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All members of a glucuronyltransferase (GlcAT) gene family cloned to date contain four
conserved regions (modules I-IV), which are widely located in the catalytic domain. In
order to understand the biological significance of these modules, we investigated the
structure—function relationship of GIcAT-P by means of the combination of site-directed
mutagenesis and computer aided three-dimensional modeling. The wild-type and mu-
tant GlcAT-Ps were expressed in Escherichia coli as glutathione-S-transferase (GST)-
fused soluble proteins. Most of the mutants in which a polar amino acid within the mod-
ules was replaced with alanine lost their transferase activity almost completely, while
all of the mutants in which the replacement was outside these modules retained the
original catalytic activity. A three-dimensional (3-D) model of GlcAT-P was constructed
by computer simulation with the three-dimensional structure of adenylate kinase
(1AKE) as a template. This model predicted that the large catalytic domain of GlcAT-P
forms a globular shape with a Rossmann-fold motif consisting of five a-helix and B-sheet
repeats. The putative catalytic pocket consisting mainly of modules IHII is surrounded
by a cluster of polar amino acids, which are essential for the transferase activity and
also for the binding to the acceptor substrate (essential amino acids), asialo-orosomu-
coid. There is the second cluster of essential amino acids almost on the opposite surface
of the molecule, in which an aspartic acid repeat (DDD) is located. The biological signifi-
cance of the second cluster is currently not clear but it may be associated with the inter-
action of the enzyme with modulation molecules, manganese and membrane

phospholipids.
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A prominent feature of the biosynthesis of a carbohydrate
chain is template-independent synthesis. In eukaryotic
cells, a large variety of sugar chains are expressed on cell
surface glycoproteins and glycolipids, and a large number
of specific glycosyltransferases and their corresponding
genes are involved in the biosynthesis of these sugar
chains. Most glycosyltransferases have similar topologies;
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they are classified as type II transmembrane proteins with
a short N-terminal region, which is a putative cytoplasmic
tail, a hydrophobic transmembrane domain and a long C-
terminal catalytic domain (I). However, the molecular
structural basis for each specific glycosyltransferase reac-
tion is not well understood.

Currently, a glucuronyltransferase (GlcAT-P), which is a
key enzyme in the biosynthesis of the HNK-1 carbohydrate
epitope, HSO,-3GlcAB1-3Galg14GlcNAc-R, has been iso-
lated and cloned from rat brain (2—4), and several homo-
logues of it have been found (5, 6). The epitope is found on
neural cell adhesion molecules such as N-CAM, L1, MAG,
and PO, as well as on a certain type of glycolipid in the ner-
vous system (7-10). The expression of the HNK-1 carbohy-
drate epitope is spatially and temporally regulated during
development of the nervous system (11, 12), and is associ-
ated with neural crest cell migration (13), neuron and glial
cell adhesion (14), outgrowth of astrocytic processes, and
migration of cell bodies (15). GIcAT-P catalyzes the transfer
of glucuronic acid (GlcA) from the high-energy donor, uri-
dine diphesphoglucuronic acid (UDP-GlcA), to a terminal
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galactose residue of N-acetyllactosamine structure on gly-
coproteins in the presence of manganese and sphingomye-
lin, which act as cofactors (4). The deduced amino acid
sequence of GIcAT-P predicted its type II transmembrane
topology as in the cases of many other glycosyltransferases.
Sequence alignment of GlcAT-P with its homologues (5, 6),
and putative proteins in C. elegans (16) and S. mansoni (17)
indicated the presence of four highly conserved regions in
the catalytic domain, named modules I-IV (3), which are
presumed to be required for the function of GIcAT-P.

In this study, we investigated the structure-function rela-
tionship of GlcAT-P by means of the combination of site-
directed mutagensis and computer 3D-modeling. The re-
sults indicated that the catalytic domain of GIcAT-P has a
globular shape with a Rossmann-fold motif.

MATERIALS AND METHODS

Construction of GIcAT-P Expression Vectors—To con-
struct GST-tagged GIcAT-P expression vectors (pGEX/
GIcAT-P), the DNA fragment of GlcAT-P was amplified by
PCR using a sense primer, LA-Bam-S, ATAGGATCCGA-
CATCGTGGAGGTGGTGCGCACA (5-3’; nt 223-246, the
nucleotide numbering refers to Fig. 1B in Ref. 3), and an
antisense primer, LA-Eco-A, CCGGAATTCTGTGTAGTTT-
CAGATCTCCACCGAG (5'-3’; nt 1029-1053), using a full
length GIcAT-P in pEF-BOS as a template (3). The ampli-
fied fragment (nt 223-1053) was digested with BamHI and
EcoRI, followed by insertion into pGEX-4T-1 (Pharmacia
Biotech), which had been digested with the same enzymes.

