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A 500-MHz Proton-Magnetic-Resonance Study of Several Fragments
of the Carbohydrate-Protein Linkage Region Commonly Occurring in Proteoglycans
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The proton-magnetic-resonance spectra of three partial structures of the carbohydrate-protein linkage region
that frequently occurs in proteoglycans, namely, f-D-Galp-(1- 3)-3-D-Galp-(1— 4)--D-Xylp-(1— O)-L-Ser, were
recorded in 2H,O at 500 MHz; they could be completely interpreted, both for the glyco-serines and for the corres-
ponding glyco-xylitols. The chemical shifts and the coupling constants were refined by computer simulation of

the spectra.

The change in the chemical shift of H-4 of a D-galactopyranosyl residue upon substitution at C-3 by a -D-
galactopyranosyl group is proposed to be characteristic for this particular attachment, making H-4 of galactose a
structural-reporter group. The three constituting monosaccharides adopt the #C; (D) ring conformation. The
terminal galactopyranosyl group and the internal galactopyranosyl residue differ as to the population of rotamers
around the C-5/C-6 axis. Concomitantly, the flexibility of their glycosidic linkages is distinct.

In recent years, high-resolution proton-magnetic-reson-
ance (!H-NMR) spectroscopy has proved to be a powerful
tool for the elucidation of the structure of carbohydrate
chains of a wide variety of glycoproteins [1 —3]. The carbo-
hydrate-protein linkage region of glycoproteins of the N-
glycosidic type is now well established [4]. Many glycopro-
teins, however, contain O-glycosidically linked carbohydrate
chains attached to hydroxyl groups in the side chain of
amino acids like L-serine, L-threonine, 5-L-hydroxylysine and
4-L-hydroxyproline; some glycoproteins contain both types
of glycosidically linked sugar moieties [4]. Also in proteo-
glycans the carbohydrate part is O-glycosidically linked,
namely, to L-serine. In these polymers, repeating disaccharide
units are linked to the protein chains via a glycopeptide
linkage; the linkage region usually contains monosaccharides
different from those of the main polysaccharide chain. The
structure of the linkage region in, for example, chondroitin
sulfate, dermatan sulfate and heparin is that of [5]:

—3)-B-p-Galp-(1 - 3)-B-D-Galp-(1 > 4)-B-p-Xylp-(1—O)-L-Ser.
3 2 1

It is therefore relevant to characterize the linkage region of
O-glycosidic glycoproteins and of proteoglycans. In this
paper, the 'H-NMR parameters of a series of building blocks
of the aforementioned proteoglycan linkage region are de-
scribed.

A glycopeptide linkage involving serine is alkali-labile. In
the presence of sodium hydroxide and sodium borohydride,
the glycoprotein or proteoglycan undergoes a f-elimination
with release of an oligosaccharide-alditol [6]. Since the

Abbreviations. Gal, galactose; Xyl, xylose; Xyl-ol, xylitol; GlcNAc,
N-acetylglucosamine; GalNAc, N-acetylgalactosamine; GalNAc-ol, N-
acetylgalactosaminitol; p, pyranose; Ser, serine; NMR, nuclear magnetic
resonance.

isolation of glycopeptide fragments containing carbohydrate
chains O-glycosidically linked to only a short peptide chain
is rather cumbersome, it was considered worthwhile to in-
clude the corresponding oligosaccharide-xylitols in the 'H-
NMR studies.

A preliminary account of the results reported here, has
previously been presented [7].

MATERIALS AND METHODS

B-D-Xylp-(1-0)-L-Ser (compound I), f-D-Galp-(1—4)-§-
D-Xylp-(1-0)-L-Ser (compound II) and S-p-Galp-(1—-3)-f-
D-Galp-(1—-4)-8-D-Xylp-(1-0)-L-Ser (compound III) were
available from previous studies [8 —10].

Xyl-ol (compound IV), B-D-Galp-(1—4)-pD-Xyl-ol (com-
pound V) and f-D-Galp-(1- 3)-p-D-Galp-(1 —4)-D-Xyl-ol
(compound VI) were prepared by reduction of D-xylose and
of the oligosaccharides corresponding to V and VI, syn-
thesized -earlier [11], respectively, with NaBH, or NaB’H,
(Baker).

Solutions of glyco-serines and glyco-xylitols for NMR
studies in 2H,O were adjusted to p?H =x 7. Deuterium-
exchanged samples were obtained by fivefold lyophilization
of the solutions, finally using 99.96 atom %, *H,O (Aldrich).

