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ABSTRACT 

The carbohydrate composition of 14 human, small-intestine mucins, obtained 

at surgery or post-mortem, varied greatly from specimen to specimen with respect 

to individual sugars and average chain-length (ratio of total carbohydrate to N-acetyl- 

galactosamine). Three monosaccharides, galactose, N-acetylglucosamine, and fucose 

gave good correlations with each other, and to total carbohydrate content, when ex- 

pressed as a ratio to the chain-terminal N-acetylgalactosamine residue. In contrast, 

sialic acid gave a good correlation only with N-acetylgalactosamine. In eight specimens 

the molar sulfate to N-acetylgalactosamine ratios ga\re good correlation with the 

ratios of galactose to N-acetylgalactosamine, N-acetylglucosamine to N-acetylgalactos- 

amine, and total carbohydrate to N-acetylgalactosamine. These results indicate that 

the intraspecies variability of intestinal-mucin carbohydrates arises from the inter- 

dependent addition of galactose, N-acetylglucosamine, fucose, and sulfate residues. 

Partial correlation-analysis indicated that proportions of N-acetylglucosamine and 

fucose were correlated only through a mutual dependence on galactose, suggesting 

that the key elongating-factors involve the addition of galactose residues. The number 

of sialic acid residues per oligosaccharide chain remained relatively unchanged from 

mucin to mucin, and this, coupled with the close correlation between the proportions 

of sialic acid and N-acetylgalactosamine, suggests that almost all sialic acid residues 

are bound to the core N-acetylgalactosamine residues in intestinal mucin. High 

fucose-to-sialic acid and high sulfate-to-sialic acid ratios reported in some disease 

states are explained as the consequence of chain elongation. 

INTRODUCTION 

Mucus glycoproteins (mucins) are complex structures consisting of a peptide 
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day to 90 years. Six of the subjects had cystic fibrosis, the remainder had died from 

a variety of diseases, none of which involved the small intestine. 

Goblet-cell mucin was isolated as previously described by applying the post- 

microsomal, supernatant solutions to columns of Sepharose 4B6. The mucin was 

eluted in the void volume. The pooled mucin was further purified by digestion with 

a nuclease enzyme and chromatography on a column (99 x 3.5 cm) of Sepharose 2B, 

as follows. The nucleic acid content was determined from the ratio of optical densities’ 3 

at 280 and 260 nm. Ribonuclease (EC 3.1.27.5, 5 units, bovine pancreas, P-L Bio- 

chemicals Inc., Milwaukee, WI 53205) and deoxyribonuclease (EC 3.1.21.1, 5 units, 

bovine pancreas, P-L Biochemicals) were added for each /tg of nucleic acid, and the 

digestion was performed for 24 h at room temperature in 0.1~ dipotassium hydrogen- 

phosphate-potassium dihydrogenphosphate buffer, pH 7.4, containing 1OmM magne- 

sium chloride,,‘and 0.02% sodium azide. Following digestion, the samples were 

centrifuged at;10 000 g for 10 min, and the supernatant solution (30 mL) con- 

taining 15 mg of protein was applied to a column of Sepharose 2B. All of the 

carbohydrate-containing fractions that appeared at or near the void volume were 

pooled, dialyzed, concentrated by lyophilization, and resuspended in ice-cold, 

distilled water. In four samples, the void-volume peak obtained from the Sepharose 

4B column was centrifuged at 30 OOOg for 30 min, and the supernatant solution 

dialyzed, concentrated by lyophilization, and resuspended in ice-cold, distilled water 

without nuclease digestion. As subsequent measurements revealed no evidence of 

contamination in these four samples, they were treated in an identical fashion for 

the analysis of data. 

Methods. - The purification of the mucin was monitored by carbohydrate 

analysis. In addition, the mucins were examined by sodium dodecyl sulfate (SDS)- 

polyacrylamide gel electrophoresis, and proteins detected by the Coomassie Blue or 

silver staini4. The mucins were also subjected to analytical, density-gradient ultra- 

centrifugation as described previouslyh. 

