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Effects of Glycosylation on the Conformation and Dynamics of 0-Linked 
Glycoproteins: Carbon- 13 NMR Studies of Ovine Submaxillary Mucin? 
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ABSTRACT: Carbon- 13 N M R  spectroscopic studies of native and sequentially deglycosylated ovine sub- 
maxillary mucin (OSM) have been performed to examine the effects of glycosylation on the conformation 
and dynamics of the peptide core of 0-linked glycoproteins. OSM is a large nonglobular glycoprotein in 
which nearly one-third of the amino acid residues are Ser and Thr which are glycosylated by the a-Neu- 
NAc( 2-6)~-GalNAc- disaccharide. The fl-carbon resonances of glycosylated Ser and Thr residues in intact 
and asialo mucin display considerable chemical shift heterogeneity which, upon the complete removal of 
carbohydrate, coalesces to single sharp resonances. This chemical shift heterogeneity is due to peptide sequence 
variability and is proposed to reflect the presence of sequence-dependent conformations of the peptide core. 
These different conformations are thought to be determined by steric interactions of the GalNAc residue 
with adjacent peptide residues. The absence of chemical shift heterogeneity in apo mucin is taken to indicate 
a loss in the peptide-carbohydrate steric interactions, consistent with a more relaxed random coiled structure. 
On the basis of the 13C relaxation behavior ( T I  and NOE) the dynamics of the a-carbons appear to be unique 
to each amino acid type and glycosylation state, with a-carbon mobilities decreasing in the order Gly > 
Ala = Ser > Thr >> monoglycosylated Ser/Thr 2 disaccharide linked Ser/Thr. The a-carbons of glycosylated 
Ser and Thr are considerably more constrained than their nonglycosylated counterparts in apo mucin, while 
the effects of carbohydrate side chain length (Le., asialo vs native mucin) on the dynamics of the Ser and 
Thr residues is relatively small. The nonglycosylated Gly residue also exhibits an increase in motion upon 
removal of GalNAc; thus, the effects of glycosylation extend to residues beyond the amino acids directly 
bound to carbohydrate. These results are consistent with the changes in molecular dimensions determined 
by light-scattering techniques for the same series of modified mucins [Shogren et al. (preceding paper in 
this issue)]. Taken together, these results further demonstrate that mucins possess a highly expanded 
conformation that is dominated by steric interactions between the peptide core and the 0-linked GalNAc 
residue. 

I t  has been suspected for some time that the presence and 
nature of the 0-linked oligosaccharide side chains in mucous 
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glycoproteins (mucins) play an important role in governing 
their viscoelastic properties. Presently, however, very little 
information is available that describes the effects of 0- 

glycoproteins. Likewise, little is known of the mechanism of 
how the carbohydrate or peptide structure may contribute to 
the observed physical properties of mucin glycoproteins. To 
obtain a of the effects of mucin 
glycosylation on mucin SOlUtiOn Structure at both the atomic 
and macromolecular levels, we have undertaken parallel 
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Mucin Conformation and Dynamics 

carbon-13 NMR and light-scattering (Shogren et al., 1989) 
studies of native and sequentially deglycosylated ovine sub- 
maxillary mucin (OSM).' These studies complement our 
earlier NMR (Gerken & Dearborn, 1984; Gerken, 1986; 
Gerken & Jentoft, 1987) and light-scattering studies (Shogren 
et al., 1985, 1986, 1987) with OSM and other more complex 
mucins. 

Mucins make up a class of high molecular weight (>lo6) 
extensively 0-glycosylated glycoproteins that are primarily 
responsible for the protection-rendering viscoelastic properties 
of mucous secretions, without which the functions of the di- 
gestive, respiratory, and urogenital tracts would be severely 
impaired. Hydrodynamic studies indicate that mucins have 
random coil structures that are significantly more expanded 
than denatured globular proteins [for a review see Carlstedt 
et al. (1985)l. Spectroscopic studies such as NMR and cir- 
cular dichroism further indicate that mucins are relatively 
devoid of a- and @-secondary structures and are internally 
flexible molecules [see Shogren et al. (1 989)]. The detailed 
molecular basis for the expanded structure of mucins remains 
largely unknown. 

OSM is well suited for study by NMR because its carbo- 
hydrate side chains are nearly exclusively the disaccharide 
a-NeuNAc(2-6)a-GalNAc (Gottschalk & Bhargava, 1972). 
This relatively simple and homogeneous side-chain structure 
coupled with the ability to sequentially remove the NeuNAc 
and GalNAc residues with specificity, giving the mono- 
saccharide (asialo) and the deglycosylated (apo) mucin, re- 
spectively, makes OSM an ideal system for the study of the 
effects of carbohydrate on the solution structure of mucins. 
The OSM peptide core, typical of most mucins, is rich in 
glycine (19%), serine (18%), threonine (14%), alanine (14%), 
and proline (1 1%) with over 75% of the serine and threonine 
residues containing carbohydrate. 

In the preceding paper (Shogren et al., 1989) we reported 
the results of light-scattering studies on apo, asialo, and native 
OSM and our success at fitting the data to models describing 
the solution properties of polymeic chains. On the basis of 
the analysis we concluded that mucin glycosylation causes a 
global conformational change in the peptide that significantly 
extends the peptide core and increases chain stiffness. The 
GalNAc residues are shown to produce a -2-fold increase 
in chain dimensions compared to apo mucin, while the addition 
of NeuNAc to the GalNAc residue produces a smaller - 
1.5-fold increase in chain dimensions on the basis of the values 
of the root mean square radius of gyration, ( R , 2 ) 1 / 2 ,  and 
hydrodynamic radius, Rh. 

