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Bilirubin glucuronidation, catalysed by UGT1A1 [UGT (UDP
glucuronosyltransferase) isoform 1A1, EC 2.4.1.17], is critical
for biliary elimination of bilirubin. UGT1A1 deficiency causes
CN-1 (Crigler–Najjar syndrome type 1), which is characterized by
potentially lethal unconjugated hyperbilirubinaemia. Nucleotide
sequence analysis of UGT1A1 in two CN-1 patients revealed
that patient A was homozygous for a nt 530 G → A (where
nt 530 G → A means guanine to adenine transition at nucleo-
tide 530) mutation, predicting a C177Y substitution, and
patient B had a nt 466 T → C mutation on one allele and a nt 1070
A → G mutation on the other, predicting a C156R and a Q357R
substitution respectively. All 11 cysteine residues of mature human
UGT1A1 are highly conserved in other human UGT isoforms
and in rat, mouse and Rhesus monkey UGT1A1, suggesting their
functional importance. Expression of mutagenized UGT1A1 plas-
mids showed that substitution of any of the seven cysteine residues
located within the endoplasmic reticulum cisternae (including
those mutated in patients A and B) abolished UGT1A1 activity

or markedly increased its apparent Km for bilirubin. Substitution
of the three cysteine residues within the C-terminal cytosolic
tail had minimal effect on basal UGT1A1 activity, but prevented
UGT1A1 activation by UDP-GlcNAc. N-Ethylmaleimide did not
inhibit UGT1A1 activity in native microsomes, but prevented
UGT1A1 activation by UDP-GlcNAc and inhibited the activity
in digitonin-permeabilized microsomes. Dithiothreitol did not
affect UGT1A1 activity in human liver microsomes. Together,
the results suggested that free thiol groups, but not disulphide
bonding, of seven cysteine residues within the intracisternal region
of human UGT1A1 are important for its catalytic activity, while
cysteine residues in the cytosolic domain may be involved in its
physiological activation by UDP-GlcNAc.
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INTRODUCTION

Bilirubin, the end-product of haem catabolism, is water-
insoluble and toxic because of internal hydrogen-bonding [1].
Bilirubin is converted into polar glucuronide conjugates by the
action of hepatic UGT1A1 [UGT (UDP glucuronosyltransferase)
isoform 1A1, EC 2.4.1.17], which catalyses the transfer of the
glucuronic acid moiety of UDP-GlcA to bilirubin, generating
bilirubin monoglucuronide and diglucuronide [2]. Bilirubin
glucuronides are polar and are excreted readily in bile. As
UGT1A1 is the only UGT isoform that contributes significantly
to bilirubin glucuronidation [3], lack of this enzyme activity
due to missense, nonsense or splice site mutations of any of
the five exons constituting its coding region results in CN-1
(Crigler–Najjar syndrome type 1) [4–7]. CN-1 is characterized
by life-long unconjugated hyperbilirubinaemia, which leads to
encephalopathy [8] unless treated vigorously with daily photo-
therapy [9]. Currently, liver transplantation is the only defini-
tive therapy for CN-1 [10]. UGT1A1 is concentrated in the
ER (endoplasmic reticulum) and nuclear envelope of hepato-
cytes [11]. In addition to bilirubin, UGT1A1 catalyses the glucur-
onidation of oestradiol and a number of drugs and chemicals
[12,13].

UGTs comprise a large gene superfamily that is classified
into two major gene families, UGT1 and UGT2, on the basis

of the extent of nucleotide sequence identity of the isoforms [14].
hUGT1A1 (human UGT1A1) is expressed from the UGT1A locus
on chromosome 2q37, which also expresses eight other UGT
isoforms [15]. Four of the five exons that constitute the hUGT1A1
mRNA encode the C-terminal half of the molecule and are shared
by all isoforms expressed from the UGT1A locus [14,16]. Thus
the C-terminal halves of the UGT1A subfamily of isoforms are
identical, while the N-terminal halves are different. Since our
initial description of genetic lesions causing CN-1 [17,18], many
other mutations, deletions or insertions within the five UGT1A1
exons have been reported to cause CN-1 (reviewed in [4]). Re-
cently, by nucleotide sequence analysis of UGT1A1 exons in two
patients with clinically diagnosed CN-1, we found that patient A
carried a mutation predicting a C177Y substitution and patient B
was predicted to have a C156R substitution. These findings
prompted us to examine the role of each cysteine residue of
hUGT1A1.

