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(Background: Conjugation of sugars to chemicals by (UDP-glycosyltransferases) UGTs is a critical detoxification

Results: A single amino acid defines the differential sugar specificities of two related UGTs.
Conclusion: The change of a single amino acid during primate evolution has generated a new capacity for small molecule

Significance: Determinants of UGT sugar selectivity are currently poorly understood; novel glycosidation pathways may have
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Recent studies in this laboratory characterized the UGT3A
family enzymes, UGT3A1 and UGT3A2, and showed that nei-
ther uses the traditional UDP-glycosyltransferase UGT co-sub-
strate UDP-glucuronic acid. Rather, UGT3A1 uses GIcNAc as
preferred sugar donor and UGT3A2 uses UDP-Glc. The enzy-
matic characterization of UGT3A mutants, structural modeling,
and multispecies gene analysis have now been employed to iden-
tify a residue within the active site of these enzymes that confers
their unique sugar preferences. An asparagine (Asn-391) in the
UGT signature sequence of UGT3A1 is necessary for utilization
of UDP-GIcNAc. Conversely, a phenylalanine (Phe-391) in
UGT3A2 favors UDP-Glc use. Mutation of Asn-391 to Phe in
UGT3A1 enhances its ability to utilize UDP-Glc and completely
inhibits its ability to use UDP-GIcNAc. An analysis of homology
models docked with UDP-sugar donors indicates that Asn-391
in UGT3A1 is able to accommodate the N-acetyl group on C2 of
UDP-GIcNAc so that the anomeric carbon atom (C1) is opti-
mally situated for catalysis involving His-35. Replacement of
Asn with Phe at position 391 disrupts this catalytically produc-
tive orientation of UDP-GIcNAc but allows a more optimal
alignment of UDP-Glc for sugar donation. Multispecies
sequence analysis reveals that only primates possess UGT3A
sequences containing Asn-391, suggesting that other mammals
may not have the capacity to N-acetylglucosaminidate small
molecules. In support of this hypothesis, Asn-391-containing
UGT3A forms from two non-human primates were found to use
UDP-GIcNAc, whereas UGT3A isoforms from non-primates
could not use this sugar donor. This work gives new insight into
the residues that confer sugar specificity to UGT family mem-
bers and suggests a primate-specific innovation in glycosidation
of small molecules.
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Glycosidation of lipophilic chemicals by the UDP-glycosyl-
transferase (UGT)? superfamily is an important detoxification
pathway in all vertebrates (1). Glycosidation increases the water
solubility of the acceptor substrate, facilitating its excretion
and/or otherwise altering its biological reactivity (2—5). Accep-
tors are structurally diverse and include steroid hormones, bile
acids, biogenic amines, plant and bacterial metabolites, carcin-
ogens, and many therapeutic drugs (6). Thus, glycosidation
protects cells against exogenous toxins and accumulations of
potentially toxic by-products of metabolism. It can also play a
role in modulating signaling pathways such as those mediated
by steroid hormones. The glycosyl donor (co-substrate) is usu-
ally a UDP-hexose, typically UDP-glucuronic acid (UDP-
GlcUA), UDP-Glc, UDP-xylose, UDP-Gal, or UDP-GIcNAc.
During the conjugation reaction, the UDP—a-bond between
UDP and the hexose moiety is converted into a 3-bond between
the acceptor and the sugar via an Sy2 mechanism to form a
B-p-glycoside.

In humans, four UGT families have been identified; UGT1,
UGT?2 (divided into subfamilies 2A and 2B), UGT3, and UGT8
(6). The UGT1 enzymes are encoded by a single genomic locus
on chromosome 2q37, which contains multiple enzyme-spe-
cific exons 1A and a shared set of exons 2—5 (7). Differential
promoter usage and splicing produce mRNAs for nine separate
UGT1A enzymes, each having a unique N-terminal domain
encoded by exon 1A and an identical C-terminal domain
encoded by exons 2—-5. The UGT2 family is divided into the
UGT2A and UGT2B subfamilies. UGT2A1 and UGT2A2 are
encoded in a similar fashion to the UGT1A family and have
identical C-terminal domains encoded by a shared set of
five exons. The remaining members of the UGT2 family are
encoded by separate genes of six exons each that are arrayed
along chromosome 4q13 (6). The UGT3A family has two mem-
bers denoted LIGT3A1 (8) and IGT3A2 (9) that are arranged as
adirect repeat on chromosome 5p13. The human UGT8 family

3The abbreviations used are: UGT, UDP-glycosyltransferase; UDP-GICUA,
UDP-glucuronic acid.
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contains only one gene (UGT8AI) located on chromosome
4q26.

The UGT1 and UGT2 enzymes use UDP-GIcUA as their pre-
ferred sugar donor, although there are examples where other
UDP-sugars are used. For example, UGT2B7 and UGT1A1 can
utilize UDP-Glc, and UGT1A1 can use UDP-xylose (10-12).
However, the activities of UGT1 and UGT2 family enzymes
with these alternative UDP-sugars are much lower than those
with UDP-GIcUA, and are typically restricted to specific agly-
cone substrates. There is no evidence that UGT1 and UGT2
forms can use UDP-Gal or UDP-GIcNAc. UGTS catalyzes the
transfer of Gal from UDP-Gal to ceramide in the production of
glycosphingolipids; no other sugar donors or acceptors have
been identified for this enzyme. Currently, it is believed that
UGTS8 has an exclusively biosynthetic role and is not involved in
detoxification (13).