To confirm and better understand the light-scattering re- 
sults, we have further examined the conformation and dy- 
namics of the individual carbons of the OSM peptide core as 
a function of glycosylation using carbon-1 3 NMR spectros- 
copy. Because of a lack of sufficient resolution of the peptide 
core resonances, previous proton NMR studies on apo, asialo, 
and native OSM (Gerken, 1986) were unable to detect con- 
formational changes in the mucin peptide core as function of 
0-glycosylation. However, as described in this paper, by 13C 
NMR it is clear that glycosylation alters the mucin core 
peptide conformation in a sequence-dependent manner while 
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reducing the mobility of the glycosylated residues by nearly 
an order of magnitude. The 13C NMR results from these 
studies and from earlier work on the more complex pig sub- 
maxillary mucin (PSM) furthermore suggest that the pep- 
tide-linked GalNAc residue is the major perturbant of the 
peptide core conformation and dynamics and as such must be 
a primary determinant of mucin solution structure (Gerken 
& Jentoft, 1987). These findings are consistent with the 
changes in molecular dimensions reported for the same series 
of modified mucins (Shogren et al., 1986, 1987, 1989) and 
further document that 0-linked carbohydrate side chains serve 
to expand and stiffen the mucin protein core. 

MATERIALS AND METHODS 
Mucins used for carbon- 13 NMR study were purified and 

modified as described in the preceding paper (Shogren et al., 
1989). Prior to NMR study mucins were exhaustively dialyzed 
against distilled water in the presence of Chelex 100 cation- 
exchange resin, to remove paramagnetic cations, and lyo- 
philized. Unlike the light-scattering studies described in the 
previous paper (Shogren et al., 1989), the 13C chemical shift 
and relaxation parameters of mucins have been shown to be 
insensitive to molecular weight for mucins with molecular 
weights over lo5 (Gerken & Dearborn, 1984). On this basis, 
the relatively high molecular weight native and modified OSM 
samples (i.e., enzymatically prepared asialo OSM and hy- 
drolytically prepared asialo OSM) were studied by 13C NMR 
without molecular weight fractionation and the results com- 
pared without reference to molecular weight. The molecular 
weight ranges of these mucins, determined by light scattering, 
were 5-1 X lo6 (Shogren et al., 1987), 8-2 X lo6, and 1-0.3 
X lo6, respectively (Shogren et al., 1989). In contrast, the 
molecular weight of the deglycosylated apo mucin is consid- 
erably lower (40-10 X lo3; Shogren et al., 1989). Thus, to 
ensure that the differences in molecular weight between the 
apo mucin and native and asialo mucins could not bias our 
relaxation data (for example, due to end effects or from an 
increase in the overall correlation time of the mucin molecule), 
we obtained for comparison "native" and asialo mucins of 
molecular weights similar to that of apo mucin. These lower 
molecular weight mucins were obtained by partial proteolysis 
of native and asialo OSM by trypsin, producing Trp OSM and 
Trp asialo OSM as previously described (Shogren et al., 1989). 
Due to the presence of additional unassigned 13C NMR res- 
onances in a number of these preparations, the protease-treated 
mucins were fractionated by gel filtration chromatography 
(Shogren et al., 1989). The higher molecular weight fractions 
contained only minor contaminating resonances and were 
subsequently used for our NMR studies. The Trp OSM and 
Trp asialo OSM fractions studied (Shogren et al., 1989) have 
average molecular weights of 15 000 and 11 000, respectively, 
compared to 15 OOO for apo mucin. Porcine submaxillary gland 
mucin (PSM) was isolated and characterized as described by 
Gerken and Jentoft (1987). 

NMR Methods. Natural abundance proton-decoupled 45.3 
and 67.9 MHz "C NMR spectra were obtained on a Bruker 
WH 180/270 pulsed Fourier transform spectrometer as de- 
scribed earlier (Gerken & Dearborn, 1984; Gerken & Jentoft, 
1987). Higher field, 100.6-MHz carbon spectra were obtained 
by using a Bruker MSL 400 spectrometer. NMR samples 
were prepared by packing lyophilized mucin into the bottom 
of the NMR tubes, adding solvent (100 mM KCl, 20% DzO, 
0.04% NaN,, and ca. 1% acetonitrile), and allowing the mucin 
to dissolve over several days. Typical sample concentrations 
obtained were 80-140 mg/mL. Chemical shift and NT, values 
were insensitive to sample concentration within this range. The 

' Abbreviations: OSM, ovine submaxillary mucin; PSM, porcine 
submaxillary mucin; NeuNAc, N-acetylneuraminic acid (sialic acid); 
GalNAc, N-acetylgalactosamine; T,,  spin-lattice relaxation time; NOE, 
nuclear Overhauser enhancement; w, NMR observation frequency; 7, 

rotational correlation time; 6, peptide C', N, C,, C' dihedral angle; $, 
peptide N ,  C,, C', N dihedral angle; &, 0-linked glycopeptide dihedral 
angle C,, 0,, C1, 0 5 .  
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FIGURE 1: 67.9-MHz natural abundance 13C NMR spectra of asialo and apo OSM. Resonances representing carbons of the peptide core 
discussed in the text are noted. Resonances in the 189-170 ppm region represent amide and carboxylic acid carbonyl carbons, the guanidino 
carbon of Arg is at 158 ppm, and the ring carbons of Phe appear near 130 ppm. The GalNAc anomeric carbons, which are sensitive to Ser/Thr 
linkages, appear at ca. 99 ppm, while the remaining GalNAc ring carbons appear as the sharp resonances in the 80-50 ppm region and are 
assigned to C5, C4, C3, C6, and C2 from low to high field, respectively. Peptide CH and CH2 carbons appear in the 75-25 ppm region, while 
CH, carbons appear between 25 and 15 ppm. Vertical expansions (above spectrum of asialo mucin) for the Thr &carbon resonance(s), 70-80 
ppm, are shown for native and asialo OSM, respectively. Repetition rates of 2.77 s were used to acquire these spectra, which required 29 000 
and 16 000 scans, respectively. 