Amino acids were determined with a Durrum Amino Acid Analyser, after 

hydrolysis with 6~ hydrochloric acid, for 16 or 22 h, at 110” in racuo. In 10 samples, 

the monosaccharides galactose, fucose, and N-acetylneuraminic acid were determined 

by g.1.c. of the trifluoroacetate derivatives ofthe methyl glycosides, after methanolysis” 

with 0.5M methanolic hydrogen chloride for 20 h at 80”, using inositol as the internal 

standard. In four samples, the g.1.c. method of Clamp et ~1.‘~ was employed. N- 

Acetylgalactosamine and N-acetylglucosamine were measured with a Durrum Amino 

Acid Analyser after hydrolysis with 4M hydrochloric acid, for 7 h at 100”. Sulfate 

groups were determined by the method of Mende and Whitney17. The washing 

procedure was modified slightly by introducing descending (rather than ascending) 

chromatography, for 36 h, to ensure adequate removal of uncomplexed barium-133 

ions. Protein content was determined by the method of Lowry et al.‘*, and hexose 

content by the anthrone procedure ’ 9 Linear regression analyses, simple correlation, . 

and partial correlation coefficients were determined by standard methods”. 

Blood-group activity in each sample was tested by standard haemagglutination 
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techniques, using Anti-A. Anti-B. Anti-L-c” (Ortho Diagnostics. -Toronto) nntiserum. 

and Anti-H lectin C:/C.\- EUN~K~UJ (Hyland Luborntorlcs. 7‘orc)nto). Five mucin 

spwmens were ABH negative and 1~“’ (nonsccrctors) blood-group :ictl\ c. Three 

specimens were blood-group A. one blood-group B. three blood-gr~~up I-f. anti ci?ht. 

Leh+ blood-group actiw. One spwmcn. the Initial mucin ~~olatcd. \\;Ls not tc\tcd 

for blood-group activity. but \\a\ dcrivcd Ir-~~nl a blmtf-gi-o~lp 0 iilcii\ dt~fl; I\ hctlict 

it is H or Le blood-group tcpc is unhnown 

RESL’LTS 

A typical Scpharoso 7B profile is shown in Fig. 1. III some samples. the protein 

and carbohydrate peaks wet-c almost symmetrical. whereas other hpcclrnens aho\vcd 

a considerable shoulder or trailing peak. IIcrc \vns no ditrcroncc bctwccn C‘F and 

other speamcns in the general profjle produced from either tlte Scpharow -1H or ?B 

columns. All the material.\ that contalncd carbohydrate ~erc comhincd for anatysl?. 

7‘hc amino acid analysis (Table 1) of the I4 mucin wniplc~~ 41oI\cd 2 prolitc 

typical ofmucins, with thrconine, serene. and proline forming 3-1 SF “,, I :ibel-age 45 ‘I,)) 

of the total amino acids. fhc coefficients of variation for ;imIno uclils \tiith more 

than 5 per IO0 rcsiducs bar-i4 from t 3.78 to 30.96”,,. When the mwn protein-value 

was calculated by summation of the amino acid, dctcrmincd b! xrnlnt~ auci anaIys~\ 

from t X separate assay4. fair agreement wis found \L!th the protcin content dctcr- 

mined by the Lowry method’ ’ . suggesting that the variallon i\:l\ not due 10 analytical 

loss. For IO of the samplc~ asuming complctc rccc~vcric~ front WI hoh~cir-ate and 

amino acid analyses, the mwn amino acid content \vas 22.1 7~ 4.5 “,). :rnd thty mean 

carbohydrate content was 77.0 i_ 4.5 “(,_ Most of th2 prepar:lti~~n~ U\CIY free of detwt- 

able extraneous protein by soti~~~m dodcc~lsulthtc---pcll) :wyIamidc-$4 elcctrnphorc- 

sis and analyticnl cesium cl~l~~ridc-gr~~dle~it Llltr.nccntrifLl~~ltic,n. .T I :LCC amounts of 

low-molecular Iteight, noninucin protein and low-densit\ _ glycoprotcin~ \\erc present, 
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TABLE I 

AMINO ACID COMPOSITION OF SMALL-INTESTINE MUCINa 

Amino acids 
(residues per 100 residues) 

Mean SD CV” 

(7;) 

AW 6.12 z 1.46 23.82 
Thr 24.19 3.95 16.32 
Ser 9.80 1.30 13.28 
Glu 1.25 1.62 22.31 
Pro 11.34 2.29 20.23 
Gly 7.28 1.22 16.69 
Ala 5.39 1.61 30.96 
?/i cyst Trace 
Val 4.96 0.92 18.49 
Met 0.77 0.45 57.97 
Ile 3.42 0.68 19.11 
Leu 5.25 I .05 20.03 
Tyr 2.16 0.76 35.85 
Phe 2.53 1.12 44.15 
His 2.42 0.88 36.31 
LYS 3.13 0.87 27.61 
Arg 2.91 1.13 31.99 

_ 

“One mg of protein according to Lowry et al. l* = 1.05 k 0.29 (f SD) mg of amino acid protein. 
“Coefficient of variation. 