We recently characterized the substrate specificities of the
UGT3A enzymes (8, 9). In striking contrast to the UGT1 and
UGT?2 families, we found that neither UGT3A enzyme can uti-
lize the prototypic UGT co-substrate UDP-GIcUA. UGT3A1
uses UDP-GIcNAc to conjugate several substrates, including
bile acids, steroids, and bioflavones (8). This sugar selectivity is
unique among vertebrate UGTs. UGT3A2 preferentially uti-
lizes UDP-Glc with a range of substrates, including bioflavones
and estrogens (9). The significance of these unusual sugar spec-
ificities remains unclear, although it is possible that the GIcNAc
and Glc conjugates have important biological roles in vivo.
UGT3A2, in particular, is expressed at very low levels in the
human liver, kidney, and gastrointestinal tract, suggesting that
its major roles may be not in elimination of exogenous chemi-
cals but in endogenous metabolism.

UGTSs can be divided into two domains and typically show
much greater sequence conservation in their C-terminal halves
than in their N-terminal halves. This is consistent with recog-
nition of diverse aglycone substrates by the N-terminal domain
and binding of the UDP-sugar donor by the C-terminal domain.
Although sequence determinants of aglycone specificity have
been identified by domain swapping and mutagenesis experi-
ments, there has been limited progress in identifying residues
involved in sugar specificity, in part because all UGT1 and
UGT?2 enzymes preferentially use UDP-GIcUA and have only
minor activities with other sugars. The recent discovery of dif-
ferential sugar usage in the UGT3A family now provides a
unique opportunity to address this issue. Using cross-species
sequence comparisons and site-directed mutagenesis, we
have identified a key residue in the putative sugar-binding
domain that confers differential sugar specificities to the
UGT3A proteins. We also provide evidence that the use of
UDP-GIcNAc as a sugar donor is unique to primate UGT3A
proteins.

EXPERIMENTAL PROCEDURES

Materials—Radioactive and nonradioactive UDP-sugars
were obtained as indicated: [**C]JUDP-Glc and [**C]UDP-
GlcNAc from GE Healthcare and UDP-Glc and UDP-GIcNAc
from Sigma-Aldrich. All other reagents and solvents were of
analytical reagent grade.
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Production of UGT3A1 and UGT3A2 Mutants—Site-di-
rected mutagenesis was performed using human UGT3A1 and
UGT3A2 cDNAs encoded in the pCR2.1 vector (Invitrogen)
and the QuikChange mutagenesis method. Asn-391 in
UGT3A1 was mutated to Phe-391 using primers 5'-CCCATG-
GTGGGATTACCAGTCTTTGGAGACCAGCATGGAAAC-
ATGG-3' (forward) and 5'-CCATGTTTCCATGCTGGTCT-
CCAAAGACTGGTAATCCCACCATGGG-3' (reverse). Phe-
391 in UGT3A2 was mutated to Asn-391 using primers
5'-CCCATGGTGGGGATCCCTCTCAATGGAGACCAGC-
CTGAAAACATGG-3’" (forward) and 5 -CCATGTTTTCA-
GGCTGGTCTCCATTGAGAGGGATCCCCACCATGGG-
3" (reverse). The mutated products were verified by
resequencing of the complete coding region and then sub-
cloned into the pEF-IRESpuro6 expression vector, which
contains a puromycin resistance gene (14). Expression vec-
tors were transfected into human embryonic kidney
HEK293T cells, and mixed cell populations stably expressing
the mutant proteins were selected with puromycin (2
pg/ml). Lysates were prepared for assays in buffer contain-
ing 10 mMm Tris and 1 mm EDTA (pH 7.6).

Western Blotting—Proteins in lysates from HEK293T cells
stably expressing wild-type and mutant UGT3A cDNAs were
separated on SDS-polyacrylamide gels and transferred to nitro-
cellulose membranes as described previously (8, 15). Wild-type
and mutant UGT3A proteins were detected with anti-UGT3A1
and anti-UGT3A2 antibodies generated previously (8, 9) and a
peroxidase-conjugated goat anti-rabbit secondary antibody
(NeoMarkers). Immunocomplexes were visualized with the
SuperSignal West Pico chemiluminescent kit (Thermo Fisher
Scientific) and quantified with a GE Healthcare LAS4000
scanner.

Enzyme Assays—For assays to assess co-substrate preference,
glycosidation reactions were performed as described previously
(8). Briefly, incubations were performed at 37 °C for 1 h in 100
mwMm phosphate buffer (pH 7.5), 4 mm magnesium chloride, 100
ng of HEK293T cell lysate, 200 um aglycone, and 2 mm
[**C]UDP-sugar (0.1 wCi/mmol). Radioactive products were
separated by thin layer chromatography (8) and quantified by
exposure to a Molecular Dynamics phosphor screen, which was
scanned with a GE Healthcare Typhoon 9400 scanner. Stand-
ard curves with known amounts of [**CJUDP-sugar were con-
structed to quantify product formation. For comparisons of
activities between lysates expressing UGT3A proteins, activi-
ties relative to the amount of UGT protein present in the lysate
(as determined by Western blotting) were used.