methyl resonance of the acetonitrile, taken as 2.134 ppm from 
tetramethylsilane, was used as a secondary internal chemical 
shift reference. Spin-lattice relaxation time experiments were 
performed by using the fast inversion recovery method of 
Canet et al. (1975) using 8-1 1 different 7 values (ranging 
between 1 .O and 0.005 s). Instrument time usage was optim- 
ized for obtaining Tl values of the rapidly relaxing protonated 
carbons ( T l s  < 0.5 s) as described previously (Gerken & 
Dearborn, 1984). To improve signal to noise, the broad low- 
intensity peptide resonances were analyzed after a 10-20-Hz 
line-broadening function was applied. NMR probe temper- 
ature, regulated to f l  OC, was measured by using a 4 mm 
0.d. alcohol thermometer in mucin solvent that was placed into 
the NMR probe. Temperature determinations were made in 
the presence of broad-band proton decoupling. The three- 
parameter nonlinear least-squares method of Kowalewski et 
al. (1977) was used to calculate TI values. Nuclear Over- 
hauser enhancements (NOE) were obtained by comparing the 
peak intensities of normal and NOE suppressed spectra as 
previously described (Gerken & Dearborn, 1984). Decoupler 
on (or off) delay times of 5 s were used. To reduce instrument 
time requirements, the full NOE spectra were occasionally 
obtained with one-fourth the number of scans as used for the 
NOE suppressed spectra and the measured peak heights 
multiplied by a factor of 2. 

Analysis of NMR Relaxation Parameters. The log x2 
distribution of correlation times model of Schaefer (1973) was 
used to analyze the multifrequency NMR relaxation data ( T I  
and NOE) using a log base, b, of 1000. Calculations were 
performed by using the program MOLDYN (Craik et al., 1983). 
Since the minimum regulated probe temperature obtainable 
for each magnet differed (28 "C at 67.9 MHz, 30 OC at 100 
MHz, and 34 OC at 45.3 MHz), we interpolated the 45.3 and 
67.9 MHz N T I  data to 30 OC by using a least-squares linear 
fit of the NTl data obtained as a function of temperature prior 
to analyzing the NT1 data. However, for apo OSM at 45.3 
MHz only data at  34 OC were obtained since the 45.3-MHz 
magnet irreversibly quenched before a complete multiple 
temperature data set could be obtained. The 45.3-MHz apo 
OSM data were therefore corrected to 30 OC by using the 

temperature dependencies obtained for the native and asialo 
mucin at  this field strength. 

In addition to NT1 and NOE data, line width (l/aTz) 
estimates were also included (with low weighting) as a con- 
vergence guide. Line widths of 15 and 5 Hz were used for 
native/asialo mucin and apo mucin, respectively. These values 
are based on the reported line widths for the structurally 
similar antifreeze glycoprotein2 (Berman et al., 1980). Line 
widths directly measured from the mucin spectra were not used 
because the mucin resonances are broadened by chemical shift 
heterogeneity due to sequence variations. It should be noted, 
however, that data processed by using line widths of as much 
as 20-45 Hz resulted in only minor changes in T compared 
to the lower line-width fits. 

RESULTS AND DISCUSSION 
Carbon-I 3 NMR Resonance Assignments. The proton- 

decoupled natural abundance 13C NMR spectra of asialo and 
apo OSM are shown in Figure 1. Peptide core resonances 
of interest in this study are identified in each spectrum. These 
and the assignments discussed in the figure legend are based 
on previous carbon- 13 NMR studies of native and asialo OSM 
(Gerken & Dearborn, 1984). Previous studies have shown that 
the peptide core conformations of native and asialo mucin are 
similar since no significant differences in the peptide core 
resonances were observed between these mucins (Gerken & 
Dearborn, 1984).3 A comparison of the asialo and de- 
glycosylated apo mucin spectra reveals that upon complete 

The antifreeze glycoprotein is composed of the tripeptide repeat (Ala 
Ala Thr), where every Thr residue is O-glycosylated by the disaccharide 
@-Gal( 1-3)a-GalNAc-O-. 

A more careful analysis of the chemical shifts of native and asialo 
OSM spectra reveals that the removal of the NeuNAc residue produces 
a ca. 0.5 ppm downfield shift in the @-Thr resonance(s) and similar 
changes in the GalNAc C1 resonances. These changes are consistent 
with the proton NMR studies of native and asialo mucin that reveal 
changes in the chemical shift of the Thr methyl group upon NeuNAc 
removal. These shifts are attributed to small torsional changes in the 
GalNAc glycosidic linkage, especially about the C@, bond (Gerken, 
1986). 
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deglycosylation the glycosylated Ser and Thr @-carbons un- 
dergo a ca. 8 ppm upfield shift while the a-carbons undergo 
ca. 2 ppm downfield shift (as indicated in the figure). These 
shifts are similar in magnitude to those reported previously 
for the 0-glycosylation of Ser and Thr residues in glycoproteins 
and glycopeptides (Prohaska et al., 1981). The origins of the 
very broad resonances of the glycosylated Thr and Ser carbons 
in native and asialo mucin and the subsequent narrowing 
observed in these resonances upon carbohydrate removal will 
be discussed in greater detail below. The remaining peptide 
core carbons appear to be relatively unaffected by de- 
glycosylation except that several resonances become slightly 
sharper in apo mucin, i.e., the Gly a-carbon and the peptide 
methyl resonances (17-20 ppm). These findings are consistent 
with the flexible “random coil” structure proposed for these 
molecules and confirm that the trifluoromethanesulfonic acid 
treatment has not chemically altered the peptide core. 

