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Abstract

Glucuronyltransferase | (GICAT-1) is akey enzyme in
heparan/chondroitin biosynthesis (1). The X-ray crystal struc-
ture of human GIcAT-1 has been solved in the presence of both
UDP and substrate analog. The structure reveals a two sub-
domain structure known as the SGC domain. Donor substrate-
binding site residesin the N-terminal sub-domain, while accep-
tor substrate-binding site is located in the C-terminal sub-do-
main. In addition to conserved residues responsible for the do-
nor binding, various residues that interact with the acceptor
molecule have now been identified. The GICAT-1 provides the
structural basis for understanding the structure and function of
glycosyltransferases.

ooog

CleAT-IDO0 00000000000 OOoOooooooog
oooOoD0ODO@OOOGIcAT-ID0OO0DODOODODOuUDPOOODOO
0000000000 0O0O0OoooOoOoOocIcAT-I0O0DO0
gboooobooboobgbosccobuoboooonoobo
obobobooboboobooNODOoboooooooooooo
goboocobboooooooboooooobooooobooooDo
gboobooboobobooobobooobooboooobo
gbobooboobooboooobobooboboooboobo
0000000000000 000UUUUUUdGleAT-IDD O
gbooooobooboboooboboobooboooobo
gboboooooboobobooobooog

A. Introduction

The notion that carbohydrates attached to proteins are
probably just for stability and that modifications such as sulfation
occurs at random could not be further from the truth. Aswe
learn more about proteoglycans bearing heparan and chondroitin
sulfateswe discover tha the structures of the sugars confer speci-
ficity to biological signal molecules that regulate cell growth,
cell differentiation, blood coagulation, and viral and bacterial
infections. The important roles that heparan sulfates play in
developmental processes are starting to become clearer. Mice
deficient in N-deacetylase/N-sulfotransferase-1 die in the neo-
natal state from a condition similar to respiratory distress (2).
Disruption of N-deacetylase/N-sulfotransferase-2 in mouse
causes a severe mast cell defect due to lack of heparin in the
secretary granules (3, 4). Disruption of the 2-O-sulfotransferase
in mouse results in death in the neonatal period with bilateral
renal agenesis and defects of the eye and skull have also been
observed (5). Hereditary multiple exostoses, a dominantly in-
herited genetic disorder characterized by the formation of carti-
lage-capped tumors or exostoses, have been linked to genes en-
coding for heparan ploymerases, EXT1, EXT2, and sometimes
EXT3 (6).

Proteoglycans such as heparan and chondroitin sulfates
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are produced by the attachment of glycosaminoglycans at spe-
cific serine residues on protein surfaces. Initially, glycos-
aminoglcans consist of long linear polysaccharides containing
disaccharide repeats of approximately 20 to 100 repeatsin length.
Therepeating unit for heparanis (a(1,4)GIcUA-B(1,4)GIcNAC) |
whiletha of chondraitinis (B(1,4)GIcUA-B(1,3)GalNAc) . Both
the glycosaminoglcan chains are attached to the protein viathe
same linker region, GIcUA-f3(1,3)Gal-(1,3)Gal-B(1,4)Xyl-p1-
O-Ser.

To provide the structural basis for understanding
glycosaminylglcan-synthesizing enzymes, X-ray crystallogra-
phy is being employed. To date, two crystals structures have
been solved for enzymesin the heparan sulfate biosynthesis cas-
cade: sulfotransferase domain (NST-1) of N-deacetylase/N-
sulfotransferase-1land the catalytic domain of (1, 3)
glucuronyltransferase | (GICAT 1) (7, 8). From these structures
we hope to gain precise detail s about how these enzymes recog-
nize their specific cofactors and substrates, as well as to under-
stand the catal ytic mechanism by which these reactions are car-
ried out.

This review focuses on the structure of GICAT 1, since
the structure is solved in the presence of both the donor and
acceptor substrates and provides a complete picture how this
enzyme might function. GICAT | catal yzes the atachment of a
GlcUA moleculeto the linker region Gal-3(1,3)Gal-3(1,4)XyI-
B1-O-Ser of the proteoglycan to complete the common linker
GlcUA-B(1,3)Gal-B(1,3)Gal-B(1,4)Xyl-B1-O-Ser for both
heparan and chontroitin. The structure of this enzyme has been
solved in the presence of both the co-factor product UDP/Mn?*
and a substrate analogue Gal-f3(1,3)Gal-p(1,4)Xyl. From this
structure the details of how the DXD motif (a common NDP-
sugar dependent binding motif), interacts with co-factors such
as UDP-GIcUA/Mn? have been determined. Residuesinvolved
in determining substrate specificity have been suggested. Per-
haps most importantly the mechanism for GICAT I, an inverting
glycosyltransferase has been proposed.

