








three proteins as recombinant baculovirus in Sf9 insect cells.
Five types of collagen were tested as possible acceptor sub-
strates. Because native collagen is readily glycosylated to vary-
ing extents, we also included deglycosylated collagen prepara-
tions in the assays. GLT25D1 and GLT25D2 showed a strong
ColGalT activity on all deglycosylated collagen acceptors
tested, whereas CEECAM1 did not show any activity (Table
1). As expected, the ColGalT activities of GLT25D1 and
GLT25D2 were lower when native collagen acceptors were
used. Noteworthily, collagen type IV and collagen type V in
the native form were hardly galactosylated by GLT25D1 and
GLT25D2, suggesting that most Hyl residues were already
glycosylated. In addition to true collagens, GLT25D1 and
GLT25D2 but not CEECAM1 were able to transfer Gal to the
serum protein MBL (Fig. 3), which contains four Hyl sites in its
collagen domain, showing that ColGalT activity was not lim-
ited to large collagen acceptors. The nucleotide sugars UDP-
GlcNAc and UDP-GalNAc were also tested as possible donor
substrates. but no GlcNAc or GalNAc transfer to collagen
could be detected (data not shown).

We also tested the ColGalT activity of the human LH3
enzyme, which had been reported to catalyze three reactions
on collagen, namely, the hydroxylation of Lys plus the �(1-
O)galactosylation and �(1-2)glucosylation of Hyl (12, 47). Sur-
prisingly, we could not detect any significant ColGalT activity
for LH3 under our assay conditions using bovine Achilles col-
lagen type I as an acceptor (Fig. 4A). However, as described
previously (12, 47), we did measure a low collagen glucosyl-
transferase activity for LH3, whereas GLT25D1, GLT25D2,
and CEECAM1 failed to show any significant collagen glu-

cosyltransferase activities (Fig. 4B). Although no collagen gly-
cosyltransferase activity could be attributed to CEECAM1, we
did confirm that the recombinant protein was expressed in Sf9
cells as were GLT25D1, GLT25D2, and LH3, as shown by
SDS-PAGE (Fig. 4C). To confirm the identities of the
GLT25D1, GLT25D2, CEECAM1, and LH3 proteins, the cor-
responding bands were excised from the gel, digested with
trypsin, and submitted to tandem MS peptide sequencing (data
not shown). However, even though it was shown to be ex-
pressed, it is still possible that the levels of CEECAM1 could
be too low to detect activity.

Km values. The apparent Km of GLT25D1 and GLT25D2
was determined for the bovine collagen type I acceptor and for
UDP-Gal as a donor substrate, since these values had been
reported previously for the semipurified ColGalT activity (23).
The Km values of GLT25D1 and GLT25D2 for the collagen
type I acceptor were 13.6 g/liter and 9.8 g/liter, respectively
(Fig. 5A and C), whereas Myllyla et al. reported a Km of 150
g/liter for the partially purified chicken ColGalT enzyme. The
Km values for UDP-Gal were 18.77 �M for GLT25D1 and
33.53 �M for GLT25D2 (Fig. 5B and D). These values are
comparable to those reported by Myllyla et al., who deter-
mined a Km value for UDP-Gal of 30 �M for the partially
purified chicken ColGalT (23).

ColGalT reaction products. The products of the GLT25D1-
and GLT25D2-mediated ColGalT reactions were further ana-
lyzed to confirm the transfer of �-linked Gal to Hyl residues on
collagen. The reaction products were hydrolyzed in 4 M NaOH
to yield single amino acids. After derivatization with 9-fluore-
nylmethoxy carbonyl and separation by reverse-phase HPLC,

FIG. 5. Determination of the apparent Km values of GLT25D1 and GLT25D2. (A) Lineweaver-Burk blot for GLT25D1 on collagen, with the
calculated Michaelis-Menten constant of 13.6 g/liter. (B) Lineweaver-Burk blot for GLT25D1 on UDP-Gal, with the calculated Michaelis-Menten
constant of 18.77 �M. (C) Lineweaver-Burk blot for GLT25D2 on collagen type I, with the calculated Michaelis-Menten constant of 9.8 g/liter.
(D) Lineweaver-Burk blot for GLT25D2 on UDP-Gal, with the calculated Michaelis-Menten constant of 33.53 �M.
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the amino acid profiles obtained from collagen type I, collagen
type II, and the GLT25D1-, GLT25D2-reacted collagen accep-
tors were compared to a profile of authentic amino acid stan-
dards. The amounts of GHyl and GGHyl were higher in col-
lagen type II than in collagen type I, as measured by the
GHyl/Hyl and GGHyl/Hyl ratios, respectively (Fig. 6). This
finding was in agreement with the values reported in the liter-
ature (16). The analysis of additional types of collagen, such as
collagen type IV and sponge collagen, confirmed the variable
extent of Hyl glycosylation across collagens (data not shown).
The amino acid profiles obtained after GLT25D1 and
GLT25D2 reactions in the presence of UDP-[14C]Gal were
further analyzed by � counting (Fig. 6, lower panel). The
[14C]Gal signal comigrated with the GHyl standard, indicating
that GLT25D1 and GLT25D2 indeed represent true ColGalT
enzymes. To demonstrate the �-linkage between Gal and Hyl,
the GLT25D1 and GLT25D2 reaction products were digested
with �-galactosidase. [14C]Gal-Hyl was prepared by alkaline
hydrolysis of the GLT25D1 and GLT25D2 reaction products,

