated on Bio-Qel P-4

yielding Ph 2 and Ph 3 (uppeyi panel). Each peali uai Oie.ai.ed

AepaA.ately with endo H, and the le-buliung p/ioducti aim on the long

Bio-Qel P-4 column (middle and loioei panel*). The a/uiowi in the

uppei panel indicate the elation position* of. Han QlcNAc A<in (n ) ,

nan9gicMAc (fly'), flanQlcMAc^n (Cl^, and QlcNAcAtn (QA),

ie/,pectiuely.
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together with a raultiplet at 6 = 3.664 ppm, which is attributed to the two

unequal Gly H-a atoms [32]. The spectral features of GlcNAc are not affected

by the presence of Gly, whereas the H-a signal of Asn is shifted from <5 =

3.965 ppm to 6 = 4.523 ppm going from I to II. The structure of compound II

could be confirmed as Gly(GlcNAc)Asn.

The presence of the additional Gly residue in compound II, but not in

compound I, accounts for their different chromatographic behaviour on Bio-

Gel P-4. It is not clear why the presence of a glycine would increase the

retention time. The H-NMR signals which allowed us to confirm the presence

of Gly in compound II are also present in the NMR spectrum of Ph 1 and Ph 2

(data not shown). This indicates that Ph 1 like Ph 2 has Gly attached to

Asn. The presence of a Gly on the amino—side of Asn is in accordance with

the known amino acid sequence of phaseolin (Fig. 7).

ChaA.ac£eji±zai±on o£ ihe OllgoMcchanJxLe.->> of. naluie. ?hcu>e.otia ly H. NPiR;

To elucidate the primary structure of the three phaseolin glycopeptides,
1 2

500-MHz H-NMR spectra of the compounds in HJ^ were recorded. Relevant

chemical shifts for these compounds are listed in Table I. The corresponding

data for the reference compound (R = XylMan~GlcNAcGlcNAc-ol) from Hel-ix

pomaila a—hemocyanin [33] have been included.

The resolution enhanced, structural-reporter-group regions of the

spectrum of Ph 1 are presented in Fig. 5. The equal intensity of the

anomeric proton signals in the spectrum point to the presence of a single

compound. The spectral features of Ph 1 revealed a structure that is the

glycopeptide analogue of compound R. This can be concluded from the spectrum

of Ph 1 by the presence of H-l (6 = 5.048 ppm) and NAc (6 = 2.010 ppm) of

GlcNAc-1 linked to Asn. Furthermore, GlcNAc-2 H-l is shifted upfield (A6 =

-0.026 ppm) going from R to Ph 1, which is in agreement with the presence of

GlcNAcAsn [34]. The other chemical shift signals of Ph 1 are essentially

Table 1. H Chemical -bhlf-tA o/ itnu.ciunjajt-'ie.poiLeji-gn.oup p/toton-i o/ ihe

con-itliueni mono-bacchasUde.A f.oi ihe. glycope.pt-ide.-i deJilved. f.nom pha-ie.o£in (Ph

1-3), togetheji with ihoie. f.oa /ie.f.e.ience. compound R. [3.3],

Chemical shifts are in ppm downfield from sodium 4,4-dimethyl-4-silapentane-

1-sulfonate in H20 at 27 °C acquired at 500 MHz (but were actually measured

relative to internal acetone: 6 = 2.225 ppm).
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Table 1 (continued).

