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ABSTRACT 

The proton chemical shifts of the glycosldlc protons have been measured for 
solutions of ohgosaccharldes m D,O, to some degree, the shifts are dlagnostlc of 
both the nature of the sugar and of the type of linkage To determme the sequence of 
the sugar residues, the aldose or ketose IS first treated with cyamde to produce a 
termmal carboxyhc acid Then Gd3+ 1s added, which IS bound on the carboxyl group, 
causmg hne broadening of the proton resonances and a decrease m the spin-Iattlce 
relaxation-time (T1) of the glycosldlc protons These effects fall off progressively 
along the ohgosaccharlde chain, hence allowing the sequence to be determined The 
method, &uch 1s illustrated for maltotnose, has been used at the mllhgram level, and 
may be apphcable up to pentasacchandes Dlfficultles occur m the treatment of non- 
reducmg sugars (I-1 and l-2 glycosldes), and with certam sugar residues that 
bmd Gd3+ on three adJaCent hydroxyl-groups of particular stereochemistry The 

possible usefulness of 13C-n m r spectroscopy IS also considered 

INTR(JXJCTION 

The determination of the types of hnkages between sugar residues and theu- 
sequence m ohgosaccharldes presents conslderable dlfficultles Various workers hake 
used a combmatlon of methods, mcludmg partial and complete hydrolysis with acid, 
hydrolysis with specific enzymes, perlodate oxldatlon. and methylatlon, sometimes 
m combmatlon with g 1 c and m s I-‘, which now appears to be very useful4 We 
have recently studied the possible apphcatlon of an n m r techmque6 that had been 
apphed to the sequence detyrmmatlon of peptIdes’- lo 

The prmclple of the method mvolves firstly the Identification of the various 
residues m the cham by asllgnment of the n m r resonances to specific residues 
The hne width or the spin-lattice relaxation-time (T1) of these resonances 1s then 
measured before and after the addltlon of a paramagnetlc broadening probe (nor- 
mally Gd3+), which bmds to the C-termmal carboxyl group of a peptlde cham or a 
carboxyl group Introduced at the end of an ohgosaccharlde cham. The extent of the 
increase m lme width or decrease of T1 brought about by the bmdmg of Gd3’ IS 
proportional to the inverse s&h-power of the &stance between the bound, para- 
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magnetic metal IOII and the nucleus that gves rise to the resonance’ ’ Thus, the efYect 
drops off rapidly down the chain, and provided that the n m r resonances are correctly 
assigned, It 1s possible to determine the sequence of ammo acids in a peptide cham’-’ ’ 
or of sugar restdues m an ohgosaccharlde cham 

In this paper, we have concentrated on the ‘H-n m r resonances of the glycosldlc 
protons m ohgosacchandes, the chemlca1 shifts of whrch are, to some degree, charac- 
terlstlc of the sugar residue and also of the type of linkage Further mformatlon on 
the latter pomt may be obtamed by 13C-n m r spectroscopy It has been necessary 

to develop methods for the mtroductlon of a termmal carboxyl group to act as a 
bmdmg site 

E_lPERIhlENTAL 

The sugars \\ere commercial samples and were used without frlrther purlficatlon 
Deutermm oxide (>99 8 %) was obtained from the Austrahan Atomic Energy 
Commlsslon Solutions of known concentration of Gd3 f were prepared from 99 9 y0 
GdCl, 6H20 (Ventron, Alfa Products) 

‘H-N m r spectra at 100 MHz were recorded for - 10% solutions with a 
contmuous-wave Jeol JNM-MH-100 spectrometer at an amblent probe-temperature 
of 26”, the chemical shift was measured agamst tetramethylsllane m CDCI, as the 
external standard m a sealed capillary tube A micro-tube (capacity, 0 05 ml) was used 
for mllhgram samptes of sugars’ 1 H-N m r spectra at 270 MHz and measurements 
of TI were obtained with a Bruker HX-270 spectrometer located at the National 
NMR Centre in Canberra 13C-N m r measurements were also obtamed with the 
latter mstrument For measurement of T,, the normal 180-r-90” pulse sequence was 
used at -S different delay-times, ‘c The height (S,) of a particular resonance, at 
d&y-time T, was measured, and a graph drawn of ln(S, - S_) KS T, where S, IS 
the height for an u&ute delay-time (obtamed from the normal spectrum using a 90” 
pulse) Tl IS obtamed as the reciprocal of the gradient of the straight-line graph 

