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ABSTRACT 

A new method is described for sequencing linear oligosaccharides on gels using charged, fluorescent 

conjugates. The reducing ends of various mono-, di-, tri-. and tetra-saccharides were conjugated with 

monopotassium 7-amino-1,3-naphthalenedisulfonatc (a fluorescent and negatively charged compound) by 

reductive amination using sodium cyanoborohydride. The sugar conjugates were purified by preparative 
gradient polyacrylamide gel electrophoresis followed by a newly developed technique involving their 
semi-dry transfer to positively charged nylon membranes and elution with sodium chloride. The structures 

ofa monosaccharide- and trisaccharide-conjugate were established by f.a.b.-m.s. and 2D n.m.r. Seven linear 

oligosaccharideefluorescent conjugates were treated sequentially with exoglycosidases and with endoglyco- 
sidases. Analysis of the products by gel electrophoresis provided sequence information. These methods may 

be useful for sequencing oligosaccharides that are chemically or enzymically (endoglycosidase) released 

from glycoproteins, glycolipids, and proteoglycans. 

INTRODUCTION 

Many biological roles of carbohydrate units in glycoproteins have been reported’. 
These include: protection of the polypeptide component against uncontrolled proteo- 
lytic attack’,‘, facilitation of the secretion of certain proteins or their mobilization to the 
cell surface4, maintenance of glycoprotein conformation in a biologically active form’, 
clearance of glycoproteins from plasma’, direction of the immune response by acting as 
immune decoys7,x, and their importance as antigenic determinants in differentiation and 
development’. Therefore, information about glycoprotein sugar composition, and 
more importantly their sequence is required to establish structureefunction relation- 
ships. However, glycoproteins are usually available in only limited quantities (typically 
l&100 pg), making it difficult to determine the sequence, position, and anomeric 
configurations of glycosidic linkages in their carbohydrate chains’. 

Highly sensitive detection methods have been reported for oligosaccharides, such 
as tritium labeling at the reducing end of sugars by sodium [‘Hlborohydride reduc- 
tion” I2 and fluorescent labeling by reductive amination. Fluorophores, including 
2-aminopyridine’3m’5, 7-amino-4-methylcoumarin”, monodansylethylenediamine17, dan- 
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reaction time, temperature and pH were optimized by using D-Glc and D-GlcNAc. The 
reaction was monitored by running each sample on the gradient PAGE and visualizing 
the products in the U.V. light chamber at 366 nm or by using s.a.x.-h.p.1.c. with detection 
at 247 nm. Hexoses, including D-Glc, D-Gal, D-Man, and D-Ara. were readily conjugat- 
ed to AGA in high yields (7&90%), whereas acetamido hexoses, including D-GlcNAc 
and D-GalNAc, gave AGA conjugates in somewhat lower yields (6(X0%). Di-, tri-, 
tetra-, and higher oligo-saccharides (a malto-ohgosaccharide mixture containing tetra- 
saccharide through decasaccharides) gave yields of 5&-80%. Recovered yields based on 
oligosaccharide starting material compared well with yields estimated by using gradient 
PAGE or s.a.x.-h.p.1.c. 

I II III 

Scheme I 

Under optimized reaction conditions, only trace quantities of side-products were 
observed as additional fluorescent bands or peaks on s.a.x.-h.p.1.c. The concentration of 
sodium cyanobohydride did not play a significant role in forming any by-products. To 
drive the reaction to completion, however, it was necessary to use an excess of AGA. 
Thus a purification step to remove AGA was necessary to obtain sugar-AGA conjugate 
of sufficient purity for analysis and sequencing. 