For the construction of single amino acid substituted
mutants of GlcAT-P, sequential PCRs were carried out as
described by Ho et al. (18). In the first PCR, LA-Bam-S and
one of the antisense internal mutagenic oligonucleotides
listed below were used as the primer pair. The mutagenic
antisense oligonucleotides (5'-3") used (the amino acid num-
bering refers to Fig. 4 ) were:

for T121A, GGGCACATGCAATAGCGCGTTGGCCATT-
CG (nt 349-378);

for E134A, CCTACGTGGAGCATCCGCCACCACCAGC-
CA (nt 388417);

for D135A, CGTCCTACGTGGAGCAGCCTCCACCACC-
AG (nt 391-420);

for R148A, GTTGAGGCCAGTGTCGGCCAGCAGGCGC-
GC (nt 430-459);

for R175A, GGTGCCACGTGGGATGGCAGGGTCTCG-
GGC (nt 511-540);

for R196A, CGGCTGAGTGGAGTTCGCTGGGAAGGTC-
TC (nt 574-603);

for T199A, CACTACACCCGGCTGAGCGGAGTTCCGT-
GG (nt 583-612);

for D208A, GTACGTGTTGTCGTCAGCTGCGAAGTAC-
AC (nt 610-639);

for D209A, TGTACGTGTTGTCGGCATCTGCGAAGTA-
CA (nt 611-640);

for D210A, CAGACTGTACGTGTTGGCGTCATCTGCG-
AA (nt 616-645);

for N211A, CTCCAGACTGTACGTGGCGTCGTCATCT-
GC (nt 619-648);

for E220A, TCTTGTGCTGCGCATCGCTTCAAAGAGC-
TC (nt 646-675),

for R222A, CACCCTTCTTGTGCTGGCCATCTCTTCA-
AA (nt 652-681);
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for R222K, CCTTCTTGTGCTCTTCATCTCTTCAAAG-
AG (nt 649-678);

for R226A, AGGCCACACGGACACCGCTCTTGTGCTG-
CG (nt 664-693);

for S228C, GGCCACAGGCCACACGCACACCCTTCTT-
GT (nt 670-699);

for R244A, CCCTGCCCCATTCACCGCGGGGGCCTCA-
TA (nt 718-747);

for F258A, TGGCCGGTGGGGGTCGGCGACTGTCTTC-
CA (nt 760-789);

for F258Y, TGGCCGGTGGGGGTCGTAGACTGTCTTC-
CA (nt 760-789);

for H261A, TATTGCAAATGGCCGGGCGGGGTCGAAG-
AC (nt 769-798);

for R262A, GTCTATTGCAAATGGCGCGTGGGGGTCG-
AA (nt 772-801);

for D267A, ATCCAGCCATGGCTATTGCAAATGGCCG-
GT (nt 782-811);

for D267E, AAATCCAGCCATCTCTATTGCAAATGGC-
CG (nt 784-813),

for D267N, AAATCCAGCCATGTTTATTGCAAATGGC-
CG (nt 784-813);

for K292A, TTCCTGGTAGCCTCCTGCTACCCCACGT-
AG (nt 862-891),

for E297A, TCGAAGGAGACTGCTTGCCTGGTAGCCT-
CC (nt 877-906);

for S298A, TTCTCGAAGGAGACTGGCTTCCTGGTAG-
CC (nt 880-909;

for E311A, GTTTGCTGCCTTCCCTGCTAGATCATTG-
AG (nt 919-948);

for C317S, AGGATCTTGGTAGAGTTTGCTGCCTTGG-
GC (nt 933-962);

for K319A, ATGCCAGACCAGGATCGCGGTACAGTTT-
GC (nt 943-972);

for H323A, TCTGTTCGCGTAGCCCAGACCAGGATCT-
TG (nt 954-983);

for T324A, TGGCTTCTCTGTTCGCGCATGCCAGACC-
AG (nt 961-990),;

for R325A, CACTGGCTTCTCTGTTGCCGTATGCCAG-
AC (nt 964-993);

for T326A, CAGCACTGGCTTCTCTGCTCGCGTATGC-
CA (nt 967-996).

In the second PCR, the respective sense internal
mutagenic oligonucleotide (complementary to the antisense
internal mutagenic oligonucleotide) and LA-Eco-A were
used as the primer pair. pGEX/GIcAT-P was used as the
template for both of these reactions. In the final PCR, ali-
quots of both PCR products from the above reactions were
used as the template, LA-Bam-S and LA-Eco-A being used
as the primer pair. The final PCR products were digested
with BamHI and EcoRI restriction enzymes, and then
inserted into pGEX-4T-1 previously digested with the same
enzymes.