Reporter Residue Chemical shift in compound

group

41

\
3-2-1-Asn

B
\
43-2-1-O1

VI 4 I A 3-2-1-Asn Do-A^ 3-2-1-Asn

xJ J D i-cV v'-cV
R Ph_l Ph_2 Ph_3

ppm

NAc of 1 2.057 2.010 2.009 2.012

2 2.073 2.070 2.060 2.066

H-1 of 1 5.048 5.045 5.069

2 4.634 4.608 4.599 4.606

3 4.883 4.869 4.779 4.780

4 5.122 5.121 5.337 5.331

4' 4.913 4.911 4.869 4.866

A 5.091 5.400

B 4.907 5.140

C 5.301 5.306

f>1 5.042 5.046

D2 5.058

D3 5.038

Xyl 4.449 4.447

H-2 of 1 4.239

3 4.270 4.264 4.228 4.226

4 4.039 4.037 4.089 4.096

4f 3.983 3.981 4.143 4.152

A 4.063 4.107

B 3.986 4.020

C 4.104 4.107

Dj 4.063 4.064a

D2 4.072a

D3 4.072a

Xyl 3.377 3.373

H-3 of Xyl 3.437 3.438

H-5 of Xyl 3.250 3.248
ax '

Assignments may have to be interchanged.
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anomeric protons

ancr|1-6l \

U .Man

2 1

Manc<(1-3

Xyip(1-2

anpd-MGlcNAcpH-MGlcNAcpii-NlAsn

i

»AI-CH3
pro'ors

1.2 1,0

6(ppm)

Figure 5. StAuciu'txiJt-n.e.po/ii.a/i-yioup neyion-'> 0 / the ac ̂ oi"ui ion-enhanced ^00-

flfiz H-NPUi épectium 0 / phateofin <i'ycopc/>iidc fh /, lecondcd in

H-p ai. 27 C. Ihn num&eiA in the tpecitum nefei to {he

consieéponding ae.Aidu.eA in the ittuctutc. The -ieCi/iii>e inien bity

0/ the N-uce.ty£ ne.gion di//eii f.iom ihui of the othei puni "

of. the. Apect/uim aA indicated.

identical with those of R. Therefore, the structure of the glycan of Ph 1

is :

Mana(l-»-6) 3 2 1

4 Manß(l-*-4)GlcNAcß(l-f4)GlcNAcß(W)Asn

Mana(1+3)7

Xylß(l+2

The equal intensity of the anomeric proton signals in the spectrum of Ph

2 as well as of Ph 3 (not shown) indicates that the fractions consist of a
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single compound each.- From the spectral features of Ph 2, which are

essentially identical with those of Man_GlcNAc_Asn from an immunoglobulin M

obtained from blood plasma of a patient with Waldenstrom's macroglobulinemia

[1], it can be concluded that the structure of the glycan of Ph 2 is:

B

Mana(l->6) 4'

A Mana(l-»-6

ManadW
Dx C 4

Mana(l+2)Mana(l+2)Mana(l-»-3y

The H-NMR data of Ph 3 are essentially the same as those for

ManQGlcNAc7Asn [1] from bovine lactotransferrin whicii has the following

structure:

D3 B

Mana(l+2)Mana(l->6\ 4'

D 2 A Mana(l->-6\3 2 I

Mana(l-»-2)Mana(l->-3) Man3(l->-4)GlcNAcB(l->-4)GlcNAcB(l-wV)Asn

D. C 4

Mana(l+2)Mana(l+2)Mana(1+3)

Identification o/ t/ie Q£yco4i/lution Site fon the Ih/iee

Pha/>eo£in Oligo^accha/i.ide.4' The amino acid sequences of the phaseolin

polypeptxdes derived from the nucleotide sequences of nine different cDNAs

show two possible glycosylation sites per polypeptide: Asn and Asn

[16,35]. To find out which oligosaccharide is attached to which asparagine

residue, affinity purified phaseolin from cotyledons labeled for 24 h with
3
[ H]glucosamine was digested with trypsin. The resulting mixture of peptides

and glycopeptides was fractionated by HPLC on a C-18 column (Fig. 6A). Only

one major radioactive peak (fraction 81) was observed (Fig. 6B). An aliquot

of the peak fraction was digested with Pronase and gel filtration of the

resulting glycopeptides -resolved 3 peaks corresponding in size to

MangGlcNAc2Asn, Man7GlcNAc2(Gly)Asn and XylMan3GlcNAc2(Gly)Asn (data not

shown). Next, the tryptic glycopeptides from the HPLC fraction 81 were

fractionated by ConA chromatography. When the radioactive material which did

not bind to ConA was rerun on the reverse phase C-18 column, a major peak
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gradient of 0-35% acetonijbiile in 0. 1% Viifluoioace£ic acid fon.