In Silico Modeling and Docking—A human UGT3A1l
homology model was constructed using FUGUE and
ORCHESTRAR (SYBYL-X 1.3, Tripos). Homologs identified
by FUGUE were refined against profile hidden Markov model
(16) data constructed from the UGT3A1 coding sequence.
Crystal templates of grape UDP-Glc:flavonoid 3-O glucosyl-
transferase (codes 2C1X, 2C1Z, and 2C9Z), glycosyltransferase
UGT78G1 from Medicago truncatula (codes 3HBF and 3HBJ),
and the cofactor-binding domain of UGT2B7 (code 206L) (17)
were obtained from the Brookhaven Protein Data Bank, and
sequence alignments were refined using Cn3D relative to sec-
ondary structure. The highest acceptable inter-Ca distance
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between equivalent residues within a sequence conserved
region was 1.5 A, with a root mean square difference of
0.00001A considered significant. Loops not modeled were
found by loop threading all crystal structures of the
HOMSTRAD Database (SYBYL-X 1.3). Refinement of the
model was achieved by undertaking independent minimiza-
tions of biopolymer hydrogens, side chains, the biopolymer
omitting Ca carbons, and finally the biopolymer as a whole.
Each independent minimization allowed a maximum of 10,000
iterations using the method reported by Powell (18) with a ter-
mination gradient of <0.05 kcal/mol/A. Automated docking of
UDP-GIcNAc and UDP-GIc was achieved using the Surflex-
Dock (SFXC) suite (SYBYL-X 1.3). Co-substrate docking was
consensus-scored (CScore) relative to protein interactions with
hydrogen flexibility allowed. The relative strengths of co-sub-
strate and protein covalent force fields were set to 1.00 and 0.10,
respectively. Ring flexibility was additionally allowed when gen-
erating the molecular co-substrate fragments and minimized
using a Broyden-Fletcher-Goldfarb-Shanno quasi-Newton
method and an internal DREIDING force field (19). In silico
mutants were generated by substitution of the desired amino
acid. Substituted residues were energy-minimized as a subset of
the entire protein molecule using the Powell conjugate gradient
method with an energy cutoff set to 0.05 kcal/mol/A. A “hot
region” of 6 A surrounding the substituted residue was estab-
lished where the side chains of all residues were minimized. A
further “intermediate region” of 12 A was generated to set the
minimization environment without side chain movement.
Minimization by this method allowed changes in the energetic
forces experienced by residues that either adjoin or neighbor
the substituted amino acid. Distance measurements were col-
lected to characterize the orientation of docked co-substrate
poses. Distances were measured between the anomeric carbon
(C1) of the co-substrate sugar moiety (i.e. the site of S;2 attack)
and the N2 of the catalytic base, His-35.

Cloning and Expression of Non-human UGT3A cDNAs—
Mouse Ugt3al and Ugt3a2 cDNAs were obtained by reverse
transcription of neonatal (up to 1-week old) mouse liver or kid-
ney RNA. Briefly, first-strand cDNA was synthesized with the
SuperScript™ first-strand synthesis system (Invitrogen). The
Ugt3al coding region was amplified from the ¢cDNA using
primers 5'-CGGAATTCATGGCTGCACATCGGAGTTGG-
C-3' (forward) and 5'-CGGAATTCTTATGCCTGCTTGAC-
CTTCCTTG-3' (reverse). The mouse Ugt3a2 coding region
was amplified using primer 5'-CGGAATTCATGGCAGCAC-
ATCGGCGTTGG-3’ (forward) and 5'-CGGAATTCTTATG-
CCTCCTTGACCTTCGT-3’ (reverse). The initiation and stop
codons in the forward and reverse primers, respectively, are in
italic type. The gene nomenclature follows that of the NCBI
Gene Database. PCR was performed in a volume of 50 ul with
200 ng of cDNA, 0.5 uM forward and reverse primers, and Pfu-
Turbo DNA polymerase (Stratagene). The cycling parameters
consisted of one cycle at 95 °C for 2 min; 35 cycles at 95 °C for
0.5 min, 60 °C for 0.5 min, and 72 °C for 2 min; followed by a
single cycle at 72 °C for 5 min. PCR products were excised from
a 1% agarose gel, purified using the QIAquick gel extraction kit
(Qiagen), and cloned into the pCR2.1 shuttle vector for
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sequencing. Both cDNAs were subcloned into the pEF-IRES-
puro6 expression vector.

Full-length cDNAs for chimp (Pan troglodytes) UGT3A1 (XM_
526949), rhesus (Macaca mulatta) UGT3A1 (XM_001093373)
and UGT3A2 (XM_001093598), Cow (Bos taurus) UGT3A2
(NM_001076087), and rabbit (Oryctolagus cuniculus) UGT3A
(XM_002714108) were obtained from GenScript in the pUC57
shuttle vector. The cDNAs were excised and subcloned into the
pEF-IRESpuro6 expression vector. Sequencing confirmed the
identities of each clone.

The human and chimp UGT3A2 proteins differ by only one
amino acid (Asn-309 in human is Tyr-309 in chimp). To obtain
a cDNA with the equivalent sequence to chimp UGT3A1, we
performed site-directed mutagenesis of the human UGT3A2
¢DNA to introduce the chimp-specific amino acid (Tyr-309).
The mutagenesis primer sequences were as follows: 5-gtcagta-
tccggaaatcttcaaggag-3’ (forward) and 5'-cggatactgacaggtgttca-
ccatg-3' (reverse).

All non-human UGT c¢DNAs were transfected into
HEK293T cells. Either transiently expressing lysates or lysates
from puromycin-selected cell populations stably expressing the
UGT of interest were used in assays.

Analysis of Endogenous Ugt3a Gene Expression in Mouse
Tissue—To measure the levels of endogenous Ugt3al and
Ugt3a2 mRNAs in neonatal mouse livers and kidneys, we used
quantitative RT-PCR with the following primers: Ugt3al, 5'-
ACCGTGTGTCGCAAATTCTG-3' (forward) and 5'-ACCT-
GGTATGATGAGTTTTCC-3" (reverse); and Ugt3a2, 5'-
TTCTCATGAGCTTCCTTTTCC-3' (forward) and 5'-GCG-
ACACACGGCTTATCAC-3" (reverse). The raw data were
converted to copy number using standard curves constructed
from the cloned cDNAs. Data were then normalized to the
mRNA abundance of the ribosomal protein S26 (Rps26) house-
keeping gene. Reactions were carried out using SYBR Green
reagent (Qiagen) or GoTaq (Promega) and the Rotor-Gene 300
thermal cycler (Corbett Life Sciences).

Preparation of Mouse Liver and Kidney Microsomes—Livers
and kidneys from 2—3-week-old mice were snap-frozen on dry
ice. Microsomes were prepared as described previously (20),
and assays were performed as described above.