Expression and Purification of the Recombinant
GleATs—The recombinant GST-fusion proteins were ex-
pressed in E. coli BL21 (TOYOBO, Japan). Growth of the
bacteria, induction of expression, homogenization of the
cells, binding of the GST-fusion proteins to glutathione-
Sepharose (Pharmacia), washing and elution of the bound
material were carried out according to the manufacturer’s
instructions.

Glucuronyltransferase Assay—The transferase activity of
the enzymes was assayed as described previously (4) with
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slight modification. An equivalent amount of each enzyme
was incubated at 37°C for 3 h in a reaction mixture, with a
final volume of 50 ul, containing 100 mM MES (pH 6.5), 2.5
mM ATP, 0.2% NP-40, 20 mM MnCl,, 20 ng ASOR, 100 pM
UDP-[*C]-GlcA (200,000 dpm), and 2 pl of 2% NP-40 ex-
tract of rat forebrain, which had been treated at 100°C for 3
min. After incubation, the assay mixture was spotted onto
a 2.5-cm Whatman No. 1 disc. The disc was washed with a
10% (w/v) trichloroacetic acid solution three times, followed
by with ethanol/ether (2:1, v/v) and then ether. The disc
was air-dried and the radioactivity of *C]GlcA-ASOR on it
was counted with a liquid scintillation counter (Beckman
LS-6000). The inhibition assay was performed in the pres-
ence of 10 mM UDP, N-acetyllactosamine and N-ethylmale-
imide.

ASOR Binding Assay—The binding activity toward
. acceptor substrate, ASOR, was measured by ELISA. EIA/
RIA plates (Costar, USA) were coated with 0.1 pg/well
ASOR in PBS overnight at 4°C and then equivalent
amounts of the GST-tagged GlcAT-Ps were applied to the
wells in the presence of 100 mM MES (pH 6.5) and 20 mM
MnCl,. The enzyme bound to the wells was detected via the
GST-tag using a rabbit anti-GST antibody (Upstate Bio-
technology) and HRP-conjugated anti-rabbit IgG (ZYMED,
USA), and visualized by means of the HRP chromogenic
reaction with o-phenylenediamine (WAKO, Osaka). The
absorbance at 490 nm was measured after 2 h incubation.

Computer Aided Modeling of GlcAT-P—Homology with
the sequence of GIcAT-P was searched for by Web site Net-
work Protein Sequence Analysis (http:/pbil.ibcp.fr/NPSA/
npsa_serverhtml) of a sequence database of 3D-structure-
known proteins in NRL_3D (sequences of proteins in the
Brookhaven protein database) with SSearch. A 3D-struc-
ture model of GlcAT-P was built by the homology modeling
method, using the adenylate kinase (1AKE) structure in
PDB (19). The structure model was then optimized with
Discover 3 (Molecular Simulations, CA, USA) as described
previously (20, 2I). A UDP-GlcA-N-acetyllactosamine-
GIcAT-P ternary complex was built by the distance geome-
try method (DGEOM) (22). The complex structure was then
optimized by means of the molecular dynamics/minimiza-
tion procedure at 298 K for 100 ps.

RESULTS

Preparation and Characterization of a GST-GIcAT-P
Fusion Protein—In order to investigate the structure-func-
tion relationship of GleAT-P, we constructed a glutathione-
S-transferase (GST)-tagged GIcAT-P expression vector,
which expresses a truncated form of GlcAT-P lacking the
NH,-terminal 74 amino acids, which include the putative
cytoplasmic tail and transmembrane domain. The prepared
fusion protein (GST-GIcAT-P) was assayed for glucuronyl-
transferase activity using asialo-orosomucoid (ASOR) as an
acceptor substrate. The soluble fusion protein exhibited
specific activity of 200 nmol/min/mg, which corresponds to
approximately 5% of that of the natural GlcAT-P, which
had been isolated from rat brain (4,300 nmol/min/mg). As
shown in Fig. 1, the transferase activity of the fusion pro-
tein was effectively inhibited by the addition of 10 mM
UDP or 10 mM N-acetyllactosamine, and was completely
abolished by treatment with N-ethylmaleimide, which
alkylates the thiol residue of Cys-317 (3). In addition, GST
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GIcATP required its specific cofactor, sphingomyelin, for
expression of its activity toward a glycoprotein substrate
(data not shown). These results are consistent with the
characteristics of the native enzyme, indicating that GST
GIcAT-P is a reasonable model for studying the structure—
function relationship of natural GlcAT-P.