1bO mJn. Panel A: Llution p/iofile of the tiyptic pe.ptide.-f> a/>

me.a4UA.ed &{/ a&.4on£an.ce. o.t 214 run. Panel B: Elation p/iofile a-i

mea^uied Hy radioactivity. The radioactive peaJ-L (fraction 87 J ioas>

applied to a ConA column with result* /,imila/i to thoie s>hou>n in

Tig. 3A. Panel C: Elation p/iofile of the glycopeptide f/iaction

which did not &ind to ConA (peali A in Tig. 3A). Panel D: Elution

pn.of.ile on the C-8 column of the glycopeptide fiaction that bound

tightly to ConA (peaA & on Tig. 3A). PeakA A (panel C), 8 and C

(panel D) ue/ie M&mitted to umino acid sequence analy^i-i.

at fraction 81 appeared again (Fig. 6C). Amino acid sequencing of the first

five amino acids of this tryptic glycopeptide (peak A) revealed the sequence

Gln-Asp-Asn-Thr-Ile (QDNTI), which is identical with the amino acid sequence
252

of the predicted tryptic glycopeptide that includes Asn (Fig. 7). Sizing

of the glycan on Bio-Gel P-4 after exhaustive Pronase digestion showed it to

be the complex glycan Ph 1. When the fraction 81 glycopeptides that bound

ConA were fractionated by HPLC on a C-8 column, we observed two major

radioactive peaks (Fig. 6D, peaks B and C). These glycopeptides were

subjected to amino acid sequencing, and the oligosaccharides were analyzed

by gel filtration after exhaustive digestion with Pronase. Analysis of peak

B identified it as MangGlcNAc2 attached to a peptide starting with the

sequence Ala-Thr-Ser-Asn-Val (ATSNV). Similarly, peak C was identified as

Man.,GlcNAc2 attached to a peptide starting with the sequence Gln-Asp-Asn-

Thr-Ile (QDNTI). Comparison of these amino acid sequences with the two

predicted tryptic glycopeptides indicates that ManQGlcNAc« is attached to
341 252

Asn and Man-,GlcNAc, is attached to Asn (Fig. 7).

DISCUSSION

The results reported in this paper confirm and extend the limited amount

of information available on the structure of /V-linked glycans of plant

glycoproteins in general and seed storage glycoproteins in particular. Plant

glycoproteins have been shown to contain both high-mannose and complex N-

linked glycans, and it is known that the latter derive from the former [1-

7,14,36,37]. We isolated three different glycans from affinity-purified

phaseolin and determined their structures. Two are typical high-mannose

oligosaccharides and one is complex. The two high-mannose oligosaccharides
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HOMOLOGY BETWEEN THE GLYCOPEPTIDES OF PHASEOLIN
AND THE DERIVED AHINO ACID SEQUENCE

240
Glycopeptide QDNTI
Phaseolin SKQDNTIGNEFGNLTERTDNSLNVLISSIEMEEGALFVPH

A A

Phaseolin
280

YYSKAIVILVVNEGEAHVELVGPKGNKETLEYESYRAELS

Glycopeptide
Phaseolin

320
ATSNV

KDDVFVIPAAYPVAIKATSNVNFTGFGINANNNNRNLLAGK
A A

Figure 7. A compuiióon of the umino acid ieuuencei of {he iiijptic

ylycopeptideó o&tuined Cij RPLC wiih the defined umino acid

ôequence fiorn phuAeotin cOiVA [??]. The ùeyinniny und end of ihc

two tnyptic yitjeopeptide-i (piedicted) u/ic muikcd wiih aitowó. The

two ylycoMjlation àiteA, l\/>n-X-7hn, aie undei(ined.

have 9 and 7 raannose residues, and share the unique branching pattern of

mannosyl residues reported for high-mannose glyc?r.s of yeast and animal

cells [1,2]. In addition to these, phaseolin contains small amounts of Man,

and Man„ glycans [38]. The complex glycan of phaseolin with 3 mannose

residues and a xylose residue linked ß(l-»-2) to the ß-linked mannose seems to

be a common component of complex /V-linked plant oligosaccharides [4-6], A

3(l->-2) linked xylose residue has been found in only one animal glycan [33].