RESULTS

Functional Analysis of Residue 391 in Human UGT3AI and
UGT3A2—We have previously shown that UGT3A1 is unique
among human UGTs in using UDP-GIcNAc as its preferred
sugar donor (8), whereas human UGT3A2 utilizes UDP-Glc as
its preferred co-substrate (9). The UGT signature sequence is a
30-amino acid region that is highly conserved in all UGTs and
implicated in the binding of UDP-sugars (see Ref. 6 and refer-
ences therein). When the signature sequences of all human
UGTs are aligned, residue 391 is clearly divergent; this residue
is asparagine in UGT3A1 and phenylalanine in all other human
UGTs, including UGT3A2 (Fig. 1). We hypothesized that Asn-
391 may be important for conferring the unique ability of
human UGT3A1 to utilize UDP-GIcNAc.

Site-directed mutagenesis was used to substitute Asn-391 in
UGT3A1 with Phe (N391F), and, conversely, to substitute Phe-
391 in UGT3A2 with asparagine (F391N). The stable expres-
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hUGT3A1l WLPQSDLLAHPSIRLFVTHGGQONSVMETIRHGVPMVGLPVINGDOHG
hUGT3A2 WLPQSDLLAHPSIRLFVTHGGQNSIMEAIQHGVPMVGIPLEGDQPE
hUGT1Al WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQOMD
hUGT1A3 WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMD
hUGT1A4 WLPQNDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMD
hUGT1AS5 WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMD
hUGT1A6 WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDOMD
hUGT1A7 WLPQNDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMD
hUGT1A8 WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQOMD
hUGT1A9 WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQOMD
hUGT1A10 WLPONDLLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMD
hUGT2A1 WIPQNDLLGHPKTKAFITHGGTNGIYEAIYHGVPMVGVPMFADQPD
hUGT2A3 WIPQNDLLGHPKTKAFITHGGMNGIYEAIYHGVPMVGVPIFGDQLD
hUGT2B7 WIPONDLLGHPKTRAFITHGGANGIYEAIYHGIPMVGIPLFADQPD
hUGT2B28 WIPQNDLLGLPKTRAFITHGGANGIYEAIYHGIPMVGIPLEWDQPD
hUGT2B10 WIPONDLLGHPKTRAFITHGGANGIYEAIYHGIPMVGIPLEFDQPD
hUGT2B11 WIPQONDLLGHPKTRAFITHGGANGIYEAIYHGIPMVGIPLEFDQPD
hUGT2B15 WLPONDLLGHPKTKAFITHGGTNGIYEAIYHGIPMVGIPLEFADQDD
hUGT2B17 WLPONDLLGHPKTKAFITHGGTNGIYEAIYHGIPMVGIPLFADQHD
hUGTS8 WLPONDLLGHSKIKAFLSHGGLNSIFETMYHGVPVVGIPLEFGDHYD

FIGURE 1. Alignment of UGT signature sequences of all human UGTs. The
residue at position 391 is divergent in human (h) UGT3A1.

sion of both mutant proteins in HEK293T cells was confirmed
by Western blotting (data not shown). The activities of both
mutant and wild-type proteins were examined using either
UDP-Glc or UDP-GIcNAc and the aglycone substrate genis-
tein. Genistein was selected because it was previously found to
be a good substrate for both UGT3A1 and UGT3A2 with their
preferred sugar donors (8,9, 21).

Using sensitive assays for glycosidation, we observed that
wild-type UGT3A1 in fact has a weak inherent capacity to con-
jugate glucose to genistein (supplemental Fig. 1). UGT3A1
mutation N391F dramatically enhanced glucosidation activity
and simultaneously abolished activity with UDP-GIcNAc
(Table 1). UGT3A2 mutation F391IN reduced the enzymatic
activity with UDP-Glc by ~150-fold (Table 1); however, it did
not confer activity with UDP-GIcNAc.

Structure Modeling and UDP-sugar Docking—To examine
the structural basis underpinning the importance of residue
391, homology models of UGT3A1 and mutant N391F were
generated and docked with UDP-GIcNAc or UDP-Glc (Figs. 2
and 3). The docking of UDP-GIcNAc to UGT3A1 revealed
direct side chain H-bonding interactions from Glu-377 to both
hydroxyl hydrogens of the ribose, Asn-373 to two oxygens of
the diphosphate, His-369 and GIn-394 to the 3'-hydroxyl oxy-
gen of the ribose, and Asp-393 to the 4'-hydroxyl hydrogen of
the sugar moiety. Numerous main chain (both nitrogen and
oxygen) H-bonding interactions provided further stabilization
of the UDP moiety; these included Leu-352 and Gln-354 to
uracil and GIn-372, Asn-373, and Ser-374 to the diphosphate.
Trp-351 was in a position to form -7 and -0 orbital interac-
tions with the uracil. The residues utilized in orienting
UDP-GIcNAc for nucleophilic attack by the aglycone are
located within the UGT signature sequence (Fig. 2).

AllUGTSs appear to have a histidine (His-35 in UGT3A1) that
acts as a catalytic base to facilitate activation of the sugar-ac-
ceptor group on the aglycone by deprotonation for subsequent
nucleophilic attack on the anomeric carbon (C1) of the sugar
donor (22). When UDP-GIcNAc is docked into UGT3A1 (Fig.
3A), the distance between the catalytic histidine and C1 is 4.02
A, which increases to 6.21 A when UDP-Glc is docked into the
protein (Fig. 3B). In contrast, when UDP-GIcNAc or UDP-Glc
is docked into UGT3A1 Phe-391 (Fig. 3, Cand D), the distances
are 6.18 and 3.60 A, respectively. Hence, the UGT3A1 proteins
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TABLE 1

Activities of wild-type and mutant forms of human UGT3A1 and
UGT3A2 with genistein and either UDP-Glc or UDP-GIcNAc as sugar
donor

Activity with
UDP-Glc

Activity with

Protein variant UDP-GIcNAc

pmol/min/mg pmol/min/mg

WT UGT3A1 1.75 = 0.05 65.74 *+ 13.13
UGT3A1(N391F) 15.03 + 1.33 ND*

WT UGT3A2 137.65 + 6.59 ND
UGT3A2(F391N) 0.82 + 0.08 ND

“ND, not detected.

