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ABSTRACT 

Underivatized mono- and multisulfated oligosaccharides obtained by the alkaline- 
borohydride treatment of human respiratory mucous glycbproteins were analyzed by 
positive ion fast atom bombardment mass spectrometry (FAB MS). Employing three 
unique and structurally homologous groups, the FAB mass spectra of a mono- and a 
disulfated tri- and tetrasaccharide and a mono-, di- and trisulfated branched 
hexasaccharide were compared. Each produced mass spectra displaying molecular 
weight-related and structurally significant fragment ions including fragments differing in 
mass by multiples of 102 amu reflecting the loss of one or more sulfate esters. From 
these data, combined with monosaccharide composition, the carbohydrate sequence and 
number and location of sulfate esters can readily be determined. These findings, with 
other chemical and enzymatic analyses, make FAB MS a valuable tool applicable to the 
unambiguous structural elucidation of underivatized reduced, linear and branched, 
mucous glycoprotein oligosaccharides that vary in degree of sulfation. 
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MAWHINNEY AND CHANCE 

INTRODUCTION 

Increased carbohydrate sulfation on high molecular weight tracheobronchial 

mucous glycoproteins in response to chronic lung disease, such as in chronic 

bronchitis, in chronic lung infection and imtation, and in cystic fibrosis (CF),'-8 

suggests that oxyanionicity may play important roles related to defense, gelation, 

hydration, mobility, and charge density. Current investigations in our laboratories 

pertain to defining the structures of oligosaccharides possessing varying degrees of 

sulfation isolated from these tracheobronchial mucous glycoproteins of patients with 

CF.9-'2 This structural information is important if we are to understand the 

physiochemical, biochemical and physiological roles that the sulfate ester may play. 

Complete structural characterization of sulfated oligosaccharides from respiratory 

mucous glycoproteins is an extremely difficult endeavor. This is due to the 

availability of very low quantities of purified sulfated oligosaccharide of a single 

structure, and to the lability of the sulfate esters when subjected to unmodified 

routine carbohydrate sequencing methods. Low yields of purified sample reflect the 

limited amount of crude sample available and also the considerable oligosaccharide 

heterogeneity with regards to carbohydrate composition, size, the number of branches 

it may possess, whether or not other anionic sugars may be present, i .e.,  sialic acid, 

and, lastly, the number of sulfate esters present9-'* attest to this difficulty. 

For these reasons, methods of analyses are sought that are capable of utilizing 

low sample quantities while providing meaningful structural information that will add 

to, and also confirm, other chemical and enzymatic results. Since the application 

of readily available fast atom bombardment mass spectrometry (FAB MS) to the 

structural analysis of sulfated glycosaminoglycans, l 3 - I 6  methylated oligosaccharides, 17* l8 

and methylated glycolipid~'~ has proven to be a useful technique in providing 

valuable information pertaining to primary carbohydrate sequences and sites of 

sulfation, we now apply positive ion FAB MS to comparatively analyze the 

underivatized mono- and novel disulfated forms of both a trisaccharide and a 

tetrasaccharide and also the mono-, and unique di- and trisulfated forms of a 

branched hexasaccharide which were previously isolated from CF tracheobronchial 
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STRUCTURAL ELUCIDATION BY FAB MS 827 

mucous glycoproteins and structurally characterized via methylation analysis and 

sequential exoglycosidase degradation. The results of these ongoing studies 

indicate that positive ion FAB MS will be an effective tool for the structural 

characterization of underivatized linear and branched mono-, and especially, 

multisulfated oligosaccharides isolated from glycoproteins via @-elimination by 

alkaline-borohydnde cleavage and reduction. 