The crude reaction product obtained in the reductive amination of D-D-Gal- 
(1+4)-/?-D-Gal-(1 -+4)-D-GlcNAc (Ic) was analyzed by s.a.x.-h.p.1.c. (Fig. IA). In 
addition to the desired trisaccharidecAGA conjugate (111~) and the excess of AGA (II), 
some unidentified side-products were observed. This crude product mixture was loaded 
directly on gradient gel and fractionated by preparative electrophoresis. Trisaccharidee 
AGA conjugate (IIIc) appeared as a strongly fluorescent band under U.V. light well 
resolved from the unreacted AGA (Fig. 2A, lane c). The desired trisaccharide-AGA 
product (IIIc) was recovered from the gel by electro-transfer. Analysis of the purified 
product 111~ by s.a.x.-h.p.1.c. is shown in Fig. 1 B. The U.V. and fluorescence spectra of 
the sugar-AGA conjugates as purified by preparative gradient PAGE were determined. 
The U.V. spectrum of AGA (II) exhibits a maximum at 247 nm (E = 3. I x 1 O’~~‘cm-‘) 
and the sugar-AGA conjugates (IIIa-i) show maxima between 255 and 257 nm. 

The fluorescence spectrum of AGA (II) shows an emission maximum at 447 nm 
and an excitation maximum at 343 nm. Excitation and emission spectra of all of the 
sugar-AGA conjugates (IIIa-i) are very similar. Sugar-AGA conjugates show emission 
maxima at 452 nm and excitation maxima at 3 14 nm. Sugar-AGA conjugates may be 
detected in a fluorimeter at femtomolar concentrations and in the U.V. light chamber at 



,ji ___._--A- ,I 
f------t----t-______+__+-_-_- + . . _ 

5 10 15 20 25 30 

TIME (min.) 



SEQUENCING CARBOHYDRATES AS FLUORESCENT CONJUGATES 159 

Fig. 2. Gradient PAGE analysis of oligosaccharide- AGA conjugates (lIIa-4, Scheme I. Table I) untreated 
and treated with various exoglycosidases and endoglycosidases. A. The analysis of IIIa, IIIb and 111~: lane a, 
Illa; lane b. Mb; lanec, Ilk; lane d, HIa, IfIb. and 111~; lane e, IIIe treated with&&tctosidase (E. coli). The 
minor band running near the bottom of the gel in lanesc. d and e is AGA. B. The analysis of IJtd: lane a. IlEd; 
lane b, IIId treated with neuraminidase; lane c, IIId trcared with neuraminidase and/Cgalactosidase (E. edi). 

C. The analysis oflile: lanea, IIle: lane b, IIle treated with/I-galactosidase(bovine testes); lanec, Ille treated 
with /3-galactosidase (bovine testes) and /51Vacetylglucosaminidase; lane d, IIIe treated with/5galactosidase 
(bovine testes), 8-N.acetylglucosaminidase and&galactosidase (E. co/i). D. The analysis of IIIf: lane a, IIIf: 
lane b. IIIf treated with &galactosidase (E. co/i): lane c, IIIf treated with fi-galactosidase (and P-N- 
acetylglucosaminidase. E. The analysis of IIig: lane a, IIIg; lane b, IIIg treated with z-t.-fucosidase; lane c, 
IIIg treated with a-L-fucosidase and ~-galactosidase (E. di). F. The analysis of IIIh: lane a, IIIh; lane b, IIIh 
treated with a-I>-mannosidase. G. The analysis of IIIe: lane a, IIIe; lane b, IIIe treated incompletely with 
endo+galactosidase. H. The analysis of IIfi: lane a, IlIi; lane b, IIIi treated with chitinase. 

conjugate Ilk. The sugar-AGA conjugates IIIa and 111~ showed a slight upfield shift of 
the H-6 and H-8 signals as compared to II, and the absence of an anomeric proton signal 
for the D-GlcNAc residue support their structure. The two-dimensional COSY spec- 
trum at 300 MHz of IIIa provided the assignments necessary to firmly establish the 
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structure of linkage between D-GlcNAc and AGA (Scheme I, IIIa). The assignments 
were as follows (in p.p.m.): 1.90 (COCH,), 3.47 (t, J 9.5 Hz, H-3’), 3.60 (HZ-l’), 3.76 
(H-2’), 3.82 (H-4’), 7.17(dd,J2.0and9.0Hz, H-6), 7.52(d,J2.0Hz, H-8),7.88(d,/9.0 
Hz, H-5), 8.25 and 8.30 (d, J 1.7 Hz, each, H-2 and H-4, interchangeable). 