500-MHz 'H-NMR spectra were recorded using a Bruker
WM-500 instrument (Rheinstetten, FRG) operating in the
pulsed Fourier-transform mode at a probe temperature of
300 K. Resolution enhancement of the spectra was achieved
by Lorentzian to Gaussian transformation from quadrature
phase detection, followed by a complex Fourier transforma-
tion [3]. Chemical shifts are expressed in ppm downfield
from internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate
(DSS), but were measured by reference to internal acetone
(6 = 2.225 ppm), with an accuracy of 0.002 ppm.
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Computer simulations of the spectra were run on a CDC-
Cyber-175 computer (Academic Computer Center Utrecht,
The Netherlands), using the spin-simulation programme
NMRSIM (Dr P. H. M. Budzelaar, personal communica-
tion). The first-order spectral parameters were checked and
refined by iterative calculation of the theoretical spectra until
a good agreement was obtained between observed and cal-
culated spectra. The accuracy of the vicinal and geminal
coupling-constant values is about 0.2 Hz.

RESULTS AND DISCUSSION

500-MHz *H-NMR spectra were recorded for three glyco-
serines, namely, S-D-Xylp-(1—0)-L-Ser (compound I), f-D-
Galp-(1—-4)-B-D-Xylp-(1—>0)-L-Ser (compound II), and f-D-
Galp-(1-3)-8-D-Galp-(1-4)-p-D-Xylp-(1—-0)-L-Ser  (com-
pound III). The observed spectrum of compound III is given
in Fig.1A as a typical example. Signal assignments and
splitting patterns are indicated in the figure. For comparison,
the computer-calculated spectrum of III has been included
(Fig.1B). The refined 'H-NMR data of compounds I—1III
are summarized in Tables 1 and 2.

The Ji, coupling-constant values of the Xyl and Gal
residues in compounds I—III are found between 7—8 Hz,
indicating f-D-configuration of the glycosidic linkages.

The attachment of a f-D-Xylp group to L-Ser produces
changes in the chemical shifts for the Ser protons (for un-
substituted L-Ser: §H-o = 3.838 ppm and 6H-f = §H-f
= 3959 ppm at pH~ 7 and T=295K, compare [12]).
Furthermore, the methylene protons (H-f and H-f") become
non-equivalent (see Table 1). Assignments of the Xyl protons
for compound I were proved by selective homonuclear de-
coupling experiments. To derive the influence of Ser, data can
be compared with those reported for methyl f-p-xylopyrano-
side in 2H,0 [13].

Upon substitution of the D-Xylp residue in compound I
at C-4 with a B-D-Galp group (leading to compound II),
small changes in chemical shifts of the Xyl protons were
observed. The largest shift increments appeared for H-4 and
H-5.4 The signal for H-5,., is found at significantly more
downfield position than those for H-2 to H-5,,. The appear-
ance of the H-5., signal apart from the bulk of skeleton
protons will probably persist in larger fragments of this series
of compounds. The chemical shift for H-1 of the terminal,
non-reducing Galp group in compound 1II (6 = 4.471 ppm) is
similar to that observed for the corresponding Galp group in
the N-acetyllactosamine type of structures [2,3,14,15] and
thus might be held characteristic of terminal f-D-Galp
groups linked to C-4 of a pyranoside. The H-4 atom of the
terminal §-pD-Galp group in compound II resonates, apart
from the bulk, at § ~ 3.92 ppm (compare [2,16,17]).

Upon extending compound II with a f-D-Galp group,
resulting in compound III, the chemical shifts of the Xyl and
Ser protons are hardly or not affected. However, most protons
of the internal B-pD-Galp residue (denoted Gal-2) undergo
considerable downfield shifts. This effect is significantly
larger for H-4 than for H-3, although it is the latter proton
which is attached to the carbon atom being substituted by the
Gal-3 group. A steric effect resulting from the gauche orienta-
tion of H-4 and the substituent at C-3 with respect to each
other might be responsible for this. The relatively low-field
resonance position of H-4 of Gal-2 singles out H-4 of this
residue as a new structural-reporter group [2,3]. Besides the
observed alteration in the chemical shift of H-4, its J4 5 value

is slightly influenced by attachment of the Gal-3 group to
C-3 (see Table 2). The small difference in J45 between Gal-2
and Gal-3 in compound I11, in combination with the difference
in line width of Gal-3 signals as compared to those of Gal-2
(see later) permits the unambiguous assignments of H-3,
H-6a and H-6b of these residues.

