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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-naphthalenedisulfonate (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
of amonosaccharide- and trisaccharide-conjugate were established by f.a.b.-m.s. and 2D n.m.r. Seven linear
oligosaccharide—fluorescent 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 surface®, maintenance of glycoprotein conformation in a biologically active form?,
clearance of glycoproteins from plasma®, direction of the immune response by acting as
immune decoys™®, 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 structure—function relation-
ships. However, glycoproteins are usually available in only limited quantities (typically
1-100 wg), 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 [’H]borohydride reduc-
tion'" "> and fluorescent labeling by reductive amination. Fluorophores, including
2-aminopyridine" ", 7-amino-4-methylcoumarin'®, monodansylethylenediamine'’, dan-
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reaction time, temperature and pH were optimized by using D-Glc and D-GicNAc. 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.l.c. with detection
at 247 nm. Hexoses, including p-Gle, b-Gal, p-Man, and D-Ara, were readily conjugat-
ed to AGA in high yields (70-90%), whereas acetamido hexoses, including D-GlcNAc
and D-GalNAc, gave AGA conjugates in somewhat lower yields (60-80%). Di-, tri-,
tetra-, and higher oligo-saccharides (a malto-oligosaccharide mixture containing tetra-
saccharide through decasaccharides) gave yields of 50-80%. Recovered yields based on
oligosaccharide starting material compared well with yields estimated by using gradient
PAGE or s.a.x.-h.p.l.c.

CH,0R"
SO;H
0 HN NaBH,CN
OR' ese——-
on + 4
RO s0; K*
R'll
I 11 Hi1
Scheme 1.

Under optimized reaction conditions, only trace quantities of side-products were
observed as additional fluorescent bands or peaks on s.a.x.-h.p.l.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 f-p-Gal-
(1-4)-p-pD-Gal-(1 - 4)-D-GlcNAc (Ic) was analyzed by s.a.x.-h.p.l.c. (Fig. 1A). In
addition to the desired trisaccharide-AGA conjugate (IIlc) 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. Trisaccharide—
AGA conjugate (Illc) appeared as a strongly fluorescent band under u.v. light well
resolved from the unreacted AGA (Fig. 2A, lane ¢). The desired trisaccharide-AGA
product (ITlc) was recovered from the gel by electro-transfer. Analysis of the purified
product ITlc by s.a.x.-h.p.l.c. is shown in Fig. |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 (IT) exhibits a maximum at 247 nm (¢ = 3.1 x 10°M " 'cm ™)
and the sugar-AGA conjugates (IIla—~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 (IIla—i) are very similar. Sugar-AGA conjugates show emission
maxima at 452 nm and excitation maxima at 314 nm. Sugar-AGA conjugates may be
detected in a fluorimeter at femtomolar concentrations and in the u.v. light chamber at
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Fig. 1. S.a.x-h.p.lc. analysis of trisaccharide AGA conjugate e A Crude reaction misture from the

coupling of Ie and H (Scheme Iy B Trisuccharide AGA conjugate {Her that had been puritiod using
gradient PAGE.

366 nm. picomole amounts of sugar fluorescent conjugate are readily detected by the
human cye.

The negative-ton L.a.b. mass spectrum of the trisaccharide AGA conjugate (Ie)
showed an ion at 8§53 [M - Na | (where M denotes the fully sodiated moleculc)
consistent with a molecular weight of 876, The fragment ton at sz 691 1 the result of the
loss of one D-Gal ressdue at the non-reducing end. Theion corresponding to the loss oty
second galactose residue was not observed in the spectrem. perbaps because ol the
preferential fragmentation of the linking chain, "H-Nomor, spectroscopy was used to
further characterize the sugar- fluorescent conjugates. It was partwularh important 1o
confirm the structure of the linkage between the fluorescent lubel and the sugar
However. because there are two f-p-Gal residues in e, severe overlap was seen m the
360-MHz7z spectrum.