Sugar-AGA conjugates (ITIa-i) were used in sequencing studies by examining the 
products formed on exoglycosidase and endoglycosidase treatment by gel electrophore- 
sis. For this sequencing strategy to be successful, the sugar-AGA conjugates needed to 
retain their sensitivity towards these glycosidases. To test this, oligosaccharide-AGA 
conjugates were prepared and purified and are shown in Fig. 3A-H. Each was treated 
sequentially with appropriate enzymes. The product resulting from each glycosidase 
treatment was analyzed directly by gradient PAGE (Fig. 2A-H) to confirm the known 
sequences. 

DISCUSSION 

Reductive amination has long been an accepted method of labeling sugars with 
probes to permit their detection and facilitate their separation. Yamamoto and co- 
workersIS have recently optimized the labeling of sugars with 2-aminopyridine by 
reductive amination, and have used this chemistry in an effort to develop an h.p.l.c.- 
based method for sequencing oligosaccharides. This paper describes a similar method of 
labeling sugars but instead focuses on a visibly fluorescent probe, with a fixed negative 
charge, to facilitate its sequencing by electrophoresis. Although it is possible to in- 
troduce charge into sugar-fluorescent conjugates by other methods, as through borate 
complexationz3, a covalently fixed charge such as that present in AGA offers a better 
approach towards optimizing such charged-based separations as electrophoresis. 

One problem associated with the preparation of oligosaccharide derivatives for 
sequencing is their purification. The sugar-fluorescent conjugate IIIa-i is contaminated 
with excess fluorescent tag used to drive the reaction to completion and also with minor 
reaction side-products. The oligosaccharide starting material I is often not absolutely 
pure, leading to the formation of other minor products during reductive amination. 
Important targets for sequencing, such as glycoproteins and glycopeptides, may have 
different isoforms, giving rise to multiple oligosaccharides for fluorescent tagging. Such 
cases make a separation step necessary, even using the best coupling chemistry. Yields 
of 50-80% obtained in this study were not optimized and some improvement might be 
possible by using alternative reducing agents?’ or organic solvents that favor Schiff-base 
formation. 

Gradient PAGE is used as a rapid, convenient, high-resolution method to purify 
sugar-fluorescent conjugates (ITIa-i) from the crude reaction mixture. Preparative 
gradient PAGE on 1.5-mm gels permits purification of 100 mg of sugar-AGA conjugate 
from the crude reaction mixture, and 3-mm thick gels permit the loading of up to 1 g of 
IIIa-i. Transfer from the gel onto positively charged nylon membranes and recovery of 
IIIa-i from the membrane by washing with salt are nearly quantitativeso. 
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slightly ahead of other oligosaccharides containing only hexose or N-acetylhexosa- 
mines. Fig. 2A, lane d, illustrates that baseline separation is obtained between AGA (II), 
monosaccharide-AGA (Illa), disaccharideeAGA (Mb), and trisaccharide-AGA (II- 
Ic). By decreasing the sample loading on the gel (Fig. 2C) the resolving power of 
gradient PAGE is more clearly demonstrated, with the enhanched resolution of tetra-, 
tri-, di-, and mono-saccharide_AGA conjugates. Although this separation is suitable 
for small linear oligosaccharides, future studies must be directed towards enhancing 
resolution. One interesting aspect of this separation is the ‘rounding’ of bands. This 
effect may be diminished by running the sample further into the gel (closer to its 
pore-exclusion limit”), as demonstrated by the more-focused, narrow lower band in 
Fig. 2A, (lanes c, d. and e) corresponding to residual AGA. Much of the rounding effect 
may also be associated with the method used to prepare Fig. 2. These photographs were 
of a wet gel (between two glass plates) over which a U.V. light was held. Transfer onto a 
nylon membrane results in more-intense, narrower bands, possibly because of a de- 
crease in the reflectance of the light from the fluorescing bands. Band rounding is also 
caused by diffusion, and thus a decrease in electrophoresis time as well as the time 
between terminating the experiment and photographing the gel results in sharper bands. 