UDP-GlcNAc / | UGT signature
sequence

S34

FIGURE 2. Docked UDP-GIcNACc (capped sticks) positioned for productive
Sn2 nucleophilic attack. Stabilization of the uridine, diphosphate, and sugar
substituents of the cofactor involves H-bonding interactions with highly con-
served residues of the UGT signature sequence (schematic). Bonding interac-
tions are observed from Leu-352/GIn-354/Glu-377 to the uridine, GIn-372/
Asn-373/Ser-374 to the diphosphate, and His-369/GIn-394 to the sugar
moiety.

that are most active with their respective sugar donors (i.e.
UGT3A1 with UDP-GIcNAc and UGT3A1 Phe-391 with UDP-
Glc) have shorter distances between the catalytic histidine and
C1 compared with the UGT3A1 protein/UDP-sugar combina-
tions that have little activity (i.e. UGT3A1 with UDP-Glc and
UGT3A1 Phe-391 with UDP-GIcNAc).

Cloning and Functional Analysis of Mouse Ugt3al and
Ugt3a2—We examined UGT3A sequences in the genomes of
multiple species to determine when Asn-391 may have evolved.
In all species examined, L/GT3A genes are located in regions of
shared synteny, including the flanking genes LMBRD2 (LMBR1
domain-containing-2) and CAPSL (calcyphosine-like). These
flanking genes were used as markers to guide our identification
of UGT3A genes and pseudogenes in each genome. We found
that the human, chimp, gorilla, baboon, macaque, marmoset,
and tarsier genomes each encode one UGT3A form with Asn-
391 and one with Phe-391 (Fig. 4). The orangutan genome
appears to encode only one UGT3A form, and it bears Asn-391.
The genomes of the gibbon, bushbaby (Otolermur) and mouse
lemur and of non-primates (including mouse, rat, rabbit, dog,
cow, horse, panda, elephant, and platypus) contain one or more
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FIGURE 3. Energetically favored poses of cofactor (capped sticks) after automated in silico docking. A, UDP-GIcNAc with wild-type UGT3AT1. B, UDP-Glc
with wild-type UGT3A1. C, UDP-GIcNAc with the N391F mutant. D, UDP-Glc with the N391F mutant.

UGT3A genes that each encode Phe-391 (or, in some cases,
Leu-391) and no genes that encode Asn-391. In general, the
signature sequences of primate UGT3A paralogues show less
similarity to one another than those of the non-primate
UGTS3A paralogues. For example, the human UGT3A1 and
UGT3A2 proteins are only 82% identical within their signature
sequences, whereas the mouse Ugt3al and Ugt3a2 proteins are
95% identical within their signature sequences.

Given the effect of UGT3A1 mutation N391F on sugar pref-
erence, we hypothesized that only genes that encode Asn-391
may efficiently utilize UDP-GIcNAc as a sugar donor in conju-
gation reactions. To test this hypothesis, we first cloned mouse
Ugt3al and Ugt3a2 cDNAs and examined their sugar specific-
ity in the heterologous HEK cell expression system.

Asshown in Table 2, mouse Ugt3al was active with 4-methy-
lumbelliferone and ursodeoxycholic acid using UDP-GlIc as the
sugar donor. However, it showed no activity toward either sub-
strate with UDP-GIcNAc. Mouse Ugt3a2 was also able to con-
jugate 4-methylumbelliferone and ursodeoxycholic acid with
UDP-Glc, although to a lesser extent than Ugt3al, and it was
also inactive with UDP-GIcNAc.

The arrangement of the UGT3A genes and their immediate
neighbors in the human genome is LAMBRD2-UGT3A2-
UGT3A1-CAPSL. However, in the public mouse genome data-
bases, the name Ugt3al has been assigned to the gene most
proximal to Lmbrd?2 (e.g. Lmbrd2-Ugt3al-Ugt3a2-Capsl) (see
Ref. 21). The products of the mouse Ugt3al and Ugt3a2 genes
show the same degree of sequence similarity to the human
UGT3A1 gene product. On the basis of genomic position, we
suggest that mouse Ugt3a2 is in fact likely to be the homologue
of human UGT3A1. In support of this notion, it was found that
mouse Ugt3al shows a similar pattern of expression to human
UGT3A2 and that mouse Ugt3a2 expression is more similar to
human UGT3A1 expression. Specifically, the expression of
mouse Ugt3a2 is vastly higher in liver and kidney than that of

24126 JOURNAL OF BIOLOGICAL CHEMISTRY

Ugt3al (Fig. 4). We have previously shown that human
UGT3A1 mRNA is abundant in human liver and kidney,
whereas human U/GT3A2 mRNA is barely detectable in liver
and is very low in kidney (8, 9).

Given the likelihood that mouse Ugt3a2 is the homologue of
human UGT3A1, we sought additional aglycone substrates for
this enzyme to confirm its apparent inability to use UDP-
GIcNAc. Several bile salts and related chemicals were investi-
gated. Hyodeoxycholic acid was identified as the aglycone with
which mouse Ugt3a2 had the highest glucosidation activity.
However, even with this substrate, Ugt3a2 showed no activity
with UDP-GIcNAc as the sugar donor (Fig. 5B). This result
further supports the idea that both mouse Ugt3a enzymes can
utilize only UDP-Glc.