Effects of Alanine-Substitutions on the Transferase Activ-
ity—GlcAT-P has four highly conserved regions in the cata-
lytic domain (modules I-IV) (Fig. 2), which were initially
found on sequence alignment with putative proteins in C.
elegans and S. mansoni (3). In order to determine how
these modules are associated with the function of GIcAT-P,
we prepared a series of substitution mutants of the GST-
GIcAT-P fusion protein (Fig. 3A), in which amino acids with
a polar side chain were substituted with alanine. The
amounts of the GST-GIcAT-P and its mutants were esti-
mated by immunoblot analysis with rabbit anti-GST anti-
bodies and HRP-conjugated anti-rabbit IgG, and equi-
valent amounts of the fusion proteins were used to assay
its catalytic activity. As shown in Fig. 3B, most of the sub-
stitutions within these modules: T121A, E134A, and
D135A (in module I), D208A, D209A, D210A, N211A,
E220A, and R222A (in module II), R262A, D267A, E297A,
and S298A (in module III), and E311A, K319A, H323A,
and T324A (in module IV), dramatically decreased the
transferase activity (less than 5% of that of the wild type
GST-GIcAT-P), while those in non-conserved regions:
R148A, R175A, R196A, and T199A (between module I and
module II) and R244A (between module II and module III),
did not significantly affect the transferase activity (38 to
100% of that of the wild type GST-GIcAT-P). These findings
indicated that the amino acid residues required for cata-
lytic activity were widely distributed in these four modules
in the C-terminal catalytic domain and that these modules
shared by all GlcATs must be involved in the function of
GlcATP.

Construction of a 3D-Model of GlcAT-P—There has been
no available 3D-protein structure explicitly homologous to
that of GIcAT-P. Recently, the crystal structure of a galacto-
syltransferase has been reported (23). However, no signifi-
cant structural relation found was as to the sequence
homology between them. On the other hand, a homology
search of the 3D-known-structure database suggested a low
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Fig. 1. The enzymic properties of GST-tagged GlcAT-P. The as-
say was carried out as described under “MATERIALS AND METH-
ODS” using 2 pg of GST-GlcAT-P in the presence or the absence of
an inhibitor: UDP, NAL (N-acetyllactosamine), and NEM (N-ethyl-
maleimide).
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C.elegans ----- MFPSRLLEKWWLRAFIALVIFFVHQLFYAINRVQSLEEERATLQATIEVLTRK-S  Fig. 2. Sequence alignment of GlcAT family
S.mansoni = cecem--omooo-- NRHGFTLVICCMTVWRLSCIIRTLLKWACATRCRLAVFLCIFP-- proteins. The following sequences are compared:
GlcAT-P Rat MGNEELWAQPALEMPKRRDILATVLIVLPWTLL ITVWHQSS - - - - -- LAPLLAVHKDEGS  putative proteins of C. elegans (16), and S. man-
GLcAT-S Rat  ~—=-—mmmome e MKSALCNRFFILLPWILIVIIMLDYDP----- RRPAPQLTSRPYF  gonj (17), rat GIAT-P (3), rat GleAT-S (6), human
GlcAT-P Human  MGNEEPWVQPALEMPKRRDILAIVLIVLPWTLLITVWHQST------ LAPLLAYHKDEGS 3 3

GLCAT-I Human  --------nn- MKLKLKNVFLAYFLVSIAGLLYALVQLGQP-- -~~~ COCLPPLRAM--  CICAT-P (91), and human GIeATI (5). Black and

meshed backgrounds indicate completely con-
served amino acids and homologous substitution
amino acids, respectively. Dashes indicate gaps in-
troduced for maximal alignment. Arrows indicate
the locations of modules I-IV.

C.elegans DGLRTQIFEKE---RNLVRLNGKVEEIDTQIRDHLSLLPRVNRSTHH
S.mansont = ceccececacocoa- LTVFLYT--IGKQYQKSYGSHVN--K----Sih
GLcAT-P Rat DPRHEAPPGAD--PREYCMSDRDIVEVVRTEYVYTRPPPWS-D
GlcAT-S Rat SP-HTVGCGGSRVPLRRSSPGRDAAEKRNESRPQLQPEPR - -- - 1|
GLcAT-P Human  DPRRETPPGAD--PREYCTSORDIVEVVRTEYVYTRPPPWS-DTLENTH
GlcAT-T Human  ----EQLR T
C.elegans