Preliminary studies have demonstrated that it is possible to prepare AGA conju- 
gates of branched bianternary and trianternary oligosaccharides obtained from gly- 
coproteins, but with greatly decreased coupling yields (- 10%). There are major 
difficulties that must be overcome with sequencing such complicated structures, in- 
cluding distinguishing between non-equivalent branch arms. Some of the strategies 
developed on simpler linear oligosaccharides, such as the partial enzymic treatrnent or 
the use of endoglycosidases, might be valuable in examining these more-complicated 
structures. 

The results presented on linear oligosaccharides suggest that it may be possible to 
use this approach to sequence more-complex branched oligosaccharides. The strategy 
would involve: (I) release of oligosaccharides from glycoproteins using an endoglycosi- 
dase such as N-glycanase; (2) conjugation of the released oligosaccharides to a fluo- 
rescent compound; (3) fractionation and purification of each oligosaccharide-fluo- 
rescent conjugate; (4) sequential treatment ofeach purified oligosaccharideefluorescent 
conjugate with specific exoglycosidases and possibly endoglycosidases; and (5) analysis 
by analytical PAGE and reading of the sequence from the observed banding pattern. 
Work using this approach on structurally complex glycoprotein-derived oligosaccha- 
rides is currently underway. 

EXPERIMENTAL 

Materials.- Chemicals. D-Glc. D-Gal, D-Man. L-Ara, D-GlcNAc, D-GalNAc (la, 
Scheme I. Table I), [4--+)-B-II-Glc-( 1 +]4_,o (maltooligosaccharides), p-r>-Gal-( 1-+4)-D- 
GlcNAc (Ib), /Lo-Gal-( 1-4)~/k&al-(1 +4)-D-GlcNAc (Ic), r-Neu5Ac-(2-,3)-/?-D- 
Gal-( 1 -+4)-D-Glc (Id), p-D-Gal-(1 +3)-/I-D-GlcNAc-( 1+3)-B-D-Gal-( 1 +4)-D-Glc (Ie), 
/?-D-Gal-( I -+4)-/I-D-GlcNAc-( l-6)-D-Gal (If), cr-L-Fuc-( l-+2)-B-D-Gal-( 1 +4)-D-Glc 





C-R3A jntegrafing recorLIeI_ S.a.x,-)3&?.).c, was peJJDImer) on a Sphe&soh (J-&m 
particle size) column of dimensions 4.6 mm x 25 cm, with a 4.6 mm x 5 cm guard 
column from Phase Separations, Norwalk, CT, U.S.A. A 32 x 16 cm vertical slab-gel 
unit (SE 620), 250-mL SGSOO linear gradient maker apparatus, and the TE70 semi-dry 
C~~f~Wri&~‘W~ Qi?fX&+s Wrlk ‘wi I L Fn ,chYlWti&d +?vn, ‘5cTEik3 $kkMtZL ~Tf~?iwnpzlrfi, sxh 

Francisco, CA, U.S.A. An electrophoresis power unit model Bio-Rad, Richmond, CA, 
IJSA. Sugar-fluorescent conjugates were made visible jn an U.V. hght chamber from 
ultra-Molet Products, Inc., San Gabriel, CA, U,S,A. Freeze-drying was done on a Virtls 
Freezemobife 6 freeze-drier. U.v. spectroscopy wasperformed witha Shimadzu LJV- 160 
!FZro@ofomerer and #~~escem spfroscogq w&h a Shi~abzu RF-S&3specrro~~- 

rophotometer. 
Methods.- Preparation of Juorescently labeled sugars by reductitle amination. 

AGA (II) was used after recrystallization from deionized waterj4. Sugar Ia-i (3.5 pmol) 
was dissolved in 750 PL of AGA (II) solution (50% w/v) in water adjusted with NaOH 
to@ 6.2<pH 8.3 for compound Id). AftzY beingReatedf0~6Omin at+W‘, ?+aBH,CW (16 
pmol) was added (the pH changed < 0.1 unit). The mixture was heated for 12 h at 65” in 
icin IncubaQx &Y&%X, Afkx tke sacsi~o was GWA~\C~C tk pwAucts v-me dialyzed and 
desalted overnight at 20” against two changes of 2 L of double-distilled deionized water 
in either 1QO or 500 M,_ cut-off. contro’lled-pore ciialysis bags. The samples were 
freeze-dried and reconstituted in 100 PL of distilled water before loading on the 
lpreparative ge’. 

