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Abstract

Chemical shifts and coupling constants of completely assigned ‘H and ‘SCNMR spectra at
500 MHz, as well as ROESY and HMBC connectivities were used to establish the structure
of the pentasaccharide Gal/3(1 + 4)GlcNAc~(l + 3)[GlcNAc~(l + 6)]GalP(l + 4)G1cNAc,
synthesized by the action of the mid-chain ~-(1 + 6)-D-N-acetylghtcosaminyhransferase c}f
rat serum from UDP-GICNAC and the linear tetrasaccharide Gal~( 1 + 4)GlcNAc~( 1 –~
3)Gal@l + 4)GIcNAc. 0 1997 Elsevier Science Ltd.

Keywords:p-(1 - 6)-wV-acetylglucosaminykransferase (GlcNActo Gal); Oligo-(N-acetyllactosamino)glycans;
Mid-chainbranching;NMR

1. Introduction

Blood serum of man and rat contains a @D-N-
acetylglucosaminyltransferase, which transfers @-D-
GIcNAc branches to the inner galactose(s) of linear
oligo-(N-acetyllactosamino)glycans [1–3]. This mid-
chain transferase differs from a better known, distally
acting B-(1 + 6)-D-fV-acetylglucosaminyhransferase,
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which transfers the incoming GIcNAc to the penuhi-
mate galactose close to the non-reducing end of the
acceptor [2,4–7]. The bond formed by the mid-chain
transferase was identified as GlcNAc/3(1 + 6)Gal,
but the possibility of GlcNAc/3(1 + 2)Gal-linkage
formation was not rigidly excluded [1]. However, the
knowledge of the exact structure of the branch is of
major importance for the synthesis of multivalent
polylactosaminoglycans that have proved to be supe-
rior inhibitors of sperm-to-egg binding as well as of
selectin-mediated leukocyte to endothelium adhesion
[8-12].
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To further establish the position and the type of the
linkage created, we present here structural analysis by
1H and 13CNMR spectroscopy of the pentasaccha-
ride, synthesized by the rat serum enzyme from
UDP-GICNAC and the tetrasaccharide Gal/3(I +
4)GlcNAc/3(1 + 3)Gal~(1 + 4)G1cNAc.

2. Results and discussion

For structural analysis, the 1H and ‘SCNMR spec-
tra of both the tetrasaccharide acceptor and the pen-
tasaccharide product of the mid-chain &D-~-
acetylglucosaminy ltransferase reaction were assigned.
Most of the proton signals were readily assigned
from DQFCOSY and TOCSY spectra, using the
structural reporter groups as starting points. The H-5,
H-6, and H-6’ resonances of the two Gals were
identified from their ROES to the H-4s of the same
residues (see below). After assignment of the proton
signals, the corresponding 13Cresonances were lo-
cated in the HMQC spectra. The 13Cassignments of
Gal~(l + 4)GlcNAc~(l + 3)Gal/?(l + 4)G1cNAc
were identical to those published [13]. In the case of
the pentasaccharide, the 1H and ISC assignments
were also validated in the HMBC spectrum.

The small signals present in the proton spectra of
both the tetra- and penta-saccharide (Fig. 1) arise
from epimerized structures, where the reducing-end
GIcNAc residue 1 (see Fig. 1 for numbering of the
monosaccharide residues) has been converted to
ManNAc, probably non-enzymatically by a base cat-
alyzed mechanism [14]. Analogous ManNAc epimers
are observed regularly in the samples of polylac-
tosamines carrying GIcNAc at the reducing end [3,15].
In the present case about 10YOof the samples ap-
peared in the epimerized form.

The structural analysis of the pentasaccharide was
performed by observing the differences in the 1H and
13C chemical shifts of corresponding atoms of the
tetra- and penta-saccharide, the type of interresidual
ROE connectivities from the newly inserted GIcNAc
residue, and the long-range interglycosidic ‘.lc,~s
from the HMBC spectrum.