The chemical shift of H-1 of Gal-3 in compound III
differs significantly from that for Gal-2 in compound II. Such
a downfield position (6 = 4.615 ppm), has not been observed
before in related substances for the anomeric proton of a
terminal Galp group f-linked to C-3 of another sugar residue,
for example, 6 H-1 for the Gal residues in the f-anomers of
the disaccharides f-D-Galp-(1—3)-D-GalNAc and f-D-Galp-
(1-3)-D-GlcNAc is 4.44 and 4.42 ppm, respectively [16]; in
B-D-Galp-(1-3)-D-GalNAc-ol, it is 4.47 ppm [17]. Most of
the vicinal and geminal coupling constants for both Gal
residues in compound III are in reasonable accordance with
those described for f-D-galactopyranosyl units [18 —20].

Finally, the observed increases in line width of the H-1
doublets in going from Gal-3 via Gal-2 to Xyl-1 in the spec-
trum of compound III, and for the H-4 signal of Gal-2 as_
compared to that of Gal-3 (see Fig.1A), are arguments in
favour of the assignments given in Table 1 for these signals,
since this again reflects the relatively large mobility of terminal
residues (cf. [15]).

For reasons outlined above, 500-MHz *H-NMR spectra
were recorded for Xyl-ol (compound 1V), B-p-Galp-(1—4)-
D-Xyl-ol (compound V) and B-pD-Galp-(1—3)-8-p-Galp-(1—
4)-D-Xyl-ol (compound VI), as well as for their mono-
deuterated analogues, in 2H,O at 300 K. The 500-MHz
'H-NMR spectrum of compound VI is depicted in Fig.2,
and the detailed 'H-NMR parameters of the glyco-xylitols
are given in Tables 3 and 4. At 500 MHz, the spectrum of
Xyl-ol, a symmetric alditol, is nearly first-order, enabling
straightforward interpretation without use of complexing
agents of shift reagents (cf. [21,22]).

Attachment of a -D-Galp group to C-4 of Xyl-ol produces
a number of downfield shifts for the protons of the Xyl-ol
residue in compound V; H-2 and H-4, and also the originally
corresponding H-1 and H-5 atoms, become non-equivalent.
The addition of another B-D-Galp group (Gal-3) in f-(1-3)
linkage to make compound VI produces few additional
changes in the chemical shifts for the Xyl-ol protons. The'
effects upon the chemical shifts of the Gal-2 protons in going
from compound V to VI, are analogous to the corresponding
differences in going from compound II to III, although the
chemical shifts of several protons of Gal-2 in compound V
differ significantly from the corresponding ones in com-
pound II, despite the common S-(1—4) linkage. However,
this effect, resulting from having D-Xyl-ol as terminal residue
instead of the B-D-Xylp-(1—-0)-L-Ser moiety, is confined to the
chemical shifts of the protons of Gal-2; those of Gal-3 are
closely similar for compounds IIT and VI. The H-1 signal for
Gal-2 in compound V is found at lower field than that of
H-1 in Gal-2 in compound II (6 = 4.560 ppm as compared
to 4.471 ppm). The resonances of H-1 for Gal-2 and Gal-3
in VI coincide at 6 = 4.620 ppm. .

The spectrum of the mono-deuterated analogue of V,
ie. p-D-Galp-(1—4)-D-[1-°H]Xyl-ol, was found to be a
superposition of two subspectra. These arise from the two
alditols prepared by reduction of the corresponding disac-
charide with NaB%Hy, one having the deuterium atom instead
of H-1a, and the other instead of H-1b of the D-Xyl-ol residue,
as compared to V. They occur in the mixture in a ratio slightly
different from 1. The subspectra differ with respect to the
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Fig.1. (4) Resolution-enhanced 500-MHz * H-NMR spectrum of B-p-Galp-(1-3)-8-D-Galp(1—4)-B-D-X. ylp-(1-0 )-L-Ser (compound III) in *H,0
at 300 K. (B) Computer-simulated 500-MHz * H-NMR spectrum of compound IIT

position of the p-[1-*H;]Xyl-ol H-1 doublet (§ = 3.734 vs
3.739 ppm), and also to that of the D-[1-*H;]Xyl-ol H-2
doublet of doublets (6 = 3.881 vs 3.877 ppm); however, the
Ji,2 value is identical (4.25 Hz) for both isomers. The same
reasoning applies to the spectrum of the deuteride-reduced
analogue of VI. Comparison of the spectra of the mixtures