TABLE II 

CARBOHYDRATE COMPOSITION OF SMALL-INTESTINE MUCIN 

Carbohydrate 
component 

Mol. per 100 mol 

Mean S.D. Range 

Molar raiio relative to GalNAc 

Mean S.D. Range 

Fuc 21.09 Jr 6.68 8.96-30.77 1.73 * 1.07 0.29-4.00 
Gal 34.34 + 12.69 23.43-42.80 2.73 t 1.87 0.75-5.68 
GlcNAc 20.40 jz 6.02 10.55-31.70 1.67 % 1.07 0.40-3.22 
Sialic acid 10.32 & 7.45 1.40-26.26 0.65 t 0.36 0.21-1.34 
GalNAc 15.98 i 7.45 6.60-30.11 
Man 0.37 0.0 - 2.6 

however, in 3 preparations, particularly from younger subjects, but these accounted 

for less than 5 ‘4 of the total protein. 

The mean content of individual sugars (mol per 100 mol and molar ratio 

relative to GalNAc) is shown in Table II. Mannose was present in trace amounts 

only (under 0.6:/,), with the exception of one preparation from a newborn child in 

which the mannose concentration was 2.6 per 100 mol. The standard deviation for 

all analyses was quite large. For mol per 100 mol results, the highest values for 



Sialic acid 0.W 
r:ttc 0.90’ 
GICNAC 0.92’ 

Gal 0.99, 

Ckll Gk\’ t<, 

0.45 

0.18 0. IO 

-O.h3’, 0.7,s ’ 

0.06 0.71 
0.X 0 75 
0.97 

<;(I1 c;/, z !i 

galactose, i\i-acetylglLIcosamInc. and fucose were 2 3 times grwter than the lwcst 

values. but for slalic acid the ratio \vas .. 18. C0mp0ne11tc \\cre also c!xpressed as ;1 

molar ratlo to AL’-LtcetylgalIlctosaminc‘ in order to relate the IILI~~CI- 01‘ widuea to 

the number of oligoaxcharidc chain>. C’ontcnt of Individual lilono~.acchariciex still 

varied greatly. hut the ardcr of wriabllity LS;IS changed. Slal~c acid IIC~\X \ariccl the 

least (6.3 timos). wher-cas fucosc varied to the greatest oxtunt ( 13.7 times). 

The ratio of TV-:lcetyIg~iluctosonlinc to the sum oithreoninc 2nd scrine r&duos 

(see Table III), \+hich r-eilects the degree of glycos!,lation of the muc~n pcptidcs \vitll 

oligosaccharide side-chains. ~\a\; (I.98 _C 0.4 ( _t SD ). This ratio \xas not apprecisbl) 

altered by excluding the three specimens having blood-group A actl\lt> (Tabk III). 

The average length of oligosncchartde chains wab cstimatcd hq the ratlo of total 

carbohydrate to ~~-acet~lg3lactosamine r-&dues. The menn \vn\ 7.3. \‘arylnp from 
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3 to 15. Neither the mean nor the range changed significantly when blood-group A 
specimens were excluded (Table III). 

The range of values for individual monosaccharides and for chain length 
indicates that there was a high degree of intersample heterogeneity. To determine 
whether the variation was entirely random, or whether organizational patterns could 
be detected, correlation coefficients were determined for pairs of analytical results 
(Table IV). They revealed a strong negative correlation between galactose and N- 
acetylgalactosamine. In contrast, sialic acid correlated positively with N-acetyl- 
galactosamine, and negatively with galactose and N-acetylglucosamine. When mono- 
saccharide residues were expressed as ratios to N-acetylgalactosamine, strong positive 
correlations were observed for all three neutral monosaccharides, and each correlated 
positively with the chain length (ratio of total carbohydrate to N-acetylgalactosamine 
residues). Sialic acid failed to correlate with the chain length or any of the neutral 
monosaccharides. 

