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Summary. An early step in the assembly of the xylose+serine-linked
proteoglycans is the transfer of glucuronic acid to the C-3 posi-
tion of a galactose residue in the carbohydrate-protein linkage
region. Since a similar reaction occurs in the biosynthesis of
HNK-1 antigens, the question arose whether these processes are
catalyzed by the same enzyme. In the present study, the proteo-
glycan-related glucuronosyltransferase activity in embryonic chick
brain was found to be firmly membrane-associated, while the major-
ity of the activity towards N-acetyllactosamine - a model substrate
for HNK-1 antigen biosynthesis - was readily solubilized. No act-
ivity towards N-acetyllactosamine was found in embryonic chick
cartilage, which is a rich source of the proteoglycan-related
enzyme. Together with the results of mixed substrate experiments,
these findings strongly indicate the existence of two separate
glucuronosyltransferases catalyzing transfer to galactose residues.
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One of the early steps in the assembly of the polysaccharide
chains of the xylose?serine-linked proteoglycans is the transfer
of glucuronic acid from UDP-glucuronic acid to a galactose residue,
resulting in the formation of a B1,3 linkage (l1). The enzyme cata-
lyzing this reaction - glucuronosyltransferase I - was first de-
tected in embryonic chick cartilage (2) and was subsequently puri-
fied partially from embryonic chick brain (3) and a mouse masto-
cytoma (4). When incubated with a number of potential acceptors
containing a nonreducing terminal galactose residue, the crude
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Abbreviations used are: Gal-Gal-Xyl-Ser, 0O-8-D-galactopyranosyl-
{1+ 3)-0-f-D-galactopyranosyl-(1+4)-0-8 -D-xylopyranosyl~(} 0)-L-
serine; Gal-GlcNAc, N-acetyllactosamine; UDP-GlcUA, UDP-D-gluc-
uronic acid; and MOPS, 3-(N-morpholino)propanesulfonic acid.
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enzyme preparations catalyzed transfer not only to proteoglycan
fragments of the appropriate structure (e.g., Gal-g1,3-Gal) but
also to similar compounds such as lactose (2-4). Notably, Brandt
et al. (3) observed in their studies of the chick brain enzyme that
N-acetyllactosamine (Gal-Bl,4-GlcNAc) was actually a better sub-
strate than Gal-81,3-Gal, but no particular significance could be
attributed to this finding at the time. Recently, however, two
glycolipids have been discovered in nerve tissue, which display
reactivity towards the HNK-1 antibody and contain a terminal
glucuronic acid residue that is sulfated at C-3 and is linked by
a Bl1,3 linkage to the galactose mociety of an N-acetyllactosamine
group (5,6). The 3-sulfated glucuronic acid residue has been iden-
tified as the epitope of the HNK-1 reactive glycolipids and is
probably also present in other HNK-1 antigens residing in glyco-
proteins and proteoglycans (7-11). Transfer of glucuronic acid to
two glycolipids, which may be regarded as the naturally occurring
precursors of the HNK-1 reactive compounds, was recently reported
by Das et al. (12), using embryonic chick brain as the enzyme
source. Somewhat surprisingly, however, transfef to N-acetyl-
lactosamine did not take place under the conditions used in these
experiments.

In view of the similarities between the two glucuronosyl
transfer reactions described above, we have investigated the prob-
lem whether these processes are catalyzed by a single enzyme or
whether two separate glucuronosyltransferases are involved. The
results described below favor the conclusion that the reactions are
catalyzed by two separate enzymes, which, however, exhibit certain
similarities in their substrate recognition.

MATERIALS AND METHODS

Gal-Gal-Xyl-Ser was synthesized as previously described (13).
MOPS, UDP-glucuronic -acid, Triton X-100, and N-acetyllactosamine
(Gal-GlcNAc) were purchased from Sigma Chemical Co., St. Louis, MO.
Scintiverse E and other chemicals were obtained from Fisher Scien-
tific Co., Atlanta, GA. UDP-['‘C}glucuronic acid (328.2 mCi/ mmol)
was from NEN Research Products, Boston, MA. Protein was determined
by the method of Bradford (14).

Enzyme preparations. Brain (v60 g) from 13-day-old chick
embryos was homogenized in an equal volume of 50 mM MOPS, pH 7.0,
containing 50 mM KCl and 1 mM EDTA (standard buffer). Total pro-
tein in the homogenate was 4.36 g. The homogenate was centrifuged
at 100,000 x g for 1 h, the resulting pellet was homogenized in 40
ml of 50 mM MOPS/500 mM KC1/1 mM EDTA/0.025% Triton X-100, pH 7.0,
and the mixture was again centrifuged at 100,000 x g for 1 h. The
final pellet was resuspended in 40 ml of standard buffer containing
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0.025% Triton X-100. The protein contents of the initial 100,000
x g supernatant, the pellet extract, and the final pellet were
1.71, 1.11, and 1.91 g, respectively.