ThrlSer @-Carbon Resonances. A very striking difference 
is observed in the apparent line widths of the @-carbon reso- 
nances of the Thr and Ser residues between the glycosylated 
and nonglycosylated derivatives. The @-Thr carbons in both 
asialo and native (Figure 1) OSM appear as broad peaks 
containing at least three separate resonances (77.49, 46.92, 
and 76.29 ppm in asialo mucin). Deglycosylation coalesces 
the @-Thr carbon resonances to a single featureless resonance 
(68.42 ppm). The same effect is observed for the @-Ser res- 
onances. Similar findings were reported for the effects of 
0-glycosylation on the 13C NMR spectra of glycophorin model 
glycopeptides (Dill et al., 1986). Earlier studies on OSM have 
attributed the multiplicity of the glycosylated Ser/Thr @- 
carbon resonances to local peptide sequence effects (Gerken 
& Dearborn, 1984). These conclusions are supported by the 
carbon-13 NMR studies (Berman et al., 1980) of the anti- 
freeze glycoprotein, where a single sharp resonance appears 
for the 0-glycosylated Thr @-carbon, and by the known se- 
quence heterogeneity of OSM (Hill et al., 1977). As discussed 
below, we propose that the chemical shift heterogeneity of the 
glycosylated @-Ser and Thr carbons is due to the presence of 
sequence-specific conformations in the peptide core and ori- 
ginates from the conformation dependence of the carbon- 13 
NMR y-substituent effect. 

The origins of the chemical shift sensitivity of the glyco- 
sylated @-ThrlSer carbons to sequence can readily be un- 
derstood in terms of the 13C three-bond y-substituent effect 
(Tonelli, 1980). The y-substituent effect, attributed to steric 
1-4 interactions, is observed only when 1-4 substituents are 
in the sterically most hindered gauche (and cis) configurations 
typically producing (upfield) shifts of -2 to -6 ppm depending 
on the substituent (Horsley et al., 1970). Because of this, the 
chemical shifts of peptide @-carbons are sensitive monitors of 
peptide conformation (Tonelli, 1980; Siemion, 1985), especially 
since the y-substituents of the peptide @-carbon are inde- 
pendent of peptide sequence (except for Pro as the i + 1 
residue) (Tonelli, 1 980).4 

Potential 1-4 gauche interactions that could give rise to 
y-effects at the glycosylated @-ThrlSer carbons in native and 
asialo OSM can be visualized in Figure 2. Interacting y- 
substituents are the C’i-l, the Oli, and the Ni+l of the peptide 
core (Tonelli, 1980) and C2 and 0 5  of the a-GalNAc residue. 
The existence of a range of chemical shifts for the @-carbons 
of glycosylated Thr and Ser residues indicates that differences 
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‘ The longer range, 4- and 5-bond, 6- and c-chemical shift substituent 
effects, which for peptide &carbons depend on peptide sequence, are 
significantly smaller than the y-effect and are less useful for the study 
of polypeptide conformation (Tonelli, 1980; Horsley et al., 1970). 

FIGURE 2: Schematic structure of a Ser/Thr glycopeptide unit. Atoms 
capable of producing y-chemical shift substituent effects are in bold 
type. Dihedral angles on which the y-substituent effect depends are 
also indicated. 

exist in some or all of the dihedral angles described by these 
interactions, and 4g (see Figure 2), as a function of 
peptide sequence. Previous studies on OSM and other 0- 
linked glycoproteins and model building suggest that r$g is 
constrained to a relatively narrow range of allowed values 
(Gerken, 1986; Pavia & Ferrari, 1983; Bush & Feeney, 1986; 
Rao & Bush, 1987). If it is assumed that variations in peptide 
sequence do not lead to changes in &, then differences in the 
peptide 4 and rC, dihedral angles must be invoked to explain 
the data.5 This implies that some sequences must have 
conformations that involve a larger number of 1-4 gauche 
interactions than others, and this must depend on the nature 
of the neighboring amino acid residues. The lack of chemical 
shift heterogeneity in the 0-SerlThr resonances in apo mucin 
suggests that conformational changes which generally relieve 
the 1-4 steric interactions in 4 and t+b must have occurred, 
resulting in the formation of a relatively relaxed random coil 
structure [see Shogren et al. (1989)]. Thus, from this inter- 
pretation, it appears that the carbohydrate residues, GalNAc 
in particular, interact with the peptide core in such a way that 
steric interactions involving neighboring peptide residues are 
induced.6 

Alternate mechanisms are also possible for explaining the 
chemical shift heterogeneity of the glycosylated @-carbons. For 
example, long-range chemical shift effects due to peptide and 
carbohydrate amide carbonyl magnetic anisotropies and 6 and 
t chemical shift substituent effects are likely to be contributors 
to the observed chemical shifts. Nonetheless, these latter 
substituent effects, as with the y-effect, are thought to arise 
from steric interactions, so that the arguments for confor- 
mational changes remain valid. Similarly, the chemical shift 
effects of the peptide carbonyl anisotropy also depend on 
peptide conformation (Siemion, 1985). Thus, the overall 
patterns of the Thr and Ser @-carbon resonances, regardless 
of mechanism, clearly show that the conformations of the 
glycosylated residues vary in a sequence-dependent manner. 