Sjwthesrs of car5oryl sugars - Four aldoses were converted mto the corre- 
sponding carboxyhc acids by oxldatlon with bromme12 l3 The sodmm salt was 
recrystalhsed from an ethanol-water mixture and obtamed m 70-90% yield Purity 
was checked by elemental analysis Smce this method 1s confined to aldoses, a more- 
general method, useful for both aldoses and ketoses, was developed_ In the cyano- 
hydrm method14-’ 6, the sugar was dissolved m water, and a 10% molar excess of 
sodmm cyamde was added The solution was kept for 30 h at room temperature m a 
stoppered flask, and the resultmg cyanohydrm was then hydrolysed to the acid amide 
Heatmg at 100” for 6 h hydrolysed the armde to the correspondmg carboxyhc acid, 
which was preclpltated as the sodmm salt by the addltlon of ethanol The salt was 
collected and &solved m water, and the solution lyophlhsed The method was used 

successfully on both a macro and a micro (l-mg) scale. 
The IdentIty of the product was checked m each case by ‘H-n m r. spectroscopy 

at 100 MHz, and the spectrum compared with that of the patent sugar The reso- 
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nances from the protons attached to the carbon atoms CL and /I to the carboxyl group 
moved -0 4 and -0 2 p p.m downlield, respectively, on decreasing the pII of the 
solution from -6 to 1 5. This effect was useful m the assignment of these resonances 
and also allowed the n.m r titration of the carboxyl group An S-shaped titration 
curve of chemical shift of the resonance against pH-meter reading (measured m D,O) 
was constructed, and the apparent dissociation constant K’ obtamed as prevrously 
descrrbedL7. Such an experiment6 on D-glucomc acid gave a pK’ of 3 5 

Non-reducmg olrgosaccharmdes - It IS necessary to use special methods for 
non-reducmg ohgosacchandes, m order to generate a reaucmg group Thus, for 
raffinose, mvertase, which specifically hydrolyses ternWEd P-D-fructofuranose 
resrdues” (with the production of D-fructose and an aldose or ketose that will 
react with cyamde), can be used 

Raffinose [z-D-Gal-( I -+6)-rr-D-Glc-( l-2)-P-D-Fru, 400 mg] was dissolved m 
10 ml of DzO buffered at pH-meter readmg of 5 1, and mvertase (Koch-Light, 3 mg) 
was added After mcubatlon at 30” for 24 h, ‘H-n m r spectroscopy showed that 
the formation of fructose and mehbiose was complete Sodturn cyanide (77 mg) was 
then added, and the mixture was kept at room temperature for 30 h, boded under 
reflux for 6 h, and lyophlhsed That the product contamed “fructoheptomc a&” 
and a small amount of mtertase (which did not affect the sequencmg procedure, 
see below) dnd also “6-O-‘A-D-galactopyranosql-glucoheptomc acid” was confirmed 
by comparison of the ‘H-n m r spectrum at 100 MHz with spectra of samples of the 
acids previously prepared by treatment of D-fructose and mehbiose by the cyano- 
hydrm method 

Stachyose [cr-D-Gal-(1 +6)-z-D-Gal-(1 +6)-cr-D-Glc-(I +2)-P-D-Fru] was treat- 
ed by the same procedure, to give a mixture of a small amount of mvertase, “fructo- 
heptomc acid”, and “6-U-a-D-galactopyranosy~-6-0-cc-D-galactopyranosyl-gluco- 
heptomc acrd”. This was examined by ‘H-n m r spectroscopy, as a function of pH 
as Indicated previously, to check on the formation of carboxyhc acids 