S.mansoni

GlcAT-P Rat

GlcAT-S Rat

GLCcAT-P Human

GlcAT-I Human

C.elegans
S.mansoni
G1cAT-P Rat
GlcAT-S Rat
GlcAT-P Human
GlcAT-I Human

C.elegans
S.mansoni
GLcAT-P Rat
GlcAT-S Rat
GlcAT-P Human
GlcAT-I Human

CVTSKNRT
PRVNG-AG

LVK--NG|
PRVNG-AG

C.elegans BRTARE
S.mansoni SQHAL
GLcAT-P Rat R
GlcAT-S Rat ‘ Ki
GlcAT-P Human R
GlcAT-I Human S
C.elegans TKKTGFNSLEAHALGVDN------
S.mansoni -SQG-VISPPIDDWP---------
GLcAT-P Rat -KKG-FTDPSVEL----------~
GlcAT-S Rat -KYH-MDTVNIEV--~--------
GLcAT-P Human  -KKG-FTDPSVEI-----------
GlcAT-I Human  ORQGRGSDPAIEV---v-------

but significant (about 20% homology) structural relation to
adenylate kinases and DNA polymerases, which have
nucleotide-binding domains, so-called Rossmann-fold. Of
these proteins, adenylate cyclase was the most suitable pro-
tein as a template since several residues important for
nucleotide binding were conserved in the alignment. Figure
4 illustrates amino acid sequence alignment for GlcAT-P
with four adenylate kinase-related proteins.

Adenylate kinase-related proteins show multiple confor-
mations depending on the binding of nucleotides and/or
phosphate-accepting substrates (I18). An adenylate kinase
structure, 1AKE, which binds an inhibitor, Ap5A, at the
substrate binding site was selected for modeling of the com-
plex structure of GlcAT-P with UDP-glucuronic acid and N-
acetyllactosamine, since the binding site of the adenylate

SKESIDRL
TLWHELE-
VNEG----
ANEP----
VNEG--- -

QEEQL--

kinase is occupied by a nucleotide and phosphate-accepting
substrate mimic (Ap5A). Provided that UDP occupies the
ADP-binding site in 1AKE, and that the 3-hydroxyl group
of galactose reacts at C1 of glucuronic acid in an SN2 fash-
ion (inversion at C1) in a mode found in the sulfate trans-
ferase (24). The resulting model showed that the car-
boxylate moiety of glucuronic acid bound to Arg226 or
Argl196. Asp267 was located close to the 3-hydroxyl group
of galactose, suggesting its participation in the activation of
the hydroxyl group. Glucosamine was proximal to Phe258
in a manner frequently found in a sugar-aromatic interac-
tion (25). The Arg222 residue, which participates in the
binding of nucleoside, is well conserved in the ternary com-
plex model. Figure 5 depicts a ribbon diagram of the GlcAT
P model, and shows a Rossmann-fold motif consisting of 81
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Fig. 3. (A) Schematic diagram of all the substitution mutants
of GST-GIcAT-P. The chimeric protein of GlcAT-P is fused with GST
at Asp75. Modules I-IV are indicated as meshed boxes. (B) Trans-
ferase activity of alanine substitution mutants. Glucuronyl-
transferase activity was assayed as described under “MATERIALS
AND METHODS” using an equivalent amount of each mutant. Val-
ues are the means for at least three experiments, each performed in
triplicate, + SEM.

(113-118), al (124-137), B2 (139-141), o4 (172-184), B3
(189-192), ab (197-205), p4 (210-2186), o8 (277-288), B9
(294-300), and a9 (303-316).

Prediction of a Putative Catalytic Pocket by Means of the
Combination of Alanine-Scan and the 3D-Modeling—In
Fig. 6, each module of GIcAT-P is colored differently, mod-
ule I in yellow, module II in light blue, module III in
magenta, and module IV in green, and the locations of the
amino acids essential for the activity are colored in red and
those of nonessential amino acids in dark blue. Module 1
consists of a B-sheet (1) and an a-helix («1) in the N-ter-
minal portion, a large proportion of module IT consists of a-
helices (a5 and 6) and B-sheets (B4, 5, and 6), module III
consists mostly of a-helices («7 and 8) and a $-sheet (9),
and the N-terminal portion of module IV consists of an a-
helix (a9). The four modules are involved in the construc-
tion of the Rossmann-fold motif and fold together to give a
globular shape, on the upper part of which a putative cata-
lytic site is present. This deduced catalytic pocket is sur-
rounded by a cluster of essential amino acids for the
transferase activity revealed by the alanine scan: Thr121,
Glul34, Aspl35, Arg222, Phe258, Arg262, and Asp267.
Non-essential amino acids, Argl48, Argl75, Argl9s6,
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Arg199, Arg226, Arg244, His261, and Lys292, are localized
in the external portion or on the outer surface of the mole-
cule. It is interesting that there is another cluster of essen-
tial amino acids at the bottom of the molecule, which
consists of Asp208, Asp209, Asp210, Asn211, Glu297,
Ser298, and Glu311. The location of this cluster is almost
on the opposite side of the globular molecule. The biological
significance of this second cluster is discussed below (see
“DISCUSSION”).