The comparison of the one-dimensional (lD) pro-
ton spectrum of the pentasaccharide with that of the
tetrasaccharide Gal/X1 + 4)GlcNAc~(l + 3)Gal~(l
+ 4)G1cNAc (Fig. 1) reveals a new doublet, which
has a typical chemical shift and coupling constant
(4.585 ppm, 8.5 Hz) of a P-(1 + 6)-linked GIcNAc
H-1 (GIcNAc to Gal) [7,16]. The H-1 and H-4 reso-
nances of the Gal 2 have shifted to somewhat higher

field, as is expected, if this Gal is at the branching
position [16]. Table 1 reveals clearly that while the
H-5, H-6, and H-6’ resonances of Gal 2 experience
large changes due to the incoming of the GIcNAc, the
H-2 signal remains unaffected. The signals of Gal 4
and the GIcNAc residues 1 and 3 are virtually un-
changed.

When a glycosyl residue is bound to a certain
carbon, it causes a major downfield shift (5–10 ppm)
to the 1~Cresonance of the carbon [17]. [n the present
case (Table 2), only the C-6 resonance of Gal 2
appeared to have experienced such a change (from
62.26 to 70.01 ppm). The CH * signal is easily recog-
nized from its negative signal in the DEPT( 135)
spectrum (the DEPT spectrum is printed on the side
of the HMQC spectrum in Fig. 2). While the C-5
resonance of Gal 2 has shifted slightly to the opposite
direction, the other 13C resonances of this residue,
especially that of C-2, were not significantly affected
by the incoming of the GIcNAc residue, and the
chemical shifts of Gal 2 are typical of a 3,6-disubsti-
tuted Gal [16]. As in the proton spectrum, the trans-
ferase reaction caused only minor changes, if any, to
the resonances of Gal 4 and GIcNAc residues 1 and
3. Taken together, the 1H and 1~Cchemical shift data
suggest that GIcNAc 5 is bound to position 6 of Gal
2.

This result was confirmed in the ROESY spectrum
(Fig. 3), in which cross-peaks were identified be-
tween H-1 of GIcNAc 5 and H-6 and H-6’ of’Gal 2.
The galactose was identified as Gal 2, because these
protons had ROE connectivities also with H-4 of the
same galactose at 4.149 ppm, which is a characteris-
tic H-4 chemical shift of a galactose 3,6-disubstituted
by /3-GlcNAc residues [7]. Since the location of this
H-4 signal at exceptionally low field is mainly caused
by the free electron pairs of the GIcNAc bound at
position 3 [18], a Gal substituted only at position 6
would have its H-4 resonance within the bulk region
of the spectrum [19], excluding the possibility that
GIcNAc 5 is bound to Gal 4.

The most direct evidence of the ( 1 + 6) linkage
was obtained from the HMBC spectrum (Fig. 2), in
which long-range couplings from GIcNAc 5 C-1 to
Gal 2 H-6 and H-6’ and from GIcNAc 5 H-1 to Gal 2
C-6 and the absence of a cross-peak between 5 H-1
and 2 C-2 reveal that the linkage between GIcNAc 5
and Gal 2 is ( 1 + 6). The Gal 2 C-6 is further
coupled to 2 H-4, which has a chemical shift very
characteristic of a 3,6-disubstituted Gal (see above)
[20]. This H-4 is also coupled to 2 C-3, which has an
interglycosidic coupling to H-1 of the GIcNAc 3,
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indicating that the Gal in question is in the middle of
the chain. Interglycosidic cross-peaks were also found
for the other glycosidic linkages of the pentasaccha-
ride, further affirming its structure. As expected, no

cross-peaks were found between GIcNAc <iand Gal
4.