RESULTS AND DISCUSSION 

‘H-N m r chemrcal-Aft data In Table I are given the chemical-shift data 
for the proton resonances that can be readily Identified m the IH-n m r spectra of 
sugars The a- and /3-anomerm proton resonances are identified as a pair of doublets 
with couphng constants of -3 and 7 Hz, respecttvely, which are normally located 
downfield and upfield, respecttveIy, from the HDO resonance The total area of the 
Q- and /I-anomenc peaks amounts to one proton The chemical shifts of the anomertc 
protons are the same (within experimental error) when they occur m amonosacchande 
or an ohgosacchande, provrded that the glycosrdtc hnkage IS not placed adlacent to 
the anomeric proton, i e , at the 2 position Since the signals for the H-2 protons 
occur m a complex region of overlappmg peaks, their chemrca1 shifts were obtamed 
by spm decouphng with the correspondmg anomenc or glycostdrc protons The 
resonances from the glycosidrc protons, like those from the anomerrc protons, are well 
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TAELE I 
0 

CHEMICAL SHIFTS OF PROTON RESONANCES OF SUGARS IN DzO AT 26 ‘= 

Sttgar Anomerlc GII costdtc H-2 
protons protons prorotts 

a B a B a B 

D-Glucose 530 472 NA NA 362 332 
D-Gaiactose 5 30 462 NA NA 3 87b 3 54 
D-Mannose 520 492 NA NA 394 394 
D-XyiOSe 528 462 NA NA 362 321 
D-Fucose 523 452 NA NA 3 62 3 52 
D-Rlbopyranose 552 534 NA NA - - 
D-Rlbofuranose 494 504 NA NA - - 
2-Ammo-2-deoxy-D-glucose 548 496 NA NA 330 - 
2-Ammo-2-deoxy-D-galactose 550 494 NA NA - 3 28 
Trehalose a-GIG-(l-+1)-&GlC NA NA 507 NA - - 

KoJlbrOse a-Glc-(l+Z)-Glc 520 - 554 NA - - 
Sophorose /?-Gic-(l-2)-Glc 552- - 468- - 
Sucrose a-Glc-( 1-+2)-B-FLU NA NA 545 NA 361 - 
Turanose a-Glc-(l-+3)-Fru NA NA 540 NA - - 
Maltose a-Glc-(l-r4)-Glc 525 468 545 NA 361 - 
Maltotrlose a-Glc-(1+4)-a-Glc-(I-4)-Glc 526 470 545’ NA - - 
Celloblose &Glc-(1+4)-Glc 529 472 NA 4 59 - 3 36 
Isomaltose a-Glc-(l-6)-GIc 534 476 506 NA - - 
Gentloblose &Glc (l-+6)-Glc 529 472 NA 458 - - 

Lactulose &Gal-(& +4)-p-Fru NA NA NA 456 - - 
Lactose /?-Gal-( l-+4)-Glc 526 468 NA 447 - 3 52 
Mehblose a-Gal-(l-6)-Glc 532 476 508 NA - - 
Raffinose a-Gal-( l-+6)-x-Glc-(l-+2)-&Fru NA NA 505d NA 39 - 

546 37 
Stachyose a-Gal-(l-,6)-a-GaI-(i+6)-~-GIc-~I-+2)-@-Fru NA NA 504~ NA - - 

548 

“Chermcal shifts measured at the centre of the doublet m p p m downfield from external tetra- 
me&ylsdane NA = not applicable bObtamed from Ref 23 CThls IS the chemical shift of the two 
slmllar glycosldlc protons which are not separated m ‘H-n m r at 270 MHz However, they are 
separable by usmg 13C-n m r at 67 89 MHz d5 05, 3 9 = a-Gal-(l-6), 5 46, 3 7 = a-Glc-(l-2) 

separated and readily observed For two glycosldlc protons of a slmllar type, as in 
maltotrlose, separation of the resonances was not possible even at 270 MHz 

The results m Table I mdlcate that it may perhaps be possible to determme 
the nature of the sugar residue and the type of linkage from the chemical shift of the 

glycosldlc proton resonance This approach 1s explored further In Table II, whxh 
summarlses the mformatlon on the ohgosaccharldes shown m Table I, on the basis 
of a particular type of sugar residue and the nearest-nelghbour sugar residue to the 
glycosldlc proton Multiple entrles m Table II mdtcate that data are avallable from 
more than one ohgosaccharide, and it 1s noted that these values generally agree 
within experImenta error (t-0 02 2 p m )_ The data m Table II are rather mcomplete, 
because of the difficulty of obtammg ohgosaccharldes of defined structure 
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TABLE II 