From the above it appears that the origins of the confor- 
mational changes resulting from glycosylation may be steric 

The light-scattering results of the previous paper (Shogren et al., 
1989) offer further evidence that the peptide core 4 and J, dihedral angles 
are altered upon 0-glycosylation. Futhermore, earlier studies indicate 
that the Thr-0-GalNAc glycosidic linkage is rather constrained with 
values for bg, the most sterically hindered dihedral angle, of approxi- 
mately 80’ (Pavia & Ferrari, 1983; Bush & Feeney, 1986; Gerken, 1986; 
Rao & Bush, 1987). Such values for bg, in addition to being sterically 
favored on the basis of model building, are also consistent with the 
exoanomeric effect (Lemieux et al., 1979). 

Further evidence for the presence of steric interactions influencing 
the conformation of Thr 0-linked glycopeptides is suggested by the 
synthetic dipeptide studies of Maeji et al. (1986) and by the conforma- 
tional analysis of the antifreeze glycoprotein (Bush & Feeney, 1986; Rao 
& Bush, 1987). 
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FIGURE 3: 67.9-MHz I3C NMR NT,  values for the resolved a-carbons in native and sequentially deglycosylated OSM and PSM as a function 
of temperature. (A) Gly a-carbon NTI values for apo OSM (A), trypsin-treated asialo OSM (0), asialo OSM (O), trypsin-treated OSM 
(o), OSM (m), and PSM (+). (B) Ser a-carbon NTI  values for the mucins described in (A) plus Ala a-carbon NTI  values for apo OSM 
(X)  and antifreeze glycoprotein (A). (C) Thr a-carbon NTI  values for the mucins described in (A) and for the antifreeze glycoprotein (A). 
Data for PSM at 30 OC from Gerken and Jentoft (1987) and for the antifreeze glycoprotein from Berman et al. (1980). Data points for PSM 
are the average of six to eight determinations, points at 28 "C for native and modified OSM are averages of two to three determinations, and 
all other points represent single determinations. 

in nature. However, we must also consider the extent to which 
hydrogen-bond interactions between the carbohydrate and 
peptide residues may contribute to the observed changes, es- 
pecially in light of the recent proton NMR studies of Maeji 
and co-workers (Maeji et al., 1987). These workers report 
the formation of two types of amide-based hydrogen bonds 
between the peptide and carbohydrate residues in several small 
0-acetylated a-GalNAc-0-Thr glycopeptides in dimethyl 
sulfoxide. Similar studies in aqueous solvents have not been 
reported, so it is uncertain if such interactions occur in aqueous 
solution. A possible role of H-bonds in aqueous solvents has 
been suggested in relation to the carbohydrate structure of the 
N-terminus of glycophorin (Dill et al., 1986; Prohaska et al., 
1981). However, due to the expanded structure of mucins such 
H-bond interactions, most likely, will be very short-lived in 
aqueous solution because of competition with solvent [see 
Homans et al. (1 986)] and, therefore, are probably of minor 
significance in mucin-type glycoproteins. For example, in the 
antifreeze glycoprotein, which has a similar expanded con- 
formation, no evidence is found for amide carbohydrate- 
protein hydrogen-bond interactions (Bush & Feeney, 1986; 
Rao & Bush, 1987). Likewise, hydrogen bonds involving the 
peptide core amide protons were not detected in native or 
modified OSM (Gerken, 1986). The findings that mucin chain 
dimensions (Shogren et al., 1986, 1989) and carbon-13 NMR 
spectra are not altered in 6 M guanidine hydrochloride 
(Gerken & Dearborn, 1984) further support the limited im- 
portance of hydrogen-bond-type interactions and emphasize 
the importance of steric interactions. Thus, sequence-specific 
steric interactions with neighboring amino acid residues appear 
to be the source of the peptide conformational changes ob- 
served in the glycosylated mucin. 

Carbon-13 Relaxation Studies. To examine the effects of 
carbohydrate on the dynamics of the mucin peptide core, the 
carbon- 13 relaxation time (TI) and the nuclear Overhauser 
enhancement (NOE) were obtained for each modified mucin. 
These measurements were focused on the protonated carbons, 
whose common 13C-'H dipolar relaxation mechanism permits 
a semiqualitative analysis of each carbon's relative mobility 
on the basis of NTI  (where N is the number of attached 
protons) and NOE. Since the focus of the current studies is 

directed toward understanding the effects of glycosylation on 
the properties of the mucin peptide core, the analysis is limited 
to the relaxation parameters of the well-resolved, relatively 
high intensity a-carbons of Gly, Ser, Thr, and Ala. 

As described under Materials and Methods, the apo mucin 
is of significantly lower molecular weight than the native and 
asialo mucin derivatives. To ensure that the relaxation pa- 
rameters obtained are not due to changes in molecular weight, 
low molecular weight derivatives of native and asialo OSM 
were also studied for comparison to apo mucin. To best 
evaluate the effects of mucin modification and low molecular 
weight on the motions of the peptide core, TI determinations 
were originally performed as a function of temperature be- 
tween 28 and 48 OC. The temperature dependence of the 67.9 
MHz NTl values for native and modified OSM are shown in 
Figure 3. NTl  values averaged from several different prep- 
arations of PSM, possessing average side-chain lengths varying 
between 2.5 and 3.3 residues, are also shown in the figure. For 
further comparison, NT,  data for the Ala and Thr a-carbons 
in the antifreeze glycoprotein (Berman et al., 1980), M, 
22 000-1 1 000, are also shown. 