of the mono-deuterated disaccharide-alditols and trisac-
charide-alditols with those of V and VI, respectively, offered
the possibility of verifying the positions of the H-1a, H-1b,
and H-2 resonances of the p-Xyl-ol residue in the latter.
The conformation of the sugar rings can be deduced by
calculation of the dihedral angles (¢) between the protons in
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Table 1. ' H chemical shifts of constituent monosaccharides for three glyco-
serines forming part of a frequently occurring proteoglycan linkage region

Table 2. Vicinal and geminal coupling constants of constituent mono-
saccharides for three glyco-serines forming part of a frequently occurring
proteoglycan linkage region

Residue Proton Chemical shift in

p-0-Xylp-(150)- p-p-Galp-(1—>4)- f-p-Galp-(1-3)- Re-  Coupling Value of J in

L-Ser B-D-Xylp-(1-0)- B-D-Galp-(1—4)-  sidue constant
L-Ser B-0-Xylp-(1>0)- (Juscor f-DXylp-(1>0)- p->-Galp-(1-4)- f->-Galp-(1-3)-
L-Ser “Jgem)  L-Ser B-p-Xylp-(1-0)- B-p-Galp-(1-4)-
0 (D am L-Ser B-D-Xylp-(1-0)-
L-Ser
ppm O an (111)
Ser H-« 4253 4.254 4.260 Hz
H-p  3.985 3.989 3.995 ,
H-g°  4.021 4.032 4.038 Ser 3Ja,a 5.2 5.5 5.5
Jopr 10.7 1.2 11.2
Xyl-1  H-1  4.428 4.463 4.470 ey 25 -3.0 -34
H-2 3.321 3.376 3.381 Xy]-1 3J|_2 7.6 8.0 7.2
H-3 3.445 3.614 3.623 3‘[2’3 9 15 9.0 93
H-4 3.621 3.853 3.874 3‘[3'4 9, 3 9.0 8.9
H-5ax 3.314 3.407 3.416 Ja5ax 10.2 10.2 10.2
H-5eq 3.971 4.114 4.124 Ja5eq 5.3 5.6 5.3
Jsax,seq —11.6 —12.0 —11.8
Gal-2 H1 - 4471 4.534 s
H2 - 3.509 3.789 Gal-2 e o 79 o8
H3 - 3.646 3.821 J2a - ; 8 ~
H4 - 3918 4.194 e = 4 34
HS5 - 3.701 3.718 3?*'5 - g? g;
H-6a ~— 3.802 3.760 ;a6 - :
H6b — 3.747 3.678 f-ﬁb - 1? 2 1f§
6a,6b - - - .
Gal-3  H-1 - - 4.615 Gal-3 3J;, - - 7.8
H2 - - 3.606 3. - - 9.85
H3 — - 3.668 e - - 3.4
H4 - —~ 3.927 s - - 1.1
HS5 — - 3.690 3Js .60 - - 7.9
H-6a - — 3.776 Js‘ﬁb — — 4,25
H-6b — - 3.742 Joach  — - —11.7
-p-Galp-(1-3)-B-p-Galp-(1-+4)-B-p-Xyl -ol
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Fig.2. Resolution-enhanced 500-MHz ' H-NMR spectrum of B-p-Galp-(1->3)-p-p-Galp-(1—4)-D-Xyl-ol (compound V1) in *H,0 at 300 K



Table 3. 'H chemical shifts of constituent monosaccharides for three oligo-
saccharide-alditols related to the glycan moiety of a frequently occurring
proteoglycan linkage region
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Table 4. Vicinal and geminal coupling constants of constituent monosac-
charides for three oligosaccharide-alditols related to the glycan moiety of
a frequently occurring proteoglycan linkage region