19 

CHEMICAL SHIFB (P P M 1 GF THE GLYCGSIDIC PROTONS OF SUGAR RESIDUES IN AN OLIGOSACCHARLDE= 

Sugar 
residue 

Nearest, Type of I&age 
nerghbourrng 
sugar residue (I-+1) (142) (1+3) (144) (I-‘61 

a-Glucose Glucose 5 07 5 54 U 

a-Glucose 

&Glucose 
a-Galactose 

Fructose U 5 45 540 
546 
5 48 

Glucose U 4 68 U 
Glucose U U U 

a-Galactose 
8-Galactose 
p-Galactose 

Galactose U 
Glucose U 
Fructose U U U 

5 45 (5 21)b 
5 45 (5 26)= 
U 

4 59 
U 

U 
447(46O)b 
4 66 (4 59)c 

506 

U 

4 58 
5 04 (5 Ol)C 
5 05 
5 08 (5 lo)= 
504 
U 
U 

W = unavailable The numbers m brackets refer to the chemical shifts of the glycosldlc protons 
when the nelghbourmg sugar residue has been modified chemically to contam a carboxyl group 
bBrommatlon method cCyanohydrm method 

It IS not possible to drstmguish between, for example, the a-Glc-(l-6)-Glc, 
r-Gal-( l-+6)-Glc, and a-Gal-(1 --,6)-Gal structures solely on the basis of the chemical 
shift of their glycosldtc protons However, the H-2 protons of c+GIc and a-Gal have 
drfferent chemtcal shifts when present m monosaccharrdes or m ohgosacchandes 
(see Table I), hence it IS possible to dutmguish between cr-Glc and a-Gal when present 
in an ohgosaccharlde chain, by means of a double-resonance expenment A mere 
difficult situation IS that of &Glc(l+4)-Glc and &Glc( 1+6)-Glc, which also cannot 
be decided on the basrs of the chemrcal shifts of the glycosldic protons (Table 11) 
In this case, we utihse the observation that when the adlacent sugar residue is modified 
to produce a carboxyl group, the resonance for the glycosidic proton shifts much 
mere with a (1+4)- than with a (I +6)-Imkage (see Table II) Thus, the two structures 
can be drstmguuhed, provided that the &Glc(l-+4) or /3-Glc(l+6) residue is adjacent 
to the termmal reducing-sugar residue 

Sequence determmatlon m ohgosacchandes The first method is based on the 
sequential broadenmg of resonances, and the second on the decrease m rl of reso- 
nances that occurs on the addition of Gd3+ to a solution of the carboxyhc acid 
denvatlve of the sugar. Typical results obtamed from the use of the first method are 
shown m Fig 1 for the carboxyhc acrd produced vza treatment of maltotnose with 
cyamde The spectrum of the tnsaccharrde carboxyhc acrd was obtained at pH 3 5 
At this pH, resonance 3 1s clearly separated from the envelope of sugar rescmances 
at higher field Resonance 1 occurs as a doublet split by the adJacent CM proton, 
but resonances 2 and 3 appear more complex, presumably because the cham-elonga- 
tmn process used to form the carboxyhc acid generates drastereorsomers 
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CH-BOD ’ CHYOD 
2 

CH?OD 
3 

__ 
cl 6D ti 00 ii 6D 

1 I I 

6 5 4 6 (Ppm) 
Fig 1 IH Y m r spectrum at 100 MHz of “a-Glc-(1 +4)-L-Z-Glc-( 144)~Glucoheptomc awl” m DzO 
at 26” and pH-meter readmg 3 5 after the addltlon oFGd 37 at the concentrations shown The reson- 
ances numbered 1, 2, and 3 anse from the labelled protons on the chemical structure 