RESULTS AND DISCUSSION 

The positive FAB MS of the mono- and disulfated trisaccharides (@-D-galacto- 

pyranosy1)-( 1~)-O-(2-acetamido-2-deoxy-6-O-sulfo-~-~-glucopyranosyl)-( 1-.3)-0-2- 

acetamido-2-deox y-o-galactitol and (4-O-sulfo-@-~-galactopyranosyl)-( 1+4)-0-(2-acet- 

amido-2deoxy-6O-sulfo-~-~-glucopyranosyl)-( 1-.3)-0-2-acetamid0-2-deoxy-~-galactitol, 

abbreviated SVII and SSVII, respectively, which uniquely possess the same 

trisaccharide structure but differ in their degree of sulfation, are presented in Figure 

1. Both mass spectra are dominated by intense structurally significant fragment and 

molecular ions. Though both SVII and SSVII were analyzed as their sodium salts, 

it was anticipated that the sulfate esters could potentially exist in either protic or 

sodium forms and thus produce molecular weight related ions that present themselves 

as multiplets separated by 22 daltons; as was observed for the FAB MS of 

chondroitin sulfate oligosaccharides. l 3  The relatively large intensities of the 

molecular weight related ions (M + Na)+ for SVII and SSVII of m/z 713 and 815, 

and the absence of m/z 691 in the mass spectra of SVII and the relatively low 

abundance of the molecular weight related ion at m/z 793 for SSVII, indicate that 

the complete sodium cationic form predominates over all other countercationic 

possibilities (Table 1). For these reasons, and ease of discussion, the structures 

presented in Figure 1 and latter Figures are drawn with sodium as the countenon 

for each sulfate ester. Analogous to glycosamin~glycans,'~~'~ though more prominent 

and intense for sulfated oligosaccharides, a striking and useful feature observable 

when comparing the FAB mass spectra of the monosulfated SVII and the disulfated 

SSVII, Figures la and lb, respectively, is the direct correlation of the number of 
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STRUCTURAL ELUCIDATION BY FAB MS 829 

TABLE 1. Countercation Composition of Molecular Weight-Related Ions from SVII 
and SSVII 

Countercation composition I m/z a 
~ 

Oligosacchatide - SVII 

(2Na)2+ 
(H'+,Na'+)'+ 

Oligosacchatide - SSVII 

(3Na)3+ 

(H1+,2Na2+)3+ 

(2H2+.Na1+13+ 

713 

69 1 
7 

815 - 
p_ 793 

77 1 

a. Double underlines indicate ions observed in the respective mass spectra. 

sulfate esters on the molecule with the number (n) of 102 atomic mass units (amu) 

losses representing the elimination of sodium sulfite with hydrogen replacement (i. e., 
[(M + Na) (-NaSO, + H),]'. For SVII, in Figure la, a very intense single 

loss of 102 amu is observed ( ie . ,  m/z 713/611) whereas for SSVII, in Figure lb, 

two prominent losses of 102 amu each are clearly noted ( i e . ,  m/z 815/713, 

713/611) indicating mono- and disulfated structures, respectively. 

The intense fragment ions resulting from the simple cleavage on either side of 

the glycosidic oxygen with hydrogen attachment provide the sequences of SVII and 

SSVII. Fragment ions are identified as being either T, to signify nonreducing end 

fragment ions or as R, to indicate reducing end fragment ions.13 In contrast to 

glycosaminoglycans, 13-16 oligosaccharides arising from mucous glycoproteins may be 

linear or branched. For smaller oligosaccharides with dp < 8 an important 

indicator that the oligosaccharide is not branched is the presence of the fragment ion 

at m/z 246 (R, + Na)+ (Figures la and lb) indicating that the terminal reducing 

sugar 2-acetamido-2-deoxy-~-galactitol does not possess more than one glycosidic 

linkage or substitution. Key fragment ions at m/z 203 in Figure l a  and m/z 305 
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830 MAWHINNEY AND CHANCE 

in Figure lb both represent (T, + Na)' nonreducing terminal fragment ions with 

the latter fragment ion possessing a sulfate ester. 