Residue Proton Chemical shift in

Re- Coupling Value of J in
sidue constant

Xyl-ol p-D-Galp-(1-4)- B-D-Galp-(1-3)- (Jucor Xyl-ol B-D-Galp-(1-4)- -p-Galp-(1-3)-
D-Xyl-ol B-b-Galp-(1-4)- 2 em) D-Xyl-ol p-p-Galp-(1-4)-
D-Xyl-ol D-Xyl-ol
(Iv) 4% (VD) ) V) (VD)
ppm Hz
Xylol H-la 3.699 3.756 3.755 Xyl-ol 2Jia15 —11.7 ~11.8 —12.0
H-1b  3.624 3.672 3.668 Ve 43 43 4.1
H-2 3786 3.894 3.891 3ibs 68 7.2 7.2
H-3  3.624 3.785 3.789 AN 435 435 43
H-4  3.786 3.976 3.989 3sa 435 4.9 4.9
H-5a  3.699 3.853 3.854 Jesa 43 46 4.6
H-5b  3.624 3.790 3.793 Jesy 6.8 5.4 53
Jsase —11.7 —12.2 —-12.5
Gal-2 H1 — 4.560 4.620 s
n2 - 3.563 3778 Gal2 *ha - 7.8 7.8
H3 - 3.669 3.837 Bfﬁ - 10.0 9.8
H-4 - 3.927 4.200 e - 345 34
HS - 3.700 3.721 Jas - 1.0 0.8
H-6a — 3.798 3.775 Jse - 8.1 8.9
H-6b — 3.756 3.744 Tsep = 4.2 4.8
J6a,60 - —11.8 —11.6
Gal-3 Hi1 - - 4.620 Gal-3 3, - - 7.8
H2 - - 3.608 s o - - 9.8
H3 - - 3.669 aa o — —~ 3.4
Hda - —~ 3.926 es  — - 0.95
H-5 - - 3.694 Jser  — - 8.1
H-6a — - 3.799 Js 66 — - 4.0
H-6b — - 3.738 Joa.6b — . —11.8

the ring fragments H-C-C’-H’ from vicinal coupling con-
stants (Tables 2 and 4) by means of a modified Karplus
equation (see, e.g., [23—25]). However, the values for the
various dihedral angles for the glyco-serines as well as for the
glyco-xylitols can easily be predicted from the similarity of
.he set of coupling constants found here, to those reported
in the review of Altona and Haasnoot [26]. The angles for
the Xyl and both Gal moieties in compounds I, II and IIT as
well as for the Gal moieties in compounds V and VI are in
agreement with a slightly flattened *C; chair conformation
(cf. [24]). The ring substituents do not seem to have a strong
influence upon the chair conformations.

The difference observed between the values of the coupling
constants Jse, and Jse, of Gal-2 with respect to those of
Gal-3, both for III and VI, reflects a difference in the popula-
tion of rotamers around the C-5/C-6 axis the terminal and the
internal Gal residue [19,24]). Apparently, the rotational
freedom of the —CH,OH group in Gal-2 with respect to
the ring is hampered by the presence of the substituent at
C-3. The flexibility around the C-5/C-6 axis of the Gal-3
group is as large as would be expected for a terminal Gal
[19].

CONCLUSIONS

1. The 500-MHz '"H-NMR spectra of three glyco-serines
containing the structural fragments of the carbohydrate-
protein linkage region of some animal connective-tissue pro-

teoglycans have been interpreted in full detail. The same
applies to the corresponding glyco-xylitols.

2. The chemical shift of H-4 of terminal S-D-galacto-
pyranosyl groups is & & 3.92 ppm. This proton signal moves
downfield to 6 ~4.19 ppm upon substitution by a p-D-
galactopyranosyl group linked to C-3. This effect is also ob-
served in the glyco-xylitol series making H-4 of the f-p-
galactopyranosyl residue a structural-reporter group. The
same shift effect has been observed by Dabrowski et al. [27].
This substitution also results in a small change in J, 5 of the
galactosyl residue in question. In high-resolution 'H-NMR
studies of N-glycosidic carbohydrate units containing re-
peating N-acetyllactosamine units f-(1—3) attached to each
other [28,29], H-4 of the substituted Gal has proved to be
extremely valuable for recognition of this type of poly-
glycosyl chain.

3. As to the three-dimensional conformation, the pyra-
nosyl residues constituting this type of connective-tissue
proteoglycan linkage region adopt a slightly flattened *C; (D)
chair conformation. In the seryl-trisaccharide, the flexibility
of the glycosidic linkages increases going from the connexion
between xylose to serine, towards the f-(1—3) linkage be-
tween the two galactosyl residues.

4. O-Glycosidically linked carbohydrate chains are often
rather complex in glycoproteins as well as in proteoglycans.
The present study furnishes a set of reference data, suitable
for the investigation of oligosaccharides of gradually increas-
ing complexity.
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