Taken together, the NMR results establish that the
by the j3-D-N-acetylgluco -

5.2 5.1 5.(I 4.9 4.8 4.7 4,6 4.5 4.4 4.3 4.2 ppm

Fig. 1. Expansions of ‘H NMR spectra and denotation of the monosaccharide residues of the substrate tetrasaccharide
(upper) and the product pentasaccharide (lower). The NMR signals marked by an asterisk (*) arise from the reducing-end
MtinNAc epimers GalB(l ~ 4)GIcNAcP(I + 3)GUX1 + 4)ManNAc and G@(l + 4)GlcNAc~(l + 3)[GlcNAc@(l +
6)]Gal@ 1 ~ 4)ManNAc.
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Table I
‘H Chemical shifts (ppm) of the saccharides at 23 “C

Residue H-1 H-2 H-3 H-4 H-5 H-6 H-6’ NAc

Gal~(l - 4)GlcNAc/3(1 - 3)Gal~(l -+ 4)G1cNAc
GIcNAc la 5.205 3.896 3.897 3.723 3.971 3.878
GIcNAc

n.d. “ 2.040
1~ 4.720 3.724 3.71 3.725 3.598 3.962 3.818 2.040

Gal 2 4.464 3.595/3.58 1 3.732/3.726 4.158 3.72 3.77 3.77 –
GIcNAc 3 4.706/4.702 3.808 3.731 3.743 3.583 3.955 3.850 2.035
Gal 4 4.479 3.540 3.668 3.926 3.72 3.77 3.77 -

Gal/3(1 ~ 4)GlcNAc~(l ~ 3)[GlcNAc~(l ~ 6)]Gal~(l ~ 4)GIcNAc
GIcNAc 1a 5.212 3.904 3.906 3.672 3.963 3.875
GIcNAc

n.d. ~,056
I@ 4.73 I 3.750 3.69 3.666 3.599 3.956 3.819 2.07 I

Gal 2 4.454 3.580 3.711 4.149 3.823 3.992 3.834 -
GIcNAc 3 4.701/4.696 3.801 3.725 3.740 3.579 3.959 3.850 2.032
Gal 4 4.481 3.538 3.671 3.925 3.732 3.746 3.783 -
GIcNAc 5 4.585 3.688 3.542 3.427 3.452 3.917 3.739 2.051

“ n.d., Not determined.

saminyltransferase present in rat serum is that of
GlcNAcfKl + 6) to the mid-chain galactose of the
acceptor Gal~(l + 4)GlcNAc~(l + 3)Gal/3(1 +
4)G1cNAc. This tetrasaccharide is the smallest accep-
tor for the mid-chain ~-(1 + 6)-~.~-
acetylglucosaminyltransferase of human [1] and rat
~erum ([2] and A. Lepp~nenet al., unpublishedre-
sults). According to 1D 1H NMR spectra, the same
type of linkage is formed when the acceptor is a
longer linear oligo-( N-acetyllactosamino)glycan, but
in that case multiple ~-(1 + 6)-GIcNAc branches are

Table 2
‘~CChemical shifts (ppm) of the saccharides at 23 ‘C

generated to the acceptor saccharides(A. Leppiinen et
al., unpublished results).

3. Experimental

Synthesis ofthe oligc].~accharide,\.-The tetrasac-
charide Gal~( 1 + 4)GlcNAc~( 1 + 3)Gal@ 1 +
4)GIcNAc was synthesized essentially as earlier de-
scribed [21]. The NMR spectra were recorded from
1.8 pmol of the tetrasaccharide.

Residue c-1 c-2 c-3 c-4 c-5 C-6 CH~

Galfl(l ~ 4)GlcNAc~(l ~ 3)Gal/3(1 ~ 4)G1cNAc
GIcNAc
GIcNAc
Gal
GIcNAc
Gal

GIcNAc
GIcNAc
Gal
GIcNAc
Gal
GIcNAc

la
16
2
3
4

1 a
1P
2
3
4
5

91“.82 55.01
96.17 57.48

104.24 ‘i 71.29
104.07 56.51
104.07 “ 72.28

Gal~(l ~ 4)GlcNAcfl(
91.80 55.07
96.11 57.48

I04.33 71.14
104.03 56.51
104.17 72.28
102.40 56.81

70.56 80.06 71.58 61.25
73.79 79.67 76.15 61.37
83.34 69.65 76.19 62.26
73.50 79.46 75.87 61.17
73.81 69.86 76.66 62.35