A close-up view of the catalytic pocket is shown in Fig. 7.
According to this model, UDP-GlcA is held at this position
by the hydrogen-bonding contact between the hydroxyl
group of the side chain of Ser228 and the carboxyl oxygen
of the glucuronic acid, and by the interaction between the
uracyl ring and the side chain of Arg222. The N-acetyllac-
tosamine is held in position by the w—w stacking interaction
between the side chain of Phe258 and the hexose ring of N-
acetylglucosamine. The putative catalytic center is Asp267,
whose carboxyl oxygen induces deprotonation of the O, oxy-
gen atom of the galactose moiety, and then the deproto-
nated O, oxygen attacks the C, carbon atom of glucuronic
acid.

The deduced model of GIcAT-P predicted that amino
acids Arg222, Ser228, Phe258, and Asp267 are directly
associated with the catalytic function of the enzyme. To
confirm this, we prepared a series of conservative substitu-
tion mutants of GlcAT-P. This type of substitution is suit-
able for the fine diagnosis of suspected amino acids, be-
cause the chemical changes in the chain length or modifica-
tions of the functional groups are much smaller than those
caused by alanine substitutions. As shown in Fig. 8A, the
R222K, S228C, D267E, and D267N mutants did not exhibit
any glucuronyltransferase activity, while the F258Y mu-
tant retained about 43% of the wild type activity. Addition-
ally, the F258A mutant lost the catalytic activity com-
pletely, confirming the important role of the aromatic struc-
ture for the catalytic activity.

Effects of Mutations on the Acceptor Substrate Binding—
In addition to the transferase activity assay, we designed
and performed an acceptor substrate binding assay, which
enabled us to directly measure the binding activity of the
mutant proteins toward the N-acetyllactosamine structure
on ASOR (ASOR binding assay). As shown in Fig. 8B, the
F258Y mutant retained about 25% of the original ASOR
binding activity, this being consistent with the partial re-
tention of the catalytic activity (Fig. 8A). On the other
hand, the F258A mutant, which did not show any catalytic
activity, lost its binding activity toward ASOR as well.
These results suggest that the aromatic ring plays an im-
portant role in the specific binding to the acceptor sub-
strate. A similar role of the aromatic ring structure is fre-
quently found in the carbohydrate recognition by enzymes
and lecting (25). The R222K and S228C mutants retained
binding activities toward ASOR (22 and 12%, respectively)
comparable to that of the F258Y mutant, but these two
mutants had essentially no catalytic activity. These results
may suggest that not only the decrease in the binding
activity toward ASOR but also the decreases in the binding
activity toward UDP-GlcA was due to the complete loss of
the trasnferase activity of the enzyme. The substitution
mutations in the catalytic pocket, D267E and D267N, abol-
ished the ASOR binding activity. This may suggest that the
distance between the carboxyl oxygen of Asp267 and the 3-
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| 50 Fig. 4 Homology alignment between GlcAT-P
GIcAT-P MGNEELWAQP ALEMPKRRDI LAIVLIVLPW TLLITVWHQS SLAPLLAVHK and four adenylate kinase-related proteins.
1 Za:}l(kc% .................................................. GIcAT-P (D88035): HNK-1 associated UDP-glucuro-
Avia L nyltransferase (rat); lakea: Adenylate kinase com-
dukd L. il il e plex with AP5A (Escherichia coli); 2ak3: Adenylate
51 100 kinase is9enzyme—3 (GTP: AMP phosphotransfer
GleaT:  DEOSDPRAEA PRGADEREXC MSDROIVEVY RTEXVYTRIR mWSDTLETLA UL on D, RaGaD (Sacchar
28K e e e omyces cerevisiae); and 4ukd: UMP/CMP kinase
B oo i complex with ADP and UDP (Skime mold). Black
background: basic amino acids directly interacting
101 128 148150 with Ap5A in 1AKE; enclosures: common residues
GIcAT-P  VVTPTYSRPV QKAELTRMAN TLLHVPNLHW LVVEDAPRRT PL{T among the five protein sequences. The single and
lakea .......... . .MRIILLGA PGA FIMEKYGIPQ IS, double underlines indicate predicted p-sheet and a-
2ak3 ... ... GASA RLLRAAIMGA PGSGEGTVSS RITKHFELKH LSB[ N helix structures, respectively.
2vra  ........ SS ESIRMVLIGP PGA TQAP NLQERFHAAH LAIDM Q
dukd . ... .. MEKS KPNVVFVLGG PGSGEGTQCA NIVRDFGWVH LSPGDLIEDE
180 190
GIcAT-P TPRNYKL: TMO. .RM. .L A.L E
lakea . QAKDIMDA VKERIADED. C
2ak3 . LAKTFIDQ VLHELKN|. . L TQ
2dvra . EAKKIMDQ IKDELTNNPA CKN AV
4ukd . MIATMIKN] LKNAIDRNQ. .G
210 220 222 226 230
GIcAT-P STOPGVY YFADD. . ... T
lakea IPDAD.. ..AMKEAGIN
2ak3 LPQREAL DRAYQ..... I
2dvra IPDREKL DQMLKEQGTP
4ukd ENNNSW EENMKD.FVD
240 250 258 260 267 270 280
GIcAT-P  GGL, \ GKfA .FDPHRPF Afl]. . DMAGFR VNLRLITIDRS
lakea MGEE DQEE T} VEYH OMTAPLIEG
22k3  YNI T DDLITEP DDRPE TV KANE AQTEPVLE
2dvma  YHKI A ISDDNAD ALK YH AQTEPEVD. .
4kd ... ... . P -gspoNiE FN VQTKIYIPH.
330
ELVTLNDL EPKAANCTKI LVWHTRTEKP
PVAEVRAD LEKILG.... ..........
TWPHVYAF LQTKLPQRSQ ETSVTP
PPATVWAD ILNKLGKN.. ..........
VYNDVENL FKSMGF.... ..........
331
GIcAT-P  VLVNEGKKGF
lakea .......... .......
2ak3 Lo oL
2dvia ... o
dukd ... L.
hydroxy group of the galactose is critical for the ASOR
binding and the catalytic activity The C317S mutant lost DISCUSSION