Nascent UGT isoforms have a 20 amino acid signal peptide,
which is cleaved during protein maturation. Although the cryst-
allographic structure of UGT1A1 has not been solved, on the
basis of hydrophobicity analysis of the primary structure and
latency of the enzyme activity, the major portion of mature
UGT molecules, including the binding sites for UDP-GlcA and
the aglycone substrates, is thought to be located within the ER
cisternae. There is a single 17 amino acid membrane-spanning
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Figure 1 Orientation of UGT1A1 in relation to ER cisternae, deduced from
amino acid sequence

Except for a 26 amino acid C-terminal cytosolic tail and a 17 amino acid single membrane-
spanning region, the entire molecule is thought to be compartmentalized within the ER lumen.
The N-terminal half of the molecule (solid line) contains a 20 amino acid signal peptide, which
is cleaved during maturation of the enzyme. This domain confers aglycone substrate specificity
to the enzyme and contains a putative membrane-embedded helix. The intraluminal part of
the C-terminal half of UGT1A1 includes the UDP-GlcA-binding domain. Locations of cysteine
residues are indicated.

segment and a 26 amino acid cytoplasmic tail at the C-terminal
end of the molecule (Figure 1). Within the intraluminal part of
the molecule, a short membrane-embedded helix has been identi-
fied using the RAOARGOS computer program [19]. Compart-
mentation of the catalytic domains of UGTs within the ER cis-
ternae is thought to pose a barrier to the access of the polar sugar
donor substrate UDP-GlcA, resulting in latency of UGT activ-
ities in liver homogenates or sealed microsomal vesicles [20,21].
Full enzyme activity is manifested in vitro by treatment of
the microsomes with membrane-permeabilizing agents, such as
digitonin or alamethacin. UDP-GlcNAc (UDP-N-acetylglucos-
amine) stimulates the internalization of UDP-GlcA into intact
microsomal vesicles, thereby activating UGT1A1. UDP-GlcNAc
activates UGTs at low physiological concentrations and is thought
to be the natural activator of UGTs within hepatocytes, although
its precise mechanism of action is not known.

hUGT1A1 contains a total of 11 cysteine residues, one of
which is within the signal peptide (amino acid 18) that is cleaved
during synthesis of the enzyme (Figure 1). Seven cysteine resi-
dues (Cys127, Cys156, Cys177, Cys186, Cys223, Cys280 and Cys383)
are present within the major segment of the enzyme that is
thought to be located within the ER cisternae. Cys509, Cys510

and Cys517 are located within the C-terminal cytoplasmic tail.
Sequence alignment revealed that the ten cysteine residues that
are present in mature hUGT1A1 are highly conserved in all
human UGT1A isoforms. Furthermore, most of these cysteine
residues are conserved across species, in rats, mice and Rhesus
monkeys, suggesting an important function of these residues.
However, the role of the individual cysteine residues in human
UGT1A1 has not been delineated systematically. It is also
unknown whether function of the cysteine residues is exerted
via disulphide bonding or by cysteine residues with free thiol
groups. These considerations prompted us to examine the role
of the cysteine residues in the catalytic activity of UGT1A1 by
combining site-directed mutagenesis studies and experiments
utilizing thiol-reactive agents. The results indicated that seven
cysteine residues within the intracisternal domain of hUGT1A1

are critical for its catalytic activity, while the three cysteine
residues located in the C-terminal cytosolic tail may be required
for activation of the enzyme by UDP-GlcNAc. Function of the
cysteine residues appears to require free thiol residues, rather
than disulphide bonding.