Gal/ 7 a 
GalNAc 

5- 

J 
3- 

0 
0 

GlcNAc/ 

Gal NAc 

Fuc/ 
Gal NAc 

(mol/mol) 

4 8 12 16 

CHO/GalNAc (mol/moll 

Fig. 2. Ratio of total carbohydrate (CHO) to N-acetylgalactosamine content related to: (a) Galactose 
to N-acetylgalactosamine, (b) N-acetylglucosamine to N-acetylgalactosamine, and (c) fucose to N- 
acetylgalactosamine; (@) CF mucins, and (0) non-CF mucins. The regression equations were 
(a) y = 0.48 x - 1.04, r = 0.99, p <O.OOl; (b) y = 0.26 x - 0.31, r = 0.92, p t0.001; and (c) y = 
0.25 x - 0.24, r = 0.90, p <O.OOl. The samples from nonsecretors are indicated by a dot. 
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Figure 2 shows the linear-regression hnes for the molar ratio5 of Individual 

neutral monosaccharide to N-acetylgalact~~sa~~i~~c against the nlolar ratios of total 

carbohydrate to N-acetylgalactosamine. The ratioa of galactosc to \-:\cctylgalactos- 

amme, N-acetylglucosaminc to N-acctylyalactoaan~~~~~~ L w,cl fucoac I<) .\ -xctylgalactos- 

amine increased in a Ilnear fashion \vlth increasing chain-length. The flues of the 

CF samples, indicated by the closed circles. tended to fall \\ithln the upper range. but 

were not exclusive to it. The) slcnrly c‘ctendcd trend> e~tablishcd b! the \,alut’s 01 

the non-CF samples. and therefore do not appear to rupre\ent 21 reprate gr~~up of 

results subject to independent controls. 

The ratio of fucnse to il’-acetylgalucr~,sam~~7r rehiduea shoved more scatter 

than either ratios for Ihe other two hckoses. This 15 most Iil\cIy sxpiained by the 

variability introduced by the nonsecretor statu:, ()I tivt? of llli’ s:1mplcs (dot!;) 

The correlation coetticlent for the secretor samples alone \+;I’; 0 97 Vl’hen the slopes 

of the regression 11~s wet-c compared, the slop for the ratios of .‘l-;icct!iglIico::aminc 

to N-acetylgalactos:lmine 1’s. the ratios of total carbohgcir;ltc to .\-;1c~l4l~;li;lcto~- 

amine residues was O.?h, and for the ratios of galacto~e to ,\-:ic~‘~~l~:~l:ictob;lli~in~~ 

residues 0.48. The ~lopc for the ratio of fucose to .V-~cct~ig~tiacto\an!in~ I’.\. the ratio 

of total carbohydrate to :~~-acctylgalactosaminc resldut’> \\;L> 0 25 rf :\I1 s:~rnplc~ \\erc 

included, but 0.33 for sxrctors alone. Then rcsultb imply that the gal;ictosc content 

of the mucins increases at almost t\\icc the rate of the ~LICOSC and I’-:iccf! leluccxlminc 

content during chain elonpation. 

The molar ratio of galactoac to ~-acetylgalnctss~Ir7~~nu posltl\cI> correlated 

with the molar ratios of ,S-ncetylglucosamine to ,2’-acrtylgrtlactosamIne and rucosta to 

N-acctylgalactosaminc. These la\t t\vo ratios also posltiveiy c~~rrelakxi L! ith one 

another (Table IV). but thix correlation \vas entirely dcpcndent upon a common 

association with the ratio of galactosc to N-acetyigalnctosanirne. The par-tial corrcla- 

tion of the ratios of n:-acctylglucos;ln~iile to iV-~~cctylgltlacl~)s~ln~i nc and I‘ircoxc to 

A’-acetylgalactosamlne holding fhc ratio ofgalactose tcj !‘l’-acet!~lgal~~ctosminc constant 

was -- 0.143. 