Cartilage from tibiae and femores of 13-day-old chick embryos
was homogenized in two volumes of standard buffer, and the homo-
genate was centrifuged at 10,000 x g for 30 min. The pellet was
resuspended in 40 ml of standard buffer.

Enzyme assays. Reaction mixtures had a total volume of 50 ul
and, unless otherwise noted, contained 40-90 ug of protein in 25
vl of standard buffer with 0.025% Triton X-100, 5 mM Gal-Gal-Xyl-
Ser or Gal-GlcNAc (10 Ml of a 25 mM solution in buffer), 50 yM UDP-
[*C)GlcUA (0.1 uCi; 10 1 of a 0.5 mM solution in buffer, contain-
ing 10 uCi/ml), and 20 mM MnCl, (5 L of a 0.2 M solution in buf-
fer). After incubation for 1 h at 37 °c, the reaction was stopped
by addition of 50 Wl of ethanol, and the mixture was centrifuged
in a microfuge at 12,000 rpm for 3 min. A sample (25-50 ul) of the
supernatant was applied to Whatman No. 3MM paper (27 x 60 cm), and
electrophoresis was carried out at 3000 volts (55 volts/cm) for
0.5-3.0 h in 0.08 M pyridine/0.046 M acetic acid, pH 5.3 (Gilson
Model D high voltage electrophorator). After drying, the paper was
cut into l-cm strips, which were soaked in 0.5 ml of water for 1
h, and radioactivity was measured by liquid scintillation spectrom-
etry after addition of 4.5 ml of Scintiverse E.

RESULTS AND DISCUSSION

The cell-free preparations of embryonic chick brain all cata-
lyzed glucuronosyl transfer from UDP-[*C]glucuronic acid to Gal-
Gal-Xyl-Ser and N-acetyllactosamine (Gal-GlcNAc). Results of elec-
trophoretic analysis of the reaction mixtures containing the
100,000 x g supernatant fraction of the homogenate and 1.5 mM Gal-
GlcNAc or 5 mM Gal-Gal-Xyl-Ser are shown in Fig. 1, from which it
is seen that Gal-GlcNAc was the better acceptor and yielded approx-
imately twice as much radioactive product as Gal-Gal-Xyl-Ser.

The results of mixed substrate experiments are shown in Table
1. Upon addition of Gal-GlcNAc, at a final concentration of 1.5
mM, to a reaction mixture containing 5 mM Gal-Gal-Xyl-Ser, a 61%
decrease in glucurondsyl transfer to the latter was observed. A
similar experiment, with brain homogenate as the enzyme source,
resulted in 85% inhibition of transfer to Gal-Gal-Xyl-Ser, when
Gal-GlcNAc was present at a final concentration of 5 mM. In con-
trast, Gal-Gal-Xyl-Ser, at a concentration of 5 or 10 mM, did not
significantly affect product formation from Gal-GlcNAc in reaction
mixtures containing the latter at a concentration of 1.5 mM. It
is thus apparent that glucuronosyltransferase I recognizes Gal-
GlcNAc and that, considered by itself, this result is compatible
with the assumption that the two transfer reactions are catalyzed
by a single enzyme. The lack of a significant effect of Gal-Gal-
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Figure 1. Paper electrophoresis of products of glucuronosyl
transfer to Gal-GlcNAc and Gal-Gal-Xyl-Ser. Reaction mixtures con-
tained 1.5 mM Gal-GlcNAc or 5 mM Gal-Gal-Xyl-Ser and the 100,000
x g supernatant fraction (60, g of protein) of a brain homogenate.
Electrophoresis was carried out for 3 h. The product of glucurono-
syl transfer to lactose had the same mobility as GlcUA-Gal-GlcNAc
(not shown).

Xyl-Ser on transfer to Gal-GlcNAc, however, cannot easily be
reconciled with such a conclusion. It should also be recalled that
Helting (4) observed transfer to lactose in a crude mastocytoma
extract but not with a partially purified preparation of glucuron-
osyltransferase I.