Similar to the trisaccharides SVII and SSVII, above, the novel linear 

tetrasaccharides (P-~-galactopyranosyl)-( l+4)-0-(2-acetamido-2-deoxy-~-~-gluco- 

pyranosy1)-( 1+3)-0-(6-0-sulfo-P-~-galactopyranosyl)-( 1-.3)-0-2-acetarnido-2-deaxy-o- 

galactitol (SXIV) and (6-~-sulfo-~-~-g~actopyranosyl)-( 14)-0-(2-acetamido-2-demy-P- 

D-glucopyranosy1)-( 1+3)-~-(6-~-sulfo-~-~-galactopyranosyl)-( 1+3)-0-2-acetamid0-2- 

deoxy-D-gdactitol (SSXIV) are also unique structural homologs that are mono- and 

disulfated, respectively. The FAB mass spectra of SXIV and SSXIV, presented in 

Figure 2a and 2b, are also dominated by the fully natriated molecular weight related 

ions (M + Na)' at m/z 875 and 977, respectively, and demonstrate significant 

sequence-related fragment ions that represent all T, and R, glycosidic cleavage 

possibilities for these structures. Only SSXIV demonstrated a molecular weight 

related ion corresponding to the replacement of a sodium cation with a proton at 

m/z 955 (Table 2). The number of sulfate esters present are readily indicated by 

the number of sequential 102 amu losses observed from the initial (M + Na)' 

fragment ion. For the monosulfated SXIV a singular 102 amu loss is seen, i.e., 

m/z 8751773, whereas the disulfated SSXIV distinctly displayed two 102 amu losses 

at m/z 9771875 and 8751773. A single glycosidic linkage to 2-acetamido-2-deoxy-~- 

galactitol occupying the reducing end terminus for both SXIV and SSXIV is 

suggested by the presence of m/z 246 (R, + Na)'. The nonreducing terminal end 

fragment ion (i.e.,  (T, + Na)+) for SXIV at m/z 203 and for SSXIV at m/z 305 

shows the latter residue to be sulfated. 

It should be noted, although no specific fragment ion loss from m/z 305 

fragment ion for either SSXIV or SSVII, in Figures 2b and lb, respectively, was 

identified that could help identify the position of the sulfate ester as being 6-0- 

sulfate or 4-O-sulfate, that the 4-0-sulfate bearing fragment ion for SSVII possessed 

a much higher relative abundance to all other fragment ions within its own FAB 

mass spectrum. This is in sharp contrast to the relatively low abundance of the 6- 

0-sulfate bearing m/z 305 (T, + Na)' fragment ion compared to other fragment 

ions within the mass spectrum for SSXIV in Figure 2b. 
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STRUCTURAL ELUCIDATION BY FAB MS 83 1 

200 300 4 

S S X N  890 

7 

C T ~ +  Na)+ 

J 
(R,+ Na)' 

J 670 5AO 

I - H20 r V 

I 500 600 700 

m/z 

-N.S03tH 

7 
(M + Na)' 

875 

M-wl  800 900 

200 300 400 500 600 700 800 

m/z 

5 

-N.SO.,tH 

1 (M + Na)' 

977 

900 1000 

Figure 2. Positive ion FAB mass spectra of a) the monosulfated tetrasaccharide 
SXlV and of the disulfated tetrasaccharide SSXIV. 
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832 MAWHINNEY AND CHANCE 

TABLE 2. Countercation Composition of Molecular Weight-Related Ions from SXIV 
and SSXIV 

m/z a I Countercation composition 

Oligosaccharide - SXZV 
(2Na)2+ 

(HI+, Nal+)*+ 

Oligosaccharide - S S X N  

(3Na)3+ 

(HI+, 2 ~ ~ 2 + ) 3 +  

(2H", Nal+P+ 

875 

853 

- 

- 977 

=I 955 

- 

933 
__ ~~ 

a. Double underlines indicate ions observed in the respective mass spectra. 

A consistent FAB mass spectral feature for the mono- and disulfated 

tetrasaccharide homologs SXIV and SSXIV (Figures 2a and b) is the loss of water 

from the reducing end fragment (R2 + Na)+ as indicated by the presence of m/z 

492. The formation of this [(R2 + Na) - H20]+ fragment ion arising from the 

dehydration of the galactose-6-sulfate residue which possesses a free hydroxyl at C-4 

is similar to, but more prominent, than that observed for internal 2-acetamido-2- 

deoxy-~-glucosamine-6-sulfate residues in glyc~saminoglycans'~ which also possess a 

free hydroxyl at C-4. No such indication of dehydration was noted for both SVII 

and SSVII which possess internal 2-acetamido-2-deoxy-~-glucosamine-6-sulfate residues 

that do not have a free C-4 hydroxyl group. 