In addition to this core, complex glycans of plant glycoproteins may have an

a(l->3) linked fucose residue on the proximal GlcNAc, and GlcNAc, Gal and Fuc

residues emanating from the non-reducing ends of the core.

By sequencing tryptic phaseolin glycopeptides which were separated by

reverse-phase HPLC and identified by their specific oligosaccharide, we have
3A1

shown that MangGlcNAc„ is always attached to Asn , whereas Man7GlcNAc, and
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252
XylMan3GlcNAc2 are always attached to Asn . Thus, the MangGlcNAc2 glycan

is located in a hydrophobic protein domain, and the glycans which undergo

processing are both in a hydrophilic part of the protein [17].

Earlier work had shown that phaseolin polypeptides A and C have two

glycans each, while the B and D polypeptides have one glycan each [11].

Furthermore, the glycans of B and D, which stain poorly with the periodic

acid Schiff stain [11,39, and unpublished data], are smaller than those of A

and C. Polypeptides A and C have only high-mannose glycans with Man-GlcNACj

attached to Asn and MangGlcNAc^ attached to Asn . Polypeptide D has

only one glycan: mostly XylMan^GlcNACj and a smaller amount of ManyGlcNAc-.

It is likely that polypeptide D is a mixture of two slightly different

polypeptides: one with Man7GlcNAc, and one with XylMan~GlcNAc,.
252

XylManJjlcNAc^ is always attached to Asn , and it is likely that

Man-,GlcNAc» also occupies this site on the related polypeptides, as it does

on polypeptides A and C. Whether polypeptide D lacks a second glycosylation

site or has an unoccupied glycosylation site is not clear. All nine cDNAs

which have been sequenced give rise to polypeptides with two glycosylation

sites. This means that it is more likely that the second site is unoccupied

rather than nonexistent. We interpret the presence of the two types of

glycans in polypeptide D as evidence for incomplete processing when the

protein passes through the Golgi. While we have no data on the glycan of

polypeptide B, we postulate that it is the same as polypeptide D. The method

used to purify the polypeptides (SDS-PAGE followed by electroelution) did

not allow us to isolate polypeptide B away from A and C, because the 3

polypeptides are not clearly separated on the overloaded gels.

Of particular interest with respect to the processing of glycans is our

finding that the presence of a glycan on Asn may determine whether the
252

glycan at Asn is processed or not. We interpret our results as showing
341

that the absence of a glycan from Asn results in the more extensive
252

processing of the glycan of Asn . The processing of high-mannose glycans

is thought to be greatly influenced by their accessibility to the modifying

enzymes (glycosidases and glycosyltransferases) in the Golgi complex [39-

41]. If glycans are not accessible, they remain unmodified. The absence of a
341

glycan on Asn may result in greater accessibility to the Golgi enzymes of
252

the glycan attached to Asn
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SAMENVATTING