Monosaccharide- AGA conjugate Hla was prepared by reductive amination of
D-GIeNAc and purified (Fig. 2A, lane a). Compound Hla shewed the expected 1on at
529 [M —Na '} inits fab. mass spectram, consistent with o melecufar weight of 352
Compound THa was used (o assist in the nom . asstgnment of trisacchande Auorescent
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a b a b

Fig. 2. Gradient PAGE analysis of oligosaccharide-AGA conjugates (Illa—i, Scheme T, Table I) untreated
and treated with various exoglycosidases and endoglycosidases. A. The analysis of 111a, I§Ib and Hlc: lane a,
Hla; lane b, 1Ib; lane¢, Ilc; lane d, Hia, HIb, and Hle; lane e, IHc treated with S-galactosidase {E. col). The
minor band running near the bottom of the gelin lanesc,d and e is AGA. B. The analysis of ITid: lane a, ITid;
lane b, Hld treated with neuraminidase; lane ¢, ITld treated with neuraminidase and f-galactosidase (E. coli).
C. The analysis of Ile: lane a, IHle; lane b, Hle treated with f-galactosidase (bovine testes); lane ¢, Ile treated
with f-galactosidase (bovine testes) and - N-acetylglucosaminidase; lane d, Ille treated with g-galactosidase
(bovine testes), - N-acetylglucosaminidase and f-galactosidase (E. coli). D. The analysis of I1If: lane a, TIIf;
lane b, I treated with f-galactosidase (£. coli): lane ¢, 1If treated with f-galactosidase and f-N-
acetylglucosaminidase. E. The analysis of Illg: lane a, lg: lane b, Hlg treated with z-1-fucosidase; lane ¢,
1Hig treated with a-L-fucosidase and f-galactosidase (£. cofi). F. The analysis of IHh: lane a, HIb; lane b, [T1Th
treated with a-p-mannosidase. G. The analysis of IHe: lane a, Hle; lane b, e treated incompletely with
endo-f-galactosidase. H. The analysis of IHi: lanc a, I; lane b, T1ii treated with chitinase.

conjugate Ille. The sugar-AGA conjugates I1la and ITlc showed a slight upfield shift of
the H-6 and H-8 signals as compared to I, and the absence of an anomeric proton signal
for the p-GlcNAc residue support their structure. The two-dimensional COSY spec-
trum at 300 MHz of IHla 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 (H,-1"), 3.76
(H-2"),3.82 (H-4),7.17(dd, J 2.0 and 9.0 Hz, H-6), 7.52(d, /2.0 Hz, 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 (IIka—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-
workers'® 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
complexation®, 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 IIla—iis 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 (IIla—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
ITa-i. Transfer from the gel onto positively charged nylon membranes and recovery of
IIa-i from the membrane by washing with salt are nearly quantitative™.



162 K.B.LEE ef al

Sequential treatment with exoglveosidases has been widely used to establish
saccharide sequence™. Seven linear-chain oligosaccharide AGA conjugates were pre-
pared and purified for sequencing studies using specific exoglveosidases and endoglyeo-
sidases. Euach enzyme behaved in a predictable fashion towards these Qluorescentls
tagged substrates.
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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 (1lla), disaccharide-AGA (Illb), 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 ¢, 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: (/) 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 of each purified oligosaccharide—fluorescent
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-GIcNAc, D-GalNAc (Ia,
Scheme I, Table 1), [4—)--D-Glc-(1—], ,, (maltooligosaccharides), f-p-Gal-(1—4)-D-
GIcNAc (Ib), -D-Gal-(1 »4)-f-D-Gal-(1—-4)-D-GIcNAc (I¢), x-NeudSAc-(2—3)-f-D-
Gal-(1-4)-p-Glc (Id), f-p-Gal-(1 =3)-5-D-GlcNAc~{1 - 3)-§-D-Gal-(1 = 4)-D-Glc (Te),
S-D-Gal-(1 -+ 4)--pD-GleNAc-(1-6)-D-Gal (If), a-L-Fuc-(1-2)--D-Gal-(1 —4)-D-Glc