Figures 3a, 3b and Figure 4 present the positive ion FAB mass spectra of the 

novel mono-, di- and trisulfated branched hexasaccharide homologs (0-D- 
galaCtOpyranosy1)-( l~)-O-(2-acetamido-2-deOXy-~-D-g~UCOpy~~~OS~~)-( I ~ ) - O - ( P - D -  

galactopyranosy1)-( 1+3)-O-[ (6-O-sulfo-~-~-gdactopyranosy~)-( 14)-0-(2-acetarnido-2- 

deoxy-~-~-g~ucopyranosy~)-(~~)]-O-~-acetamido-~-deaxy-~-g~actito~ (SXXI), (6-0- 
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STRUCTURAL ELUCIDATION BY FAB MS 833 

b) 
SSXXI 

200 3W 400 KO0 600 700 BOO 900 1000 1100 1200 1300 1400  

m/z 

Figure 3. Positive ion FAB spectra of a) the monosulfated hexasaccharide SXXI 
and of b) the disulfated hexasaccharide SSXXI in thiogfycerol (SG). 
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834 MAWHINNEY AND CHANCE 

SSSXXI 

200 3oQ 400 500 OW 700 800 900 loo0 1100 1200 1300 1400 1500 

m/z 

Figure 4. Positive ion FAB spectra of the trisulfated hexasaccharide SSSxxl 
in thioglycerol (SG). 

sulfo-fl-D-gdactopyranopyranosyl)-( ~-+4)-~-(2-acetamido-2-deoxy-fl-~-glucopyranosy~)-( 1 4 ) - 0 -  

@-wgdactopyfanOsy1)-( 1-.3)-0-[(6-0-SUl~-P-~-galaCtOpy~OSyl)-(  14)-0-(2-acetarnido- 

~-deoxy-fl-~-g~ucopy~osy~)-(1-.6)1-0-~-acetamido-~-d~y-~-g~actito~ (SSXXI), and 

(6-O-sulfo-fl-~-gdactopyranosyl)-( l~)-O-(2-acetamido-2-deoxy-fl-~-glucopyranosyl)- 

(1+3)-0-(6-O-sulfo-fl-~-galactopyranosyl)-( 1+3)-0- [(6-~-sulfo-fl-~-galactopyranosyl)- 

( 14)-O-(2-acetamido-2-dec#y-fl-~-glucopyranosyl)-( 1-.6)]-O-2-acetamid0-2-deoxy-o- 

galactitol (SSSXXI). Because of the existence of two giycosidic linkages to 2- 

acetamido-2-deoxy-~-galactitol, a sequential alphabetical letter ( I )  subscript (i. e. , T, 
and R,) was employed to help facilitate the identification of the fragment ions related 

to the 1 4  branch. The positive FAB MS of SXXI, SSXXI and SSSXXI, in 

Figures 3a, 3b and 4, respectively, display prominent fully natriated molecular 

weight related ions (M + Na)' at m/z 1240, 1342 and 1444, respectively, and 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



STRUCTURAL ELUCIDATION BY FAB MS 835 

clearly demonstrate significant sequence-related fragment ions that represent all T,,, 

T,, R,, and R, glycosidic cleavage possibilities for these structures. The distinctive 

absence of m/z 246 supports the presence of more than one glycosidic linkage to 

the terminal reducing-end sugar 2-acetamido-2-deoxy-~-galactitol. The number of 

sequential losses of 102 amu from the respective molecular ion (M + Na)' for 

SXXI, SSXXI and SSSXXI at m/z 1240/1138, m/z 1342/1240, 1240/1138; and mlz 

144411342, 1342/1240, 1240/1138, respectively, is readily distinquishable and agrees 

with the indicated degrees of sulfation. Notably, the FAB mass spectrum of the 

unique trisulfated SSSXXI oligosaccharide (Figure 4) also displayed a readily 
discernable molecular weight related fragment ion cluster (i.e., at m/z 1444, 1422, 

1400) reflecting variations in their countercation composition separated by 22 amu. 