In dit proefschrift wordt het onderzoek beschreven naar de primaire

struktuur van de koolhydraatketens afkomstig van hemocyaninen uit

geleedpotigen en weekdieren. Hemocyaninen zijn hoog-moleculaire, koper-

bevattende, zuurstoftransporteiwitten, die meestal van koolhydraatketens

zijn voorzien. In de inleiding worden de verschillen besproken tussen het

eiwitgedeelte van hemocyanine uit geleedpotigen en dat uit weekdieren. Deze

verschillen gaan samen met opmerkelijke verschillen in de grootte en

samenstelling van het koolhydraat gedeelte van de hemocyaninen. Om een

indruk te krijgen van deze koolhydraat gedeelten werden suikeranalyses

uitgevoerd op hemocyaninen afkomstig uit de verschillende klassen. Het bleek

dat hemocyanine uit geleedpotigen meestal weinig koolhydraat bevat (IX), en

dat de suikersamenstelling beperkt is tot Man en GlcNAc. Hemocyanine uit

weekdieren bevat 2-9% koolhydraat en vertoont een grotere verscheidenheid in

koolhydraat samenstelling. Naast Fuc, Man, Gal, GalNAc en GlcNAc, zijn in

sommige soorten Xyl, 3-0-methyl Man en 3-0-methyl Gal gevonden. Behalve in

de zuurstoftransporteiwitten van weekdieren zijn de laatstgenoemde suikers

niet aangetroffen in dierlijke glycoproteinen.

In de hoofdstukken 1 en 2 wordt de primaire struktuur beschreven van de

koolhydraatketens van hemocyanine uit geleedpotigen.

Hoofdstuk 1 behandelt het onderzoek naar de koolhydraatketens van

hemocyanine uit de schorpioen Andiocionu-i auAOia£l/>. Er is slechts één

koolhydraatketen gevonden, met de volgende struktuur:

Mana(l->-2)Mana(l+6)

Mana(l+6)

Mana(l+2)Mana(l+3J Manß(l+4)GlcNAcg(l+4)GlcNAc-ol

Mana( 1+2 )Mana( 1+2 )Manct( 1+3 )

In hoofdstuk 2 wordt de opheldering beschreven van de koolhydraat-

strukturen van hemocyanine uit de langoest Panu£iAU4 •in.Lejuuxptub. Twee

neutrale en één zure keten zijn gevonden. De Strukturen van deze ketens

zijn:
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Man a( l-»6)

Mana(l->6)

Man a( 1+3) Manß(l+4)GlcNAcß(l+4)GlcNAc-ol

Man a ( l + 3 /

Man a( l->6)

Man ß( 1 +4 )GlcNAc ß( 1+4 )GlcNAc-ol

GlcNAcß(l+2)Mana(l+3)

S04-t6)Mana(l->6)

Manß(l+4)yicNAcß(l+4)GlcNAc-ol

GlcNAcß(l+2)Mana(l+3/

In de hoofdstukken 3-5 worden de primaire koolhydraatstrukturen van

hemocyanine uit weekdieren gepresenteerd.

In hoofdstuk 3 wordt de primaire struktuur beschreven van de laag-

moleculaire koolhydraatketens van hemocyanine uit de wijngaardslak KeÂix

pomatla. De volgende, Xyl bevattende, Strukturen zijn gevonden:

Mana(l+6)

Manß(l+4)GlcNAcß(l+4)GlcNAc-ol

Manan+3)1?
Xylß(l+2)'

Mana(l+6) Fuca(l+5)

Manß(l+4)GlcNAcß(l+4)GlcNAc-ol

Mana(l+3)'

De hoofdstukken 4 en 5 behandelen de koolhydraatketens van hemocyanine

uit de poelslak Lymnae.a ttagnali-i. Deze ketens bevatten Xyl en 3-0-methyl

suikers. Bovendien is GalNAc gevonden in sommige van deze /V-g

gebonden koolhydraatketens.

3-0Me-Mana(l+6)

Manß(l+4)GlcNAcß(l+4)GlcNAc-ol

3-0Me-Manct(l+3)j

Xylß(l+2)'
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3-OMe-GalB(l+3)GalNAc3(l+4)GlcNAc3(l+2)Mana(l+6)

Man3(1+4)G1CNACB(l+4)GlcNAc-ol

3-0Me-Mana(l+3);

Xyl3(l+2)

Mana(l+6)

Man3(l+4)GlcNAc3(l+4)GlcNAc-ol

3-OMe-Gal3(l+3)GalNAc3(l+4)GlcNAcB(l+2)Mana(l+3)|

Xyl3(l+2)'

Fuca(l+2)Gal3(l+3)GalNAc3(1+4)GlcNAcg(l+2)Mana(1+6)

ManS(1+4)G1CNAC3(l+4)GlcNAc-ol

3-0Me-Mana(1+3

Xyl3(l+2>

Mana(l+6).