Addltlon of successrve amounts of Gd3+ to the solutron in the n m r tube, 
usmg a micrometer syrmge contammg a relatrvely concentrated solutron of GdCl,, 
causes the broadenmg of resonances 3,2, and 1 m that order (see Fig 1) Thus shows 
the potential of the method for determuung the sequence of an ohgosacchande, 
provided that the approprrate resonances (1, 2, 3, etc ) can be seen separately and 
assrgned to specrfic sugar residues The [Gd3+] required to broaden resonance 1 
m Fig 1 IS only 5 2mM, and hence there should be no drfficulty m determmmg the 
sequence of a tetrasacchande and probably also a pemasaccharide. Other ohgo- 
saccharides for whxh the sequence was checked by this method were raffinose, 
whrch was treated with mvertase to release mehbrose before the cyanohydrm treat- 
ment (see Eupenmental), maltose,lactose, mehbrose, and &Gal-(1 -+4)-&Fru. 
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TABLE III 

Tl VALUES (SEC) FOR THE GLYCOSIDIC PROTONS= OF “a-Glc-(l~4)-a-Glc-(l~4)-GLUCOmrrOwC ACID" 

(18 % IN DzO) AT pH 6 AND 20” 

[Gd3*] (mM) Proton 2 (Fig I) Proton I (Fig I) 

0 044 0 61 

0 78 0 07 (84x)* 0 23 (62%)b 

aAt pH 6, the resonance from proton 3 (see Fig 1) has moved upfield due to tltratlon of the adJacent 
carboxyl group, and IS obscured by the envelope of CH resonances of the sugar bThe figures m 
brackets represent the Fercentage decrease m Tl on addmon of Gd3- 

The second method IS based on the measurement of T, values for the numbered 
resonances shown m Fig 1, before and after one addnton of Gd3+ The Tr values 
for the carboxyhc acrd derived from maltotnose are grven in Table III and show 
that, after add&on of Gd3+, the percentage decrease m T1 of the glycosrdrc proton 
nearer to the carboxyl group (proton 2) IS consrderabIy greater than that of the 
other glycosldlc proton (proton 1) The percentage decrease falls off sequentially 
along the chain, as found also wrth peptides 

This method possesses several advantages over the line-broadening techmque 
Firstly, only a small amount of Gd3+ IS reqmred, this is insufficient to broaden the 
resonances apprecrably and thus there IS no problem of coalescence of closely spaced 
resonances, as may occur m the line-broadenmg procedure Secondly, only one 
addmon of Gd3+ 1s required, Instead of a number of additions Thirdly, m both 
methods, the effect IS mediated alon g the ohgosaccharrde cham, and It IS hkely 
(by comparrson wrth srmllar studres on peptrde chamsg*rO) that five or even SIX 
residues may be drstmgmshed, because the broadenmg method IS less precrse, It may 
not be as useful for longer sequences 

As mdtcated n-t the Experimental sectton, the cyanohydrm method can be 
readily adapted to the mrlhgram level, for maltose and maltobromc acrd, spectra were 
obtained on a contmuous-wave loo-MHz spectrometer with a micro-tube’ of capacity 
0 05 ml- With the Increased sensrtrvrty of pulsed spectrometers, even smaller amounts 
of material may be studied by using Tr methods 

‘3C-Nnz r spectroscopy There are many papers m whtch It has been shown 
that the 13C-n m r spectra of sugars (with broad-band proton decouphng) show 
well-defined, single resonances for each carbon atom m the molecule’g-2’ We have 
made a preliminary study of the r3C-n m r spectra of maltose, lactose, raffinose, 
stachyose, gentrobrose, and maltobromc acid The excellent separatron of the peaks 
IS a considerable advantage over ‘H-n m r spectroscopy, where the proton peaks 
are often not resolved For example, with maltotrrose, the two glycosrdrc-proton 
resonances are not separated at 270 MHz, whereas the correspondmg ‘3C-resonances 
are clearly separated at the same field strength (see Table I) Two other advantages 
of 13C-n m r spectroscopy are (a) the absence of the solvent peak, and (b) the 
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02 

00 d HO0 
, H-l& I-l+ “-‘P I I 

6 5 4 3 S(PPm) 

Fig 2 ‘H-N m r spectrum at 100 MHz of D-nbose m DzO at 45” and pH A 4 5 on addmon of 
Gdz* at the concentrations shown The assrgnment of the marked resonances IS read In coqunctlon 
wt’l structuresIl:and 2 