EXPERIMENTAL

Case history

Patient A was a 6-month-old male baby, who was noted to have
severe hyperbilirubinaemia since birth that had led to cerebral
abnormalities, manifested by chorioathetoid movements and
mental retardation. At the time of the present study, the patient
was on phototherapy for 12 h a day, which maintained the serum
bilirubin concentration at approx. 24.0 mg/dl (408 µmol/l; normal
range 0.2–1.0 mg/dl or 3.4–17 µmol/l). Serum bilirubin was
mostly unconjugated, since less than 5 % of the pigment gave
a ‘direct’ van den Bergh reaction. Serological tests for hepato-
cellular integrity, such as ALT (alanine aminotransferase), AST
(aspartate aminotransferase) and alkaline phosphatase activities
and protein synthetic functions as determined by serum albumin
concentration were within normal limits. There was no evidence
of haemolysis. Based on the history and biochemical findings, a
clinical diagnosis of CN-1 was made. The UGT1A1 exons and
flanking intronic regions were amplified by PCR and nucleotide
sequences were determined as described in [22].

Patient B was a 1-year-old male infant who had been noted to
be jaundiced since birth. A previous sibling also had jaundice
from birth and had died at the age of 3.5 years, apparently
from bilirubin encephalopathy. At the time of the present study,
patient B was being treated with phototherapy (12 h/day) and
phenobarbital (2 mg/kg by mouth daily). The serum bilirubin level
was 15.8 mg/dl (268 µmol/l), with a direct van den Bergh reacting
fraction of less than 2%. As in patient A, serum albumin levels
and ALT, AST and alkaline phosphatase activities were within
normal limits for the age of the patient. There was no evidence of
haemolysis. CN-1 was diagnosed on the bases of clinical history
and serological findings. Nucleotide sequence of the coding re-
gion and flanking sequences of UGT1A1 was determined as in the
case of patient A.

Site-directed mutagenesis

To determine the effect of substitution of each of the cysteine
residues, site-directed mutagenesis was carried out on a plasmid,
pSVK3, which contained the entire UGT1A1 coding region, using
the TransformedTM Mutagenesis kit (ClonTech Laboratories)
by minor modifications of the method reported by Deng and
Nickoloff [23] as described in [24]. The mutagenized clones
were primarily selected by XbaI digestion. The entire 2.2 kb
mutagenized UGT1A1 cDNA was then excised by digestion
with NotI and XhoI and subcloned into the pcDNA3.1/Zeo(+)
(Invitrogen) expression vector. Introduction of the desired mut-
ation was confirmed by nucleotide sequence analysis using the
dideoxy chain termination method [22]. Each cysteine residue was
substituted with a tyrosine residue. In addition, for the cysteine
residues that were found to be substituted in patients A and
B, we also made a TG → GC conversion to substitute cysteine
with alanine and a T → C conversion to substitute cysteine with
arginine.

Cell culture and transfection

COS7 cells, grown to 50–60% confluency in 100 mm dishes,
were transfected with pcDNA3.1/Zeo(+) containing normal or
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mutagenized UGT1A1 coding region, driven by the cytomegalo-
virus immediate early promoter, using DEAE-dextran (Amersham
Biosciences) as described. UGT1A1 in the cell lysates was
identified by Western blot analysis [25] and quantified by ELISA
[3,26] as briefly described below.

Western-blot analysis

Lysates of the transfected COS7 cells, containing 20 µg of total
protein, were subjected to Western-blot analysis as described in
[25], using WP1, a monoclonal antibody directed against the
C-terminal domain of hUGT1A isoforms. The immunoreactive
bands were visualized using a chemiluminescent substrate
(Pierce, Rockford, IL, U.S.A.).

ELISA

Expressed UGT1A1 in each cell lysate was quantified by a sand-
wich ELISA as described in [3]. In brief, ELISA plates were
coated overnight with the WP1 antibody (1:4000 dilution),
quenched with PBS containing 3% (w/v) BSA and 5% (v/v)
fetal calf serum and then overlaid with lysates of the transfected
cells. A rabbit antiserum (Pab 136), raised against a synthetic
peptide corresponding to a unique region of UGT1A1, was
applied at a 1:500 dilution. The detection system consisted of
a goat anti-rabbit IgG, conjugated with horseradish peroxidase.
Absorbance at 405 nm was determined using an ELISA plate
reader. For absolute quantification, we developed a standard curve
using various amounts of hUGT1A1 immunopurified from a
stably transduced Gunn rat fibroblast cell line as described in
[26,27].