It is apparent from Figure 3 that the a-carbons of Gly, Ser, 
and Thr in apo mucin have NT, values significantly larger than 
the same carbons in the glycosylated mucins. The non- 
glycosylated a-Ser and Thr carbons also exhibit a stronger 
temperature dependence. Unfortunately, the Ala a-carbon 
resonance is completely masked by the GalNAc C2 resonance 
in native and asialo OSM and PSM. However, since the 
glycosylated Thr a-carbon in the antifreeze glycoprotein has 
an NT, value very similar to that observed in native and asialo 
OSM and even PSM (Figure 3), we can assume that the NTl 
values of the Ala a-carbons in native and asialo OSM will be 
similar to those in AFGP. [This should be a valid approxi- 
mation since roughly both OSM (on average) and the anti- 
freeze glycoprotein have a Ser or Thr residue as every third 
residue.] On this basis, the relaxation time of the Ala a-carbon 
in apo OSM may also differ from its value in the glycosylated 
mucins. Since the T1 values for the high molecular weight 
mucins are not significantly different from the values for both 
the low molecular weight trypsin-treated mucins and the an- 
tifreeze glycoprotein, it is clear that the elevated NT,  values 
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Table I: a-Carbon I3C NMR Relaxation Parameters for Native and Modified OSM and Analysis by log x2 Distribution of Correlation Times 
Model (30 "C) 

spectrometer frequencyoSb 
100.6 

45.3 MHze 67.9 MHzC MHz log X 2 d  

N T I  (ms) NOE NTi (ms) NOE N T I  (ms) 'i (ns) P 
a-Gly, native 160 (181) 1.9 (2.1) 235 (238) 1.8 (2.1) 326 (317) 0.26 13 

asialo 176 (176) 2.1 (2.1) 232 (232) 1.9 (2.0) 310 (309) 0.29 13 
aPo 207 (207) 2.2 (2.3) 262 (261) 1.8 (2.2) 332 (334) 0.18 17 

a-Ser, native 112 (112) 1.7 (1.8) 167 (162) 1.7 (1.7) 257 (240) 1.46 17 
asialo 119 (119) 1.9 (1.9) 169 (169) 1.8 (1.8) 240 (244) 1.12 15 
aPo 177 (177) 2.2 (2.2) 231 (231) 2.0 (2.1) 304 (305) 0.27 14 

a-Thr, native 103 (102) 1.7 (1.7) 157 (155) 1.6 (1.6) 255 (240) 2.35 21 
asialo 113 (114) 1.9 (1.8) 167 (164) 1.8 (1.7) 225 (240) 1.33 16 
aPo 173 (163) 2.2 (2.1) 207 (215) 2.1 (2.0) 278 (286) 0.33 15 

a-Ala, apo 173 (172) 2.3 (2.1) 222 (225) 2.0 (2.1) 300 (299) 0.29 15 
NT1 and NOE values in parentheses are calculated by using the z and p values for the log x2 distribution model of Schaefer (1973). *Estimated 

errors in experimental N T I  values range between 5 and 1 5  ms depending on relative peak heights and signal to noise ratio. Estimated errors in NOE 
values are 0.1-0.2. C N T l  values extrapolated to 30 OC as described under Materials and Methods. dEstimated variability in z is i 1 0 %  and f 3  for 
P. 

observed for the apo mucin indeed reflect changes in peptide 
core dynamics and are not simply due to the apo mucin's lower 
molecular weight. 

Carbon-1 3 relaxation time studies have been previously 
reported for OSM and PSM at 28 O C  (Gerken & Dearborn, 
1984; Gerken & Jentoft, 1987). The results of these studies 
suggest that the mucin peptide core dynamics is characterized 
by correlation times (7J somewhat shorter than the correlation 
time at the T ,  minimum (7, < 1.6 ns at 67.9 MHz) in the plot 
of log correlation time vs log N T I ,  based on the model of a 
protonated I3C nucleus undergoing isotropic motion with a 
single correlation time (Doddrell et al., 1972). In this region, 
the NTI values for this model are proportional to mobility; Le., 
as motion increases (or 7C decreases) the NTl values increase. 
Interpreted in this manner, the results in Figure 3 indicate that 
the deglycosylated apo mucin peptide core is significantly more 
mobile than the peptide core in native or asialo mucin. Even 
the nonglycosylated Gly (and by inference Ala) residues show 
an increase in mobility upon deglycosylation. 

From Figure 3 it is clear that each residue's dynamics is 
unique, with Gly having the greatest mobility and glycosylated 
Thr the least. In apo mucin the relative a-carbon mobility 
parallels amino acid side chain size; even the one carbon side 
chain Ser and Ala residues have nearly identical relaxation 
behavior. The positive temperature dependencies of Gly, Ala, 
and the nonglycosylated Ser and Thr a-carbons in apo mucin 
further indicate that their NT1 values are roughly proportional 
to motion (Le., ~ 0 ~ 7 ~  < 1). The lack of a significant temper- 
ature dependence for the glycosylated Ser and Thr a-carbons 
in native and asialo mucin, however, suggests that their motions 
may be associated with a high activation energy (barrier to 
motion) or that their motions are near the Tl minimum ( ~ 0 ~ 7 ~  

= l ) ,  where actual changes in mobility produce only small 
changes in NT1 or even display a negative temperature de- 
pendence. Regardless, the temperature dependence of the 
glycosylated Thr a-carbon suggests that the Thr a-carbon may 
be more mobile in asialo mucin than in native mucin. 