To assess whether the mouse has any capacity for N-acetyl-
glucosaminidation of small molecules, we tested microsomal
preparations of mouse liver and kidney for endogenous con-
jugation activity using UDP-Glc or UDP-GIlcNAc and a vari-
ety of aglycones, including mycophenolic acid, hyodeoxy-
cholic acid, hesperetin, and 4-methylumbelliferone. Only
glucose conjugates were detected (Fig. 5C), further support-
ing the idea that the mouse does not express an
UDP-N-acetylglucosaminyltransferase.

Activities of Chimp, Rhesus, Cow, and Rabbit UGT3A
Proteins—To further test our hypothesis that only genes that
encode Asn-391 may utilize UDP-GIcNAc as a sugar donor in
conjugation reactions, we obtained an assortment of clones
encoding UGT3A enzymes from various primate and non-pri-
mate species and expressed them in HEK293T cell culture.
Activity was examined using a variety of aglycone substrates
and both UDP-Glc and UDP-GIcNAc as the sugar donor. All
recombinant UGT3A enzymes were catalytically active. How-
ever, only those UGT3A enzymes that contain Asn-391 were
able to use UDP-GIcNAc as a sugar donor (Fig. 6). Those with a
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WLPONDLLAHPKAKLLVTHGGINSVMEATHHGVPMVGIPLEGDQFED

Species/gene NCBI Ensembl Signature sequence

orthologue Gene ID# | Accession

Primates

human 3A1 133688 ENSG00000145626 WLPQSDLLAHPSIRLFVTHGGONSVMET IRHGVPMVGLPVNGDQHG

human 3A2 167127 ENSG00000168671 WLPQSDLLAHPS IRLFVTHGGONSIMEAIQHGVPMVGIPLFGDQPE ]82%
chimp 3A1 471571 ENSPTRG00000016792 [ WL,PQSDLLAHPS IRLFVTHGGONSVMEAIRHGVPMVGLPVNGDQHG ]8 9
chimp 3A2 461920 WLPQSDLLAHPSIRLFVTHGGONSIMEAIQHGVPMVGIPLFGDQPE

gorilla 3A1 ENSGGOG00000008662 | WL, PQSDLLAHPS IRLFVTHGGONSVMEAIRHGVPMVGLPVNGDQHG 82%
gorilla 3A2 ENSGGOG00000003108 | WI,PQSDLLAHPS IRLFVTHGGQONSIMEAIQHGVPVVGIPLEGDQPE ]
orang-utan 3A1 100174402 | ENSPPYG00000015398 WLPQSDLLAHPSICLFVTHGGONSVMEAIRHGVPMVGLPVNGDQHG

baboon 3AT ENSP00000274278 WLPQSDLLAHPS IRLFVTHGGONSVMEATWHGVPMVGLPYNGDOHG |7,
baboon 3A2 ENSP00000282507 WLPQSDLLAHPSIRLEVTHGGONSIMEAIQHGVPMVGIPLFGDQPE ] °
macaque 3A1 700115 ENSMMUG00000006907 | WL,PQSDLLAHPS IRLFVTHGGONSVMEAIRHGV PMVGLPVNGDQHG ]8 4%
macaque 3A2 700238 ENSMMUGO00000006910 | I, PQSDLLAHPS IRLFVTHGGONSIMEAIQHGVPMVGIPLEGDQPE
marmoset 3A1 100399428 ENSCJAG00000019787 WLPQSDLLAHPSIRLFVTHGGONSIMEAIRHGVPMVGLPVNGDQHG ] 89%
marmoset 3A2 100396365 | ENSCJAGO0000018354 | (y,POSDLLAHPS IRLEVTHGGONS IMEAIQHGVPMVGIPVEFGDOPE

tarsier 3AT ENSTSYGO0000006598 | F PQSDLLAHPNIHLFVTHGGONSIMET IQYGVPIVGIPVNGDQHD ]76%
tarsier 3A2 ENSTSYG00000004761 | I, PORDLLAHPS IRLLVTHGGONS IMEAIQHGVPMVGIPVFGDQPE

gibbon 3A2 100584976 | ENSNLEG00000015982 | (y1,PQSDLLAHPS IRLEVTHGGONS IMEAIQHGVPMVGIPLFGDOPE
Bushbaby (otolemur) 3A2 ENSOGAG00000007228 | yI,PQSDLLAHPRIRLFVTHGGONS IMEAIQHGVPLVGIPVFGDQSE

mouse lemur 3A2 ENSMICG00000006575 | WL,PQSDLLAHPS IRLFVTHGGONS IMEAIRHGVPMVGIPVFGDQOLE
Non-primates*

mouse “3AT” 105887 ENSMUSG00000072664 | L, PQIDLLAHPS IRLFVTHGGMNSVMEAVHHGVPMVGIPFFGDQPE ]95%
mouse “3A2” 223337 ENSMUSG00000049152 | L, PQTDLLAHPS IRLFVTHGGMNSVMEAVHHGVPMVGI PFFFDQPE

rat 3A™ 294793 ENSRNOG00000025010 [ L, PQTDLLAHPS IRLFVTHGGMNSVNEAIQHGVPMVGILFFSDQPE

rabbit 3A™ 100353356 | ENSOCUG00000011414 | (T, PONDLLAHPNIRLEFVTHGGONSIMEAIQYGVPMVGIPLFGDQPE
dog"3A2" 489230 ENSCAFG00000023144 [ (T, PONDLLAHPHIRLFVTHGGMNS IMEAIQHGVPMVGIPLFGDQPE

dog “3A7-like” 489231 ENSCAFG00000018738 | WI,PONDLLAHPRIRLFVTHGGMNS IMEAIQHGVPMVGIPVLGDQPE ]91%
dog "3AT" 489234 ENSCAFG00000018743 | WL PONDLLAHPHIRLFVTHGGMNS IMEAIQHGVPMIGIPVFGEQAE