Preparation of human liver microsomal fractions

Fragments of human liver were obtained from portions of nor-
mal liver resected during surgical management of trauma (two
specimens) or solitary hepatic metastasis. Haematoxylin/eosin
staining showed that the liver fragments were histologically
normal and there was no history of serological evidence of liver
disease. The specimens were left over after clinically indicated
pathological examination and were stored anonymously at
−80 ◦C. Fragments of the specimens were minced with a fine
razor blade and 10% homogenates were prepared in 25 mM
Tris/HCl (pH 7.8) containing 0.25 M sucrose and 1 mM EDTA
by five up-and-down strokes of an ice-cooled glass homogenizer
fitted with a motor-driven pestle. All subsequent procedures were
performed at 4 ◦C. The homogenate was centrifuged at 800 g
for 10 min and the supernatant was centrifuged at 15000 g for
10 min. Microsomal fractions were sedimented by centrifuging
the supernatant at 105000 g for 60 min and resuspended gently at
100 mg of microsomal pellet per ml of the homogenization buffer
described above. The microsomal suspension could be stored on
ice for up to 18 h before use in enzyme assays without loss of
latency or reduction of UGT1A1 activity towards bilirubin.

Assay of UGT1A1 activity towards bilirubin

For determination of the UGT1A1 activity expressed in trans-
fected COS7 cells, equal amounts of UGT1A1 from the various
cell lysates (based on ELISA quantification as described above)
were assayed for UGT activity towards bilirubin by an HPLC-
based method as described in [24]. In brief, dioleoyl phosphati-
dylcholine was used to activate the enzyme in the cell lysates
[3]. The assay was performed at pH 7.8, using 40 µM bilirubin,
4.4 mM UDP-GlcA and 5 mM MgCl2. After incubation at 37 ◦C
for 4 h, the reaction was stopped by adding 0.4 M glycine/HCl

(pH 1.4), saturated with NaCl and the pigments were extracted
quantitatively in chloroform/ethanol (1:1, v/v) [24]. The solvents
were evaporated under a stream of nitrogen. The pigments were
dissolved in DMSO, mixed with an equal volume of methanol and
analysed by reverse-phase HPLC using a Waters C18 µBondapak
column (Waters, Milford, MA, U.S.A.). The rate of formation
of bilirubin glucuronides was calculated from electronically
integrated areas under the curve, using purified biosynthesized
bilirubin diglucuronide and monoglucuronide as the standards.
Specific enzyme activity was calculated as the rate of bilirubin
glucuronide formation per mg of expressed hUGT1A1. In initial
studies, we determined that bilirubin glucuronide formation was
proportional to the duration of incubation and the amount of
microsomal protein used in the assay.

Alkylation of cysteine thiol groups and treatment with
reducing agents

To determine the effect of thiol-reacting agents on UGT1A1 activ-
ity towards bilirubin, human liver microsomal preparation was
preincubated with the membrane-impermeable alkylating agent
NEM (N-ethylmaleimide) or the membrane-permeable alkylating
agent PEM (N-phenylmaleimide). NEM was dissolved in water
and incubated with the microsomal preparations at 4 mM con-
centration at pH 7.0 at 37 ◦C for 30 min before adding the sub-
strates. PEM was dissolved in DMSO and incubated with the
microsomal preparations in the same manner. The final DMSO
concentration was 1%, and for these experiments, DMSO was
added at an equal concentration to the control. To evaluate
whether disulphide bonding is required for UGT1A1 activity,
the microsomal preparations were preincubated with or without
5 mM DTT (dithiothreitol) before adding the substrates.

Evaluation of the activation of UGT1A1 in human liver microsomal
fractions by UDP-GlcNAc and digitonin

UGT1A1 activity towards bilirubin was assayed as above at
pH 7.8, using native (sealed) microsomes, or microsomes treated
with 4 mM UDP-GlcNAc or digitonin (2 mg/ml). UDP-GlcA and
MgCl2 were omitted in negative controls.

Kinetic parameters

UGT activity towards bilirubin was determined at various sub-
strate concentrations. Initial glucuronide formation rates were
fitted directly to the Michaelis–Menten equation.