The effects of increasing carbohydrate side chain size on 
the dynamics of the mucin peptide core have been studied for 
PSM and OSM (Gerken & Jentoft, 1987; Gerken & Dear- 
born, 1984). The carbohydrate side chains in PSM range from 
a single a-GalNAc residue to the sialylated A blood group 
pentasaccharide (a-GalNAc( 1-3) [a-Fuc( 1-2)]-P-Gal( 1- 
3) [a-NeuNG1(2-6)]-a-GalNAc-O-Ser/Thr) with average 
side-chain lengths ranging from 2.5 to 3.3 residues in different 

preparations. On the basis of single-temperature relaxation 
determinations, no correlation between oligosaccharide chain 
length and peptide core dynamics was observed. The tem- 
perature-dependent relaxation data for PSM reported here 
(Figure 3) concur with these findings; increased side-chain size 
has no significant effect on the dynamics of the glycosylated 
Ser/Thr a-carbons compared to native OSM. However, the 
temperature dependence of Gly indicates that this residue may 
undergo somewhat more restricted motion in PSM compared 
to OSM. Thus, the longer and branched side chains of PSM 
may interact to a greater extent with the peptide residues 
neighboring the sites of glycosylation. Molecular models of 
the PSM carbohydrate side chains [see Gerken and Jentoft 
(1987)l show the 2-6-linked sialic acid and the 1-3-linked 
P-Gal residues to extend from the peptide-linked GalNAc in 
opposite directions and demonstrate that both are capable of 
interacting with the peptide core. As discussed in the previous 
paper (Shogren et al., 1989), the linkage GalNAc and sub- 
stitutents on C3 and C6 together produce the maximum 
chain-expanding effects. Recent NMR studies on the 0-linked 
glycopeptides from fetuin further support the possibility of 
long-range carbohydrate-peptide interactions (Berman, 1987). 
Thus, on the basis of the carbon-13 relaxation studies on 
modified OSM and PSM, the peptide-linked GalNAc residue 
is the chief carbohydrate residue responsible for reducing the 
mobility of the mucin core protein, while the further addition 
of carbohydrate residues to GalNAc provide increasingly 
smaller changes in the peptide core dynamics. These findings 
are consistent with the light-scattering studies of Shogren and 
co-workers (Shogren et al., 1986, 1987, 1989). 

To more completely evaluate mucin peptide core dynamics, 
relaxation time data were obtained for native, asialo, and apo 
OSM at the additional NMR frequencies of 45.3 and 100.9 
MHz. The TI minimums at these frequencies are shifted to 
longer and shorter correlation times, respectively, compared 
to those at 67.9 MHz. The multifrequency NTl data obtained 
for native, asialo, and apo OSM (corrected to 30 O C  as de- 
scribed under Materials and Methods) are listed in Table I. 
NOE data obtained at 45.3 and 67.9 MHz are also listed. 

Since, not surprisingly, the multifrequency data for each 
carbon do not satisfactorily fit the simple model for isotropic 
motion with a single average correlation time, the data were 
analyzed by using the two-parameter log x2 distribution of 
correlation times model of Schaefer (1973). This model has 
been applied to the study of the internal motions of large 
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random coiled polypeptides and polymers for which detailed 
structural information is lacking or difficult to model. The 
values obtained for the mean correlation time, t, and distri- 
bution width parameter, p ,  and the best-fit N T I  and NOE 
values calculated with the log x2 model are also shown in Table 
I. In this model, t is the mean correlation time of a log x2 
distribution of correlation times and p corresponds to the width 
of the distribution. The log x2 distribution is asymmetric, with 
an emphasis on the longer correlation times (lower frequency 
motions) likely to be present in large random coiled macro- 
molecules as compared to a normal distribution. Small values 
of p correspond to broader distributions of motions that have 
a higher proportion of lower frequency long-range 
“cooperative” motions (Schaefer, 1973; Torchia et al., 1981). 
As p increases in value, the distribution of correlation times 
becomes narrower. For very large p the resulting distributions 
become sufficiently narrow that the calculated results become 
indistinguishable from those based on a single correlation time 
model. In general, the plot of N T I  vs 7c for the log x2 model 
is similar to the single average isotropic correlation time model 
(Doddrell et al., 1972) except the curves are somewhat more 
shallow and broader depending on the value of p .  

The ‘i values obtained, listed in Table I, for the log x2 model 
confirm our original interpretation of the single-frequency T1 
data; glycosylation indeed reduces the dynamics of the peptide 
a-carbons. The dynamics of the Ser and Thr a-carbons are 
increased nearly an order of magnitude upon complete removal 
of sugar as shown by values of t of approximately 1.5-2.4 and 
0.27-0.33 ns for native and apo mucin, respectively. Likewise 
the dynamics of the Gly residue increases by approximately 
a factor of 1.5 upon complete deglycosylation, from 0.3 to 0.2 
ns. Small differences in P are also observed between native 
and asialo mucins where the a-carbons of Ser and Thr show 
a small to moderate decrease in t upon removal of sialic acid. 
The Gly a-carbon, however, appears to be unaffected by the 
removal of sialic acid. Recall that at 30 OC the 67.9-MHz 
N T ,  data do not reveal significant differences in the a-Thr 
carbon NTI  between native and asialo OSM, while differences 
are observed at elevated temperatures. Thus, both the tem- 
perature-dependence studies at fixed frequency and the 
multifrequency data obtained at fixed temperature reveal true 
differences in peptide core dynamics between native and asialo 
mucin. These findings are in agreement with the different 
values of the persistence length, q, and characteristic ratio, 
C,, which are measures of chain stiffness, obtained for native 
and asialo mucin [Table I1 of the preceding paper (Shogren 
et al., 1989)l. On the basis of the fit to this model, the rel- 
atively flat temperature dependence of N T I  observed for the 
glycosylated Ser and Thr a-carbons (Figure 2) can be at- 
tributed to 7 values near the minimum N T I  value and not 
necessarily because of a high energy barrier to rotation. 