B. Overall Fold

The overall fold of the catal ytic domain (T76-V335) of
GIcAT-1 can be divided into two sub-domains, the N-terminal
cofactor binding domain and the C-termina substrate-binding
domain (Fig. 1). The activesiteislocated in acleft that extends
across both sub-domains. The N-terminal sub-domain is com-
prised of residues T76-N197 that contains (3-strands 1 thru 4
and a-helices 1 thru 3. These elements constitute an a/b do-
main in which 31-B4 form a parallel b-sheet with a-heliceson
both sides in a configuration reminiscent of a Rossman fold.
Residues N197 -V 335 constitutes the C-terminal sub-domain
primarily comprised of B-strands. Among these strands, the
strands 5, 11, 6, and 7 form amixed b sheet and the 3 strands 9,
6 and 10 form a continuous b sheet with b strands 1-4. Strand 9
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Fig. 1. Secondary structure diagram of the catalytic domain of GICAT-1. Residues representing the donor and
acceptor binding sub-domains are pictured in yellow and blue, respectively. The DXD binding motif islocated at the junction
of these two sub-domains. Together these sub-domains comprise the SGC domain found in many other glycosyltransferases.

isanti-parallel to the other strands. The conserved DXD motif
isfound on the random coil between b4 and b5, which connects
the two sub-domains.

The overall topology of this enzymeis similar to that of
domains in other inverting glycosyltransferases. Residues 2-
217 of SpsA from Bacillus subtilis, and residues 106-317 of
B(1,2)-N-acetylglucosaminyltransferase | (GnT I) from rabbit
share near identical secondary structural features with residues
76-308 of GICAT-I (9, 10). This domain has been named the
SGC domain. Similar versions of thisdomain can aso befound
in the structures of the bovine 3(1,4) galactosyltransferase | and
of Escherichia coli N-acetylglucosaminyltransferase (MurG),
suggesting broad use of this domain by enzymes in the
glycosyltransferase superfamily (9, 11, 12).

From the crystal structure, it appears that GICAT | may
function as a homodimer. The asymmetric unit found in the
crystal structure contains two molecules with 4000 A2 of buried
surface area between them. These two molecules arerelated by
anon-crystallographic two-fold axis. The orientation of these
molecules with respect to one another places both active sites
on the same side of the dimer and both N-termini on the oppo-
site site (Fig. 2). The GIcAT-I isatype || membrane protein
with the N-terminus extending across the membrane. Thusthe
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Fig. 2. Cartoon diagram of the proposed GICAT-1 dimer. One monomer is colored orange and the other green.
The UDP molecule is shown with yellow carbon atoms, while carbon aoms for the Xyl-Gal-Gal trisaccharide found in
one monomer are colored forest green. The Mn? ions associated with the UDP molecules are colored chartreuse. A
vertical two-fold axisin the plane of the paper exists between the two GICAT-1 monomers.

proposed homodimer from the crystal structure could have both
N-termini bound to the Golgi membrane with both active sites
exposed into the Golgi lumen for binding of the substrates.

C. UDP-sugar binding site

The UDP binds in a cleft at the top of the N-terminal
sub-domain. The positioning of the uracil ring is determined by
the interactions with D113 and Y84 (Fig. 3). An oxygen atom
from the carboxylate group of D113 forms a hydrogen bond
with the secondary amine of the uracil ring. The phenal ring of
Y84 islocated 3.5 A away from the uracil ringin aparallel ring-
stacking interaction. Residues from the DXD motif (D194,
D195, and D196) form interactions with both the ribose ring
and the catalytically required Mr?* ion. D195 forms two inter-
actionswith theribosering. A carboxylate oxygen forms a hy-
drogen bond with the hydroxyl at the C2 position of the ribose
while the backbone amide is within hydrogen bonding distance
to the hydroxyl at the C3 position. This hydroxyl alsoisfound
within hydrogen bonding distance to the carbonyl oxygen of
P82. Only two residues are within hydrogen bonding distance
to the phosphate groups. Guanidinium groups of both R156
and R310 are in position to interact with the b phosphate moi-
ety.