RESULTS

UGT1A1 mutations in the CN-1 patients

Patient A was homozygous for an nt 530 G → A mutation, predic-
ting a C177Y substitution within the unique N-terminal domain of
UGT1A1. Sequence of the TATAA element within the upstream
promoter was normal. Both parents were heterozygous for the
mutation. Patient B was a double heterozygote for an nt 466 T → C
and an nt 1070 A → G mutation, predicting a C156R and a Q357R
substitution respectively. Sequence of the promoter region was
normal. Genetic analysis of the parents revealed that the nt 466
T → C mutation was inherited from the mother and the nt 1070
A → G mutation was inherited from the father. Neither parent
exhibited hyperbilirubinaemia, which was expected because CN-1
is inherited as an autosomal recessive trait, since one normal
allele is generally sufficient to maintain normal serum bilirubin
concentrations [2]. Thus our results indicate that the C156R and
the Q357R substitutions each result in loss of UGT1A1 activity
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Figure 2 Alignment of nucleotide sequences of UGT isoforms

(A) Alignment of amino acid sequences of ten UGT isoforms expressed from the human UGT1A locus shows that all cysteine residues, except the ones located in the signal peptide, are highly
conserved in these isoforms. Note that amino acids derived from exons 2–5 are identical in these isoforms. (B) Alignment of UGT1A1 amino acid sequences from various species, showing a high
degree of conservation of these residues in the different mammalian species.

towards bilirubin. Consistent with this, homozygosity for the
Q357R mutation has been reported previously to be associated
with CN-1 [7] and site-directed mutagenesis–expression studies
in our laboratory showed complete loss of catalytic activity (S. S.
Ghosh, J. Roy-Chowdhury and N. Roy-Chowdhury, unpublished
work).

Cysteine residues of hUGT1A1 are highly conserved

The above findings prompted us to examine systematically the
contribution of cysteine residues to the catalytic activity of
hUGT1A1. The nine UGT1A isoforms that are expressed from
the UGT1A locus have identical C-terminal halves, but their
sequences differ considerably in the N-terminal domains that are
derived from unique exon 1s (exon 1A1 and exons 1A3–1A10).
However, computer alignment of the sequence of all hUGT1A
isoforms revealed that the ten cysteine residues that are present in
mature hUGT1A1 are fully conserved in all hUGT1A isoforms,
except that Cys186 and Cys223 are not present in UGT1A6 (Fig-
ure 2A). To examine whether the cysteine residues are conserved
across the species, we aligned the amino acid sequences from
rats, mice and Rhesus monkeys. The results shown in Figure 2(B)

indicate that the cysteine residues are highly conserved in various
mammalian species.

Effect of cysteine substitutions on the enzyme activity of hUGT1A1

The wild-type UGT1A1 expression vector was mutagenized to
express hUGT1A1 with single cysteine substitutions. In initial
experiments, we determined by Western-blot analysis that substi-
tution of the cysteine residues did not affect expression of the
protein in COS7 cells (Figure 3b). Wild-type and mutagenized
hUGT1A1, expressed in COS7 cells, were quantified by
ELISA and UGT1A1 activity towards bilirubin was determined.
Activities of the mutagenized forms of hUGT1A1 per mg of
hUGT1A1 protein are shown in Figure 3(a). Substitution of the
cysteine residues within the signal peptide did not affect the en-
zyme activity. Of the seven cysteine residues located within the
intracisternal domain of hUGT1A1 (Figure 1), substitution of any
one of those at positions 127, 156, 177, 223, 280 or 383 resulted in
complete or near complete loss of UGT1A1 activity (Figure 3a).
Substitution of Cys186 reduced UGT1A1 activity by 50 %, as
determined at 40 µM bilirubin concentration. Since Cys186 is
located within the N-terminal half of UGT1A1, which is thought
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Figure 3 Expression of wild-type or mutagenized hUGT1A1 proteins and
UGT1A1 activity towards bilirubin

hUGT1A1 expression plasmids were mutagenized to replace individual cysteine residues at
the positions indicated in (a). The wild-type and mutagenized plasmids were transfected into
COS cells and the transient protein expression was verified by Western blotting (results of a
representative experiment are shown in b). Expressed hUGT1A1 was quantified by ELISA, and
the UGT1A1 activity towards bilirubin was determined and calculated per µg of the expressed
enzyme. Activities are expressed as percentage of the wild-type hUGT1A1 activity. Results shown
are the means +− S.E.M. for three experiments. Untransfected COS cells were used as a negative
control.