The existence of two separate glucuronosyltransferases, sug-
gested by the mixed substrate experiments, was further supported
by examination of the distribution of the activities towards the

TABLE 1

GLUCURONOSYL TRANSFER TO Gal-Gal-Xyl-Ser AND Gal-GlcNAc
IN MIXED SUBSTRATE EXPERIMENTS

Acceptor Concentration (mM) Radiocactivity in Product (cpm)
Gal~Gal-Xyl-Ser Gal-GlcNAc GlcUA-Gal- GlcUA-Gal-GlcNAc
Gal-Xyl-Ser
5 609
10 1169
1.5 1190
5 1.5 240 1024
10 1.5 274 1103

Enzyme source: 100,000 x g supernatant (60 ng of protein).
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Fiqure 2. Distribution of glucurcnosyltransferase activities
in embryonic chick brain fractions. Reaction mixtures contained
5 mM Gal-Gal-Xyl-Ser, N-acetyllactosamine, or lactose and 40-90 g
of protein. Percentages indicated are percent of total recovered
activity.

two substrates among the soluble and particulate fractions of the
brain homogenate. As shown in Fig. 2, the 100,000 x g supernatant
contained 42% of the activity towards Gal-GlcNAc, while only 8% of
the activity towards Gal-Gal-Xyl-Ser was found in this fraction.
After extraction of the particulate fraction with buffer containing
0.5 M KC1 and 0.025% Triton X-100, 71% of the latter activity re-
mained in particulate form, while only 37% of the activity towards
Gal-GlcNAc was insoluble under these conditions.

Since lactose (Gal-gl,4-Glc) has been used as a glucuronosyl
acceptor in previous studies (2-4) on the assumption that it is a
substrate for glucuronosyltransferase I, it was included in the
analysis of the distribution of glucuronosyltransferase activities
between the various fractions of the brain homogenate. As shown
in Fig. 2, the profile obtained with lactose as substrate was simi-
lar to that observed for Gal-GlcNAc and was clearly different from
that seen with Gal-Gal-Xyl-Ser as the acceptor. These results sug-
gest that lactose is not a substrate for glucuronosyltransferase
I and that it may, instead, be an alternative substrate for the
enzyme catalyzing transfer to Gal-GlcNAc. This interpretation
seems the much more likely, since the only structural difference
between lactose and N-acetyllactosamine is that the latter has an
N-acetylated amino group, while both the linkage position and the
penultimate monosaccharide are different in lactose and the Gal-
Bl1,3-Gal disaccharide unit serving as a substrate for glucuronosyl-
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TABLE 2

RATIOS OF PRODUCTS FORMED FROM Gal-Gal-Xyl-Ser, Gal-GlcNAc,
AND Gal-Glc IN VARIOUS CHICK BRAIN FRACTIONS

Gal-GlcNAc Gal-GlcNAc Gal-Gal-Xyl-Ser

Fraction Gal-Gal-Xyl-Ser Gal-Glc Gal-Glc
Homogenate 1.49 3.50 2.36
100,000 x g

supernatant 8.33 4.89 0.59
100,000 x g

pellet extract 1.59 3.24 2.04
Final pellet 0.84 3.06 3.61

transferase I. It should also be noted in this context that the
K, values measured for Gal-GlcNAc and Gal-Gal-Xyl-Ser were approxi-
mately 1.5 and 5 mM, respectively, and that the conditions of these
experiments, therefore, were such that an effect of Gal-Gal-Xyl-
Ser on transfer to Gal-GlcNAc should have been observed, if a
single enzyme catalyzes transfer to both substrates.

Table 2 shows a quantitative comparison of the three sub-
strates, expressed as ratios of products formed in separate reac-
tion mixtures containing the acceptors at a concentration of 5 mM.
It is seen, i.a., that in brain homogenate 1,49 times more product
was formed from Gal-GlcNAc than from Gal-Gal-Xyl-Ser, while a ratio
of 8.33 was calculated for the 100,000 x g supernatant fraction.
In contrast, Gal-Gal-Xyl-Ser was actually the better acceptor, when
the final pellet was used as the enzyme source, as indicated by the
ratio of 0.84.

Extending the comparison of the relative acceptor activities
of Gal-Gal-Xyl-Ser and Gal-GlcNAc to extracts of embryonic chick
cartilage, it was found that incubation of the 10,000 x g super-
natant (55 ug of protein) and pellet (90 pg of protein) with 5 mM
Gal-Gal-Xyl-Ser yielded 986 and 2470 cpm of product, respectively.
In contrast, no product was formed from Gal-GlcNAc at a concentra-
tion of 5 mM.

Taken together, the findings reported here strongly support
the conclusion that glucuronosyl transfer to galactose in the bio-
synthesis of HNK-1 antigens and xylose-containing glycosaminogly-
coglycans is catalyzed by two separate glucuronosyltransferases.
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