=I/ 3 
GalNAc 

(mol/mol) 

2 

4 8 13 :6 10 ?I) ?c! iit 

CHO/GalNAr (rnMrrinli GalNAr 

Fig. 3. (a) Total carbohydrate (CHO) tu N-acctylgalactosamrne ratm I’\. Galls XIII to h’-acrt)l- 
galactosamine ratlo 0. 0.05, not significant). (b) Rlolar proportion of s~al~c acid I $. molar propor- 
tion ofn’acetylgalactosamine (1‘ 0.61.\ 0.17. I 0 62. p 0.05) (or (‘F Ilillc‘,I,\. :tnJ ( I non- 
CF mucins. 
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TABLE V 

SULFATE CONTENT 

Sulfate Mean S.D. Range 

/cMol/mg of protein 1.042 t 0.365 0.378-1.488 
Mol/iOO mol of total carbohydrate 5.8 & 1.3 4.1 -7.6 
Mol/mol of GalNAc 0.45 :t 0.23 0.17 -0.93 
Mol/mol of GlcNAc 0.33 $ 0.09 0.22 a.49 
Mol/mol of Gal 0.19 i 0.05 0.16 a.27 

When the molar ratio of sialic acid to N-acetylgalactosamine was plotted against 

chain length (Fig. 3a), no obvious correlation was observed, and the results were not 

influenced by the CF samples. The content of sialic acid per oligosaccharide chain 

therefore remained unchanged, despite the wide variation in average chain-length. 

As shown in Table IV, the ratio of sialic acid to N-acetylgalactosamine does not 

correlate with any of the neutral ratios for monosaccharides, but the content of 

sialic acid correlates with that of N-acetylgalactosamine (mol per 100 mol). This 

relationship is illustrated in Fig. 3b. 

The sulfate content was determined in 8 specimens (4 CF). As shown in Table V, 

the mean values were - 1 pmol of sulfate/mg of protein and 6 mol/lOO mol of carbo- 

hydrate. Strong correlations were obtained between the molar ratios of sulfate to 

N-acetylgalactosamine, and total carbohydrate to N-acetylgalactosamine (r = 0.86, 

p <O.OOl), galactose to N-acetylgalactosamine (r = 0.88, p <O.OOl), and N-acetyl- 

glucosamine to N-acetylgalactosamine (r = 0.94, p <O.OOl); no correlation was 

observed with the ratio of sialic acid to N-acetylgalactosamine (r = 0.04). Fig. 4 

illustrates the correlation between the molar ratios of sulfate to N-acetylgalactos- 

so4 / 

GalNAc 

10 la 

so4 / 

GalNAc 

O lb 

-T------l----- 8 12 1.0 20 30 

CHO/GalNAc (moI/mol) GkNAc/GalNAc 

Fig. 4. (a) Ratio of sulfate to N-acetylgalactosamine vs. ratio of total carbohydrate (CHO) to N- 
acetylgalactosamine (y = 0.05 x + 0.05, Y = 0.85, p <O.OOl). (b) Ratio of sulfate to N-acetyl- 
galactosamine vs. ratio of N-acetylglucosamine to N-acetylgalactosamine (y = 0.216 x $0.13, 
r = 0.94, p <O.OOl). 
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amine, and total carbohydrate to N-acetylgalactosamine (Fig. 33) and N-acetyl- 

glucosamine to N-acetylgalactosamine (Fig. 4b). Positive correlations were obtalned 

in both cases. The sulfate concentration per chain therefore increased linearly with 

the total size. Once again CF and non-CF samples behaved as part of a continuous 

spectrum. 

In summary. these results indicate that all galactose. N-acetylglucosamine, 

fucose, and sulfate contents increase linearly per oligosaccharido chain as the size 

of the chain increases. The N-acetylglucosamine and fucose contents are strongly 

correlated. but through a ma.jor dependency on the galactosc content. In contrast. 

the sialic acid content depends pnmarily upon the number of N-acetylgalactosamine 

residues, and hence upon the number of oligosaccharidc chains. 

Ohgosaccharides isolated from mucus glycoproteins from various organs and 

species have shown extreme heterogeneity, varying in length from single, unsubstituted 

N-acetylgalactosamine residues to elongated, branched oligosaccharides having more 

than 20 sugars”‘-‘7. for which many of the structural details arc still uncertain. 