Figure 4 Lineweaver–Burk plot of UGT1A1 activity at various bilirubin
concentrations

Wild-type (solid line) and C186Y substituted (broken line) hUGT1A1 were expressed in COS
cells and quantified by ELISA as in Figure 3. UGT1A1 activity was determined at bilirubin
concentrations as indicated and expressed per µg of the expressed enzyme.

to impart aglycone substrate specificity to the enzyme [28], we
took advantage of the residual enzyme activity to perform kinetic
analysis to determine the effect of this mutation on the apparent
affinity for bilirubin. The apparent Km towards bilirubin was deter-
mined for wild-type and C186Y mutagenized UGT1A1 using a
Lineweaver–Burk plot (Figure 4). Apparent Km for bilirubin in
the case of the C186Y mutant was 80 µM, which was approx. 16-
fold higher than that found with wild-type UGT1A1. For Cys177

and Cys156, which were found to be substituted with tyrosine

Figure 5 Effect of cysteine residue substitutions on activation of UGT1A1
activity by UDP-GlcNAc

COS cells were transfected with plasmids expressing wild-type UGT1A1, or UGT1A1 containing
C186Y or C510Y mutations. UGT1A1 activity was determined at 40 µM bilirubin. Assays were
performed on native cell homogenates or in the presence of digitonin (2 mg/ml) or UDP-GlcNAc
(UDP-GlucNAc) (4 mM). Results shown are the means +− S.E.M. for three experiments.

and arginine residues in patients A and B respectively, we also
examined the effect of substituting each of these cysteine residues
with an alanine or arginine residue. Each substitution completely
abolished UGT1A1 activity in the expressed protein.

The effect of substitution of cysteine residues located in the
cytoplasmic C-terminal tail was quite distinct from that of substi-
tuting cysteine residues within the intracisternal domain. Sub-
stitution of the cytoplasmic tail cysteines resulted in only a 15–
25% reduction of the enzyme activity as determined by our
standard UGT1A1 assay, in which the enzyme is activated by
permeabilization of the microsomal vesicles by digitonin treat-
ment. However, these substitutions abolished UGT1A1 activation
by UDP-GlcNAc (Figure 5). In contrast, although the activity of
the C186Y mutant UGT1A1 was reduced to 50% of normal, the
enzyme activity increased proportionately in the presence of UDP-
GlcNAc.

DTT did not affect UGT1A1 activity towards bilirubin

Treatment with 5 mM DTT did not affect UGT activity towards
bilirubin significantly in native, digitonin-permeabilized or UDP-
GlcNAc-treated human liver microsomes (Figure 6). These find-
ings indicated that intra- or inter-molecular disulphide bonding is
not required for UGT1A1 activity towards bilirubin.

Effect of alkylation of cysteine thiols on UGT1A1 activity

NEM, a membrane-impermeable cysteine alkylating agent, did
not inhibit significantly UGT activity towards bilirubin in native
human liver microsomes (Figure 6). However, NEM markedly
inhibited the activation of UGT1A1 by UDP-GlcNAc. When
the microsomal vesicles were permeabilized by pretreatment
with digitonin, before the addition of NEM, UGT1A1 activity
was markedly inhibited. PEM, a membrane-permeable alkylating
agent, inhibited the enzyme activity in both native and digitonin-
treated microsomes.
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Figure 6 Effect of cysteine-modifying agents on UGT1A1 activity in human
liver microsomal fractions

Human liver microsomes were prepared as described in the Experimental section. UGT1A1
activity was assayed in native (sealed), digitonin (2 mg/ml)-treated or UDP-GlcNAc
(UDP-glucNac) (4 mM)-treated microsomes, without treatment with cysteine-modifying agents
or after treatment with DTT, NEM or PEM. Results are the means +− S.E.M. for three experiments.