Preparation and electrophoresis of grudient polyacrylamide gels. Gradient poly- 
acry lamide resolving-gel was prepared from two diKerent resolving-gel concentrations. 
The Back chamber contained I i.59; (w/v) acrylamide, 0.5% (w/vv) iv’,fii”-‘oisacrylamide 
[total acrylamidel2% (w/v)], and 1% (w/v) sucrose in resolving buffer (lower buffer 
chamber) made from 0.1 M boric acid, 0.1 M Tris and 0.01 M disodium EDTA, pH 8.3. The 
mixing chamber contained 20% (w/v) of acrylamide, 2% (wiv) ilr,?+‘-bisacrylamide 
[total acrylamide 22% (w/v)] and 15% ( w v o sucrose, pH 8.3, in resolving buffer. / ) f 
Gradient gels (16 x 32 cm) were poured vertically using 1.5-mm spacers by adding 35 
mL of 12% solution (degassed) to the reservoir (back chamber) and 35 mL of 22% 
solution (degassed) to the mixing chamber. Ammonium peroxydisulfate (400 PL of 
10% solution) was added to the reservoir and 200 PL to the mixing chamber, followed 
by addition of 30 PL of TEMED to both chambers. Polyacrylamide solution from the 
mixing chamber passed by gravity into two channels leading to the top of the glass 
plates, forming a linear gradient from bottom to top. After polymerization, 10 mL of 
stacking gel was added to the top of the resolving gel. It was prepared from 4.7594 (w/v) 
NJ’-acrylamide and 0.25% (w/v) N,N’-bisacrylamide in resolving buffer, adjusted to 
pH 6.3 with HCI and ammonium peroxydisulfate, 135 PL of lo%, and 10 PL of 
TEMED. A comb (well former) was inserted and, after polymerization, it was removed 
and the wells were washed with water and filled with a buffer made from 1.25~ glycine 
and 0.2~ Tris, pH 8.3. Samples combined with an equal volume of 50% sucrose solution 
containing trace quantities of Phenol Red and Bromophenol Blue were loaded carefully 
to the bottom corner of each well. Electrophoresis was performed for 18 h at 400 V 
(constant voltage) with cooling. 
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sodium citrate buffer, pH 4; with 100 mU of E. co/i/I-galactosidase at 37” in 100 PL of 
0.1~ sodium phosphate buffer, pH 7.3; with IO0 mU of A. niger /I-galactosidase at 25” in 
10 ,YL of 50mM sodium acetate buffer, pH 5.2; with 100 mU of bovine testes ,!?- 
galactosidase at 37” in 100 PL of O.lM sodium phosphate buffer. pH 7; with 1 C’of C. 
perlfiinges neuraminidase at 37” in 10 PL of 50mM sodium acetate buffer, pH 5; with 10 
mU ofjack bean N-acetylglucosaminidase in IOpL of 50 mM sodium phosphate buffer, 
pH 6; with 10 mU of jack bean a-mannosidase at 25. in 10 /IL of 50mM sodium 
phosphate buffer, pH 7.5; with 100 mU of cr-L-fucosidase at 25’ in 1OpL of ‘IO mM 
sodium phosphate buffer, pH 6.0; with 10 mU of E.,f- I rundii endo-/I-galactosidase at 50” 
in 1 PL of 0.1 M sodium acetate buffer, pH 7; and with 1 mU of S. griseus chitinase at 25” 
in 10 /IL of 0.1~ sodium phosphate buffer, pH 6. After each enzymic treatment the 
sample was heated for 1 min at 100" to inactivate the enzyme thermally. On sequential 
enzyme treatments, the second enzyme dissolved in its buffer was added directly to the 
first, thermally inactivated enzyme dissolved in its buffer. Although this procedure 
resulted in the use of certain glycosidases outside their optimal pH range, sufficient 
activity was present to cleave the small amount of sugarfluorescent conjugate being 
sequenced”. 
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