164 K. B LEE of of

(Ig), »-pD-Man-(1 —3)-pD-Man (Th), f-D-GIcNAC-( 1 - d)-f--Gle N A —4)-D-GIcNAC
(1i). sodium wan()boroh\c ride. fi-galactosidase (jack beans). fi-galactosidase { Escher-
ichia coll), f-galactosidase (Aspergilius niger), chmmn’ndusc (Closeridiign pertsigesy,
- N-acetylglucosaminidase (Jack beanst, z-mannosidase (juck beansy z-i-tucosidase
(hovine kidnev) and chitinase (Strepromyees griseus) were obtuined (rom Sigma €heme
ical Co., St.Louis. MO, U 5 A Endo-f-galactostdase (Eschovicha frowndin was from
Seitkagaku America, St. Petersburg, FL, US A and ffo-galactosnduse ehe:nmc testes’
was from Boehringer Mannheumn Biochemicals, Indianapois, I L5 A 0 Annde-G-
actd [AGA. monopotassiung 7~:1111ir‘|(:>—i.E»napi‘llhalcmxiiwié‘ﬁm{c é“‘:] and H.O
(99.996%) were purchased irom Aldrch, Milwaukee, WE L S A Spectrapore dialysss

tubing (M, cut-of 160 and 3003 was purchased from Spectrwm Maedical, Los Apgeles,
CA. US AL Bio-Gel P27 was from Bio-Rad., Richmond, ©A L5 A0 Acrvianide
{ultrapure), Tris, Alcan Blue dve. Bromopheno! Blue dve. snd ammonivm peroxy-

disulfate were obtained from Bochriger Mannham. Glveine hydrochiosde, disodium

EDTA, boric acid, sucrose. N V-methylenebistacrvlamides wod VN NV tetam-
cthylethvlenediamine (TEMED ) were from Fisher Cherncat Company. Fair L;nm, N
LS AL Biotrace RP nylon membrane was obtained frony Gelimun Scienee Ine, Ann
Arbor. ML U.S A and 3MM paper. from Whatman, Hillsbero, OROTSA L Sodium
2 "’.~dimm.h\'i—}%ihipen’me-f‘T%-m,éll‘ﬂnau* (S8 was obtamed tfrovn Mok Sharp &

Dohme. Kirkland, Quebec. Canada. All other chemicals wore reagent-grinie.

TABLE |

Syh!heszs of A(v’\ nlm(mu; Li“dg u\n;u ile (H

Oligosae charidy R R R R

fa R o= R R" = H. R = NHCOCH,

Ih R~ fAp-Guldl -4 R = R" = H R’ NHEOOH

le R po-Cal-{ = 3)-f-0-Gal-(1 =43 R R” o HOR = NHUOCH

id R e NeuSAC-{ 2o 3)-fl-n-Gala T4, R R Mo 3

e Rz ffereCanld b » 3 -0 -Gl N At -3 a0l vdn R R PR
- OH

ir R’ Hepr-Gral-t b d )l GheN Ay -6 R @ RO O reducimg
erad !