SSXXI also presents a similar cluster at relatively weak abundance (i.e., at m/z 

1342,1320) and no related cluster being observed for SXXI. The countercation 

compositions of these molecular weight-related ions for SXXI, SSXXI and SSSXXI 

are presented in Table 3. The disulfated fragment ion m/z 1342 resulting from the 

loss of sodium sulfite with hydrogen replacement from the molecular ion m/z 1444 

of SSSXXI (Figure 4) also reveals a -22 amu fragment ion at m/z 1320 that is 

attributable to countercation variation. Additionally, like the mono- and disulfated 

tetrasaccharides SXIV and SSXIV, the trisulfated hexasaccharide SSSXXI 

demonstrates the loss of a water molecule with the fragment ion [(R, + Na) - 

H20]+ arising from the dehydration of the galactose-6-sulfate residue. 
Consistent for all sulfated oligosaccharides in this positive FAB MS study are 

unambiguous mass spectra dominated by intense, fully natriated, molecular ions, the 

prominent losses of 102 amu reflecting the elimination of sodium sulfite with 

hydrogen replacement, and the presentation of sequence-related fragment ions. With 

the exception of monosulfated oligosaccharides SVII, SXIV and SXXI, all 

mutisulfated oligosaccharides clearly displayed molecular weight-related ions reflecting 

countercation dispersions. The ready determination of the number of sulfate esters 

present on an oligosaccharide by the number of [(M + Na) + H),]' 
fragment ions is very convenient in that it can potentially spare the required sample 

amount now required for sulfate quantification via other colorimetricZo and 

chromatographic2* procedures standardly employed in our structural studies. 

(-NaSO, 
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836 MAWHINNEY AND CHANCE 

TABLE 3. Countercation Composition of Molecular Weight-Related Ions from 

SXXI, SSXXI and SSSXXI 

Countercation composition 

Oligossaccharide - SXXI 

(2Na) 2+ 

(H1+, Na1+)2+ 

Oligosaccharide - SSXXI 

(3Nap' 

(HI+, 2 ~ ~ 2 + ) 3 +  

(2H2+, Na1+)3+ 

Oligosaccharide - SSXXI 

(4Na)4+ 

(HI+, 3Na3+)4+ 

(2H2+, 2Na2+)4+ 

(3H3+, Na1+)4+ 

m/z a 

1240 

1218 

_I 

lJg 

ggQ 
1298 

1444 

1422 

1400 

1378 

_I 

- 
_I 

a. Double underlines indicate ions observed in the respective mass spectra. 

Furthermore, positive ion FAB mass spectrometry is proven informative for branched 

as well as straight chain multisulfated oligosaccharides, emphasizing its analytical 

versatility. These results clearly demonstrate, for the first time, the utility of readily 

available positive FAB MS for the structural analysis of underivatized multisulhted 

oligosaccharides isolated from tracheobronchial mucous glycoproteins via alkaline- 

borohydride reduction. 

Lastly, though less available to the standard research laboratory, it should be 

noted that other MS techniques employing relatively mild ionization precesses, such 
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STRUCTURAL ELUCIDATION BY FAB MS 837 

as thermospray (TS) and electrospray ionization (a) mass spectrometry, may possess 

significant potential in the characterization of mucous glycoprotein oligosaccharides. 

The versatility of ES and TS demonstrated with pep tide^,^^,^^ gly~opeptides~~ and in 

initial studies of glyc~sarninoglycans’~~~~ and N-linked oligo~accharides~~ is 

encouraging of these ionization techniques as a future tool in 0-linked 

oligosaccharide analysis. Ongoing ES MS investigations indicate that, while precise 

molecular weights are readily attained, more recent modifications such as ES 
MSIMS26*27 may better serve to provide structural information. 