COW "3AT" Revaed WLPQONDLLAHSHIRLFVTHGGMNSIMEAIHHGVPMVGIPVFEDQDE ] 82%
cow "3A2" 537188 ENSBTAG00000002701T [ WL PONDLLGHPRIRLFVSHGGMNS IMEAIQHGVPMVGIPLFGDQHE

horse “3A1-like” 100067792 | ENSECAG000000103%6 | (y,PQSDLLAHPRIRLEVTHGGINS IMEAIQHGVPMVGIPFFGDQPE ]950/
horse “3A1-like” 100067844 WLPQSDLLAHPRIRLFVTHGGLNS IMEAIQHGVPMVGIPLFGDQPE °
panda “3A1-like” 100477988 | ENSAMEG00000012397 | (y, PONDLLAHPRIRLEVTHGGMNS IMEAIQHGIPVVGIPVLGDQPD .
panda “3A2-like” 100477732 WLPQSDLLAHPCIRLFVTHGGMNS IMEAIQHGVPMVGIPLFGDQPE ]84 %
elephant 3A™ 100665586 WLPQSDLLAHSSIRLEFVTHGGONS IMEAIQHGVPMVGIPLFGDQPE

platypus “3A2-like” 100087188

FIGURE 4. Alignment of UGT3A signature sequences from multiple primate and non-primate species. Genomes were accessed using the NCBI and
Ensembl genome browsers. Accession numbers are given for each database where the gene had been annotated. BLAST analysis was also used to identify all
possible homologues within each locus. Pairwise comparisons were performed using ClustalW, and the percentage identity between the signature sequences
of paralogous genes is given to the right. For dog, the percentage identity is given as the mean of the three pairwise comparisons. *, in these species, the
homologues of human UGT3A1 and UGT3A2 cannot generally be determined by sequence analysis alone; thus, the names are placed in quotation marks. **,

rat, human, and elephant have only one UGT3A form.

TABLE 2

Activities of wild-type mouse Ugt3a1 and Ugt3a2 with various agly-
cone substrates and either UDP-Glc or UDP-GIcNAc as sugar donor

Activity with UDP- Activity with
P . Glc UDP-GIcNAc
rotein
variant 4-MU” UDCA 4-MU UDCA
pmol/min/mg pmol/min/mg
Ugt3al 3.08 5.56 ND ND
Ugt3a2 4.77 2.84 ND ND

% 4-MU, 4-methylumbelliferone; UDCA, ursodeoxycholic acid; ND, not detected.

phenylalanine in this position were active only with UDP-Glc as
the sugar donor.

DISCUSSION

UDP-GIcUA recognition by human UGTSs has been investi-
gated by several laboratories because early photoaffinity label-
ing experiments suggested a binding site between amino acids
299 and 466 (23). Several residues within the UGT signature
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sequence, including His-371 and Glu-379 (numbering from
UGT1A6) (24), and the DQ motif that marks the end of the
UGT signature sequence (Asp-393—GlIn-394in UGT1A10) (25)
have been shown to play important or essential roles in UDP-
GIcUA binding (25). In contrast, there has been little progress
in understanding the structural basis of differential sugar rec-
ognition by UGTs, as most mammalian UGT's show only minor
activities with sugars other than UDP-GIcUA. Characterization
of the divergent sugar preferences of the UGT3A enzymes pro-
vided us with an opportunity to identify residues that may con-
fer selectivity for different UDP-sugars.

By analysis of UGT3A family enzymes, we have shown that
Asn-391 within the signature sequence of UGT3A1 is essential
for its capacity to utilize UDP-GIcNAc as a sugar donor: substi-
tuting phenylalanine at this position blocks its ability to use
UDP-GIcNAc and instead promotes utilization of UDP-Glc.
Docking of various sugars into a homology model of wild-type

JOURNAL OF BIOLOGICAL CHEMISTRY 24127
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FIGURE 5. A, analysis of Ugt3al and Ugt3a2 mRNA levels in neonatal mouse (m) liver and kidney by quantitative RT-PCR. Data were analyzed using a standard
curve for each gene and normalized to the housekeeping gene Rps26. B, analysis of the enzymatic activity of mouse Ugt3a2 with its preferred aglycone
substrate hyodeoxycholic acid (HDCA) and either UDP-Glc or UDP-GIcNAc as the sugar donor. Assays were chromatographed and visualized by autoradiog-
raphy. The arrow indicates the hyodeoxycholic acid glucoside, and the asterisks indicate endogenous glycosidation activities in HEK293T cells. n.c., negative
control HEK293T lysate. C, analysis of endogenous glucosidation and N-acetylglucosaminidation activities in mouse liver and kidney microsomal preparations.
Assays were performed using a range of aglycone substrates and either UDP-Glc or UDP-GIcNAc as the sugar donor and were analyzed as described for B. MCA,

mycophenolic acid; 4-MU, 4-methylumbelliferone; UDCA, ursodeoxycholic acid.

UGT3AL1 suggested that the catalytic histidine is significantly
closer to the anomeric carbon of UDP-GIcNAc than UDP-GIc,
which likely explains its greater activity with UDP-GIcNAc
than with UDP-Glc.

Although the N391F mutation altered the sugar preference
of UGT3AL, the level of activity of mutant N391F with UDP-
Glc was lower than that of UGT3A2 with UDP-Glc or of wild-
type UGT3A1 with UDP-GIcNAc. This suggests that additional
residues determine the efficiency with which the preferred
sugar is used. We attempted to identify such residues by swap-
ping signature sequences and adjacent segments between

24128 JOURNAL OF BIOLOGICAL CHEMISTRY

UGT3A1and UGT3A2 (data not shown). Some of these chime-
ric enzymes were poorly expressed, suggesting that they may be
structurally unstable. However, even among the variant
UGT3AL1 proteins that were efficiently expressed, we did not
find any that had greater activity with UDP-Glc than mutant
N391F (data not shown). Thus, the residue at position 391 is the
major contributor to sugar specificity within the signature
sequence, and other residues that influence enzymatic activity
are likely to be located distal to the signature sequence.