Man3(l+4)GlcNAc3(l+4)GlcNAc-ol

Fuca(l+2)Gal3(l+3)GalNAcS(1+4)G1CNAC3(l+2)Mana(1+3)1

Xyie(l+2)'

3-OMe-Gal3(l+3)GalNAc3(l+4)GlcNAc3(l+2)Mana(l+6).

Man6(l+4)GlcNAcB(l+4)GlcNAc-ol

3-0Me-GalB(l+3)GalNAc6(l+4)GlcNAcg(l+2)Mana(l+3)j'

Xyl3(l+2)'

3-0Me-Gal6(l+3)GalNAc3(l+4)GlcNAcg(l+2)Mana(l+6).

Man3(l+4)GlcNAc3(l+4)GlcNAc-ol

Fuca (1+2 )Gal3 (1+3 )GalNAc3 (1+4 )GlcNAc3 (1+2 )Mana( 1+3)'/

Xyl3(l+2)'

Fuca(l+2)GalB(l+3)GalNAc3(l+4)GlcNAc3(l+2)Mana(l+6).

Man3(l+4)GlcNAc6(l+4)GlcNAc-ol

Fuca(l+2)Gal3(l+3)GalNAc3(l+4)GlcNAc3(l+2)Manct(l+3)//
Xyl3(l+2)/

In de hoofdstukken 6 en 7 worden de H-NMR parameters van de laag-

moleculaire koolhydraatketens uit KeAix /?omo«i-ia-heinocyanine vergeleken met

het Xyl- bevattende hexasaccharide van het proteolytisch enzym bromelaine
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afkomstig uit de ananas, en met een Xyl-bevattende koolhydraatketen uit

phaseoline, het reserve-eiwit van de boon Pha.Ae.olu.4 ualga/ü.-t>.

De in dit proefschrift beschreven resultaten geven een dieper inzicht in

de verschillen tussen de koolhydraatketens van hemocyaninen uit

geleedpotigen en weekdieren. Bovendien is een serie nieuwe, Xyl-bevattende,

oligosaccharideketens gevonden.
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SUMMARY

In this thesis, the investigation of the primary carbohydrate structures

derived from arthropod and mollusc hemocyanins is presented. Hemocyanins are

high-molecular-mass, copper-containing oxygen-transport proteins, which are

usually glycosylated. In the introduction, the differences in protein

structure between arthropod and mollusc hemocyanins are discussed. These

differences are accompanied by remarkable differences in the hemocyanin

carbohydrate-content and —composition. To get information of these

carbohydrate moieties, sugar analyses of hemocyanins from species belonging

to the various classes were carried out. It turned out that arthropod

hemocyanin usually has a low carbohydrate content (1%), and the sugar

composition is restricted to Man and GlcNAc residues. Mollusc hemocyanin

appears to contain 2-9% carbohydrate and to exhibit a larger variation in

carbohydrate composition. Besides Fuc, Man, Gal, GalNAc and GlcNAc residues,

Xyl, 3-0-methylated Man and 3-0-methylated Gal are found in some species.

Except for mollusc oxygen transport proteins, the latter sugars are not

found in animal glycoproteins.

In the chapters 1 and 2, the primary structure of the carbohydrate chains

of arthropod hemocyanin is described.

Chapter 1 deals with the investigation of the carbohydrate chain from the

scorpion And/iodLonus aaitnat-L-i. Only one sugar chain has been found, which

has the following structure:

Mana(l+2)Mana(1+6)

Mana(l+6)

Mana(l+2)Mano(1+3) Mang(1+4)G1CNACS(l+4)GlcNAc-ol

Mana(l+2)Mana(l+2)Mana(l+3)

In chapter 2, the elucidation of the structure of the carbohydrate chains

of the hemocyanin from the spiny lobster Panu-LisuiA irvLeyuuipiui is discussed.