and samples of 25,000 cpm were incubated overnight with
bovine testis �-galactosidase. More than 80% of the radioac-
tivity was recovered as free [14C]Gal after �-galactosidase di-
gestion, which confirmed the �-configuration of the linkage
catalyzed by the GLT25D1 and GLT25D2 enzymes (Table 2).

TABLE 2. �-Galactosidase digestion of GLT25D1 and GLT25D2
reaction productsa

Enzyme
Incubation

with
�-galactosidase

GHyl input
(cpm)

Amt of product
(cpm)

GHyl Gal

GLT25D1 � 25,000 3,780 19,376
GLT25D1 � 25,000 20,996 1,073
GLT25D2 � 25,000 3,528 20,362a

GLT25D2 � 25,000 20,313 1,029

a Each value represents the average for two independent experiments.

FIG. 6. Product identification by reverse-phase HPLC. The first panel represents an amino acid standard containing the standards for GHyl
and GGHyl. The second and third panels show the amino acid profiles of bovine collagen type I and type II hydrolysates, respectively. The lower
two panels show the radioactive trace obtained after reaction of collagen type I with GLT25D1 and GLT25D2. [3H]Val and [14C]Tyr were used
as internal amino acid standards. Amino acids are marked in single-letter code. Hyp, hydroxyproline.
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ColGalT gene silencing. To correlate the expression of the
GLT25D1 enzyme with endogenous ColGalT activity in hu-
man cells, we silenced the GLT25D1 gene in HeLa cells by
RNA interference. HeLa cells expressed only the GLT25D1
gene, whereas GLT25D2 expression remained undetected by
RT-PCR (Fig. 7A). The GLT25D1 gene was silenced by intro-
ducing short hairpin RNA constructs into HeLa cells.
GLT25D1 expression was reduced to 31%, 67%, and 39% of
normal mRNA levels when expressing combinations of short
hairpin RNA probes (Fig. 7B). The endogenous ColGalT ac-
tivity of HeLa cells was measured and found to reach 5.7
pmol � min�1 mg protein�1 in wild-type cells, whereas it was
decreased to 2.0, 3.7, and 2.1 pmol � min�1 mg protein�1 in
GLT25D1 knockdown cells. When the ColGalT activity of
wild-type HeLa cells was normalized to 100%, this activity was
decreased to 35%, 65%, and 37% in GLT25D1 knockdown
cells (Fig. 7C). The direct comparison between the level of
GLT25D1 expression and ColGalT activity in HeLa cells
showed a strong correlation (Fig. 7D), thereby establishing a
link between the GLT25D1 enzyme and ColGalT activity in
vivo.

ColGalT gene expression. The expression of GLT25D1,
GLT25D2, and CEECAM1 in human tissues was analyzed by
Northern blotting on 10 human tissues. A single GLT25D1
transcript of 3.7 kb was detected in all tissues, whereas mRNA
levels were highest in placenta, heart, lung, and spleen tissues
(Fig. 8A). In contrast, the GLT25D2 gene yielded a 5.1-kb
mRNA that was detected only in brain and skeletal muscle at
lower levels (Fig. 8A). A 2.3-kb CEECAM1 transcript was
detected in most tissues investigated, while a second transcript
of 5.9 kb was also detected in brain tissue (Fig. 8A). The survey
of GLT25D1, GLT25D2, and CEECAM1 gene expression was
extended to 75 human tissues and cell types using a Northern
dot blotting array. The broad expression of the GLT25D1 gene
was confirmed in fetal and adult human tissues (Fig. 8B) (see
Fig. S2 in the supplemental material). Similarly, the narrow
range of GLT25D2 gene expression was also evident through-
out the RNA array (Fig. 8B) (see Fig. S2 in the supplemental
material). The CEECAM1 gene, which could not be related to
ColGalT activity, showed widespread expression across tissues.
Notably, CEECAM1 was highly expressed in secretory tissues,
such as salivary glands, pancreas, and placenta, and in the
nervous system (Fig. 8B) (Fig. S2 in the supplemental mate-
rial). Additionally, the GLT25D1 and CEECAM1 genes, but
not GLT25D2, were also expressed in various carcinoma cell
lines (see Fig. S2 in the supplemental material). This survey of
ColGalT gene expression suggested that GLT25D1 represents
the main source of ColGalT activity in human tissues while
GLT25D2 appears to be specialized for a few cell types and
possibly for a few collagen acceptors.