DISCUSSION

Our finding that missense mutations resulting in substitution of
Cys177 and Cys156 caused CN-1 in patients A and B respectively
prompted us to determine which cysteine residues in UGT1A1
are important for its catalytic activity. In a previously published
report, we noted that substitution of Cys177 by a cationic amino
acid, arginine, resulted in abolition of UGT1A1 activity [28]. Our
present findings show that substitution of this cysteine residue
by tyrosine or alanine also has a similar effect. Importance of the
cysteine residues was also suggested by the fact that these residues
are highly conserved not only in different human UGT isoforms,
but also in UGT1A1 isoforms from various species. Although
cysteine residues are often critical in the catalytic activity of
enzymes, their substitution does not affect enzyme activities to
the same extent. Some cysteine residues contribute to enzyme
secondary or tertiary structure by forming intra- or inter-molecular
disulphide bridges. For example, in a recent report on the
biochemical characterization of cysteine residues of human UDP-
xylosyltransferase-I, another transmembrane enzyme located
inside the ER cisternae, it was observed that disulphide-bonded
cysteine residues were important in the catalytic activity, but
free thiol groups were not needed [29]. Therefore we decided to
determine the functional importance of each cysteine residue and
whether their function is mediated by disulphide bonding. One
novel finding of our study was that six out of the seven cysteine
residues located within the intracisternal domain of hUGT1A1
were critical for the catalytic activity of the enzyme. However,
substitution of Cys186 significantly reduced the apparent affinity
of the enzyme for bilirubin, but did not abolish the enzyme activity.
Another new finding was that substitution of any one of the three
cysteine residues in the cytoplasmic tail appears to interfere with
the activation of the enzyme by its physiological activator UDP-
GlcNAc, which may indirectly affect UGT1A1 activity in vivo.
In contrast with the finding with UDP-xylosyltransferase-I [29],
cysteine residues with free thiol groups, rather than disulphide

bonding, was found to be important for the function of the cysteine
residues in hUGT1A1.

We routinely substituted cysteine residues with tyrosine
because this substitution does not alter the charge or polarity of the
residue and can be effected by a single G → A transition. Notably,
this was also the natural mutation found in patient A. In patient B,
the observed mutation predicted the substitution of Cys156

with an arginine residue. Therefore, for both Cys156 and Cys177, we
also examined the effect of substituting cysteine with arginine.
In addition, for these cysteine residues, we also studied the
effect of substitution with alanine, which, like cysteine, does not
contain bulky side chains, but differs from cysteine in polarity.
Each of these substitutions abolished expressed UGT1A1 activity,
suggesting that these cysteine residues are irreplaceable.

The 267 amino acids that comprise the N-terminal half of
hUGT1A1 are derived from the unique exon 1A1, which is used
only in hUGT1A1 and not in other isoforms expressed from
the UGT1A locus. As the N-terminal region imparts aglycone
specificity to UGT isoforms [30], it was not surprising that a
substitution in this region could alter the affinity of the enzyme for
bilirubin. Although the substitution of Cys186 did not completely
abolish the enzyme activity, it markedly increased the apparent
Km, implying reduction of the affinity of bilirubin for the enzyme.

Cys18 is located in the signal peptide of hUGT1A1, which
is cleaved during enzyme synthesis. This cysteine residue is
not conserved in various UGT isoforms. As expected, its
substitution did not affect UGT1A1 enzyme activity. All other
cysteine residues are highly conserved in UGT1A1 from various
mammalian species. These are also conserved in all human
UGT1A subfamily of proteins, with the exception of Cys186 and
Cys223 (Figures 2A and 2B), which are not present in UGT1A6.