Two neutral and one acidic chain have been identified. The structures of

these chains are:

Mana(l+6)

Mana(l+6)

Mana(l+3) Man3(l+4)GlcNAc6(l+4)GlcNAc-ol

Mana(l+3)'
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Mana(l+6)

Mang( 1-M)G1CNAC6(1-»4)G1CNAC-O1

GlcNAcBC 1+2 )Mana( l->-3)

)

Mane(l+4)GlcNAc|3(l+4)GlcNAc-ol

GlcNAc|3(l+2)Mana(l+3)'

In the chapters 3-5, the primary carbohydrate structures of mollusc

hemocyanins are presented.

In chapter 3, the primary structure of the low-molecular—mass

carbohydrate chains from the Roman snail Helix pomatiu is reported. The

following Xyl-containing core structures are found:

Mana(l+6)

ManS(l+4)GlcNAcg(l-*4)GlcNAc-ol

ManaU-Kj/l

Mana(l->-6) Fuca(l->-6)

Mang( 1+4)G1CNACB(1-H4)G1CNAC-O1

Mana( 1+31

Chapters 4 and 5 deal with the carbohydrate chains of hemocyanin from the

freshwater snail Lymnaea Atagnaii.4. These chains all contain Xyl and 3-0-

methylated sugars. Furthermore, GalNAc is found in some of these N-

glycosidic carbohydrate chains.

Mang( 1->4)G1CNAC|3( l+4)GlcNAc-ol

3-0Me-Mana( 1+3)1

Xylg( 1+2)'

3-0Me-Gaie(l+3)GalNAcBei+*)GlcNAc3(l+2)Mana(l+6)

Man0ei+A)GlcNAc3(l->4)GlcNAc-ol

3-OMe-Manae 1+3)1

Xyl3(l+2)'
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Mana(l+6)

ManB(l+4)GlcNAcB(l+4)GlcNAc-ol

3-0Me-GalB(l->-3)GalNAc3(l+4)GlcNAcB(l+2)Manct(l+3)j

XylB(l+2)'

Fuca(l+2)Gal0(l+3)GalNAcB(l+4)GlcNAc|3(l+2)Mana(l+6)

ManB(l->A)GlcNAcB(l->4)GlcNAc-ol

3-0Me-Mana(l+3)'

XylBU+2

Mana(l+6)

ManB( 1+4)G1CNACB( l+4)GlcNAc-ol

Fuca(l+2)GalB(l+3)GalNAcB(1+4)G1CNAC3(1+2)Mana(1+3) /

XylB(l+2)'

3-OMe-GalB(l+3)GalNAc3(l+4)GlcNAc3(l+2)Mana(l+6)

ManB(1+4)G1CNAC3(l+4)GlcNAc-ol

3-0Me-GalB(l+3)GalNAcB(1+A)G1CNACB(l+2)Mana(1+3 )|

Xyl3(l+2)'

3-0Me-GalB(l+3)GalNAcB(1+4)G1CNACB(1+2)Mana(1+6)

Man3(1+4)G1CNACB(l+4)GlcNAc-ol

Fuca(l+2)GalB(l->3)GalNAcB(l+4)GlcNAc3(l+2)Mana(l+3)|

XylB(l+2)'

Fuca(l+2)Gal3(l+3)GalNAcB(1+4)G1CNACB(l+2)Mana(1+6)

ManB(1+4)GlcNAc3(l+4)GlcNAc-ol

Fuca(l+2)GalSd->-3)GalNAc3(l+^)GlcNAcB(l+2)Mana(l+3)|

Xy 13 (.1-2)'

In the chapters 6 and 7, the H-NMR parameters of the low-molecular-mass

carbohydrate chains from H. pomwLla are compared with the Xyl-containing

hexasaccharide of the proteolytic enzyme bromelain from pineapple stem, and

with a Xyl-containing carbohydrate chain from the bean storage protein

phaseolin.

The results described in this thesis gave a deeper insight in the

differences between the carbohydrate chains of arthropod and mollusc

hemocyanins. Furthermore, a series of novel, Xyl-containing, oligosaccharide

chains is reported.
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