FIG. 7. Silencing of the GLT25D1 gene. (A) RT-PCR detection of
GLT25D1 and GLT25D2 expression in HeLa cells. (B) mRNA
GLT25D1 levels in wild-type HeLa cells (black bar) and in GLT25D1-
silenced HeLa cells (KD #1 to KD #3, white bars). (C) Relative

ColGalT activity in wild-type HeLa cells (black bar) and in GLT25D1-
silenced HeLa cells (white bars). (D) Comparison between GLT25D1
mRNA levels and ColGalT activity in wild-type HeLa cells (set to
100%) and those in GLT25D1-silenced HeLa cells.
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DISCUSSION

The identification of the GLT25D1 and GLT25D2 ColGalT
enzymes and of the similar yet inactive relative CEECAM1
raises the question of a possible restricted specificity for col-
lagen acceptor substrates. Previous work has shown that Col-
GalT recognizes collagen peptides of at least 500 to 600 Da
and that Hyl alone is not a suitable acceptor (23, 31). The
different activity levels of recombinant GLT25D1 and
GLT25D2 enzymes toward the various types of collagen tested
support the idea of a differential substrate recognition. The
nature of the substrate recognition may be complex and may
include glycosylated residues as part of the motifs recognized.
In fact, GLT25D2 was more active toward native collagen type
I and type II than toward the deglycosylated forms of these
proteins (Table 1), which indicates that glycan chains somehow
affected the recognition of the acceptor substrate by GLT25D2.

Along the same lines, the apparent inactivity of CEECAM1
may be due to stringent structural requirements regarding the
recognition of collagen peptides. A similarly complex mecha-
nism of substrate recognition has been described for core gly-
cosyltransferases acting on mucin proteins. Some members of
the polypeptide N-acetylgalactosaminyltransferase family rec-
ognize peptide acceptors, including serine or threonine resi-
dues, near residues that were previously glycosylated by other
N-acetylgalactosaminyltransferases (3). ColGalT assays with
synthetic peptides including Hyl and GHyl at various positions
will certainly answer the question of acceptor substrate recog-
nition.

Alternatively, it is possible that CEECAM1 represents a
ColGalT acting on a limited set of substrates. The screening of
additional proteins, including collagen domains like adiponec-
tin, the acetylcholine esterase complex COLQ, and the com-

FIG. 8. Tissue Northern blotting. The mRNA expression patterns of GLT25D1, GLT25D2, and CEECAM1 were analyzed in 10 human tissues
(A) or in 36 human tissues and cell lines (B); a representative collection of additional tissues and cell types is shown in Fig. S2 in the supplemental
material. PBL, peripheral blood leukocytes.
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plement protein C1q, might confirm this possibility. Finally,
CEECAM1 may have lost any enzymatic activity over the
course of evolution. In fact, CEECAM1 was first described
as an adhesion protein (41) which might function as a carbo-
hydrate-binding protein at the cell surface. However, the pres-
ence of the C-terminal RDEL motif would suggest that
CEECAM1 is maintained in the ER.

The lysyl hydroxylase LH3 protein has been previously re-
ported to possess three enzymatic activities, namely, a lysyl
hydroxylase, a ColGalT, and a collagen glucosyltransferase ac-
tivity (47). The glycosyltransferase activities attributed to LH3
were very low, casting doubt on their biological significance
(27). The ColGalT activity of LH3 reported previously reached
approximately twice the levels of endogenous ColGalT activity
measured in Sf9 cells (47). It is possible that we could not
distinguish the ColGalT activity of LH3 from the background
activity levels in our assays. By comparison, the strong ColGalT
activities described here for GLT25D1 and GLT25D2 implies
that these proteins indeed represent true ColGalT enzymes.
The dual glycosyltransferase activity of LH3 certainly requires
closer attention, since it is expected that the catalysis of both
�(1-O) and �(1-2) linkages would require distinct domains
responsible for the retaining �(1-2) and inverting �(1-O) gly-
cosyltransferase activities (26).

The identification of the GLT25D1 and GLT25D2 genes as
encoding two ColGalT enzymes opens new ways to investigate
the biological significance of collagen glycosylation. Genes sim-
ilar to the human GLT25D1 and GLT25D2 genes can be found
in all metazoan genomes sequenced to date. For example, the
Caenorhabditis elegans gene D2045.9 represents the probable
ortholog of the human GLT25D1 and GLT25D2 genes.
Knockdown of the D2045.9 gene by RNA interference yields
multiple abnormalities, such as deformed mating organs, slow
growth, and uncoordinated locomotion (15, 36). By compari-
son, the loss of the lysyl hydroxylase gene let-268 leads to a
lethal phenotype associated with a defect in collagen type IV
secretion (21, 25). The conservation of collagen glycosylation
throughout animals and the essential role of collagen glycosy-
lation in worms emphasize the importance of this modification.
In humans, the GLT25D1 and GLT25D2 genes are found on
human chromosome 19p13 and chromosome 1q25, respec-
tively. The involvement of ColGalTs in the pathogenesis of
connective tissue disorders linked to chromosomes 19p13 and
1q25, such as psoriasis (19) and epidermolysis bullosa (8, 18),
can now be straightforwardly documented.
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