The sequence of these chains is thought to depend completely on a competition between 

specific glycosyltransferases having highly specific substrate-speciticities’O,l ‘. but this 

is still conjectural, as few of the key transfernses involved in the branching and 

elongation of the oligosaccharide chains have been isolated or characterired. 

Our data indicate that intestinal muclns from various individuals of one out- 

bred species (human) have an extremely variable carbohydrate composition, with 

at least a four-fold range in the total number of monosaccharides per oligosaccharide 

chain. Some of this variation may reflect the inclusion of six specimens from patients 

having CF, but the range of values in samples from non-CF paticntb was almost 

as large. We have attcmptcd to determine whether recognizable organizational- 

patterns could be detected through a relatively aimplc, statistical analysis of the data. 

This appears IiLcly as it is evident that much of the apparent heterogeneity of the 

human intestinal mucin stems from a variable elongation of the average. ohgo- 

saccharide chain-length wlthout a significant change In sialic acid content. This 

behavior has certain implications for the structure of mucus glycoprotcins. As the 

sialic acid content is quite independent of chain length. one may conclude that the 

sialic acid residues are not added to the oligosaccharide chain during chain elongation. 

Sialic acid may be incorporated into the mucin oligosaccharide by at least three 

processes ‘J.lh.28-30 
. which link sialic acid to the core .N-acetylgalactosamlne 

residue 2J.zy,2” and to more distal sugars in the oligosaccharidc chain’ ‘.‘h.J”. The 

close correlation between sialic acid and ,Y-acetylgalactosaminc content in human 

intestinal mucin suggests that, of these three alternatives. the maJority of the sialic 

acid residues are attached to the core N-acetylgalactosamine restdues. If so. a tixed 

proportion of these core residues must be sialylated in all intestinal mucins. regardless 

of the chain length or the apparent heterogeneity. In ovine submaxillary mucin. 
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transfer of a sialic acid to an N-acetylgalactosamine residue effectively prevents chain 

elongation . 29 If this condition held in intestinal mucin, one would have to conclude 

that elongation occurred only in nonsialylated oligosaccharides; however, sialic acid 

is not denied access to N-acetylgalactosamine residues if the latter are substituted 

/&(I -3) with galactose residues. This is even true for the G(-Fuc-( l-+3)-P-Gal-(1 +3)- 

GalNAc sequence, although the affinity of sialic acid for N-acetylgalactosamine is 

greatly reduced by the presence of fucose ” Thus, transferase specificities do permit . 

elongation of chains provided that sialic acid is not the first sugar added to an N- 

acetylgalactosamine residue. 

The only known structure, in mucus glycoprotein, that absolutely prevents 

addition of sialic acid to the core N-acetylgalactosamine residue is the presence of a 

/I-(l-+6)-linked N-acetylglucosamine residue. This structure has been described 

for several gastric mucins” s2 ‘v3’, although not for small intestine mucin. The upper 

limit of oligosaccharide substitutions with sialic acid could be set by the number of 

core p-D-G~cNAc-( 1 --f 6)-o-GalNAc substitutions. The relationship between core 

GlcNAc-+GalNAc and sialic acid-+GalNAc structures is presumably determined 

by the competition between N-acetylglucosamine- and sialyl-transferases, but indirect 

control may be of equal importance. Williams et ~1.~~ have shown, for example, that 

the canine p-D-G~cNAc-(1 +6)-o-GalNAc-transferase is very active with a P-D- 

Galp-(l-+3)-o-GalNAc-+protein substrate, but completely inactive with unsub- 

stituted D-GalNAc-+protein. Thus, the addition of fl-I)-GlcNAc-(l-+6) to the 

core N-acetylgalactosamine residues, and, hence, the exclusion of sialic acid may be 

highly influenced by the activity of a galactosyltransferase. 

The important consideration in this context, however, is that whatever the 

mechanism, there is much less variation in sialic acid concentration per oligosacchar- 

ide chain among individuals than one might expect from a totally random process, 

as if this particular feature was subjected to relatively rigorous control. 