not only the binding activity toward ASOR but also the
transferase activity. The structural significance of Cys317 is
not clear at the moment, but it might be assodated with
formation of the catalytic pocket or with the undisclosed
function of the second essential amino acid cluster on the
opposite side of the molecule. The ASOR binding assay was
carried out for all the alanine substitution mutants indi-
cated above, the results being consistent with those of the
trasferase activity test as described above (data not shown),
suggesting that most of the polar amino acids within the
four modules contribute either directly through the interac-
tion with ASOR or indirectly through the proper folding of
the catalytic pocket, while those outside these modules do
not contribute significantly to the binding of acceptor sub-
strates.

The modules (I-IV) were initially found on amino acid se-
quence alignment between GlcAT-P and homologous puta-
tive proteins of C. elegans and S. mansoni (3). No similarity
of these modules to other glycosyltransferase families has
been found. Based on the premise that these modules are
restricted to the GlcAT gene family, several GlcAT genes
have been successfully cloned using a hybridization ap-
proach or a PCR-based cloning approach (5, 6). These facts
suggest that these modules are derived from a common
gene and that these modules participate in a structural fea-
ture or functions common to all GlcATs.

In this study, we investigated the structure-function rela-
tionship of GIcAT-P by means of the combination of site-
directed mutagenesis and computer aided 3D-modeling of
GIcAT-P. Alanine-scan of highly conserved amino acids in
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Y N-acetvllactosamine

N-acetyllactosamine

mm Essential AA
Non-essential AA

Fig. 6. Location of essential amino acids and non-essential
amino acids in the 3D model. Modules are color-coded: module I
in yellow, module II in light blue, module III in magenta, and module
IV in green. A substitution which dramatically reduced the catalytic
activity (essential amino acid) is colored red, and one which did not
change the catalytic activity significantly (non-essential amino acid)
is colored dark blue.

these modules indicated that essential amino acids for the
catalytic activity were intensively distributed in these mod-
ules (Fig. 3). The 3D-modeling of GlcAT-P provided clues as
to how these amino acids are positioned and function. The
four modules form a putative catalytic pocket, around
which the amino acids most probably associated with the
catalytic activity, and binding to dono and acceptor sub-
strates are located (Figs. 6 and 7). Similar observations
were made for the conserved module in a series of sialyl-
transferases (26, 27). The sialylmotif, which is a signature
module in the sialyltransferase gene family (28), is posi-
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Fig. 5. Ribbon diagrams of GlcAT
P. Predicted overall view of the com-
plex of GIcAT-P with its substrates is
shown. GIcAT-P has a Rossmann-fold
motif. a-Heliices and B-sheets are col-
ored yellow and light blue, respec-
tively. Substrates are colored red.

Phe 258

UDP-GIcA

Fig. 7. A close-up view of the catalytic pocket of GIcAT-P. Res-
idues participating in the association with substrates are shown.
UDP-GlcA and N-acetyllactosamine are colored blue and red, re-
spectively. Modules are colored as described in Fig. 6. Some impor-
tant interactions are indicated by yellow lines. The proposed cataly-
tic mechanism is indicated by green arrows.

tioned in the center of each molecule and participates in
the binding to commonly used donor substrate CMP-
NeuAc.