ig oo by 20 -0-Gal-ed 30, R' RO HLURT = O

th R zeo-Man-( -3, K = R . D-Man

] Row = GloNAca b dn - GloN A w3 R R HoR

NHCOOOH

Egquipment. Strong-anion-exchange high-performance bgud chromatography
(s.a.X.-h.p.l.e) was performed by using two face-programmable. litanium-based. Shi-
madzu Bio L1qu1d Chromatograph LC-7A pumps {Kvoto, Japant. The svstem was
equipped with a titanum-bhased, fixed-volume loop Rheodyvne (Cotati, € A No, 7125
injectorand a 2141 mndbk wavelength detector from Pharmacia LR B Biotechnology,
Inc.. Prscatawway, NJUUS A The data were processed using o Shimadzy Chromatopac
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C-R3A miegranng recoroer. S.2.3.-0.p).C. Was periormed on 2 Sppensord }S-u4m
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 c¢m vertical slab-gel
unit (SE 620), 250-mL SG300 linear gradient maker apparatus, and the TE70 semi-dry
CRUGUPUIRER TSR HHA WOR AR Tivi $4is SURirR fissoranieins, Sun
Francisco, CA, U.S.A. An electrophoresis power unit model Bio-Rad, Richmond, CA,
U.S.A. Sugar-fluorescent conjugates were made visibfe 1n an u.v. [ight chamber from
Ultra-violet Products, Inc., San Gabriel, CA, U.S.A. Freeze-drying was done on a Virtis
Freezemobile 6 {reeze-drier. U.v. spectroscopy was performed with a Shimadzu UV-160
spectrophotometer and fuorescent sgectroscoyy with a Shirmadza RF-34G spectrotfiuo-
rophotometer.

Methods.— Preparation of fluorescently labeled sugars by reductive amination.
AGA (H) was used after recrystallization from deionized water™. Sugar Ia—i (3.5 umol)
was dissolved in 750 uL. of AGA (II) solution (50% w/v) in water adjusted with NaOH
topH 6.2 {ptl 6.3 {or compound Id). Afier bemg heated for 66 tmim at 837, NaBH,CN {16
umol) was added (the pH changed < 0.1 unit). The mixture was heated for 12h at 65° in
an mosbatos shiaker. Aflgs the teaction was complete the products wese dalyzrd and
desalted overnight at 20° against two changes of 2 L of double-distilled deionized water
in eitner 100 or 500 M, cut-off. controlied-pore dialysis bags. The samples were
freeze-dried and reconstituted in 100 uL of distilled water before loading on the
preparative gel.

Preparation and electrophoresis of gradient polyacrylamide gels. Gradient poly-
acrylamide resolving-gel was prepared from two different resolving-gel concentrations.
The back chamber contained [ {.5% (w/vj acrylamide, G.3% (wjv) ¥, A"-bisacrylamide
[total acrylamidel12% (w/v)], and 1% (w/v) sucrose in resolving buffer (lower buffer
chamber) made from 0.1M boric acid, 0.1M Tris and 0.01m disodium EDTA, pH 8.3. The
mixing chamber contained 26% {(w/v) of acrylamide, 2% {w/v) N N -bisacrylamide
[total acrylamide 22% (w/v)] and 15% (w/v) of sucrose, pH 8.3, in resolving buffer.
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 uL of
10% solution) was added to the reservoir and 200 L to the mixing chamber, followed
by addition of 30 4L 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 4.75% (w/v)
N,N’-acrylamide and 0.25% (w/v) N, N'-bisacrylamide in resolving buffer, adjusted to
pH 6.3 with HCl and ammonium peroxydisulfate, 135 4L of 10%, and 10 uL 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 1.25M glycine
and 0.2m 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. coli f-galactosidase at 377 in 100 pL of
0.1M sodium phosphate buffer, pH 7.3; with 100 mU of A. niger f-galactosidase at 257 in
16 puL of 50mMm sodium acetate buffer, pH 5.2; with 100 mU of bovine testes f-
galactosidase at 37° in 100 gL of 0.1M sodium phosphate buffer, pH 7; with 1 U of C.
perfringes neuraminidase at 37° in 10 4L of 50mm sodium acetate buffer, pH 5; with 10
mU of jack bean N-acetylglucosaminidase in 10 4L of 50 mm sodium phosphate buffer,
pH 6; with 10 mU of jack bean a-mannosidase at 257 in 10 4L of 50mM sodium
phosphate buffer, pH 7.5; with 100 mU of a-L-fucosidase at 25° in 10uL of 10 mm
sodium phosphate buffer, pH 6.0; with 10 mU of E. freundii endo-f-galactosidase at 50°
in 1 gL of 0.1M sodium acetate buffer, pH 7; and with 1 mU of S. griseus chitinase at 25°
in 10 xL of 0.1M 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 sugar—fluorescent conjugate being
sequenced”’.
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