EXPERIMENTAL 

The mono- and disul fated trisaccharides (P-~-galactopyranosyl)-( 14)-0-(2- 

acetamido-~-deoxy-6-O-sulfo-@-~-glucopyranosyl)-( 1+3)-~-2-acetarnido-2-deoxy-o- 

galactit01 (Svn) and (4-O-sulfo-P-~-galactopyranosyl)-( 1-4)-0-(2-acetamido-2-deaty-6- 

0-SUlfO-8-D-glUCOpy~OSyl)-(1+3)-0-2-aCetamidO-2-deaxy-o-galaCtitOl (SSVII), the 

mono- and disulfated tetrasaccharides (P-~-gdaCtOpyranOSy1)-(1+4)-0-(2-aCetamidO-2- 

deoxy-~-~-g~ucopyranosyl)- ( 1 +3) - 0- (6-O-sulfo-P-~-galactopyranOSyl)- ( 1 +3) - 0-2 - 

acetamido-2-deoxy-~-galactitol (SXIV) and ( ~ - O - S U ~ ~ O - @ - D - ~ ~ ~ C ~ O P ~ ~ O S ~ ~ ) - (  14)-0-(2- 

acetamid~2deoxy-P-~-glucopyranosyl)-( 1~3)-0-(6-~-sulfb-@-~-gdactopyranosyl)-( 1-4)- 

0-2-acetamido-2-deoxy-~-galactitol (SSXIV) and the mono-, di- and trisulfated 

hexasaccharides (P-~-galactopyranosyl)-(l+4)-O-(2-acetamido-2-deoxy-~-~- 

glucopyranosy1)-( 1+3)-O-(P-~-galactopyranosyl)-( 1+3)-0-[ (6-~-sulfo-@-~-galacto- 

pyranosyl)-( ~~)-~-(2-acetamido-2-deaxy-@-~-g~ucopyranosyl)-( 14)]-0-2-acetamid0-2- 

deoxy-D-galactit01 (SXXr), (6-O-sulfo-@-~-gdactopyranosyl)-( 1-4)-0-(2-acetamido-2- 

d~xy-@-~-glucop~anosyl)-(  l-.3)-O-(~-~-galactopyranosyl)-( 1+3)-0-[(6-O-SUlfO-P-~- 

galactopyranosyl)-( 1~)-0-(2-acetamido-2-deaty-~-o-glucopyranosyl)-( 1-.6)]- 0-2- 

acetamido-2-deoxy-~-galactitol (SSXXr) , and (6-0-SUlfO-@-~-gdaCtOpyranOSyl)-( 1+4)-0- 

(2-acetamido-2-deoxy-@-~-glucopyranosyl)-( 1+3)-0-(6-~-sulfo-~-~-galactopyranosyl)- 

(1+3)-0-[(6-0-sulh-@-~-galactopyranosyl)-( l-4)-~-(2-acetamido-2-deoxy-@-~-gluco- 

pyranosy~)-(~-.6)]-O-2-acetamido-2-dey-~-galactitol (SSSXXr) were isolated from 

tracheobronchial mucous glycoproteins by @-elimination via alkaline borohydride 
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838 MAWHINNEY AND CHANCE 

reduction, purified by gel filtration, ion-exchange chromatography and characterized 

by complete methylation analysis and sequential enzymatic degradation, as previously 

described. 

Samples (10-20 pg) dissolved in approximately 1-2 pL of glass-distilled 

nanopure grade water (Bamstead, Dubuque IA 52001) were placed onto a stainless- 

steel probe tip coated with l-thioglycerol (3-mercapto- 1,2-propanediol), Fast atom 

bombardment mass spectra of all oligosaccharides in the positive ion mode were 

obtained employing a VG ZAB-HF mass spectrometer equipped with a standard VG 

FAB ion source and a saddle field gun (Ion-Tech Model BIIN) with a xenon atom 

beam at 8 keV and 1 mA. 
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