It should be noted that a cluster of essential amino acids
for the catalytic activity as well as the binding activity to-
ward ASOR is present at the bottom of the model, which is
far from the catalytic pocket (Fig. 6). The functional signifi-
cance of these amino acids is not clear at the moment, but
they somehow participate in maintenance of the active con-
formation of the enzyme. In this region, an aspartic acid
cluster, Asp208-Asp209-Asp210, is present. Many glycosyl-
transferase have an acidic amino acid cluster(s), DDD or
EDD, in common (29), and this acidic amino acid cluster
has been considered to be involved in the common func-
tional features of glycosyltransferases, such as in the bind-
ing to a divalent cation. Since the transferase activity of
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Fig. 8. Effects of conservative substitutions on the trans-
ferase activity and ASOR binding activity of GlcAT-P. (A) Cat-
alytic activity of conservative substitution mutants The glucuronyl-
transferase assay was carried out as described under “MATERIALS
AND METHODS?” using an equivalent amount of each mutant. (B)
Acceptor substrate binding activity of conservative substitution mu-
tants. Values are the means of at least three experiments, each per-
formed in triplicate, + SEM.

GlcAT-P depends on Mn?* as a divalent cation, the aspartic
acid cluster may be involved in the binding to Mn2*. On the
other hand, the substrate specificity of GIcAT-P is regulated
by membrane phospholipids (4, 30). Sphingomyelin is re-
quired for expression of the glucuronyltransferase activity
toward a glycoprotein acceptor not only by the native
GIcAT-P but also by GSH-GIcAT-P, while phosphatidylinosi-
tol is required for the activity toward glycolipid acceptors
(Sato, Y., Seki, T, Oka, S., and Kawasaki, T.,, unpublished
results). These results suggest that GIcAT-P contains the
binding site(s) for regulatory phospholipids and it is possi-
ble to speculate that the aspartic acid cluster might be the
site for this interaction. In any case, further study is re-
quired to determine the functional significance of the sec-
ond cluster of essential amino acids clear.

It has previously been shown that Cys317 should play an
important role in the transferase reaction (3). As shown in
Fig. 2, all members of the GlcAT family have conserved Cys
at the position equivalent to the Cys of GIcAT-P. In order to
determine the function of Cys317, we performed site-direct-
ed mutagenesis for Cys317. As shown in Fig. 8, A and B,
substitution mutant C317S, which has a conservative sub-
stitution of the thiol group with a hydroxyl group at the
side chain of Cys317, exhibits neither transferase activity
nor binding activity toward ASOR. These results confirm
that the thiol group of Cys317 is essential for the binding to
ASOR and the catalytic activity of GIcAT-P. In the present
3D-model of GIcAT-P, Cys317 is located just outside of the
predictable structure, but its three-dimensional location
has not been determined. Cys317 might be associated with
the formation of the catalytic pocket or with some undis-
closed functions of the second essential amino acid cluster.

Polar amino acids located outside the four modules or on
the exterior of the globular molecule do not seem to contrib-

K. Ohtsubo et al.

ute significantly to the formation of the catalytic pocket of
GlcAT-P, since not only the catalytic activity but also the
binding activity toward an acceptor substrate was not
affected by their substitution with alanine ones. This was
further confirmed by constructing chimeric enzymes of
GIcAT-P and GIcAT-I. GIcAT-I is involved in biosynthesis of
the linkage region of glycosaminoglycans (5), but not in
that of the HNK-1epitope, but it has the four common mod-
ules and the overall structure can be expected to be similar
to that of GIcAT-P. However, GIcAT-I is characteristic in
containing an extra eight amino acids in the intervening
region between module I and module II (see Fig. 3). A chi-
meric form of GIcAT-P, which contains the GIcATI inter-
vening sequence, retained one-third of the original GlcAT-P
activity, while chimeric GlcATI containing the GlcAT-P
intervening sequence did not exhibit any GlcAT-P activity,
(Ohtsubo, K., Nakatani, T, Tone, Y., Kitagawa, H., Suga-
hara, K, Oka, S., and Kawasaki, T, unpublished results),
indicating little association of this intervening sequence
with the enzyme specificity. These results are consistent
with the predicted three-dimensional location of this loop
(corresponding to a region covering R148 and R175 in Fig.
6), which is far away from the catalytic pocket, supporting
the high validity of the proposed model.

In conclusion, the catalytic domain of GIcAT-P shows a
novel topology with a widely opened pocket lined with
mostly invariant residues forming the donor and acceptor
binding sites in close proximity to the catalytic center. This
structure might provide useful structural information for
predicting the structures of other related glycosyltrans-
ferases.

We would like to thank Ms Y. Nagao for her secretarial assistance.
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