~ 3)[GlcNAc~( 1 - 6)]Gal D( I + 4)G1cNAc
70.51 80.65 71.48 61.3
75.00 80.30 76.07 61.3
83.10 69.80 74.92 70.01
73.49 79.45 75.86 61.18
73.81 69.86 76.66 62.34
75.09 71.20 77.16 61.99

23.19
23.50
—
23.50
—

23.21
23.51
—
23.51
—
23.79

“ Assignments may have to be exchanged.
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Fig. 2. HMQC and HMBC spectra of the pentasaccharide product with 1H and ISCDEPT(135) spectraprintedon thesides
of the ~D spectra, The series of 3.Jc,~s 5 H-1 – 2 C-6 – 2 H-4 – 2 C-3 – 3 H-1 (solid line) establishes the insertion She to

be the C-6 of Gal 2. Anotherinterglycosidic3JC,Hover the newly generatedlink% is also evidentbetween 5 c-1 and 2
H-6 and 2 H-6’.
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The tetrasaccharide was converted to the pentasac-
charide Gal~( 1 + 4)GlcNAc~(l + 3)[G1cNAc/3(1 +
6)]Gal/3(1+ 4)G1cNAc by a reaction with rat serum
B-(1 + 6)-D-N-acetyl.glucosaminyltransferase as de-
scribed earlier [3]. The NMR spectra were recorded
from 2.7 ~mol of the pentasaccharide.

NMR spectro.scop~’.-Prior to NMR experiments
the saccharides were lyophilized twice from DZO and
then dissolved in 600 PL of DZO (99.996 atom%,
Cambridge Isotope Laboratories, Woburn, MA,
USA). The NMR experiments were carried out on a
Varian Unity 500 spectrometer at 23 “C. In recording

1D proton spectra a modification of the WEFT se-
quence [22] was used.

For the DEPT( 135) [23] spectrum, 90.000”poitIts
were recorded with a spectral width of 15,000 Hz.

For the DQFCOSY [24] and TOCSY [25] experi-
ments (16 scans per t, value), matrices of 2k X 256
and 4k X 512 points were collected and zero-filled to
2k X 512 and 4k X lk, respectively. A 90° shifted
sine-bell weighting function was employed in both
dimensions prior to Fourier transformations. In
TOCSY, spin-lock times of 80 and 200 ms (MLEV-
17) were used.

n

F2 (ppm)

Fig. 3. ROESY spectrum of the pentasaccharide product of the mid-chain B-(1 ~ 6)-D-~-acetYlglucosaminYltransferase
reaction. The dashed lines indicate ROE connectivities between H-1 of the newly inserted GIcNAc residue (5 H-1) and H-6
and H-6’ of a Gal residue (2 H-6 and 2 H-6’).The ROE further to H-4 of the same Gal residue indicates that this is Gal 2
rather than 4.
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In recording the ROESY spectrum [26,27] (48
scans per t, value) of the deoxygenated sample, the
transmitter was placed outside the signal area at
5.750 ppm and a continuous-wave spin-lock with
spin-lock time of 300 ms was employed. A matrix of
2k X 256 points was collected with a spectral width
of 3000 Hz, leaving the signals of N-acetyl groups as
fold-back peaks at 8.03–8.05 ppm. The matrix was
zero-filled to 2k X 512 points and a 90° shifted sine-
bell weighting function was used in both directions.

For the HMQC [28] and HMBC [29] spectra (128
and 256 scans per tlvalue, respectively), matrices of
lk X 256 points were recorded and zero-filled to
1k X 512 points and a shifted sine-bell weighting
function was used. The average IH–’SC coupling
constant was estimated to be 150 Hz and A2 was 60
ms.

The 1H and ISCchemical shifts were referenced to
internal acetone, 2.225 and 31.55 ppm, respectively.
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