In human intestinal mucins, N-acetylglucosamine, galactose, fucose, and sulfate 

contents increase in a linear fashion as the ratio of total carbohydrate to core N- 

acetylgalactosamine increases. The concentration of fucose correlated with N- 

acetylglucosamine only through a common association with galactose. The important 

suggestion, from this data, is that elongation depends, at least for human, small- 

intestinal-mucus glycoproteins, on the initial addition of galactose residues. The 

observation that the proportion of galactose residues increased, as the chains elongated, 

at a rate that was 1.5-2 times that of either the fucose or N-acetylglucosamine 

residues is consistent with this interpretation. Since -2 mol of galactose were added 

per mol of fucose and N-acetylglucosamine, one might question whether the addition 

of a single galactose residue could serve as the signal for the development of a branched 

sequence consisting of N-acetylglucosamine, galactose, and fucose. The addition of 

@-D-Gal-(1 43) to o-GalNAc to form a more suitable substrate for the /3-D-G~cNAc- 

(l-+6)-o-GalNAc-transferase constitutes one example of such a mechanism that could 

be duplicated at a more distal site in the chain. 

The number of fucose residues also points to increased branching as chains 
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elongate. In the intestmal mucus glycoproteins with the longest-average chain-length, 

the fucose to N-acetylgalactosamine ratio rises to 3 (Fig. 2). Fucose is generally found 

at the nonreducing terminal-end of oligosaccharidc chains as the blood-group H 

or Lewis determinant, and the number of fucosc residues per nonreducing tcrmlnal 

does not exceed twolO. From Fig. 7. however. it IS clear that the moiar ratios of 

fucose to N-acetylgalactosamine exceeded this amount in 6 of the 13 mucin prepara- 

tions. rising to a maximum of 3 in a patient having secretor statu5 and long-average 

oligosaccharide chains. The simplest explanation for this observation I> that fucose 

residues were added to chain branches rather than to successive section\ of a single 

oligosaccharide-chain. 

Finally, these observations may be helpful in interpreting the reports of sulfo- 

mucin to sialomucin and high fucose to siahc acid ratios III various disease state5 

affecting the gastrointestinal tract. By analogy with the CF mucins, an increace in 

the fucose- or sulfate-to-sialic ratio would be highly suggesti\,e of the production 

of mucins having elongated, branched chains. Conversely. a11 increase in sialic acid 

relative to sulfate groups would be likely to Indicate a mucin ha\,ing relatively short 

oligosaccharide-chains. Thus. in adenocarcinoma of the colon ~hcrc slalomucins 

predominate”“, one might expect to find mucins that arc relatively low III total carbo- 

hydrate. This expectation i> supported by the study of Gold and M~llcr“‘. who found 

that mucins extracted from adenocarcinoma contained a hrgher proportion of siahc 

acid and less carbohydrate than mucins from normal tissue. It IS also possible that 

these generalizations can be extended beyond the gastrointestinal tract. Lamblin 

et nl.35 have shown, for example. that the average chain-length increases in bronchial- 

mucus fractions as the sulfate to sialic acid ratio IIICIUSCS. Bhasl\ar :tnd Creeth’ 

separated ovarian-cyst mucms as to buoyant density. and also showed that the frac- 

tions of highest density were most heavily glycosylated and also enriched with fucose 

relative to sialic acid. 

Although the relative ratios of fucomucins, sulfomucins. and sialomuclns must 

depend to a large extent on competing transferase activltics. It IS important to 

acknowledge that other possibilities might exist. Gold cur CT/.” have proiidrd good 

evidence for the presence, in colonic mucus, of two immunolsgic:~lly distinct glyco- 

peptide fractions that differ with respect to serine. thruoninc. proline. and alan~ne 

content. One is a potential sialnmuc~n and the other ;I fucomucin. If. in fact, in- 

testinal mucin consists of two molecules with unique peptide chains, the balance 

between the two may depend on direct genetic control of peptide synthesis. It is 

interesting that the total variation in molar proportlons of serinc plus thrconine plus 

prolinc, which can be calculated from the data of Gold and Miller’” with respect to 

ninecolonic. post-mortem and surgical mucins isolated from drfTcrent indi\,rduals, was 

as large as that found rn our samplra. ranging from 35 to ()I “i,_ Some of‘ (his hetcro- 

geneity might be explained by proteolytic loss of amino acids l‘rom the nnnglycoryl- 

ated portions of the molecule prior to extraction. but it is equally possible that the 

variation stems from a mixture of different mucin g1ycopeptidc.s. 
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