The Mn?* ion is found bound with octahedral geometry.
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Fig. 3. Two-dimensional diagram of the active site region of GICAT-1. The picture shows residues that form hydrogen bonding
interactions or dictate binding of the UDP or Gal-Gal-Xyl molecules. The UDP/Mn?* are pictured in the right half of the diagram with the
Gal-Gal-Xyl on theleft half. Residue Q318 (b) isfrom the other monomer in the proposed dimer. Possible hydrogen bonds are represented

with dashed lines.

The six inner sphere interactions are from the two carboxylate
oxygen atoms of D196 within the DXD motif, two water mol-
ecules, and oxygen atoms from both the a and b phosphates.
The water molecules are further coordinated through interac-
tionswith D194 for one, and N197 and T309 for the other. Itis
interesting to note that this coordination differs slightly from
that of SpsA and GInT |. The inner sphere of the Mn?* ion for
these enzymesinvolves one interaction with the equivalent resi-
due to D196, two interactions with the phosphates, and three
water molecules.

D. Acceptor substrate-binding site

The crystal structure of human GICAT | isthefirst NDP-
sugar dependent glycosyltransferase to be solved with an ac-
ceptor substrate analog. The substrate analog Gal-3(1,3)Gal-
B(1,4)Xyl bindsin the C-terminal sub-domain portion of the
large cleft running across the top of the molecule. The trisac-
charide chain is placed almost perpendicular to the UDP mol-
ecule with the acceptor Gal (Gal2) buried deep in the pocket
and Gal1 near the surface. The binding orientation of the trisac-
charide is dictated mainly through interactions with the Gal2
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moiety. The acceptor hydroxyl at the C3 position of Gal2 binds
in aposition 5.1 A from an oxygen atom of the b phosphate,
which islikely bound to the GICUA moiety when the complete
donor UDP-GIcUA moleculeis present in the active site. Con-
served residues E227, D252, and E281 all form specific interac-
tionswith hydroxyls of the Gal2 moiety. Side-chain atomsfrom
residues E227 and R247 form hydrogen bond interactions with
the C6 hydroxy!l of the Gal2 moiety. E281 forms a hydrogen
bond with the acceptor hydroxyl a the C3 position, while D252
forms a hydrogen bond with the C4 hydroxyl. The location of
E281 combined with its conserved nature, indicate that this resi-
due may be ageneral basein the catalysis.

I nterestingly, the only possible hydrogen bond to the Gal1
moiety comes from Q318 of the second monomer in the asym-
metric unit. Both the oxygen and nitrogen of the amide group
are within hydrogen bonding distance to the C6 hydroxyl of the
Gall moiety. Itisunclear if thisisaphysiologically relevant
interaction, but if it is, it supports the need for dimerization be-
cause both monomers would contribute to substrate binding in
both active sites. In addition to thisinteraction, the plane of the
side-chain of W243 is parallel to thering of Gal1 possibly lim-
iting its degrees of freedom through steric interactions. Thereis
no electron density present for the Xyl moiety of the chain. The
location of the C1 hydroxyl of Gal1 isat the surface of the GICAT
| suggesting the Xyl moiety may act as a spacer between the
large proteoglycan substrate and GICAT | and therefore forms
no specific interactions with the enzyme.

E. Catalytic M echanism

GICcAT | isan inverting glycosyltransferase. This means
that the bridging oxygen, between UDP and GIcUA in UDP-
GIcUA, which isin thea configuration, is replaced by a bridg-
ing oxygen between GIcUA and the substrate with an oxygen
atom in the b configuration. The most likely mechanism for
such areaction would involve attack at the C1 position of GICUA
by the substrate from the opposite side of the leaving group UDP.
Thiswould create a stereochemical change at the C1 position. It
isbelieved that such areaction would involve an oxocarbenium-
ion like transition state during the catalysis.

The structure of GICAT | in the presence of UDP and
Gal-B(1,3)Ga-p(1,4) Xyl supports the proposed mechanism for
inverting glycosyltransferase. The acceptor hydroxyl at the C3
position of Gal2 islocated 5.1 A from the departing bridging
oxygen of the UDP-GIcCUA molecule. E281 isin position to act
as a catal ytic base by deprotonating the acceptor hydroxyl, in-
creasing its neucleophilic character. GnT | and SpsA have an
aspartic acid (D291 and D191, respectively) at the same posi-
tion in the structures as E281 supporting the role of these resi-
dues as catalytic bases. The Mn?* is believed to help neutralize
the negative charge built up on the leaving UDP molecule. Resi-
dues R156 and R310 that interact with the phosphates of UDP
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Fig. 4. Schematic representation of the proposed catalytic mechanism.
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may also help UDP become a better leaving group. In addition
to these residues, H308 is present in the active site located near
the UDP and the acceptor hydroxyl of the Gal2 moiety. This
histidine is conserved in glycosyltransferases and likely inter-
acts with the GIcUA of the UDP-GIcUA molecule and/or may
assist in catalysis.