Plant UGTs are extremely diverse and have a broader range
of UDP-sugar preferences than mammalian UGTs. Several

BeE
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FIGURE 6. Analysis of enzymatic activities of various primate and non-
primate UGT3A isoforms using preferred aglycone substrates and either
UDP-Glc or UDP-GIcNAc as sugar donor. Assays were chromatographed,
and the glycoside products were visualized by autoradiography. Human
UGT3A1 and UGT3A2 served as positive controls. 4-MU, 4-methylumbellifer-
one; UDCA, ursodeoxycholic acid.

studies involving plant UGTs have identified residues that con-
tribute to sugar specificity, but none of these directly overlap
with Phe-391 in mammalian UGTSs. Kubo et al. (26) found that
the Gln within the DQ motif (GIn-394 in human UGT3A1) is
conserved in plant and animal UDP-glucuronosyltransferases
and UDP-glucosyltransferases but that this residue is His in
plant and animal UDP-galactosyltransferases. Mutation of this
residue from His to Gln in a plant UDP-galactosyltransferase
lowered the K, of this enzyme for UDP-Glc by ~40-fold, sug-
gesting that Gln plays a role in glucose recognition. The com-
plementary mutation of Gln to His in a plant UDP-glucosyl-
transferase impaired its ability to use UDP-Glc but did not
confer activity with UDP-Gal (26). Moreover, mutation of Gln
to His in another plant glucosyltransferase, UDP-glucose:fla-
vonoid 3-O-glycosyltransferase (VvGT1), abolished activity
(27). The Asp and Gln residues were predicted to interact
directly with the hydroxyl groups of the sugar moiety of UDP-
Glc (27), a conclusion similar to that previously drawn for the
DQ motif in binding of UDP-GIcUA (25).

Human UGT3A1 and UGT3A2 share the DQ motif (Asp-
393-@GIn-394) with all other mammalian UGTs, suggesting that
the motif is not important for sugar specificity. However, the
two residues immediately after GIn-394 are divergent between
UGT3A1 and other mammalian UGTs (see Fig. 1). We found
that mutation of these two residues in UGT3A1 impaired pro-
tein stability and activity with both UDP-GIcNAc and UDP-Glc
(data not shown). Thus, the C-terminal end of the signature
sequence may be involved indirectly in both sugar binding and
catalysis by determining correct folding of UGT3A enzymes.

As well as identifying residues in UGT3A enzymes that con-
fer specificity for UDP-GIcNAc or UDP-Glg, it is interesting to
consider what sequence or structural features may preclude
their use of UDP-GIcUA. Residues that confer UDP-GIcUA
specificity have been examined using site-directed mutagenesis
and protein modeling of BpUGT94B1, a UGT from red daisy
(Bellis perennis) that conjugates glucuronic acid to flavonoids.
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This analysis identified an arginine outside of the signature
sequence (Arg-25) as crucial for activity with UDP-GIcUA, with
Arg-25 mutants exhibiting dramatically reduced activity with
UDP-GIcUA and 3-fold increased activity with UDP-Glc (28).
A conserved arginine is found in the corresponding position
relative to the mature N terminus of all human UGTSs of the
UGT1 and UGT2 families. However, in UGT3Al and
UGT3A2, this residue is histidine (His-49). This may support
the notion that arginine at this position is important for utili-
zation of UDP-GIcUA. It should be noted, however, that UGTS,
which is known to use only UDP-Gal, also has an arginine at this
position; thus, the function of this residue is likely to be
context-dependent.

Is UDP-GIcNAc conjugation by UGT3A1 a primate innova-
tion? Our cross-species genomic analysis indicated that Asn-
391-containing forms of the UGT3A family occur only in pri-
mates. Experimentally, we found that primate UGT3A1l
proteins that contain Asn-391 (human, chimp, and rhesus) are
all capable of N-acetylglucosaminidation. In contrast, all of the
UGTS3A proteins from non-primates that we tested (cow, rab-
bit, and mouse) lack Asn-391 and are incapable of N-acetylglu-
cosaminidation. Although it is not feasible to test all species,
this sampling provides strong support for the idea of a primate-
specific UGT3A1 enzymatic activity. Additional circumstantial
evidence for this notion is provided by the observations that 1)
the signature sequences of primate L/GT3A gene paralogues
generally show lower sequence identity than those of non-pri-
mate paralogues, suggesting that the primate UGT3A enzymes
are more functionally divergent, and 2) many non-primates
have only one UGT3A family gene (e.g rat, rabbit, and
elephant).

It is difficult to determine when the capacity for N-acetylglu-
cosaminidation may have first emerged. Lemurs lack a Asn-
391-containing UGT3A isoform, suggesting that this residue
may have first appeared around the time that Haplorhini and
Strepsirrhini primates diverged 63 million years ago. However,
both lemur genomes have lower coverage (<2 times) than the
other primate genomes. Thus, future analyses of higher resolu-
tion genome assemblies may change this conclusion. There is
also evidence for selective gene loss in some primates, e.g. gib-
bon and orangutan have only one UGT3A gene (both of these
genomes have 5— 6 times coverage). Similarly, we observed that
the entire UGT3A family is absent in sequenced bird genomes,
although it is present in reptiles and some species of fish.* Iden-
tification of endogenous substrates for human UGT3A
enzymes, as well as their developmental expression patterns,
may provide insight into the significance of primate diversifica-
tion in sugar conjugation capacity.
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