Interpretations of the calculated p values are less 
straightforward particularly because no systematic differences 
(within experimental error) are observed in the value of p with 
regard to residue type or glycosylation state (see Table I). It 
is tempting to speculate that the similar p values obtained for 
all residues regardless of side-chain size suggest that the 
peptide residues may be undergoing common types of motions 
(or have similar motional restrictions) although at different 
7. This would suggest that the types of allowed motions de- 
tected for the a-carbon in mucins are not significantly de- 
pendent on side-chain size, glycosylation state, or conformation. 
A more likely situation, however, is that the p values are 
relatively insensitive and incapable of detecting the differences 
in the distribution width brought on by the conformational 
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changes resulting from glycosylation. The relatively small 
change in p values reported between the random coil, p = 14, 
and nearly a-helical, p = 16, form of poly(L-aspartic acid) 
(Pivcova & Saudek, 1985) suggests that the p values are not 
highly sensitive to peptide core conformation. 

It is of interest to compare the log x2 distribution, t, and 
p values reported for other random coiled polypeptides and 
proteins to those obtained for OSM and its derivatives. In 
general, p values in the range 12-1 4 and t values in the range 
0.2-0.4 ns are found for most systems (Pivcova & Saudek, 
1985; Torchia et al., 1981; Asakura & Muakami, 1985), in 
good agreement with the values obtained for apo OSM. 
Pivcova and Saudek (1985) have further obtained data for 
poly(L-aspartic acid) at the onset of a-helix formation, pH 4, 
and report p and ‘i values of 16 and 1.0 ns for the Asp a- 
carbon, values not dissimilar to those of the glycosylated a-Ser 
and Thr carbons in the mucins. This comparison provides 
additional support that the intact mucin peptide core is sig- 
nificantly more restricted and expanded compared to the apo 
mucin and that the apo mucin has characteristics typical of 
random coiled polypeptides. Thus, the 13C NMR chemical 
shift and relaxation data are consistent by indicating that the 
glycosylated mucin peptide core is considerably more extended 
and less flexible (i.e., more sterically constrained) than the 
deglycosylated mucin peptide core and that interactions of the 
GalNAc residue with the peptide core are the major source 
of the expanded mucin conformation. 

CONCLUSIONS 
On the basis of light-scattering studies in the preceding 

paper (Shogren et al., 1989) we concluded that mucin gly- 
cosylation causes a global conformational change in the peptide 
core that significantly extends chain dimensions and increases 
chain stiffness. The GalNAc residue causes a -2-fold increase 
in chain dimensions compared to apo mucin, while the addition 
of NeuNAc to the GalNAc residue produces an additional - 1.5-fold increase in chain dimensions. Longer carbohydrate 
side chains, however, produce no significant additional effects 
(Shogren et al., 1986, 1987). To confirm and further un- 
derstand the molecular basis of these findings, we have studied 
the same series of native and sequentially deglycosylated 
mucins by carbon- 13 NMR spectroscopy. 

The results of the carbon-13 NMR studies on native and 
sequentially deglycosylated OSM closely parallel the findings 
of the light-scattering studies and offer additional experimental 
evidence that glycosylation causes both direct and indirect 
alterations in peptide core conformation and mobility. The 
I3C NMR chemical shift data clearly show that glycosylation 
causes significant conformational changes at the Ser and Thr 
residues and that steric interactions of the GalNAc residue 
with neighboring amino acid residues are most likely respon- 
sible for these changes. In addition, glycosylation decreases 
the peptide core mobility not only at glycosylated residues but 
also at residues remote from the site of glycosylation. On the 
basis of the available data, the length of the carbohydrate side 
chains, beyond the first few residues, does not appear to be 
a major factor in altering the mobility of the mucin peptide 
core. However, the somewhat reduced dynamics of the PSM 
Gly residue suggest that side-chain size may perturb the 
mobility of neighboring peptide residues to a limited extent. 
The NMR and light-scattering results together demonstrate 
that 0-glycosylation of the mucin core protein results in a 
highly expanded, although internally flexible, mucin molecule. 
These features along with the mucin’s large size account for 
many of the physical characteristics of these molecules in 
solution. 
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The steric origins of the expanded mucin structure suggest 
that such expanded peptide conformations should be found 
at multiple Ser/Thr 0-glycosidic linkage sites in other gly- 
coproteins. This is indeed found to be the case for the anti- 
freeze glycoprotein (Bush & Feeney, 1986; Rao & Bush, 1987) 
and the cell surface glycoproteins, epiglycanin (Slayter & 
Codington, 1973; Van den Eijnden et al., 1979). In contrast, 
the more common Asn N-linked glycosidic linkages appear 
to have less direct effect on the local peptide core conformation 
[Berman et al., 1981; see Montreuil (1984)l. These differences 
in behavior may reflect possible different biochemical roles 
for the 0- and N-linked oligosaccharide side chains, where 
the 0-linked side chains may chiefly modify peptide confor- 
mation and structure (and provide protection from proteolysis) 
while the N-linked oligosaccharides may serve as markers, for 
example, in protein trafficking and recognition (Olden et al., 
1985; Kornfeld, 1987). 
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