HO 

- - 

H 

HO OH HO OH 

1 2 

observatton of a downfield resonance from the carboxyl carbon atom, whrch confirms 
the effectrveness of the cyanohydnn syntheses 

However, the maJor drsadvantage of 13C-n m r. spectroscopy IS its low sensr- 
tWItye, whrch means that - 10 mg of matenal IS needed m order to obtain a good 
spectrum on a tnsacchande m 5-h accumulatron at 67 89 MHz Thus IS very lrmrtmg 
for stud.es on small amounts of material, and It IS clear that “C-n m r spectroscopy 
can best be used as a complementary tool to IH-n m r spectroscopy m the rdentlfi- 
cation of the types of resrdues and hnkages present m the ohgosacchande This wall 
be drscussed m a subsequent paper 
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Alternatzve bznding site for Gd3+ It has been shown that the lanthamdes ~111 
bmd to three hydroxyl groups on a monosacchande residue If (a) it forms a SIX- 
membered rmg and the hydroxyl groups are m an axlal-equatonal-axial sequence, 
or (6) It forms a five-membered rmg and the hydroxyl groups are ahgned m a gauche- 
gauche sequence 22 MonosaccharIdes with this type of stereochemlstry are rrbose, 
gulose, allose, talose, and lyxose Clearly, the presence of these sugar reeldues m %n 
ohgosacchande chain, at any pos&on other than at the end where the carboxyl 
group IS inserted, would al ,w bmdmg of Gd3+ at that sugar resrdue and lead to 
Incorrect determmatlon of the sequence of residues 

In order to determme the strength of bmdmg of Gd3* to three such hydroxyl 
groups, a study was made with D-nbose, which exists as an equlhbnum mxture of 
furanose and pyranose forms, of which the o! anomers 1 and 2 have the configuratlon 
necessary to bmd Gd 3f The B anomers, which are also m eqmhbnum with 1 and 
2, do not have the correct cotiguratlon to bmd Gd3* T;lg 2 shows the ‘H-n m r 
spectrum of D-ribose, with the resonances assIgned, m terms of structures 1 and 2, 
as given elsewhere23 On addltlon of Gd3+, the resonances marked g (the v: anomers) 
broaden more rapldly than those marked p, with that for cs-D-nbopyranose broadenmg 
mare rapidly at 26” (spectra not shown) than that for a-D-nbofuranose At 36O, the 
broadening for cc-D-ribopyranose 1s complete at [Gd3+] = 0 S2mM, compared with 
1 1 rnM m Fig 2 at 45O; hence the bmdmg constant decreases with mcrease of tempera- 
ture It 1s of more importance that resonance 3 12 still vlslble at [Gd3’] = 0 52mhI 
in Fig 1, which shows that the binding of Gd3+ to nbose 1s stronger than that of 
Gd3+ to a half-Frotonated carboxyl-group introduced at the end of an ohgo- 
saccharlde 

The presence of any of the five sugars mentroned above m an ohgosacchande 
sequence (except at either end where they would obviate the need for the mtroductlon 
of a binding site) would present a consIderable problem We have not investigated 
this difficulty further, but suggest that it may be alleviated, although probably not 
entirely eltmmatedzq, by the formatlon of the correspondmg methyl ethers wa the 
followmg sequence of steps (I) formatlon of the acid by the cyanohydrm method, 
(II) permethylatlon of the ohgosaccharIde to produce the correspondmg methyl 
ethers and ester, and (UZ) specific hydrolysis of the ester to the carboxyhc acid 

Non-redmng sztgars Termmal (1 H l)- and (l-2)-glycosldes present dlfficultles, 
because the absence of the aldehyde or ketone group prevents the use of the cyano- 
hydrm method to introduce a cdrboxyl bmdmg-group for Gd3+ In the specific case 
of a terminal j?-D-fructofuranose resldue, this can be overcome by the use of mvertase, 
which hydrolyses the glycosldlc lmkage (see ExperImental sectlon) In somtz cases, 
It has been found that (l-l)- and (1 +-+2)-linkages are hydrolysed more rapidly w,th 
acid than other lmkages24. Currently, we are unable to treat this type of sugar 
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