The three cysteine residues (Cys509, Cys510 and Cys517) within
the C-terminal tail are also highly conserved in UGT isoforms,
including those that belong to other UGT subfamilies, such
as UGT2B, and are expressed from loci on other chromo-
somes, suggesting that these residues are also important in enzyme
function. However, substitution of these amino acids had only a
minor effect on the UGT1A1 activity as determined by the stand-
ard UGT1A1 assay method using digitonin activation. Therefore
we proceeded to examine the effect of these substitutions on the
activation of the enzyme activity by the physiological activator,
UDP-GlcNAc. Interestingly, each of these substitutions abolished
stimulation of the enzyme activity by UDP-GlcNAc. UDP-
GlcNAc is thought to activate UGT by stimulating the import
of the polar substrate UDP-GlcA through the lipid bilayer of
the ER to intraluminal sites, where the substrate-binding sites
of UGTs are located. A putative ‘permease’ has been hypothesized
to be involved in mediating the transport of UDP-GlcA by UDP-
GlcNAc [21]; however, no such molecule has been identified. To
examine further the role of the three cysteine residues that are
accessible from the cytosolic aspect, we used NEM and PEM,
two cysteine thiol alkylating agents. Because of its polarity,
NEM does not permeate efficiently into sealed microsomal
vesicles, whereas PEM, which is relatively non-polar, diffuses
through the microsomal membranes. Preincubation of native
microsomal vesicles with NEM did not affect UGT1A1 activity
significantly, but abolished the activation of the enzyme by UDP-
GlcNAc. This finding, in combination with the results of our
mutagenesis studies, suggests that the three cysteine residues
within the cytosolic tail of UGT1A1 are required for UDP-
GlcNAc-stimulated internalization of UDP-GlcA. On the other
hand, after permeabilization of the microsomal membranes by
incubation with digitonin, NEM markedly inhibited the UGT1A1
activity, which was consistent with a critical role of the free
thiol groups of the cysteine residues located in the region of
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the molecule that is compartmentalized within the ER lumen.
As expected, PEM markedly inhibited UGT1A1 activity with
or without digitonin treatment. We have shown previously that
hUGT1A1 forms dimers [24]. Dimerization of rat liver UGT1A1
with another UGT isoform, UGT2B, has been reported to be
important in the stimulation of UDP-GlcA import by UDP-
GlcNAc [31]. It is possible that the cysteine residues in the
cytosolic tail of UGTs facilitate intermolecular dimerization, but
such a dimerization does not seem to be mediated by disulphide
bridging [24].

Finally, we wanted to determine whether disulphide bridges
between cysteine residues of hUGT1A1, or between these
cysteines and cysteine residues of other proteins, are necessary
for UGT1A1 activity. PAGE of microsomes with or without
treatment with reducing agents followed by Western-blot analysis
of hUGT1A1 or rat UGT1A1 showed immunoreactive bands of
monomeric size, indicating the lack of intermolecular disulphide
bonding [24]. However, this did not exclude a role for intra-
molecular disulphide bridges in the catalytic activity of the
enzyme. Therefore we examined the effect of DTT on UGT1A1
activity of human liver microsomal preparations. DTT did not
affect UGT1A1 activity with or without permeabilization of
the microsomal membranes by preincubation with digitonin,
suggesting that intramolecular disulphide bridging of the cysteine
residues is not required for UGT1A1 activity towards bilirubin.
A previous study on a different human UGT isoform, UGT1A6,
showed that substitution of Cys126 in that isoform with valine
abolished the enzyme activity towards 4-methylumbelliferone,
and its substitution with serine reduced the apparent affinity of
UGT1A6 for the substrate by an order of magnitude [32]. The
results indicated that although Cys126 is important in UGT1A6
activity, its role is not mediated by disulphide bonding. These
results are consistent with our conclusion in the context of
hUGT1A1 that the critical role of cysteine residues is not mediated
by disulphide bonding. In a different study on rat liver UGT1A6,
Ikushiro et al. [33] found that disruption of the disulphide bond
between Cys121 and Cys125 activated the enzyme activity towards
4-nitrophenol. However, these findings cannot be compared with
our results with hUGT1A1, because there is no equivalent of
Cys121 in hUGT1A1 or hUGT1A6 (Figure 1).

In summary, the present study is the first demonstration that six
of the seven cysteine residues within the intracisternal domain of
hUGT1A1 are critically needed for bilirubin glucuronidation,
while the substitution of Cys186 markedly reduces the apparent
affinity of the enzyme for bilirubin. Our results suggest that the
three cysteine residues located in the C-terminal cytoplasmic tail
of hUGT1A1 are not directly needed for the enzyme activity, but
may be required for activation of the enzyme by the physiological
activator UDP-GlcNAc, which stimulates the import of the donor
substrate UDP-GlcA. The role of the cysteine residues appears to
be mediated by their free thiol groups, rather than by disulphide
bridging. Importance of the cysteine residues is underscored
by the finding of cysteine substitution as the cause of severe
hyperbilirubinaemia in two patients with CN-1. Our mutagenesis
studies predict that inherited substitution of any other of the seven
intracisternal cysteine residues would also lead to severe non-
haemolytic unconjugated hyperbilirubinaemia.
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