F. Heparan polymerases and chondrotin synthases

Can the GICcAT-1 structure be used to infer structural and
catalytic aspects of bifunctional glycosyltransferases such as
heparan polymerases (EXTs) and chondrotin synthases CSs)?
EXTs catalyze aternative addition of GIcUA and GIcNAc to
the non-reducing end of [a(1,4)GIcUA-B(1,4)GIcNAC]  repeats
in heparan chain elongation. CSs add alternaively GIcUA and
GalNAc to the non-reducing end of [B(1,4)GIcUA-
B(1,3)GaNAC]  repeatsin chondroitin chain elongation (1). We
employed a Clustal X alignment program (13, 14) to predict
which residues may be involved in the binding of donor and/or
acceptor substrates. The DDD motif of GICAT-I alignswith the
DSSSES6D%7 and D%#¥D%°D%C in EXT1 and EXT2, respectively.
ResiduesY 84, D113 of GIcAT-I that form interaction with the
uracil base of UDP, are conserved asY 473 and N500, respec-
tively, in the EXT2 enzyme. R532 of the EXT2 aligns with
R161 that forms a hydrogen bond to D194 of the DXD moetif in
GIcAT-1. Thus, the UDP-sugar binding siteisidentifiablein only
the C-terminal half of EXT enzymes.

Similar analysis shows the presence of two DXD motifs
in CSs, such as D?C?'D?* and D5*S*'D%% in the N-terminal
and C-terminal halves, respectively, of Pasterurella multocida
Type F CS (pmCS) (15). In addition to the DXD motif, the
other UDP-binding residues are also conserved in each of the
two putative binding sitesin pmCS. Thus, CSs appear to con-
tain two UDP-binding sites, whereas EXTs may have only one
such binding site.

Recently, glucuronyltransferase activity has been located
to the N-terminal half of the EXT1 sequence, and D**R3*“DB s
implicated asa DXD motif of EXT1 (16). All the reported mu-
tations that decreased the activity of EXT1 (16) would map into
the region after D3*R3“D to where the acceptor substrate binds.
Let us examine whether D**R3“D3"® s the N-terminal DXD
motif. First of al, we have been unable to identify any corre-
sponding DXD motif in the N-terminal half of EXT2. Second,
inal known SGC structures, a hydrophobic b sheet always pre-
cedesthe DXD motif and thisisalso truein the case of all DXD
motifsidentified by our present sequence alignmentsin EXTs
and CSs. On the contrary, the residuesthat precede the putative
D3BR3UD3 moetif in EXT1 are HKDSR. These hydrophilic resi-
dues are unlikely be buried in the hydrophobic core of the mol-
ecule, suggesting that the D3®*R3*“D3>may not be a DXD motif.
Thus, the idea of two SGC domainsin EXT enzymesinvites a
fresh look. EXT enzymes could be composed of asingle UDP-
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sugar binding site that is flanked by two acceptor-binding sites.
If s0, given the report that glucuronyltransferase activity belongs
to the N-terminal half of EXT1 (16), the N-terminal half bears
the binding site of heparan chain with GIcNAc for the non-re-
ducing end, while that with the GIcUA resides within the C-
terminal half for N-acetylglucosaminyl transferase activity. In
supporting thisintra-molecular localization of the two activities
in EXTs, EXTL2 sequence nicely aligns with the C-terminal
half of EXT2. EXTL2, asingle SGC domain protein with 330
residues, catalyzes N-acetylglucosaminyl transferase activity (1).
Thisstructural analysis of EXT enzymesis of course very specu-
lative. Future experiments may show that EXT, after al, isalso
atwo SGC domain protein. Or the N-terminal half of EXTs
may form a distinct domain structure for glucuronyltransferase
activity. Nevertheless, the GICAT-I structure provides us with
molecular basis for understanding heparan/chondroitin biosyn-
thesis.
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